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Abstract 

 

Polymer nanofibers are commonly fabricated by electrospinning methods for 

application such as affinity membranes, filter media, and electrical application, etc. 

Short polymer fibers have certain length, in which reliable as filler in composite 

materials, drugs carrier, and material template. In this dissertation, two types of one-step 

fabrication processes for short polymer fibers by electrospinning were developed, which 

is used electric spark as cutting tool and is controlled electrospinning conditions. The 

methodology to control the length of short polymer fibers was developed by altering a 

needle inner diameter, applied voltage, flow rate of polymer solution, and added the 

nanoparticles.  

Chapter 1 provides an introduction and current progress of various methods to 

fabricate polymer fibers, which are drawing method, template synthesis, phase 

separation, self-assembly, and electrospinning. 

Chapter 2 describes a development of one-step electrospinning process by 

electric spark as a cutting tool to fabricate short electrospun polymer fibers. A solution 

of cellulose acetate and organic solvent was ejected from a syringe needle and was 

stretched by the electric field then it cut after passed through the gap between the tips of 

two electrodes that generated an electric spark with frequency of 5 kHz. The obtained 

short fibers have average length of 231 µm, and the theoretical calculation of fiber 

length has been developed based on solution flow rate and electric spark frequency, 

which fit with the experimental data.  

Chapter 3 describes a simple one-step fabrication of short elcectrospun 

polymer nanofibers with controllable length by manipulating polymer concentration, 

flow rate, and applied voltage. The concentration of the cellulose acetate polymer in the 
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solution was important factor which varied from 13 to 15 wt. %. The length of fibers 

was increased by increasing the flow rate of the solution, and it was decreased with an 

increase in applied voltage, resulting in controllable length of short nanofibers at 37 to 

670 µm. The polymer solution jet ejected straight from the needle tip then it split and 

segmented into short fiber because of the rapid increase of the repulsive force from 

surface charges combined longitudinal forces from the applied voltage. 

Chapter 4 describes the effect of inner diameter of a needle on the length of 

electrospun polymer fibers. Cellulose acetate solution was ejected from various needles 

with different inner diameter then it split and breaks into short polymer fibers by 

electrostatic repulsion. The length could be controlled from 10 to 240 µm by increasing 

the inner diameter of needle from 0.11 to 0.26 mm.  

Chapter 5 describes the fabrication of short composite nanofibers of 

TiO2/cellulose acetate. The length of the short composite nanofibers was significantly 

decreased from 112 to 70 µm by the addition of 5 wt. % concentration of nanoparticles, 

and it gradually continued to decrease as the nanoparticle concentration was increased 

to 50 wt. %. The length of the short composite nanofibers with a low concentration of 

nanoparticles was affected by the surface charge of the nanoparticles, and negatively 

charged nanoparticles readily dispersed to the negatively charged polymers in solution, 

which resulted in an elongation of the fabricated short composite nanofibers. 

Chapter 6 describes a summary and some comments for further investigations. 
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Chapter 1 

Introduction 

1.1. Background 

Polymer fiber with diameter ranging from nanometer to micrometer is of great 

interest because of their unique properties and has applications in many areas. They 

have advantages and outstanding properties compared with their bulk size [1]. The term 

of polymer micro-fiber is used to describe the polymer fiber with diameter ranging from 

1-100 µm, whereas the term of nanofiber is used to describe the polymer fiber with a 

diameter less than 1 µm. As the diameter of fiber shrunk from micrometer to nanometer, 

the surface area to volume ratio of fiber was increased resulting in the changing on 

physical properties [1]. Polymeric fibers can be produced with different morphologies 

such as beaded fiber, short fiber, continuous fiber, and coaxial fiber morphologies in 

which each has different applications. Therefore, control over the fiber morphology is 

dispensable for their applications [2-6]. 

Several researchers have reported various morphologies of polymeric fibers, 

such as beaded fibers, coaxial fiber, and short fibers [7-13]. Beaded fiber describes as a 

continuous fiber with beads along its body. The occurrence of beads was causing the 

lack of diameter uniformity. Beaded fiber can be fabricated by electrospinning by 

altering the concentration of polymer in the precursor solution applied voltage, and 

altering the additional ion on the precursor solution [7]. Coaxial fiber has a core-sheath 

structure with core part consist of several channels and can be fabricated by 

eletrsopinning method. This structure allows the formation of the hollow fiber and also 
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allows the encapsulation of several materials within the fiber [8]. Coaxial beaded fiber 

has been applied as container of self-healing coating on the metal substrate [14]. 

Recently, short fiber fabrication has been a hot topic due to its wide applications 

in the aerospace industry, automotive industry, corrosion protection, flexible display, etc. 

[15-18]. Short fiber is a discrete fiber with lengths varied several nanometer to a few 

millimeters. Short fiber fabrication can be done with one process or multiple processes. 

In general, short-fiber fabrication is done by two processes, where the second process is 

a process of cutting the continuous fiber into short fiber. The technique used is the 

injection molding and extrusion in which the cutting is done mechanically with a knife 

to make a short fiber [19-20]. Short fibers can also be made by electrospinning by using 

mechanically and chemically cutting methods as a secondary process which performed 

on continuous electrospun fiber to obtain short fiber [12,13]. However, the short fiber 

fabrication by multiple processes has some deficiencies that cause the process becomes 

inefficient and effective. Therefore, in this doctoral program, we are interesting in 

developing a one-step process of short fiber fabrication by electrospinning. 

In this dissertation, two types of one-step fabrication processes for short polymer 

fibers by electrospinning were developed, which is used electric spark as cutting tool 

and is controlled electrospinning conditions. The methodology to control the length of 

short polymer fibers was developed by altering a needle inner diameter, applied voltage, 

flow rate of polymer solution, and added the nanoparticles. 

 

1.2. Fabrication methods of short polymer fiber 

There are a number of techniques to fabricate short polymeric fiber, such as 

drawing, template synthesis, self-assembly, and electrospinning, which resulted in the 
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polymer fiber with diameter varied from several nanometer to micrometer and length 

varied from several nanometers to meters [21]. These short polymer fibers have been 

applied as a sensor, drug delivery system, corrosion self-healing, membrane, etc. 

 

1.2.1. Drawing method 

The drawing method can produce fine fiber with diameter ranging from 2 to 100 

nm and length ranging from 10 µm to several millimeters. Commonly, a sodium citrate 

dissolve in chloroauric acid is use as a precursor solution. The milimetric droplet of 

precursor solution is deposited on the surface and the fiber is fabricated by dipping a 

micropipette into a milimetric droplet then withdrawn at speed of approximately 10
-4

 

ms
-1

[21]. The viscoelasticity of milimetric droplet is an important factor in drawing 

method that can undergo strong deformation while being cohesive enough to support the 

stress developed during the pulling. While using the polymer material as a precursor 

solution, the length of obtained fiber were elongated due to the high molecular weight of 

polymer materials increase viscoelasticity of the drawing solution [22,23]. The 

advantage of drawing method is requiring minimum equipment, whereas the 

disadvantage is discontinuous process. The length of short polymer fiber fabricated by 

this method is depend on the viscoelasticity and viscosity of used polymer that correlate 

with the tensile strength of polymer.  

 

1.2.2. Template synthesis method 

The template synthesis is a method to fabricate fiber by using a metal oxide 

membrane as a template or mold. Commonly, nanoporous aluminum oxide is utilized as 

a membrane. This method can fabricate fiber with length 10 µm and fiber diameter can 
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be adjusted by altering the pores sizes of membrane. The fibers are fabricate within the 

single column chamber consist of water, polymer solution, membrane, and solidification 

solution, which the solidification solution is separated from water and polymer solution 

by aluminum oxide membrane. Pressurized water pushes the polymer solution into a 

nanoporous membrane then the polymer fibers are come out from the nanoporous 

membrane and solidified after contact with solidification solution. The advantage of this 

method is the diameter of fiber can be adjusted by altering the template size [21,24].    

 

1.2.3. Self-assembly method 

 The fabrication of short polymer fiber by self-assembly method is performed by 

assembling the smaller molecules as building blocks into the nano-scale fiber. The 

diameter of fiber is 7-100 nm and length varied from 1-20 µm [25-27]. The important 

factor in fiber formation is intermolecular forces that caused the smaller units stick 

together and the molecular shape that determine the shape of macromolecular shape. 

This technique is feasible for fabrication of smaller polymeric fiber. However, it has 

disadvantages such as take complex processes.   

 

1.2.4. Electrospinning method 

Electrospinning is the simplest and most reliable technique to fabricate polymer 

fibers, which use high electric voltage. The conventional setup of electrospinning is 

consist of a syringe with metal needle to hold the polymer solution, a syringe pump to 

drain out the polymer solution through the tip of metal needle, a DC voltage power 

supply in kV range, and grounded collector plate. High voltage is applied to a viscous 

polymer solution in order to create an electrified polymer solution jet. The jet is 
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continuously stretched by electrostatic repulsions between the surface charges and the 

solvent is evaporated leaving behind the polymer fiber [2].  

Commonly, continuous fibers with diameter varied from 3 nm to 1 µm were 

obtained by electrospinning method. The morphology of fiber such as smooth fiber and 

beaded fiber is affected by polymer chain entanglement, which correlated directly with 

polymer concentration in the solution. The polymer solution with chain entanglement 

between 1 and 2.5 will produce beaded fiber, whereas polymer solution with chain 

entanglement more than 2.5 will produce smooth and continuous fiber [28,29]. 

Electrospinning method also can fabricate coaxial fiber by utilizing coaxial needle or 

single needle. Polymer/polymer or polymer/oil is utilized as an inner and outer solution 

while the coaxial needle is used to fabricate coaxial fiber [30-33], whereas the emulsion 

of polymer /polymer solution is used as precursor solution while the single needle is 

used [33]. Composite polymer fiber is another type of fiber that can be produced by 

electrospinning method. The precursor solution for electrospinning is a suspension of 

polymer/nanoparticles [34-36]. 

Short polymer fiber can be fabricated by one-step process of electrospinning or 

multiple processes. Luo et al reported the one-step fabrication of short fiber by 

electrospinning [9]. The different molecular weight of polymethylsilsesquioxane  

polymer were dissolve in the volatile solvent resulted in short microfiber with aspect 

ratio varied from 10-200. The length of fiber was affected by molecular weight of 

polymer therefore to control the length of fiber was not easy. The fabrication of short 

polymer fiber by multiple processes including electrospinning is reported by several 

researchers. Cutting process of continuous electrospun as a post processing is necessary 

in order to obtain short fiber. A UV cutting method has been employed by Stoiljkovic 
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and Agarwal to produce 20-150 µm fibers [12]. They employed the concept of a 

photocross-linking reaction upon UV radiation. The precursor for electrospinning was 

double bound polymers with a photocross-linker and a photoinitiator. The electrospun 

fibers were irradiated by UV in the presence of a mask slit, and, thus, the uncovered 

fibers were cross-linked and insoluble, whereas the covered fibers were non-cross-

linked and soluble in the appropriate solvent. The short fibers were obtained by 

immersing the irradiated fibers into the appropriate solvent. However, the length of the 

fibers was limited by the width of the mask, and the process took more than one step. 

Yoshikawa et al. reported the fabrication of shortened electrospun polymer fibers with a 

well-defined concentrated polymer brush [13]. First, the electrospun fibers were 

fabricated by electrospinning then the brush was formed on the surface of electrospun 

fibers by atom transfer radical polymerization. The short fibers were obtained by cutting 

the dispersed fibers in the water using homogenizer for 1 to 3h. The short fibers cut by 

the Yoshikawa method were 11 µm in length and controllable by adjusting the cutting 

time in the water. However, this technique requires several steps and much time for the 

polymerization and cutting of the fibers. The current cutting methods are not entirely 

convenient and require a relatively long amount of time due to the secondary process, 

therefore a simple and straight-forward cutting method is necessary. 

 

1.3. Objectives and outline of dissertation   

 The objective of this dissertation is to investigate the fabrication of short 

polymer fibers by electrospinning and controlling electrospinning parameter in order to 

obtain the controlled length of polymer fiber. Two types of one-step fabrication 

processes for short polymer fibers by electrospinning were developed, which is used 
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electric spark as cutting tool and is controlled electrospinning conditions. The 

methodology to control the length of short polymer fibers was developed by altering a 

needle inner diameter, applied voltage, flow rate of polymer solution. The effect of 

nanoparticles and theirs surface charge on the length of composite fiber were also 

investigated. Cellulose acetate solution is used as precursor for short fiber fabrication. 

The background and review of polymer fiber fabrication is describes in Chapter 1 and 

outline of this dissertation is shown in Figure 1. 

Chapter 2 describes a development of one-step electrospinning process by 

electric spark as a cutting tool to fabricate short electrospun polymer fibers. A solution 

of cellulose acetate and organic solvent was ejected from a syringe needle and was 

stretched by the electric field then it cut after passed through the gap between the tips of 

two electrodes that generated an electric spark with frequency of 5 kHz. The short fibers 

were found on the collector plate with a density of 1-5 fibers per 0.12x0.2 mm
2
, whereas 

the fibers that did not flow through to the electric spark were uncut and remained as 

continuous fibers on the collector plate. The continuous fibers were dominant on the 

collector plate due to the limited size of the cutting area of the electric spark: 1.5x0.5 

mm
2
. The theoretical fiber length was calculated from the flow rate and the cross-

sectional area of the precursor polymer solution fibers, and the damped oscillation 

frequency of the electric spark. The theoretical fiber length was calculated at 271 µm 

when employing a 5 kHz of electric spark, which was in good agreement with the length 

of the short fibers obtained in the experiment. 

Chapter 3 describes the fabrication of elcectrospun short polymer nanofibers 

with controllable length by manipulating polymer concentration and processing 

parameters such as solution flow rate and voltage. The conventional electrospinning 
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setup is used and the production rate of short fiber is higher than that of electric spark 

cutting method. The concentration of the cellulose acetate polymer in the solution was 

important factor which varied from 13 to 15 wt. %. The length of fibers was increased 

by increasing the flow rate of the solution, and it was decreased with an increase in 

applied voltage, resulting in controllable length of short nanofibers at 37 to 670 µm. The 

polymer solution jet ejected straight from the needle tip then it split and segmented into 

short fiber because of the rapid increase of the repulsive force from surface charges 

combined longitudinal forces from the applied voltage. The breaking of the fibers into 

short nanofibers occurred because the repulsive force from the surface charges and the 

longitudinal force from the applied voltage surpassed the tensile strength of the polymer 

solution jet. 

 

Figure 1. Dissertation outline 

 

Chapter 1: Introduction

One –step fabrication using electric spark

Chapter 2: One-step fabrication of short electrospun polymer fiber by 

electric spark

One-step fabrication by controlling electrospinning conditions

Chapter 3: A simple one-step fabrication of short polymer nanofibers via
electrospinning

Chapter 4: One-step fabrication of short nanofibers by electrospinning:
Effect of needle size on nanofiber length.

Fabrication of short composite fibers

Chapter 5: Short electrospun composite nanofibers: Effects of

nanoparticle concentration and surface charge on fiber length

Chapter 6: Summary



Chapter 1: Introduction 

9 

 

Chapter 4 describes a study of the needle inner diameter effect on the fiber 

length. Cellulose acetate solution was ejected from various needles with different inner 

diameter then it split and break into short polymer fibers by electrostatic repulsion. The 

length of electrospun polymer fiber could be controlled from 10-240 µm by increasing 

the inner diameter of needle from 0.11 to 0.26 mm.  

Chapter 5 describes the fabrication of short composite nanofiber of 

TiO2/cellulose acetate. The length of the short composite nanofibers was significantly 

decreased from 112 to 70 µm by the addition of 5 wt. % concentration of nanoparticles, 

and it gradually continued to decrease as the nanoparticle concentration was increased 

to 50 wt. %. The length of the short composite nanofibers with a low concentration of 

nanoparticles was affected by the surface charge of the nanoparticles, and negatively 

charged nanoparticles readily dispersed to the negatively charged polymers in solution, 

which resulted in an elongation of the fabricated short composite nanofibers. 

In Chapter 6, the summary of all chapters is presented. 
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Chapter 2 

One-step fabrication of short electrospun polymer fiber by electric 

spark 

2.1. Introduction 

The short fiber fabrication process has been drawn a tremendous attention of 

many researchers due to the broad applications of short fibers, which varied from 

mechanical engineering to corrosion protection. Short fibers were applied as filler or 

reinforcement to improve the electrochemical, thermal properties, and mechanical of 

polymer matrix. Fu et. al reported that short carbon fibers and short glass fibers 

reinforced to the polymer matrix have enhanced the tensile properties [1,2]. This 

composite is applicable for aerospace and automotive industries, due to its lightweight 

and excellent mechanical properties. In corrosion protection field, adding the 

polyanilinne (PANI) short fibers into the coating process of carbon steel (CS) has 

enhanced the corrosion resistance of coated carbon steel [3]. The thermomechanical 

stability of poly (butylene succianate) has greatly improved by introducing 

biodegradable reinforcement of short silk fiber [4]. This performance improvement of 

an environmentally friendly material makes biocomposites industrially applicable.  

Recently, the process of short fibers fabrication usually involved the mechanical, 

thermal, and polymerization processes. These processes are responsible for the 

formation of the short fibers. Each process has yielded short fibers that range in size 

from millimeters to nanometers and each has several drawbacks. Yao et al. [3] has used 

Interfacial polymerization to fabricate PANI short fibers ranging from 200-400 nm. The 

monomers of aniline were dissolved in chloroform then the interfacial 
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polymerization was conducting in a mixture of HCl and ammonium persulfate solution. 

This process is expensive and environmentally harmful due to the use of an acid 

chloride reactant and a toxic solvent. Fu et al. [1] have been employed Extrusion 

compounding and injection molding processes in order to fabricate short-glass-fiber and 

short-carbon-fiber reinforcement with length ranging from 150-300 µm. The glass and 

carbon roving fibers were melted at 214-239 
o
C using a twin-screw extruder then the 

cooled extruded strands were chopped mechanically to form short fibers. In order to 

form a composite polymer bulk, these short fibers were injection-molded with 

polypropylene at 210-230 
o
C forming a dumbbell-shaped composite. The high 

temperature and many-staged processes reduce the cost-effectiveness of this method. 

These problems have encouraged many researchers to seek effective process for the 

fabrication of short fibers.  

The effective method to fabricate short fiber have been performed and developed. 

The research has focused on electrospinning-based fabrication due to its wide 

application, and due to the simple process and efficient for the fabrication of polymer 

composite nanofibers [5] and ceramic nanofibers [6]. The electrospinning technique 

utilizes a high voltage, which applied to a viscous polymer solution in order to create an 

electrified jet. The surface charges were generated on the solution and then it 

continuously stretched by electrostatic repulsions between the surface charges and the 

evaporation solvents, forming polymer fibers [5]. Generally, electrospinning technique 

fabricates continuous fibers therefore cutting process is necessary to obtain short fibers. 

A photocross-linking under influence of UV-radiation has been employed as a cutting 

method by Stoiljkovic and Agarwal [7] in order to produce 20-150 µm short fibers. 

They employed the concept of a polymer chain photocross-linking reaction upon UV 
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radiation. The solution precursor for electrospinning was double-bound polymers 

solution including a photocross-linker and a photoinitiator. The obtained electrospun 

fibers were irradiated by UV in the presence of a mask slit. The uncovered electrospun 

fibers were cross-linked and insoluble, whereas the covered fibers were non-cross-

linked and soluble in the appropriate solvent. The short fibers were obtained by 

immersing the irradiated fibers into the appropriate solvent. However, the length of the 

fibers was limited by the width of the mask, and the process took more than one-step. 

Yoshikawa et al. [8] reported the fabrication of shortened electrospun polymer fibers 

with a well-defined concentrated polymer brush. This method was dividing into three 

major processes, which are electrospinning of continuous fiber, brush-like formation, 

and mechanical cutting. The first process was electrospinning of polymer solution to 

fabricate continuous fiber. The second process was the brush formation on the surface 

of continuous electrospun fibers using atom transfer radical polymerization method. The 

last process was the cutting process of these continuous fibers in the water using 

homogenizer for 1 to 3h. The short fibers were 11µm in length and controllable by 

adjusting the cutting time in the water. However, this technique requires several steps 

and much time for the polymerization and cutting of the fibers. The current cutting 

methods are not entirely convenient and require a relatively long amount of time due to 

the secondary process; therefore, a simple and straightforward cutting method is 

necessary.   

The cutting technique via an electric spark established in electrical discharge 

machining (EDM) can be applied to the fabrication of short fibers. EDM is well-known 

method to cutting and material machining process via an electric spark. This method is a 

machining process for the manufacturing of geometrically complex and hard material 
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parts. The thermal energy of the electric spark initializes a substantial amount of heating 

and melts the material on the surface of solid metal [9]. The electric spark can be simply 

generated between the tips of two electrodes by applying a high voltage to one of them 

and by keeping the other one at ground level. The occurrence of electric spark is 

dependent on the amplitude of the electric field and on the distance between the tips of 

the two electrodes [10].  

In this Chapter, a one-step process for the production of short polymer fibers 

using an electrospinning technique and periodic electric spark was proposed. Different 

from the current electrospinning-based techniques, the cutting process was conducted in 

situ by electric spark during electrospinning of polymer precursor. A single step and 

relatively simple and low cost process could be achieved using this method. The electric 

spark was generated by adjusting the distance between the tips of two electrodes, then 

applying a voltage to the electrodes. A biodegradable polymer of cellulose acetate was 

employed. A solution of cellulose acetate and organic solvent was ejected from a 

syringe needle and was stretched by the electric field then it cut after passed through the 

gap between the tips of two electrodes that generated an electric spark with frequency of 

5 kHz. The lengths and diameters of the obtained short electrospun polymer fibers are 

characterized herein, as well as the cutting mechanism used to obtain the short 

electrospun polymer fibers. 

 

2.2. Experimental methods 

2.2.1. Preparation of polymer solution 

Cellulose acetate (CA, Sigma Aldrich, UK) with a molecular weight (Mw) of 

30,000 was used. The solvent was a mixture of acetone (99.5% of purity, Kanto 
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Chemical, Japan) and N,N-dimethyl formamide (DMF) (99.5% of purity, Wako 

Chemical, Japan ) at a volume ratio of 2:1. DMF was mixed with acetone in order to 

delay the evaporation of acetone during electrospinning [11]. The total volume fraction 

of CA in the solution was set at 13 vol %. The polymer solution for electrospinning was 

prepared by pouring the CA powder into a glass bottle containing solvent. The mixture 

of CA and solvent in the closed bottle was then stirred using a magnetic stirrer for 

several hours until a homogenous solution was obtained (Figure 2.1).  

 

 

Figure 2.1. Precursor solution of cellulose acetate. 

 

2.2.2. Experimental setup 

A schematic of the apparatus and an actual photograph used to electrospin and 

cut the polymer fibers is shown in Figures 2.2a and b, respectively. The apparatus 

consisted of a micro syringe pump (ESP64, EiCom Corporation), a 1,000 cc syringe 

(TTL 2-432, Hamilton Company) with a stainless needle (OD: 0.8 mm, ID: 0.5 mm), 
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two aluminum rods 1.6 mm in diameter with sharp ends that were used as electrodes to 

generate an electric spark, a collector plate of aluminum foil (30 x 30 mm), three high-

voltage power supplies (HV1, 0-HER-15P5-LV, Matsusada Precision Inc.; HV2,HERR-

15P5-LG, Matsusada Precision Inc.; HV3, PHS 35K-3, Kikusui Electronics 

Corporation), and a function generator (Wave Factory 1945, NF Corporation). The 

polymer solution was transferred to the syringe at a flow rate of 0.5 µL/min, and it was 

ejected from the needle tip, which was connected to the HV1. The flowing polymer was 

adhered onto the collector plate, which was connected to the HV2. The distance 

between the needle tip and the collector plate was set to 32 mm. Two electrodes were 

used to generate an electric spark and were set at a distance of 12 mm from the needle. 

The distance between the tips of the electrodes was set to 1.5 mm; one electrode was 

connected to the HV3 and a function generator, and the other one was connected to the 

ground. Humidity and temperature were maintained at 60% and 20 ºC via a humidifier 

and a temperature controller (PAU-300S, Apiste Corporation). 

 

 

Figure 2.2. Schematic of instrument set-up employed for one-step fabrication of short 

electrospun fibers using electric spark: (a) Illustration Image; (b) actual photograph. 
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2.2.3. Observation of electric spark and frequency measurement 

The generation of an electric spark by the tips of the two electrodes was 

observed using a CCD camera with a resolution of 0.4 MP, twice-digital zoom, and 0.8 

lux of minimum illumination (MTV-73x11HN, Mintron Enterprise Co., Ltd). A 

monocular optical lens with a diameter of 50 mm and a magnification factor of 8 

(M0850, Specwell) was attached to the CCD camera. The images were taken at a speed 

of 30 fps and were recorded on a personal computer (PC). The condition of the electric 

spark when a polymer solution was flowed between the tips of the two electrodes was 

also observed. The CCD camera was placed above the two electrodes to capture the 

electric spark. The PC recorded these conditions for 2 min, and still images were cut 

from the video that was produced. 

The frequency of the electric spark was analyzed from a beat sound that 

occurred during the electric spark. When the electric spark occurred, an electric current 

transient went through the spark channel and produced an intense release of heat. This 

rapid thermal change caused a sharp rise in pressure, which generated a beat sound due 

to the sonic waves [12]. The sound was recorded as a waveform on the PC through 

audio analyzer software (Audacity 1.3 Beta) and a microphone for 50 s with a sampling 

rate of 44 ksps. The waveform was plotted and analyzed in the time domain using the 

same audio analyzer software to find peaks showing the beat sounds. The peaks images 

in different time resolutions (Figures 2.4 and 2.5) were printed on the screen, then the 

time interval between the peaks were measured by image processing software (Ruler ver. 

0.002) to obtain the frequency of the electric spark. During the spark measurement, the 

values for temperature and humidity were maintained under the same conditions as 

those of electrospinning.  
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2.2.4. Short electrospun polymer fiber observation 

The prepared short fibers were observed by SEM (JSM-6340F, JEOL Ltd.) with 

a maximum magnification factor of 650,000x and a resolution of 1.2 nm at an 

acceleration voltage of 20 kV. The shape of the short fibers was evaluated by measuring 

the diameter at the centers and the edges of the fibers, which were also compared with 

those of the continuous electrospun polymer fibers. 

The distribution of the lengths of the short electrospun polymer fibers was 

measured using the ruler function of image processing software during observation 

using a digital microscope with a resolution of 2.11 MP (VH-8000, Keyence 

Corporation) and a high-range zoom lens with a magnification ranging from 450 - 

3,000x (VH-Z450, Keyence Corporation). The distribution of the diameters of the 

center parts of the short fibers was noted. The mean length and diameter of the short 

fibers was calculated from the measurement of approximately 200 fibers. 

 

2.3. Results and discussion  

2.3.1. Condition of electric spark 

Figure 2.3 shows the typical electric spark generated within a spark gap. A 

bluish-white electric spark was observed with a center diameter of approximately 0.5 

mm. To generate electric spark, sufficient voltage was generated within the spark gap. 

In this experiment, the electrodes had sharp ends and the breakdown voltage of the 

electric spark was found at 3.5 kV with a spark gap of 1.5 mm. Compared to the 

spherical electrodes, the electrodes with sharp ends gave a lower voltage breakdown for 

the generation of electric spark [12]. Due to the distance ratio of the spark gap and the 
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needle-collector (1:21), the electric field generated between the needle and the collector 

was found to have not significantly affected the electric spark. 

 

Figure 2.3. Condition of the typical electric spark occurred between the tips of two 

electrodes. Electric spark was observed with a center diameter of approximately 0.5 

mm. 

 

The characteristics of an electric spark were investigated by detecting and 

recording the sound waves produced by an electric spark. Two voltages, 3.6 and 4.1 kV, 

were applied to investigate the characteristics of a typical sound wave. Figures 2.4a and 

b show a typical sound wave over a 1 sec period generated at both voltages, respectively. 

There were 18 and 33 spikes at voltages of 3.6 and 4.1 kV, respectively. As the time 

resolution for Figures 2.4a and b was increased, each spike at both voltages was 

recognized as damped oscillation with a frequency of 5 kHz (Figure 2.5). These results 

confirm that the typical sound wave of an electrical spark has a damped oscillation with 

a repetitive occurrence. The occurrence interval of a damped oscillation was more 

uniform at 4.1 kV than it was at 3.6 kV. Due to the occurrence interval of the damped 

oscillation, the electric spark generated at 4.1 kV was reliable for the fabrication of short 

fibers.    
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Figure 2.4. The typical sound wave generated by an electric spark at: (a) 3.6 kV; (b) 4.1 

kV 
 

 

Figure 2.5. The typical sound wave of electric spark is recognized as damped 

oscillation with frequency of 5 kHz. Observation is obtained from typical sound wave at 

4.1 kV by increasing the time resolution. 
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2.3.2. Preparation of short electrospun polymer fiber 

The short fibers were prepared by electrospinning that included an electric spark 

to cut the fibers. A polymer solution was ejected from a syringe into the collector and 

partially through the electric spark gap. The fibers that flowed through to the electric 

spark gap were cut and short fibers were found on the collector plate with a density of 1-

5 fibers per 0.12x0.2 mm
2
, whereas the fibers that did not flow through to the electric 

spark were uncut and remained as continuous fibers on the collector plate. The 

continuous fibers were dominant on the collector plate due to the limited size of the 

cutting area of the electric spark: 1.5x0.5 mm
2 

(Figure 2.3). For comparison, the 

continuous fibers were also prepared by a common electrospinning set up. A 

comparison of the diameters of short fibers and continuous fibers was performed to 

study the influence of electric spark on fiber fabrication.   

Figure 2.6 shows the SEM images of prepared short fiber and continuous fibers 

produced by the method outlined in this chapter and by common electrospinning, 

respectively. The length of the short fiber was approximately 100 µm, and one edge was 

curled (Figure 2.6a). The rectangle boxes in Figure 2.6a are magnifications of the 

center and the edge parts of the short fiber that show the diversity in diameter. The 

diameters at the center part ranged from 500 to 1000 nm (Figure 2.6b). The edge of the 

short fiber was not smooth (Figure 2.6c), and the diameters varied from 200 to 140 nm, 

which was narrower than that of the center part of the short fiber. From the observation 

of the shape of the short fiber, it seems apparent that the electrospun fiber was stretched 

and cut by the periodic electrical field and thermal energy from the electric spark, 

respectively.  
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Figure 2.6. SEM images of (a) a short fiber, (b) the center of a short fiber, (c) the edge 

of a short fiber, and (d) a continuous electrospun fiber without an electric spark. 

 

 

The diameters of continuous electrospun fibers produced by common 

electrospinning (Figure 2.6d) varied from 90 to 400 nm. Compared with the diameters 

of the short fibers, the diameters at the edges of the short fibers were smaller than those 

of the continuous fibers, and the diameters at the centers of the short fibers were larger 

than those of the continuous fibers. This indicated that the short electrospun fibers were 

not only stretched but were also compressed. The electric field generated by the electric 

spark blocked the fiber flow, so that it compressed the mass in the centers of the short 

fibers.   

Figure 2.7 shows the distribution of the lengths of the short electrospun fibers, 

which were measured by optical microscope. The lengths varied from 22 to 1,000 µm. 

Most of the short fibers prepared in the experiment ranged from 22 to 400 µm in length, 

although a small amount of the fibers had lengths ranging from 500 to 1,000 µm. This 

result confirmed that short fibers were fabricated although the continuous fiber was still 
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observed. The mean length of the short fibers was 230 µm. Figure 2.8 shows the 

distribution of the diameters for the centers of the short fibers. The diameters primarily 

ranged from 0.6 to 1.4 µm. The mean diameter of the short fibers was 1 µm.  

 

 

Figure 2.7. The distribution of the lengths of the short fibers. 

 

 

Figure 2.8. The distribution of the diameters of the short fibers. 
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2.3.3. Cutting mechanism of short electrospun polymer fiber 

In order to confirm the mechanism of fiber cutting, the video and images around 

the electric spark gap were captured and recorded on a PC. The fiber motion in 

electrospinning was random, however, in this experiment the fibers had passed the spark 

gap and the image was captured successfully. As the polymer solution was ejected, the 

spark cut the fiber. Truncated fibers were on the left and the right sides of the electric 

spark (Figure 2.9a). As the electric spark cut the fiber, it had a wide shape with a 

bluish-white color in the center and a red color on the left and the right sides. For 

comparison, the condition of the electric spark without a polymer solution ejected from 

the needle was obtained (Figure 2.9b). The electric spark had a straight and slim shape 

with a bluish-white color. These results confirmed that fiber flowed toward the spark 

gap then the electric spark burned and truncated it in one particular spot.  

 

 

Figure 2.9. The conditions of electric sparks: (a) the electric spark was cutting the fiber 

as the polymer solution was ejected; (b) the polymer solution was not ejected. 

 

For further analysis, the temperature distribution of the steady-state condition 

around an electrical spark was also estimated. Based on the temperature distribution, the 

cutting points were estimated. The temperature distribution along the x-y axis was 

derived as follows: 
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Eq. (1) can be solved numerically using a 2D finite element method (Quickfield, Tera 

Analysis Ltd.), where x and y are components of the heat conductivity tensor on the x-

y axis [W/K.m], T is the temperature [K], q is the volume power of the heat source 

[W/m
3
], c is the specific heat of air [J/kg.K], and is the density of air [kg/m

3
]. The 

initial ambient temperature is set at 293 K and the melting point of cellulose acetate is 

533 K (Material Safety Data Sheet). Electric spark power was calculated from the data 

of voltage applied and the electric current (V=4.1 kV, I=0.8 mA). It was assumed that 

electric spark has a cylindrical shape with a cross-sectional diameter and height that are 

0.5 mm and 1.5 mm, respectively. The volume power of the heat source was obtained 

by dividing the electric spark power by the volume of the electric spark to yield 

1.1x10
10

 W/m
3
. For analysis simplicity, the volume power of the heat source was 

assumed to be constant over the time. Figure 2.10 shows the temperature distribution 

for a 1 mm radius with respect to the center of the electric spark. The results confirmed 

that cutting points lie in a radial direction from the center of a spark up to 0.22 mm 

(shaded area in Figure 2.10). These results also confirmed that high temperatures of an 

electric spark are distributed within the electric spark in a radius of less than 0.5 mm. 

This result agreed with that found by Zeng and Zhao [13].  

With regard to the cutting of an electrospun fiber by an electric spark, the length 

of a short electrospun fiber should be related to the linear velocity of the polymer 

solution and to the frequency of the electric sparks. We considered that only the fibers 

with linear motion were cut by an electric spark, therefore the calculation could be 
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simplified. The linear velocity of the polymer solution from the needle tip to the 

collector plate can be calculated using the following equation: 

v = Q/A                                                                                                                            (2) 

where v, Q, and A are the linear velocity of the precursor solution [m/s], the flow rate of 

the polymer solution [m
3
/s], and the cross-sectional area of the flowing polymer 

solution [m
2
], respectively. The flow rate of the precursor solution was 8.3x10

-12
 m

3
/s (= 

0.5 µL/min). When the precursor solution ejected from the needle tip formed a fiber in 

air, the solvent was evaporated leaving only the polymer on the fiber. The cross-

sectional area of a flowing polymer solution of 7.9 x 10
-12

 m
2
 (= π x 0.5

2
 / 0.13 µm

2
) 

was calculated based on a prepared short fiber with a diameter of 1 m and a polymer 

concentration of 13 vol. %. As a result, the linear velocity of the polymer solution was 

calculated to be 1.05 m/s. This agreed with the experimental results found by Reneker et 

al. [14].  

 

 

Figure 2.10. The temperature distribution for the center portion of the electric spark. 

The melting temperature of cellulose acetate is 533 K and cutting points are marked by 

the shaded areas from the center of the electric spark and extending for 0.22 mm. 
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The length of the short electrospun fiber was predicted by dividing the linear 

velocity of the polymer solution by the frequency of the damped oscillation of the 

electric spark, as follows:  

l = v/f = Q/Af                                                                                                                   (3) 

where l and f are the length of the short electrospun fiber [m] and the frequency of the 

electric spark [Hz], respectively. The fiber length calculated from 5 kHz was 271 µm. 

This calculation approximated the measured fiber length of 230 µm, thus confirming 

that the cutting to prepare a short fiber was due to an electric spark of 5 kHz. The 

dispersion of the distribution of the lengths of the short fibers shown in Figure 2.7 was 

caused by a fluctuation in the flow rate of the polymer solution, by different cutting 

points, and by the dumped oscillation of an electric spark. There were 5-7 peaks in the 

damped oscillation of 5 kHz with decaying amplitude, as shown in Figure 2.5. We 

suspected that some peaks did not cut the fibers, so that short fibers with lengths of 400-

1,000 µm were created. We suspected that the variation of the cutting point in a radial 

direction also affected the distribution of the lengths of prepared short fibers.  

In order to control the lengths of the short fibers, it was useful to control the 

flow rate of the polymer solution, the frequency of the electric spark, and the trajectory 

of fibers. Some improvements in this method are required in order to enhance the 

efficiency of the production of short fibers. This method of using an electric spark for 

cutting will be very useful for applications in industrial production, because of the one-

step fabrication. 

 



Chapter 2: One-Step Fabrication of Short Electrospun Polymer Fiber by Electric Spark 

31 

 

2.4. Conclusions 

The one-step fabrication process of short electrospun fibers was successfully 

developed. The one-step fabrication process was combining an electrospinning method 

and electric spark generation at once time. High voltage with a square wave was applied 

to two electrodes to generate a periodic electric spark that could be recognized at 4.1 

kV. As a solution of cellulose acetate and organic solvent was ejected from a syringe 

needle and was stretched by the electric field then it cut after passed through the gap 

between the tips of two electrodes that generated an electric spark with frequency of 5 

kHz. The short fibers of average 231 µm were found on the collector plate with a 

density of 1-5 fibers per 0.12x0.2 mm2, whereas the fibers that did not flow through to 

the electric spark were uncut and remained as continuous fibers on the collector plate. 

The theoretical fiber length was calculated at 271 µm when employing a 5 kHz of 

electric spark, which was in good agreement with the length of the short fibers obtained 

in the experiment. 
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Chapter 3  

A simple one-step fabrication of short polymer nanofibers via 

electrospinning 

 

3.1. Introduction 

Recently, short fiber has attracted tremendous attention of researcher due to the 

good performance as filler in the composite material. The short fiber filler has ability to 

enhance the tensile strength, conductivity, corrosion resistance, and thermal stability of 

polymer composites, which make it applicable in many fields such as in the aerospace 

industry, in the automotive industry, for corrosion protection, in flexible displays, as 

electrodes, etc. [1-8]. The diameter and length control of short fibers are the important 

factors in enhancing the properties of a polymer composite [9-12]. The general method 

for the preparation of controllable length and diameter of short fibers is a vapor-grown 

technique [13-15]. In this technique, the length and diameter of short fibers can be 

controlled by altering the catalyst size, temperature processing, and catalyst activity 

[13,14]. This technique is widely used in industry; however, several drawbacks are 

persisting such as an extended chemical route and post-processing, which necessary in 

order to enhance the physical properties of the carbon fibers. Due to this problems, the 

researchers have made various efforts to find more effective methods for the fabrication 

of short fibers [16,17]. 

The simplest and most reliable technique to fabricate polymer fiber with 

diameter varied from micro to nanometer is electrospinning. This technique utilizes a 

high voltage in order to electrified viscous polymer solution. The surface charges are 

generated on the drop of polymer solution then the Taylor cone shape is forming due to 
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the rapid increase of surface charges. The Taylor cone is continuously stretched into a 

jet by electrostatic repulsions between the surface charges and the evaporation solvents, 

forming continuous polymer fibers [18]. The important factors in the electrospinning 

technique are properties of precursor solution such as conductivity and dielectric 

constant of solvent, chain entanglement of polymer, viscosity, and surface tension. 

These properties are affected by solvent selection, polymer solution concentration and 

solubility of the polymer in the solvent, which allowed the transition from 

electrospraying to electrospinning. Luo et al has been demonstrated the spinnability-

solubility maps for the polymethylsilsesquioxane (PMSQ) and poly(-caprolactone) 

(PCL) based on solvent selection and polymer solubility. However, electrospinning 

technique can only produces continuous fibers. In order to fabricate short fibers from 

the continuous electrospun fibers, secondary processes are applied [16,17]. As stated in 

the introduction of Chapter 1, Stoiljkovic et al. [16] and Yoshikawa et al. employed the 

secondary process in order to fabricate short polymer fiber from continuous electrospun 

fibers. The concept of Stoiljkovic et al. is a photocross-linking reaction under UV 

radiation as a secondary process [16], while the Yoshikawa et al. using a mechanical 

crushing by homogenizer as a secondary process [17]. Although the length of fiber can 

be controlled by these methods, the many stages processes were caused this method not 

effective.   

The one-step process of short micro-fibers fabrication has been reported by Luo 

et al. The length of short micro-fibers could be changed by altering the molecular 

weight of PMSQ and using a volatile solvent, although the diameter of the short fibers is 

on a micro-order [21]. A low molecular weight of PMSQ resulted in shorter micro-

fibers. However, a mechanism for the formation of short micro-fibers has not been 
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developed, and controlling the fiber length by altering polymer molecular weight could 

not be performed during the electrospinning process. The other method to fabricate 

discrete nanofiber is a pressurized gyration process, which resulted in nanofibers with 

length varied from 200 to 800 mm. the control of fiber length has been achieved by 

altering the rotational speed [23]. This method has the advantage of not requiring such 

high voltage and offers mass production capabilities, but the length of the nanofiber is 

too long for use as filler in the composite material. We have reported a one-step 

fabrication of short fibers using an electrical spark to cut the fibers during 

electrospinning in Chapter 1 [22]. The length of the short fibers is dependent on the 

frequency of the electrical spark; however, the range for the controlled length of the 

short fibers is narrow due to the difficulties with the frequency of the electrical spark.  

In this chapter, a simple one-step fabrication of short polymer nanofibers by 

electrospinning was investigated. The effect of the concentration of the polymer 

solution, applied voltage, and the flow rate of the polymer solution on the fabrication of 

short nanofibers was investigated. The values for the length and diameter of the 

fabricated short polymer fibers were measured in order to correlate the spinning 

conditions. Herein, we note our observations on the shape of the short nanofibers and 

the condition of the ejected polymer solution, and we describe the fabrication 

mechanism: the rapid increase in repulsive force generated a lateral perturbation that 

made the polymer solution jet spread. The rapid increase in the repulsive force from 

surface charges combined longitudinal forces from the applied voltage split the solution 

jet and segmented the nanofibers. 
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3.2. Experimental methods 

3.2.1. Preparation of polymer solution 

Cellulose acetate (CA, Sigma Aldrich, UK) polymer with a number-average 

molecular weight of 30,000 was used as an electrospun polymer fiber. Acetone 

(>99.5%, Kanto Chemical, Japan) and N,N-dimethyl acetamide (DMAc) (>99.5%, 

Wako Chemical, Japan) was mixed at a volume ratio of 2:1 as a solvent, and CA 

polymer powder was added to 15 mL of solvent in a glass bottle. A DMAc was mixed 

in order to delay the evaporation of acetone during electrospinning [24,25]. The 

polymer solution of polymer and solvent mixed in the glass bottle were then stirred 

using a magnetic stirrer for several hours until a homogenous solution was obtained. 

The concentrations of polymer in the polymer solution varied from 9 to 18 wt. %. 

 

3.2.2. Electrospinning of the polymer solution 

A conventional electrospinning setup was used to fabricate the polymer fibers 

[26-28]. The polymer solution was loaded into a 1,000 cc syringe (TTL 2-432, Hamilton 

Company) with a stainless needle (OD: 0.46 mm, ID: 0.26 mm). A high-voltage power 

supply (HER-15P5-LV, Matsusada Precision Inc.) was connected to the stainless needle 

to electrify the polymer solution. The flow rate of polymer solution was controlled via a 

micro syringe pump (ESP64, EiCom Corporation). A 30 mm x 30 mm aluminum plate 

that was used to collect the fibers was connected to the ground, and a 3 mm x 3 mm 

silicon wafer was attached on it to observe the fibers. The distance between the needle 

tip and the aluminum plate was set at 90 mm. The ambient temperature and humidity 

were maintained at 20 ºC and 60% using a temperature controller and an integrated 

humidifier (PAU-300S, Apiste Corporation), respectively. The voltage for 
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electrospinning was varied from 0 to 12.0 kV, and the flow rate of the polymer solution 

was varied from 0.01 to 0.7 µL/min. The syringe was washed by acetone before each of 

the solution replacements. 

 

3.2.3. Observation of electrospun fiber 

The distribution of the diameters and the lengths of the short electrospun 

polymer fibers were measured using the ruler function of image processing software 

during observation with a digital microscope at a resolution of 2.11 megapixels (VH-

8000, Keyence Corporation). Two types of lenses, a low-range lens and a high-range 

zoom lens with a magnification ranging from 25-3,000x (VH-Z450, Keyence 

Corporation), were used for the observation. The distribution and the average lengths of 

the electrospun fibers were determined for more than 200 fibers. 

The shapes of the short nanofibers were observed using a SEM (JSM-6340F, 

JEOL Ltd.) with a maximum magnification factor of 650,000x and a resolution of 1.2 

nm at an acceleration voltage of 20 kV. The diameters at the centers and the edges of 

the short nanofibers were measured to confirm the stretching of the fibers. 

The operation of the polymer solution jet was observed using a CCD camera 

with a resolution of 0.4 megapixels, a two-fold digital zoom, and 0.8 lux with a 

minimum illumination (MTV-73x11HN, Mintron Enterprise Co., Ltd). A monocular 

optical lens with a diameter of 50 mm and a magnification factor of 8 (M0850, 

Specwell) was attached to the CCD camera. The images were taken at a speed of 30 fps 

and were recorded on a personal computer.  
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3.3. Results and discussion 

3.3.1. Effect of the polymer concentration in the polymer solution 

The electrospun fibers were fabricated from a polymer solution of various 

polymer concentrations, and the morphology of the fibers was observed. The voltage for 

electrospinning was set to 4.4 kV, and the flow rate of the polymer solution was kept at 

0.3 µL/min. As a result, three types of fibers were recognized: beaded fibers, short 

fibers, and continuous fibers. Figure 3.1 shows the typical fibers fabricated from a 

polymer solution with various polymer concentrations. The beaded fibers were 

fabricated at polymer concentrations that ranged from 9 to 12 wt. %. Figure 3.1a shows 

typical beaded fibers fabricated at a concentration of 9 wt. %, with a diameter of fibers 

and beads that was approximately 300 nm and 2 µm, respectively. The fabrication of 

beaded fibers has previously been reported, and the effect of the polymer concentrations 

and solvent type on the shape of the beaded fibers has been discussed [25, 29, 30]. Since 

the polymer concentration ranged from 13 to 15 wt. %, short fibers could be fabricated. 

Typical short fibers fabricated at a polymer concentration of 13 wt. % are shown in 

Figure 3.1b. Both straight and curled shapes were recognized in the short fibers 

fabricated under these conditions. The lengths of the short fibers ranged from 50 to 150 

µm, and the average diameter was 1 m. Continuous fibers were fabricated from 

concentrations that ranged from 16 to 18 wt. %. Figure 3.1c shows continuous fibers 

fabricated from a polymer solution with a concentration of 18 wt. %, and an average 

diameter of 3 m. The morphology of the fiber transformed generally from that of 

beaded fibers to continuous fibers as the polymer concentration increased [19,31]. 

However, short nanofibers could be fabricated at a concentration of 13-15 wt. % during 

the transformation from beaded fibers to continuous fibers. This was due to the effect of 
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the selected solvents and polymer, acetone and DMAc as the solvent, and cellulose 

acetate as the polymer. Santi et al. have reported that a solution of cellulose acetate in a 

2:1 volume ratio of acetone/DMAc has a low surface tension [25], and that the solvent-

polymer interaction has an influence on the tensile strength of the polymer solution, 

which results in fibers that are readily segmented. Thus, the shape of the fibers 

fabricated by electrospinning was largely dependent on the concentration of the polymer 

in the solution. Short fibers could be fabricated from polymer solutions that were 13 

to15 wt. %.  

 

Figure 3.1. The electrospun fibers from a polymer solution with various concentrations: 

(a) 9 wt. %, (b) 13 wt. %, and (c) 18 wt. %. The voltage was 4.4 kV, and the flow rate of 

the polymer solution was 0.3 µL/min. 

 

The diameter of the short fibers fabricated at a voltage of 4.4 kV and a flow rate 

of 0.3 µL/min (Figure 3.1b) was still large for nanomaterial applications, and resulted 

in a curled shape. In order to determine the optimal conditions to fabricate nano-sized 

and straight short fibers, further experiments were conducted. These experiments 

showed that short fibers with a nano-sized diameter and a straight shape could be 

fabricated by increasing the voltage and decreasing the flow rate of the polymer 

solution. Figure 3.2 shows the optical micrographs of the short nanofibers fabricated 

from polymer solutions with concentrations of 13 to 15 wt. %. The voltage was 5.5 kV, 

and the flow rate was 0.1 µL/min. Figure 3.3 shows the distribution of the diameters of 

short nanofibers that correspond with the short fibers shown in Figure 3.2. At a polymer 
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concentration of 13 wt. %, the average diameter of the short fibers was 320 nm with a 

narrow distribution (Figure 3.3a). As the polymer concentration increased to 14 and 15 

wt. %, the diameter distribution increased to averages of 490 and 510 nm, respectively 

(Figures 3.3bc). Figure 3.4 shows the distributions of the lengths of the short fiber that 

correspond to the short fibers shown in Figure 3.2. The short fibers fabricated from a 

polymer solution of 13 wt. % had an average length of 130 µm with a narrow 

distribution (Figure 3.4a). As the polymer concentration increased to 14 and 15 wt. %, 

the average length increased to 180 and 230 µm, and the distribution was broad 

(Figures 3.4bc). Figure 3.5 shows the average lengths of short nanofibers fabricated at 

various polymer concentrations, and shows the morphologies. The error bars represent 

the standard deviation of the measured data. The average length of short nanofibers 

increased in a linear fashion with the polymer concentration, and could double with an 

increase in concentration of only 2 wt. %. Since more concentrated polymer solutions 

had a denser polymer chain entanglement, the polymer solution jet would stretch longer 

before breaking.   

 

Figure 3.2. Optical micrograph of short fibers fabricated from polymer solutions with 

various concentrations: (a) 13 wt. %, (b) 14 wt. %, and (c) 15 wt. %. The voltage was 

5.5 kV, and the flow rate was 0.1 µL/min. 
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Figure 3.3. The distribution of the diameters of short fibers fabricated from polymer 

solutions with various concentrations: (a) 13 wt %, (b) 14 wt %, and (c) 15 wt %. The 

voltage was 5.5 kV, and the flow rate was 0.1 µL/min. 

 

 

Figure 3.4. The distribution of the length of short fibers from polymer solutions with 

various concentrations: (a) 13 wt.%; (b) 14 wt.% ; (c) 15 wt.%. The voltage was 5.5 kV, 

and the flow rate was 0.1 µL/min. 

 

When short nanofibers fabricated from polymer concentrations of 13, 14 and 15 

wt. % were compared at a voltage of 5.5 kV and a flow rate of 0.1 µL/min, the 13 wt. % 

polymer solution produced a shorter length and a smaller diameter with a distribution of 

length and diameter that was more narrow, as shown in Figures 3.3 and 3.4. From these 
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results, the capability to control the length of short nanofibers was further investigated 

using a 13 wt. % polymer solution. 

 

 

Figure 3.5. The average length of short nanofibers fabricated from polymer solutions 

with various concentrations. The voltage was 5.5 kV, and the flow rate was 0.1 µL/min. 

The morphologies of the fabricated fibers are indicated in the Figure 

 

3.3.2. The effect of flow rate and voltage on fiber length of short nanofibers 

The effect of flow rate and voltage on the length of short nanofibers was 

investigated using polymer solutions with concentrations of 13 wt. %. 

The flow rate was varied from 0.01 to 0.7 µL/min, and the voltage was 

maintained at 5.5 kV. Figure 3.6 shows the optical micrograph of short nanofibers 

fabricated at flow rates of 0.02, 0.08 and 0.4 µL/min. A few short nanofibers were found 

with a flow rate of 0.02 µL/min and an average length of short nanofibers of 65 µm 

(Figure 3.6a). At a flow rate of 0.08 µL/min, the average length was 120 µm and the 

production of short fibers was increased (Figure 3.6b). As the flow rate increased to 0.4 

µL/min, the average length was 150 µm, and the production of short fibers was further 
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increased as the flow rate was increased (Figure 3.6c). The short nanofibers fabricated 

under these conditions were mostly straight in shape, although the flow rate was largely 

changed. 

 

Figure 3.6. Optical micrograph of short nanofibers fabricated at various flow rates: (a) 

0.02 µL/min; (b) 0.08; and, (c) 0.4 µL/min. The polymer concentration was 13 wt. %, 

and the voltage was 5.5 kV. 

 

Figure 3.7 shows the average lengths of short nanofibers fabricated at flow rates 

ranging from 0.02 to 0.48 µL/min. At a flow rate of 0.01 µL/min, no short nanofibers 

could be fabricated, since the solution on the needle tip was freezing quickly and 

blocked the needle hole due to a low solution transfer. As the flow rate increased from 

0.02 to 0.06 µL/min, the average length increased proportionally from 65 to 130 µm. At 

a flow rate range of 0.07-0.48 µL/min, the slope of the average length increment of 

short nanofibers was low, and the length of short nanofibers at 0.48 µL/min was 

increased to 170 µm. Short fibers could not be fabricated above a flow rate of 0.50 

µL/min, but continuous fibers could. Thus, the length of nanofibers could be controlled 

by changing the flow rate, and straight fibers could be fabricated by applying voltage as 

high as 5.5 kV, as shown in Figure 3.2.  
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Figure 3.7. The average length of short nanofibers at various flow rates. The polymer 

concentration was 13 wt. % and the voltage was 5.5 kV. The morphologies of the fibers 

for each range are described in the figure. 

 

 

Figure 3.8. Optical micrograph of short nanofibers at various voltages: (a) 4.5 kV; (b) 

4.7 kV; and, (c) 7.0 kV. The flow rate was 0.1 µL/min, and the polymer concentration 

was 13 wt. %.  

 

The electrospinning of a 13 wt. % polymer solution was conducted at a flow rate 

of 0.1 µL/min, and the voltage was varied gradually from 0 to 12.0 kV. Figure 3.8 

shows the optical micrograph of short nanofibers fabricated at voltages of 4.5, 4.7 and 

7.0 kV, respectively. Figure 3.9 shows the relationship between average length and 

voltage. When the voltage was increased from 0 to 4.0 kV, a polymer solution jet could 

not be drawn by the electric field, so the fibers could not be fabricated. At a voltage of 

4.5 kV, long discrete fibers with an average length of 670 µm could be fabricated 
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(Figure 3.8a). The average diameter of a short nanofiber was 750 nm, and the fibers 

had a curled shape that was caused by the weak stretching force from the applied 

voltage. When the voltage was increased to 4.7 kV, short nanofibers 380 nm in diameter 

could be fabricated, and the average length of the short nanofibers was decreased 

rapidly to 250 µm (Figure 3.8b). As the voltage was varied from 4.9 to 5.5 kV, the 

average length of short nanofibers ranged from 170 to 127 µm. The length of short 

nanofiber was almost constant at a voltage of 6.0 to 8.5 kV. The average length of short 

nanofibers fabricated at a voltage of 7 kV was 40 µm with a straight shape (Figure 

3.8c). Above a voltage of 8.5 kV, the nanofibers could not be fabricated due to the 

imbalance between fibers drawn by the strong electric field and a low flow rate. 

 

Figure 3.9. The morphologies and average lengths of fibers at various voltages and a 

flow rate of 0.1 µL/min for 13 wt. % polymer solutions.  

 

Consequently, it was confirmed that the concentration of the polymer in the 

solution was the most important factor in the fabrication of short nanofibers. Short 

nanofibers could be fabricated using a 13 to 15 wt. % polymer solution. Using 13 wt. % 

of polymer solution, the length of short nanofibers could be controlled in a range of 
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from 65 to 170 µm (Figures 3.6, 3.7) by altering the flow rate of the polymer solution, 

whereas the length could be controlled in a range of from 37 to 670 µm by altering the 

applied voltage (Figures 3.8, 3.9). However, the diameter of fibers fabricated by 

applying low voltage was large and the shape was curled, although the short fibers were 

longer in length. When the voltage was increased, a straight short nanofiber could be 

fabricated. 

 

3.3.3. Mechanism for the formation of short nanofiber 

The fabrication mechanism for short nanofibers is discussed here based on the 

observation of short nanofibers and on the conditions of electrospinning. Figure 3.10 

shows the morphology of a typical short nanofiber fabricated at a flow rate 0.1 µL/min 

with a voltage of 5.5 kV.  

The Figure 3.10 compares the center (Figure 3.10b) with the edges (Figures 3. 

10cd) of a short nanofiber. The diameter of the center portion ranged from 120 to 210 

nm (Figure 3. 10b). The diameters of both edges of the short nanofiber were narrower 

than the diameter of the center portion, and it was stretched to approximately 70 nm in 

portions to within a range of 3 µm from the edge. This indicates that the fiber was 

locally stretched, leading to a thinning of the diameter of the fiber and to a breakaway of 

the fiber. This was due to the repulsive force of the surface charges and longitudinal 

force by the external electric field [33]. 

 



Chapter 3: A simple one-step fabrication of short polymer nanofibers via electrospinning 

48 

 

 

Figure 3.10. Typical short nanofibers fabricated from a 13 wt. % polymer solution: (a) a 

short nanofiber; (b) the center portion; (c) the upper-edge portion; and, (d) the lower-

edge portion. The voltage was 5.5 kV, and the flow rate was 0.1 µL/min. 

 

 

Figure 3.11. Polymer solution jets ejected from a needle tip: (a) a 9 wt. % polymer 

concentration (beaded fibers were fabricated); and, (b) a 13 wt. % polymer 

concentration (short nanofibers were fabricated). The voltage was 5.5 kV, and the flow 

rate was 0.3 µL/min. 

 

The condition of the polymer solution jet that ejected from the needle tip was 

observed in order to determine the point at which the fibers were broken away. Figure 

3.11 shows the conditions of polymer solution jets with polymer concentrations of 9 and 

13 wt. %, at which beaded fibers and short nanofibers were fabricated, respectively. 

During the fabrication of continuous fibers, a polymer solution jet generally maintains a 

straight path for some distance and then adopts a spinning and more complex path [33]. 

However, polymer solution jets at polymer concentrations of 9 and 13 wt. % have 
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straight segments of approximately 2 mm in length, and are then spread to angles of 37
o
 

and 15
o
, respectively. The spreading was due to a lateral perturbation caused by the 

repulsive forces between surface charges of the electrified polymer solution jet [33]. 

This must be a feature of fabrication of short nanofibers that leads to the breakaway of 

fibers. The difference in the spread angles for these two conditions was caused by the 

viscosity of the polymer solution that in turn was caused by the differences in the 

polymer concentration. When the polymer concentration was 9 wt. %, the spread angle 

of the polymer solution jet was wide due to low viscosity, and beads formed on the 

fibers due to a lack elasticity in the polymer solution jet [30]. When the polymer 

concentration was 13 wt. %, the solution was also broken away by the longitudinal force 

of an external electric field, although the spread angle of the polymer solution was 

relatively narrow due to the higher viscosity. However, the polymer solution was 

difficult to move in the solution jet, which resulted in short nanofibers with stretched 

edges, as shown in Figure 3.10. 

Based on observation of the short nanofibers (Figure 3.10), on the condition of 

the polymer solution jets from the needle tip (Figure 3.11), and on the theoretical report 

[32-34], the major factor that led to the fabrication of the short nanofibers was the 

balance between the tensile strength of the polymer solution, the longitudinal force, and 

the lateral perturbation of the surface charge on the polymer solution jet. Figure 3.12 

shows the mechanism for short nanofiber fabrication and a diagram of the force in the 

straight pass after ejection and at the point of breaking. Eq. 1 describes these factors 

under equilibrium conditions on the cross-section area of the polymer solution jet, 

 Ft= ΔF cosθ + FL              (1)  
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Figure 3.12. Diagram for the force of the polymer solution jet: (a) a straight pass after 

ejection; and, (b) at the breaking point. 

 

where the tensile strength, Ft, is the maximum force that a polymer solution jet can 

withstand while being stretched before breaking. This force was affected by the mutual 

attraction of the polymer molecules and the polymer-solvent interaction in the polymer 

solution jet [20]. The high concentration of polymer could increase the mutual 

interaction of polymer molecules, and, thus, the tensile strength increased, whereas the 

selection of a solvent with a low surface tension could decrease the tensile strength. ΔF 

is the force in the longitudinal direction due to the applied voltage. The FL is the force 

due to the repulsive force, FR, between equal surface charges, which generates lateral 

perturbation [33,34]. The angle θ is measured from the jet axis. The polymer solution jet 

in the straight pass after ejection had a thick diameter with a straight shape and was 

flowing in a single path. The ΔF of the applied voltage and the repulsive force FR of the 

surface charge on the polymer solution jet stretched the polymer solution jet and moved 

it forward (Figure 3.12a). In the straight path just before the jet was spread, the polymer 

solution jet could not break away, because it had a thick diameter and the ΔF and 
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repulsive force FR of the surface charge were insufficient to break the polymer solution 

jet (ΔF +FR < Ft). As the polymer solution jet moved farther away, its diameter thinned, 

and the increase in the surface charge density resulted in an increase in the repulsive 

force FR. The rapid increased in FR generated a lateral perturbation, FL, that made the 

polymer solution jet spread. Thus, short nanofibers were fabricated by the breaking of 

the fibers due to the resultant force of FL, and the ΔF cosθ surpassed the tensile strength 

of the polymer solution jet (ΔF cosθ +FL > Ft) (Figure 3.12b).  

 

3.5. Conclusions 

The simple and one-step process fabrication of short polymer nanofibers has 

been successfully developed based on electrospinning method. This proves that 

electrospinning either can make short or continuous nanofiber. A polymer solution was 

loaded into a syringe, and was then ejected by the application of high voltage. The effect 

of the concentration of the polymer solution, the applied voltage, and the flow rate of 

the polymer solution was investigated for its effect on the fabrication of short nanofibers, 

and the following results were obtained. The concentration of the cellulose acetate 

polymer in the solution was important factor which varied from 13 to 15 wt. %. The 

length of fibers was increased by increasing the flow rate of the solution, and it was 

decreased with an increase in applied voltage, resulting in controllable length of short 

nanofibers at 37 to 670 µm. The edges of the short nanofibers were narrowed by 

stretching. Observation of the polymer solution jet that was ejected from the needle tip 

showed it passing straight, and then spreading due to lateral perturbations on its surface. 

The breaking of the fibers into short nanofibers occurred because the repulsive force 
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from the surface charges and the longitudinal force from the applied voltage surpassed 

the tensile strength of the polymer solution jet. 
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Chapter 4 

One-step fabrication of short nanofibers by electrospinning: Effect of 

needle size on nanofiber length. 

4.1. Introduction 

Recently, researches on short fibers have been performed intensively due to its 

ability to enhance the tensile strength, conductivity, corrosion resistance, and thermal 

stability of the polymer composite for many applications, for example, aerospace, 

automotive industries, corrosion protection, flexible display, or electrode, etc. [1-4]. 

Electrospinning has been employed by several researchers to produce fibers due to its 

simple process. However, the post processing are always needed to produce the short 

fibers from the as spun continuous fibers. Stoiljkovic et al. have used the concept of a 

photocross-linking reaction upon UV radiation as a secondary process [5], whereas 

Yoshikawa et al. have employed the mechanical cutting of electrospun fibers dispersed 

in the water using homogenizer as secondary process [6]. The direct fabrication of short 

fibers using electrospinning method has been reported and performed [7,8]. Luo et al. 

have reported the direct fabrication of short micro-fibers with aspect ratio of 10-200 by 

altering the molecular weight of polymethylsisesquioxane (PMSQ) and using the 

volatile solvent [7]. In the chapter 2, the electric spark was utilized to cut the fibers 

during electrospinning [8].  

In this chapter, a one-step process for the production of short polymer nanofibers 

using an electrospinning technique is proposed. Differing from our previous work which 

describe in chapter 2 [8], the electric spark generator was uninstalled from the 

electrospinning setup. The polymer solution was loaded into a syringe with a needle, 
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and then it was ejected by applying a high-voltage. The short fibers were produced and 

theirs length could be controlled by changing the needle size. The obtained short 

nanofibers were investigated by measuring the diameter and the length. The mechanism 

of formation of short nanofibers is described and a simple theoretical model is proposed. 

 

4.2. Experimental 

4.2.1. Preparation and electrospinning of the polymer solution 

Cellulose acetate (CA, Sigma Aldrich, UK) with a number-average molecular 

weight of 30,000 was used. The solvent was a mixture of acetone (Kanto Chemical, 

Japan) and N,N-dimethyl acetamide (DMAc) (Wako Chemical, Japan ) at a volume 

ratio of 2:1. The total weight fraction of CA in the solution was set at 13 wt. %. The 

mixture of CA powder and solvent in the closed bottle was stirred using a magnetic 

stirrer until a homogeneous solution was obtained. The conventional horizontal set up of 

electrospinning was used to fabricate polymer short nanofibers. The polymer solution 

was loaded into a 1,000 cc syringe with various stainless needle size of N26 (OD: 0.46 

mm, ID: 0.26 mm), N30 (OD: 0.31 mm, ID: 0.16 mm), and N32 (OD: 0.23 mm, ID: 

0.11 mm) . The voltage of 4.5 kV was obtained from high-voltage power supply (HER-

15P5-LV, Matsusada Precision Inc.). The flow rate of polymer solution was controlled 

from 0.1 to 0.5 µL/min by a syringe pump (ESP64, EiCom Corporation). An aluminum 

plate of 30 mm x 30 mm as a fibers collector was connected to the ground and the 

distance between the needle tip and the aluminum plate was set to 90 mm. The ambient 

temperature and humidity were maintained at 20 ºC and 60% using an integrated 

humidifier and temperature controller (PAU-300S, Apiste Corporation).  
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4.2.2. Observation of short nanofibers 

The prepared short nanofibers were observed by SEM (JSM-6340F, JEOL Ltd.) 

with an acceleration voltage of 20 kV. The shape of the short fibers was evaluated by 

measuring the diameter at the centers and the edges of the fibers. The lengths and 

diameters of the short nanofibers were measured using the ruler function of image 

processing software during observation using a digital microscope with a resolution of 

2.11 MP (VH-8000, Keyence Corporation) and a high-range zoom lens with a 

magnification ranging from 450 - 3,000x (VH-Z450, Keyence Corporation).  

 

4.3. Results and discussion 

4.3.1. Effect of needle size on the fiber diameter and length 

The electrospun fibers were fabricated from a polymer solution of 13 wt. % 

concentration, and the morphology of the fibers was observed. Three needles with 

different inner diameter of N26, N30, and N32 were used. The fiber jet could be drawn 

at voltage of 4.5 kV, and the flow rate of the polymer solution was varied gradually 

from 0.1 to 0.5 µL/min. As results, two types of morphologies of fibers were 

recognized: the short nanofibers were fabricated at flow rate ranging from 0.1 to 0.48 

µL/min and continuous fibers were fabricated at flow rate 0.5 µL/min. For further 

investigation, a voltage of 4.5 kV and flow rate of 0.1 µL/min were employed.   

Figures 4.1a, 4.1b, and 4.1c show the optical micrographs and SEM images of 

the short nanofibers fabricated from different needles of N26, N30, and N32, 

respectively. As the needle inner diameter was increased from 0.16 to 0.26 mm, which 

is N30 and N26, the averages diameter of short fibers were increased approximately 

twice, that is from 170 to 370 nm. At the N32 the average short fiber diameter was 168 
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nm. Figure 4.2 shows the distributions of the lengths of the short nanofibers produced 

from various needles. The short nanofibers fabricated from the needle of N26 had an 

average length of 123 µm with a broad distribution (Figure 4.2a). As the needles of 

N30 and N32 were employed, the average length decreased to 80 and 50 µm, 

respectively, and the distributions were narrow (Figures. 4.2b and 4.2c). The average 

length of short nanofibers was increased 1.6 as inner diameter of needle was increased 

with the factor 1.5 (N30/N32) and 1.6 (N26/N30).  

 

Figure 4.1. Optical micrographs and SEM images of short nanofibers fabricated at 

various needle sizes: (a) N26; (b) N30; and, (c) N32. 

  

 

Figure 4.2. The distribution of the lengths of short fibers fabricated at various needles: 

(a) N26; (b) N30; and, (c) N32. 

100 µm 100 µm 100 µm

50 µm 50 µm 50 µm

(a) (b) (c)
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4.3.2. Mechanism formation of short nanofibers 

Figure 4.3a shows the morphology of a typical short nanofiber fabricated using 

the needle of N26 at a flow rate 0.1 µL/min and a voltage of 4.5 kV. The shape of the 

center (Figure 4.3b) and the edges (Figures. 4.3c and 4.3d) of a short nanofiber was 

compared. The diameter of the center portion ranged from 270 to 360 nm. The 

diameters of both edges of the short nanofiber were narrower than that of the center 

portion, and it was stretched to approximately 90 nm in portions within a range of 1 µm 

from the edge. This indicates that the fiber was locally stretched, leading to a thinning of 

the diameter of the fiber and to a breakaway of the fiber. This was due to the 

longitudinal force by the external electric field [9]. 

 

 

Figure 4.3. Typical short nanofibers fabricated from a needle of N26: (a) a short 

nanofiber; (b) the center portion; (c) the upper-edge portion; and, (d) the lower-edge 

portion.    

 

The major factor that led to the fabrication of the short nanofibers is the balance 

between the force of the surface tension of the polymer solution, the longitudinal force, 

and the lateral perturbation on the surface of the polymer solution jet. Figure 4.4 

5 µm

1 µm

1 µm

1 µm

(a) (b)

(c) (d)



Chapter 4: One-step fabrication of short nanofibers by electrospinning: effect of needle size on 

nanofiber length. 

61 

 

represents the mechanism for short nanofiber fabrication. Eq. 1 describes these factors 

under equilibrium conditions, 

πRσ=ΔF                                                                                                                           (1)                                                                                                                                    

where the surface tension σ is the cohesive force of the polymer molecules on the 

surface with radius R. The term ΔF is the resultant force in the longitudinal direction 

that is the ratio between the Coulomb force, Fq, and the net cohesive force, Fc, in the 

polymer solution jet (ΔF= Fq – Fc). The polymer solution jet in the straight pass after 

ejection had a straight shape and was flowing in a single path. On the cross-section of 

this polymer solution jet, the ΔF slightly dominated the surface tension, so the polymer 

solution jet was stretched and moved forward (Figure 4.4a). In this straight path, the 

polymer solution jet could not break away, because it had a thick diameter of R which 

has almost same in size with inner diameter of needle. As the polymer solution jet 

moved further away, its diameter thinned with a large ratio becomes r and then the 

longitudinal force of the external electric field easily broke it. Thus, short nanofibers 

were fabricated by the breaking of fibers due to the significant imbalance of force 

between the surface tension of the polymer solution and the resultant influence of 

Coulomb force, Fq from the applied voltage, and the net cohesive force, Fc, of polymer 

molecule confined on the polymer solution jet (Figure 4.4b). From this mechanism, the 

broken fiber has correlation with the inner-diameter of needle, and the shorter fibers 

were fabricated from the smaller inner diameter of needle. 
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Figure 4.4. Diagram for the force of the polymer solution jet during the short nanofiber 

fabrication: (a) a straight pass after ejection; and, (b) at the breaking point. 

 

4.4. Conclusions 

The effect of the needle size on the length of nanofiber was investigated, and the 

following results were obtained. The short nanofiber average diameter was increased 

approximately twice, as the needle inner diameter was increased from 0.16 to 0.26 mm. 

The short nanofibers average length was increased with the factors 1.5-1.6, as needle 

inner diameter was increased 1.6. The edges of the short nanofibers were narrowed by 

stretching due to the longitudinal force of applied voltage. The breaking of the fibers 

into short nanofibers occurred due to an imbalance between the force of the surface 

tension of the polymer solution and the longitudinal force from the applied voltage.  
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Chapter 5 

Short electrospun composite nanofibers: Effects of nanoparticle 

concentration and surface charge on fiber length 

 

 

5.1. Introduction 

Research into composite fibers has recently intensified in various industrial 

fields. The presence of nanoparticles has resulted in an enhancement of the mechanical, 

photocatalytic, electrical, thermal, and optical properties of the fibers [1-16]. Nano-sized 

composite fibers can utilize the characteristic features of nanoparticles such as tunable 

electronic band gaps and a high surface area. Yu et al. have reported that the 

photoluminescent property of cadmium sulfate quantum-dots with a particle-size-

dependent electronic band gap could be enhanced by embedding the cadmium quantum-

dots into polyethylene oxide fiber [8]. This kind of material is expected to be applicable 

to the preparation of electroluminescent devices and nano-optoelectronic devices [8]. 

The photocatalytic efficiency of TiO 2 in the nanofiber morphology is highly superior to 

that of the TiO2 film or nanoparticles [17,18]. The enhancement of photocatalytic 

efficiency is due to the high surface areas and high porosity of the TiO2 nanofibers. The 

short fibers have several advantages compared to continuous fiber [19-21]. Anil et al. 

have reported using the short nanofibers as a drug carrier with a diameter and length of 

4 nm and 50-400 nm, respectively, that could deliver the drugs to a tumor site within a 

much shorter period of time compared with that of a spherical nanoparticle [19]. Fu et al. 

report that the special regular short nanofiber microstructure has had a great impact on 

photocatalytic performance and removal efficiency, and that it greatly increases the 
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permeability of visible light, expands the reaction zone, and promotes photocatalytic 

efficiency [20]. Jiang et al. report that the short electrospun polyimide fiber dispersed in 

a polymer matrix enhances the mechanical properties of a polymer matrix with the 

addition of only 2 wt. % of short fiber, whereas the amount of continuously long 

polyimide fiber required to even approximate the mechanical strength was much higher 

as 38 wt. % [21]. Therefore, the studies of both effects of nanoparticles and processing 

parameters on the fabrication of short composite fibers are relevant in order to find the 

optimum performance of short composite fibers that could contribute to further research 

such as drug carriers, material templates for hollow or porous structures of metal oxide, 

membranes, and high tensile and modulus materials. 

The method that is commonly used to fabricate short fibers is called the vapor-

grown technique. With this technique, a controllable length of short fibers can be 

achieved by altering the catalyst size, temperature processing, and catalyst activity 

[22,23]. This technique is feasible for industrial applications; however, several 

drawbacks persist, such as an extended chemical route and post-processing, which are 

necessary in order to enhance the physical properties of the carbon fibers. A novel 

method to fabricate short fibers is called the pressurized gyration process, which 

combines centrifugal spinning and solution blowing [24]. With this process, the 

diameter and length of obtained fibers are 60-1000 nm and 200-800 mm, respectively. 

This method offers mass production capabilities, but the length of the nanofibers is too 

long for use as filler. These problems have motivated many researchers to find effective 

methods for the fabrication of short fibers or short composite fibers. 

Electrospinning is a simple and reliable method for the fabrication of fibers with 

diameters in the nano to micro scale. A polymer solution is electrified by high voltage to 
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form a cone jet, which stretches to fabricate the nanofibers. Composite nanofiber can be 

produced with this technique by utilizing a suspension of polymer/nanoparticles as a 

precursor [25-27]. The nanofibers prepared via the electrospinning method are generally 

continuous, and secondary processes must be applied in order to fabricate short 

nanofibers. Ali et al. used mechanical crushing as a secondary process in order to 

fabricate TiO2 short nanofibers from the continuous electrospun fibers of 

polyvinylpirrolidone/TiO2 [28]. In the chapter 2 and 3, short electrospun polymer 

nanofibers could be fabricated in a one-step process. In these methods, the short 

nanofibers could be fabricated by cutting the continuous fibers using an electric spark 

[29], and by regulating the concentration of the polymer, the flow rate, and the working 

voltage [30]. One-step process methods of electrospinning can be applied to the 

fabrication of short composite nanofibers by replacing the polymer solution with a 

polymer/nanoparticle solution.  

In this chapter, the polymer/nanoparticle solutions consisted of cellulose acetate, 

TiO2 nanoparticles, and organic solvents that were electrospun to fabricate short 

composite nanofibers. The goal of this study was to investigate the effect of the 

concentrations and the surface charges of the nanoparticles on the length of fabricated 

short composite nanofibers that could contribute to the development of drug delivery 

systems, material template fabrication, and fibril filler for composite materials. The 

morphologies of the fabricated short composite nanofibers and the conditions of the 

electrospun jets of the polymer/nanoparticle solutions were observed to elucidate the 

mechanism of fabrication for short composite nanofibers.  
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5.2. Experimental methods 

5.2.1. Preparation of the polymer/nanoparticle solutions 

The polymer/nanoparticle solutions consisted of cellulose acetate polymer 

powder with a molecular weight of 30,000 (Sigma Aldrich, UK), TiO2 nanoparticles 

with a diameter of 10-30 nm (TTO-51C (rutile type), Ishihara Sangyo Kaisha, Ltd., 

Japan), and organic solvents that consisted of acetone (>99.5%, Kanto Chemical, Japan) 

and N,N-dimethyl acetamide (DMAc) (>99.5%, Sigma Aldrich, UK) with a volume 

ratio of 2:1. The concentration of the polymer was set at 13 wt. % and the 

concentrations of TiO2 nanoparticles in the polymer/nanoparticle solutions were varied 

from 0.5 to 17 wt. % for the fabrication of short composite nanofibers. The prepared 

polymer/nanoparticle solutions turned to short composite nanofibers with 4 to 56 wt. % 

nanoparticles after evaporation of the organic solvent. The suspension was prepared by 

pouring the TiO2 nanoparticles into 15 mL of organic solvent, which was then subjected 

to an ultrasonic homogenizer in a closed bottle for 30 min. The polymer powder was 

added into the suspension of TiO2 nanoparticles and organic solvent and then stirred and 

homogenized for 3 h. During the ultrasound-homogenization process, the weight of the 

suspension decreased as a portion of the organic solvent was evaporated. After 

dispersion, organic solvent was added to compensate for the weight loss of the 

suspension and to return the weight ratio of each component to the original amount. 

Polymer/nanoparticle solutions of various pHs were prepared using either aqueous 

sodium hydroxide or hydrochloric acid. The pH of the solution was measured using a 

digital pH meter (Cyberscan pH 110, EUTECH INSTRUSMENTS) with a glass 

electrode (EC620131, EUTECH INSTRUSMENTS). The viscosity of each solution was 

measured using a viscometer (TVE-22H cone plate type, Toki Sangyo Co., Ltd, Japan).  
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5.2.2. Electrospinning of the polymer/nanoparticle solutions 

A conventional electrospinning setup was used to fabricate short composite 

nanofibers. The polymer/nanoparticle solutions were loaded into a 1,000 cc syringe 

(TTL 2-432, Hamilton Company) with a stainless needle (OD: 0.46 mm, ID: 0.26 mm). 

A high-voltage power supply (HER-15P5-LV, Matsusada Precision Inc.) was connected 

to the stainless needle to electrify the polymer/nanoparticle solutions. The voltage was 

increased gradually to find the appropriate voltage for conducting electrospinning. The 

flow rates of polymer/nanoparticle solutions were controlled via a micro syringe pump 

(ESP64, EiCom Corporation). The voltage and the flow rates were set at 5.5 kV and 0.1 

µL/min, respectively [30]. A 30 mm x 30 mm aluminum plate that was used to collect 

the electrospun nanofibers was connected to the ground, and a 3 mm x 3 mm silicon 

wafer was attached to observe the nanofibers. The distance between the needle tip and 

the aluminum plate was set at 90 mm. The ambient temperature and humidity were 

maintained at 20 ºC and 60% using a temperature controller and an integrated 

humidifier (PAU-300S, Apiste Corporation), respectively.  

 

5.2.3. Measurement of the zeta potential of TiO2 nanoparticles 

The zeta potential of the nanoparticles was measured at pH values ranging from 

2 to 11 via a Nanozeta apparatus (Malvern Zetasizer, Nano ZS, UK). The TiO2 

nanoparticles were dispersed into 100 mL of deionized water with a concentration 0.05 

wt. %. Then, 1 M of either aqueous sodium hydroxide or hydrochloride acid was 

dropped gradually into the solution to control the pH.     
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5.2.4. Observation of short composite nanofibers 

The diameters and the lengths of fabricated short composite nanofibers were 

measured using the ruler function of image processing software during observation with 

a digital microscope at a resolution of 2.11 megapixels (VH-8000, Keyence 

Corporation). Two types of lenses, a low-range lens and a high-range zoom lens with a 

magnification ranging from 25-3,000x (VH-Z450, Keyence Corporation), were used for 

the observation. The distribution and the average lengths of the short composite fibers 

were determined for more than 200 fibers. The morphologies of the short composite 

nanofibers were observed using a scanning electron microscope (SEM) (JSM-6340F, 

JEOL Ltd.) with a maximum magnification factor of 650,000x and a resolution of 1.2 

nm at an acceleration voltage of 20 kV. 

The conditions of the electrospinning jets of various polymer/nanoparticle 

solutions were observed using a CCD camera with a resolution of 0.4 megapixels, 

twice-digital zoom, and 0.8 lux of minimum illumination (MTV-73x11HN, Mintron 

Enterprise Co., Ltd). A monocular optical lens with a diameter of 50 mm and a 

magnification factor of 8 (M0850, Specwell) was attached to the CCD camera. The 

images were taken at a speed of 30 fps and were recorded on a personal computer.  

 

5.3. Results and discussion 

5.3.1. The effect of nanoparticle concentration on the length of short composite 

nanofibers 

We previously reported that short nanofibers could be fabricated using a 13 

wt. % cellulose acetate polymer solution [29,30]. Therefore, 13 wt. % concentrations of 

polymer were chosen. Figure 5.1 shows the short composite nanofibers with various 
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concentrations of nanoparticles fabricated by the electrospinning of a 13 wt. % polymer 

solution at a voltage of 5.5 kV and a flow rate of 0.1 L/min. The short plain polymer 

nanofibers without nanoparticles were almost straight, although some curling was 

observed toward the ends of the short nanofibers (Figure 5.1a). The diameters of the 

short plain nanofibers ranged from 110 to 150 nm. The short composite nanofibers 

produced using a 4 wt. % concentration of nanoparticles were also straight and had a 

smooth surface—a few nanoparticles were observed on the surface of the fibers (Figure 

5.1b). The diameters of the short composite nanofibers were larger, and ranged from 

250 to 270 nm. The short composite nanofibers with a 5 to 7 wt. % concentration of 

nanoparticles showed morphologies that were similar to those produced using a 4 wt. % 

concentration of nanoparticles. The morphology of short composite nanofibers with a 38 

wt. % concentration of nanoparticles was also straight and a bead was recognized on 

each of the short composite nanofibers (Figure 5.1c). Some nanoparticles were 

observed on the surface of the nanofibers. The diameters of short composite nanofibers 

with a 38 wt. % concentration of nanoparticles were larger, and ranged from 310 to 370 

nm. The short composite nanofibers with a 40 to 50 wt. % concentration of 

nanoparticles had a similar morphology to the nanofibers with a 38 wt. % concentration 

of nanoparticles. 

Figure 5.2 shows the distribution of the lengths of the short plain and composite 

nanofibers from Figure 5.1. The short plain polymer nanofibers and the short composite 

nanofibers with a 4 wt. % concentration of nanoparticles had an average length of 120 

and 112 µm, respectively, with a broad distribution (Figures 5.2ab). As the 

concentration of nanoparticles was increased to 38 wt. %, the average length of the short 

composite nanofibers decreased to 47 µm, and the distribution narrowed (Figure 5. 2c).  
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Figure 5.1. Short plain polymer nanofibers (a), and short composite nanofibers with 

TiO2 nanoparticle concentrations of 4 wt. % (b) and 38 wt. % (c) fabricated with a 

voltage of 5.5 kV and a flow rate of 0.1 µL/min. 

 

 

 

Figure 5.2. Distribution of the lengths of short plain nanofibers (a) and composite 

nanofibers with TiO2 nanoparticle concentrations of 4 wt. % (b) and 38 wt. % (c) 

fabricated with a voltage of 5.5 kV and a flow rate of 0.1 µL/min. 

 

Figure 5.3 shows the average lengths of short composite nanofibers fabricated 

from solutions with various nanoparticle concentrations. The average length of the short 

composite nanofibers was significantly decreased (from 112 to 70 µm) as the 

concentration of nanoparticles was increased from 4 to 5 wt. %. The average length of 

the short composite nanofibers with a 7 wt. % concentration of nanoparticles was 

approximately 60 µm, which gradually decreased to 40 µm for nanoparticle 

concentrations of 50 wt. %. The short composite nanofibers with a 56 wt. % 
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concentration of nanoparticles could no longer be electrospun. This was caused by the 

high viscosity of the solution. During the fabrication of short composite nanofibers, the 

threshold concentration for added nanoparticles that resulted in significant changes in 

fiber length was found to be 5 wt. %.  

 

Figure 5.3. Average lengths of short composite nanofibers containing various 

nanoparticle concentrations. 

 

The viscosities of the polymer/nanoparticle solutions with various nanoparticle 

concentrations are shown in Figure 5.4. The concentration of a polymer/nanoparticle 

solution, which is the x-axis in the Figure, corresponds to the x-axis of Figure 5.3; for 

instance, a concentration of 0.5 wt. % of polymer/nanoparticle solution corresponded to 

a concentration of 4 wt. % of nanoparticles for short composite nanofibers. The 

viscosity of the polymer/nanoparticle solutions gradually increased as the nanoparticle 

concentration was increased. However, the added-nanoparticle-concentration threshold 

(5 wt. %) that amounted to a significant change in fiber length, as shown in Figure 5.3, 

was not related to the viscosity of the polymer/nanoparticle solution. These results 
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showed that the viscosity of the polymer/nanoparticle solutions did not determine the 

length of the short composite nanofibers. 

 

Figure 5.4. Viscosity of the polymer/nanoparticle solutions of various TiO2 

concentrations. The polymer concentration in the solutions was 13 wt. %. 

 

5.3.2. The effect of the zeta potential of nanoparticles on composite nanofiber 

length 

The dispersion conditions of the nanoparticles in the polymer nanofibers were an 

important parameter, and the length of the short composite nanofibers might have been 

related to the dispersion conditions. Veronovsky et al. have reported that the dispersion 

condition of TiO2 was affected by its zeta potential [31]. Therefore, in order to confirm 

the effect of the dispersion of TiO2 on the length of short composite nanofibers, the zeta 

potential of TiO2 nanoparticles in the solution was controlled by changing the pH of the 

solution. Figure 5.5 shows the zeta potentials of TiO2 nanoparticles dispersed in the 

deionized water at various pHs. The zeta potentials of the nanoparticles were gradually 

decreased from 25 to -34 mV with an increase in the pH of the solution. The pH of the 
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polymer/nanoparticle solutions was approximately 6.5, so the short composite 

nanofibers shown in Figures 5.1-3 were fabricated from a solution with nanoparticles 

with a zeta potential of approximately -5 mV. In order to change the dispersion 

conditions of the nanoparticles in solution, polymer/nanoparticle solutions with pH 

values of 4 and 9 were prepared, and these contained nanoparticles with zeta potentials 

of 17 and -29 mV, respectively. The zeta potentials of cellulose acetate polymer were -7 

and -17 mV at pH values of 4 and 9, respectively [32]. Therefore, the nanoparticles in 

solution at pH 9 were well dispersed (nanoparticles: -29 mV, polymer: -17 mV), in 

contrast with agglomerate conditions in the solution at pH 4 (nanoparticles: 17 mV, 

polymer: -7 mV).  

 

Figure 5.5. Zeta potential of TiO2 nanoparticles in solution at various values for pH. 

 

In order to investigate the effect of the zeta potential of the nanoparticles in short 

composite nanofibers, the morphologies of short composite nanofibers with a 4 wt. % 

concentration of nanoparticles fabricated from polymer/nanoparticles solution at various 
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values of pH were observed. Figure 5.6 shows the short composite nanofibers with a 4 

wt. % concentration of nanoparticles fabricated from a polymer/nanoparticle solution 

with pH values of 4 and 9. The short composite nanofibers fabricated from a 

polymer/nanoparticle solution at pH 4 had a few beads, and branched fibers were 

recognized (Figure 5.6a). On the other hand, the short composite nanofibers fabricated 

from a polymer/nanoparticle solution at pH 9 had a smooth surface, and no beads were 

observed (Figure 5.6b). These results showed that nanoparticles were locally 

agglomerated at pH 4, and nanoparticles were well dispersed at pH 9. 

 

Figure 5.6. Short composite nanofibers with a 4 wt. % concentration of nanoparticles 

fabricated from a polymer/nanoparticle solution at pH 4 (a) and pH 9 (b). 

 

The effect of zeta potential on the length of short composite fibers was further 

confirmed for nanoparticle concentrations of 4 to 38 wt. % at pH values of 4 to 9. 

Figure 5.7 shows the relationship between the average length of short composite 

nanofibers and various nanoparticle concentrations and pH values of a 

polymer/nanoparticle solution. The average lengths of short composite nanofibers with 

nanoparticle concentrations of 4 and 5 wt. % were increased as the pH of the solution 

was increased; in other words, there was a decrease in the zeta potential of the 

nanoparticles in the solution. On the other hand, the average length of short composite 

nanofibers with nanoparticle concentrations of 7 and 38 wt. % did not change when the 
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pH of the solution was changed, which means the zeta potential of the nanoparticles had 

not changed. These results indicated that the surface charges of the nanoparticles in the 

polymer/nanoparticle solution affected the average length of the short composite 

nanofibers only at low nanoparticle concentrations of 4 and 5 wt. %. 

 

Figure 5.7. Average length of a short composite nanofiber with nanoparticle 

concentrations of 4 wt. % (a), 5 wt. % (b), 7 wt. % (c), and 38 wt. % (d) 

polymer/nanoparticle solutions at various values for pH.   

 

5.3.3. Fabrication mechanism of short composite nanofibers 

In order to discuss the mechanism of the fabrication of short composite 

nanofibers, the conditions of the electrospinning jets of the polymer/nanoparticle 

solutions were observed for different nanoparticle concentrations and values of pH. 

Figure 5.8 shows the solution jet of a polymer/nanoparticle solution at pH 6.5 during 

the fabrication of short composite nanofibers with a 4 wt. % concentration of 

nanoparticles. There were no differences between the conditions of the electrospinning 

jets of polymer/nanoparticle solutions at various concentrations and values of pH. The 

electrospinning jet in the fabrication of short composite nanofibers was initially straight 
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and continuous, and then it was broken and spread-out several millimeters away from 

the needle tip with a spread angle of approximately 20
o
. The electrospinning jet in the 

fabrication of short composite nanofibers was different from the electrospinning jet in 

the fabrication of continuous nanofibers, which was not spread and spiral at 1 to 2 cm 

away from the needle tip [33]. 

 

Figure 5.8. Electrospinning jet of a polymer/nanoparticle solution at pH 6.5 during the 

fabrication of short composite nanofibers with a 4 wt. % concentration of nanoparticles. 

 

Figure 5.9 shows a short composite nanofiber with a 4 wt. % concentration of 

nanoparticles fabricated from a solution at pH 9. Figure 5.9b shows the end portion of a 

short composite nanofiber, which corresponds to the rectangle in Figure 5.9a. The 

diameter at the end portion of the short composite nanofiber was narrower than the 

diameter of the center portion. The narrower diameter at the end portion of the short 

composite nanofiber was observed on all the prepared short composite nanofibers. This 

indicated that the composite fiber was locally stretched by the electric field generated 

from the applied high voltage, and led to a thinning of the diameter of the composite 

nanofiber and to a breakaway of the composite nanofiber. 

 

200 µm
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Figure 5.9. A short composite nanofiber with a 4 wt. % concentration of nanoparticles 

(a), and the end portion of the nanofiber (b). The pH of the polymer/nanoparticle 

solution is 9.  

 

 

 

Figure 5.10. Fabrication mechanism of short composite nanofibers with a 

polymer/nanoparticle solution at pH 4 (a) and pH 9 (b). 

 

 

Based on the observation of short composite nanofibers, a mechanism for the 

fabrication of a short composite nanofiber was proposed, and is shown in Figure 5.10. 

A positive high voltage generated both the electric field, FE, between the needle tip and 

the collector plate, and the positive charges on the surface of the polymer/nanoparticle 

solution. The electrospinning jet for the polymer/nanoparticles solutions was stretched 

and made thinner due to the repulsive force, FR, which was generated between the 
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positive charges on the surface of the polymer/nanoparticle solutions. At low 

concentrations of nanoparticles in a solution at pH 4, the positively charged 

nanoparticles were attracted to the negatively charged polymer, and they were locally 

aggregated. Thus, the solution was easily broken during stretching, which resulted in a 

short length (Figure 5.10a). On the other hand, at a low concentration of nanoparticles 

in solutions at pH 9, the polymers were repelled by the negatively charged nanoparticles, 

and, thus, the nanoparticles were evenly dispersed in the solution and the composite 

nanofiber became longer (Figure 5.10b). The negative charges within the 

polymer/nanoparticle solution were attracted to the positive charges generated on the 

surface of the polymer/nanoparticle solution and then redistributed to allow the electric 

field inside the electrified polymer/nanoparticles solution to be zero. This mechanism 

has been proposed by Reneker et al. in the electrospinning of various polymer solutions 

[34]. With a high concentration of nanoparticles, either positively or negatively charged 

nanoparticles were locally aggregated with the polymer, and then composites nanofibers 

were easily cut, which resulted in shorter composite nanofibers. Thus, the surface 

charges of the nanoparticles affected the length of the short composite nanofibers only 

at low concentrations of nanoparticles.   

 

5.4. Conclusions 

Short polymer/nanoparticle composite fibers with concentrations of 

nanoparticles as high as 50 wt. % were successfully fabricated via electrospinning using 

13 wt. % cellulose acetate polymer under a voltage of 5.5 kV and at a flow rate of 0.1 

µL/min. The concentration and the surface charges of nanoparticles affected the length 

of short composite nanofibers. The average lengths of short composite nanofibers were 
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significantly decreased from 112 to 70 µm with an increase in the nanoparticle 

concentration of as much as 5 wt. %, and further increases in nanoparticle concentration 

resulted in a more gradual decrease (from 60 to 40 µm). The lengths of short composite 

nanofibers with low concentrations of nanoparticles were affected by the surface charge 

of the nanoparticles. Longer composite nanofibers were fabricated from solutions 

containing negatively charged nanoparticles, and shorter composite nanofibers were 

fabricated from solutions containing positively charged nanoparticles. The negatively 

charged nanoparticles were more evenly dispersed to the negatively charged polymer in 

the solution, which resulted in an elongation of the fabricated composite nanofibers. At 

high concentrations of nanoparticles, nanoparticles with either positive charges or 

negative charges were locally aggregated with the polymer, which allowed the 

composite nanofibers to be easily cut resulting in shorter composite nanofibers. 
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Chapter 6 

Summary 

 

The one-step fabrication method to fabricate short polymer fiber by 

electrospinning has been discussed. The effect of electrospinning parameters such as 

polymer concentration, applied voltage, and solution flow rate, and nanoparticle 

addition have been investigated in order to control the length of short polymer fiber. 

Two types of one-step fabrication processes for short polymer fibers by 

electrospinning were developed, which is used electric spark as cutting tool and is 

controlled electrospinning conditions. The methodology to control the length of short 

polymer fibers was developed by altering a needle inner diameter, applied voltage, flow 

rate of polymer solution, and added the nanoparticles. These one-step fabrication 

processes and methodology in controlling short polymer fiber could be simply 

explained in the following:  

(i) The one-step fabrication process was combining an electrospinning method and 

electric spark generation at once time. Electric spark was used as a cutting tool 

of electrospun polymer fiber during electrospinning process. High voltage with a 

square wave was applied to two electrodes to generate a periodic electric spark 

that could be recognized at 4.1 kV. The following results has been discussed and 

explained in Chapter 2: 

a. Solution of cellulose acetate and organic solvent was ejected from a syringe 

needle and was stretched by the electric field then it cut after passed through 

the gap between the tips of two electrodes that generated an electric spark 

with frequency of 5 kHz.  
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b. The short fibers of average 231 µm were found on the collector plate with a 

density of 1-5 fibers per 0.12x0.2 mm
2
, whereas the fibers that did not flow 

through to the electric spark were uncut and remained as continuous fibers 

on the collector plate.  

c. The theoretical fiber length was calculated at 271 µm when employing a 5 

kHz of electric spark, which was in good agreement with the length of the 

short fibers obtained in the experiment. 

(ii) The simple and one-step process fabrication of short polymer nanofibers has 

been successfully developed based on simple electrospinning method. The 

length also could be controlled by controlling electrospinning parameters. The 

process of this methodology is described in Chapter 3, which could be 

summarized as follows: 

a. A polymer solution was loaded into a syringe, and was then ejected by the 

application of high voltage. The effect of the concentration of the polymer 

solution, the applied voltage, and the flow rate of the polymer solution was 

investigated for its effect on the length of short nanofibers. 

b. The concentration of the cellulose acetate polymer in the solution was 

important factor which varied from 13 to 15 wt. %. The length of fibers was 

increased by increasing the flow rate of the solution, and it was decreased 

with an increase in applied voltage, resulting in controllable length of short 

nanofibers at 37 to 670 µm.  

c. The edges of the short nanofibers were narrowed by stretching. Observation 

of the polymer solution jet that was ejected from the needle tip showed it 

passing straight, and then spreading due to lateral perturbations on its surface. 
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The breaking of the fibers into short nanofibers occurred because the 

repulsive force from the surface charges and the longitudinal force from the 

applied voltage surpassed the tensile strength of the polymer solution jet. 

(iii) The effect of the needle size on the length of nanofiber was investigated and 

describe in Chapter 4, and the following results were obtained: The short 

nanofiber average diameter was increased approximately twice, as the needle 

inner diameter was increased from 0.16 to 0.26 mm. The short nanofibers 

average length was increased with the factors 1.5-1.6, as needle inner diameter 

was increased 1.6. The breaking of the fibers into short nanofibers occurred due 

to an imbalance between the force of the surface tension of the polymer solution 

and the longitudinal force from the applied voltage.  

(iv) The effect of nanoparticle concentration and surface charge on short composite 

fibers fabrication has been investigated (Chapter 5) resulted in the following 

points: 

a. Short composite fiber has been fabricated via electrospinning using 13 wt. % 

cellulose acetate polymer and TiO2 nanoparticles under a voltage of 5.5 kV 

and at a flow rate of 0.1 µL/min. Concentration of nanoparticle in the fiber 

could be achieved as high as 50 wt. %.  

b. The average lengths of short composite nanofibers were significantly 

decreased from 112 to 70 µm with an increase in the nanoparticle 

concentration of as much as 5 wt. %, and further increases in nanoparticle 

concentration resulted in a more gradual decrease (from 60 to 40 µm).  

c. The lengths of short composite nanofibers with low concentrations of 

nanoparticles were affected by the surface charge of the nanoparticles. 
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Longer composite nanofibers were fabricated from solutions containing 

negatively charged nanoparticles, and shorter composite nanofibers were 

fabricated from solutions containing positively charged nanoparticles. The 

negatively charged nanoparticles were more evenly dispersed to the 

negatively charged polymer in the solution, which resulted in an elongation 

of the fabricated composite nanofibers.  

d. At high concentrations of nanoparticles, nanoparticles with either positive 

charges or negative charges were locally aggregated with the polymer, which 

allowed the composite nanofibers to be easily cut resulting in shorter 

composite nanofibers. 

 


