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Abstract 

Electrospinning is an efficient and versatile technique to fabricate polymer nanofibers. In this 

study, ultrafine Nylon 6 nanofibers were successfully fabricated by the electrospinning technique. 

The electrospinning voltage, solution concentration and flow rate are three parameters that have 

been reported to have effects on nanofiber morphology and will be further investigated in this 

study. The design of experiment and statistical analysis methods were successfully applied to 

investigate the effects of electrospinning parameters on nanofiber diameters and uniformity, and 

whether the effects are linear or nonlinear. In addition, interaction effects between the parameters 

were studied. The mechanical properties of fiber strips, i.e., elongation at break, elongation at 

maximum stress, tensile strength and elastic modulus, were analyzed. Moreover, the relationship 

between the mechanical properties and the Nylon 6 solution concentration was examined. The 

significant findings from this study are: (1) solution concentration, electrospinning voltage, flow 

rate all have significant effects on Nylon 6 fiber diameter and uniformity; (2) the solution 

concentration has the most significant effect on fiber diameter and the effect is nonlinear; (3) the 

average fiber diameter increases with increasing solution concentration and the decrease of both 

electrospinning voltage and flow rate; (4) the fiber diameter is most consistent when both 

electrospinning voltage and flow rate are chosen at the highest possible levels for a certain fixed 

solution concentration; and (5) tensile strength and elongation at break of fiber strips increase 

with increasing Nylon 6 solution concentration. 
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Chapter 1 - Introduction 

1.1 Background and applications of the electrospinning technique 

Ultrafine polymer nanofibers exhibit unique characteristics such as high surface-to-volume ratio 

and small pore sizes between nanofibers within fiber mats. These properties are useful in a 

variety of applications, such as the fields of nanocomposite materials, separation membranes, 

and biomedical systems [1,2]. 

Several manufacturing techniques are available to fabricate nanofibers, including wet spinning, 

dry spinning, solution electrospinning, melt spinning, needleless electrospinning and centrifugal 

electrospinning. For the above techniques, except the melt spinning, solvent is needed to dissolve 

the polymer to make the polymer dope, which consists of a polymeric material and a mixed 

solvent as a whole system. In addition, compared to thermoset polymers, thermoplastic polymers 

are more commonly used for these techniques. Polyurethane is one example of thermoset 

polymers used for the spinning technique. In wet spinning, the spinneret is immersed in a 

polymer bath. The polymer which is dissolved in the solvent is extruded directly into a liquid. 

The solidification of fibers occurs during their precipitation [3]. In dry spinning, fibers are 

solidified under a stream of hot air and the solvent is removed by heating. Solution 

electrospinning is a dry spinning technique. The difference between solution electrospinning and 

dry spinning is that solution electrospinning does not require heating to remove the solvent. In 

solution electrospinning, ultrafine fibers are solidified due to simple solvent evaporation under 

ambient conditions [3]. Needleless electrospinning is based on the basic electrospinning principle 

except that no needle is used for discharging the solution [4]. Melt spinning involves a similar 

spinneret extrusion process as dry spinning; however, unlike dry spinning, the polymer melt is 

used as the spinning dope [3]. For centrifugal electrospinning, the spinneret is rotated during 

electrospinning and aligned nanofibers are collected on a circular collector enclosing the rotating 

spinneret [3, 5]. Advantages and disadvantages of these methods are summarized given in Table 

1. 

Based on the comparison of the different fiber manufacturing techniques in Table 1, it can be 

concluded that the electrospinning technique is an effective method for fabricating nanofibers 

from a wide range of different polymers. The electrospinning technique is also a rather efficient 
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way to generate various kinds of nanofibers, including conductive polymer nanofibers and 

composite nanofibers, e.g. ceramic and metal particles based nanofibers [6,7]. 

Table 1. Advantages and disadvantages of major nanofiber formation techniques. Adopted from 
[3,4,5]. 

Process method Advantage Disadvantage 
Wet spinning Non-solvent for fiber solidification Slow 
Dry spinning Fast, large-scale production Not applied for thermoplastics  
Solution 
electrospinning 

Fast, setup is very simple, very wide 
range of polymer solution can be 
electrospun 

Bending instability limit the deposition 
precision, scale up has been 
challenging 

Melt spinning No solvent is used in melt spinning Need proper machine for melt spinning; 
high heat input during the process 

Melt 
electrospinning 

No solvent is used in melt 
electrospinning 

Expensive setup needed to maintain 
elevated temperature of the melt during 
the process 

Needleless 
electrospinning 

No clogging of syringe needle Very small amount of solution can be 
electrospun; solution at the tip may 
solidify quickly 

Centrifugal 
electrospinning 

Fabricate highly aligned nanofibers at a 
large scale 

Setup is more complicated compared to 
the solution electrospinning 

Electrospinning is a very versatile process. A wide range of materials can be electrospun to 

fabricate nanofibers with great control over the end properties [7,8]. Compared to other fiber 

fabrication methods, the electrospinning technique is more suitable to produce long and thin 

polymer nanofibers [6, 9 ]. In addition, the electrospinning technique can create aligned 

continuous polymer fibers [10]. In addition to round nanofibers, electrospinning can produce thin 

nanofibers with a variety of cross-sectional shapes, such as flat ribbon, bent ribbon and ribbon 

with two tubes [11,12]. Another characteristic of electrospinning is the rapid formation of 

nanofiber structures, which may form in time periods of less than a millisecond [13,14]. 

A broad range of polymers have successfully been electrospun for many different applications 

[1,15]. Because of the unique properties of the electrospinning process, many synthetic and 

natural polymers have been electrospun into nanofibers for  a variety of applications such as 

filtration and thermal insulation, sensors, tissue engineering, wound dressing, and enzyme 

immobilization[16,17]. Some of the examples of synthetic polymers and natural polymers that 

have successfully been electrospun are given in Table 2.  
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Table 2. Synthetic and natural polymers with solvents and their concentrations used commonly 
during electrospinning. Adopted from [4]. 

Synthetic Polymer Solvent Concentration 
Nylon 4,6 Formic acid 10wt% 
Nylon 6 1,1,1,3,3,3 hexafluoro-2-2-propanol 15wt% 
Nylon 6, 6 Formic acid 12.1wt% 
Nylon 12 1,1,1,3,3,3 hexafluoro-2-2-propanol 15wt% 
Nylon 6 Formic acid 34%(w/v) 
Nylon 6 Formic acid 22%(w/v) 
Polycarbonate Dichloromethane 15wt% 
Polystyrene Chloroform/Dichloroethane/Chlorobenzene 30%(w/v) 
Polyurethane Tetrahydrofuran (THF) and N,N-

Dimethylformamide (DMF) 
13wt% 

Poly(vinyl alcohol) (PVA) Water 25wt% 
Poly(vinyl chloride) (PVC) THF and DMF 13wt% 
Poly(vinyl pyrrolidone) (PVP) Ethanol /Ethanol and DMF 4wt% 
Poly(vinylidene fluoride) (PVDF) N,N-Dimethylacetamide 25wt% 
Poly(etherimide) (PEI) 1,1,2-Trichloroethane 14wt% 
Poly(ethylene oxide) Water 10wt% 
Bombyx mori silk fibroin Formic acid 9-12wt% 
Cellulose Acetate  N,N-dimethylacetamide and Acetone 15wt% 
Collagen Type I 1,1,1,3,3,3 Hexafluoro-2-propanol 0.083g/ml 
Wheat Gluten 1,1,1,3,3,3 Hexafluoro-2-propanol 10%(w/v) 
Gelatin Type A 2,2,2-trifluorethanol 10-12.5wt% 

1.2 Electrospinning process 

The electrospinning technique is commonly used to fabricate polymeric nanofibers with 

diameters ranging from less than 3nm to over 1µm [6]. There are three basic components in the 

electrospinning process: a high voltage supply, a syringe and a needle that hosts the polymeric 

solution, and an electrically grounded collector [6]. A schematic of the electrospinning process is 

shown in Figure 1. Polymer nanofibers are electrospun by creating an electrically charged jet of 

polymer solution [15]. When the electrospinning voltage reaches a critical value at which the 

repulsive electric force overcomes the surface tension force of the solution, a charged polymer 

solution jet is ejected from the tip of the needle [1]. The polymer solution droplet acquires the 

stable shape when the electrical charge between the needle tip and collector is set at a certain 

critical value. In this case, an equilibrium exists between the electric forces and surface tension 

of polymer solution at the tip of the needle. Any further increase above the critical potential 

value will cause the equilibrium to vanish. Under the critical electrical potential, the polymer 

solution droplet will form a stable conical shape at the tip of the needle. This conical shape is 
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1.3 The effects of electrospinning parameters on electrospun nanofibers 

Users have great control over the end product by tailoring the parameters that affect the 

electrospinning process. These parameters include the (1) solution concentration, (2) applied 

voltage to form the electric field, (3) the distance between the tip of the needle and the grounded 

collector, and (4) the flow rate of the solution [19]. These four electrospinning parameters affect 

the nanofiber morphology and properties.  In the following, a brief introduction about the effects 

of these parameters on the electrospinning process is given. 

As mentioned above, the electrospinning voltage is the electrical potential applied between the 

needle and the collector. The electrospinning voltage must set within an appropriate range. When 

the voltage is low, not enough electric force can be generated to overcome the surface tension of 

polymer solution to form nanofibers [1]. Electrospun nanofibers can only be fabricated when the 

applied electrospinning voltage is above a critical value [20]. However, when voltage is too high, 

the electric force will be much larger than the surface tension of the solution, leading to 

instabilities in Taylor cone formation. The solution jet may spray out quickly, which negatively 

affects nanofiber morphology. Therefore, determining a suitable range for the electrospinning 

voltage is an important step for the design of an electrospinning process. Deitzel et al. [21] found 

that increasing the electrospinning voltage from 5.5kV to 9kV affects the shape of the initiating 

jet at the tip of needle, and thus on the structure and morphology of electrospun poly (ethylene 

oxide) (PEO) fibers. Megelski et al. [22] ascertained that the polystyrene (PS) fiber diameter 

decreases with the increase of the electrospinning voltage from 5kV to 12kV. Buchko et al. [23] 

also found that the Nylon 6,6 fiber diameter decreases with the increase of the electrospinning 

voltage from 4kV to 8kV. In addition, generally, it has been accepted that an increase in 

electrospinning voltage will generate higher mass flow from the needle tip, which will increase 

the deposition rate [19]. 

The flow rate is the rate of electrospinning solution emanating from the charged needle tip [24]. 

The flow rate affects the jet velocity and material transfer rate [19]. For electrospinning 

poly(D,L-lactic acid) (PDLA) nanofibers, it was observed that the electrospun nanofiber with 

relatively large fiber diameter was fabricated at a higher flow rate [20]. Clearly, the flow rate 

affects the nanofiber morphology. When the flow rate is too high, however, some large beads 

may form in the collected fiber mats. The reason for this is that the droplet forming at the needle 
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tip will be larger and the solution jet will move faster at a higher flow rate [20]. Also, solvent 

may not evaporate before reaching the collector, resulting in large beads in the fiber mat [20].  

The electrospinning solution concentration is the polymer concentration in the solvent-based 

solution. Consequently, the solution concentration affects the solution viscosity. Viscosity plays 

an important role in determining the range of concentration to obtain electrospun fibers [21]. 

When the solution concentration is too low, the electrospinning solution jet will be unstable and 

the jet will break down [1]. However, when the solution concentration is too high, it will be 

difficult to form electrospun fiber as the solution would dry at the needle tip due to the high 

viscosity [1]. The solution concentration also controls the electrospun fiber structure and 

morphology [19].  Both Deitzel et al. [21] and Megelski et al. [22] found that the electrospun 

fiber diameter increased with increasing solution concentration.  

The electrospinning distance is the distance between the needle tip and the collector. For 

different kinds of polymer, the range of electrospinning distance to obtain good nanofiber 

morphology is different. An appropriately larger electrospinning distance provides the 

electrospun fibers with more time to evaporate the solvent [24]. But, when the distance is higher 

than the electrospinning distance range, not sufficient amount of fibers can be collected on the 

collector. Since the needle to collector distance affects the deposition time and evaporation rate, 

it also affects the structure and morphology of electrospun fibers [19]. An insufficient needle to 

collector distance, which is lower than the electrospinning distance range, will produce wet 

fibers and bead structures in the electrospun fiber mats. Megelski et al. [22] found that the beads 

structures started to form for a distance lower than 5cm when electrospinning polystyrene (PS) 

nanofibers. Buchko et al. [23] also ascertained that an insufficient distance can produce wet 

fibers and bead structures. 

Finally, also the collector will have an effect on the electrospinning process. For most 

electrospinning setups, the collector is made of a conductive material that is electrically 

grounded to guarantee a stable potential difference between the needle and collector. The most 

commonly used conductive collector for electrospinning is aluminum foil [4]. When a non-

conductive material is used as collector, fibers are more loosely packed because the electric 

charge on the electrospinning jet is accumulated on the collector and the charge causes fibers to 

repel each other [4,25]. On the other hand, when a conductive material is used as the collector, 
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the electric charge on the fibers is dissipated and the repulsion among fibers is reduced, leading 

to a thick fiber mat and fibers being closely packed together. Furthermore, it was found that 

collectors of varying conductivity and geometry influence fiber arrangement and pore 

morphology [25]. Whether the collector is stationary or rotating will further affect the 

electrospinning process. A rotating collector enables collecting aligned nanofibers, and also 

provides more time for solvent to evaporate [4]. Therefore, a rotating collector can produce more 

well-aligned and uniform electrospun fibers [26]. 

1.4 Different types of nanofibers that can be fabricated by electrospinning 

As shown by the schematic in Figure 3, different types of nanofibers can be produced, including 

solid, core/shell, hollow and porous fibers that can fulfill the requirements for applications in the 

fields of tissue engineering scaffolds, drug delivery, microfluidics, photonics and energy storage  

[27,28,29]. This versatility and ease in tailorability of the end product properties has attracted 

much research attention.  

 

Figure 3. Schematic figure of solid, porous, core/shell, hollow nanofiber. 

It was found that the humidity of the electrospinning environment played an important role in the 

formation of porous nanofibers. In addition, the type of polymer, solvent and electrospinning 

conditions affected the pore size of the porous nanofibers [4].  Megelski et al. [22] successfully 

fabricated electrospun porous polystyrene nanofibers and poly (methyl methacrylate) (PMMA) 

nanofibers. Bognitzki et al. [30] successfully electrospun porous polycarbonate (PC) nanofibers 

and poly (L-lactic acid) (PLLA) nanofibers.  
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Bognitzki et al. [31] used a chemical vapor deposition (CVD) method to fabricate poly (p-

xylylene) (PPX) hollow nanofibers, and McCann et al. [29] applied the direct co-axial spinning 

method to fabricate polyvinylpyrrolidone (PVP)–TiO2 hollow nanofibers. Another unique 

application of the co-axial electrospinning process is to fabricate the core-shell nanofibers. 

Zhang et al. [32] and Sun et al. [33] successfully applied the co-axial electrospinning method to 

fabricate polycaprolactone (PCL)-r-Gelatin and poly (ethylene oxide) (PEO)/ polysulfone (PSU) 

core-shell nanofibers respectively.  

In general, the interest in electrospinning is growing dramatically, indicated by the number of 

scientific publications, which is exponentially increasing since early 1990’s. The database 

SCOPUS lists over 11,969 publications since 1995 (see Figure 4) [34].  

 

Figure 4. Number of publications on electrospinning since 1995 (search was conducted in 
SCOPUS) [34]. 

1.5 Objective of the thesis project 

As can be seen from the preceding information and Table 2 above, there is a broad range of 

polymers and solvents that can be used for electrospinning. Amongst these, the polymer ‘Nylon’ 
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(Nylon 6, Nylon 6,6, Nylon 12 and Nylon 4,6) is commonly used in a broad range of 

applications. Some of examples for applications of electrospun Nylon 6 fibers are given in Table 

3.  

Nylon 6 is a synthetic semicrystalline polyamide, which is biodegradable and biocompatible and 

has good mechanical and physical properties [35,36]. The chemical formulation of Nylon 6 is 

given in Figure 5. Nylon 6 has high resistance against a variety of chemicals such as acids and 

some weak base for the initial substrate and matrix in the biomedical field [37]. As such, 

electrospun Nylon 6 nanofibers have widely been applied in the biomedical fields as shown in 

Table 3.  

 

Figure 5. Chemical formulation of Nylon 6 [38]. 

In addition to its biomedical applications, Nylon 6/carbon nanotube nanocomposite fibers were 

successfully electrospun by different research groups [ 39 ,40 , 41 ]. It was found that these 

composite nanofibers were promising for strain sensor and electronic textiles applications 

[39,41].  

Table 3. Applications of electrospun Nylon 6 nanofiber. 
Polymer Solvent Applications Reference 
Nylon 6 1,1,1,3,3,3-hexafluoro-2-propanol  Tissue engineering devices [35] 
Nylon 6 Formic acid Ultrafine nanofibers [2] 
Nylon 6,6 Formic acid Biocompatible thin films [23] 
Nylon 6 1,1,1,3,3,3-hexafluoro-2-propanol Electronics and sensor 

applications 
[42] 

Nylon6/Gelatin Formic acid and acetic acid Biomedical applications [36] 
Nylon 6 Formic acid Medical applications [37] 
Nylon 6 Formic acid Nano device applications [43] 
Nylon 6 Formic acid Nanofibrous membranes as air 

filters 
[44] 

Nylon 6 Formic acid Wound-healing applications [45] 
Nylon 6/ 
SWNTs 

Formic acid Strain sensor [39] 

Nylon6/ 
MWNTs 

Formic acid Electronic textiles applications [41] 
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Although Nylon 6 is a commonly used polymer for electrospinning, only a limited number of 

publications [46,47,48,49] report on the effects of electrospinning parameters on the formation of 

Nylon 6 nanofibers and fiber morphology.   

Chowdhury et al. [46] investigated the effects of voltage, concentration, flow rate and tip to 

collector distance on the diameter of electrospun Nylon 6 fibers. They found that fiber diameter 

increased with increasing concentration and flow rate. Conversely, the fiber diameter decreased 

with the increase in voltage and tip to collector distance. Sohrabi et al. [47] investigated the 

effect of the applied electric field on fiber diameter with the Nylon 6 concentration fixed at 

15wt%. They found that the distribution of Nylon 6 nanofibers was finest with the narrowest size 

distribution when the applied electric field was 1kV/cm. Bazbouz et al. [48] investigated the 

effects of solution concentration and electrospinning voltage on Nylon 6 nanofiber morphology. 

They found that the solution concentration played an important role in the fiber morphology. 

They also found that the fiber diameter increased with the increase of concentration and the 

decrease of electrospinning voltage. Zargham et al. [49] investigated the effect of flow rate on 

the Nylon 6 nanofiber morphology. They found that there were a large number of branched and 

splitting fibers and beads when the flow rates were 1ml/hr and 1.5ml/hr. They suggested that the 

high flow rate may have caused the fiber to be collected without sufficient time for solvent 

evaporation. In addition, they also ascertained that the deposition area increased with increasing 

flow rate. 

Heikkilä et al. [50] applied the orthogonal experimental design and the Analysis of the Mean 

(ANOM) methods to analyze the mean effect of electrospinning parameters, e.g. electrospinning 

voltage, viscosity, distance and needle size on Nylon 6 nanofiber morphology. They found that 

the main parameters affecting the fiber diameter were viscosity of solution and the strength of 

electric field, and the fiber diameter increased with the increase of viscosity from 500cp to 

1500cp. But, without using some advanced statistical analysis methods, such as Analysis of 

Variance (ANOVA) analysis, effect estimate analysis, regression model analysis, mean plot 

analysis and surface response method, no conclusive result could be obtained, that is, no 

parameter was identified to have the most significant effect on fiber diameter and fiber 

uniformity, and whether or not effects of the interactions between these parameters are 

significant. In addition, without giving the effect coefficients of each parameter by the effect 
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estimate analysis, they could not accurately conclude the importance of the effect of all the 

parameters. Currently, there are no publications investigating the effects of electrospinning 

parameters on the Nylon 6 fiber diameter and fiber uniformity using the Design of Experiment 

(DOE) method and multiple advanced statistical analysis methods, such as effect estimate 

analysis, regression model analysis, mean plot analysis and surface response method. In addition, 

based on the potential applications of electrospun Nylon 6 nanofibers, determining the 

mechanical properties of the electrospun Nylon 6 nanofibers is important.   

Based on the motivations behind this study discussed above, the six objectives of this study are 

summarized as follows: (1) To fabricate fine Nylon 6 nanofibers by electrospinning technique; (2) 

To determine the effects of three important electrospinning parameters, i.e., electrospinning 

voltage, solution concentration and flow rate, and their interactions on the nanofiber diameter 

and its standard deviation by DOE method and statistical analysis method; (3) To investigate 

whether these effects are linear or nonlinear; (4) To identify levels of parameters to electrospin 

uniform Nylon 6 nanofibers; (5) To characterize the Nylon 6 fiber mat mechanical properties, i.e., 

elastic modulus, tensile strength, elongation at break and elongation at maximum stress, and 

investigate the relationship between mechanical properties of fiber mat strips and solution 

concentration; and (6) To provide design guidance for electrospun Nylon 6 fiber morphology by 

DOE and statistical analysis methods. 

1.6 Structure of the thesis 

The thesis is divided into five parts. Chapter 2 concentrates on the experimental methodology 

used during the study. This includes the electrospinning solution preparation, electrospinning 

preparation and characterization of electrospun Nylon 6 nanofibers. Chapter 3 introduces the 

DOE and statistical analysis methods. For the DOE of electrospun Nylon 6 nanofibers, the 

choice of factors, the test range of factors, levels and specific DOE methods are discussed. 

Chapter 4 presents the result and their discussion. Results with respect to viscosity measurements, 

analysis of SEM photos for the screening test and second step of the DOE study, fiber diameter 

distribution analysis and the statistical analysis of screening test and second step of the DOE 

study are herein discussed. In the statistical analysis part, the average diameter of Nylon 6 

nanofibers and standard deviation of average diameter under different parameters were compared. 

The effects of solution concentration, electrospinning voltage and flow rate on the average fiber 
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diameter and the standard deviation of fiber diameter were analyzed. In Chapter 5, results 

pertaining to the mechanical characterization of three kinds of samples with three different 

concentrations (15wt%, 17.5wt% and 20wt%) are analyzed and compared. This includes the 

elongation at break, elongation at the maximum stress, tensile strength and elastic modulus. 

Finally, in Chapter 6, a summary of the research is given, and possible future directions for this 

research are discussed.  

Chapter 2 - Experimental Methodology 

The present chapter 2 describes the experimental methods employed in this study. This includes 

the electrospinning solution preparation, electrospinning setup, viscosity measurements, SEM 

and mechanical properties characterization for Nylon 6 nanofibers.  

2.1 Solution and electrospinning preparation 

Nylon 6 pellets were purchased from Sigma Aldrich Canada (Oakville, Ontario). The density and 

approximate molecular weight of Nylon 6 is 1.084 g/mL and 10,000 g/mol, respectively. The 

solvent used for electrospinning, formic acid with the purity of 88%, was obtained from Fisher 

Scientific Canada (Ottawa, Ontario). Formic acid was chosen as the solvent since it is the most 

commonly used solvent for Nylon 6 as shown in Table 3. To prepare the electrospinning solution, 

Nylon 6 pellets were first added into the formic acid. Then, the mixture was stirred with a Cole-

Parmer (Montreal, Quebec) magnetic stirrer until the Nylon 6 pellets were completely dissolved 

in the formic acid and a homogenous and transparent solution was obtained. Various 

concentrations of Nylon 6 in formic acid were prepared for the experiments, i.e., 10wt%, 15wt%, 

17.5wt%, 20wt% and 25wt%. 

The final Nylon 6 solution was loaded into a 10ml syringe (BD - Canada, Mississauga, Ontario) 

fitted with blunt needles (gauge 20 precision glide needle type, 305175, by BD - Canada, 

Mississauga, Ontario). The blunt needles were cut using a rotary cutting tool with different grade 

sanding discs (100 series, by Dremel, Mount Prospect, Illinois, USA). The flow rate of the Nylon 

6 electrospinning solution was controlled by a syringe pump (Legato 101, by GENEQ Inc., 

Montreal, Quebec).  The electrospinning voltage was controlled and adjusted by a high voltage 
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supply (model ES30P-5W/DDPM, by Gamma High Voltage Research, Inc., Ormond Beach, 

Florida, USA). The positive polarity electrode was connected to the syringe needle and the 

ground electrode was connected to the aluminum foil collector. The laboratory electrospinning 

setup is shown in Figure 6.  

 

Figure 6. Electrospinning setup. 

For the Nylon 6 electrospinning experiment, the electrospinning voltage was adjusted between 

12kV and 24kV. The solution concentration was ranged between 10wt% and 25wt% and the 

flow rate from 2µl/min to 5µl/min. The tip to collector distance between the tip of the needle and 

the collector remained constant at 10cm because it was found that more electrospun Nylon 6 

fibers could be collected at this distance and the solution jets were more stable. Nylon 6 

nanofibers were collected on a stationary grounded collector covered by aluminum foil. During 

the electrospinning process, nanofibers were collected on the surface of the aluminum foil. All 

the electrospinning experiments were carried out in a fume hood at a temperature of 27ºC and 

humidity of 34%. 

Syringe pump 

High voltage supply 

Aluminum foil collector 
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2.2  SEM characterization of electrospun Nylon 6 nanofibers 

The diameters of electrospun nanofibers were investigated by Scanning Electron Microscopy 

(SEM) using a VEGA-3 instrument (TESCAN Brno, s.r.o., Brno-Kohoutovice, Czech Republic). 

The electrospun Nylon 6 nanofiber samples were coated with gold prior to the SEM analysis. 

The SEM samples were cut from the middle of the electrospun fiber mats. A fiber mat after 

cutting of a SEM sample and gold-coated SEM samples are shown in Figure 7. To determine the 

average fiber diameter and the size distribution of the Nylon 6 nanofibers, a total of three SEM 

photos from three different locations were taken and analyzed for the three solution 

concentrations (15wt%, 17.5wt% and 20wt%). For each SEM photo, 20 nanofibers were 

randomly chosen to measure their diameters. Therefore, for each sample, a total of 60 nanofibers 

were used to calculate the average nanofiber diameter and the standard deviation. The diameter 

of Nylon 6 nanofiber was measured using the ImageJ software (version 1.49a, public domain). 

 

Figure 7. Gold-coated SEM samples cut from fiber mats. 
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2.3 Viscosity measurements 

Shown in Figure 8 is the programmable rheometer which was used for the viscosity 

measurements (model RVDV-III Ultra, by Brookfield Engineering Laboratories Inc., 

Middleboro, Massachusetts, USA). A rotating spindle was placed into the solution to determine 

the viscosities at different rotating speeds and shear rates. The rotational speed limits for the 

rheometer were 0rpm and 250rpm. The testing temperature was set to 20.3ºC. For the given 

conditions, a proper spindle needs to be chosen in order to measure the viscosity accurately. A 

spindle type SC4-21 (Brookfield Engineering Laboratories Inc., Middleboro, Massachusetts, 

USA) was chosen to measure the viscosity of the given solutions. The measureable range of 

SC4-21 spindle is shown in Figure 9. From this figure, it can be observed that the viscosity 

measurement range for the spindle is from 10cp to more than 106cp. This test range covers the 

viscosity of commonly used polymer solutions.  

 

Figure 8. BROOKFIELD RVDV-III Ultra programmable rheometer. 
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Figure 9. Measureable range of the SC4-21spindle. 

2.4 Mechanical properties characterization of electrospun Nylon 6 nanofibers 

Mechanical properties were characterized for each solution concentration (15wt%, 17.5wt% and 

20wt%) using electrospun nanofiber samples with the smallest standard deviation with respect to 

the fiber diameter. Note that for solution concentrations of 10wt% and 25wt%, the nanofiber 

morphology was found to be poor. Results from the SEM image analysis for these concentrations 

are shown in Chapter 4.2.1 and 4.2.2. The statistical analysis results of the DOE method given in 

Chapter 4.3 provide a guideline on how to choose mechanical properties testing samples with the 

smallest standard deviation of fiber diameter. 

For the tensile test sample preparation, electrospun Nylon 6 nanofiber mats were first carefully 

removed from the aluminum foil. Then, the nanofiber mats were cut using a pair of scissors to 

make a strip. Five test strips with 10mm width and 50mm length were cut from each electrospun 

fiber mat. For each strip, the width was measured at 10 locations using a digital caliper gauge 

with a precision of 0.01 mm. The average value of the width was used for calculating stress. The 

thickness of a representative fiber mat was measured at 10 locations using a digital micrometer 

with a precision of 0.001mm (ABSOLUTE, by Mitutoyo, Aurora, Illinois, USA). The average 

thickness was used to calculate the sample cross sectional area.  
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The shape of the tensile test fiber mat strip is chosen as rectangular. The reason is that it is very 

reliable to cut the rectangular shape fiber mat strip without causing any damage to the strip 

during the cutting process and it is easy to determine the cross section area for the rectangular 

fiber mat strip. Dumbbell shape could promote more reliable failure in the specimen gauge 

section center. But, there are mainly two issues to prepare the dumbbell shape tensile testing 

fiber strips and use it for tensile testing. It is challenging to make the desired dumbbell shape 

specimen without causing any damage to the fiber strips and the cross section area of the 

dumbbell shape tensile testing fiber strip is difficult to determine.   

Nanofiber test strips could not directly be mounted into the grips of the tensile test machine as 

fiber strips are thus easily damaged. Hence, as shown in Figure 10, both extremities of a 

nanofiber strip were covered by Parafilm (Pechiney Plastic Packaging Company, Chicago, 

Illinois, USA). 

 

Figure 10. Nylon 6 fiber strip for tensile testing with Parafilm cover at both extremities. 

Specimens were tested using an ES Series III ElectroForce tensile testing machine (BOSE, 

Framingham, Massachusetts, USA), which is shown in Figure 11. The testing machine was 

equipped with a load cell with maximum capacity of 450 N. During tensile testing, the strips 

were loaded at a rate of 2mm/min until failure occurred. Only specimens that exhibited necking 

during the tensile test and failed due to crack propagation from the gauge section center were 

analyzed for maximum elongation and tensile strength. Specimens that broke from the edge of 

the grips were omitted for the analysis of elongation and tensile strength since data obtained in 

such a case is considered erroneous due to the presence of stress concentration at the grips. A test 

specimen that failed in the gauge section center is shown in Figure 12. For the elastic modulus, 
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the elastic moduli of specimens that failed in the gauge section center and the elastic moduli of 

all specimens including the ones that failed at the edge of gripping system were both analyzed. 

For all the tensile tests, the original length of the strip was measured after adding a preload of 

0.1N for the strain calculation.  

 

Figure 11. BOSE ES Series III ElectroForce test instrument. 

 

Figure 12. Tensile test specimen that broke in the gauge section center during tensile testing. 
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The fiber mats are highly porous, and hence, a stress calculation of simply dividing force by the 

cross-section area is not appropriate. Instead, a representative fiber mat was weighed prior to 

testing in order to determine the actual density of the fiber mat, which was used to calculate the 

actual stress. The total volume of fiber mats was calculated by the measured thickness and area. 

Squares with areas of 1600mm2 were cut from the electrospun Nylon 6 fiber mat for each sample, 

and the fiber mats were weighted by a scale with precision of 0.1 mg (Denver Instrument, 

Bohemia, New York, USA). The density of each sample was calculated based on the measured 

mass, area and thickness. The electrospun Nylon 6 fiber mat porosity was then calculated by:  

       
    

        
 (2-1) 

where     is the actual density of the fiber mat, and          =1.084g/cm3 (as specified by the 

manufacturer). The thickness, width, actual mat density, weight of the fiber mat per area and 

porosity of electrospun Nylon 6 nanofibers mats are summarized in Table 4. 

Table 4. Properties of electrospun Nylon 6 fiber mats with concentrations of 15wt%, 17.5wt% 
and 20wt%. 

Nylon 6 concentration  15wt% 17.5wt% 20wt% 
Thickness (µm) 59.30±14.24 63.20±6.44 80.05±12.38 
Width (mm) 10.05±0.16 9.88±0.28 9.87±0.15 
Mat density, ρmat  (g/cm3 ) 0.189 0.191 0.193 
Weight of mat per area (mg/cm2) 1.12 1.20 1.54 
Mat porosity, ømat (%) 82.53 82.42 82.20 

Chapter 3 - Design of Experiment for Electrospinning Nylon 6 Nanofibers 

The Design of Experiment method is a powerful tool to assess the effects of multiple factors on 

responding variables. There are several important steps associated with the DOE method. The 

first step is to determine the purpose and objective. The second one is to select the responding 

variables, which are usually the average values or standard deviation values of measured 

characteristics. The third step is to determine the choice of factors, test range of the factors and 

levels. The factors include design factors and factors that are to be held constant. The test range 

is very important for determining the choice of DOE levels. After completion of the third step, 

the appropriate choice for a DOE method needs to be made. There are many useful DOE 
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methods such as screening test design, full factorial design, fractional factorial design and 

surface response design. After deciding upon the DOE method, experiments will be performed 

according to the chosen design. Then, the experimental data will be statistically analyzed [51]. 

Some of the useful statistical analysis methods included the mean plots analysis, ANOVA 

analysis, effect estimate analysis, regression model analysis and surface response analysis.  

DOE and statistical analysis methods have not commonly been used in the field of 

electrospinning [52]. Anandhan [53] designed a mixed two- and three-level full factorial design 

to investigate the effects of electrospinning voltage and solution concentration on the electrospun 

polybenzimidazole (PBI) nanofiber diameter. Three levels were chosen for voltage and two 

levels were chosen for concentration. Using a two-way ANOVA analysis method, they found 

that the voltage and the interaction between voltage and concentration had significant effects on 

the electrospun PBI fiber diameter. Desai [54] designed a two-level full factorial design to 

investigate the effect of electrospinning voltage, solution concentration, flow rate and tip to 

collector distance on electrospun PANI/PMMA fiber thickness or diameter. Using the Pareto 

chart analysis, they found that the solution concentration had the most significant effect on fiber 

thickness. Coles [52] designed a 23 full factorial experiment, and used the main effect plot and 

interaction plot analysis to investigate the effects of solution concentration, electrospinning 

voltage and tip to collector distance on the electrospun poly(vinyl alcohol) (PVOH) fiber 

diameter and deposition rate. They ascertained that the electrospun PVOH fiber diameter 

increased with the increase of concentration and voltage and the decrease of distance. The 

deposition rate increased with the increase of voltage and concentration and the decrease of 

distance. Cui [55] applied the orthogonal experiments design method to investigate the effects of 

electrospinning voltage, solution concentration, flow rate, molecular weight, nozzle size and type 

of solvents on the electrospun poly(D,L-lactide) (PDLLA) nanofiber diameter. Using the 

ANOVA analysis and linear regression model analysis, it was found that the solution 

concentration and molecular weight had the most significant effects on electrospun PDLLA 

nanofiber diameter.  

The above DOE related publications on electrospun nanofibers indicate that DOE and statistical 

analysis methods are suitable tools to investigate the effects of electrospinning parameters on the 

electrospun fiber diameter. In these publications, it was found that the solution concentration has 
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significant effect on the fiber diameter. The DOE and statistical analysis methods in these 

publications could be expanded further. Firstly, most of the publications designed a two-level 

DOE. Consequently, it was impossible to investigate whether the effects are linear or nonlinear. 

Secondly, the above publications only applied one or two kinds of statistical methods to analyze 

the data. None of the above publications applied the surface response analysis method. Thirdly, 

only one-time DOE approaches were used, e.g. small screening tests were not employed to 

investigate dominant factors. A screening test could make the use of DOE more efficient.  

In the present study, the effects of solution concentration of Nylon 6, electrospinning voltage, 

and flow rate on the average nanofiber diameter and nanofiber uniformity were investigated 

using the DOE method and statistical analysis method. Nanofiber uniformity was represented by 

the standard deviation of the nanofiber diameters. In the second step of the DOE study, the 

mixed two- and three-level DOE was applied herein to determine whether the effects of the 

electrospinning parameters were linear or nonlinear and whether the effects of interactions 

among these factors on fiber diameter and standard deviation of fiber diameter were significant 

or not. Multiple statistical analysis methods, including Pareto chart, effect estimates analysis, 

mean plot analysis, regression model analysis and surface response analysis methods, were 

applied to analyze the experimental data. In addition, a two-step DOE approach was used in this 

study, that is, a screening test followed by a second DOE step.  

Independent variable is the variable which is manipulated during the experiment. The three 

independent variables in this study were electrospinning voltage, flow rate and solution 

concentration of Nylon 6. The DOE test range for the electrospinning voltage, flow rate and 

solution concentration were set between 12kV and 24kV, 2µl/min and 5µl/min, and 15wt% and 

20wt%, respectively. The limits for the electrospinning voltage were set in order to obtain a 

stable ejection jet and collect a sufficient amount of fibers. Below the lower bound of the flow 

rate test range, the Taylor cone was very small or disappeared. Beyond the upper bound, the 

ejection jet became unstable and a lot of the jet sprayed out during the electrospinning process. 

For the solution concentration test range, the lower and upper concentration limitations were 

investigated. When the solution concentration of Nylon 6 was 10wt%, it was found that very few 

fibers were collected during the electrospinning process while multiple beads in the nanofiber 

mats were noted for the various different parameters (this is described in conjunction with the 
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SEM images in Chapter 4.2.1). Therefore, Nylon 6 concentration equal or lower than 10wt% was 

not included in the DOE study and the Nylon 6 concentration of 15wt% was set as the lower 

limit of the DOE study. When the concentration of Nylon 6 was 25wt%, the electrospun Nylon 6 

fibers were highly non-uniform, had a large amount of web-like structures between the 

nanofibers and the flat fiber morphology (this will be elucidated by the SEM images in Chapter 

4.2.2).  Hence, Nylon 6 concentration equal or higher than 25wt% was herein not included in the 

DOE study and the Nylon 6 concentration of 20wt% was set as the upper limit of the DOE study. 

The responding variable is a variable that changes as a result of the change of the independent 

variables. The responding variables in this study were the average nanofiber diameter and the 

standard deviation of fiber diameters. The standard deviation of fiber diameter can indicate 

whether the fiber diameter distribution is uniform or not. The controlled variables, which were 

set at the constant values during the experiment, were temperature (27ºC), humidity (34%) and 

needle tip to collector distance (10cm).  

Two DOE steps were considered in this study. In the first step, a screening test was performed to 

investigate the effects of the independent variables on the responding variables. In the screening 

test, two levels were chosen for electrospinning voltage, solution concentration and flow rate. 

The coded levels along with the real level values of the three variables are shown in Table 5. The 

coded levels were chosen as -1 and 1 for the two-level DOE, for input of the data into the 

employed STATISTICA® software. The screening test was a 23 full factorial design. The 

screening test was performed once (without replication), with the purpose of determining the 

most important factors. For factors that exhibited significant effects on fiber diameter and its 

standard deviation, more levels, especially middle levels were added in the second step of the 

DOE study to investigate whether associated effects were linear or nonlinear. In other words, the 

screening test constitutes a guideline for the second step of the DOE study and it could make the 

whole DOE study more efficient. The results of these analyses and a discussion thereof are 

presented in Chapter 4.3.1.  

Table 5. Coded levels and real level values of variables for the screening test. 
Electrospinning voltage 
(kV) 

Solution concentration 
(wt%) 

Flow rate 
(µL/min) 

Coded 
levels 

12 15 2 -1 
24 20 5 1 
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Following the screening test, the second step of the DOE study was designed according to the 

conclusions from screening test (given in Chapter 4.3.1). Three levels were chosen for the 

electrospinning voltage (16kV, 20kV, 24kV) and, the Nylon 6 concentration (15wt%, 17.5wt%, 

20wt%) while two levels were used for the flow rate (2µl/min, 5µl/min). The second step of the 

DOE study was a mixed two- and three-level full factorial design. The coded levels and real 

level values for the three variables in the second DOE step are presented in Table 6. The coded 

levels were set to -1, 0 and 1 for the three-level DOE. Again, data was analyzed using the 

STATISTICA® software. In this second DOE step, there were totally two groups: one original 

group and one replication group. For the replication group, new solutions were made and the 

electrospinning experiments using the same parameters as in the original group were again 

performed at a different time. For this full factorial design, the total number of runs including the 

one replication group was: 3*3*2*2=36.  

Table 6. Coded levels and real level values of variables for the mixed two- and three-level design 
in the second DOE step. 

Electrospinning voltage 
(kV) 

Solution concentration 
(wt%) 

Flow rate 
(µL/min) 

Coded 
levels 

16 15 2 -1 
20 17.5 N/A 0 
24 20 5 1 

Note that there is one limitation of the DOE study. The experimental tests were run in a standard 

order not random order for both the screening test and the second step of the DOE study. Due to 

complications of switching between different solution concentration levels during the experiment, 

each block was run in a standard order as shown in Table 7 and Table 8. 

As mentioned above, the STATISTICA® software, a professional statistical analysis software, 

was employed to conduct the statistical analysis for all the data of electrospun Nylon 6 nanofiber 

diameters. Pareto chart, effect estimates analysis, mean plot analysis, regression model analysis 

and surface response analysis were generated by STATISTICA® software to determine the 

effects of the three electrospinning parameters on the nanofiber diameter and its standard 

deviation.  

A Pareto chart, herein generated by the STATISTICA® software, shows the importance of the 

effects of the independent variables on the responding variables [54]. From the Pareto chart, it 
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can easily be assessed which factors have the most significant effects and which factors do not 

have significant effect. The mean plot is a plot of mean values of responding variable with the 

standard deviation values versus each level of the independent variable. Mean plot can also be 

generated by the STATISTICA® software based on the experimental data. The effect estimate 

analysis results generated by the software provided P-values and the effect coefficients for each 

factor and interaction. P-values are used to judge whether a factor or interaction has a significant 

effect or not. If the P-value of one factor or interaction is smaller than the critical P-value, it can 

be concluded that this factor has a significant effect on the responding variable. The effect 

coefficients indicate the effect of each factor or interaction on the responding variable in the 

DOE. The regression model is a mathematical model which characterizes the relationship 

between the responding variables and the independent variables [51]. The regression model 

provides the model predicted values of responding variable after knowing the level values of 

each independent variable. The surface response analysis is a collection of mathematical and 

statistical techniques [51]. In this study, the surface response analysis was utilized to explore the 

relationships among the independent variables and the responding variables. The surface 

response method is a very useful analysis tool to determine how the responding variable changes 

with the independent variables especially when the interactions between the factors are 

significant.  

Chapter 4 - Results and Discussions 

The present chapter provides the results and discussions related to the experiments with 

electrospun Nylon 6, i.e., viscosity measurements, analyses of SEM images of nanofibers with 

10wt% and 25wt% concentrations, and DOE screening tests and the second step of the DOE 

study including the associated SEM image analyses and statistical analyses.  

4.1 Viscosity measurements 

Shear rate (unit: s-1) is the central parameter in measuring viscosity. Using an aforementioned 

rheometer, shear rate versus viscosity plots for Nylon 6 concentrations of 10wt%, 15wt%, 17.5wt% 

and 20wt% were produced as shown in Figure 13. Based on the viscosity test range and the 
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rotating speed limitation of the given rheometer, shear rate ranged from 18.6 s-1 to 55.8 s-1 for the 

investigated solutions. 

Shown in Figure 13 is an increase in viscosity for the Nylon 6 solutions with an increasing shear 

rate. In other words, the Nylon 6 solutions exhibited shear thickening behavior for the applied 

test range. It can further be concluded that the viscosity of Nylon 6 solution increases with an 

increase in solution concentration.  

For the electrospinning solution concentration of 25wt%, the solution was found to be 

comparatively viscous. Viscosity data were collected for shear rates between 18.6 s-1 and 27.9 s-1, 

and the viscosities were 1125.25cp and 1190cp respectively. For comparison, the viscosity for 

the electrospinning solution concentration of 10wt% was less than 100cp. Referring to the results 

from SEM image analysis (see subsequent Chapter 4.2.1 and 4.2.2), the morphology of 

electrospun nanofibers with both 10wt% and 25wt% was found to be poor. It can therefore be 

concluded that the viscosity of Nylon 6 electrospinning solution should be in the range between 

100cp and 1100cp in order to fabricate nanofibers that are easily spinnable and have well-formed 

morphology. 

 

Figure 13. Viscosity of Nylon 6 solution versus shear rate for solution concentrations ranging 
from 10wt% to 20wt%. 
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4.2 SEM analysis results 

4.2.1 SEM analysis of electrospun Nylon 6 nanofibers with 10wt% solution concentration  

Prior to the screening test, an electrospinning experiment using a 10wt% Nylon 6 concentration 

was performed according to the design of the screening test to investigate whether the DOE test 

range could be expanded. During this experiment, it was observed that very few fibers were 

collected on the collector even for an extended process time. Subsequently, SEM images were 

taken and analyzed. Shown in Figure 14 are SEM images of electrospun Nylon 6 fibers with 

10wt% concentration for different electrospinning voltages and flow rates. The magnification for 

these images was set at 5,000. In the SEM images, multiple beads can be observed for all 

electrospinning voltage and flow rate levels. In Figure 14 (a) and (c), since the beads were 

smaller than Figure 14 (b) and (d), larger magnification SEM images were needed to reveal the 

fiber morphology. SEM images with higher magnification of 10,000 are provided in Figure 15 

and Figure 16, which exhibit numerous beads and a non-uniform fiber distribution. Due to the 

presence of multiple beads in the fiber mats and the very low amount of collected electrospun 

fibers, the 10wt% solution concentration was not included in the screening test and the second 

step of the DOE study.  
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Figure 14. SEM images of electrospun Nylon 6 fibers with 10wt% solution concentration for 
different electrospinning voltages and flow rates: (a) 12kV, 2µl/min; (b) 20kV, 2µl/min; (c) 

12kV, 5µl/min; and (d) 20kV, 5µl/min. 

a b 

c d 
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Figure 15. SEM image of electrospun Nylon 6 fibers with solution concentration of 10wt%, 
electrospinning voltage of 12kV and flow rate of 2µl/min. 

 

Figure 16. SEM image of electrospun Nylon 6 fibers with solution concentration of 10wt%, 
electrospinning voltage of 12kV and flow rate of 5µl/min. 
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4.2.2 SEM analysis of electrospun Nylon 6 nanofibers with 25wt% solution concentration 

During the preparation of Nylon 6 solutions with 25wt% concentration, it is found that the 

dissolution of polymer in solvent was poor as even after 24 hours not all polymer could be 

dissolved. Following the DOE screening tests, it was again attempted to prepare a 25wt% Nylon 

6 solution prior to commencing the second step of the DOE study. It was determined that a 25wt% 

Nylon 6 solution could be accomplished after a 48 hours dissolution period. As mentioned earlier, 

the solution was comparatively viscous (1190cp at room temperature). Electrospinning 

experiments with a 25wt% concentration were then performed prior to the second step of the 

DOE study in order to investigate whether the DOE test range could be expanded. SEM images 

of resulting fibers were taken and analyzed. Figure 17 shows these SEM images with a 

magnification of 10,000 for different electrospinning voltages and flow rates. The SEM images 

in Figure 17 exhibit web-like structures for all the samples. It should be noted that some small 

amount of web-like structures was observed for a Nylon 6 concentration of 20wt%. For the 

higher solution concentration of 25wt%, however, the amount of web-like structures in the fiber 

mats increased substantially. In addition, numerous flat fibers were observed (indicated by red 

arrows in Figure 17), and fibers were generally non-uniform. Based on these observations, the 

25wt% solution concentration was not included in the screening test and second step of the DOE 

study. 
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Voltage 
(kV) 

Flow rate(µl/min) 
2 5 

16 

  
20 

  
24 

  
Figure 17. SEM images of electrospun Nylon 6 fibers with 25wt% solution concentration at 

electrospinning voltages of 16, 20, 24kV and flow rates of 2 and 5 µl/min. 
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4.2.3 SEM images analysis for DOE screening test 

For the screening test as part of the DOE study, SEM images of Nylon 6 electrospun nanofibers 

with 20,000 magnification were produced as shown in Figure 18. From analyzing these SEM 

images, it was concluded that the fiber diameter increased significantly with the increase of 

solution concentration. Conversely, the fiber diameter decreased with the increase of 

electrospinning voltage. It was also observed that the uniformity of nanofibers distribution was 

poor when the electrospinning voltage was 12kV no matter which levels of solution 

concentration and flow rate were chosen. In fact, for the solution concentration increasing from 

15wt% to 20wt%, the uniformity of Nylon 6 nanofiber distribution became worse. Note that 

these results are also reflected by the statistical analysis results using STATISTICA® software in 

as explained in Chapter 4.3.1. In addition, the nanofiber diameter distribution analysis for the 

screening test was done.  

In addition to the average fiber diameter, the nanofiber diameter distribution was analyzed by the 

fiber diameter distribution plots. Fiber diameter distribution plots were created where the 

abscissa shows the fiber diameter range and ordinate shows the number of fibers in each 

diameter range. For each sample, a total of 60 nanofibers were chosen for fiber diameter 

measurements, and the fiber diameter distribution plot was composed from these data for each 

sample. The fiber diameter distribution plots of the screening test are shown in Appendix A. 

Figure 19 shows the fiber diameter distribution plots for two electrospinning voltages, i.e., 12kV 

and 24kV, for a solution concentration of 20wt% and a flow rate of 5µl/min. It can be inferred 

from these graphs that the fiber diameter distribution was more uniform for the 24kV 

electrospinning voltage than for 12kV. Note that the conclusion derived from fiber diameter 

distribution plots is congruent to the one deduced from preceding SEM images analyses. 
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Concentr
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Flow rate 
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Electrospinning voltage(kV) 
12 24 

15 2 

 
Average diameter: 106.67nm 

 
Average diameter:101.30nm 

20 2 

 
Average diameter:200.12nm 

 
Average diameter:156.00nm 

15 5 

 
Average diameter:105.54nm 

 
Average diameter:101.74nm 

20 5 

 
Average diameter:194.13nm 

 
Average diameter:149.60nm 

Figure 18. SEM images with average fiber diameters for the screening test of DOE study at 
different levels of solution concentration, flow rate and electrospinning voltage. 
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electrospinning voltages of 16kV, 20kV and 24kV. Note that corresponding fiber diameter 

distribution plots for the second step of the DOE study (original group) are shown in Appendix B.  

Concent
ration 
(wt%) 

Electrospinning voltage(kV) 
16 20 24 

15 

 
Average diameter: 105.78nm 

 
Average diameter:101.87nm 

 
Average diameter:105.83nm 

17.5 

 
Average diameter:126.77nm 

 
Average diameter:114.78nm 

 
Average diameter: 119.89nm 

20 

 
Average diameter:148.44nm 

 
Average diameter:158.47nm 

 
Average diameter:147.79nm 

Figure 20. SEM images with average fiber diameters for electrospun Nylon 6 nanofibers made 
with different solution concentrations and electrospinning voltages and a fixed flow rate of 

2µl/min. 
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Concent
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Electrospinning voltage(kV) 
16 20 24 

15 

 
Average diameter:104.17nm 

 
Average diameter:102.16nm 

 
Average diameter:103.20nm 

17.5 

 
Average diameter:116.05nm 

 
Average diameter:119.17nm 

 
Average diameter:115.25nm 

20 

 
Average diameter:154.34nm 

 
Average diameter:147.62nm 

 
Average diameter:149.53nm 

Figure 21. SEM images with average fiber diameters for electrospun Nylon nanofibers made 
with different solution concentrations and electrospinning voltages and a fixed flow rate of 

5µl/min. 

4.3 Statistical analysis results  

4.3.1 Statistical analysis for the screening test of the DOE study 

The screening test in this DOE study is a 23 full factorial design. Table 7 is the 23 corresponding 

design table with the results of the screening test. Note that information on code levels and real 

levels was already given in Table 5 in Chapter 3, and SEM images for screening test were 

presented in Chapter 4.2.3. From Table 7 it can be found that the fiber diameter increases 

significantly with the increase of solution concentration level from -1 to 1. The fiber diameter 

decreases with the increase of electrospinning voltage level from -1 to 1. The standard deviations 
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were found to be much larger when the electrospinning voltage was chosen at the lowest level   

(-1), which is 12kV.  

Table 7. 23 full factorial design table with the results from the screening test of DOE study. 
Solution 

concentration 
Electrospinning 

voltage 
Flow 
rate 

Average fiber 
diameter(nm) 

Standard deviation of fiber 
diameter(nm) 

-1 -1 -1 106.666 25.552 
-1 1 -1 101.298 11.950 
-1 -1 1 105.538 34.722 
-1 1 1 101.744 20.234 
1 -1 -1 200.119 89.959 
1 1 -1 156.002 21.057 
1 -1 1 194.127 95.558 
1 1 1 149.595 19.022 

4.3.1.1 Statistical analysis for fiber diameters  

The effect estimate analysis was done using the STATISTICA® software for the data of the 

screening test. The effect estimate table is shown in Appendix C. P-value was used to assess the 

significance of the effects of factors, where the critical P-value was 0.1. If the P-value is smaller 

than 0.1, the effect of the factor is judged significant; if not, the effect of the factor is 

insignificant. Based on the effect estimate analysis results for the fiber diameter, the P-values for 

the solution concentration, electrospinning voltage and flow rate were found to be 0.0045, 0.013 

and 0.096, respectively. The effect coefficients for the solution concentration, electrospinning 

voltage and flow rate were found as 35.57, -12.23 and -1.64, respectively. The absolute value of 

the effect coefficient of solution concentration is the largest. Consequently, the solution 

concentration has the most significant effect on the nanofiber diameter. Moreover, the 

electrospinning voltage also has significant effect on nanofiber diameter. For the flow rate,        

P-value is 0.096, which is close to the critical value of 0.1. The effect of flow rate therefore 

needed to be investigated further in the second step of the DOE study. 

The effects of interactions between the three parameters on the fiber diameter were also 

investigated. The P-value for the interaction between solution concentration and electrospinning 

voltage was determined as 0.016, which indicates a significant effect on fiber diameter. The      

P-value for the interaction between electrospinning voltage and flow rate was 0.66, indicating an 

insignificant effect on fiber diameter. Finally, the P-value for the interaction between the solution 
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concentration and flow rate was 0.107, which is close to the critical value 0.1. Hence, it was 

necessary to further investigate the effect of the interaction between the solution concentration 

and flow rate on fiber diameter in the second step of the DOE study.  

Means plots as shown in Figure 22 were generated by the STATISTICA® software. From the 

mean plots of the fiber diameter versus correspondingly solution concentration, electrospinning 

voltage and flow rate, it was found that the solution concentration had a positive effect on fiber 

diameter, whereas the electrospinning voltage had a negative effect on fiber diameter. Flow rate 

did not have an appreciable effect on fiber diameter. However, since the interaction between 

solution concentration and electrospinning voltage also had a significant effect on the fiber 

diameter and the mean plot of single factor did not consider the interaction, the mean plot 

analysis of single factor was not enough to gain a final conclusion. So, a regression model 

analysis was performed by the STATISTICA® software. The regression model equation 

generated from the software for the fiber diameter was simplified to              

D = 139.39 + 35.57 C - 12.23 V - 9.94 CV, where D, C and V are the fiber diameter, solution 

concentration, and electrospinning voltage, respectively. Based on this regression model 

equation, since the effect coefficient of solution concentration is positive, the effect coefficient of 

electrospinning voltage is negative and the absolute values of the effect coefficients of 

electrospinning voltage and solution concentration are larger than the absolute value of the 

coefficient of the interaction between electrospinning voltage and solution concentration, it can 

be concluded that the fiber diameter increases with the increase of solution concentration and 

decrease of electrospinning voltage. 
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Figure 22. Mean plots of fiber diameter versus, correspondingly, solution concentration, 
electrospinning voltage and flow rate for the screening test. 
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4.3.1.2 Statistical analysis of the standard deviation of fiber diameter  

Based on the effect estimate analysis results generated by the STATISTICA® software for the 

standard deviation of the fiber diameter, the P-values for the solution concentration, 

electrospinning voltage and flow rate were determined as 0.032, 0.025 and 0.198, respectively. 

Note that the effect estimate table is shown in Appendix C. Since both the P-values for the 

solution concentration and electrospinning voltage were considerably smaller than the critical    

P-value of 0.1, both parameters were deemed to have significant effects on the standard deviation 

of fiber diameter. The flow rate does not have a significant effect on the standard deviation. The 

P-value for the interaction between the solution concentration and electrospinning voltage was 

found as 0.037, which indicates a significant effect on the standard deviation of fiber diameter. 

The effect coefficients for the electrospinning voltage and solution concentration were found to 

be correspondingly -21.69 and 16.64, while the effect coefficient for the interaction between the 

electrospinning voltage and solution concentration was -14.67. P-values for the interaction 

between the solution concentration and flow rate, and the interaction between electrospinning 

voltage and flow rate were found as 0.29 and 0.43, respectively, which indicates that the effects 

of these two interactions on the standard deviation of fiber diameter were insignificant.  

Means plots for the standard deviation of fiber diameter versus solution concentration, 

electrospinning voltage and flow rate were generated by the STATISTICA® software. These 

mean plots shown in Figure 23 indicate that the solution concentration had a positive effect on 

the standard deviation, while the electrospinning voltage had a negative effect, and flow rate did 

not have any significant effect. Nevertheless, since the interaction between the solution 

concentration and electrospinning voltage had significant effect on the standard deviation of fiber 

diameter and the single factor mean plot does not consider the interaction, the single factor mean 

plot analysis is not sufficient to derive a final conclusion. Therefore, a regression model analysis 

was again applied. The regression model equation generated from the STATISTICA® software 

for the standard deviation of fiber diameter was simplified to 

S = 39.76 + 16.64 C - 21.69 V - 14.67 CV (S: standard deviation of fiber diameter, C: solution 

concentration, V: electrospinning voltage). Based on this regression model equation, since the 

absolute value of the effect coefficients of both electrospinning voltage and solution 

concentration were larger than the absolute value of the effect coefficient of the interaction 
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between solution concentration and electrospinning voltage, the effects of both electrospinning 

voltage and solution concentration were more significant than the effect of the interaction 

between voltage and concentration on the standard deviation. Therefore, it was concluded that 

the standard deviation of fiber diameter is lowest when the solution concentration is at its lowest 

level (-1) and the electrospinning voltage is at its highest level (+1).  

Referring to the results of the standard deviation of fiber diameter for the screening test shown in 

the Table 7, the standard deviation values were all very large when the electrospinning voltage 

was chosen at the lowest level, i.e., -1 (12kV). In other words, nanofiber uniformity was poor at 

the lowest voltage level, which corroborates the deductions from the SEM image analysis of the 

screening test shown in Figure 18 in Chapter 4.2.3. Therefore, for the second step of the DOE 

study, the lowest voltage level of 12kV was omitted, and three additional levels of voltage (16kV, 

20kV, 24kV) were included to investigate the effect of electrospinning voltage on nanofiber 

diameter and its standard deviation. As discussed above, solution concentration is the most 

important factor. In order to investigate whether the effects of solution concentration on fiber 

diameter and its standard deviation are linear or nonlinear, a middle level value of 17.5wt% was 

added between 15wt% and 20wt% for the second step of the DOE study. For flow rate, since the 

screening test results revealed a P-value for its effect on fiber diameter that was quite close to the 

critical P-value of 0.1, the existing two level values of 2 µl/min and 5 µl/min were maintained to 

investigate the effects of flow rate on the fiber diameter and its standard deviation in the second 

step of the DOE study. Consequently, the second step of the DOE study is a mixed two- and 

three- level full factorial design. 
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Figure 23. Mean plots of standard deviation of fiber diameter versus solution concentration, 
electrospinning voltage and flow rate for the screening test. 
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4.3.2 Statistical analysis for the second step of the DOE study 

The second step of the DOE study was executed using the code levels and real level values given 

in Table 6 in Chapter 3. The second step of the DOE study included one original group and one 

replication group. The total experiment runs were 36. Table 8 provides the mixed two- and three-

level full factorial design table with results. The run number in Table 8 indicates the test order 

for the electrospinning experiments for different parameters. Run number 1-18 is the original 

group and run number 19-36 is the replication group. Data in Table 8 shows that the fiber 

diameter increases significantly with the solution concentration increasing from level -1 to 1. 

Note that SEM images for the original group were already shown in Chapter 4.2.4.  
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Table 8. Mixed two- and three-level full factorial design table with all results for the second step 
of the DOE study. 

Run 
number 

Solution 
concentration 

Electrospinning 
voltage 

Flow 
rate 

Average fiber 
diameter (nm) 

Standard 
deviation of fiber 

diameter (nm) 
1 -1 -1 -1 105.784 12.135 
2 -1 0 -1 101.870 11.818 
3 -1 1 -1 105.828 13.324 
4 -1 -1 1 104.170 15.748 
5 -1 0 1 102.165 14.900 
6 -1 1 1 103.204 11.763 
7 1 -1 -1 148.445 15.139 
8 1 0 -1 158.474 15.878 
9 1 1 -1 147.787 17.746 
10 1 -1 1 154.342 34.706 
11 1 0 1 147.616 13.792 
12 1 1 1 149.527 10.460 
13 0 -1 -1 126.774 11.678 
14 0 0 -1 114.776 10.185 
15 0 1 -1 119.886 12.371 
16 0 -1 1 116.047 19.615 
17 0 0 1 119.171 15.462 
18 0 1 1 115.248 10.334 
19 -1 -1 -1 106.449 10.151 
20 -1 0 -1 100.726 11.620 
21 -1 1 -1 105.217 12.972 
22 -1 -1 1 105.528 12.770 
23 -1 0 1 101.729 10.633 
24 -1 1 1 101.152 10.190 
25 1 -1 -1 151.287 14.318 
26 1 0 -1 152.075 13.845 
27 1 1 -1 144.983 16.448 
28 1 -1 1 152.948 31.480 
29 1 0 1 144.475 12.590 
30 1 1 1 148.822 11.789 
31 0 -1 -1 126.412 12.343 
32 0 0 -1 117.568 13.367 
33 0 1 -1 119.190 12.609 
34 0 -1 1 117.566 17.832 
35 0 0 1 114.113 15.205 
36 0 1 1 113.826 10.540 
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4.3.2.1 Statistical analysis for fiber diameter  

Using the STATISTICA® software to analyze the data, the effect estimate results for the effects 

of electrospinning voltage, solution concentration, flow rate, and the interactions between these 

factors on the fiber diameter were obtained. The effect estimate table is shown in Appendix C. 

Based on the effect estimate analysis results for fiber diameter, the P-values for the 

electrospinning voltage, flow rate and solution concentration were found to be 0.015, 0.040 and 

smaller than 0.000001, respectively. Correspondingly, the effect coefficients of the 

electrospinning voltage, flow rate and solution concentration were -1.7116, -1.1634 and 23.2066, 

respectively. Since the absolute effect coefficient value of solution concentration is the largest 

and P-value of solution concentration is smaller than 0.000001, solution concentration has the 

most significant effect on the nanofiber diameter. As mentioned earlier, the critical P-value is 0.1. 

P-values for both the electrospinning voltage and flow rate are smaller than 0.1, and hence, both 

electrospinning voltage and flow rate have significant effects on the fiber diameter. P-values for 

the interactions between the three parameters were found to be all much higher than 0.1. 

Therefore, the interactions do not have significant effect on the fiber diameter. Furthermore, the 

P-value for the effect of solution concentration (quadratic) was found to be smaller than 

0.000001, which means that the effect of solution concentration on fiber diameter is nonlinear. 

These conclusions can also be derived from the Pareto Chart shown in Figure 24. This Pareto 

Chart shows that solution concentration, solution concentration (quadratic), electrospinning 

voltage and flow rate all have significant effects on the fiber diameter.  
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Figure 24. Pareto Chart for the effect of electrospinning parameters on fiber diameter in the 
second step of the DOE study. 

The mean plots given in Figure 25 and generated by the STATISTICA® software, indicate that 

the solution concentration has a positive effect on fiber diameter, while both electrospinning 

voltage and flow rate have negative effects. In addition, it is found that the effect of solution 

concentration on nanofiber diameter is nonlinear, which concurs with the conclusion derived 

from the effect estimate analysis. Based on the mean plots for the two factors (see Figure 26 and 

Figure 27), which were generated by the STATISTICA® software, it is confirmed that the fiber 

diameter increases with the increase of solution concentration and the decrease of 

electrospinning voltage. It can further be observed that the curves in the mean plots do not cross 

each other, which verifies that the effect of interaction between electrospinning voltage and 

solution concentration on the fiber diameter was not significant. Note that the result of an 

increasing fiber diameter with the increase of solution concentration and the decrease of 

electrospinning voltage is congruent with findings from other researchers as described in Chapter 

1.3. In addition, it is found that the Nylon 6 fiber diameter decreases with the increasing flow 

rate.  
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Figure 25. Mean plots of fiber diameter versus, correspondingly, solution concentration, 
electrospinning voltage and flow rate for the second step of the DOE study. 
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Figure 26. Relationship between fiber diameter and solution concentration for electrospinning 
voltage levels of -1, 0 and 1. 

 

Figure 27. Relationship between fiber diameter and electrospinning voltage for solution 
concentration levels of -1, 0 and 1. 

Comparing average fiber diameter values between the original group (run number 1-18) and the 

replication group (run number 19-36), a difference of less than 5% can be ascertained. Hence, no 

significant difference exists between the original group and the replication group. 

A regression model analysis was completed next. Based on the coefficients values of effect 

estimate analysis, the regression model equation generated by the STATISTICA® software for 

the fiber diameter was simplified to D = 124.0328 + 23.2066 C - 4.2386 C2 - 1.7116 V - 1.1634 F 

(D: fiber diameter, C: solution concentration, V: electrospinning voltage, F: flow rate). To 
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Table 9. Regression model predicted fiber diameter values and absolute difference between 
experimental fiber diameter and regression model predicted values for all 36 test runs. 

Run 
number 

Experimental 
average fiber 

diameter (nm) 

Regression 
model predicted 

values (nm) 

Absolute difference between 
experimental and model 

predicted values (nm) 

Percent 
difference 

1 105.784 99.463 6.321 6.0% 
2 101.870 97.751 4.119 4.0% 
3 105.828 96.039 9.789 9.2% 
4 104.170 97.136 7.034 6.8% 
5 102.165 95.424 6.740 6.6% 
6 103.204 93.713 9.492 9.2% 
7 148.445 145.876 2.569 1.7% 
8 158.474 144.164 14.310 9.0% 
9 147.787 142.453 5.334 3.6% 
10 154.342 143.549 10.793 7.0% 
11 147.616 141.837 5.778 3.9% 
12 149.527 140.126 9.401 6.3% 
13 126.774 126.908 0.134 0.1% 
14 114.776 125.196 10.421 9.1% 
15 119.886 123.485 3.598 3.0% 
16 116.047 124.581 8.534 7.4% 
17 119.171 122.869 3.699 3.1% 
18 115.248 121.158 5.910 5.1% 
19 106.449 99.463 6.986 6.6% 
20 100.726 97.751 2.975 3.0% 
21 105.217 96.039 9.177 8.7% 
22 105.528 97.136 8.392 8.0% 
23 101.729 95.424 6.305 6.2% 
24 101.152 93.713 7.440 7.4% 
25 151.287 145.876 5.412 3.6% 
26 152.075 144.164 7.911 5.2% 
27 144.983 142.453 2.530 1.7% 
28 152.948 143.549 9.399 6.1% 
29 144.475 141.837 2.638 1.8% 
30 148.822 140.126 8.696 5.8% 
31 126.412 126.908 0.496 0.4% 
32 117.568 125.196 7.628 6.5% 
33 119.190 123.485 4.294 3.6% 
34 117.566 124.581 7.015 6.0% 
35 114.113 122.869 8.757 7.7% 
36 113.826 121.158 7.332 6.4% 

Average 124.033  6.593  
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Surface response analysis is very useful for investigating the relationship between the fiber 

diameter and two electrospinning parameters. Such plots are shown in Figure 29, where blue dots 

represent experimental data of fiber diameter. The colors scale in these plots corresponds to the 

fiber diameter range. Each surface plot indicates the change in nanofiber diameter as a function 

of two parameters with the third one fixed. For example, the surface response plots in Figure 

29(a) and (b) show that nanofiber diameter is increasing with the increase of Nylon 6 

concentration, while only a minor effect of electrospinning voltage and flow rate can be observed. 

This behavior is easily explained by the regression model, in which both coefficients of 

electrospinning voltage and flow rate are much smaller than the coefficient of solution 

concentration.  

  

Figure 29. Fitted surface response plots showing the nanofiber diameter as a function of (a) 
electrospinning voltage and solution concentration for a fixed flow rate, and (b) flow rate and 

solution concentration for a fixed electrospinning voltage. 

The final aspect discussed in this section is a residual analysis, which was also performed by the 

STATISTICA® software. A residual is the difference between an observed value and a predicted 

value. The residual analysis was used herein to examine whether the regression model is an 

adequate model. Three residual plots are shown in Figure 30. A normal probability plot was used 

to examine if the experimental data approximately follows a normal distribution. In the normal 

probability plot of residuals in Figure 30(a), all points fall onto a straight line. In the plot of 

residual values versus predicted values in Figure 30(b), no unique and discernible pattern can be 

a b 
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observed. These observations lead to the conclusion that the experimental data is indeed 

normally distributed. In the plot of predicted values versus observed values given by Figure 

30(c), nearly all points fall onto a straight line, which confirm that the regression model fits the 

experimental data very well. Moreover, the residual analysis results of the regression model from 

the STATISTICA® software indicate that there is no outlier for the entire data set. Therefore, the 

regression model can thus be considered as an adequate and valid prediction model.  

 

Figure 30. (a) Normal probability plot of residuals, (b) plot of residual values versus predicted 
values and (c) plot of predicted values versus the observed values for the fiber diameter. 

4.3.2.2 Statistical analysis of the standard deviation of fiber diameter  

Again using the STATISTICA® software to analyze all the data, the effect estimate results for 

the electrospinning voltage, solution concentration and flow rate on the standard deviation of 

fiber diameter were obtained. The effect estimate table is shown in Appendix C. The P-values for 

solution concentration, electrospinning voltage and flow rate were determined as 0.000234, 

0.000396 and 0.0231, respectively. The critical P-value is again 0.1. Obtained P-values for the 

a b 

c 
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above parameters are all smaller than the critical P-value, and hence, all these parameters have 

significant effects on the standard deviation of fiber diameter. Furthermore, P-values for the 

interactions between (i) solution concentration and electrospinning voltage and (ii) 

electrospinning voltage and flow rate were found as 0.00385 and 0.00001, respectively. 

Consequently these two interactions have significant effects on the standard deviation of fiber 

diameter. Conversely, the P-value for the interaction between solution concentration and flow 

rate was 0.229, which is much larger than the critical P-value. The effect of this interaction is 

therefore insignificant. The coefficient for the interaction between electrospinning voltage and 

flow rate was -3.1992. The absolute value of this coefficient is the largest and P-value is the 

smallest, indicating that the effect of this interaction is the most significant. This conclusion can 

also be derived from the Pareto Chart in Figure 31. In the Pareto Chart, it can be found that the 

2L by 3L, which represents the interaction between electrospinning voltage and flow rate, has the 

most significant effect on the standard deviation of fiber diameter. In addition, the P-value for 

the solution concentration (quadratic) was 0.189, which is larger than the critical P-value; 

therefore the effect of solution concentration (quadratic) is insignificant. The P-value of 

electrospinning voltage (quadratic) was found to be 0.116, which is a little larger than the critical 

P-value, indicating the effect is also not significant. In other words, the effects of solution 

concentration and electrospinning voltage on the standard deviation of fiber diameter can be 

considered as linear. From the analysis results of mean plots shown in Figure 32, the same 

conclusion can be gained. In the mean plots, the variances at each level of solution concentration 

and electrospinning voltage are all very large. Therefore, the effects of solution concentration 

and electrospinning voltage can be considered as linear. 

In addition, based on the mean plots (Figure 32) which were again generated by the 

STATISTICA® software, it can be found that the solution concentration and flow rate have 

positive effects on the standard deviation, while electrospinning voltage has a negative effect on 

the fiber diameter standard deviation. However, this conclusion is not quite reliable. The single 

factor mean plot is only useful when the effects of the interactions are not significant. Single 

factor mean plot does not consider the interactions between the different parameters. Since the 

interaction between solution concentration and electrospinning voltage and the interaction 

between electrospinning voltage and flow rate also have significant effects on the standard 

deviation of fiber diameter, the two interactions should be considered. In the mean plots for two 



53 
 

factors shown in Figure 33 and Figure 34, which were generated by STATISTICA® software, 

the curves in the mean plots cross each other indicating that both effects of the interaction 

between solution concentration and electrospinning voltage and the interaction between 

electrospinning voltage and flow rate have significant effects on the standard deviation of fiber 

diameter. In the mean plot of solution concentration and flow rate (Figure 35), the curves in the 

mean plots do not cross each other indicating that the effect of the interaction between flow rate 

and solution concentration on the standard deviation of fiber diameter is not significant. These 

conclusions also corroborate the results of the effect estimate analysis given above. In the below 

sections, the regression model and surface response analysis were applied to analyze the effects 

of each factor and interaction on the standard deviation of fiber diameter.  

 

Figure 31. Pareto Chart for the effect of the electrospinning parameters on the standard deviation 
of fiber diameter in the second step of the DOE study. 
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Figure 32. Mean plots of standard deviation of fiber diameter versus solution concentration, 
electrospinning voltage and flow rate for the second step of the DOE study. 
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Figure 33. Relationship between the standard deviation of fiber diameter and electrospinning 
voltage for solution concentration levels of -1, 0 and 1. 

 

Figure 34. Relationship between the standard deviation of fiber diameter and electrospinning 
volate for flow rate levels of -1 and 1. 
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Figure 35. Relationship between the standard deviation of fiber diameter and solution 
concentration for flow rate levels of -1 and 1. 

Based on the coefficients values of effect estimate analysis, the regression model equation 

generated by the STATISTICA® software for fiber diameter standard deviation was  simplified 

to S = 14.382 + 2.507 C - 2.390 V + 1.163 F - 2.290 CV - 3.199 VF (S: standard deviation of 

fiber diameter, C: solution concentration, V: voltage, F: flow rate).  To calculate the regression 

model predicted values for the standard deviation of fiber diameter of each run (number 1 to 36), 

the level values of solution concentration, electrospinning voltage and flow rate of each run were 

applied to the above the regression model. The level values for each run are already shown in 

Table 8. In this manner, the absolute differences between the regression model predicted 

standard deviation values and the experimental standard deviation values for all the 36 runs were 

calculated and are shown in Table 10. The percent differences between the experimental standard 

deviation values and model predicted standard deviation values based on the experimental 

standard deviation of fiber diameter are also displayed in the Table 10. The average of the 

experimental standard deviation values is 14.382nm and the average of the absolute difference 

between regression model predicted standard deviation values and experimental standard 

deviation values is 2.034nm. The error percentage is thus 14.1%, which was calculated by 

2.034/14.382. For some runs, the differences between experimental standard deviation value and 

regression model predicted standard deviation value are big. These big differences make the final 

model prediction error percentage relatively large. Since the prediction error percentage of this 

regression model is relatively high, the analysis should not be only depended on the regression 

model. Therefore, the analysis of the real experimental data is also very necessary. 
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Table 10. Regression model predicted standard deviation values and absolute difference between 
experimental values and regression model predicted standard deviation values for all the 36 runs. 
Run 

number 
Experimental 

standard deviation of 
fiber diameter(nm) 

Regression model 
predicted values 

(nm) 

Absolute difference between 
experimental and model 

predicted values (nm) 

Percent 
difference 

1 12.135 7.613 4.522 37.3% 
2 11.818 10.712 1.105 9.4% 
3 13.324 13.812 0.488 3.7% 
4 15.748 16.337 0.589 3.7% 
5 14.900 13.038 1.862 12.5% 
6 11.763 9.739 2.025 17.2% 
7 15.139 17.207 2.069 13.7% 
8 15.878 15.726 0.152 1.0% 
9 17.746 14.245 3.501 19.7% 
10 34.706 25.932 8.774 25.3% 
11 13.792 18.052 4.260 30.9% 
12 10.460 10.172 0.288 2.8% 
13 11.678 12.410 0.733 6.3% 
14 10.185 13.219 3.034 29.8% 
15 12.371 14.028 1.657 13.4% 
16 19.615 21.134 1.520 7.7% 
17 15.462 15.545 0.083 0.5% 
18 10.334 9.955 0.379 3.7% 
19 10.151 7.613 2.538 25.0% 
20 11.620 10.712 0.908 7.8% 
21 12.972 13.812 0.840 6.5% 
22 12.770 16.337 3.567 27.9% 
23 10.633 13.038 2.405 22.6% 
24 10.190 9.739 0.451 4.4% 
25 14.318 17.207 2.890 20.2% 
26 13.845 15.726 1.881 13.6% 
27 16.448 14.245 2.203 13.4% 
28 31.480 25.932 5.549 17.6% 
29 12.590 18.052 5.462 43.4% 
30 11.789 10.172 1.617 13.7% 
31 12.343 12.410 0.068 0.5% 
32 13.367 13.219 0.148 1.1% 
33 12.609 14.028 1.419 11.3% 
34 17.832 21.134 3.303 18.5% 
35 15.205 15.545 0.340 2.2% 
36 10.540 9.955 0.584 5.5% 

Average 14.382  2.034  
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One of the purposes to investigate the standard deviation of fiber diameter is to find how more 

uniform electrospun Nylon 6 nanofibers can be obtained. Based on the regression model above, 

it can be concluded the standard deviation of fiber diameter is smallest when electrospinning 

voltage, solution concentration and flow rate are all chosen lowest level (-1). The regression 

model predicted value is 7.613, while the experimental standard deviation values are 12.135 in 

the original group and 10.151 in the replication group (run number 1 and 19 in Table 10). 

Although there is difference between the regression model predicted value and experimental 

value, the experimental standard deviation value of 10.151 is already the lowest value of all the 

36 runs. Therefore, the regression model could provide the right direction to obtain the lowest 

standard deviation of fiber diameter. 

The second purpose to analyze the standard deviation of fiber diameter is to provide the criterion 

for the mechanical properties characterization. For the mechanical properties characterization, 

three kinds of samples of the three solution concentrations (15wt%, 17.5wt%, 20wt%) were 

tested. For each concentration level, the electrospun Nylon 6 nanofiber with the smallest fiber 

diameter standard deviation will be chosen for the tensile test. Therefore, when the solution 

concentration is fixed, the law of the change of fiber diameter standard deviation with 

electrospinning voltage and flow rate is very important. When concentration is fixed at a certain 

positive level (0 or +1), from the regression model, it can be concluded that the standard 

deviation was smallest when both electrospinning voltage and flow rate are chosen the highest 

level (+1). In addition, this result can also be gained from the analysis of the surface response 

plots shown in Figure 37 (a) and (b). This conclusion based on the regression model analysis 

coincides with the analysis results of the experimental standard deviation data. The average 

experimental standard deviation values of the original group and replication group are shown in 

the Table 11 below and yellow ones are the smallest average experimental standard deviation 

values for each solution concentration level: -1, 0, +1.  
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Table 11. Experimental average standard deviation values of the two groups and the regression 
model predicted values. 

Solution 
concentration 

Electrospinning 
voltage 

Flow 
rate 

Average experimental standard 
deviation of original group and 

replication group (nm) 

model 
predicted 

value (nm) 
-1 -1 -1 11.143 7.613 
-1 0 -1 11.719 10.712 
-1 1 -1 13.148 13.812 
-1 -1 1 14.259 16.337 
-1 0 1 12.767 13.038 
-1 1 1 10.977 9.739 
1 -1 -1 14.728 17.207 
1 0 -1 14.862 15.726 
1 1 -1 17.097 14.245 
1 -1 1 33.093 25.932 
1 0 1 13.191 18.052 
1 1 1 11.124 10.172 
0 -1 -1 12.010 12.410 
0 0 -1 11.776 13.219 
0 1 -1 12.490 14.028 
0 -1 1 18.723 21.134 
0 0 1 15.334 15.545 
0 1 1 10.437 9.955 

When the solution concentration is fixed at the negative level of -1, it is found that the regression 

model predicted standard deviation value when both electrospinning voltage and flow rate are 

chosen the lowest levels (-1) is very close to the value when both electrospinning voltage and 

flow rate are chosen the highest level (+1). The difference between the two standard deviation 

values is only 2.126nm. This regression model analysis results can also be concluded from the 

analysis of the surface response plot shown in Figure 37(c). Therefore, when solution 

concentration is fixed at the -1 level, the better method is to analyze the actual experimental 

standard deviation data. Based on the experimental standard deviation data shown in the Table 

11, when the solution concentration is fixed at the negative level of -1, it is found that the 

standard deviation of fiber diameter is smallest when both electrospinning voltage and flow rate 

are chosen the highest levels.  

Therefore, when solution concentration is fixed at the level of -1 or 0 or 1, based on above 

regression model analysis and the experimental data analysis, it can be concluded that the 
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standard deviation of fiber diameter is smallest when both electrospinning voltage and flow rate 

are chosen the highest levels.  

The surface response plots were generated by STATISTICA® software to indicate the change of 

standard deviation of fiber diameter as a function of two electrospinning parameters with the 

third one fixed. Such plots are shown in Figure 36 and Figure 37, where blue dots represent 

experimental data of fiber diameter standard deviation. The colors scale in these surface response 

plots corresponds to the range of fiber diameter standard deviation.  

Here, the surface response analysis for standard deviation of fiber diameter is complicated. The 

reason is that both the interaction between the solution concentration and electrospinning voltage 

and the interaction between the electrospinning voltage and flow rate are significant. From the 

surface response plot in Figure 36(a), it can be concluded that under a certain flow rate, the 

standard deviation is lowest when solution concentration is chosen at the lowest level and 

electrospinning voltage is in the level range from -1 to 1. From the surface response plot in 

Figure 36(b), it could be concluded that under a certain electrospinning voltage, the standard 

deviation is lowest when both solution concentration and flow rate are chosen at the lowest 

levels. Furthermore, the surface response analysis was done when solution concentration is fixed 

at the each of the three levels: -1, 0, +1. Based on the surface response plots shown in Figure 

37(a) and (b), when concentration is fixed at the level of 0 or 1, it is found that the standard 

deviation of fiber diameter is lowest when both electrospinning voltage and flow rate are chosen 

at the highest levels (+1). Based on the surface response plot shown in Figure 37(c), when 

solution concentration is fixed at the level of -1, it can be found that the standard deviation 

values are both relatively small when both electrospinning voltage and flow rate are chosen at 

the highest levels (+1) or the lowest levels(-1). The conclusion of this surface response analysis 

corroborates the conclusion of regression model analysis in the above section.  

In addition, for all the surface response plots shown in Figure 36 and Figure 37, it is observed 

that several points do not fit the surface response plots well. The standard deviation values of 

these points are all very high; so they can not fit the surface response plot very well. For the run 

number of 10 and 28 given in Table 8, the standard deviation values are much higher than the 

other runs. Since both the original group and replication group give the similar results for the 
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standard deviation values of run number 10 and 28, the high standard deviations values can be 

considered reasonable and acceptable.  

  

 

Figure 36. Fitted surface response plots showing the standard deviation of fiber diameter as a 
function of (a) electrospinning voltage and solution concentration for a fixed flow rate, and (b) 

flow rate and solution concentration for a fixed electrospinning voltage. 

a 

b 
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Figure 37. Surface response plots showing the standard deviation of fiber diameter as a function 
of (a) electrospinning voltage and flow rate for a fixed solution concentration at level: 0 (b) 

electrospinning voltage and flow rate for a fixed solution concentration at level: 1 (c) 
electrospinning voltage and flow rate for a fixed solution concentration at level:-1. 

The final aspect discussed in this section is a residual analysis, which was also performed by the 

STATISTICA® software. In the normal probability plot of residuals in Figure 38(a), nearly all 

points fall onto a straight line. Therefore, the experimental data approximately distributed 

normally. In the plot of residual values versus predicted values in Figure 38(b), no unique and 

discernible pattern can be observed. But there are two points which are away from the other 

points. The reason is that the standard deviation values for the two runs (run number 10 and 28) 

are much higher than other runs. The two experimental data could be considered as the outliers.  

c 
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Figure 38. (a) Normal probability plot of residuals and (b) plot of residual values versus 
predicted values for fiber diameter standard deviation in the second step of the DOE study. 

In sum, based on the analysis results of the regression model, experimental data and surface 

response plots, the mechanical properties test was done for each of the three concentrations 

(15wt%, 17.5wt%, 20wt%) when the electrospinning voltage is chosen at the highest level (24kV) 

and flow rate is also chosen at the highest level (5µl/min).  

Chapter 5 - Mechanical Properties Characterization of electrospun Nylon 6 
fibers 

To prepare for the tensile testing samples, each electrospinning experiment for the three Nylon 6 

solution concentrations was completed in a one-day period. As discussed in Chapter 4, for the 

electrospinning parameters, the electrospinning voltage was chosen at 24kV, and a flow rate of 

5µl/min was selected for the three solution concentrations. The distance, temperature and 

humidity remained at 10cm, 27ºC and 34%, respectively. As mentioned in Chapter 2 about 

tensile testing procedures, only the specimens that failed in the gauge section center (i.e., not 

near or at the edge of the gripping system) were included for the determination of the tensile 

strength and elongation at break.  

Considering fiber mat porosity, the stress within a specimen was calculated by 

  
 

          
  (5-1) 

      (5-2) 

a b 
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In the equation above, T is the tensile force, A is the cross sectional area, δ is the average fiber 

mat thickness and W is the average width of the test strip. Note that the method for calculating 

mat porosity and the mat porosities values for the three tested Nylon 6 solution concentrations 

are given in Chapter 2.4.  

Shown in Figure 39 are characteristic stress-strain curves of electrospun Nylon 6 fiber mats that 

failed within the gauge section center for solution concentrations of 15wt%, 17.5wt% and 20wt%. 

It was observed that specimens broke immediately after the initiation of a crack. The data in 

Figure 39 indicates that the elongation at break and tensile strength increased with increasing 

solution concentration. The initial part of each stress/strain curve is clearly nonlinear. This 

behavior can be explained as follows. At the beginning of each tensile test, when tensile force 

was applied to the fiber mat specimen, the randomly distributed nanofibers realigned in the 

direction of the applied loading. After this realignment process, a linear stress/strain becomes 

apparent in the curves. The slope of this linear part in the stress/strain curves was used to 

calculate the elastic modulus. Note that the calculation method of elastic modulus is congruent 

with ASTM standard D2256/D2256M for tensile property determination of yarns. The 

stress/strain curves for all the tensile testing specimens are shown in Appendix D.  

 

Figure 39.Tensile stress/strain curves of Nylon 6 nanofiber mats electrospun from solutions with 
concentrations of 15wt%, 17.5wt% and 20wt%. 
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Table 12 summarizes the tensile test results for maximum elongation at break, elongation at 

maximum stress, tensile strength, elastic modulus of the specimens that failed in the gauge 

section center and elastic modulus of all specimens along with their standard deviations for the 

three solution concentrations. Figures 40 to 43 show the change of elongation at break, tensile 

strength and elastic modulus with increasing Nylon 6 concentration from 15wt% to 20wt%. The 

error bars in these figures represent standard deviation values.   

Table 12. Elongation at maximum stress and at break, tensile strength and elastic modulus of 
Nylon 6 fiber mat tensile specimens for different electrospinning solution concentrations. 

Concentration of Nylon 6 15wt% 17.50wt% 20wt% 
Elongation at maximum stress (%) 20.8±4.4 24.5±4.3 29.0±3.0 
Elongation at break (%) 20.9±4.4 24.7±4.2 29.2±3.0 
Tensile strength (MPa) 42.6±11.2 49.3±8.2 54.7±6.9 
Elastic modulus of specimens that failed in the gauge 
section center (MPa) 

302.9±78.3 362.9±50.8 383.5±57.3 

Elastic modulus of all specimens (MPa) 325.2±74.1 373.1±51.6 349.1±58.0 

As shown in Table 12 and Figure 40, the maximum elongation at break of Nylon 6 fiber strips 

increased from 20.9% to 29.2% with the increase in solution concentration from 15wt% to 

20wt%. In addition, it was ascertained that the elongation at break was nearly the same as the 

elongation at maximum stress as fiber mat specimen broke nearly immediately after the applied 

stress reached its highest level. In terms of tensile strength, it can be observed in Table 12 and 

Figure 41 that average values increased from 42.6MPa to 54.7MPa with the solution 

concentration increasing from 15wt% to 20wt%. 

A trend similar to tensile strength and elongation at break could also be observed for the average 

elastic modulus values of the specimens that failed in the gauge section center. For the 15wt% 

solution concentration, a total of six specimens failed in the gauge section center. For the 17.5wt% 

and 20wt% solution concentrations, eight and seven specimens failed in the gauge section center, 

respectively. As shown in Table 12 and Figure 42, the average elastic modulus increased from 

302.9MPa to 383.5MPa with the Nylon 6 solution concentration increasing from 15wt% to 

20wt%. This trend is also visible in Figure 39. Standard deviations associated with the elastic 

modulus are comparatively high for all of the employed solution concentrations (15wt%, 

17.5wt%, 20wt%). In light of the high standard deviations, it appears that the increase in elastic 

modulus is not as significant as suggested by the average elastic modulus values, i.e., many data 
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points fall within the band given by the overall maximum and minimum values. The t-test is 

necessary to judge whether there is significant change of the elastic modulus with the increase of 

solution concentration from 15wt% to 20wt%. Three t-tests, including the t-test between 15wt% 

and 17.5wt%, the t-test between 17.5wt% and 20wt%, and the t-test between 15wt% and 20wt%, 

were performed for the elastic modulus values. For the t-test results, the three P-values are all 

larger than the critical P-value of 0.05. Therefore, it can be concluded that the there is no 

significant change of elastic modulus of the specimens that failed in the gauge section center 

with the increase of solution concentration from 15wt% to 20wt%.  

On the other hand, the elastic modulus for all specimens, including the ones that failed at the 

edge of the grips, was analyzed. The total numbers of specimens were 15, 13 and 13 for the 

solution concentrations of 15wt%, 17.5wt% and 20wt%, respectively. Based on Table 12 and 

Figure 43, the standard deviations are all relatively high for the elastic modulus for all specimens. 

In light of the high standard deviations, it can be found that the elastic modulus values of the 

three solution concentrations are nearly at the same level. Again, t-tests were performed for the 

elastic modulus values for the three different solution concentrations. For the t-test results, the 

P-values are all larger than the critical P-value of 0.05. Therefore, it can be concluded that there 

is no significant change for the elastic modulus of all specimens with the increasing solution 

concentration from 15wt% to 20wt%.  

Possible reasons for the high scatter of test data are as follows. As mentioned previously, most 

nanofibers in the fiber strip are not aligned to the applied loading direction leading to a 

realignment process upon load application. Since the nanofibers contact each other, the 

realignment process may cause a random amount of friction force to individual nanofibers. 

Moreover, the number of nanofibers inside each fiber strip, their length and alignment are not 

controlled and may vary from sample to sample, which also contribute to a high variability in 

mechanical properties. Note that based on the observed trends, increasing the Nylon 6 solution 

concentration beyond the tested range may promise even further enhancements in the mechanical 

properties. However, as pointed out in Chapters 4.2.1 and 4.2.2 using SEM images analysis, 

tested concentrations from 15wt% to 20wt% already represent the usable solution concentration 

range for the quality electrospun Nylon 6 nanofibers.    
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standard deviation and whether these effects are linear or nonlinear. In this manner, a method 

providing valuable design guidance for effectively producing electrospun nanofibers was 

developed. In this thesis, electrospinning voltage, solution concentration and flow rate are the 

three investigated electrospinning parameters. Firstly, a 23 full factorial screening test was 

performed as part of the DOE study to evaluate the influence of the different parameters on 

nanofiber quality and fiber diameter. The maximum and minimum limits were selected for the 

screening test for electrospinning voltage (12kV, 24kV), solution concentration (15wt%, 20wt%) 

and flow rate(2 µl/min, 5 µl/min). Analysis results from the screening test indicated that both the 

solution concentration and the electrospinning voltage had significant effects on the fiber 

diameter and its standard deviation. The effect of flow rate on the fiber diameter was not very 

significant and the associated P-value of the effect of flow rate on the fiber diameter was found 

to be very close to the critical P-value of 0.1. In addition, it was found that the standard deviation 

of fiber diameter was considerable when the electrospinning voltage was chosen at the lowest 

level of 12kV. Hence, this voltage level was eliminated from the second step of the DOE study.  

In the second step of the DOE study, additional levels were added for electrospinning parameters 

based on their influence concluded from the screening test. Three levels were chosen for the 

electrospinning voltage (16kV, 20kV, 24kV), one intermediate level was added for the solution 

concentration (15wt%, 17.5wt%, 20wt%) and two levels were maintained for the flow rate        

(2µl/min, 5µl/min). In this second step of the DOE study, the investigation of electrospinning 

parameters was expanded beyond evaluating merely the influence on fiber diameter and its 

standard deviation, that is, it was studied whether the effects are linear or nonlinear. From the 

statistical analysis results, it was concluded that the solution concentration, electrospinning 

voltage and flow rate all had significant effects on the Nylon 6 nanofiber diameter. Solution 

concentration had the most significant effect on nanofiber diameter, and the effect was nonlinear. 

The second step of the DOE study showed that the average nanofiber diameter increased with 

increasing solution concentration, whereas nanofiber diameter decreased with the increase of 

electrospinning voltage and flow rate. The collected data allowed for a regression model 

equation to be generated to accurately predict fiber diameters based level values for solution 

concentration, electrospinning voltage and flow rate. The average prediction error percentage for 

this regression model was 5.3%.  
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On the other hand, statistical analyses as part of the second step of the DOE study indicated that 

the solution concentration, electrospinning voltage, flow rate, interaction between solution 

concentration and electrospinning voltage, and interaction between flow rate and electrospinning 

voltage all had significant effects on the standard deviation of fiber diameter. The interaction 

between the flow rate and electrospinning voltage had the most significant effect on the standard 

deviation of fiber diameter. Since P-values for the quadratic effect of electrospinning voltage and 

solution concentration on the fiber diameter standard deviation were larger than the critical       

P-value of 0.1, their effects on standard deviation of fiber diameter can be considered linear. A 

regression model equation was generated for the standard deviation of fiber diameter as well. 

The prediction error of this regression model is rather high, and hence, the analysis should not 

solely depend on the regression model. The assessment of experimental data would be necessary. 

Using both the regression model analysis and experimental data analysis, it was ascertained that 

the fiber diameter standard deviation was lowest when the solution concentration was fixed at a 

specific level while both electrospinning voltage and flow rate were set to their highest levels.  

Based on the analysis results of the DOE study, the mechanical properties characterization of 

Nylon 6 nanofiber mat was performed for three solution concentration levels (15wt%, 17.5wt%, 

20wt%) and choosing the highest viable levels for both the electrospinning voltage (24kV) and 

flow rate (5µl/min). 

Tensile testing results revealed that the elongation at break and tensile strength of electrospun 

Nylon 6 nanofiber mat strip increased with the increase of solution concentration from 15wt% to 

20wt%. This increase in mechanical properties was accompanied by an increase in average fiber 

diameters. For the elastic modulus, based on comparatively high standard deviations for the 

elastic modulus and t-test results, it can be concluded that there is no significant change of elastic 

modulus with the increase of solution concentration from 15wt% to 20wt%.  

6.2 Future directions  

1.  Mechanical property of single fibers 

The present study yielded tensile test results for electrospun Nylon 6 fiber mat specimens. 

However, it was impossible to fully analyze the relationship between electrospinning parameters 

and mechanical properties for single Nylon 6 nanofibers. A number of factors affect fiber mat 
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mechanical properties, including number of fibers, fiber orientation and friction between fibers. 

It would be desirable to perform tensile testing of single fibers in order to obtain additional 

information on the effect of the electrospinning parameters on the actual fiber performance. For 

future work, it is thus recommended to conduct single fiber tensile testing and contrast 

experimental results with those from random fiber mats.  

2. Adding nanoscale fillers to polymer solution 

Adding nanoscale fillers to the polymer solution and subsequently electrospinning 

nanocomposite fiber may have beneficial effects on fiber properties or create a fiber material that 

has multifunctional properties. Nylon 6 has good mechanical properties and is a biocompatible 

polymer [35,36]. Hence, filler-modified Nylon 6 is a very promising material for advanced 

products such as conductive composite yarns for strain sensing applications, which can be 

accomplished adding conductive nanoparticles. It was already reported in the technical literatures 

that carbon nanotubes were successfully added to the Nylon 6 to fabricate electrospun Nylon 

6/carbon nanotube nanofibers for strain sensing and other electronic applications [39,41]. 

Employing a DOE approach and suitable statistical methods is seen as an appropriate means to 

explore the design space for such materials, and this thesis provides a guideline for this process. 

It is therefore recommended to employ the present approach to achieve effective design guidance 

also for nanoparticle modified electrospun nanofibers.  

3. Increasing the number of tensile testing fiber mat specimens 

For this study, the electrospinning experiment for each solution concentration was finished in 

one day. Given the current electrospinning setup, only a limited amount of tensile testing fiber 

strips could be produced in a one-day electrospinning experiment. To increase the number of 

tensile testing fiber mat specimens is a possible future direction. There are mainly two possible 

solutions. The first solution is to improve the electrospinning setup, e.g. using a larger collector 

or using two needles to concurrently electrospin nanofibers. The main purpose of this solution is 

to collect a larger area of fiber mat during the one-day electrospinning. The second solution is to 

electrospin fiber mats in two separate days. Then, tensile tests would be done for all specimens 

collected from two days of electrospinning. Note that there are several important issues that need 

to be considered for this solution. When electrospinning for two days, it is critical to guarantee 

controlled/constant manufacturing parameters, i.e., temperature, humidity, needle size, syringe 
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type and electrospinning distance, to remain exactly the same for two-day experiments. If some 

variables change within a two-day electrospinning experiment, the final tensile testing results are 

not reliable because the effects of the changed variables are not considered. In addition, for the 

tensile testing fiber specimens that are electrospun on different days, the storage time before the 

tensile testing should remain constant.  
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Appendix C 

Effect estimate tables for the screening test and the second step of the DOE study 
 

(1) Effect estimate table of fiber diameter for the screening test 

 

(2) Effect estimate table of the standard deviation of fiber diameter for the screening test 

 

(3) Effect estimate table of fiber diameter for the second step of the DOE study 

 

(4) Effect estimate table of standard deviation of fiber diameter for the second step of the DOE 
study 



 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 

 



 

 

 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 


