
PART I 

PROCESSING-STRUCTURE-PROPERTY STUDIES OF SUBMICRON FIBERS 

PRODUCED BY ELECTROSPINNING 

 

Summary  

 Electrospinning is a unique process to produce submicron fibers (as thin as 100 

nm) that have a diameter at least one to two orders of magnitude smaller than the 

conventional fiber spinning processes based on melt and solution spinning. As a result, 

the end use applications of these high specific surface fibers are numerous, ranging from 

composites, filtration to tissue scaffolds. In part I, a literature review on electrospinning 

(chapter 1) and the author’s focused research efforts in this area will be described 

(chapters 2-6). Recall that Chapters 2-6 are presented in the form of manuscripts that 

have been either published (chapters 3 & 5) or submitted (chapter 6) or are in the process 

of being submitted to peer reviewed journals (chapter 2).  

 The author’s research efforts address some fundamental and applied 

investigations involving electrospinning. More specifically, it was found that the solution 

rheological parameters like concentration and viscosity, in addition to molecular weight 

play an important role in governing the fiber formation during electrospinning of polymer 

solutions (chapter 2: Polymer, to be submitted). Furthermore, it was found that fiber 

formation depends strongly on the solution concentration regime, i.e., at low and dilute 

concentrations, droplets and beaded fibers were formed whereas uniform fibers were 

observed to form at a solution concentration greater than at least six times than that of the 

critical chain overlap concentration, c*, for linear homopolymers of poly(methyl 

methacrylate). Novel methodologies were developed to in situ photo crosslink the 

electrospun jet to produce a crosslinked network in the form of a submicron fiber (chapter 

3: Gupta, P.; Trenor, S. R.; Long, T. E.; Wilkes, G. L. Macromolecules 2004, 37, 9211-

9218) that could potentially be utilized for applications where a high resistance to 

chemical environments is required. In addition, flexible superparamagnetic substrates 

were developed by electrospinning a solution of an elastomeric polymer containing 

magnetic nanoparticles based on ‘mixed’ ferrites of Mn-Zn-Ni where the specific 

saturation magnetization and the magnetic permeability of these substrates were found to 
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increase linearly with the wt% loading of the nanoparticles (chapter 4). The methodology 

to simultaneously electrospin two polymer solutions in a side-by-side fashion was 

developed to produce bicomponent fibers with the rationale that the resulting electrospun 

mat will have properties from a combination from each of the polymer components. 

Bicomponent electrospinning of poly(vinyl chloride)- polyurethane and poly(vinylidiene 

fluoride)-polyurethane was successfully performed (chapter 5: Gupta, P.; Wilkes, G. L. 

Polymer 2003, 44, 6353-6359). In addition, filtration properties of single and 

bicomponent electrospun mats of polyacrylonitrile and polystyrene were investigated. 

Results indicated lower aerosol penetration or higher filtration efficiencies of the filters 

based on submicron electrospun fibers in comparison to the conventional filter materials 

(chapter 6: International Nonwovens Journal, submitted).  

     

 2



CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 Introduction 

In the second half of the 20th century, the use of polymers in our daily life has 

grown tremendously. Polymers are used in different forms and for a wide range of 

applications. Noticeable among these are the synthetic and regenerated polymers that 

have found applications in not only the textile and apparel sector but also in numerous 

industrial usages like tire cords, reinforcing and structural agents, barrier films, food and 

packaging industry, automotive parts, etc. The process of making fibers from polymers 

generally involves spinning, wherein the polymer is extruded through a spinneret to form 

fibers under suitable shear rates and temperatures. This conventional fiber formation 

process is generally followed by drawing that involves the plastic stretching of the as-

spun material to increase its strength and modulus. Depending on whether the polymer is 

in the molten state or in solution, the process is likewise termed as melt-spinning or 

solution spinning respectively. Typical average diameters obtained by these conventional 

spinning methods are about 10 µm and higher.1  

Over the last ten years, a novel technique has been re-explored to generate 

polymeric fibers in the submicron range. This technique, termed as electrospinning, 

produces filaments that are in a diameter range one or two orders of magnitude smaller 

than those obtained from the conventional melt-spinning and solution-spinning processes. 

Electrospinning is, therefore, a unique process because it can generate submicron 

polymeric fibers. Typically, electrospun fibers have a diameter as low as 50 - 100 nm. 

To understand the fundamental principle underlying the process of 

electrospinning, consider a spherically charged droplet of a low molecular weight 

conducting liquid that is held in vacuum. As shown in Figure 1.1a), the droplet is under 

the influence of two forces, viz. 1) the disintegrative electrostatic repulsive force and 2) 

the surface tension that strives to hold the droplet within a spherical shape. At 

equilibrium, the two forces completely balance each other, as is depicted by:  
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Figure 1.1 Phenomena of Electrospraying: when the electrostatic repulsive forces 

overcome the surface tension of the liquid, the droplet (1.1a) disintegrates into smaller 

droplets (1.1b). 
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where Q is the electrostatic charge on the surface of the droplet, R is the radius of the 

droplet, εo is the dielectric permeability of vacuum and σs is the surface tension coefficient. 

With increasing electric field strength, the charge on the surface of the droplet increases 

until it reaches a critical point when the electrostatic repulsive force overcomes the surface 

tension. When this happens then the droplet disintegrates and leads to the formation of 

smaller droplets [Fig. 1.1b]. This process is termed as electrospraying and has been utilized 

extensively for automotive spray painting. 
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 If this concept is extended to a solution of high molecular weight polymer solution 

that has sufficient chain entanglements, then instead of the formation of the droplets, a 

steady jet is formed that later solidifies in a polymer filament. Thus, the fundamental 

principle underlying the fiber formation by electrospinning can be stated as follows: a high 

electric potential is applied to a polymer solution (or melt) suspended from the end of the 

spinneret that imparts an electrostatic charge to the polymer solution. At low electric 

potentials, the disintegrative electrostatic repulsive forces that primarily reside on the liquid 

surface are balanced by the surface tension. At high electric potentials, the electrostatic 

repulsive force at the surface of the fluid overcomes the surface tension that results in the 

ejection of a charged jet. The jet extends in a straight line for a certain distance, and then 

bends and follows a looping and spiraling path.2 The electrostatic repulsion forces can 

elongate the jet to several thousand times leading to the formation of very thin jet. When 

the solvent evaporates, solidified polymer filaments are collected on a grounded target (or a 

winder) in the form of a non-woven fabric. The small diameter provides a large surface to 

volume ratio that makes these electrospun fabrics interesting candidates for a number of 

applications including membranes3, tissue scaffolding and other biomedical applications4-7, 

reinforcement in composites8 and nano-electronics.9  

 In the following sections, a review of the literature will be provided that will 

discuss the early attempts at electrospinning, the process of fiber formation, some relevant 

mathematical models that have been proposed to describe the electrospinning process and 

the applications of these electrospun submicron fibers.   

1.2 Literature Review 

 The electrical forces on free charges residing on the surface of a polymeric liquid 

are primarily responsible for driving the electrospinning process. In conventional spinning 

processes like melt or solution spinning, the fiber is subjected to tensile, rheological, 

gravitational, inertial and aerodynamic forces. The action of these forces has been 

described in detail by Ziabicki.10 In electrospinning, the tensile force is provided by the 

repulsion of like charges on the surface of the polymer jet. The principle of electrospinning 

finds similarities to electrostatic spraying. In fact, the electrostatic spray literature provides 

many insights into the electrospinning process and will be discussed in the next section.  
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1.2.1 Historical Background 

The behavior of electrically driven jets and the stability of electrically charged 

liquid drops have been of interest for many years. In 1745, Bose11 created an aerosol spray 

by applying a high potential to a liquid at the end of a glass capillary tube. Lord Raleigh 

also studied the instabilities that occur in electrically charged liquid droplets12. He 

calculated the maximum amount of charge that a drop of liquid can maintain before the 

electrical forces overcame the surface tension of the drop and led to the creation of a jet. 

Zeleny13 studied the role of the surface instability in electrical discharges from charged 

droplets. His findings showed that the theoretical relations for instability were satisfied 

when the discharge of the jet began. Vonnegut and Neubauer14 generated uniform streams 

of highly charged droplets with diameters around 0.1 mm. Their experiments proved that 

monodisperse aerosols with a particle radius of a micron or less could be produced from the 

pendant droplet at the end of a pipette. In the 1960s, Taylor15 analyzed the conditions at the 

point of a droplet that was deformed by an electric field in a conical geometry. He 

identified the critical electrical potential for an electrostatic formation of a cone of liquid 

(now known as a Taylor cone) at the end of a capillary tube. The conducting drop was 

supposed to be surrounded by air and suspended in a stable position from the capillary 

tube. By examining a range of low molecular weight fluids, Taylor concluded that the 

conical interface between air and the fluid was stable at the semi-angle conical angle of 

49.3o. However, it was shown that conductivity and viscosity both play an important role in 

the electrostatic atomization process which then influence the equilibrium angle and other 

aspects of the process.16 Taylor cones are considered to be important to electrospinning as 

they define the onset of extensional velocity gradients in the fiber formation process.  

1.2.2 Review of the Early Attempts on Electrospinning 

There is a precedent for the application of electrostatic atomization or spraying to 

polymeric solutions in the patent and academic literature. The electrospinning of fibers 

dates back to 1938 when Formhals17 invented the electrostatic apparatus. As shown in 

Figure 1.2, the spinning solution was discharged using a high electric field from an 

electrode of negative polarity. The fine filaments were attracted towards the movable 

electrode that was at a positive polarity. A stripping device facilitated the removal of fibers 

in the form of a fibrous sliver. A major drawback of such a setup was the difficulty to  
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Figure 1.2 Schematic of Formhals’ electrospinning setup to produce cellulose acetate 

fibers.17 

 
remove the fine fibers that adhered to the moving parts of the collecting belts, drums, 

wheels etc. Formhals formed fibers from a solution of cellulose acetate in ethylene glycol 

at a potential difference of 57kV.  

In 1966, Simons18 invented a process to produce a patterned non-woven fabric by 

electrospinning that was collected on a segmented receiver. The segmented receiver had 

two sets of segments such that one of the sets was at a different potential than the other 

causing the preferential deposition of fibers leading to a patterned fabric that had regions of 

low and high fiber density.  Filaments were electrospun from a solution of polyurethane in 

methyl ethyl ketone having a viscosity in the range of 100 to 3000 centipoise. In a different 

process, Isakoff19 devised a process to prepare fibrous sheets of organic synthetic polymers 

in which a filamentary web of fibers were electrostatically charged before being collected 

on a grounded movable surface. Fibers were electrically charged after they were formed by 

conventional solution spinning to facilitate their passage in a controlled trajectory.  

Utilizing a different geometry of the electrospinning apparatus, Fine et. al.20 

electrospun a thermoplastic elastomer where a cup-like apparatus contained the charged 

polymer solution that rotated about its vertical axis. The centrifugal forces pushed the 

polymer solution to the edge of the cup and into the ambient air. The presence of an 
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electrical field caused the formation of a jet that was attracted to a grounded movable 

aluminum screen that was driven slowly around the rollers in the form of a belt. The 

combined action of electrostatic and centrifugal forces led to the formation of high strength 

fibrous sheets.  

 Instead of placing the polymer solution in a cup, Guignard21,22 utilized another 

movable belt that carried the charged molten polymer. Here, two movable belts were used, 

as shown in Figure 1.3. As one of the belts, which carried the charged molten polymer, 

approached the grounded belt, formation of several jets from the surface of the exposed 

melt took place. These jets traveled towards the grounded collector belt and got deposited 

in the form of short filaments on the grounded belt. 

In a different study, in 1977 Martin et al.23,24 extended the concepts of single 

component electrospinning to electrospin a mat of organic fibers from a liquid containing a 

‘plurality of components’ from a single nozzle/syringe. They were also able to electrospin 

polymeric solutions having different compositions (blends) simultaneously from multiple 

nozzles/syringes. Collectors were either a stationary metal screen or a movable belt. The 

patent claimed the mat to be composed of fibers of a high molecular weight thermoplastic 

polymer based either on a fluorinated hydrocarbon, a silicone or an urea/formaldehyde. The 

resulting mats were flexible, non-absorbent, porous, and hydrophobic. These were 

suggested to be used as a wound dressing and as a lining for a prosthetic device.  

 

 

Figure 1.3 Schematic of Guignard’s electrospinning setup.21,22 
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In 1982, Bornat25 conducted simultaneous electrospinning by using several 

nozzles/syringes to form fibers. As shown in Figure 1.4, the syringes were filled with the 

polymer solution and placed a certain distance from the collector that was in the form of a 

long metallic cylinder. The syringes were kept at a ground potential whereas an electrical 

potential of –50 kV was applied to the collector. The electrostatic forces caused the 

formation of jets that were attracted towards the rotating collector. Solidified polymer 

filaments of poly(tetrafluoroethylene) and poly(ethylene oxide) (electrospun 

simultaneously) were wound on the rotating collector in this fashion to form a tubular 

product. The tubular products were suggested to find applications as synthetic blood 

vessels and urinary ducts.  

Utilizing a slightly different approach, Simm et al.26 were able to fabricate a 

composite filter based on electrospun fibers. They invented a process for the production of 

fiber filters in which a solution of polystyrene in methylene chloride was electrospun from 

an annular electrode onto two equidistant collector electrodes in the form of movable belts. 

The collector electrodes were already covered with a layer of cellulose fibers produced by 

conventional spinning methods. Thus, a composite filter that had electrospun polystyrene 

fibers on top of a layer of cellulose fleece was fabricated.  

 

Figure 1.4 Schematic of Bornat’s electrospinning setup.25 
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More recently, in 2000, Scardino et al27 have patented a process to make a 

hybrid/composite yarn. The electrospun fibers having diameters ranging from 0.4 nm to 1 

nm were suctioned into an air vortex and then combined with a carrier filament(s) 

(obtained from conventional spinning techniques) to form nonwoven or linear (yarns) 

assemblies. The yarns were later utilized for weaving, braiding or knitting fabrics. Utilizing 

the similar approach to make composite fibrous mats, Zarkoob et al.28 patented a process to 

produce silk nanofibers and silk nanofiber composites utilizing electrospinning. The 

electrospinning principles utilized were very similar to those mentioned above with some 

differences in the engineering details of the apparatus.  

In a detailed study in 1971, Baumgarten29 studied the relationships between fiber 

diameter, jet length, solution viscosity, flow rate of the solution and the composition of the 

surrounding gas. He investigated the electrospinning of acrylic nanofibers where fibers less 

than a micron in diameter were reported. In 1981, Lorrondo and Manley30-32 not only 

studied the effect of some of the parameters on fiber formation but also conducted some 

characterization studies on fibers of poly(ethylene) and poly(propylene) that were 

electrospun from the melt. The electrospun fibers were characterized by x-ray diffraction 

and mechanical testing. When the applied electric field was increased, the diffraction rings 

became arcs, thereby indicating the increasing alignment of the crystalline phase along the 

fiber axis. The fiber diameter was observed to decrease with increasing melt temperature 

and a qualitative correlation between the fiber diameter and viscosity was established.  

After a brief gap of a decade and a half, Reneker and his coworkers revived interest 

in electrospinning. In 1995, Doshi and Reneker33 studied the effect of several process 

parameters (to be discussed in detail in section 1.2.3.4) on fiber formation of poly(ethylene 

oxide) (PEO) fibers. Ever since then, many polymers have been electrospun and various 

aspects that better characterize the electrospinning process have been studied in great detail. 

In the following sections, several of these aspects will be described.  

1.2.3 Electrospinning Process Considerations 

1.2.3.1 Schematic of the Electrospinning Process 

 Most of the studies conducted to date have electrospun polymer solutions or melts 

in air (ambient conditions), although a study where electrospinning was conducted in 
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vacuum has also been reported.34 As shown in Figure 1.5, a typical experimental setup of 

the electrospinning process consists of a syringe-like apparatus that contains the polymer 

solution. The narrow end of the syringe is connected to a capillary, e.g. glass or Teflon. A 

platinum electrode dipped in the polymer solution is connected to a high voltage DC 

supply. When the high voltage DC supply is turned on, the electrode imparts an electrical 

charge to the polymer solution. As mentioned previously, a jet is ejected from the 

suspended liquid meniscus at the capillary-end when the applied electric field strength 

overcomes the surface tension of the liquid.15 Near the critical point, where the electric 

field strength is about to overcome the surface tension of the fluid, the free surface of the 

suspended drop changes to a Taylor cone, as described earlier. The jet is ejected from the 

tip of this Taylor cone as the electric field strength is increased. When this idea is extended 

to polymer solutions or melts, solidified polymer filaments are obtained on the grounded 

target as the jet dries. Typical operating conditions are: internal diameter of the capillary-

end is usually 0.7 – 1mm, flow rates of 3-10 ml/h are commonly employed at a potential 

drop of 5 – 20 KV and distances of 10 – 30 cm between the capillary-end and target. The 

target or the collector screen can be at a ground potential or be kept at a polarity opposite to 

Pt Electrode 

Taylor cone 

(Rotating or Stationary) 
Target 

Jet 

Polymer 
solution 

Syringe Glass Pipette 

Metering 
Pump 

High Voltage 
Supply 

 

Figure 1.5 Schematic of a typical electrospinning setup. 
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that of the polymer solution.  Different types, shapes and sizes of target have been utilized. 

Also, the target could be kept stationary or be movable. It can also be rotated about its axis 

to produce a mat that has a preferential alignment of fibers along a specific direction. 

However, the degree of molecular orientation in a fiber spun from a solution of a polymer 

(in particular an amorphous system) is not generally high. This is due to the high molecular 

mobility10 in fibers containing solvents (chain relaxation is often faster than the time it 

takes for the solvent to evaporate completely from the fiber before the onset of Tg restricts 

any further orientation loss). 

1.2.3.2 Process of Fiber Formation 

The electrospinning process has three stages:2 a) initiation of the jet and the 

extension of the jet along a straight line; b) the growth of a bending instability and further 

elongation or drawing of the jet that allows it to move in a looping and spiraling path; c) 

solidification of the jet into nanofibers. In the next three sections, these three stages will be 

described following which various mathematical models that have offered to quantify the 

jet behavior will be briefly outlined. 

1.2.3.2.1 Initiation of the jet 

In a typical electrospinning apparatus, the polymer solution in contained in a 

syringe or a glass capillary. One of the electrodes is dipped in the polymer solution whereas 

the other acts as the collector target that is kept at a certain distance from the syringe 

(hence, not immersed in the solution). When an electric field is applied to a polymer 

solution, ions in the solution aggregate around the electrode of opposite polarity. This 

results in the build-up of an excess of ions of oppositely charged polarity near an 

electrode.1 For instance, if a positive electrode is dipped in the polymer solution, then the 

negative ions migrate towards the anode but the positive ions aggregate at the tip of the 

capillary leading to a charge build-up. Thus, the region of interest is the solution near the 

tip of the capillary where these excess charges aggregate at the surface of the suspended 

liquid/solution drop. The shape of the meniscus of the suspended polymer droplet is 

defined by the balance of hydrostatic pressure, electrical forces and, surface tension.35 In 

weak fields, the polymer solution is held at the end of the capillary by surface tension. 

When the electric field increases, the meniscus elongates to form a conical configuration 

(Taylor Cone), until at some critical value of the electric field, surface tension can no 

 12



longer balance the hydrostatic and electric forces and a thin jet is ejected from the surface 

of this meniscus. This ejected jet travels toward the nearest electrode of opposite polarity, 

or electrical ground. It is believed that excess charge is essentially static with respect to the 

moving coordinate system of the jet.36 This means that the electrospinning jet can be 

essentially thought of as a string of charged elements connected by a viscoelastic medium, 

with one end fixed at a point of origin and the other end free.  

 Doshi and Reneker33 were able to measure the jet diameter as a function of distance 

from the apex of the cone by laser light diffraction. For a 4wt % PEO solution in water 

electrospun at a electric field strength of 0.4 kV/cm, the jet diameter was observed to 

decrease with increasing distance. The jet diameter decreased by a factor of 5 (from 90 µm 

to about 18 µm) at a distance of 10 mm from the tip of the cone. Taking the solvent (water) 

evaporation into account, this indicated a large amount of stretching of polymer chains in 

the jet. With the aid of high-speed photography, Fong and Reneker2 measured jet diameters 

in the range of 20 – 100 µm for a 3wt% PEO solution in water electrospun at electric field 

strength of 0.5kV/cm. The polymer solution was electrospun through a hole of 300 µm in 

the bottom of a metal spoon. It was found that when the semi-vertex conical angle was 

22.5o, the electric force was high enough to overcome both the surface tension and 

viscoelastic forces and as a result, a jet was ejected. After the initiation of the jet, the 

conical protrusion relaxed to a steady rounded shape in a few milliseconds. At times, the 

shape of the conical protrusion and jet current pulsated even though the applied field 

strength was constant. A steady current was associated with the cone that had a constant 

shape. 

1.2.3.2.2 Growth of the Bending Instability and Further Elongation of the Jet 

In a detailed study36, Reneker and coworkers observed the path of the jet. After 

initiation, the jet traveled in a straight line for some distance (typically 2-3 cm). It was 

hypothesized that an electrically driven instability triggered by the perturbations of the 

lateral position and lateral velocity of the jet caused it to follow a bending, winding, 

spiraling and looping path in three dimensions. As shown in Figure 1.6, high-speed 

photographs taken at 2000 frames per second demonstrated that the jet in each loop became 

longer and thinner as the loop diameter and circumference increased. After some time, the 

segments of the thinner smoothly curved loop developed a new instability similar to, but at  
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Figure 1.6 High speed photography results on electrospun 6 wt % PEO (400, 000 MW) 

in 60 % Water & 40 % Ethanol & 1kV/cm. The jet initiation is at the bottom right of 

every frame.36 

 
a comparatively smaller scale, than the first. The new bending instabilities continued to 

grow in a similar fashion that caused the jet to spiral around the path of the first loop. The 

process of promoting the bending instability repeated in a self-similar manner as the 

polymer jet dried into a solidified filament. These were collected on the target that was kept 

at an attractive potential.  

Rutledge et al.37 also confirmed these observations by utilizing similar high-speed 

photography experiments. The bending instability of the rapidly moving jet was referred to 

as the ‘whipping jet’, where each self-similar repetition of bending instability, as described 

by Reneker and coworkers has been termed as a ‘whipping’ process. The spatial 

dimensions of the whipping periodicity was found to be significantly greater than the radius 

of the jet, so that when the jet is observed with a naked eye (30-40 frames/second) the jet 

appears to be splaying into multiple filaments, a hypothesis that was widely accepted 

 14



before high-speed photography was utilized to fully characterize the behavior of the 

electrospun jet.  

Recently, it was shown that the electrically driven bending instability in the 

electrospinning of polycaprolactone resulted in the contact and merging of segments in 

different loops of the jet when it was in flight.38 These contacts limited the lateral 

expansion of the jet path and led to the formation of a long, slender, slow moving and 

irregular network of electrically charged nanofibers having a fuzzy appearance. This 

‘garland’ of nanofibers followed a ‘curly’ path until it was intercepted and collected at the 

target. 

1.2.3.2.3 Solidification of the Jet into a Polymer Filament 

As the rapidly ‘whipping’ jet moved towards the target maintained at an attractive 

potential, it continued to expand into a spiraling and looping path. This process continued 

until the jet became fairly thin and was intercepted by the target. As can be premised, the 

greater the distance the jet travels, the thinner it becomes. Thus, the distance between the 

capillary-end and the target is one process parameter that has direct implications on the 

fiber diameter. In fact, other process parameters include the flow rate, concentration, and 

electric field strength, to name a few. The effects of these and other system parameters will 

be discussed in greater detail in section 1.2.3.4. 

1.2.3.3 Outlines of Mathematical Models Describing the Initiation and Bending 

Instability of the Electrospun Jet 

Of the several models that have been proposed to explain the phenomena of 

electrospinning, there are only a few that can explain the many facets of the electrospinning 

process. In the following paragraphs, these are outlined.  

Spivak and Dzenis39 modeled the motion of a weakly conductive viscous jet 

accelerated by an external electric field taking into account the inertial, hydrostatic, 

viscous, electrical and surface tension forces. The polymer fluid was described by a non-

linear rheological constitutive equation (Ostwald-deWaele law). In such a polymer fluid jet, 

it was assumed that the electrical current due to electronic or ionic conductivity of the fluid 

was small compared to the current provided by the convective charge transfer due to the 

movement of the fluid elements. However, the conductivity was assumed to be sufficient 

for the electrical charges to migrate to the jet surface. The bulk electric charge was then 
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assumed to be zero, in the asymptotic limit. The surface charge interacts with the external 

electric field to create the pulling force responsible for jet acceleration. The overall electric 

potential, φ, was obtained as a sum of the potential of the surface charge, φs, and the 

potential of the external field, φext = -Eoz, where Eo was the electric field. The linear 

momentum balance in the axial balance yielded the following equation of motion in the 

axial direction, z: 
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where v was the average jet velocity, R was the radius of the jet, m was the flow index and 

Ω was the surface charge density. The average hydrostatic pressure, p, in the cross section 

was determined by the surface tension and transverse electric repulsion. Spivak and Dzenis 

approximated the slender jet as: 
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where σs was the surface tension coefficient and εo was the dielectric permeability of 

vacuum. The mass and electric charge balance equations then reduced to: 
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where Q was the constant volumetric flow rate, σ was the electrical conductivity of the 

fluid and I was the constant total electric current. For a weakly conductive jet, the electric 

current was primarily by convective charge transfer. Thus the current was approximated by 

I = 2QΩ/R. When the dimensionless jet radius,  and the axial coordinate, 
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and Ro was the radius of the capillary orifice, then Equations (1.3) and (1.4) reduced to the 

following dimensionless equation for the jet radius: 
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The dimensionless parameters in Eq. (1.7) are: the Weber number, defined as  

                                      We = (2π2Ro
3σs)/(ρQ2)                                                               (1.8) 

which describes the ratio of the surface tension forces to the inertial forces; the parameter  

                                        Υ = π2I2Ro
6)/(4εoρQ4)                                                                (1.9) 

that describes the ratio of the electrical to inertial forces and the effective Reynolds number 

for the fluid,  

                             Re = (Q2ρ)/(2π2Ro
4µ)[4πEoIRo

2)/(Q2ρ)]-m                                          (1.10) 

that describes the ratio of the inertial to viscous forces. Integrating Eq. (1.7), the following 

relationship was obtained: 
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where C was the integration constant, determined by the boundary condition. A power-law 

asymptotic approximation of the jet radius α−zR ~~~ , where α, the exponent, was a positive 

constant, was substituted in Eq. (1.11). This gave 

                                              )1(
Re

~)12(~2~~4~
OzzzzWez

mm

=−−Υ−+
−−− αααα α                    (1.12) 

The power balance as yielded  +∞→
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For pseudoplastic and dilatant fluids with flow index m in the range from 0 to 2, the 

solution of Eq. (1.13) is α = ¼, which led to the well-known power law asymptote for 

Newtonian fluids: 

                                                                         
41~~
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 To make a comparison with experimental data, Spivak and Dzenis40 in another publication, 

solved the one-dimensional differential equation for a 4 wt% aqueous solution of PEO 

(1,450,000 g/mol) that was electrospun at a field strength of 0.4 kV/cm. Within limits of 

experimental error, the predicted radius of the jet agreed with that observed experimentally, 
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over a distance of 1.5 cm from the origin of the jet (beyond 1.5 cm, the jet started to 

undergo a bending/whipping instability). For dilatant fluids with a flow index greater than 

2, the solution to Eq. (1.13) was α = ½ m/(m-2).  These two solutions described two 

asymptotic regimes of jet motion. In the first regime, the influence of viscosity at large 

distances was small and the electric field work was fully transformed into the kinetic 

energy of the jet. In the second regime, the viscous stresses prevail at large distances and 

asymptotic flow behavior depended on the parameter of the constitutive equation of the 

fluid.  

Yarin and coworkers41 studied the formation of a conical meniscus (referred to as 

the Taylor Cone earlier) and the phenomena of jetting from liquid droplets in 

electrospinning of nanofibers. It was concluded that the critical half angle of the conical 

meniscus of the charged fluid does not depend on the fluid properties for Newtonian fluids, 

since an increase in surface tension was always accompanied by an increase in the critical 

electric field. It was shown both theoretically and experimentally, that as a liquid surface 

develops a critical shape; its configuration approached the shape of a cone with a half angle 

of 33.5o rather than a Taylor cone of 49.3o. In elastic or unrelaxed viscoelastic fluids, the 

geometrical sharpness of the critical hyperboloid was concluded to depend on both the 

elastic and surface tension forces. 

 Reneker et al.36 proposed the following mechanism for the onset of jet instability: 

upon initiation, the jet of the polymer solution was rapidly accelerated away from the 

capillary-end toward the target by electrostatic forces. This provided a longitudinal stress 

that stabilized the jet, keeping it initially straight. At some distance from the point of 

initiation, the jet of the polymer solution started to undergo stress relaxation. The point 

along the jet at which this occurred depended on the electric field strength. Increasing the 

electric field strength increased the length of the stable jet. Once stress relaxation began, 

the electrostatic interaction between the charged elements of the jet began to dominate the 

ensuing motion, initiating and perpetuating the chaotic motion of the jet. A mathematical 

model was proposed to describe the chaotic motion of the jet, also referred to as the 

‘bending instability’ or ‘whipping’ of the jet. The bending instabilities in electrospun jets 

were modeled as a system of connected viscoelastic dumbbells. In Figure 1.7, the beads, 

‘A’ and ‘B’, in dumbbells possessed appropriate mass and charge. The beads interacted  
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Figure 1.7 Viscoelastic dumbbell representing a segment of the rectilinear part of the 

jet.36 

 

with each other according to Coulomb’s law and were subject to the electrical forces 

from the electrical field created between the pendant droplet and the target by the 

imposed potential difference. The viscoelastic jet was modeled by Maxwellian springs 

and dashpots that connected the beads. The stress, σ, experienced by the bead B was 

expressed as: 

                                                              
µ
σσ G

ldt
dlG

dt
d

−=                                              (1.15) 

where l is the filament length, t is the time, G is the elastic modulus and µ is the Newtonian 

viscosity. The momentum balance yielded: 

                                                         σπ 20
2

2

a
h

eV
l
e

dt
dvm +−−=                                      (1.16) 

where m and e were the mass and charge on the bead respectively, a was the cross-sectional 

radius of the filament and v was the velocity of the bead B that satisfied the relation 
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                                                               v
dt
dl

−=                                                              (1.17)                        

In addition to the viscoelastic forces, surface tension, electrostatic forces, air friction and 

gravity were also taken into consideration. The compressive stress along the jet axis of the 

air drag was found to be negligibly small in comparison with the stretching due to gravity 

and electrical forces.  

 Reneker considered the electrically driven bending instabilities of an electrospun jet 

as particular examples of the general Earnshaw theorem42 in electrostatics. This theorem 

states that it is impossible to create a stable structure in which the elements interact only by 

Coulomb’s law. As a result there will always be a lateral force component that will cause 

the jet to deviate from its original initiated path into a looping spiraling trajectory. To better 

understand the Earnshaw instability relevant to electrospinning context, three point-like 

charges, originally in a straight line were considered by Reneker and coworkers.36 As 

shown in Figure 1.8, these charges at A, B and C carried the same charge e. Two Coulomb 

forces having magnitudes F = e2/r2 pushed against charge B from opposite directions. If a 

perturbation caused the point B to move off the line by a distance δ to B’, a net force  

                                                    F1 = 2Fcosθ (=2e2/r3)δ                                                (1.18) 

acted on the charge B in a direction perpendicular to the line, and tended to cause B to 

move further in the direction of the  perturbation away from the line between the fixed 

charges, A and C. The growth of the small bending perturbation that was characterized by δ 

was governed in the linear approximation expressed by 

                                                                δδ
3
1

2

2

2 2
l
e

dt
dm =                                                 (1.19) 

where m was the mass and l1 was the distance between the charges A and B, as shown in 

Figure 1.8.  The solution of this equation,  

                                                                                             (1.20) ])/2exp[( 2/13
1

2 tmleoδδ =

showed that small perturbations increased exponentially. The increase was sustained 

because the electrostatic potential energy of the system decreased as e2/r when the 

perturbations grew. This mechanism was believed to be responsible for the observed 

bending instability of jets in electrospinning. The electrospun jet was visualized as a series 
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Figure 1.8 Illustration of the Earnshaw instability leading to bending of an electrified 

jet.36 

 
of charged beads, such that the equation governing the radius vector of the position of the 

ith bead ri = ixi + jyi + kzi was 
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where Rij = [(xi-xj)2+(yi-yj)2+(zi-zj)2]1/2, h was the distance from pendant drop to the 

collector, Vo was the potential drop, aui was the filament radius at the ith bead, α was the 

surface tension coefficient and  σui was the stress acting in the ith bead. Both space and time 

dependant perturbations lead to the development of an electrically driven instability. Small 

perturbations modeled as 

                                                                                                    (1.22a) )sin(10 3 tLxi ω−=

                                                                                                         (1.22b) )cos(10 3 tLyi ω−=
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where ω was the perturbation frequency, were introduced by Reneker and coworkers36 in 

the final analysis to obtain the trajectories of the jet. Three-dimensional equations of the 

dynamics of the electrospun jets were then solved numerically for jet path and trajectory. 

The predicted jet path and trajectory were compared to experimental results obtained for a 

6wt% PEO solution in 60/40 water/ethanol electrospun at a field strength of 1kV/cm. The 

predicted motion of the jet was in good agreement with the experimental data until about 2-

3 ms after jet initiation. After 3 ms, the predicted motion deviated from the experimentally 

observed results. The jet velocity was predicted to be a bit larger (1-2 m/s) than the 

experimentally observed value of 0.8-1.1 m/s in the first 8 ms after jet initiation. The 

predicted lateral motion and the lateral velocity of the jet were at least two orders of 

magnitude higher than the experimentally observed results. Warner et al.43 measured the 

average jet velocity to be 15 m/s in their experiments involving electrospinning of 2 wt% 

aqueous PEO solution. Based on the area reduction calculations, the draw ratio of the jet 

was estimated to be about 60,000 taking into account the evaporation of the solvent.36 The 

longitudinal strain rate was calculated to be about 105 s-1. Lorrondo and Manley31 had 

earlier determined the strain rate to be of the order of 50 s-1 and earlier works of Doshi and 

Reneker33 have reported strain rates as high as 104 s-1.  

From the above discussion it was made clear that electrostatic interactions between 

individual charge elements in the jet and between charge elements and the macroscopic 

electric field were primarily responsible for initiation and perpetuation of the bending 

instability. Keeping this in mind, Deitzel et al.1 designed an electrospinning apparatus to 

dampen or eliminate the jet instability by controlling the shape and strength of the 

macroscopic electric field. A series of charged copper rings were introduced between the 

capillary-end and the target to be used as an electrostatic ‘lens’ element that changes the 

shape of the macroscopic field from the point of jet initiation to the collection target. The 

field lines converged to a centerline above the collection target, as shown in Figure 1.9. 

When the charged jet passed through this electric field, it was forced to the center in a 

manner analogous to a stream of water that is poured into a funnel. The collection target 

had a potential bias whose polarity was maintained opposite to that of the ‘lens’ to allow 

for a continuous increase in the electric field strength and a corresponding increase in the 

electrostatic force on the jet as it approached the target. High speed images of the jet from 
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7-10wt% of aqueous PEO solution taken at 10cm, a region well into the bending instability, 

from the capillary-end indicated a straight jet at a ring potential electrode of 5kV. When the 

ring electrode potential was dropped to 2.5kV, the jet trajectory resembled the shape of a 

tight corkscrew. Upon increasing the potential back to 5kV, the jet was observed to 

straighten out.  Further, a significant reduction in the area of coverage of fiber collection on 

the target was observed with the multiple charged rings setup. These observations and 

results proved that the electrically driven bending instability primarily governed the jet 

trajectory. Thus, fiber deposition on the target can be controlled suitably by utilizing an 

electrostatic ‘lens’ like formation.  

Rutledge and coworkers44-47 modeled the electrospinning process based on the 

approach that the instabilities occurred on a length scale much longer than the jet radius. As 

a result, the jet was represented as a long, slender object. The polymer fluid was assumed to 

be Newtonian and incompressible, although it was stated that the viscoelastic fluids could 

also be subjected to this treatment without major revisions of the theoretical approach. The 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 a) Multiple field electrospinning apparatus; b) Field lines calculated for 

multiple field electrospinning geometry.1 
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relevant three-dimensional variables considered were – radial velocity (vr), axial velocity 

(vz), radial electric field (Er) and axial electric field (Ez). Utilizing these four variables, a 

Taylor series expansion of the radius of the jet was substituted into the full three-

dimensional equations for conservation of mass, conservation of charge and differential 

momentum balance. Only the leading terms of the expansions were retained. The resulting 

hydrodynamic equations were made non-dimensional by choosing a length scale ro, where 

ro was the diameter of the capillary; a time scale  

                                                      γρ /3
00 rt =                                                              (1.23) 

where γ was the surface tension and ρ was the density of the fluid; an electric field strength 

                                                   00 )/( reE
−

−= εγ                                                         (1.24) 

where was the permittivity of the fluid (air); and a surface charge density )(
−

εε 0/ r
−

εγ . 

The material properties of the fluid were characterized by four dimensionless parameters 

                                                                                                                       (1.25) 1/ −=
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εεβ

the dimensionless viscosity 
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 the dimensionless gravity 

                                                                                                                   (1.27) γρ /2
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 and the dimensionless conductivity  
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* βγρrKK =                                                        (1.28) 

The non-dimensionalzed equations for conservation of mass and conservation of charge 

and the Navier-Stokes equation were given as follows: 
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where h(z) was the radius of the jet at axial coordinate z; v(z) was the axial velocity of the 

jet and was assumed to be constant across the jet cross-section; σ(z) was the surface charge 

density and E(z) was the electric field in the axial direction. The prime (’) denotes 

differentiation with respect to z. Coulomb’s law ( , where F is the 

electrostatic force between two stationary charges qa and qb separated by a distance r and k 

is a constant) was utilized to derive the non-dimensionalzed tangential field inside the jet. It 

was expressed as: 

2/ rqkqF ba=
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where λ(s) was the linear charge density along the jet, parameterized by the arc length s 

that varied over a length scale L much larger than the jet radius.  

For the linear stability analysis, axisymmetric perturbations of the form 

were applied to the radius, where hε was assumed to be small. Similar 

perturbations in velocity, surface charge density and the local electric field strength were 

also introduced. A schematic representation of the axisymmetric instabilities and the local 

variations in charge density are shown in Figure 1.10a. When these were substituted in the 

governing hydrodynamic equations, a dispersion relation for axisymmetric instabilities was 

obtained: 
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where σo was the (dimensionless unperturbed charge density and 1/χ was the local aspect 

ratio of the jet. Equation (1.33) worked for arbitrary values of conductivity, dielectric 

constant, viscosity and field strength, as long as the tangential electrical stress was smaller 

than the radial viscous stress. Non-axisymmetric disturbances were modeled by considering 

wavelength modulations of the jet centerline and the resulting equations of motion were 

more complicated than Eqs. (1.29-1.31) and are discussed below. When the jet underwent  
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a) b) 
 

 

Figure 1.10 Axisymmetric and b) non-axisymmetric instabilities in a fluid in an external 

electric field. ∆ denotes perturbations of the surface charge density (σ). The arrows 

indicate the local torque that bends the jet.44  

 
bending, the charge density along the jet was no longer uniform around the circumference 

of the jet, but also had a dipolar component, P(z), oriented perpendicular to the jet axis, as 

the internal charges adjusted to screen the external field. These dipoles set up a localized 

torque that bent the jet, and oscillations of the bending instability accounted for the 

whipping motion of the jet. This is illustrated in Figure 1.10b. To derive the dispersion 

relation for non-axisymmetric disturbances, the centerline of the jet was described in non-

dimensional coordinates by  

                                                                                                      (1.34) xezzyzr ikzt ˆˆ),( +

−
+= ωε

where  and were unit vectors in a Cartesian coordinate system. The final form of the 

dispersion relation for the non-axisymmetric disturbances was obtained 
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Based on the linear stability analysis (for axisymmetric and non-axisymmetric modes), 

three different types of instabilities were predicted: two axisymmetric modes and one non-

axisymmetric mode. The first axisymmetric mode was stated to be associated with the 

Raleigh instability, which was dominated by surface tension. The Raleigh instability was 

suppressed at high electric fields and therefore irrelevant for electrospinning. In addition, 

there were two electrically driven modes, which were referred to as ‘conducting’ modes 

because they were primarily sensitive to fluid conductivity and insensitive to surface 

tension at high electric fields. The first of these modes was axisymmetric, while the second 

was non-axisymmetric (referred to as ‘whipping’). The competition between the two 

conducting modes was of importance at high electric fields typical of the electrospinning 

process. The mode that dominates depended critically on both the surface charge density 

and the radius of the jet as it thinned away from the tip of the capillary/nozzle.  

By choosing appropriate boundary conditions, the jet profile of a glycerol solution 

was calculated. When compared to the experimental results, the agreement was found to be 

satisfactory. It was concluded that the key process in the formation of submicron-scale 

solid fibers was a convective instability, the rapidly whipping jet (also referred as the 

electrically driven bending instability by Reneker and coworkers36). The theory, as 

articulated by Rutledge and coworkers44-47 demonstrated the mechanism of whipping: the 

charge density on the jet interacted with the external field to produce instability. In 

addition, it was stated that the electrospinning process might be captured through the use of 

operating diagrams of electric field versus flow rate. A third operating parameter, the 

electric current, was also crucial, although not an independent parameter. The current was a 

measure of the charge density carried by the jet and depended on the manner in which the 

charge was induced in the fluid e.g., the equipment configuration, such as the geometry of 

the high voltage electrode and the shape of the local electric field in the vicinity of the 

capillary-end. It was conjectured that stretching and acceleration of the jet in the instability 

region prior to solidification achieved the large reduction in fiber diameter.  
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There is a problem with the above theory, however, regarding the boundary 

condition at the capillary-end.  Unless the initial surface charge density was zero or very 

small, the jet bulged out upon exiting the capillary in a ‘ballooning instability’, which never 

occurred in reality. To overcome this instability, Feng48,49 proposed a slightly different 

Newtonian model that avoided this complication. Well-behaved solutions were prepared 

that were insensitive to the initial charge density, except inside a tiny ‘boundary layer’ at 

the capillary-end. Then a non-Newtonian viscosity function was introduced into the model 

and the effects of extension thinning and thickening were explored. An empirical 

correlation was utilized to simulate strain hardening typical of polymer liquids that 

generally steepened the axial gradient of the tensile stress. It was concluded that stretching 

was more pronounced at the beginning of the jet but it weakened as the jet approached the 

target. 

In all the models discussed above, the theory of electrically driven bending 

instability as proposed by Reneker and coworkers36 is probably the most effective in 

explaining the electrospinning process as it accounts for the viscoelastic and non-

Newtonian nature of polymeric fluids as opposed to the approached utilized by Rutledge 

and Feng where highly simplified models based only on Newtonian fluids were proposed. 

In the following sections, the effect of the system and process parameters on 

electrospinning will be discussed. The effects of these parameters will be described 

primarily in terms of the fiber diameter although in certain cases the effects of these 

parameters on fiber formation and morphology will also be discussed. 

1.2.3.4 Effect of System and Process Parameters on Electrospun Fiber Diameter 

The following system and process parameters have been noted to affect the fiber 

diameter:33,43,50-63 

System Parameters: 

• Viscosity 

• Concentration 

• Net charge density (conductivity)  

• Surface tension of the polymer fluid. 

• Molecular weight 

• Molecular weight distribution  
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• Topology (branched, linear etc.) of the polymer. 

Process Parameters: 

• Electric potential  

• Flow rate of the polymer solution 

• Distance between the capillary-end and target/collection screen 

• Ambient parameters (temperature, humidity and air velocity in the chamber) 

• Motion of target screen 

• Internal diameter of the nozzle/capillary 

As discussed earlier, an electrically driven jet of low molecular weight liquid would 

form droplets, a phenomenon more commonly referred as electrospraying. The formation 

of such droplets was reported to be due to the capillary breakup of the jet by surface 

tension.64 In the case of polymer solutions, the pattern of capillary breakup is quite 

different. Instead of a complete breakup of the jet in response to the capillary instability, the 

jet between the droplets forms a nanofiber and the contraction of the radius of the jet, 

which is driven by surface tension, causes the remaining solution to form a bead. Fong et 

al.51 observed the formation of beaded nanofibers that were electrospun from aqueous PEO 

(900,000 g/mol) solution at concentrations of 1-3 wt%, 21.5 cm and 15 kV. The 

corresponding zero shear rate viscosities of these solutions ranged from 13 – 527 centipoise 

respectively. As the concentration (and consequently the viscosity) was increased, the 

beads were observed to be larger, the average distances between beads were longer, the 

fiber diameter was larger and the shape of the beads changed from spherical to spindle-like.  

At concentrations higher than 4wt % (1250 centipoise), uniform electrospun fibers were 

observed. In a similar study, Jaeger et al.65 observed the surface of beads on PEO 

nanofibers by atomic force microscopy. The beads were reported to possess a highly 

ordered surface at the molecular level. Similar results, where systematic increases in 

concentration (and consequently viscosity) lead to the formation of uniform fibers, have 

been observed by other researchers as well.33,66 Recently, McKee et al53, investigated the 

effect of solution rheological behavior on fiber morphology of linear and branched 

copolymers of poly(ethylene terephthalate-co-ethylene isopthalate) (PET-co-PEI) that were 

electrospun from a good solvent. In that study, investigation of the dependence of 

electrospun fiber diameter on concentration in addition to correlations between viscosity 
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and concentration in different concentration regimes,67-69 viz. dilute, semidilute 

unentangled and semidilute entangled, were investigated. A systematic approach to 

investigate electrospun fiber formation in different concentration regimes (dilute, 

semidilute unentangled and semidilute entangled) is very relevant to understand the process 

of fiber formation from a solution rheological standpoint and the effect it has on 

electrospinning. While some of these issues were addressed in the study by McKee53, the 

author’s recent work (as discussed in chapter 2) investigates and further tests the effects of 

scaling relationships between viscosity and concentration in different concentration 

regimes on fiber formation and morphological features of electrospun systems. In Chapter 

2, the effects of concentration, viscosity and molecular weight on electrospun fiber 

formation will be described in detail.  

To study the effect of surface tension on the formation of electrospun fibers, Fong 

et al.51 added a co-solvent (ethanol) to the aqueous PEO solution to change the surface 

tension of the polymer solution. The surface tension was observed to decrease with the 

addition of ethanol. PEO solutions of 3wt% were prepared in varying weight ratios of 

ethanol/water (from 0 to 0.702, by weight). The surface tension of a 3wt% aqueous PEO 

solution was 76 mN/m and that of a 3wt% PEO solution in ethanol/water:0.702  was 51 

mN/m. When these solutions were electrospun at 0.5 kV/cm, beaded fibers were observed 

at higher values of surface tension (>59 mN/m), whereas uniform fibers were observed to 

form at lower values of surface tension (<59 mN/m). It has now been established, that 

increasing the concentration (and consequently viscosity) and lowering the surface tension 

favors the formation of uniform fibers.52,70,71 

The effect of net charge density has also been studied.51 By adding a salt to the 

polymer solution, the conductivity of the solution was observed to increase. As a result the 

net charge density of the polymer solution increased. With increasing concentrations of 

NaCl in aqueous 3 wt% PEO solution electrospun at 21.5 cm and 15 kV, uniform fibers 

were observed to form at a net charge density of 3 Coulomb/liter of higher. The formation 

of beaded fibers was also studied by neutralizing the charges on the jet with ions of 

opposite polarity generated by a corona discharge. These ions were carried to the jet by 

flowing air. It was found that increasing the number of neutralizing ions that intercepted the 

electrospun jet, more beaded fibers were formed. The electrical forces on the jet were 
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reduced by a neutralizing charge, so that the jet behavior gradually became that of an 

uncharged jet, and as a result beads were observed to form.  The effects of neutralizing ions 

were consistent with the results produced by the addition of a salt to the aqueous PEO 

solution. Both show that the net charge density carried by the moving jet tends to resist the 

formation of beads. Thus, the higher the net charge density carried by the jet, the more 

likely that a smooth fiber will be formed.  

Hsieh et al.71 studied the effect of the nature of the collecting target on the fiber 

morphology and fiber packing. Fibers collected on paper were found to have smooth 

surfaces and more uniform sizes than those collected on a water surface. However, the 

fibers collected on the water surface were found to be densely packed. Electrically 

conductive targets, such as Al foil and water, favor a tightly packed and thick membrane 

structure, whereas, a loosely packed fibrous network structure was observed to form on a 

nonconductive target, like paper. The overall pore volume was higher in electrospun mats 

collected on paper than those collected on water. Also, the pores in the mats collected on Al 

foil and paper were better interconnected in the planar directions than those collected on the 

water surface. By utilizing a novel approach, Kameoka and coworkers72-77 devised a 

method to achieve a controlled deposition of oriented polymeric nanofibers. This method 

used a metallic micron tip that was dipped in the polymer solution to gather a droplet as a 

source material. Subsequent application of the voltage to this tip led to the formation of jet 

that was deposited on a rotating counter electrode. This resulted in the collection of 

oriented nanofibers that were suggested to be integrated with microfabricated structures.  

Zong et al.78 studied the effect of feed rate on fiber diameter, where the polymer 

solution was contained in a syringe such that the plunger was pushed by a metering pump. 

Observations of fibers electrospun from 25wt% poly(D,L- lactic acid) (PDLA) solution in 

DMF at 0.8kV/cm indicated that the fiber diameter increased with increasing flow rate as 

might be expected. Potassium dihydrogen phosphate (KH2PO4) at a concentration of 1wt % 

was added to the solution to increase the conductivity. With increasing electric potential, 

the jet velocity was observed to increase significantly and the solution was removed from 

the capillary-end more quickly. As a result the volume of the Taylor cone at the capillary 

end was observed to become smaller. At higher voltages (<25kV), the Taylor cone 

disappeared completely and the jet was found to initiate directly from a region inside the 
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capillary. In the case where polymer solution was kept in a glass capillary (or in other 

words, the polymer solution was not forced through the capillary-end by a plunger) 

Larrondo and Manley30 determined that doubling the applied electric field decreased the 

fiber diameter by roughly 50%. However, Baumgarten29 showed that the diameter of the jet 

reached a minimum after an initial increase in field strength and then became much larger 

with increasing electric fields. This was caused by the feed rate of the polymer solution 

through the capillary, and illustrated one of the complexities of the electrospinning process, 

i.e., increasing the electric field not only increased the electrostatic stress, thereby creating 

smaller fibers, but it also drew more material out of the capillary. Utilizing a similar glass 

capillary apparatus instead of the syringe, Doshi33 conducted some investigations where he 

plotted the jet diameter at different positions along the jet to verify both of these 

relationships. It was shown that increasing the electric field resulted in an increased 

spinning rate. At the capillary orifice, there was a threefold increase in the jet diameter with 

less than a twofold increase in applied voltage. Demir et al.52 found a power-law 

dependence between the flow rate and electric voltage based on their measurements 

conducted on polyurethaneurea fibers that were electrospun from a solution of 21 wt% in 

dimethylformamide (DMF). 

The effect of another key process parameter, namely the distance between the 

capillary-end and the target has also been studied extensively by several workers.29,30,33,34,70 

At low separation distances between the capillary-end and the target, wet fibers were 

collected, primarily due to the presence of significant amounts of residual solvent in the 

fibers. As the separation distance is increased, the time for the solvent to evaporate 

increased, and as a result, dry solid fibers were collected at the target. Also, with increasing 

distance between the capillary-end and the target, the jet underwent a larger amount of 

electrically driven bending or ‘whipping’ instability. Consequently, the amount of 

stretching or elongation of the jet increased and as a result the fiber diameter was observed 

to decrease.  

At a given capillary-end to target distance, polymer filaments electrospun from 

solutions in high vapor pressure solvents tend to dry faster than those electrospun from low 

vapor pressure solvents because of an increased evaporation rate. The evaporation rate of 

the solvent introduces distinct morphological features on the electrospun fibers and will be 
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the subject of more detail in section 1.2.4. Lastly, another parameter that affects the fiber 

diameter is the temperature of the polymeric fluid. This is especially critical for 

electrospinning from polymer melts.79-83 Larrondo and Manley30-32 observed that the fiber 

diameter deceased with increasing melt temperature. Given the inverse relationship 

between melt temperature and viscosity, they were able to draw a qualitative correlation 

between diameter and viscosity, i.e., fiber diameter increased with increasing viscosity of 

the melt. However, no quantitative relationships between fiber diameter and viscosity were 

reported. 

1.2.3.4.1 Some Initial Experiments Conducted By Author To Study The Effect Of 

Process Parameters On Electrospinning.  

 To investigate the effects of some of the parameters on electrospinning, viz. flow 

rate, concentration, electric potential, target distance and rotation of the target, the author 

conducted some preliminary experiments. These experiments were conducted strictly to 

validate the proper functioning of the electrospinning apparatus that was constructed and 

installed by the author from the concepts described in the literature. In addition, the 

experiments described in the following sections were conducted solely for the purposes of 

supporting the concepts already elucidated in the electrospinning literature while at the 

same time obtaining a better practical understanding of the effect of some of these 

parameters on fiber formation and diameter. As these experiments were not a part of any 

focused investigation, the experimental results are, therefore, not presented in a separate 

chapter in this dissertation, but have been presented here briefly to help support the 

concepts discussed in the literature. It is important to note that these preliminary 

experiments helped the author in subsequently undertaking more detailed and focused 

investigations that are described in chapters 2-6.   

1.2.3.4.1.1 Procedure 

 Estane® 5750, a segmented polyurethane, was obtained from Noveon Inc in the 

form of pellets. A generic chemical structure84 of Estane® is depicted in Figure 1.11. The 

molecular weight data could not be obtained from the supplier, as the information was 

deemed proprietary. Estane® was dissolved in N,N-dimethyl acetamide (DMAc) at 

different concentrations, ranging from 15 – 25 wt%. The mixture was heated for 4h at 70 
oC to form a homogenous solution. Once the solution cooled down to room temperature,  
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Figure 1.11 Chemical structure84 of Estane®. 

 

electrospinning was performed at different spinning conditions. To study the effect of 

different parameters on fiber diameter, electrospinning was performed at different 

distances between the capillary-end and the target (12 – 24 cm), concentrations (15-25 

wt%), flow rates (3-7 ml/h) and electric potentials (10-15 kV). The effect of rotation of 

the target on fiber diameter and orientation was also studied by utilizing a cylindrical 

steel wire mesh. The diameter of the cylindrical mesh was 6” and it was rotated at speeds 

varying from 200 – 750 rpm. 

1.2.3.4.1.2 Measurements and Characterization 

The polymer solutions of Estane® (in DMAc) were characterized for the following: 

a) Viscosity 

 The viscosities of the polymer solutions of Estane® in DMAc were measured with 

an AR-1000 Rheometer, TA Instruments Inc. The measurement was done in the continuous 

ramp mode at room temperature (25 oC) using cone and plate geometry. The sample was 

placed between the fixed Peltier plate and a rotating cone (diameter: 4 cm, vertex angle: 2o) 

attached to the driving motor spindle. The changes in viscosity and shear stress with change 

in shear rate were measured. A computer interfaced to the machine recorded the resulting 

shear stress vs. shear rate data. The viscosities of the polymer solutions were reported in 

Pa·s.  

b) Conductivity  

 The conductivity of the polymer solutions was measured using an Oakton® 

conductivity tester, model TDStestr 20. Prior to its use, the conductivity tester was 

calibrated by standard solutions procured from VWR Scientific®. The conductivities were 

reported in mS/cm.  
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 In addition, the electrospun fibers were characterized by a Leo® 1550 Field 

Emission Scanning Electron Microscope (FESEM) that was utilized to visualize the 

morphology of the electrospun polymer filaments. The electrospun samples that were 

collected on a stainless steel mesh (count 20x20) were sputter-coated with a 5 nm Pt/Au 

layer using a Cressington® 208HR sputter-coater to reduce electron charging effects.  

1.2.3.4.1.3 Results and Discussion  

 Electrospinning of Estane® solutions at a concentration lower than 15 wt% 

resulted in the formation of droplets only (results not shown), a process similar to spraying 

of low molecular weight charged liquid jets, described earlier. At a concentration of 15wt% 

and above, continuous fibers were observed to form. The following discussion will be 

limited to solutions that were at a concentration of 15 wt% and higher. Figure 1.12 shows 

the variation of viscosity with the concentration of the Estane® solutions. As expected, the 

zero shear viscosity of the polymer solutions increased with increasing concentration of the 

polymer solutions. Figure 1.13 shows the FESEM micrographs of 15 wt% Estane® fiber 

mats that were electrospun at 10 kV and 3 ml/h. At a distance of 12 cm, beaded fibers were 

seen quite distinctly, where the average fiber and bead diameter were observed to be ca.1 

and 10 µm respectively. At 24 cm, the average fiber diameter and bead diameter were 

reduced to 148 nm and 2.5 µm respectively. The fiber diameter was observed to decrease 

with increasing target distance, an observation that is consistent with that reported in the 

literature29,30,33,34,70 and described earlier. As the concentration, and consequently the 

viscosity, of the polymer solution was increased to 20 wt%, fibers without any beads were 

observed to form as shown in Figure 1.14. The disappearance of the beads was primarily 

attributed to the increased viscosity of the polymer solution. At a concentration of 20 wt% 

and a capillary-end to target distance of 12 cm, the jet was not able to dry properly and wet 

fibers were formed. Other researchers29,30,33,34 have also confirmed the formation of wet 

fibers at low separation distances. At points where any two wet fibers were laid on top of 

each other, they coalesced to form large masses of wet polymer that were referred to as 

‘blobs’ as shown in Figure 1.14a. The blobs disappeared at larger separation distances as 

uniform fibers were collected on the target. At a capillary-end to target distance of 24 cm, 

dry polymeric fibers of Estane® were observed. This is shown in Figure 1.14b, where  
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Figure 1.12 Variation of viscosity vs. concentration of 15, 20 & 25 wt% Estane® 

solutions in DMAc. 

 

uniform and smooth fibers with an average diameter of 333 nm were observed. The electric 

potential and the flow rate were kept the same at 10 kV and 3 ml/h respectively.  

 Figure 1.15 shows the electron micrographs of fibers electrospun from 20 wt% 

Estane® at 10 kV and 7 ml/h. When comparing Figs. 1.14a and 1.15a, the effect of flow 

rate on fiber formation can be seen quite distinctly. In these two figures, all the process 

parameters were kept identical except the flow rate. As the flow rate was more than 

doubled, larger masses of wet fibers were seen in the FESEM micrographs. The average 

diameter of these wet fibers (and not the large masses) increased from 5 to 7 µm at a 

distance of 12 cm. Another noticeable feature observed in Fig. 1.15a was the ‘fracture 

points’ (indicated by arrows). This was due to the jet being too viscous that it resisted any 

deformation during the whipping process. Instead of undergoing drawing, the jet broke, and 

thin fiber jets extending outwards from the ‘fracture’ points were observed. When the 

separation distance was increased to 26 cm, uniform fibers were observed to form.  
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b) 

a) 

24 cm 

12 cm 
beads 

Figure 1.13 Estane® at 15 wt % electrospun at a) 12 cm and b) 24 cm. The electric 

potential and flow rate were kept constant at 10 kV & 3ml/h. Average fiber diameter is 

ca.1 µm at 12 cm and 148 nm at 24 cm. The average bead size is ca. 10 µm at 12 cm and 

2.5 µm at 24 cm. The arrow in b) indicates the presence of a bead. 
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Figure 1.14 Estane® at 20wt% electrospun at a) 12 cm and b) 24 cm. The electric 

potential and flow rate were kept constant at 10 kV & 3ml/h. Average fiber diameter is 

ca.5 µm at 12 cm and 333 nm at 24 cm. 

b)  24 cm 
Uniform web 

a) 12 cm
blobs 
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Figure 1.15 Estane® at 20 wt % electrospun at a) 12 cm and b) 26 cm. The electric 

potential and flow rate were kept constant at 10 kV & 7ml/h. Average fiber diameter is 

ca. 7 µm at 12 cm and 668 nm at 26 cm. The arrow in a) indicates the ‘fracture’ of the jet. 

b) 
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 26 cm 
Uniform web 

Fracture

12 cm 
blobs 
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Similar morphologies were observed at a concentration of 25 wt% (Fig. 1.16), where 

these ‘fracture points’ were observed that had a diameter of ca. 7 µm at 12 cm and 668 

nm at 26 cm. The arrow in a) indicates the ‘fracture’ of the jet. 

 The effect of the electric potential, or the electric field strength, is shown in Fig. 

1.17. When the electric potential was increased from 10 to 14 kV (or correspondingly from 

0.55 kV/cm to 0.77 kV/cm in terms of the strength of electric field), the average fiber 

diameter was observed to decrease slightly from 1.9 to 1.1 µm. As the electric field 

strength was increased, the electrostatically driven instability increased in magnitude that 

caused the jet to undergo higher amounts of whipping and plastic stretching that resulted in 

a decrease of the fiber diameter. From the results discussed above, it is clear that uniform 

and smooth fibers of Estane® were formed at a concentration of 20 wt%. At a higher 

concentration (25 wt%), the jet became too viscous to undergo plastic stretching, and as a 

result, big masses or ‘blobs’ of polymer were collected at the target. Fiber diameter 

increased with increasing flow rate and concentration (viscosity) of the polymer solution 

and was observed to decrease with increasing separation distance between the capillary-end 

and the target. The fiber diameter also displayed a slight decrease with increasing electric 

field strength. These results have been summarized in Fig. 1.18, where generalized trends 

are shown. Based on the work of McKee et al,53 for continuous and uniform fiber formation 

it is imperative that the concentration of the polymer solution be above the critical chain 

overlap concentration, ce which is usually 3-5 times more than the critical chain overlap 

concentration, c*. The critical entanglement concentration marks the transition of solution 

concentration from the semidilute unentangled to semidilute entangled regimes.68,69,85 The 

physical concept as well as the procedure to estimate ce will be outlined in chapter 2, where 

the author further investigates the effect of concentration, viscosity and molecular weight 

on fiber formation during electrospinning. For the present discussion, it is sufficient to 

know that the concentrations of Estane® utilized in this study (15-25wt%) were above ce.   

 Figure 1.19 shows the schematic of the electrospinning setup with a 

rotating target. The cylindrical steel wire mesh (of count 20x20, also utilized for 

stationary targets) had a diameter of about 6” and was rotated at different speeds from 

200 – 750 rpm. With increasing rotational speeds, the fibers were observed to become 

increasingly aligned in the direction of rotation, indicated as the Machine Direction (MD)  

 40



b) 

a) 12 cm 
blobs 

24 cm

 

Figure 1.16 Estane® at 25 wt % electrospun at a) 12 cm and b) 24 cm. The electric 

potential and flow rate were kept constant at 10 kV & 3ml/h. Average fiber diameter is 

ca. 5 µm at 12 cm and 905 nm at 24 cm. The arrows in a) indicate the ‘fracture points’. 
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a) 10 kV 

14 kV

 

Figure 1.17 Effect of increasing electric field strength on 20-wt% Estane® electrospun at 

3ml/h & 18 cm capillary-end to target distance. Average fiber diameter is ca.1.9 µm at 10 

kV (0.55 kV/cm) and 1.1 µm at 14 kV (0.77 kV/cm). 
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Figure 1.18 Generalized trends of the variation of electrospun fiber diameter with 

different parameters. 
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Figure 1.19 Schematic of the electrospinning setup with a rotating target. 
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in Figure 1.20. The average fiber diameter observed was about 300 nm and was quite 

small in comparison to the fiber diameter observed, 2.1 µm, under the same process 

conditions with a stationary target. It is believed that rotation of the target introduced 

some plastic stretching (in addition to that induced during the flight of the jet to the 

target) that caused the fiber diameter to decrease significantly. 

1.2.3.4.1.4 Summary Of The Experiments Conducted By Author 

 With increasing flow rate and concentration the fiber diameter was observed to 

increase as more mass of the solution (per unit time and volume respectively) was forced 

through the capillary end. The fiber diameter decreased with increasing target distance and 

electric potential. With increasing rotational speeds, the electrospun filaments were 

observed to become increasingly aligned in the direction of rotation of the target. 

Furthermore, the diameter of the electrospun fibers that were collected on the rotating 

target was significantly smaller (ca. 5 times) than those collected under identical processing 

conditions on a stationary target.  

 Having described the effects of some of the system and process parameters on fiber 

formation and fiber diameter, the morphology of the electrospun fibers in terms of the 

surface characteristics and cross sectional shape will be discussed in the following sections. 

1.2.4 Morphology of the Electrospun Fibers 

1.2.4.1 Morphology of Fibers Electrospun from Semi-crystalline Polymers  

An interesting feature of the crystallization behavior of the polymers in nanofibers was 

suggested to be related to the growth of morphology in a confined environment.86 In a 

nanofiber with a diameter of 100 nm or less, the crystals can grow to long dimensions 

only along the fiber axis. Since polymer crystals often grow to fairly long dimensions 

from solutions or melts, the small diameter of nanofibers imposes a size constraint on the 

crystallization process. Characterization of electrospun PEO fibers by wide angle x-ray 

diffraction (WAXD) revealed1 intensity peaks in the WAXD reflection patterns 

corresponding to the (120) and (112) crystal planes. In addition, the WAXD reflection 

pattern of the electrospun fibers showed some arcs indicating some degree of orientation 

of the molecular chains along the fiber axis. When the 2D integrated intensity plot 

corresponding to electrospun PEO fibers was compared to a powder pattern of unoriented 

PEO, it was found that the (120) and (112) peaks in the electrospun fiber were relatively 
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Figure 1.20 Electrospun Estane® fibers at different rotational speeds of the target a) 200 

rpm and b) 750 rpm. The process conditions were: 12 kV, 3 ml/h and 15 cm. The average 

fiber diameter is ca. 300 nm. The fiber diameter with a stationary target at same process 

conditions is ca. 2.1 µm. 
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broad and weak. The powder pattern contained higher orders of diffraction peaks that were 

not observed in the electrospun fiber WAXD pattern. Based on these observations, it was 

concluded that the crystalline microstructure of the electrospun fibers was not well 

developed. However, they did not investigate other possible reasons that might have caused 

the absence of higher order diffraction peaks, viz. presence of smaller sized polymer 

crystals or imperfections in larger sized crystals. Warner et al.43 observed the electrospun 

PEO fibers to be birefringent that was observed to increase with decreasing fiber diameter. 

It was speculated that this was due to an increased orientation with decreasing fiber 

diameter, however the quantification of the molecular orientation in terms of determining 

the uniaxial orientation function was not conducted. Kim and Reneker have also reported 

birefringent poly(benzimidazole) fibers that were electrospun from a solution in 

dimethylacetamide (DMAc).87 Unfortunately, in both the cases, no comment was made on 

the contribution to the overall birefringence from the crystalline and amorphous regions.    

Birefringence studies were also conducted on fibers electrospun from rod like 

polymers, e.g. Kevlar®. Fibers of poly(p-phenylene terephthalamide) (PPTA), 

commercialized as Kevlar® by Dupont, were electrospun from a solution in sulfuric acid.88 

The fibers were circular in cross section and had an average diameter of 100 nm. When 

observed under cross polarizers in an optical microscope these fibers appeared to be 

birefringent. The birefringence persisted upon annealing at 400oC for 15 min with no 

evidence of degradation. The electron diffraction pattern of the as-spun nanofiber indicated 

diffuse diffraction spots along the equator. The annealed nanofiber showed sharp spots on 

the equator and sharp arcs on the meridian. These results indicated that the PPTA 

molecules were well oriented along the fiber axis and the local crystallographic order of as-

spun nanofibers was significantly improved upon annealing. Since the electrospun PPTA 

nanofibers were smaller in diameter than those obtained from conventional spinning 

techniques, the nanofibers were expected to have superior mechanical properties (due to a 

higher aspect ratio) and were thus suggested to find applications as reinforcing agents in 

composite laminates.  

In a different study, electrospinning of nylon 6,6 and silk-like polymer with 

fibronectin functionality (SLPF) were used to generate thin fibrous mats that had textured 

fibers. The SLPF fibrous mats were suggested to be deposited onto prosthetic devices 
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designed to be implanted in the central nervous system.4 Transmission electron microscopy 

(TEM) of electrospun Nylon 6,6 and SLPF showed a fibrillar texture in the filaments that 

were oriented along the fiber axis. The fiber crossover points had a randomly oriented 

structure. The wet fibers that resulted from a small deposition distance appeared to be 

bonded together at the junctions. Electron diffraction of electrospun nylon 6,6 was typical 

of oriented semi crystalline polymer fibers.  Electrospun fibers of SLPF did not have a high 

orientation but did show evidence of crystallinity in the TEM, x-ray diffraction and optical 

microscopy studies. The extent of crystallinity in both the cast and electrospun SLPF was 

lower than that found in the as-received powder by WAXD. Based on the observations, it 

was suggested that the SLPF fibers had a shish-kebab morphology with the fibrillar 

backbone comprising of silk I and silk II fibrils and the lamellae on the backbone 

comprising primarily of silk I crystallites. Larrondo and Manley31 also identified the shish-

kebab morphology in electrospun 1% polyethylene in paraffin. This type of structure was 

found to result from flow conditions imposed on the polymer fluid and typically comprises 

chain-folded lamellae superposed orthogonally to the fibrillar backbone. To investigate the 

changes in the fiber morphology during electrospinning, Stephens et al89 compared the 

structure, as investigated by Raman spectroscopy, of electrospun fibers of Nylon 6 and 12 

with the respective bulk polymers. Results indicated a change in chain conformation (α to γ 

form) of the nylon backbone due to the high stresses induced in the electrospun jet.  

In another study conducted by Zong et al.78, the thermal characterization [by 

differential scanning calorimetry (DSC)] of mats of poly(L-lactic acid) (PLLA) electrospun 

from solutions, indicated a decrease in the glass transition and peak crystallization 

temperatures when compared to that of the same bulk polymers (that were utilized for 

electrospinning). No explanation was provided for these unexpected observations, although 

the author speculates that this behavior could be due to the presence of residual solvent. 

Two-dimensional WAXD patterns of electrospun membranes did not show any crystalline 

peak hinting that electrospinning retarded the crystallization process of PLLA (the fully 

crystallized PLLA usually exhibits about 30% crystallinity with distinct crystalline 

reflections in WAXD). Crystallization was observed to be retarded for electrospun fibers of 

pure poly(glycolide). The retardation process was attributed to rapid solidification of the 

stretched chains at high elongation rates during the later stages of electrospinning, which 
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significantly hindered the formation of crystals. In other words, the stretched chains did not 

have sufficient time to organize into suitable crystal order before they were solidified.  

Based on the DSC analysis, Kim et al.90 also found a decrease in the glass transition 

and peak crystallization temperatures of electrospun poly(ethylene terephthalate) (PET) and 

poly(ethylenenapthalate) (PEN) fibers when compared to that of the same bulk polymers 

(that were utilized for electrospinning).  

1.2.4.2 Formation of Flat Polymer Ribbons and Nanostructured Surface 

Morphology 

Electrospun fibers that have different kinds of cross-section, ranging from circular 

to flat or ribbon, have been reported. The nature of the polymer solvent (high or low vapor 

pressure) plays an important role in governing the final cross section of the electrospun 

fiber. To investigate the effect of volatility of polymer solvent on the fiber cross-sectional 

shape, Liu and Reneker91 have electrospun poly(ether amide) (PEI) (Ultem® 1000 from 

GE) fibers from separate solutions in 1-methyl-pyrrolidone (NMP) and hexafluro-2-

propanaol (HFIP). PEI fibers electrospun from NMP, a solvent with low evaporation rate as 

compared to HFIP, had cylindrical shapes with diameters in the range of 1 to 2 µm. The 

fiber surface was observed to be smooth and without any features. PEI fibers with a ribbon 

shape were also electrospun from HFIP, a solvent with a significantly high vapor pressure 

or a high evaporation rate. For these ribbon shaped PEI fibers, the transverse diameter of 

the ribbons was observed to be typically around 4 µm. It was stated that the ribbons 

resulted from a thin skin formed by the rapid evaporation of the solvent. As the skin of the 

tube collapsed, electrical charge distributed uniformly on the jet tended to flow to the edges 

of the ribbon, where it produced a lateral force that favored the collapse.  

Koombhongse et al.92 also observed flat cross sections (ribbon-like) of electrospun 

fibers of polystyrene. The flat ribbons were observed to often bend in a regular way as a 

result of the electrically bending instability or more chaotically as a result of the forces that 

occurred when the ribbon hit the target. Sometimes, beads formed on a jet with a skin, so 

that the skin covered both the jet and the beads. Thus, when the solvent evaporated from 

the interior and the jet collapsed, the skin on the bead also collapsed, forming a toroid with 

a membrane that covered the hole. In addition, in a few cases, the skin of the jet collapsed 

in more complicated ways to form a wrinkled skin.  
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The nature of the solvent can also lead to interesting morphological features on the 

surface of the electrospun fibers. PLLA electrospun from a dichloromethane (high vapor 

pressure solvent) solution resulted in fibers that had small surface indentations.93 These 

indentations were on the order of 100 nm in width and 250 nm in length with the long axis 

being oriented along the fiber axis and were believed to be formed due to rapid phase 

separation during the electrospinning process. The solvent rich regions were apparently 

transformed into indentations. When PLLA fibers were electrospun from a solution in 

chloroform (low vapor pressure than dichloromethane) the tendency to form indentations 

was observed to reduce significantly. 

Rabolt et al.94 have been able to produce polymeric electrospun fibers with a high 

surface area through the introduction of a micro and nanostructured surface structure, 

which was referred to as a ‘porous morphology’. In their study, polystyrene (PS) fibers 

electrospun from tetrahydrofuran (THF) were observed to have a ribbon shaped cross 

section and a surface with nano-craters. The shape and size of these craters or indentations 

changed with the concentration of the polymer solution. TEM analysis of the cross section 

of PS fibers indicated the presence of densely packed nano-indentations only on the surface 

of the fibers. The nano-craters had a depth of about 50-75 nm (the fibers were ca. 1µm or 

higher in diameter), which was also verified by AFM. With increasing flow rate of the 

polymer solution, the average crater diameter was observed to increase as well (from 90 to 

150 nm). Similar nano-indentations were observed on the surface of PMMA fibers that 

were electrospun from a solution in chloroform. In general, a very high density of nano-

craters on electrospun fiber surfaces increased the surface area by as much as 20 to 40% 

depending on the diameter of the fiber. The process of crater formation arising from rapid 

solvent evaporation was believed to occur due to the formation of water droplets from 

atmospheric water vapor due to evaporative cooling of the polymer jet as it traveled the 

distance from the capillary-end to the target, a hypothesis based on the recent work by 

Srinivasrao et al.95 In their work, Srinivasrao et al prepared thin films from dilute solutions 

of a simple, coil-like polymer in a volatile solvent by casting on a glass slide in the 

presence of moist air flowing across the surface. It was observed that due to the evaporative 

cooling and the generation of ‘breath figures’, the vapors in the moist air condensed as 

spherical water droplets on the surface of the film and were found to be arranged in a 
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multilayered hexagonal order.  Subsequent drying of the polymer film surface preserved 

the hexagonal pattern as spherical voids. The extension of these results for thin polymer 

films to the evaporative cooling of the electrospun jet leading to the formation of nano 

indentations on the surface of the fibers by Rabolt et. al94 is valid to a certain extent.  This 

is due to the fact that in the case of the semi-solid electrospun jet moving at a certain 

velocity (of the order of a 1-15 m/s), the formation of ‘breath figures’ due to condensation 

of water vapors may not be as effective as that on stationary thin polymer films.  

1.2.4.3 Morphology of Styrene-Butadiene-Styrene Triblock Copolymer Elastomeric 

Nanofibers 

Triblock polymer systems have also been electrospun to produce fibers that have 

microphase-separated morphology. Nanofibers of a commercial styrene-butadiene-styrene 

linear triblock copolymer (Kraton D1101), which contained 30% polystyrene by weight, 

were electrospun from a solution in a mixture of 75wt% THF and 25wt% 

dimethylformamide96. The triblock polymer, with a weight average molecular weight of 

151,000 (PDI ~ 1.12), was dissolved at a concentration of 14 wt%. The resulting nanofibers 

were elastic and birefringent with a diameter of ca. 100 nm. A few thin beaded nanofibers 

were also formed along the smooth nanofibers. TEM analysis on the stained fibers 

indicated the presence of separated microphase domains of styrene and butadiene. The 

microphase domains were irregular in shape, but elongated along the axis of the fiber. It 

was observed that these domains grew larger in nano fibers that were kept at room 

temperature (~25oC) for 20 days. When annealed at a temperature of 70oC, the growth of 

the domains was found to be ‘accelerated’. It was observed that on increasing the annealing 

time and annealing temperature, the microphase separation became more uniform. It was 

concluded that the microphase separation in the electrospun fibers occurred in spite of the 

rapid evaporation of the solvent and the small diameter of fibers.  

1.2.5 Applications of Electrospun Nanofibers 

By virtue of their high aspect ratio, the electrospun fibers have been suggested to 

find applications in a number of areas. These applications have been grouped into four 

main areas/subtopics, viz. optical, electronic and high performance applications; 

composites; protective clothing and filtration applications; and biomedical applications. In 

the following subsections, each of these subtopics will be discussed briefly. 
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1.2.5.1 Nanofibers for Optical, Electronic and High Performance Applications 

Optical chemical sensors were fabricated by Wang et al.97 by electrospinning a 

fluorescent polymer, poly(acrylic acid)-poly(pyrene methanol) (PAA-PM) and thermally 

cross-linkable polyurethane latex mixture solutions. The pyrene derivative, pyrene 

methanol (PM) acted as a fluorescent indicator to detect the presence of metal ions, Fe3+ 

and Hg2+ and nitro compounds, such as, 2,4-dinitro toluene (DNT). Specifically, the 

electron deficient metal ions and nitro compounds serve as quenchers for the fluorophore 

(pyrene methanol) as indicated by the decreasing fluorescence intensities with increasing 

concentrations of electron deficient species. The sensors showed high sensitivities due to 

the high surface-to-volume ratio of the nanofibrous membrane structures. Submicron 

inorganic and ceramic fibers of titanium dioxide,98-100 vanadium pentaoxide,101 niobium 

oxide102, zinc oxide,103 palladium oxide104 and germanium oxide105 have been made via 

electrospinning and have been suggested to be utilized for optical applications. In 

particular, submicron fibers of germanium oxide, GeO2, were prepared by electrospinning a 

sol of poly(vinyl acetate) and GeO2 followed by high temperature calcination. At room 

temperature, the fibers exhibited photoluminescence under excitation at 325 nm and were 

suggested to have applications in one-dimensional optoelectronic nanodevices.105 Hollow 

electrospun ceramic fibers have also been suggested to potentially serve as optical 

waveguides. The hollow fibers were processed by coaxial electrospinning of two 

immiscible liquids followed by selective removal of the cores. Uniform titania106 and silica 

fibers107 that had a fiber diameter in the range of 500 nm with an average shell thickness of 

70-100 nm were processed in this fashion. By combining two polymer solutions in a side-

by-side approach, bicomponent fibers can also be electrospun. The author’s work involving 

such concepts will be dealt with in chapter 5.  

In another study, Norris et al.9 have electrospun electrically conducting fibers (965 

nm – 2.1 µm) of polyaniline doped with camphorsulfonic (PAn.HCSA) acid blended with 

PEO. By controlling the ratio of polyaniline to PEO in the blend, the fibers having a desired 

conductivity (comparable to that of PAn.HCSA/PEO cast films) were produced. The 

conductivity of the electrospun mat was slightly lower than that of a cast film, due to high 

porosity of the fibrous mat. The rate for the vapor phase de-doping/re-doping of the 

electrospun fibers was found to be at least one order of magnitude faster than that for cast 
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films due to a high surface-to-volume ratio. In their work, MacDiarmid and coworkers108-

111 produced highly conducting fibers by electrospinning sulfuric acid-doped polyaniline as 

well its blends in polymers such as polystyrene and PEO. Fibers with diameter less than 

100 nm were reported. To enhance the conductivity, polystyrene and polyacrylonitrile 

nanofibers were coated with conducting polypyrrole and gold. Polyacrylonitrile fibers were 

also reported to have been thermally converted to carbon nanofibers.112 Microscale helical 

coils consisting of a composite of polyaniline and polystyrene were produced by 

electrospinning.113 These conducting helical structures were formed due to the viscoelastic 

contraction upon partial neutralization of the charged fibers and were suggested to find 

applications in microelectromechanical systems. By incorporating magnetic nanoparticles 

of ferrites of Mn-Zn-Ni, the author has produced superparamagnetic flexible substrates that 

could find potential applications in enhancing radio communication, information storage 

and low frequency electromagnetic radiation shielding. The methodology to fabricate 

substrates this way via electrospinning will be described in detail in chapter 4. 

In a different study, electrospun fibers of Nylon 4,6 (poly(tetramethylene 

adipamate) and poly (L-lactic Acid) (PLA) that had a diameter of ca. 10 nm were prepared 

from solutions in formic acid and dichloromethane respectively.114 Poly(p-xylene) was 

coated on these electrospun fibers by a process based on chemical vapor deposition that 

yielded high-quality conformal pin-hole free coatings. Next, the Nylon 4,6 and PLA fibers 

were solvent extracted by formic acid and chloroform respectively to obtain hollow 

conducting nanotubes of poly(p-xylene) that had an inner diameter ranging from 5-50 nm 

and an outer diameter ranging from 50-250 nm. This process where fibers were used as 

templates to make hollow tubes has been termed the TUFT process (Tubes by Fiber 

Templates).91,114 In a similar study, Drew et al.115 used the electrospun mat of 

poly(acrylonitrile) (PAN) fibers as a template to prepare a porous metal oxide surface. This 

was done by coating a layer of titanium oxide on the electrospun PAN mat. These coated 

fibers were suggested to find applications in sensors, catalysts and electrodes. Utilizing a 

different approach, Liu et al116 fabricated chemical sensors by depositing electrospun 

polyaniline fibers (dia~100 nm) on gold electrodes. These devices showed a rapid and 

reversible resistance change upon exposure to NH3 gas at concentrations as low as 0.5 ppm. 

Electrospun fibers have also been suggested to be utilized as temperature sensors. In a 
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recent study, Pedicini and Farris117,118 processed electrospun mats of polycarbonate, poly 

(ethylene oxide) and poly(methylmethacrylate) containing 1-5wt% of carbon black. Upon 

electrospinning, the mats were white in color, but on subsequent heating (>85 oC), the mats 

turned black.  

In their study to make high-temperature stable fibers, Kataphinan et al.119 

demonstrated the production of high temperature organic and inorganic fibers based on 

glass/ceramic (tetraethylorthosilicate-SiO) and fire-blanket (polydiphenoxyphosphazene-

PDPP) precursors by electrospinning. The cylindrical SiO fibers were found to be smaller 

in diameter (1 µm), more uniform and stable at higher temperatures (up to 1000 oC) than 

the PDPP fibers that were much larger and irregular in shape. These submicron electrospun 

mats were suggested to serve as high-temperature, high-surface-area supports for thin films 

that can be coated on the mats by physical and chemical vapor deposition techniques. In 

fact, the SiO and PDPP electrospun mats were coated with several rare-earth nitrates of 

erbium (III), holmium and ytterbium. The rare-earth metal coatings were observed to 

modifiy the near-IR spectra of the SiO and PDPP fibers. In a recent study, zirconia fibers 

were processed by electrospinning that could be used for potential applications in high-

temperature ceramics.120  

In order to fabricate high-strength electrospun fibrous mats, Ding et al.121 prepared 

nanoscale (100-500 nm) fiber aggregates of poly(vinyl alcohol) (PVA) by electrospinning. 

PVA fiber aggregates were later cross-linked at different cross-linking densities by 

controlling the amount of the cross-linking agent, glyoxal, to PVA. It was concluded that 

the cross-linked PVA fiber aggregates had better anti-water solubility and mechanical 

properties than the uncross-linked PVA fiber aggregates. By a suitable functionalization of 

poly(methyl methacrylate-co-hydroxy methylacrylate) via cinnamate chemistry, the author 

has been able to achieve in situ photocrosslinking during electrospinning to produce cross 

linked networks in the form of submicron fibers that are extremely stable in chemical 

environments. The methodology to produce crosslinked fibers this way will be discussed in 

detail in chapter 3. 

Electrospun fibers have also been reported to be utilized to create lightweight, 

electrically responsive wing skins for micro-air vehicle (MAV) wing frame designs122. A 

piezoelectric copolymer of poly(vinylidiene fluoride) (PVDF) and trifluoroethylene (TrFE) 
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was electrospun onto the surface of the wing frame that was mounted on the flat grounded 

target. Preliminary attempts at fiber actuation indicated a perceptible vibration upon 

excitation with a 2kV (peak-to-peak) sine wave at 6.7 Hz. 

1.2.5.2 Electrospun Nanofibers for Composite Applications 

Electrospun poly(benzimidazole) (PBI) nanofibers of diameter ca. 300 nm2,87 were 

used as reinforcing fibers in polymer matrix composites. The epoxy matrix composites 

reinforced with PBI nanofibers had higher tensile modulus, fracture toughness and fracture 

energy. The fracture toughness and the fracture energy of the composites depended on the 

relative direction of the majority of nanofibers in the fabric (the winding direction) and the 

crack. If the crack was transverse to the winding direction of the fabric in the composites, 

fracture toughness and the fracture energy were found to be higher than for those samples 

in which the crack was along the winding direction.  

Dzenis and Reneker123 have mathematically modeled the micromechanics of 

electrospun nanofibers in hybrid polymer composites on the principle of effective 

homogeneity. The effective thermoviscoelastic characteristics of nano and microfiber 

composite as well as nanofiber and microparticulate composites were calculated. Analysis 

showed that a small amount of nanofibers substituted for larger conventional microfiber 

and microparticulate reinforcements can significantly change the effective behavior. At 

higher total volume fractions (0.4 and above) of nanofibers, the hybrid composites exhibit 

properties that were not displayed by two component materials. It was concluded that a 

better packing of reinforcing elements of different sizes holds potential for improved 

fracture toughness.  

In composite applications, if there is a refractive index difference between the 

reinforcing fibers and the matrix, then the resulting composite becomes opaque or non-

transparent due to light scattering. One possible way of circumventing this limitation is to 

use fibers with a diameter significantly lower than the wavelength of visible light (400-

700nm). In view of this consideration, Bergshoef and Vancso124 electrospun smooth fibers 

of nylon-4,6 with diameters in the range of 30-200 nm from solutions in formic acid. The 

fibers were then incorporated in a matrix of commercially available two-component 

phenolic epoxy resin (Epo-plast). The composite films obtained by fiber reinforcement 

were fully transparent. Visible light was found to transmit over the complete range of 
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wavelengths in the visible spectrum (400 – 700 nm), as was observed by spectroscopy and 

visible inspection. 

In a different study, Fong et al.125 were able to reformulate exfoliated 

montmorillonite-nylon 6 (NLS) nanocomposites by electrospinning. Fibers and nanofibers 

of NLS nanocomposite (diameters between 100 and 500nm) were electrospun from 

solution and, collected as non-woven fabrics, or as aligned yarns. The electrospinning 

process resulted in highly aligned montmorillonite layers (normal to fiber axis) and nylon 6 

crystallites (parallel to fiber axis).  

Electrospun fibers with engineered surface chemistry that were suggested to find 

applications in composites have been produced by Deitzel et al.3 They conducted 

electrospinning on a series of random copolymers of poly(methyl meth acrylate) with 

tetrahydroperfluorooctyl acrylate (PMMA-r-TAN) from a mixed solvent of toluene and 

dimethylformamide to produce fibers that had a surface rich in fluorine. In fact, x-ray 

photoelectron spectroscopy (XPS) analysis showed that the atomic percentage of fluorine 

in the near surface region of the electrospun fibers was about double the atomic percentage 

of fluorine found in a bulk sample of the random copolymer. These electrospun fibers with 

an engineered surface chemistry were suggested to find potential applications in the 

biomedical and composite reinforcements.  

More recently, composite nanofibers were processed that contained single and 

multi-walled carbon nanotubes.126-137 A key challenge is the uniform dispersion and 

alignment of the carbon tubes along the fiber axis. Due to the high stress-fields involved in 

during electrospinning, small bundles of carbon nanotubes have been observed to be 

oriented parallel to the fiber axis, although there were some instances where these appeared 

to be twisted, bent or with other irregularities. These nanocomposite fibers were suggested 

to serve as precursors for linear, planar and 3D assemblies for macrocomposites, 

conductive polymeric nanofibers and as supercapacitors. 

1.2.5.3 Electrospun Nanofibers for Protective Clothing and Filtration Applications 

Gibson et al.138 have studied the transport properties of elastomeric electrospun 

mats that were suggested to be utilized in protective clothing applications. Performance 

measurements on electrospun mats compared favorably well with the transport properties 

of textiles and membranes currently used in protective clothing systems. The electrospun 
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layers presented minimal impedance to moisture vapor diffusion required for evaporative 

cooling. When stretched in biaxial tension to strain levels of 100%, porous elastomeric 

nanofiber membranes were significantly affected in terms of their convective gas flow 

properties because of the opening of the interfiber pores, as might be anticipated. However, 

the water vapor diffusion properties remained unchanged. Experimental measurements and 

calculations showed that electrospun fiber mats were extremely efficient at trapping aerosol 

particles. The high filtration density was concluded to be a direct result of the sub-micron 

size high specific surface fibers generated by electrospinning process. Electrospun 

nanofiber coatings were applied directly to a polyurethane foam containing activated 

carbon, which is used as a component in military chemical protective clothing systems.139 

The airflow resistance and aerosol filtration properties correlated with the electrospun 

coating add on weight. Aerosol particle penetration through the foam layer was eliminated 

by minuscule levels of nylon electrospun nanofibers sprayed on to the surface of the foam. 

It was suggested that the electrospun fibers be sprayed directly onto a 3D screen form 

obtained by 3D body scanning to form custom-fit seamless clothing.140  

In addition to the clothing applications, nanofibers are also finding uses as filters to 

remove particles and droplets that are smaller than 100 nm from liquids or gases.141. They 

have also been considered for the absorption of noxious molecules, since their surface area 

is so large and their surface chemistry can be tailored to be selective to many kinds of 

substances.2 Furthermore, the author found that electrospun mats retain electrical charges 

up to a period of 200h after electrospinning. As electrical charges directly affect the 

filtration efficiency,142 the author conducted an investigation where the effect of decaying 

surface charges on filtration efficiency of electrospun mats of polyacrylonitrile and 

polystyrene in different geometrical constructions (including a bicomponent fiber spinning 

approach) were investigated. These experiments will be discussed in detail in chapter 6.  

1.2.5.4 Electrospun Nanofibers for Biomedical Applications 

The application of electrospun fibers for biomaterial applications was reported as 

early as 1977, when Martin et al.23 utilized fibrillar mats for wound dressings and vascular 

prosthetics. It was noted that polymer concentration required for electrospinning depended 

upon the molecular weight of the polymer, with lower molecular weights requiring higher 

concentrations. Sub-micron electrospun fibers of poly (glycolic acid)143, poly(lactic-co-
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glycolic acid) (PLA/PGA), poly(lactic acid) (PLA) and poly(ethylene-co-vinyl acetate) 

(PEVA)144 have been electrospun from solutions in HFIP, methylene chloride or 

chloroform. As PLA, PGA, PEVA and PLA/PGA are biodegradable materials, the 

electrospun mats from these polymers have been suggested to find applications as tissue 

scaffolds. Very recently Badami et al,145 utilized the author’s electrospinning apparatus to 

electrospin mats of PLA that were subsequently tested for tissue scaffolding applications. 

Collagen nanofibers were electrospun from a solution in HFIP146 to form fibers with a 

diameter of 100nm. Aortic muscle cells were then plated out in-vitro onto different 

formulations of electrospun collagen mat. Microscopic examination of the cultures revealed 

that the scaffolds were densely populated with smooth muscle cells, within 7 days. Cross 

sectional analysis indicated that electrospun collagen promoted extensive cellular 

infiltration into the fibrillar network. Smooth muscle cells were observed deep within the 

matrix and fully enmeshed within the fibrils of the electrospun collagen. In another study, 

Li et al.147, seeded BALB/c C7 mouse fibroblast cells on electrospun fibrous mats of 

poly(D,L-lactide-co-glycolide) (PLGA) with fibers ranging from 500 – 800 nm in diameter. 

The in-vitro studies indicated that the mouse fibroblasts adhered and spread on the surface 

of the PLGA fiber network and had started to migrate through the pores and to grow under 

layers of the fiber in network at day 3. These fibroblasts interacted and integrated well with 

the surrounding fibers. Scanning Electron Microscopy (SEM) showed that the development 

of cell growth was guided by the fiber architecture. Cells grew in the direction of fiber 

orientation, forming a three dimensional and multi-cellular network according to the 

architecture of the nanofibrous structure. It was concluded that the electrospun structure of 

PLGA featured a morphological similarity to the extra cellular matrix (ECM) of natural 

tissue, which is characterized by a wide range of pore diameter distribution, high porosity, 

and effective mechanical properties. Yoshimoto et al.148 also produced microporous, non-

woven poly(ε-caprolactone) (PCL) scaffolds by electrospinning that were seeded with 

Mesenchymal stem cells (MSCs) derived from the bone marrow of neonatal rats. The cell-

polymer constructs, which were cultured with osteogenic supplements under dynamic 

culture conditions for upto 4 weeks, maintained the size and shape of the original scaffolds. 

Penetration of the cells and abundant extra cellular matrix was observed in the cell-polymer 

constructs after 1 week. SEM studies indicated that the surfaces of the cell-polymer 
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constructs were covered with cell multilayers after 4 weeks. In addition, mineralization and 

type I collagen were observed after 4 weeks suggesting that electrospun PCL could serve as 

a potential candidate for bone tissue engineering.  Xu and coworkers149-151 observed good  

biocompatibility of electrospun scaffolds of poly(L-lactide-co-e-caprolactone) (PLLA-CL) 

when in vitro cultures of muscle, endothelial and human coronary artery smooth muscle 

cells proliferated and migrated along the axis of nanofibers.  

Kenawy et al.152 explored the potential of PLA and PEVA electrospun fiber mats as 

drug delivery vehicles. Tetracycline hydrochloride was used as a model drug. The fibers 

were electrospun from chloroform solutions containing a small amount of methanol to 

stabilize the drug. In vitro release of tetracycline hydrochloride was followed by UV-Vis 

spectroscopy. It was found that electrospun PEVA and 50/50 blend of PLA/PEVA mats 

gave relatively smooth release of the drug for 5 days. When compared to the drug release 

from a cast film, it was found that the total percent of the drug released from the 

electrospun mats was greater. This was attributed to the much lower surface area of the cast 

films. Zong et al.78 also found similar results regarding the total percent in-vitro release of 

Mefoxin from porous PDLA electrospun membranes. In addition, the loading efficiency, 

defined as the released amount by the initial loading amount, of Mefoxin in PDLA was 

found to be around 90%. By utilizing a novel approach, Sanders et al153,154 conducted 

electrospinning of a biocompatible polymer, poly(ethylene-co-vinyl acetate) (EVA) from a 

solution containing dispersed aqueous domains to produce EVA fibers containing aqueous 

micro reservoirs. The osmotic swelling of these aqueous reservoirs in the electrospun fibers 

lead to an eventual bursting that could potentially be utilized for drug delivery applications.  

In another in-vitro study, Kenawy et al.155 investigated the antimicrobial properties 

of electrospun mats and compared those to bulk materials. It was found that the anti 

microbial properties, assessed by measuring the inhibition zone diameter against the testing 

strains of B. subtilis, S. choleraesuis, S. aureas and E. coli, of the electrospun fibers of 

poly(vinyl phenol) PVP were enhanced in comparison to the bulk materials. Poly(vinyl 

phenol) (PVP) was also sulfonated to enhance its antimicrobial characteristics.  

Jia et al.156 demonstrated a unique approach to the construction of nanosized 

bioactive materials for use as highly active and stable biocatalysts. Functionalized 

polystyrene (PS) nanofibers were electrospun, that had a typical diameter of 120 nm, 
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followed by the chemical attachment of a model enzyme, α-chymotrypsin. The enzyme 

loading, as determined by active site titration was up to 1.4 wt%. The apparent hydrolytic 

activity of the nanofibrous enzyme in aqueous solutions was over 65% of that of the native 

enzyme, indicating a high catalytic efficiency as compared to other forms of immobilized 

enzymes. In addition, the nanofibrous α-chymotrypsin exhibited a much-improved 

nonaqueous activity that was over 3 orders of magnitude higher than that of its native 

counterpart suspended inorganic solvents including hexane and isooctane.  

In a different study, Huang et al.157 obtained an 81 kDa recombinant protein based 

upon the repeating elastomeric peptide sequence of elastin [(Val-Pro-Gly-Val-Gly)4 (Val-

Pro-Gly-Lys-Gly)] using genetic engineering and microbial protein expression. Elastin is a 

structural component of arterial blood vessels and is responsible for providing fatigue 

resistance and resilience to the arterial wall. The recombinant protein was electrospun to 

produce 200 nm – 3µm diameter fibers laid in a random fashion in the non-woven mat. The 

ultimate tensile strength and modulus of these nonwoven structures was 35 MPa and 1.8 

GPa respectively. These electrospun mats were suggested to find applications in human 

tissue constructs and synthetic artificial organs. Nagapudi et al.158 were able to modify the 

elastin-like recombinant protein by incorporating an acrylic moiety. Electrospun fibers of 

this modified protein, in the diameter range of 300 nm – 1.5 µm, were later cross-linked by 

visible-light-mediated photo irradiation. This caused the mats to have a higher modulus and 

tensile strength and insoluble in water. The fabric networks were found to have porosities 

in the same range as those exhibited by other porous tissue scaffolds.  

 Buchko et al.4, also referred earlier, have electrospun a Silk-like polymer with 

Fibronectin functionality (SLPF) to make biocompatible thin films for use in implantable 

devices. The electrospinning process was shown to be a means of creating porous thin films 

with structural gradients and controlled morphology that could enhance biocompatibility. 

Fang and Reneker159 have electrospun DNA fibers from aqueous solutions that had a 

diameter around 50 to 80 nm. The electrospun DNA fibers were reported to have a 

diameter in the range that was about 10 to 1000 times smaller than those produced by 

conventional techniques.  

 In another study, M13 viruses suspended in 1,1,1,3,3,3-hexafluoro-2-propanol were 

blended with a highly water soluble polymer, polyvinyl pyrrolidone (PVP) and later 
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electrospun into continuous uniform virus-blended PVP nanofibers. The resulting 

electrospun mats of virus-PVP nanofibers maintained their ability to infect bacterial hosts 

after being resuspended in a buffer solution.160 

1.3 Concluding remarks 

 In the preceding sections a brief introduction to the underlying principles of 

electrospinning were provided. In addition, a literature review that discussed the early 

attempts at electrospinning, the process of fiber formation, some relevant mathematical 

models that have been proposed to describe the electrospinning process and the 

applications of these electrospun submicron fibers were discussed in some detail. The 

ability to produce high specific surface fibers by electrospinning has generated significant 

interest in the scientific community in the last ten years. As a result, researchers have been 

working in making novel structures based on electrospun fibers that find applications in 

numerous areas, viz., membranes, filtration, protective clothing, optical and electronic 

devices biomedical applications including tissue scaffolds and reinforcement in 

composites.  

 In the following chapters (2-6), the research efforts of the author will be described 

where fundamental as well as applied investigations involving electrospinning have been 

conducted. Recall that the following chapters (2-6) are presented in the form of 

manuscripts that are either in the process of being submitted to peer reviewed journals 

(chapter 2), or have been submitted (chapter 6) or have been published (chapters 3 & 5). 
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