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It is known that not all polymers can be melted and extruded to form polymer 

fibers. Electrospinning process involves a direct method to produce fibers in 

nanometer range by dissolving the polymer in solvent(s) to form the spinning 

solution. In this work, the spinning solution was prepared by dissolving Poly 

(ethylene terephthalate) polymer in triflouroacetic acid and methylene chloride. 

Charging the solution to a very high potential initiated the process to produce 

electrospun fibers. With increasing voltage, a critical point is reached and a charged 

jet of the solution is ejected. As this charged jet moves in the air, the solvent 

evaporates, leaving behind a charged polymer fiber that collects on a targeted 

source (rotating drum). Equipment to form electrospun fiberwebs on a rotating drum 

was designed and successfully built. The equipment for this process is relatively 

simple and small since this process lend itself to the production of fibers/fiberwebs 

from small quantity of polymer solution. An experiment was designed to investigate 

the influence of polymer concentration in the spinning solution and the electric field 

level on fiber and fiberweb response of interest. 

Electrospun fibers and fiberwebs were characterized for fiber diameter and its 

distribution, orientation distribution function, and pore size and its distribution. The 

results showed that an increase in the electric field resulted in a decrease of the 

average diameter of the electrospun fibers. It has also been observed that there was 

concentration/electric field interaction effect on fiber diameter. As the electric field 

increased keeping polymeric concentration constant, the fibers orientation in 

machine direction increased. It was observed that as the electric field was increased, 

the average pore diameter decreased. The decrease in average pore size with 

increase in electric field was explained in terms of fiber diameter as well as fiberweb 

structural parameters (orientation and basis weight).  
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1 Introduction 

Fibers have a long history and for many years, the use of fiber was restricted 

by the inherent qualities available in the natural world, resulting in the emergence of 

manufactured fibers merely a century ago. Manufactured fibers now are put to work 

in modern apparel, home furnishings, medicine, aeronautics, energy, industry, and 

more. These fibers are produced from organic polymers and inorganic materials. 

Fibers can be combined, modified and tailored in ways far beyond the performance 

limits of fiber drawn from the silkworm cocoon, grown in the fields, or spun from the 

fleece of animals. These manufactured fibers apart from being an alternative to 

natural fibers have proved to be useful and successful in the real word in terms of 

functionality and performance. 

There have been methods to produce ultra thin fibers explained in the 

literature, which dates back to many years. But, the methods proved to be highly 

inconvenient and expensive. In recent years, a new technique called the 

electrospinning process was developed and understood, which could produce fibers 

having diameters in the nanometer range. This technique has been proved to be 

convenient, effective and has successfully spun many fibers. 

Various industrial applications of the production of liquid jets in the presence 

of intense electric field have been investigated. One such application is the process 

of electrospinning, which is used to spin nano synthetic fibers from polymer solutions 

and melts. About 50 patents for electrospinning polymer melts and solutions have 

been filed in the past 60 years [83]. However, there is no known commercial process 

for electrospinning.  

 Electrospinning uses electrostatic forces as the driving force to spin fibers. In 

the electrospinning process by solution, a polymer solution held by its surface 

tension at the end of a capillary tube is subjected to an electric field. As the intensity 

of the electric field increases, the hemispherical surface of the solution at the tip of 

the capillary tube extends to form a cone like structure, which is also known as the 

Taylor cone [27]. With increasing voltage, a critical point is reached and a charged 
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jet of the solution is ejected from the tip of the Taylor cone. As this charged jet 

moves in the air, the solvent evaporate, leaving behind a charged polymer fiber, 

which lays itself randomly on a collecting plate. Thus, continuous fibers are laid to 

form a fibrous web. 

 Unlike conventional fiber spinning techniques, which are capable of producing 

fibers with diameters down to the micron size range, electrostatic spinning, or 

electrospinning is capable of producing fibers in the nanometer diameter size range, 

or "nanofibers". In electrospinning, electrostatic forces are used in addition to 

mechanical forces to drive the fiber forming process. The resulting nanofibers are of 

substantial scientific and commercial interest, as they are thought to exhibit 

morphologies and properties different from conventional fibers. 

The electrospun nanofibers provide a very large surface area/mass due to 

their small diameter, hence non-woven fabrics, with small fibers can be used for 

filtration of sub-particles in the separation industry. These can also be used for the 

adsorption of biological and chemical warfare gases, protective clothing, in medical 

industry as artificial blood vessels, sutures, surgical facemask, fiber-reinforced 

materials, mono-directional composites and in agricultural field for control of 

pesticides. The electrospinning technique can be used in chemical and 

manufacturing industries for paint spraying, electrodeposition, plasma deposition, 

and mining minerals. In general, polymer nanofibers are used in a variety of 

applications, including filtration, protective clothing, biomedical applications such as 

wound dressing and drug delivery systems, design of solar sails, light sails and 

mirrors for use in space, as well as for structural elements in artificial organs and in 

reinforced composites. Ceramic or carbon nanofibers made from polymer precursors 

make it possible to expand the list of possible uses for nanofibers. 

In this work, nanofibers were produced from electrospinning from solution 

using poly (ethylene terephthalate) as the polymer. Experiments were performed 

using this polymer and the electrospun web thus produced was characterized. There 

has been an effort to characterize the process parameters and for this a suitable 

experiment and equipment design was made. The process parameters investigated 

included concentration of the polymer solution, the voltage and the collecting 
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distance between the two electrodes. The electrospun web was characterized for 

structure by measuring fiber diameter and its distribution, fiber orientation and pore 

size and its distribution. 
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2 Background 

 This chapter explains the background and principle of electrospinning. It also 

elaborates on the process, various experimental setups and fiber-web structure. 

2.1 Overview of various spinning methods 

 The process of extrusion involves forcing a thick, viscous liquid through a 

spinneret to form continuous filaments of semi-solid polymer [77]. The fiber forming 

polymers being solids must be converted into a fluid state for extrusion. This can be 

either achieved by melting, if the polymers are thermoplastic synthetics, or by 

dissolving them in a suitable solvent if they are non-thermoplastic cellulosics. If both 

of these don’t work then they must be chemically treated to form soluble or 

thermoplastic derivatives. Conventionally, there are four methods of spinning, 

namely, wet spinning, dry spinning, melt spinning and gel spinning. 

2.1.1 Wet Spinning  

This method of spinning can be used for substances that can be dissolved in 

a solvent. The spinnerets are completely submerged in a non-solvent coagulating 

chemical bath into which the filaments are extruded and as the filaments emerge 

they precipitate from solution and solidify. Because the solution is extruded directly 

into the precipitating liquid, this process for making fibers is called wet spinning [77].  

2.1.2 Dry Spinning  

In this method of fiber formation, the solidification process of fiber forming 

polymers is achieved by evaporating the solvent in a stream of air or inert gas. The 

polymer solution is extruded through a spinneret into a heated zone where the 

solvent evaporates, leaving behind fiber filaments. The filaments do not come in 

contact with a precipitating liquid, eliminating the need for drying and easing solvent 

recovery [77].  



 5

2.1.3 Melt Spinning  

This process involves heating the polymer higher than its melting temperature 

and then extruding it through spinneret. In this method, the fiber-forming substance 

is melted for extrusion and forced through the spinneret and then directly solidified 

by cooling [77]. Melt spun fibers can be extruded from the spinneret in different 

cross-sectional shapes (round, trilobal, pentagonal, octagonal, and others).  

2.1.4 Gel Spinning 

When the polymer is not in a true liquid state during extrusion this method is 

used and in this process, the polymer chains are bound together at various points in 

liquid crystal form. This produces strong inter-chain forces in the resulting filaments 

that can significantly increase their tensile strength [77]. Moreover, the filaments 

emerge with an unusually high degree of orientation relative to each other, which 

further enhances the strength.  

2.2 The Electrospinning Process 

The manufacturing process of electrospinning was first reported by Formhals 

[65] in 1934, the experimental setup and procedure of which has been explained in 

the sections to come. Since then, the process of electrospinning has caught the 

attention of many researchers and many reports, publications and patents in this 

field ascertain this. Gibson et al (79) describes electrospinning as a process in which 

high voltage is used to produce an interconnected membrane like web of small 

fibers. This method provides the capacity to lace together many types of polymers, 

fibers, and particles to produce ultra thin layers. 

The electrospinning process is used to make fine fibers in the range of nano 

meters (which are also called nano fibers), by charging a polymer solution with 

several thousand volts. When sufficient voltage to overcome the surface tension is 

reached, fine jets of liquid are ejected towards a grounded object. The jet stretches 

and elongates as it travels and is collected as an interconnected web like structure. 

Various publications indicate that the voltage required to produce fibers range from 5 

kV to 30kV [78]. This range of voltage is good enough to overcome the surface 

tension of the polymeric solution and to produce very fine charged jets of liquid 
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towards a grounded target. This charged jet before hitting the target undergoes 

splitting and drawing and forming fibers with different sizes and shapes before 

evaporating to form a web like structure.  

The electrospinning system consists of two separate entities, a sprayer and a 

collecting device. The sprayer essentially consists of a glass spinneret, which holds 

the polymer solution. One of the metal electrodes from the high voltage supply is 

given to the solution, which serves as the positive terminal. A collector, which 

collects the fibers is given the other end of the electrode, which serves as the 

negative terminal. In this process, polymer solution is charged to a very high 

electrical potential. Because of the electric field, charge is induced on the liquid 

surface. The presence of potential difference between the two electrodes i.e., the 

mutual charge repulsion, causes a force opposite to the surface tension of the 

polymer solution. As the electric field increases, the hemispherical surface of the 

solution at the tip of the capillary tube (Figure 2.1) extends to form a cone like 

structure, which is also known as the Taylor cone. As the intensity of the electric field 

is further increased the field reaches a critical point value at which the repulsive 

electric force overcomes the surface tension force. At this point a charged jet of the 

solution is ejected from the tip of the Taylor cone. So as the force acting on the 

polymer solution becomes greater than the surface tension, the charged droplet 

becomes unstable and this instability results in the formation of a charged jet. As this 

charged jet moves in the air, the solvent evaporate, leaving behind a charged 

polymer fiber, which lays itself randomly on a collecting plate. So, fiber formation is 

due to the instability created by the repulsion between similar charges. Thus, 

continuous fibers are laid to form a web like structure. Diameters of these fibers 

range from 600 nanometers to 2000 nanometers. The nanofibers structured in the 

web show good tensile strength, excellent moisture vapor transport, extremely low 

air permeability, and good aerosol particle protection [79]. 

There are various parameters, which come into picture namely the solution, 

controllable and ambient parameters [61]. Solution properties include viscosity, 

conductivity and surface tension. Controllable parameters include electric potential 

at the tip, distance between the tip of the capillary and the collection plate or surface. 
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Ambient variables include temperature, humidity, and air velocity in the 

electrospinning chamber. Varying one or more of these properties can produce 

electrospun fibers from various polymers, which includes water-soluble polymers, 

biopolymers and liquid crystalline polymers. Fibers produced by this method using 

different polymers have been shown to have a wide variety of shapes, sizes and 

degree of orientation.  

2.2.1 Governing Theory for Electrospinning 

Taylor's Theory [26, 27]: Formation of fine threads from viscous drops in an electric 

field is due to maximum instability of liquid surface induced by electrical forces. At 

increasing voltage, it forms a spherical cap and at the critical point, the meniscus of 

a viscous drop becomes nearly conical before the fiber formation and just before jet 

formation. The contracting round top conical part had a semi-vertical angle Ø ~ 50 

degrees (see figure 2.1). Under the action of electrical stresses, curvature of surface 

of a viscous liquid change as surface tension is the only force that opposes the 

electrical force.  

 

 
 

 

 

 

Figure 2. 1: Formation of Taylor Cone and subsequent splaying of fibers. 

The Critical voltage Vc, at which maximum instability develops, as given by 

Taylor in 1969 [26]:   

Vc2 = 4 H2/L2*(ln (2L/R) -1.5)*(1.3 π RT)*(0.09)          Equation 2. 1 

 

for say Ø ~ 50 degrees, H is the distance between electrodes, L, the length of the 

capillary, R, the radius of the capillary, and T, the surface tension. Flow field in the 

Capillary tube 

Taylor cone 

Charged jet 

Individual random oriented nano fibers 

 Polymer Solution 
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jet will be such that velocity gradient along jet-axis has an extensional component. 

Extensional velocity gradient (here caused due to 2nd kind of instability i.e., 

repulsion of similar kind of charges) is known to be very efficient in stretching the 

polymer chains and forming very fine fibers. Also, width of fibers decreases as V, the 

voltage applied increases as it leads to electrostatic stretching. 

2.2.2 Principle 

The principle of the electrospinning process may be best understood by the 

reports given by Rayleigh, Zeleny and Taylor. As Taylor [26] quotes – ‘fine jets of 

slightly conducting viscous fluids and thicker jets or drops of less viscous ones can 

be drawn from conducting tubes by electrical forces. As the potential of the tube 

relative to a neighboring plate rises, viscous fluids become nearly conical and fine 

jets come from the vertices’. 

Lord Rayleigh [34] in 1882 studied the condition of instability occurring in 

electrically charged liquid droplets. He showed that the droplet is unstable when 

electrical force is greater than or equal to force from surface tension i.e., when the 

electrostatic force overcomes the surface tension force, which is acting in the 

opposite direction of the electrostatic force, the unstable charged droplet breaks up 

into a series of charged droplets at this point and liquid is ejected in fine jets.  

The electric intensity at the surface of a meniscus by measuring the length of 

a liquid column was determined by Zeleny [30, 31, 33]. The hydrostatic process in 

the column counteracts the mechanical pull exerted by an electric field on the liquid 

surface. The character of deformation of the meniscus was also reported. Zeleny 

studied the effect of the electric field on the liquid droplet hanging at the tip of the 

capillary. He studied the discharge from charged drops and from uncharged drops in 

electric fields and this showed that the surface electric intensities, when the 

discharge began, satisfied the theoretical relations for surface instability. He 

observed that the surface instability induced a cone on the liquid surface and the 

mode of spraying was from several sites from one cone. The liquid drop was stable 

at a value below the threshold for the discharge of the liquid. Using low molecular 

liquids, ethanol and glycerol, the spray phenomenon was reported using several 
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photographs [32]. Breakup of the electrified jet happened at a relatively longer 

distance from the droplet for glycerol than ethanol. The process of ejection of small 

droplets occurs because of the surface instability. As the jet from the cone surface of 

a liquid is ejected, it breaks down into droplets and the diameter of the drop was in 

the order of 10-5 cm to 10-4 cm. He showed that instability of liquid drop occurs when 

the internal pressure of droplet is same as external pressure. 

2.2.3 Experimental setup and procedure using various polymers 

Formhals [65] in 1934 reported an experimental setup for electrospinning. His 

method involved dispersing the spinning solution using high electric field. Solution 

was prepared by dissolving cellulose acetate in ethylene glycol. The spinning 

solution was introduced into an electric field, by giving it one end of the electrode to 

produce field (Figure 2.2). A collecting device, a belt was given the negative polarity. 

The solution is passed into this electric field formed between electrodes in a thin 

stream or drops in order to separate them into a plurality of threads. Potential 

difference of 5 to 10 kV was maintained and this difference depended on the 

properties of spinning solution apart from ambient conditions. The two movable 

bodies, spinning vessel and the collecting belt, charged with high-tension static 

electricity of unlike polarity, produced extremely fine threads in the direction of the 

collecting belt. The dried fibers were collected on the belt, but it could be observed 

that the fibers adhered to the surface of the moving parts of the apparatus, mainly 

the belt, the drum and similar parts, which made removal of fibers from these parts 

difficult. 
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Figure 2. 2: Apparatus for electrostatic spinning used by Formhals [65] 

Taylor showed that instability of an elongated drop would not occur unless a 

pressure differential exists. His papers [27, 28, 29] demonstrated that a conical 

interface between two fluids could exist in equilibrium in an electric field. At the onset 

of instability, the droplet elongates and its end develops a conical shape called the 

‘Taylor Cone’, which theoretically had a semi angle close to 49.3° at the vertex. 

This was even shown and proved through several photographs. At the apex of the 

Taylor cone, the liquid surface is usually unstable, and charged drops of liquid are 

emitted to give a space-charge zone in front of the cone. As the electric field 

approaches the breakdown field strength at this point, a corona discharge may 

occur. This affects the electric field at the apex, and the radius of curvature of the 

apex of the cone changes accordingly to sustain the field. The electric pressure due 

to the maximum charge that can reside on the cone surface is balanced by the 

surface tension of the liquid. 

Taylor [26] in 1969 published theoretical and experimental work on the 

disintegration of pure as well as mixture of liquid drops and electrified jets. Taylor 

correlated his experimental observations with a theoretical model, and in this 

process he obtained an expression for the critical electric potential at which the 

droplet becomes unstable. He showed that Zeleny’s mechanism of droplet 

disintegration was based on a false assumption that instability happens when the 

internal pressure is the same as that outside the droplet. In his experimental set-up 
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(Figure 2.3), he explains the voltage required for the fluid to be drawn from the tube. 

The polymer was stored in a reservoir C, and when the voltage was increased, the 

surface of the meniscus of the fluid, D, emerging out from the metal tube A, became 

convex till the critical voltage, after which it no longer can be stable. The potential 

difference was maintained by two parallel plates B and E. At this point, it emits a jet 

towards the targeted plate B. This has been explained by the equation 2.1. 

 

 

 

 

 

 

 

 

Figure 2. 3: Schematic drawing of the apparatus used by Taylor [26] [A – metal 
tube, B & E – metal plates, C – reservoir, D – hemispherical droplet] 

Simons [66] in 1966 demonstrated a method for the production of patterned 

and textured non-woven fabrics, wherein electrically-spun filaments are aggregated 

into bundles defining a controlled pattern of aggregates of high filament density 

contrasting with controlled areas of low filament density. In his apparatus, Simons 

used a segmented receiver as a fiber-collecting device. A wide variety of organic 

polymeric materials were considered including cellulose esters and ethers, vinyl 

resins, acrylic resins, polystyrene, polyurethanes and polycarbonates. Solvents 

considered, namely chloroform, ketones such as acetone, methyl ethyl ketone, and 

methyl isobutyl ketone had wide range of dielectric constants. In operation, it 

disperses a solution into a stream of electrically spun filaments and is collected in 

the form of a patterned non-woven fabric. The patterned non-woven fabrics were 

thin and lightweight. 

Baumgarten [56] in 1971 carried out experiments involving electrostatic 

spinning to produce acrylic micro fibers. The acrylic resin used was a commercial 
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copolymer of 93.6 % acrylonitrile, 6 % methyl acrylate, and 0.4 % sodium styrene 

sulfonate and the solution was prepared in dimethyl formamide. The experimental 

apparatus (Figure 2.4) consisted of a stainless steel capillary tube through which the 

polymer drop was suspended and to maintain constant drop, infusion pump was 

incorporated. Potential difference was maintained between capillary tube and a 

grounded metal screen. For photographic study, a camera was attached in line with 

the spinning fiber. The analysis showed that as the viscosity of the solution 

increased, the spinning drop changed its shape to conical from hemisphere and the 

length of the jet increased. It was also observed that the fiber diameter increased 

with increased viscosity and was approximately proportional to jet length. Electron 

photomicrographs obtained showed that the fiber had the appearance of smooth, 

straight cylinders. As the solution flow rate increased, the jet length almost doubled 

but there was not much change in the diameter of the fibers.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4: Electrospinning apparatus with photographic setup used by 
Baumgarten [56] 

Martin, Cockshott, and Fildes [67] invented fibrillar mat, with two and three-

dimensional articles for prosthetic device comprising a plurality of fibers of organic 
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material, wherein the fibers were produced by electrostatic spinning. Materials 

involved included suspension of PTFE, polyurethanes and aqueous solutions of 

polyvinyl alcohol, polyvinyl pyrrolidone and polyethylene oxide. The spinning 

material is fed into an electrostatic field from a syringe reservoir to the tip of an 

earthed syringe needle (Figure 2.5). An electrostatically charged surface was placed 

at an appropriate distance. Fiber is formed between the tip of the syringe needle and 

the charged surface. Potential maintained was around 20 kV at a distance of 5–35 

cm between syringe needle and collecting surface. Mats collected on a rotating non-

conducting belt had a few microns to a few centimeters thick, highly porous, low 

diameter, and high surface area. These fiber mats were supposedly made for 

medical purposes, especially wound dressing. 

 

 

 

  

Figure 2. 5: Diagrammatic side view of the apparatus for continuous 
production of fibers used by Martin et al [67] 

It has been known that advantageous directional properties may be obtained 

by the directional orientation of small pieces of cellulose material. Talbott and Logan 

[68] described a process for forming a composite mat of directionally oriented 

lignocellulosic material. Here the elongated small pieces of the material are caused 

to descend individually as separate and discrete objects through an electric field 
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orienting zone. An electric field is passed through the composite mat to produce a 

directional electric field above the mat in which the electric field is directed in the 

direction of movement of the mat and parallel with the mat. This is done to exert 

forces on the elongated small pieces to cause the pieces to orient their long 

dimensions in the direction of the electric field as the pieces descend through the 

orienting zone in the formation of the mat. By contacting the mat with electrodes and 

by applying a voltage between the electrodes produces the electric current to flow 

through the mat. This method can be considered as one of the economical and 

reliable methods for forming a continuous mat of oriented small pieces of 

lignocellulosic material. 

Simm et al. [69] in 1978 described a process of producing filters made of 

electrostatically spun fibers from polystyrene. The spraying of the spinning solution 

placed in storage tank was from a rotating annular electrode, overcoming the 

problem of blockage of spray edge by the drying up of liquid (Figure 2.6). Spinning 

takes place in the spray chamber and movable electrodes, like conveyor belts, carry 

the collected fibers. Apart from the air temperature and relative humidity for 

producing thin, dry filaments, it was observed that electrical conductivity of the 

spinning solution affects the thickness of the fibers formed. 

 

     

 

Figure 2. 6: Apparatus for the production of fiber fleeces used by Simm et al 
[69] 

Precipitation 
electrode 

Spray chamber 

Fiber material, 
belt & stripper 

Spray electrode
Annular electrode

High 
voltage 
source 

Storage tank

Exhaust vent



 15

Simm et al [70] obtained very thin, relatively short and highly charged fiber 

fleece in large numbers for filtering purposes, when the fiber material was sprayed 

electrostatically. The polymers used were polystyrene, cellulose esters or 

polycarbonates. Non-combustible solvents considered were methylene chloride, 

chloroform and carbon tetrachloride. The solution was sprayed and they dried along 

their way to the precipitation electrodes, the collecting device that was placed at 

equidistant from the ring electrode. The fiber filters produced by this process thus 

consist of a fiber fleece, which has been electrostatically sprayed from the liquid 

state on to a conductive support. The resultant fiber fleece covered with permeable 

cellulose fleece was thick, dry, and porous and was used as an air filter. 

Fine and Tora [71] considered a liquid solution of a thermoplastic elastomeric 

polyurethane in a volatile solvent (like tetrahydrofuran) contained in a cup supplied 

to a surface rotating about an axis to form a film which is whirled by centrifugal force. 

By charging the cup to a high electric potential, an electric field is created on the 

surface of the solution. The electrostatic potential is maintained between this film 

and the collecting surface, an aluminum foil in the form of a belt and the fibers are 

attracted and collected in this surface. So, the filaments are formed by the combined 

action of centrifugal force and the electrostatic force. 

Larrondo and Manley [57] demonstrated the formation of continuous 

electrospun fibers from rapidly crystallizing polymers, polyethylene and 

polypropylene. Conventionally, high pressures were involved to extrude polymer 

melt from the spinneret, but in this process, the pressures applied were as little as to 

form a hemispherical drop of molten polymer at the end of the capillary orifice. A 

potential difference is established at this stage and as the voltage is gradually 

increased a critical point is reached where static equilibrium can no longer be 

maintained. The drop results in a fine, continuous, stable jet of molten polymer, 

which ultimately solidifies, and a continuous fiber is formed. The interaction between 

the electric field and the charges induced on the surface of the polymer melt is the 

probable reason for the drawing of fibers through electrostatic force.  

 The electrospun fibers formed by this method were unoriented and spherulitic 

in structure. Properties of these fibers were comparable to the fibers obtained from 
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conventional spinning processes. Electric field intensity and temperature or melt 

viscosity affected fiber diameters. Generally speaking, fiber diameter decreased with 

an increase of electric field intensity. Increasing the temperature of the molten 

polymer formed smaller diameter fibers. The diameter of the orifice was of little 

importance. The flow field of an electrified jet, nature of the streamlines and 

magnitude of the stream velocities were analyzed by using tracer particle 

photography in a model fluid [58]. It was observed that the velocity field had both 

extensional and rotational components. It was found that the region about the 

symmetry axis is void of rotational components and the extensional flow along this 

axis depended on the electric field intensity at which the jet was operated. 

Experiments were carried out on nylon 12 and polyethylene to study the electrostatic 

deformation of a pendant drop [59]. Theoretical and experimental observations show 

that the deformation was proportional to the dielectric constant of the polymer melt 

and inversely proportional to the surface tension of the polymer melt. 

Bornat [72] in 1982 described the electrostatic spinning process for the 

production of tubular products, used in medical field. In this process biologically 

acceptable polymeric substances were used such as PTFE, polyurethanes, 

dispersions of polytetrafluoroethylene, thermoplastics such as polyamides, 

polyacrylonitrile, water-soluble polymers such as polyvinyl alcohol, polyvinyl 

pyrrolidone and polyethylene oxide. The spinning solution is fed to an electrostatic 

field from a syringe reservoir to the tip of an earthed syringe needle (Figure 2.7). An 

electrostatically charged surface is kept at a distance and the fibers were formed 

between the needle tip and the charged surface. This system also involved several 

capillaries for higher production rate and spinning solution was filled in these 

capillaries. The potential was maintained between these capillaries and the 

collecting surface. The collecting device is a rotating mandrel or a rod so as to 

impart a core-sheath structure to the collected fibers so as to obtain a tubular 

product. The core may be conductive or non-conductive whereas the sheath is a 

non-electrically conducting material made of sheet metal or metal foil and is 

collapsible. The collected composite fibers in tubular form have low diameter and 

thickness, and are porous. 
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Figure 2. 7: Apparatus for preparing tubular products used by Bornat [72, 73] 
 Bornat [73] also explained that the composite fibers obtained display a pattern 

of fiber deposition, which tends to be longitudinal i.e., parallel to the long axis of the 

tube rather than circumferential and is conjectured that the force field generated by 

the charge on the collector is such that this deposition is resulted. This invention 

modifies the apparatus explained earlier, by introducing an auxiliary electrode so 

that higher proportions of the fibers are circumferential rather than longitudinal. 

How [74] described a process for the production of synthetic vascular grafts 

from polyurethane. The polymer solution was ejected through a stainless steel 

nozzle from a syringe, wherein the nozzle is earthed (Figure 2.8). Flow of the 

polymer solution through nozzle is maintained by the syringe piston, which is 

subjected to a constant hydraulic force. Fluid from the nozzle is fed to an 

electrostatic field surrounding a charged mandrel which is charged to around –12 

kV. Because of the high electric potential, filaments are drawn and collected here. 

This invention essentially relies on the controlling the speed of rotation of the 

mandrel (between 2000 to 20000 rpm) such that a desired degree of anisotropy is 

present in the graft. This is because, the purpose for which these grafts are 

produced, the natural arteries are generally anisotropic. 
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Figure 2. 8: Diagrammatic illustration of electrospinning system used by How 
[74] 

The electrostatically spun products for medical use may be made of any 

biocompatible, non-absorbable or absorbable fiberizable material. A fiberizable 

material is one, which is capable of forming a solution or melt, which can be 

electrostatically spun to form fibers.  Some of the fiberizable materials include 

polyethylene terephthalate, polytetrafluoroethylene, silicones, nylons, 

polyacrylonitrile, and urea/formaldehyde resins. Middleton and Paprotny [75] 

described a process for producing a medical prosthesis. It consists of forming the 

prosthesis from uncross-linked polyurethane and then at least partially cross-linking 

the polyurethane with a cross-linking agent. Here the medical prosthesis is formed 

by electrostatically spinning a melt or solution of the polyurethane material. The 

production of tubular products by electrostatic spinning, which describes a tubular 

fibrous structure comprising randomly oriented smaller diameter fibers in the fibrous 

structure and substantially circumferentially oriented large diameter fibers embedded 

in a matrix of small diameter fibers, has wide range of end uses. They may be used 

as artificial urinary or bile ducts, artificial heart components, artificial trachea, 

components of auxiliary medical equipment, and as reinforcements for weakened 

tissue areas. 

Berry [76] invented a method for producing electrostatically tubular fibrous 

spun products using polyurethanes. The spinning solution is fed into the electrostatic 

field through capillary needles. The emerging droplets were attracted towards 
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electrostatically charged mandrel kept at a distance. The mandrel consisted of two 

charged grids and a potential of 6 to 12 kV is maintained. Because of the two 

charged grids the tubular fibrous structure produced had fibers of different diameters 

and varying fiber orientations along their length, as the needles traversed. These low 

diameter fibers were oriented circumferentially around the tube, offered little 

resistance to bending and assumed a very tight loop without kinking. Also, it had 

greater axial compliance and when compressed along its axis, it shortened with a 

minimal tendency to buckle. 

Doshi [60, 61] carried out experiments on aqueous solutions of poly (ethylene 

oxide), and tried to characterize the process parameters. Fibers were also 

successfully electrospun from water-soluble polymers, biopolymers, and liquid 

crystalline polymers. The experimental set-up used is shown in Figure 2.9. The 

operational parameters were divided into the solution properties (surface tension, 

viscosity, electrical conductivity of the polymer solution), the controlled variables 

(pressure in the capillary, potential at the tip, collecting distance, jet diameter, jet 

velocity), and the ambient parameters (temperature, humidity, air velocity in the 

spinning chamber). The electrospinning process characterization involved 

measurements of electric potential to start and stop the spinning process, current 

and jet length, jet diameter and flow rate. The size and geometry of the Taylor cone 

was carefully investigated in terms of vibrations and instabilities of the cone and the 

jet. Simulation and computer modeling were used to understand the process. Efforts 

were made to investigate structure and morphology of the electrospun fiber using 

scanning electron and atomic force microscopes. It was observed that a wide variety 

of shapes and sizes could be produced from various types of polymers. 



 20

  

Figure 2. 9: Schematic drawing of the apparatus used by Doshi [60, 61] 

 

Srinivasan [12, 64] spun poly (p-phenylene terephthalamide) {PPTA} by the 

electrospinning process. PPTA fibers (Kevlar 49) were dissolved in sulphuric acid 

to form an isotropic solution. The fibers collected in the bath (Figure 2.10) were 

formed by coagulation and these fibers were washed in fresh water and dried in 

vacuum. Fibers were coated with carbon before viewing under transmission electron 

microscope. Single fiber seen under crossed polars was birefringent, with no 

perceivable banding. Electron diffraction experiments were carried out for the as-

spun and annealed fibers. The results showed meridional and equatorial reflections 

showing the orderliness in the material. Bright and dark field electron microscopy 

revealed aspects of the morphology and arrangement of crystallites in the fiber. 

Atomic force microscope images were used to extract roughness parameters. The 

produced fibers were in the order of a few hundred nanometers in diameter and 

were thermally stable. 
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Figure 2. 10: Schematic drawing of the apparatus used by Srinivasan [12, 64] 
Chun [62, 63] developed a new process model to describe the electrospinning 

process, which showed the relationship between applied voltage, electrical charge, 

fiber geometry, fiber velocity, mass flow rate, and electrical current. He conducted 

experiments on solutions of poly (ethylene terephthalate), poly (amic acid), and poly 

(acrylonitrile). The obtained fibers had diameters less than 1 micron. 

Characterization of these fibers involved studying the effects of applied potentials, 

flow rate and the spinning velocity. Structural and morphological studies included 

analysis of electrospun fibers with the aid of optical, scanning electron, transmission 

electron and atomic force microscopes. Experiments were carried out on poly 

(ethylene terephthalate) and poly (ethylene) melts using the electrospinning process 

in air and Poly (ethylene terephthalate) melts in vacuum. The fibers were 

successfully electrospun under these conditions and the fibers were around 15 

microns in diameter. 

Fang [7] produced DNA fibers by electrospinning (Figure 2.11). Spinning 

solution was prepared by dissolving fibrous calf thymus Na-DNA in water and 

ethanol. The process was carried out in a closed chamber. The produced 

electrospun DNA fibers (30 to 80 nanometers) were 1000 times smaller in diameter 
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than usual DNA fibers and these fibers were transparent when looked under 

transmission electron microscopy. 

  
Figure 2. 11: Schematic diagram of the apparatus for making DNA fibers [7] [1) 
Wire electrode in contact with the DNA solution, 2) glass pipette holding the DNA 
solution, 3) infra red lamp to warm the sample, 4) electrically charged polymer jet, 5) 
smaller jets produced by splaying of the primary jet, 6) sheet of aluminum foil, 7) box 
to restrict air flow] 

Jaeger et al [3] carried out electrospinning processes using poly (ethylene 

oxide) and water, poly (vinyl alcohol) and water, poly (ethylene oxide) and 

chloroform, cellulose acetate and acetone. They used two different experimental 

layouts, a one-electrode set-up and a two-electrode set-up. The two-electrode set-up 

had an additional ring electrode which helped to create a field-free space at the tip of 

the capillary (needed to avoid corona discharge at the tip of the Taylor cone), and 

the occurrence of a more stable field between the ring electrode and the collecting 

electrode. Fibers produced were seen under atomic force microscope, which 

showed that the diameters range between 16 nanometers to 2 microns. 

Zarkoob et al [11] produced and investigated electrospun silk fibers. Spinning 

solutions were produced by dissolving Nephila clavipes dragline silk in Hexafluoro-2-

propanol and Bombyx mori silk in Hexafluoro-2-propanol. The fibers were coated 

with a layer of evaporated carbon to avoid electrical charging before viewing under 

transmission electron and scanning electron microscopes. The diameters ranged 

from 8 to 200 nanometers, were round and smooth, and showed birefringence when 
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observed between crossed polars. Electron diffraction was performed on 

unannealed fibers and it showed no signs of crystalline diffraction pattern. 

Fong [16] spun electrospun fibers using poly (ethylene oxide). The apparatus 

consisted of a metal spoon as the positive terminal whereas an aluminum foil 

collected the fibers. Jet initiation, surface shape of the jet, single jet diameter, the 

growth of bending instability, jet splaying, jet traveling velocity jet length, solution 

flow rate, jet current and spinning voltage were studied and measured. Variation of 

jet diameter was investigated for different jet traveling distance, electric field, solution 

viscosity and solution surface tension coefficient. Fiber diameter was calculated 

using scanning electron microscope. SEM images showed bead formation and this 

was also investigated and reported that the beads are formed because of variation in 

solution viscosity, net charge density, charges on the fiber and the surface tension. 

 In another experiment, elastomeric nanofibers of Styrene-Butadiene-Styrene 

tri-block copolymer were produced using electrospinning process. Solution was 

prepared by dissolving SBS in tetrahydrofuran and dimethylformamide. The fibers 

were collected either as a nonwoven elastomeric fabric, or on a layer of graphite that 

was evaporated onto a glass microscope slide. A bundle of aligned fibers, which 

were birefringent, were examined by X-ray diffraction, which showed a weak 

indication of molecular orientation along the fiber axis. Observation under polarized 

optical and transmission electron microscopes showed the three-dimensional 

morphology of the SBS fiber and diameters of the fibers were in the range of 100 

nm. In a further extension, carbon fibers were spun using polyacrylonitrile, 

mesophase pitch and poly (vinyl alcohol). The physical properties range from highly 

crystalline, strong fibers to very porous, large surface area and poorly crystallized 

fibers. The fibers observed under scanning electron microscope showed diameters 

in the range of 100 nm.  

Bergshoef et al. [8] carried out experiments on solutions of nylon-4, 6 in 

formic acid to produce ultra thin fibers of nylon-4, 6 with a semi finite length. The 

produced fibers had diameters in the range of 30 to 200 nm when observed under 

scanning electron and transmission electron microscopes. The fibers were assessed 

for mechanical performance and also investigated for pattern of the structure by 
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wide-angle X-ray scattering and degree of crystallinity by differential scanning 

calorimetry.  

Kim [9] spun electrospun fibers of aromatic heterocyclic polybenzimidazole 

(PBI). Solution was prepared by dissolving PBI with a little lithium chloride in N, N-

dimethylacetamide under nitrogen gas. The obtained non-woven sheet was washed 

with dilute sulphuric acid, dried and was then heated above the glass transition 

temperature of PBI so as to impart stabilization against shrinkage and to increase 

the strength of the fabric. The fibers having diameters of around 300 nm observed 

under scanning electron, transmission electron and atomic force microscopes 

showed that the fibers were round and smooth. The sheet under polarizing 

microscope showed that the fibers are birefringent, indicating the molecules are 

aligned. 

Composite specimens were prepared from 8 to 32 plies of the non-woven PBI 

fabric sheets produced by electrospinning process [13]. A resin rich layer between 

each of the sheets was prepared using epoxy resin. In another experiment, PBI 

fibers were chopped and a rubber composite was prepared using styrene-butadiene 

rubber. The composites were prepared to measure mechanical properties, wherein 

three-point bend and double torsion tests were done to fiber-reinforced epoxy 

composite and tensile and tear tests for the fiber-reinforced styrene-butadiene 

rubber composite. The SEM micrographs and data results revealed that the fracture 

toughness and the fracture energy of the composites depend on the direction of the 

fabric and the crack. Young’s modulus was ten times and tear strength was twice as 

large as for the normal composite. 

Norris et al. [10] produced a non-woven mat using electrospinning process by 

blending the conducting polymer polyaniline and poly (ethylene oxide) in chloroform. 

Polyaniline was doped with camphorsulfonic acid. The conductivity of the fibers was 

measured and compared with cast film on a microscope glass slide. The polymer 

conformation of the fibers was determined using UV-visible spectroscopy. The 

morphology showed that these blended fibers had diameters less than 2 microns. 

Buer et al [15] carried out electrospinning processes using solutions of Poly 

(acrylonitrile) and Poly (ethylene oxide). The solution was fed through an inclined 
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pipette wherein the flow rate was maintained by a syringe pump. Laser Doppler 

velocimetry experiments revealed information about the velocity of the jet at various 

distances from the apex. Mechanical testing and morphological studies indicate that 

the process partially orients the molecules in the fibers. The strength of the fibers 

was calculated and the fiber diameter was analyzed with the help of SEM 

micrographs. 

Deitzel et al [25] carried out electrospinning experiments on poly (ethylene 

oxide). In a newly designed apparatus, a series of charged rings was used as an 

electrostatic lens element that changes the shape of the macroscopic electric field 

from the point of jet initiation to the collection target. Also, the collection target had a 

potential bias whose polarity was opposite to that of the lens element and syringe 

needle. This allowed for a continuous increase in the electric field strength and a 

corresponding increase in downward force on the jet as it approached the collection 

target. By these two improvements, control of the deposition of fibers was possible. 

The application of secondary external field helped to control the bending instability. 

The samples were analyzed using wide-angle X-ray technique and it showed the 

presence of some molecular orientation and a poorly developed crystalline 

microstructure in the fibers. 

Koombhongse [17] carried out electrospinning experiments using aqueous 

solutions of poly (ethylene oxide). Studies on jet initiation, corona discharge on jet 

initiation, flow of the jet, electrically driven bending instabilities, motion of the jet, and 

jet path was carried out. A mathematical model for a charged jet was designed to 

calculate the three-dimensional path of the charged jet, wherein electrical force from 

external field, repulsive force between charge carried by jet, viscoelastic force, force 

from surface tension and gravitational force were calculated. Measurements of the 

trajectory and velocity of a particular segment of a jet was also carried out. 

Investigations were made on the effects on spinning behavior in terms of shape of 

the envelope, increase of perimeter of each loop and movement of the charged jet. 

Also the effects of charge density and solution concentration were looked upon the 

fiber diameter. To understand the behavior of the jet in the electric field, some of the 
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conditions looked into were quasi-stable jet, multiple jets, jet oscillation, jet 

translation, and dying jet on the hemispherical droplet.  

2.2.4 Bending Instabilities 

The foremost part of the electrospinning process is a fluid instability or in 

other words the rapidly whipping liquid and this is the cause for the bending and 

stretching of the liquid. At high electric fields, the jet becomes unstable and has an 

appearance of inverted cone, which is a single, rapidly whipping jet [18, 19]. At 

higher field strength and flow rate, there is a transition from a stable jet to a whipping 

jet. The dependence of transitions on the electric field and the flow rate is 

reproduced by a model proposed by Shin et al [19], wherein the electrospinning 

process is based on the observation that the instabilities occur with wavelengths 

much longer than the jet radius. The whipping instability can occur through either 

small lateral fluctuations in the centerline of the jet or mutual repulsion of surface 

charges carried by the jet. The whipping instability is the cause for the large 

decrease of jet diameter, by increasing the path length over which the fluid is 

accelerated and stretched before solidification of the liquid. 

An analogy between electrically driven and the aerodynamically bending 

instabilities using a localized approximation was developed, which calculated the 

bending electric force acting on an electrified jet [20]. Continuous, quasi-one-

dimensional, partial differential equations were derived and used to predict the 

growth rate of small electrically driven bending perturbations of a liquid column. 

Discretized equations were used to calculate the jet paths during the course of 

nonlinear bending instability that accounts for solvent evaporation and polymer 

solidification. 

A theoretical framework, consisting of two components, a stability analysis of 

a cylinder of fluid with a static charge density in an external electric field, and a 

theory for how these properties vary along the jet as it thins away from the nozzle 

has been developed for understanding the physical mechanisms of electrospinning 

[21]. It was shown that by analyzing various instabilities of the jet, it was possible to 

make predictions for the onset of electrospinning. 
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Using the stability theory, a quantitative method was developed to predict 

when the electrospinning occurred [22]. The dominant instability strongly depends 

on the fluid parameters of the jet, namely, the viscosity, dielectric constant, 

conductivity and the static charge density on the jet. A method for calculating the 

shape and charge density of a steady jet as it thins from the nozzle was reported. It 

was shown that stability theory could be related to electrospinning in terms of 

determining the jet paths, jet shape and surface charge density. The theory reports 

that the charge density on the jet interacts with the external field to produce 

instability in the jet. 

An experimental investigation of the electrically forced jet and its instabilities 

was presented by Shin et al [23]. Stability jets, jet currents and whipping instabilities 

were reported for solutions of glycerol and poly (ethylene oxide). The experimental 

observations were compared with theoretical analysis such as electrohydrodynamic 

equations. It was reported that the current is a measure of the charge density carried 

by the jet and depends on the charge induced in the fluid. That means, apart from 

the whipping jet, equipment configuration plays an important role in the formation of 

fibers during the electrospinning process. 

Considering inertial, hydrostatic, viscous, electric, and surface tension forces, 

an electrohydrodynamic model was developed of a weakly conductive viscous jet 

accelerated by an external electric field [24]. Nonlinear rheologic constitutive 

equation was used to describe polymer fluid and one-dimensional differential 

equation for the jet radius was derived and analyzed. The model could be used for 

better control and optimization of the electrospinning process. 

In electrospinning, the energy required to spray the liquid from the spinneret 

is mechanical or in other terms the centrifugal force. But mostly it is the electrostatic 

field that exerts enough force on the liquid and disrupt into highly charged sprays. 

Atomization may be defined as the residue remaining after the evaporation of 

droplets that have been produced in the atomization that forms the required deposit 

[35]. The first break-up of the liquid during the atomization process is mainly due to 

mechanical forces wherein the polymer solution is drawn out of the spinneret into 

filaments, which subsequently break-up into droplets. The second break-up in the 
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process is due to electrical forces. As the break-up of the liquid takes place there is 

emission of droplets. At this junction, knowing the physical local conditions is 

necessary. Before the break-up, a drop becomes elongated, or if the meniscus is 

flat, the emission of the droplet takes place from the apex of a conical projection, 

which appears in all cases before the break-up. Liquid filaments or jets can be seen 

originating from the apex of the conical projection and these jet filaments then break-

up into small droplets and these droplets are highly charged. Some of the physical 

properties that determine the atomization process are [35],  

1. Surface tension of the liquid 

2. Conductivity of the liquid 

3. Dielectric constant of the liquid 

4. Electrical and physical properties of the surrounding medium 

5. Hydrodynamic flow and hence the viscosity and applied pressure of the liquid 

2.2.4.1 Charging 

Drop charging may be considered by two distinct factors, natural and 

induction. Considerable work has been done in both fields since the beginning of 

19th century [36]. Blanchard in 1963 measured the charge produced from jets when 

the bulk liquid surface was subjected to an electrostatic field (induction charging). 

When induction charging occurs, drop charge levels are generally higher than in the 

absence of an external field. Here the earth is negative with respect to the upper 

atmosphere and any induction charging due to this field should thus result in drops 

that are negatively charged as opposed to the positively charged small drops [36]. 

Blanchard studied induction charging using water samples of different conductivities 

and his results indicated that induction charging might be considered as independent 

of the natural charging processes.  

The electrostatic principles are similar to those used for electrostatic spraying of fluid 

[37]. When the surface of a liquid drop or film is electrically charged, the charge 

opposes the cohesive surface tension forces. An electric field is produced between a 

spray electrode, which is supplied with the solution to be sprayed, and a counter-

electrode consisting of a rotating roller over which a web carrier for continuous 
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deposition and the removal of fine fibers is passed. The solvent evaporates as the 

nascent fiber travels between the electrodes, so that the fibrous form is retained on 

the web carrier. The length of the fiber depends on many factors but mainly upon the 

viscosity of the sprayed liquid. The roller passes through a series of spray stations 

so that several layers of fiber are deposited. Thus fiber production and web 

formation take place at the same time. 

There may be a few problems caused due to electrostatic charge on fibers 

and fabrics [37]. These problems are more evident with fibers having low moisture 

regain and at low relative humidities. The charge may accumulate during handling of 

the material and this can pass on to isolated conductors. They continue during use, 

and problems arise from charge on fibers or on bodies in contact with, or in the 

neighborhood of, textile materials. 

2.3 Electrospun Fiber Characteristics 

The process of electrospinning results in submicrometer size fibers, which are 

laid as a extremely fine, randomly oriented, average pore size membrane. This 

explains the need to study the fiber characteristics of electrospun fiber web. The 

property of having large surface area of the web enhances the interest. This section 

tries to explain about the techniques of fiber characterization, namely, fiber diameter 

distribution, fiber orientation distribution function and pore size distribution.  

2.3.1 Shapes of Electrospun fibers 

It has been observed under scanning electron microscope that 

electrospinning a polymer solution can yield in addition to round nanofibers, a wide 

variety of cross-sectional shapes, which includes branched fibers, flat ribbons, 

ribbons with other shapes, and fibers that were split longitudinally from larger fibers 

[1]. As Koombhongse says, ‘this may be due to many reasons including, the ejection 

of smaller jet from the surface of primary jet, separation of primary jet into smaller 

jets, and electrically driven bending instability of the jet. The elongation of the jet and 

the evaporation of the solvent change the shape and the charge per unit area 

carried by the jet’. These shapes can be used as guides for the extension of existent 

models for the electrospinning process. Bergshoef et al [8] observed split fibers 
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while producing ultra thin fibers of nylon-4, 6, which is probably due to splaying 

during the process. 

Jaeger et al. [2, 3] observed beaded electrospun fibers obtained from 

aqueous solution of Poly (ethylene oxide) and they reported that the bead diameter 

and spacing depended on the fiber diameter i.e., thinner the fiber, shorter the 

distance between the beads and smaller the diameter of the beads. They explained 

that the formation of beads is the draw resonance phenomenon, which occurs if 

fibers are drawn to high draw ratio. Yarin [4] and Entov et al. [5] developed a 

mathematical model for the break-up of jets of polymer solutions and they reported 

that the beaded electrospun fibers are related to the instability of the jet. Fong et al 

[6] carried out experiments on aqueous PEO and reported that the formation of the 

beaded structures can be considered as the capillary breakup of the jets by surface 

tension altered by the presence of electrical forces. They observed four reasons for 

the bead formation, viscosity, net charge density, surface tension, charges on the 

jets and gave probable solutions namely, as the viscosity is increased, beads 

become bigger, the average distance between beads longer, and the shape of the 

beads changes from spherical to spindle-like. The beads become smaller and more 

spindle-like when the net charge density is increased. Decreasing the surface 

tension results in bead disappearance and neutralization of the charge affects the 

formation of beads. Fang [7] reported bead formation during electrospinning of DNA 

fibers. This suggests that some of the DNA retracted into droplets at intervals along 

the fiber. 

2.3.2 Structure 

 Depending on the process and material variables the diameter of the fibers 

produced by electrospinning vary and it ranges from a couple of hundred of 

nanometers to a couple of micrometer fibers. The arrangement of fibers collected is 

usually random, with a slight bias to the machine direction. This is probably due to 

two main reasons, namely the movement of the collector and the air drag/suction. 

The variation in the length of the fibers has still not been quantified, but for sure 
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there is lot of variation in the length because of high speed splaying of fibers, 

charged jet and air current. 

 During the electrospinning process, the polymer in the spinneret is subjected 

to various external conditions/variables. These variables can be broadly classified 

into control and process variables.  The control variables mainly include the 

temperature and pressure of the polymer, both of which were not studied in detail in 

my work. But it has been observed that there have been changes in splaying of 

fibers under different temperatures and pressures. 

 The process variables and material used to produce the electrospun web 

effects the structure and properties of the web. The processing variables are 

classified into online variables and offline variables [38]. The online variables have 

been defined as those that can be altered during the production of the web, and 

offline variables are those, which cannot be altered during the operation of the 

process. The online processing variables in general include electric voltage, the 

distance between the spinneret and the collector, the polymer concentration. The 

offline processing variables in general includes the diameter of the spinneret and 

design parameters. 

 Although the concept the electrospinning dates back to many years now, not 

much of characterization has been done in this field. The demand of these 

electrospun fibers in wide variety applications has influenced to develop the 

characterization and testing techniques for the webs produced.  

2.3.3 Objectives of characterization 

 Analyzing the electrospun webs yield results and information, which will help 

researchers in improving the quality and predicting the overall performance of the 

electrospun web. Some of the reasons for characterization may be process control, 

process development and product or quality control [81]. 

2.3.4 Fiber Diameter and its distribution 

 One of the foremost roles of the electrospinning process is to produce thin 

fibers. Almost everybody who have done electrospinning experiments have reported 

that the fibers spun through this process have fiber diameters in the range of a few 
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nanometers to a couple of microns. Fibers spun through different polymer solutions 

did not make much of a difference in the fiber diameter.  

 The measurement of fiber diameter in the electrospun webs that have been 

reported in the literature is based using various techniques. The instruments for 

measuring the fiber diameter and the analysis have been done using various 

instruments, mainly scanning electron microscope, transmission electron 

microscope and atomic force microscopes. The analyses have been done by 

capturing of images through these devices called the micrographs.  

Fiber diameter distribution in nonwovens was done by Pourdeyhimi and Dent 

[53] through Image analysis techniques. The method uses a binary image to create 

a distance map of the image, which records the distance from each pixel to the 

background, and from the distance map, the fiber diameter at any pixel location 

could be determined. The distance transform applied to a binary image is 

accomplished by scanning the image twice in opposite directions. The image 

capturing and segmentation is done as explained by Pourdeyhimi and Dent [52]. The 

algorithm for determining fiber diameter uses the skeleton and a distance 

transformed image and the skeleton acts as a guide for tracking the distance-

transformed image by recording the intensities to compute the diameter at all points 

along the skeleton. But, both the distance-transform and the skeletonizing 

procedures result in slight deviations at the corners. Since the measurements do not 

distinguish between true variations in diameter and variations caused by multiple 

fibers being joined together, this causes the skewing of the distribution. 

There is no standard technique to measure the fiber diameter and analyze its 

distribution. To eliminate all possible errors, the ideal case of measuring the fiber 

diameter of electrospun webs would be to produce a good image of the web at a 

suitable magnification using the electron microscopy techniques and then analyze 

the image manually using suitable calibration scale. The manual analysis usually 

consists of the following steps, determining the length of a pixel of the image, 

identifying the edges of the fibers in the image and counting the number of pixels 

between two edges of the fiber. 
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2.3.5 Pore Size Distribution 

 A pore can be defined as a portion of space bounded by solid surfaces and 

by planes erected where the hydraulic radius of the space exhibits a minima [39]. 

The local minima define an arbitrary pore size. The hydraulic radius of a capillary of 

uniform cross-section is the ratio of volume of the capillary to the surface area of a 

capillary. 

Pore characteristic is one of the main tools for evaluating the performance of 

any nonwoven fabric and it applies to electrospun web too. The size and shape of 

the pore can influence permeability and filtration properties [40]. Pore orientation 

reflects fiber orientation and pore placement indicates the structure uniformity and 

hence both have effects on fabric mechanical properties such as strength and 

elongation. The increasing success and demand for nonwoven webs in various 

areas and applications have led to the development of more effective and accurate 

methods for measurement of pore size, shape and other pore characteristics. 

Porosity, ‘ϕ’ is the fraction of the bulk volume of the porous media (Ub) that is 

occupied by void or pore space (Up). The void volumes include the blind pores, the 

closed pores and the through pores [41]. The porosity for a solid material like metals 

will be close to zero while that of the highly porous medium like filters will be high. 

Depending on the type of porous medium the porosity of the material will vary from 

zero to almost unity. The porosity of a material depends on the mode of packing and 

compaction of solid particles in a consolidated material, whereas on the other hand it 

depends on the packing of the particles, their shape, size and arrangement in an 

unconsolidated material [42]. 

The measurement of porosity is dependent on the measurement of two of the 

three volumes of porous material, namely, the bulk volume, the volume of the solid 

matrix, and the volume of the pore space. There are various methods for the 

measurement of porosity and some of them are mercury injection method, imbibition 

method, optical method, gas expansion method, and density method.  

The pore size and its distribution are determined by two main techniques, 

namely intrusion and extrusion types. Mercury porosimetry is an example of 

intrusion type while the bubble point method is of extrusion type [43]. Both types are 
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based on the principle of capillary flow, which states that a porous material will allow 

a fluid to pass when the pressure applied on the system exceeds the capillary force 

of attraction of the fluid in the largest pore [44].  

2.3.5.1 Theory of Capillary Flow 

The capillary flow in the porous structure is based on the capillary rise 

phenomenon, where an excess pressure is required to cause a non-wetting liquid to 

climb up a narrow capillary. The pressure difference across the interface is given by 

the equation given below, and its sign is such that the pressure is less in the liquid 

than in the gas phase if the contact angle θ, is greater than 90° and more if it is less 

than 90° (Figure 2.12). 

θσ cos11

21








+=∆
rr

P   Equation 2. 2 

where, σ is the surface tension 

r1 and r2 are mutually perpendicular radii 

θ is the contact angle between the capillary walls and liquid. 

   

Figure 2. 12: Theory of Capillary Flow. a) Capillary Rise (q<90°), b) Capillary 
Depression (q>90°) [43] 

The disadvantage in the capillary flow techniques is that they assume the 

cross section of the pore, hence the values are only comparative in nature. Also, the 

Capillary
Meniscus 
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presence of constricted neck pores and blind pores affect the flow of the liquid 

through the porous material. 

In the bubble point test, which is a dynamic test, a porous material is allowed 

to saturate by a liquid, so that the contact angle between the liquid and the porous 

material is equal to zero. When the gas pressure is increased gradually at the 

upstream face, at a critical pressure, the first air bubble comes through the largest 

pore. By continually increasing the pressure and allowing progressively smaller and 

smaller pores to be emptied of the liquid, complete measurement of pore size 

distribution can be made [44]. This test gives information on the number and sizes of 

the smallest effective through-flow pore channels in a sample. The bubble point test 

is based on the following two factors [44], 

1. A dry specimen will pass air through all of its pores when any amount of air 

pressure is applied to one side of the specimen 

2. A saturated specimen will only pass air through pores when the air pressure 

exceeds the capillary attraction of the fluid. 

 In the mercury intrusion porosimetry, which is a static test, a porous material 

is completely surrounded with mercury and pressure is applied to force the mercury 

into pores. With incremental increase in pressure, a given pore volume in the porous 

material is measured [44]. The number of pores of a particular size is evaluated by 

considering the percentage of the total volume of mercury intruded into the sample 

for each pore size range. Thus, this method gives information on the sizes of all 

pores found within a sample and a pore size distribution based on total pore volume. 

 Because of its convenience to detect individual pores in a non-woven image, 

it seemed to be advantageous to use Image analysis techniques for pore 

measurement. Xu [40] presented the use of image analysis techniques for the 

comprehensive and accurate measurements of pore characteristics such as pore 

boundary locations, size, pore shape, pore orientation and pore placement. In pore 

size measurement, pore area, hydrodynamic diameter and opening diameter could 

be chosen according to different end use requirements. Bilobal, trilobal are some of 

the shapes observed for these pores. Pore orientation was illustrated by the 
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dispersion curve. The pore placement could be quantified with the help of index of 

uniformity, and structure uniformity, and was classified into different spatial patterns. 

 Image analysis techniques showed that it is quick and accurate to analyze 

pore structure in thin nonwoven webs explained by Huang and Bresee [45]. They 

investigated the feasibility of this technique to characterize pore number, size, 

shape, total area of pores, fiber orientation, web uniformity, fiber diameter and 

defects. An optimum procedure was identified for each step beginning with 

illumination of webs prior to image acquisition and ending with data presentation. 

 The utility of image analysis in assessing pore shape of nonwoven materials 

was reported by Pourdeyhimi and Xu [46]. It was characterized using Fourier series 

of a pore boundary function. The results were presented for a set of simulated 

images with varying density and fiber orientation. 

 Gibson et al [78, 79] carried out extensive research on the transport 

properties of electrospun web, explaining largely the water vapor, liquid, solid 

transport and breathability of the web. They determined water vapor diffusion and 

gas convection properties with automated dynamic moisture permeation cell and 

showed that the convective flow resistance of electrospun fiber mats is quite large 

compared with normal clothing. Cross-linking the fibers of the electrospun 

membrane significantly decreases liquid transport through the fibrous membrane 

[78]. Studies also showed that fiber mats produced by electrospinning to be 

extremely good at trapping aerosol particles [79].  

2.3.6 Fiber Orientation Distribution 

One of the aims of the production of fibers is to produce webs that have the 

same properties in all directions. Usually, the webs have a preferential direction for 

the arrangement of fibers due to the movement of the collector in a particular 

direction. The spatial distribution of the fibers in the webs is an important structural 

feature that significantly influences many physical and mechanical properties of the 

web and this was carried out by Image analysis technique [47]. This distribution of 

fibers in the web causes variation of the properties in different directions of the web 

and influences other properties as well. 
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2.3.6.1 Image Analysis Techniques 

 This technique uses the intensity of the gray levels of the different pixels to 

determine the presence of the fibers and the orientation of the fibers. The image that 

is obtained of the web is analyzed using different algorithms to determine the 

Orientation Distribution Function (ODF) of the fibers in the web. These techniques 

are used both on-line to measure the orientation at rapid rates and impart quality 

control over the web, and offline to research the structure-property relationships of 

the web. The results obtained from these tests are independent of the mechanical 

characteristics of the fiber. The various image analysis algorithms for characterizing 

the fiber orientation are simulation [48], direct tracking [49], Fourier Transform [50], 

Flow field analysis [51], and Hough Transform [54] 

 Fourier Transform [50]: 

This method coded in C language is composed of an image of spatial details in 

the form of brightness transitions cycling from light to dark and from dark to light and 

these spatial frequencies are related to the orientation of the fibers. In this technique, 

the intensity spectra of the pixels in the image are decomposed into a frequency 

domain with appropriate magnitude and phase values. The discrete Fourier 

Transform helps to determine the rate at which intensity transition occurs in a given 

direction in the image. So, if the fibers are oriented in a given direction in a 

nonwoven fabric, the spatial frequencies in that direction will be low and the spatial 

frequencies in the perpendicular direction will be high and this is used to determine 

the fiber orientation distribution. The Fourier method provides the mean orientation, 

models its frequency representation of the original image on the assumption that the 

image is periodic, and is significantly affected by the thickness. Although this method 

is fairly accurate and reliable, it slightly overestimates the standard deviation of the 

distribution. 

 A new image-segmentation algorithm, the line operator was found out, which 

gave better results that the edge-enhancement algorithms for images containing thin 

fibers was reported by Gong and Newton [55]. 

 It has been observed that the entire image analyses techniques described in 

the literature in determining the orientation distribution function of the fibers are for 
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thin webs. In principle, all of these techniques can be used to determine the 

distribution function of nonwoven webs, as there are no standard methods that have 

been developed by any organization to measure the same. 

2.3.7 Thermal Analysis 

Fiber web characterization can also be done by Thermal Analysis. It is based 

upon the detection of changes in the heat content (enthalpy) or the specific heat of a 

sample with temperature [87]. As thermal energy is supplied to the sample its 

enthalpy increases and its temperature rises by an amount determined, for a given 

energy input, by the specific heat of the sample. The specific heat of a material 

changes slowly with temperature in a particular physical state, but alters 

discontinuously at a change of state. As well as increasing the sample temperature, 

the supply of thermal energy may induce physical or chemical processes in the 

sample. Such enthalpy changes may be detected by thermal analysis and related to 

the processes occurring in the sample. Thermal analysis can be done by different 

methods such as the measurement of heating curves, dynamic adiabatic 

calorimetry, differential thermal analysis (DTA), differential scanning calorimetry 

(DSC), thermogravimetry (TG), thermal mechanical analysis (TMA), dynamic 

mechanical thermal analysis (DMTA). 

 Differential Scanning Calorimetry, a material characterization technique, 

measures the amount of energy (heat) absorbed or released by a sample as it is 

heated, cooled or held at constant temperature [87]. Differential Scanning 

Calorimeter also performs precise temperature measurements. In DSC, the sample 

and reference are both maintained at the temperature predetermined by the program 

even during a thermal event in the sample. The amount of energy which has to be 

supplied to or withdrawn from the sample to maintain zero temperature differential 

between the sample and the reference is the experimental parameter displayed as 

the ordinate of the thermal analysis curve. The measuring principle in DSC is to 

compare the rate of heat flow to the sample and to an inert material, which are 

heated or cooled at the same rate. 
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Figure 2. 13: Diagrammatic representation of Differential Scanning Calorimeter 

 Kim and Lee [14] spun electrospun fibers from Poly (ethylene terephthalate), 

Poly (ethylene naphthalate) and Poly (ethylene terephthalate)/Poly (ethylene 

naphthalate) blend. Differential scanning calorimeter and thermogravimetric analyzer 

helped in understanding the thermal properties of these polymers before and after 

electrospinning process. All the polyesters showed decrease of specific heats due to 

glass transition of amorphous phase and exotherms and endotherms due to 

crystallization and melting of crystalline phase. This thermal property change is due 

to a decrease in molecular weight because of thermal degradation. Electrospinning 

in general resulted in increase in crystallinity and henceforth decrease in 

temperatures of glass transition and crystallization of PET and PEN. Exchange 

reaction in blends causes these thermal changes in PET/PEN blends. 
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3 Research Objective 

 The objectives of this research were to produce very fine fibers, develop a 

simple electrospinning device, influence of process control parameters and 

characterizing the structure of the electrospun web. A process model was developed 

to explain the electrospinning process and this process was carried out by using poly 

(ethylene terephthalate) polymer solution. Characterizing the process parameters 

included identifying the parameters, the working range of the parameters, and 

controlling the process. The investigated process parameters were the concentration 

of the polymer solution, the voltage and the collecting distance between the two 

electrodes i.e., the sprayer and the collector. The characterizations of fibers were 

based on three main distributions, namely, the fiber diameter distribution, the pore 

size distribution, and the fiber orientation distribution function. The analyses were 

done for the distributions using different equipment and techniques. 

 Characterizing nonwoven structure from electrospun fibers was carried out 

using scanning electron microscopy (SEM), pore measuring instrument and image 

analysis. The fiber diameter of the poly (ethylene terephthalate) electrospun 

nanofibers was measured and analyzed using scanning electron micrographs. 

These micrographs/images were obtained from scanning electron microscope. The 

pore measurement of the electrospun web was carried out using an equipment 

involving bubble point method (PMI instrument) for measuring the pore size and its 

distribution. The fiber orientation distribution function was determined using image 

analysis technique. 

 Many organic polymers and inorganic materials have been successfully 

used to spin fibers with diameters in nanometer range using electrospinning 

technique. This research work was carried out using poly (ethylene terephthalate) as 

the polymer solution.  
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4 Experimental  

This chapter explains about the apparatus used for the electrospinning 

process, a complete picture of equipment design and experimental design of the 

process. 

4.1 Electrospinning apparatus 

To achieve the research objectives an electrospinning apparatus was 

designed and constructed. The apparatus consists of two main devices, the sprayer 

and the collecting device. 

4.1.1 Sprayer 

 The spraying setup (Figures 4.1 and 4.2) has a glass spinneret of 0.3 mm 

inner diameter filled with polymer solution. The solution is filled to almost half of the 

glass spinneret, so that however viscous the solution is, it can be passed through 

the spinneret because of its own weight/pressure. The polymer solution is given a 

positive field with the help of a high voltage power supply. The terminal wire (metal 

electrode) from the high voltage power supply is held to the glass spinneret with the 

help of a rubber holder. The glass spinneret is held at a height from the ground with 

the help of a garolite stand and is at an inclined angle to the ground so as to 

facilitate fiber spraying on the drum surface. The high voltage power supply has a 

capacity ranging from 0 to 40 kV and the voltage can be increased at 1/10th of a kilo 

volt. An aluminum foil is placed just below the spinneret to collect waste polymer 

solution and stray charged fibers. 

As has been explained in the principle of electrospinning process (2.1), when 

the charge of the polymer at increasing voltage exceeds the surface tension at the 

tip of the spinneret, the polymer gets ejected. The charged jet comes out of the 

spinneret, first in the form of Taylor cone and then is splayed randomly as fibers. 
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Figure 4. 1: Schematic of nanofibers spraying device 

 

 

 

 
 

Figure 4. 2: Photo of nanofibers spraying device 
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4.1.2 Collecting Device 

The system of collection of fibers (Figure 4.3 and Figure 4.4) includes a 

cylindrical drum with an external drive. The collector is a cylindrical drum (8” in 

diameter and 14” in length), made of poly vinyl chloride (PVC) pipe. The drum is held 

by a central shaft and is fixed to a wooden frame. A rotating drum for collection of 

fibers has been reported earlier [88]. The PVC pipe and the wooden frame were 

used during the construction of the equipment to maintain the metal free system. 

The wooden frame is built in such way that there are slots in the frame. This 

facilitates the movement of the drum either upward or downward. This is done so 

that the vertical position of the cylinder can be adjusted to change the distance from 

the spinneret as per requirements. The drum is attached with a metal plate, a bush 

so as to complete the electrical connection (this has been explained in succeeding 

paragraphs with the help of suitable figures). The electrical connection is used as the 

negative terminal from the high voltage equipment. Hence the cylindrical drum 

serves as the negative terminal and thus aids in the collection of fibers. 

 

 

 

 

 

 

 

  

 

Figure 4. 3: Collecting Device for the electrospun fibers 

 One side of the pipe (right side on the Figures 4.3 and 4.4) is covered with a 

brass plate throughout its circumference. A metal rod is placed on a groove in the 

drum throughout its length fixed at one end by the brass plate and the other end is 

free. The metal rod carries the electric field given by the brass plate. An aluminum 

foil is wound over the drum, covering the metal rod. This is done to maintain the 
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same electric field over the entire drum surface. The negative end for the system is 

derived from the high voltage power supply to the brass plate with the help of a 

connection wire and a bush, which is attached to the brass plate.  
 

 

 

 

 

 

 

Figure 4. 4: Photo of nanofibers collecting device 

 A pictorial representation of the side view of the collecting drum is shown in 

Figure 4.5.  The figure shows that the negative terminal from the high voltage power 

supply is given to the brass plate through the bush. The central shaft carrying the 

drum is given movement with the help of an external motor, which can rotate in 

either direction. 
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Figure 4. 5: Side-view of the collecting drum showing electrical connections 
 The electrospinning apparatus consisting of fiber splaying system, collecting 

device, high voltage power supply and an external device to drive the collecting 

drum on the whole can be seen in Figures 4.6 and 4.7. The operation process of this 

system can be carried out by switching on the power of the high voltage system and 

slowly increasing the voltage through regulator, which starts from 0. The range being 

used for the electrospinning process is 15 to 25 kilovolts. The fibers are splayed 

towards the targeted source i.e., the rotating collecting drum as explained in earlier 

chapters. The speed of the collecting drum was around 12 rpm and a minimum of 

three layers of fibers was laid to form the nonwoven web. In this work, webs were 
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produced having three and four layers, because less than three layers was too thin 

to handle. To turn down the system, slowly decrease the voltage, turn the power 

switch off and then take out the power supply plug. Turn the system down when the 

polymer level is near the ending stage and polymer is near the vicinity of the 

submerged wire or when the polymer is still around 5 ml in the glass pipette. 
 

 

 

 

 
 

 

 

Figure 4. 6: Pictorial representation of the side view of the electrospinning 
setup
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Figure 4. 7: Pictorial representation of the electrospinning set-up
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As the polyester is dissolved in the solvent mixture described in the 

experiment, their rigid structure becomes amorphous & flexible and they transform to 

a rubbery state and this deformation progress more & more near its heat deflection 

temperature. The viscosity of the solution also enhances the softening. Because of 

this rubbery state softening and high surface area, the fibers cling to the aluminum 

foil and it is very difficult to remove the sample from the foil. The problem of taking 

out the sample from the aluminum foil was successfully fixed with the help of the 

fiberglass screen. This screen is an insulating material and is wound over the 

cylindrical drum, which already has the aluminum foil. By this the electrical potential 

difference could be maintained and the nanofibers were collected on the fiberglass 

mesh. After forming nanofiber web of a particular run, the fiberglass mesh with the 

nanofiber web were taken off the drum. The integrity of the fiber web was thus 

maintained and protected from distortion due to handling. 

The electrospinning apparatus has been constructed in such a way as to keep 

as little metal parts as possible. All the support system, stands have been 

constructed either by PVC pipe or Garolite, which is a woven glass fabric coated 

with epoxy resin. Also the metal parts near the vicinity of the equipment have to be 

essentially grounded. Electrical sparks has been observed if a small metal part was 

around the system. As the process needs voltage of very high order, proper care 

must be taken in understanding the electrical connections of the system. Grounding 

of wires and feed-return paths of electricity should be checked regularly. The 

chemicals required for the process should be handled with care. A detailed version 

of the chemical and electrical safety factors has been listed in the appendix. 

4.2 Material 

 Electrospinning experiments were carried out using Poly (ethylene 

terephthalate) pellets as the polymer having density 1.385 g/cc, refractive index 

1.575, and inherent viscosity 0.58. The solvent used to dissolve the PET was a 

mixture of triflouroacetic acid and dichloromethane. Poly (ethylene terephthalate) or 

polyester has placed itself as one of the foremost players in the fiber manufacturing 

industry and is one of the most sustainable polymers. This can be attributed to its 
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many fiber characteristics, some of which include, strong, resistant to stretching and 

shrinking, resistant to most chemicals, quick drying, crisp and resilient when wet or 

dry, wrinkle resistant, mildew resistant, abrasion resistant, retains heat-set pleats 

and crease, and easily washed.  

4.3 Solution Preparation 

 The solutions of PET were prepared in glassware using the following 

technique. Glassware was cleaned using an initial rinsing with tap water. The 

desired amount of PET, according to the concentration required was weighed. 

These polymer chips were poured into a glass bottle containing a 50:50 mixture by 

volume of triflouroacetic acid and methylene chloride (dichloro methane). The glass 

bottle has to be closed by an air-tight lid to maintain the concentration throughout. A 

homogeneous solution was achieved by slow agitation. This was either by keeping 

the solution for sometime or by using a magnetic stirrer. The agitation was slow to 

avoid mechanical degradation of the polymer chains [61]. All solutions were 

prepared at room temperature. 

4.4 Experimental design 

The two variables considered for this work were the concentration of the 

polymer in the solution, and the electric field. The electric field is defined as the ratio 

of electric voltage and the collecting distance, wherein electric voltage is the applied 

voltage to the polymer solution and collecting distance is the shortest distance from 

the tip of the spinneret to the surface of the cylindrical drum. 

Initial experiments were conducted to identify the optimum levels of the 

parameters, concentration, voltage and the collecting distance. Independent and 

dependent variables of the experiment identified are listed in table 4.1. The range 

reported from literature [63] for poly (ethylene terephthalate), poly (amic acid), and 

poly (acrylonitrile) led to the initial experiments using poly (ethylene terephthalate) as 

the polymer, which have also been listed in the table. 
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Table 4. 1: Independent and dependent variables of the experiment 

Independent Variable Levels (range)  

Concentration (x1) 15 % - 27 %  

Electric Field (x2) 0.5 kV/cm - 1.4 kV/cm 
voltage 15 kV - 25 kV  

collecting distance 17 cm - 30 cm  

 

Dependent Variable 

Fiber diameter (y1), Orientation of fibers (y2), Pore size (y3) 
 

To determine the lower limit of polymer concentration, several runs were 

conducted. It was found that, no significant fibers were produced at 13% polymer 

concentration.  This could be due to the lack of continuity of the polymer molecules 

in the solution, and hence the lower limit on the concentration of the solution should 

be 13%.  Another series of runs were conducted to determine the upper limit of the 

polymer concentration. At 28% there was no formation of fibers.  The solution was 

dropping off as droplets (discontinuous flow), the reasons could be too low electric 

field (ratio of voltage to collecting distance) and higher viscosity of the solution.  

From these experiments, it was decided that the polymer concentration in the 

solution should vary from 15% to 27%.  

The collecting drum speed was also one of the factors considered in the 

design and the speed was kept constant for all experiments. The speed of the 

collecting drum was 12 revolutions per hour or 0.2 revolutions per minute or 0.128 

m/min surface speed. 

4.4.1 Shot Formation 

Fibers formed by electrospinning process from polymer solution, observed 

under scanning electron microscope showed that it had a wide variety of cross-

sectional shapes than the usual round, smooth fibers, which has also been shown in 

the literature [1, 2, 3, 6, 7, 8]. Apart from these shapes, which are formed due to the 

differences in ejecting the polymer solution, there are other problems too, which 
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happen during the process, which is mainly the formation of shots or beads (polymer 

particles that did not form fibers).  

As mentioned in literature [63], the electric field should be in the range of 0.7 to 

0.9 kV/cm.  Experiments were conducted to verify this range.  Samples produced 

below or above this range had a variety of defects. Although the fiber splaying was 

random, innumerable shots were produced. Shots on electrospun web have been 

observed when a small web sample was placed under scanning electron 

microscopy. Our experiments revealed that viscosity of the solution, the speed of the 

external drum, the collecting distance, surface tension of the solution, net charge 

density [6] and the electric field play an important role in the formation of shots.  

Considerable steps have been undertaken in the design of equipment and the 

experimental procedure to prevent the formation of shots and have been successful 

in doing so.  For example, when the electric field reaches a critical value at which the 

repulsive force overcomes the surface tension force, charged jet of the solution is 

ejected from the tip of the Taylor cone.  Since this jet is charged, its trajectory can be 

controlled by the electric field.  Higher viscosity favors formation of fibers without 

shots, higher net charge density not only favors formation of fibers without shots, but 

also favors the formation of thinner fibers. Reduced surface tension favors formation 

of fibers without shots. Henceforth, smooth beveling has been done to the spinneret 

and the inner and outer diameter of the pipette has been reduced to about 0.3 mm 

near the tip. Changing the polymer concentration, designing the collecting device are 

some of the other steps undertaken.  Hence, for experimental setup, it was 

concluded that the voltage should be in the range of 15 to 25kV and the collecting 

distance should be in the range of 17 to 30 cm to produce an electric field in the 

range of 0.65 to 1.15 kV / cm. 

 The other factors for the formation of shots or beads may be due to the lack 

of enough time and air drag to evaporate the solvent before it reaches the collecting 

surface, the speed of the drum/collecting surface, and the collecting distance. To 

avoid shot formation, experiments were conducted to identify the optimum conditions 

of the three parameters namely the concentration of the polymer solution (which 

constitutes the viscosity of the solution), the voltage and collecting distance (which 
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comprises the net charge density, and charge on the jet).  

It was observed that when the polymer concentration in the solution was less 

than 21 %, these beads were formed (Figures 4.8 and 4.9). It was observed that the 

shots were formed from solutions having concentrations less than 21 % and greater 

than 15 %. Also, if the electric field fell below 0.65 kV/cm or went above 1.1 kV/cm, 

the web showed shots. Successful attempts have been undertaken in the design 

and the experimental procedure to prevent the formation of shots. Controlling the 

three parameters, polymer concentration, voltage and distance helped to form fibers 

without beads. 

 

Figure 4. 8: Scanning Electron Micrograph showing bead formation on 
electrospun web produced at 15% polymer concentration, 21 kV voltage and 
17 cm distance [Measurement Environment: Hitachi ESEM S 3200, 30 Pa air 
pressure, 10 kV voltage, 100x magnification, 16 mm working distance] 
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Figure 4. 9: Scanning Electron Micrograph showing bead formation on 
electrospun web produced at 17% polymer concentration, 19 kV voltage and 
21 cm distance [Measurement Environment: Hitachi ESEM S 3200, 30 Pa air 
pressure, 10 kV voltage, 400x magnification, 15 mm working distance] 

Because of various limitations and constraints of the set-up and the environment, 

narrower values of the parameters have been used. The solvents used to dissolve 

the polymer, methylene chloride and triflouroacetic acid was corrosive, so the entire 

experimental apparatus was to be setup in a fume hood (See appendix for the usage 

of fume hood and safety procedures for the electrospinning process). The fume 

hood was air controlled with regulated air blowing and air suction/exhaust. The air 

drag inside the fume hood was a major constraint for the process as it hindered the 

formation of fibers, splaying of fibers and deposition of fibers on the drum. The entire 

setup being inside the fume hood, there was a space limitation to carry out the 

experiments and hence higher collecting distances was not possible. The 

concentration of the solution was in the range of 21-27%, voltage in the range of 15-

21 kV, and the collecting distance between 19-22 cm. Based on these parameters 

an experimental design was setup (Table 4.2) having four values of each parameter. 

A completely randomized design was conducted for carrying out the experimental 

runs.  
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Table 4. 2: Design of experiments 

Polymer 
Concentration (%) 

    Electric Field     

 kV cm kV/cm kV cm kV/cm kV cm kV/cm kV cm kV/cm

21 17 20 0.850 19 21 0.905 21 22 0.955 21 21 1.000
23 15 20 0.750 15 19 0.789 17 21 0.809 19 22 0.864

25 15 21 0.714 17 22 0.773 17 21 0.809 21 20 1.050
27 15 22 0.682 17 21 0.809 17 20 0.850 21 19 1.105

4.5 Characterization of fiber and fiber web 

Structural parameters of nanofiber webs (such as fiber diameter and 

distribution, fiber orientation, and pore size and distribution) and material properties 

(such as melting temperature, glass transition temperature and setting temperature) 

determine the physical and mechanical properties of the fiber web. As explained in 

the experimental design and device development sections, two processing 

parameters were identified, namely electrical field and polymer concentration. The 

influence of these two parameters on the structural parameters and material 

properties of the produced nanofiber web need to be revealed in order to produce 

webs of predetermined properties for certain end use. The following sections 

describe the methods implemented to measure the structural parameters and 

material properties of the nanofiber webs produced for this study. 

4.5.1 Fiber Diameter Distribution 

Electrospinning process produces very fine fibers and this is one of the very 

few methods from which fibers of sub-micron size can be produced. So it becomes 

immensely important to understand the behavior of fiber diameter and fiber diameter 

distribution in the electrospun web as impacted by the independent variables 

(processing parameters). Understanding how fiber diameter and distribution are 

affected by the processing parameters is essential to produce webs with desired 

fiber diameter and distribution. Moreover, fiber diameter determines pore size. 
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Images of nanofiber webs were captured by scanning electron microscopy (SEM) as 

a first step to determine fiber diameter and distribution.  

The Scanning Electron Microscope is a microscope that uses electrons rather 

than light to form an image. There are many advantages to using the scanning 

electron microscopy over using the traditional light microscope. The scanning 

electron microscope has a large depth of field (enabling 3-dimensional observation), 

that allows several layers of the sample to be in focus at one time thus enable 

measurements of large number of fibers in an image. The SEM also produces 

images of high resolution, which means that closely spaced features can be 

examined at a high magnification. Preparation of the samples is relatively easy since 

most scanning electron microscopes only require the sample to be electrically 

conductive, which surely applies to the electrospun sample. The combination of 

higher magnification, larger depth of focus, greater resolution, and ease of sample 

observation makes the SEM the best choice for the study of electrospun fiber web 

structures.  

The operating principle of the scanning electron microscope can be illustrated 

as a finely focused electron probe made to scan the specimen surface [86]. As a 

result of this secondary electrons and backscattered electrons are emitted from the 

specimen surface, which are detected and fed to a synchronously scanned cathode 

ray tube as an intensity-modulating signal. The signal thus received displays the 

specimen image on the cathode ray tube screen. [Secondary electrons are low-

energy electrons emitted from the vicinity of the surface of specimen. Backscattered 

electrons are the electrons backscattered by specimen and having almost the same 

energy as that of incident electrons. These electrons contain two types of 

information: one on specimen composition and the other on specimen topography]. 

The analyses of the electrospun webs were done with the help of two 

scanning electron microscopes, namely Hitachi ESEM S 3200 and Philips 505 T. 

Measurements were made in environmental mode in case of Hitachi ESEM S 3200 

and the electrospun web samples used in this method were not coated. In case of 

Philips 505 T, the electrospun web samples were coated.  
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Since the scanning electron microscope uses a high voltage for its operation 

and the electron beam is so sharp and intense that a small speck of dust in the 

system or in the sample may ruin the measurement of the whole sample. The 

conceivable residual gases in the specimen chamber, which cause contamination 

are gas caused from the instrument itself and gas that specimens brings into the 

instrument [86]. The other common contaminants are oil (hydrocarbons), air and 

specimen itself.  

So proper care must be taken while preparing the sample and mounting the 

sample on the microscope. The samples for the scanning electron microscope can 

be prepared first of all by cleansing the sample holders (stubs). Cleaning the holders 

was done using a sonicator and acetone was used as the cleansing agent. Couple 

of runs was carried out so as to make sure, it is completely cleaned. It is then dried 

and a layer of sticky pad (double sticky tapes) is pasted to the stubs.  

Proper fixing of the specimen is very important because the sample is entirely 

dry and it will not conduct electrons. So as to prevent charging of the sample, the 

sample should be properly grounded so that the excessive charges can dissipate 

(Figure 4.10). To ground the sample, conductive coating has to be applied between 

the sample and the stub [86]. Proper mounting must be ensured so as to have good 

interface between the sample specimen and the stub. A layer of silver paint was 

coated on the sides of the stub, which were hard to coat by the adhesive tapes. This 

is to ensure that there is proper electrical contact from the stub to the specimen and 

thus to prevent charging-up of samples.  

 

 

 

 

 

Figure 4. 10: Fixing the electrospun specimen 
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 The samples were prepared by cutting them from the electrospun web with 

dimensions of around 4mm x 4mm. The stub has an area of around 120 square 

millimeters, so the specimen samples are cut in such a way that 4 to 5 could fit into 

the stub.  

 The specimen samples at this point are dry and non-conductive. To obtain 

SEM images the samples have to be made conductive and this can be done by 

applying a thin coat of a metal and this is done using sputter coating [86]. Coating in 

SEM analysis is aimed mainly to prevent the charge-up on the specimen under 

observation by covering the nonconductive specimen surface with a conductive 

material, and increasing the secondary electron emission by covering the specimen 

surface with a metal coating. Samples without proper coating will charge up during 

image capturing in scanning electron microscope and the image looks very hazy and 

measurements are not accurate. Coating of electrospun samples were done by 

Hummer V sputter coater. The substance used for coating was gold-palladium alloy 

(Au-Pd). It has to be made sure that proper coating takes place, since too thick of a 

coating may bury the structures of interest in the specimen. If the samples are not 

coated enough, they can be recoated again without causing other problems with 

respect to getting a good image. The electrospun samples were given 20-25 

nanometers of coating in all directions. While the coating increases fiber diameter, 

the increase is not significant as it will be seen from the results of fiber diameter and 

distribution reported later. 

 The specimen fixed stubs were then mounted on the microscope chamber. 

To begin with the image capturing, proper spot size and accelerating voltage should 

be selected. Improper settings may cause image disturbances, some of them being, 

unstable images, images lacking sharpness and contrast, poor quality and noisy 

images, images showing jagged edges, unusual contrast images, and distorted or 

deformed images [86]. Although the resolution and surface detail are increased with 

increasing spot size, it also increases noise, and decreases contrast and signal 

strength. A spot size of 20 nanometers was fixed to analyze the electrospun 

samples. 
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 Higher accelerating voltage will increase resolution, but also increases 

specimen damage, contamination, and charging, and decreases surface detail [86]. 

In SEM, finer surface structure images can generally be obtained with lower 

accelerating voltages. At higher accelerating voltages, the beam penetration and 

diffusion area becomes larger, resulting in unnecessary signals, which reduce the 

image contrast and buries fine surface structures. Also, the loss of electron beam 

energy in the specimen occurs mostly in the form of heat generation at the irradiated 

point, which can be rectified by using lower accelerating voltage, decreased electron 

beam intensity, to control thickness of coated material and shorten exposure time. 

Taking all factors into consideration 12 kV was set for all the electrospun samples. 

 The other two factors to be considered are magnification and working 

distance. Increased magnification means increased specimen contamination. The 

magnifications at which images of electrospun samples were taken ranged from 

1000x to 3000x, depending on the structure parameter study. Higher working 

distance will result in decreased resolution, signal, charging, but increased depth of 

field. The working distance used in Hitachi ESEM S 3200 was 22 mm, whereas the 

working distance in Philips 505 T was 12 mm. 

 When an image was obtained at a suitable magnification, it was set for proper 

black level and gain level for clarity and was digitally scanned and stored in a 

computer attached to the microscope. Philips 505 T was interfaced with the 

computer having ‘JEOL Digital Scan Generator V2.00’ software. This system had 

preset scan controls of integrated acquisition mode, a gain factor of 4, resolution of 

1280 x 960 and a scan time of 160 seconds. The images obtained could be stored 

with TIFF format in a zip disk. 

 The obtained images are analyzed by measuring the fiber diameters. The 

measurement of fiber diameter was done by commercially available NIH image 

software (Java version). The fibers were analyzed manually, by measuring the 

diameter of every fiber, from an individual image. Five photographs from each 

sample were analyzed. There were around 10-15 randomly laid fibers in each 

photograph. The analysis was done by first setting the scale (as nanometers) and 

then measuring manually. The measurements were made by dragging the cursor 
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towards the entire width of the diameter, i.e., perpendicular to the direction of the 

fiber-axis. The data obtained can be directly converted to a Microsoft excel sheet, 

from which the analyses for fiber diameter distribution can be made. 

4.5.2 Fiber Orientation Distribution  

The orientation of fibers in a nanofiber web plays an important role in the 

overall property of the web. There is no literature available about the orientation of 

electrospun fibers and in this work, the orientation distribution was measured and 

analyzed. The splaying of fibers during the electrospinning process produces fiber 

web with unknown fiber orientation. Say for example, while testing the tensile 

property of a nonwoven fabric, the fabric whose fibers are oriented in the machine 

direction shows more strength if the applied force is in the machine direction. For 

such a fabric, if the force is applied in the cross machine direction, the fabric will 

show the least strength. In this study the fiber orientation is impacted by the electric 

field and polymer concentration since the speed of the collecting surface was kept 

constant. 

Orientation distribution function, ψ, is a function of the angle θ, from the 

images analyzed. The integral of the function ψ from an angle θ1 to θ2 is equal to the 

property that the fiber has an orientation between θ1 and θ2 (Figure 4.11).  

 

 
 

 

 

 

 

 

 

 

Figure 4. 11: Representation of Orientation Distribution Function [81] 
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Orientation distribution function or otherwise termed as ODF can be defined 

as the distribution function of fibers with respect to angle between the fiber and a 

reference direction in a 15° interval [80]. In all cases in this work, the orientation 

distribution function data was calculated for individual bin ranges of 18° or ten 

intervals in 180°. The ODF was computed by the Fourier transform method on the 

gray images. All the images were captured at 625x magnification and at 12 kV beam 

voltage on the scanning electron microscopy. The method used to measure the fiber 

orientation in electrospun web was Fourier transform, developed by Pourdeyhimi et 

al [50]. This is an indirect method of measuring the orientation, wherein the 

orientation information is obtained by transforming an intensity image into a 

frequency image. Although this method overestimates the standard deviation of the 

distribution, this is fairly good in terms of dealing with noisy images and dealing with 

varying basis weight. Fourier method requires a gray image as input and it provides 

the mean orientation, and an approximate value of orientation distribution function, 

standard deviation or standard error.  

Image capturing was done using scanning electron microscopy. Images were 

obtained by the same procedure as explained in the previous section. All the images 

were obtained from Philips 505 T scanning electron microscope and were in digital 

format. It has to be made sure that the images are well focused throughout the depth 

of the sample and should have proper black and gain level. The brightness and 

contrast can be changed with the help of the image gamma correction. These 

images were composed of spatial details in the form of brightness transitions and 

these spatial frequencies, which form the complex details of the image, are related 

to the orientation of fibers. Fourier transform actually decomposes an image from its 

spatial domain of intensities into a frequency domain and it determines the rate at 

which intensity transition occurs in a given direction in the image. Fourier transform 

has its reference in the center and orientations may be directly computed from the 

transform image [50].  

The digital images, which were in tiff format, were converted to bitmap files to 

be fed to the image analysis software. The software invariable of the specimen 

image position captures the image of the picture from its center. The software 
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automatically calculates the orientation of fibers within that formed circle. The results 

are obtained in two tables. One of them, which give the statistical data, provides the 

following parameters, namely, dominating angle, standard deviation, machine cosine 

squared anisotropy and cosine squared anisotropy. The other table gives the bin 

range, which is from 0 to 180 and provides the frequency of fibers in that particular 

range. From this table the orientation distribution function can be analyzed. 

4.5.3 Pore Size Measurement 

The Pore size is obtained by experimental technique and is usually defined in 

conjunction with pore size distribution. The pore size of a fabric is defined as the 

diameter of the right cylinder that will pass through the fabric (Figure 4.12). 

 

 

 

 

Figure 4. 12: Pore size of a Fabric [81] 

The control of the pore of electrospun web or for that matter any nonwoven 

fabric is of prime importance in the fabrics that are being produced for the purposes 

of filtration and fluid flow. There is no literature available about the pore size and its 

distribution of electrospun fibers and in this work, the pore size and its distribution 

was measured and analyzed. The Automated Perm Porometer is an instrument 

being used to characterize the pore and its distribution of nonwoven fabrics. 

4.5.3.1 Theory and Description of the Apparatus 

The Automated Perm Porometer works on the principle of capillary flow.  The 

fabric sample is saturated with a solution, which wets the fabric. The relative 

magnitude of the liquid-liquid interaction versus the liquid-solid interaction 

determines the degree to which a liquid can “wet” the solid.  If the magnitude of the 

liquid-liquid interaction force is greater than the liquid-solid interaction then the liquid 

will not completely wet the surface of the solid.  If the surface tension of the liquid is 

sufficiently low then the solid is readily “wetted”.  In such a situation the contact 
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angle θ is equal to zero and the liquid meniscus is hemispherical.  When a gas 

pressure is applied to the saturated surface, the liquid will be forced out from the 

cylinders in the solid when the applied pressure is greater than the liquid-solid 

interaction.  The relationship between the applied pressure and the diameter of the 

cylinder is given by the following equation: 

                  Equation 4. 1 

Where, ∆p is Pressure Difference between Points A and B (Figure 4.13) 

b is Capillary Constant 

σ is Surface Tension of the Fluid 

d is Diameter of the Cylinder 

θ is Contact Angle, dependent upon the surface tension between the solid 

and liquid 

 

 

 

 

 

 

 

Figure 4. 13: Principle of Capillary Flow 
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is mounted.  Air under controlled and increasing pressure is forced through the 

Liquid 

θ 

d

A

B h

Capillary 

d
cos θ σb4∆p =



 63

sample. The height of the sample chamber is fixed, hence to accommodate samples 

of various thicknesses; spacing inserts of different heights are used.  The pore size 

of a sample can also be determined at known compression forces.  To conduct this 

test, a known compression force is applied on the spacing insert, thereby 

transferring the force onto the sample. 

 

 

 

 

 

 

 

 
 
 
Figure 4. 14: Essential Parts of Automated Perm Porometer [81] 

The porometer records the flow rate of the air through the sample for 

increasing pressures and the diameter is calculated based on the pressure 

difference between the dry sample and wet sample.  

4.5.3.2 Test Procedure 

The type of capillary test that needs to be conducted on the electrospun 

sample is determined out of the four types that are available on the porometer. The 

four types of procedures that can be used are, a) Wet Up/Dry Down, b) Wet Up/Dry 

Up, c) Dry Up/Wet Up, and d) Wet Up/Linear Dry. 

The test method is carried out by placing the sample in the chamber and 

sealing the chamber with the spacing insert and the threaded cover (Figure 4.14) 

and choosing the method of capillary test. Depending upon the type of capillary test 

that is conducted wet the sample with the liquid, with a known surface tension, until it 

is saturated with the liquid. In this work the test procedure that will be used is wet 

up/dry down type, wherein the sample is subjected to an increasing pressure when 
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the sample is saturated with the solution and decreasing pressure when the sample 

is completely dry. 

The test is carried out by bubble point test with standard (automatic mode 

[82]. When the bubble point test begins, the program allows gas from the regulator 

to pass through valve V1 (Figure 4.15), a fixed needle valve, a flow transducer and 

into the bottom of the sample chamber. As long as the pressure is below the bubble 

point, the sample seals the chamber and the pressure rises. The rate at which the 

gas enters the chamber is monitored using the flow transducer. When the flow rate 

falls to the user selected minimum, the regulator is incrementally increased and this 

increases the pressure at the fixed needle valve’s inlet, increasing the flow through 

the valve, the flow transducer, and into the sample chamber. When the sample 

chamber pressure fails to rise while the flow through the flow transducer is 

maintained, the program takes the maximum pressure reached as the bubble point. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 15: Diagrammatic representation of Bubble point test [82] [H1 & H2 – 
High Flow 1 & 2, LV – low flow, FNV – fixed needle valve, R – regulator, SC – 
sample chamber, DV – drain valve] 
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4.5.4 Differential Scanning Calorimetry 

 Thermal analysis for the electrospun web was carried out using Perkin Elmer 

Pyris DSC-7. This is a power compensated type of differential scanning calorimeter 

which has good resolution, fast heating/cooling capability and is more sensitive than 

the heat flux type of DSC. This has a temperature range of 720°C to –170°C, i.e., 

the maximum heating temperature of the instrument is 720°C.  Numerous 

parameters can be obtained by this instrument namely, kinetics of reactions, purity 

of organic compounds, melting point (TM), glass transition temperature (TG), heat 

setting temperature/curing, phase changes and onset of oxidation. 

 The system uses aluminum pans for holding the sample/standard (left hot 

plate) and the reference (right hot plate) and these aluminum pans can either be 

volatile or non volatile. The equipment gives out the output in terms of the 

thermogram curves and the following information can be obtained from these 

thermograms. It essentially provides the melting point (endothermic peak upward), 

crystallization (exothermic peak downward) and glass transition temperature. The 

cooling options are ice water (0°C), intercooler (-60°C) or liquid nitrogen (-170°C). 

 The operation sequence of the equipment involves running the system base 

line to zero instrument, running the standard to calibrate temperature range and 

finally running the sample. In one of the pans, the sample is placed. The other pan is 

the reference pan, which is kept empty. Both the pans sit on the top of a heater. 

Now, the system is switched on where the computer turn on the heaters and it heats 

the two pans at a specific rate, usually 10oC per minute. The computer makes 

absolutely sure that the heating the rate stays exactly the same throughout the 

experiment.  

But more importantly, it makes sure that the two separate pans, with their two 

separate heaters, heat at the same rate as each other. As the two pans are heated, 

the computer will plot the difference in heat output of the two heaters against 

temperature. That is, the heat absorbed by the polymer against temperature is 

plotted. As the heating of the polymer continues, there is more heat flow. There is an 

increase in the heat capacity of the polymer sample. This happens because the 

polymer has just gone through the glass transition. Above the glass transition, the 
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polymers have a lot of mobility. When they reach the right temperature, they will 

have gained enough energy to move into very ordered arrangements, in other terms 

called crystals. When polymers fall into these crystalline arrangements, they give off 

heat. There is a drop in the heat flow versus temperature curve. The temperature at 

the lowest point of the dip is usually considered to be the polymer's crystallization 

temperature, or Tc.  

If the heating continues over its Tc, eventually it’ll reach another thermal 

transition, called melting. When the polymer's melting temperature, or Tm, is 

reached, the polymer crystals begin to fall apart, that is they melt. The extra heat 

flow during melting shows up as a big peak on the DSC plot. 

The thermal analysis was carried out on electrospun web using differential 

scanning calorimetry. The weight of the sample was 3.63 g, which was consistent 

with the weight of the standard sample, which is 3.5 ± 0.5 g. For calibration, run the 

baseline to zero. The heating starts at room temperature and increment of 25°C can 

be given. Temperature should not exceed 600°C, since aluminum pans are being 

used. Care should be taken that the temperature should not go above 20°C to 30°C. 

Run a standard and in our case it was tin (3.84 g). The tin is calibrated by holding it 

for 4 minutes at 150°C, then heating from 150°C to 260°C at 20°C/min. For running 

the sample, heat it from 25°C to 300°C at 20°C/min. 

4.5.5 Basis Weight of Nanofiber webs 

The electrospun fiberweb collected on the fiber glass screen was carefully 

removed from the collecting drum of the electrospinning apparatus. Fibers being 

very delicate, the fiberweb was handled with atmost care. The web was then 

carefully removed from the fiber glass screen without damaging the web sample. 

The specimen sample for weighing was then prepared by cutting the fiberweb of 

5.08 cm x 5.08 cm dimension from different locations. These samples were then 

weighed. The data collected were reported in grams, and an accuracy of up to five 

decimal places was maintained. The data obtained were then used to calculate 

throughput in gram per hour and basis weight in g/m2. 
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4.6 Statistical analysis 

The analysis was done using SAS, wherein the output was in the form of an 

Analysis of Variance (ANOVA) table. The column headings in an ANOVA table 

consists of SS, df, and MS, which stand for "Sum of Squares", "degrees of freedom", 

and "Mean Square", respectively. Since the regression included a constant, the total 

sum reflects the sum after removal of means, as does the sum of squares due to the 

model. The mean square error (MS) is defined as the residual sum of squares 

divided by the corresponding degrees of freedom. The F statistic tests the 

hypothesis that all coefficients excluding the constant are zero. The R-square value 

indicates that how well the model is fit for the given dependent variable. The value 

closer to one (1) means that the model is highly fitted. Note that the root mean 

square error is the square root of the mean square error reported for the residual in 

the ANOVA table.  

To test for an interaction between concentration and electric field (x), we 

compare the (reduced) model which allows for a quadratic dependence of width 

(fiber diameter) on x and possibly different intercepts for the four concentration 

levels with a (full) model which allows for four different quadratic dependencies on x 

for the four concentrations.  Here, the concentration may not be considered as 

continuous variable and is taken as class variable. This is because, this study had 

only four distinct concentrations, whereas it had more distinct values of electric field 

in the design of the experiment. It is hard to say much about any polynomial 

association between the response and an experimental factor with only 4 distinct 

values. So the concentration is taken as class variable. Formally, the reduced and 

full models are written as, 

 
Model 1: Reduced Model 

µ = β0 + β1 c1 + β2 c2 + β3 c3 + β4 x + β8 x2 

Equation 4. 2 
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Model 2: Full Model 

µ = β0 + β1 c1 + β2 c2 + β3 c3 + (β4 + β5 c1 + β6 c2 + β7 c3) * x + (β8 + β9 c1 + β10 c2 

+ β11 c3) * x2 

Equation 4. 3 

Where, 

µ is response (Fiber Diameter, Anisotropy Ratio, or Basis Weight) 

c1, c2, c3 are indicator or dummy variables for concentrations 1, 2, and 3, and 

c1 = 1 if concentration 1, 0 else 

c2 = 1 if concentration 2, 0 else 

c3 = 1 if concentration 3, 0 else 

β0, β1, β2, β3 = intercept 

β4 is slope 

β5, β6, β7 = linear coefficients 

β8 is curvature 

β9, β10, β11 = quadratic coefficients 

Reduced model is a quadratic model with different intercepts that means 

there is no interaction between variables. In other words β4 and β8 are same for all 

the four levels of concentration. The full model is a quadratic model with different 

profiles for each concentration that means there is interaction. Here the model 

allows the profiles to vary. Profile may be defined as the combination of slope and 

curvature. 
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5 Results and Discussion 

5.1 Fiber Diameter and its distribution 

The images obtained from scanning electron microscope were studied for the 

effect of the polymer concentration and electric field on fiber diameter and its 

distribution. Figure 5.1 shows the effect of the electric field on the measured average 

fiber diameter of the fibers at four different concentrations of the polymer solution.  

  

Figure 5. 1: Influence of electric field and polymer concentration on the 
measured average diameter of electrospun fibers 
  

It is evident from the graph (and as expected) that as we increase the electric 

field at all concentrations, the average diameter of the electrospun fibers decreases. 

This plot indicates that diameter is decreasing in electric field at the concentrations 

considered in this experiment. Variability due to electric field also seems to reduce at 

the higher concentrations. But, clearer conclusions can only be obtained by doing 

more experimentation. Figures 5.2 and 5.3 are SEM pictures showing the diameter 
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of samples produced at 27 % polymer concentration and electric field of 1.105 

kV/cm and 0.681 kV/cm respectively. These figures show the range of diameters for 

this concentration. 

Figure 5. 2: SEM image of electrospun web formed at Polymer Concentration 
27 %, Voltage 21 kV, Distance 19 cm. (1.105 kV/cm) [Measurement Environment: 
Hitachi ESEM S 3200, Air pressure 40 Pa, Magnification 3000x, Voltage 15 kV, 
Work distance 22 mm] 
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Figure 5. 3: SEM image of electrospun web formed at Polymer Concentration 
27 %, Voltage 15 kV, Distance 22 cm. (0.681 kV/cm) [Measurement Environment: 
Hitachi ESEM S 3200, Air pressure 40 Pa, Magnification 3000x, Voltage 15 kV, 
Work distance 22 mm]  
 Statistical analysis was done for the average fiber diameter, emphasizing the 

effect of electric field on the average diameter of fibers under different polymeric 

concentrations of the solution. The statistical analysis software (SAS) by default 

takes the last entry as the baseline and here it is the data of 27 % polymer 

concentration. Therefore, the baseline quadratic regression function is, 

µ4 = β0 + β4 x + β8 x2 

and the remaining statements can be written as, 

µ1 = β0 + β1 + (β4 + β5) * x + (β8 + β9) * x2 

µ2 = β0 + β2 + (β4 + β6) * x + (β8 + β10) * x2 

µ3 = β0 + β3 + (β4 + β7) * x + (β8 + β11) * x2  

Equations 5. 1 

The test of interaction boils down to an F-test of 

H0: β5= β6= β7= β9= β10= β11=0 (null hypothesis) 
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H1: not all 0 (research hypothesis)  On 6 and 4 numerator and denominator 

degrees of freedom (df) 

There are 6 numerator degrees of freedom associated with the numerator, 

which is a difference of models involving 11 and 5 degrees of freedom 

and 4 denominator degrees of freedom associated with the full model. 

 

   Equation 5. 2 
Where, 

SSE (R) – sum of squares of error for reduced model 

SSE (F) – sum of squares of error for full model 

MSE (F) – mean square error for full model 

 From the results obtained (section 8.2) for the reduced and full model, 

equation 5.2 can be written as, 

       on 6, 4 degrees of freedom 

F = 7.43 

 At 95 % confidence limit, the ‘p’ value at F = 7.43 is 0.0363. These values can 

also be checked for the values obtained from SAS in section 8.2. This F-ratio for 

concentration by electric field interaction is statistically significant. There is evidence 

that quadratic association between mean diameter and electric field varies by 

concentration (the model implied by H0 doesn't appear to fit).  

 The four fitted quadratic regressions, under the interaction model, are plotted 

in Figure 5.4. The general form of these fitted regressions appears as Equation 5.3. 

.  
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Figure 5. 4: Influence of electric field and polymer concentration on the 
measured average diameter of electrospun fibers (plotted for regression 
equations 
  

The values of fiber diameter can be predicted by using the values obtained 

from SAS analysis (8.2). The model statement for the same is given in Equation 5.3. 

Equation 5. 3 
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The value of Ŷ , the predicted fiber diameter can be obtained if we plug in 

respective values (8.2) in the above equation. 

Ŷ = 2087 + 10607 + [(-1582) + (-20320)] * 1+ [545 + 9638] * 12  

Ŷ  = 975 nm 

The predicted values can be written on the same way as of equation 5.3 and 

obtain the value of fiber diameters in nanometers. Figure 5.5 shows the relationship 

between observed fiber diameter and predicted fiber diameter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 5: Plot showing the relationship between observed fiber diameter 
and predicted fiber diameter 

 

It can also be noted from Figure 5.1 that lower diameter fibers are obtained in 

the range of 0.85 kV/cm to 1.0 kV/cm, which agrees with results of previous work 

published [64]. Empirical cumulative distribution functions for fiber diameters at each 

combination of electric field and concentration are shown in Figures 5.6-5.9. These 

augment the analysis of the means in Figure 5.1 and provide more evidence that 

diameter decreases with electric field at each concentration. 
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Figure 5. 6: Effect of varying electric field on the diameter distribution of the 
fibers at a constant concentration of 21% 

 

Figure 5. 7: Effect of varying electric field on the diameter distribution of the 
fibers at a constant concentration of 23% 
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Figure 5. 8: Effect of varying electric field on the diameter distribution of the 
fibers at a constant concentration of 25% 

Figure 5. 9: Effect of varying electric field on the diameter distribution of the 
fibers at a constant concentration of 27%  
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As the concentration of the solution increases the fiber diameter increases 

and the diameter range is broadened (Figure 5.10). This behavior can be related to 

the fact that an increase in polymer concentration causes an increase in viscosity, 

which in turn causes the splay (formation) of thicker fibers. Higher polymer 

concentration means there is high viscous force within the solution and there are 

more molecules aggregated. Because of high aggregation of molecules it is difficult 

to split them. Lower viscous solutions are easy to split and they are much easier to 

splay to form fibers. Hence lower polymer solution concentration yields lower 

diameter fibers. 

 

Figure 5. 10: Effect of Concentration on the diameter distribution of fibers at 
an electric field of 1.0 kV/cm 
 

5.2 Throughput and Basis Weight 
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concentrations, solution has high viscous force, which means the molecules are 

more aggregated and it is difficult to split them. As the electric field is increased, it 

becomes easy to split the aggregated molecules within the polymer solution. The 

solution, which now has more free molecules, tends to move easily out of the 

spinneret. That means there is higher draw force and more solution comes out of the 

spinneret. More solution coming out of the spinneret results in formation of more 

fibers which in turn causes higher weight of the sample. Also, higher concentration 

of polymer solution means lower electric charge per given surface area of the 

polymer in the solution coming out of the spinneret. This result in lower amount of 

fibers collected on the collecting screen, which means lower fiberweb weight. 

This behavior can be observed for all four levels of concentration. It can also 

be observed that at increasing polymer concentrations, the throughput decreases. 

This may be explained by the fact that as the concentration of the polymer solution 

increases, the solution becomes more viscous with higher resistance to the drawing 

force created by the electric field. This means the amount of polymer solution 

coming out of the spinneret will be low, resulting in lower basis weight. Whereas low 

viscosity polymer solution will flow easier, and more solution is available for fiber 

formation, resulting in heavier fiberweb. 

It can be observed from Figures 5.11 and 5.12 that the throughput and basis 

weight decreases at increasing polymer concentration, except for 21 % polymer 

concentration. It has been seen that at this particular concentration (21 %), the 

solution has a low viscosity and the amount of solution coming out of the spinneret is 

too high. The charge per given area is also high and the fibers formed are very fine. 

It has been observed that at this concentration the laying of fibers is wider than the 

length of the collecting drum. This results in some of the fibers getting lost and 

unavailable for weight measurement. 

 

The throughput in g/hr was calculated as follows, 

Given (known) parameters:  

Collecting drum speed – 12 revolutions/hour 

 Number of layers collected – 4 
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 Weight of the electrospun fiberweb of dimension 5.08 cm x 5.08 cm (2” x 2”) – 

X grams 

 Collecting drum length – 35.56 cm (14“) 

 Collecting drum diameter – 20.32 cm (8“) 

Therefore, to collect 4 layers of fiberweb, it took 20 minutes.  

Figure 5. 11: Influence of electric field on the throughput of an electrospun 
web produced at different polymeric concentrations. 
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Figure 5. 12: Influence of electric field on the basis weight of an electrospun 
web produced at different polymeric concentrations. 

Statistical analysis was done for the throughput, emphasizing the effect of 

electric field under different polymeric concentrations of the solution. The statistical 

analysis software (SAS) by default takes the last entry as the baseline and here it is 

the data of 27 % polymer concentration. Therefore, the baseline statement for the 

model will be, 

µ4 = β0 + β4 x  

And the remaining statements can be written as, 

µ1 = β0 + β1 + (β4 + β5) * x  

µ2 = β0 + β2 + (β4 + β6) * x  

µ3 = β0 + β3 + (β4 + β7) * x  

Equations 5. 4 

The test of interaction boils down to an F-test of 

H0: β5= β6= β7 =0 (null hypothesis) 

H1: not all 0 (research hypothesis)  On 3 and 9 numerator and denominator 

degrees of freedom (df) 

 The observed F-ratio for interaction is F=54.9, with a “p” value <0.0001 on 3 

and 9 df. These values can be checked for the values obtained from SAS in section 
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8.3. The ‘p’ value obtained show significant values, indicating that the null 

hypothesis (H0) is valid as against the research hypothesis (H1). This means there 

is interaction between the two independent variables, namely the polymer 

concentration and the electric field on the throughput.  

The model statement for determining the predicted throughput is given in 

equation 5.5. So, for example, if we want to predict the throughput at a given value 

of electric field (x) equal to 1.0 kV/cm and concentration 23 % under full model can 

be written as, 

Equation 5. 5 

1*)]0(ˆ)1(ˆ)0(ˆˆ[)0(ˆ)1(ˆ)0(ˆˆˆ
76543210 ββββββββ +++++++=Y  

The value of Ŷ , the predicted throughput can be obtained if we plug in 

respective values (8.3) in the above equation. Figure 5.13 shows the relationship 

between observed throughput and predicted throughput. 

Ŷ = -9.37 – 44.57 + 64.07 + 66.97 * 1 = 77.11 g/hr 

 

 

 

 

 

 

 

 

 

 

Figure 5. 13: Plot showing the relationship between observed throughput and 
predicted throughput 
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5.3 Fiber Orientation Distribution 

 Figures 5.14 – 5.17 show the results of fiber orientation distribution as 

impacted by the electric field and concentration. The figures indicate that as we 

increase the electric field by keeping polymeric concentration constant, the fibers are 

more oriented towards the machine direction. Measured or generated data can be 

grouped into bins, i.e., discretized by classifying into groups each characterized by a 

range of values in characteristic variables. The resulting graphical representation 

shows the distribution of fibers in percentage in terms of fiber orientation angle.  

In general, because of the movement of the drum, the fibers tend to orient 

themselves in the machine direction. But in the case of electrospinning, one more 

factor comes into picture i.e., the draw force. As we increase the electric field, more 

molecules are split and it is easier for the polymer solution to flow through the 

spinneret. Higher electric field means higher draw force resulting from the drum 

surface Thus the fibers are forced to flow in the direction of rotation of the drum. 

Figure 5. 14: Orientation distribution function of an electrospun sample at a 
constant concentration of 21% with varying electric fields 
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Figure 5. 15: Orientation distribution function of an electrospun sample at a 
constant concentration of 23% with varying electric fields 

Figure 5. 16: Orientation distribution function of an electrospun sample at a 
constant concentration of 25% with varying electric fields  
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Figure 5. 17: Orientation distribution function of an electrospun sample at a 
constant concentration of 27% with varying electric fields 

  

It can be said that if the target was stationary, the orientation of the fibers 

would have been completely random. But in this case since we have a source to 

carry the fibers splayed, the fibers tend to orient in the direction in which the target 

turns/rotates. The effect of orientation of fibers towards the machine direction at 

increased electric field can be seen from the SEM images of Figures 5.18 and 5.19. 

These are the SEM pictures of 25 % concentration at 0.714 kV/cm and 0.809 kV/cm 

respectively, and there is a considerable difference in the orientation of fibers. 

Although the fibers at 0.714 kV/cm electric field are oriented towards machine 

direction, it is more oriented towards machine direction at 0.809 kV/cm. 
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Figure 5. 18: SEM image of electrospun web formed at Polymer Concentration 
25 %, Voltage 15 kV, Distance 21 cm. (0.714 kV/cm) [Measurement Environment: 
Philips 505 T, Magnification 625x, Voltage 12 kV] 

Figure 5. 19: SEM image of electrospun web formed at Polymer Concentration 
25 %, Voltage 17 kV, Distance 21 cm. (0.809 kV/cm) [Measurement Environment: 
Philips 505 T, Magnification 625x, Voltage 12 kV] 
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5.3.1 Anisotropy Ratio 

Anisotropy ratio may be defined as the ratio of a parameter measured in 

machine direction to the parameter measured in the cross direction. In this case it is 

defined as the ratio of relative frequency of fibers in machine direction to the relative 

frequency of fibers in the cross direction [52]. The anisotropy value of 1 or near 1 

indicates that the orientation of fibers is random (or bimodal). Anisotropy values 

above 1 indicate that the orientation of fibers in machine direction is more than that 

of cross direction. 

The anisotropy data (Figure 5.20) indicates that as the electric field is 

increased by keeping a constant concentration of the polymer solution there is a 

considerable increase in the anisotropy level. This indicates that at lower electric 

field, the fibers are laid somewhat random, whereas at higher electric fields, the 

fibers are laid more parallel and they are oriented towards the machine direction.  

Figure 5. 20: Effect of electric field and concentration on the anisotropy ratio 
of an electrospun fiberweb 
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statistical analysis software (SAS) by default takes the last entry as the baseline and 

here it is the data of 27 % polymer concentration. Therefore, the baseline statement 

for the model will be, 

µ4 = β0 + β4 x  

And the remaining statements can be written as, 

µ1 = β0 + β1 + (β4 + β5) * x  

µ2 = β0 + β2 + (β4 + β6) * x  

µ3 = β0 + β3 + (β4 + β7) * x  

Equation 5. 6 

The test of interaction boils down to an F-test of 

H0: β5= β6= β7 =0 (null hypothesis) 

H1: not all 0 (research hypothesis)  On 3 and 9 degrees of freedom (df) 

 At 95 % confidence limit, the ‘p’ value at F = 15.55 is 0.0002. These values 

can be checked for the values obtained from SAS in section 8.4. The ‘p’ value 

obtained show significant values, indicating that the null hypothesis (H0) is valid as 

against the research hypothesis (H1). This means there is interaction between the 

two independent variables, namely the polymer concentration and the electric field 

on the anisotropy level.  

 The model statement for determining the predicted anisotropy ratio is given in 

equation 5.7. So, for example, if we want to predict the anisotropy ratio at a given 

value of electric field (x) equal to 1.0 kV/cm and concentration 23 % under full model 

can be written as, 

Equation 5. 7 

1*)]0(ˆ)1(ˆ)0(ˆˆ[)0(ˆ)1(ˆ)0(ˆˆˆ
76543210 ββββββββ +++++++=Y  

The value of Ŷ , the predicted anisotropy ratio can be obtained if we plug in 

respective values (8.4) in the above equation. Figure 5.21 shows the relationship 

between observed anisotropy and predicted anisotropy ratio. 

Ŷ = -0.637 - 7.366 + 4.48 + 10.04 * 1 = 6.519 

XccccccY *)]3(ˆ)2(ˆ)1(ˆˆ[)3(ˆ)2(ˆ)1(ˆˆˆ
76543210 ββββββββ +++++++=



 88

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 21: Plot showing the relationship between observed anisotropy ratio 
and predicted anisotropy ratio 

5.4 Pore Size and its distribution 

 The control of the pore of electrospun web is of prime importance in the 

fabrics that are being produced for the purposes of fluid flow and filtration. 

5.4.1 Mean Flow Pore Size 

As mentioned in the experimental chapter that a saturated sample will pass 

air when the applied pressure exceeds the capillary attraction of the fluid in the 

pores. Smaller pores have a higher capillary attraction than larger pores and hence 

open at higher pressures. By increasing pressure in small steps, it is possible to 

determine by the flow contribution of very small pore size increments. The pressure 

at which wet flow is one-half the dry flow is used to calculate the mean flow pore 

size.  

Average pore diameter and basis weights are plotted together against electric 

field in Figures 5.22 - 5.24. The figures show that increased electric field results in 
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decreased average pore diameter and increased basis weight. It can also be 

observed that the samples produced at increased concentration of the polymer 

solution and by maintaining the range of electric fields specified the average pore 

diameter also increases. The analyzed samples of concentrations 23% (average 

pore diameter – 14.25 µm), 25% (average pore diameter – 15.72 µm) and 27% 

(average pore diameter – 17.02 µm) explains the above property. As has been 

explained earlier, the weight of the sample is more at higher electric fields. This is 

because there is higher draw force of the solution at higher electric field, which 

actually splits the aggregated molecules within the solution. Higher polymer solution 

coming out of the spinneret causes higher formation of electrospun fibers, which 

results in increased fiberweb weight. Since there are more fibers at higher electric 

field the fiber coverage is more in the fiberweb. Increased coverage means that 

there is high resistance for any fluid to pass through this web, which tells that the 

average pore diameter is less. This behavior as expected is observed for all polymer 

concentrations. 

Figure 5. 22: Effect of average pore diameter and basis weight with varying 
electric field at constant concentration 23% 
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Figure 5. 23: Effect of average pore diameter and basis weight with varying 
electric field at constant concentration 25% 

Figure 5. 24: Effect of average pore diameter and basis weight with varying 
electric field at constant concentration 27% 
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 To understand the pore size, analyzing basis weight does not give full 

information. It may so happen that bigger diameter fibers are the cause for higher 

basis weight, in which case the average pore diameter should increase at higher 

electric field. So, to know the pore size better, orientation of fibers and fiber diameter 

should be explained. 

Orientation of fibers in a fiberweb affects largely on the pore size distribution. 

Fibers splayed at lower electric field are more random, whereas at higher electric 

fields, the fibers are splayed in a preferential direction. That means at higher level of 

electric field, the fibers are laid more parallel and they are oriented towards the 

machine direction. Understanding the fiber orientation distribution will help in 

characterizing the pore size measurement. Fiberweb sample having more fibers 

oriented towards the machine direction will have more cover. From Figure 5.25, it 

can be observed that, web with fibers perfectly oriented in the machine direction 

have more cover than web with fibers oriented in the machine direction and other 

direction. So it becomes extremely important for understanding and analyzing the 

fiber orientation in an electrospun fabric. 

 

 

 

 

 

 

 

 

Figure 5. 25: Pictorial of fibers arranged in an electrospun web 
Figures 5.26 – 5.28 show the effect of anisotropy and average pore diameter 

on varying electric field, and as expected, the anisotropy level increases at 

increased electric field indicating that the fibers are oriented towards the preferential 

direction i.e., the machine direction. This effect can be seen from Figures 5.29 and 

5.30. It shows random orientation has more pores than machine oriented fibers in a 

fiberweb.  

Fibers in machine direction One of the fiber in cross 
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Figure 5. 26: Effect of average pore diameter and anisotropy on a four-layered 
sample with varying electric field at constant concentration 23% 

Figure 5. 27: Effect of average pore diameter and anisotropy on a four-layered 
sample with varying electric field at constant concentration 25% 
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Figure 5. 28: Effect of average pore diameter and anisotropy on a four-layered 
sample with varying electric field at constant concentration 27% 
 

Figure 5. 29: SEM image of electrospun web formed at Polymer Concentration 
23 %, Voltage 15 kV, Distance 20 cm. (0.75 kV/cm) [Measurement Environment: 
Philips 505 T, Magnification 625x, Voltage 12 kV] 
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Figure 5. 30: SEM image of electrospun web formed at Polymer Concentration 
23 %, Voltage 19 kV, Distance 22 cm. (0.863 kV/cm) [Measurement Environment: 
Philips 505 T, Magnification 625x, Voltage 12 kV] 
 

It has been observed from Figures 5.5 – 5.8 that as the electric field increase, 

the average diameter of the fibers decrease, thus the surface area or coverage 

increases which results in having lower mean flow pore diameter. This can be 

explained with a logical reasoning that bigger the pore diameter, lesser mean flow 

pressure is required, that is the webs have a higher mean flow pore diameter. 

Figures 5.31 – 5.33 are plotted for constant polymer concentration with varying 

electric field against average pore diameter and average fiber diameter. If the 

diameter of the fibers decreases, the number of fibers in a given area will be more, 

because of more polymer solution coming out of the spinneret due to higher draw 

force. This will increase the cover of the fiberweb, resulting in decrease in average 

pore diameter. Figures 5.34 and 5.35 show this effect, showing SEM pictures of 27 

% polymer concentration and 0.681 kV/cm and 1.105 kV/cm electric field 

respectively. These explain our discussion that both pore diameter and fiber 

diameter decrease at increasing electric field. 
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Figure 5. 31: Effect of average pore diameter and fiber diameter with varying 
electric field at constant concentration 23% 

Figure 5. 32: Effect of average pore diameter and fiber diameter with varying 
electric field at constant concentration 25% 
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Figure 5. 33: Effect of average pore diameter and fiber diameter with varying 
electric field at constant concentration 27% 

Figure 5. 34: SEM image of electrospun web formed at Polymer Concentration 
27 %, Voltage 17 kV, Distance 20 cm. (0.85 kV/cm) [Measurement Environment: 
Hitachi ESEM S 3200, Air pressure 40 Pa, Magnification 3000x, Voltage 15 kV, 
Work distance 22 mm] 
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Figure 5. 35: SEM image of electrospun web formed at Polymer Concentration 
27 %, Voltage 21 kV, Distance 19 cm. (1.105 kV/cm) [Measurement Environment: 
Hitachi ESEM S 3200, Air pressure 40 Pa, Magnification 3000x, Voltage 15 kV, 
Work distance 23 mm] 

The statistical analysis investigates associations between average pore 

diameter, average fiber diameter, anisotropy ratio and the process parameters 

electric field and polymer concentration. Previous analyses indicated quadratic and 

linear dependencies of average fiber diameter on electric field, depending on the 

level of concentrations.  Associations can also be seen for the other two responses, 

average pore diameter and anisotropy ratio, in the plot below. 

The plots indicate that average pore diameter (Figure 5.36) and average fiber 

diameter (Figure 5.1) are decreasing in electric field, while anisotropy ratio (Figure 

5.20) is increasing in electric field. For average pore diameter, a test of a single 

quadratic profile with different intercepts (reduced model) against and interaction 

model, with different quadratic profiles for the three concentrations (full model) is 

statistically significant (F = 14:49; p = 0:0265; df = 4; 3). The full model, based on 

observations at four electric fields for each of three concentrations, explains more 

than 99% of the observed variation. 
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 Figure 5. 36: Effect of electric field and concentration on the average pore 
diameter of an electrospun fiberweb 

The general linear model procedure used to obtain the ANOVA table by 

considering average pore diameter as the dependent variable can be seen from 

output in section 8.5. The ‘p’ value of 0.0034 indicates that the research hypothesis 

is significant. 

The associations between the response anisotropy ratio and the process 

parameters electric field and concentration is more difficult to model, as the 

anisotropy ratio profile in electric field appears s-shaped for fixed concentration. A 

quadratic model doesn't fit well, but a linear model with electric field and 

concentration interaction captures much of the variability in anisotropy ratio r2 = 0.88. 

The output of this has been reported in section 8.6.  

Partial correlation coefficients can be used to describe linear associations 

between pairs of response variables after accounting for effects due to electric field 

and concentration. The squared partial correlation between average pore diameter 

(APD) and average fiber diameter (AFD) after accounting for electric field and 

concentration is r2_{APD, AFD; model} = (0.46)2 = 0.207. The squared partial 

correlation between average pore diameter and anisotropy ratio (AR) after 

accounting for electric field and concentration is r2_{APD, AR; model} = (-0.11)2 = 

0.0127. Neither of these correlations are statistically significant. Though there is 

some evidence of marginal negative association between average pore diameter 
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and anisotropy ratio, r = -0.70; p = 0.012, the linear association goes away after 

dependence on electric field and concentration are accounted for in the model. 

Partial correlations can obtained in SAS using either the PCORR1 option within 

PROC REG or by generating the necessary residuals from the appropriate models 

and then using PROC CORR to get correlations. The outputs from both procedures 

are given in section 8.7. 

5.4.2 Pore Size Distribution 

 The distribution can be calculated by determining the wet and dry flows at the 

pressure limits from the wet and dry flow curves [83]. 

         Equation 5. 8 
Where, 

Q - filter flow percentage 

l   - lower pressure limit 

h  - higher pressure limit 

         Equation 5. 9 

Where, 

D - pore size distribution 

Q - filter flow percentage 

d  - maximum pore diameter 

L - previous value 

It is evident that as the electric field is increased, the average pore diameter 

decreases and this is true for all concentrations of the polymer solution. All the 

samples produced were collected at a constant drum speed. The Pore size 

distribution depends largely on the basis weight (the number of layers in the 

dLd
LQQ

D
−

−
=

100×−=
lDryFlow
lWetFlow

hDryFlow
hWetFlow

Q



 100

sample), orientation of fibers, and fiber diameter of the electrospun sample. It was 

observed that basis weight of the sample played a major role in the pore size 

distribution of the sample, wherein an increase in basis weight resulted in decrease 

of average pore diameter and decrease in basis weight resulted in increased 

average pore diameter. An analysis made on the sample produced at 23% 

concentration shows that samples with three layers (lower basis weight) had an 

average (weighted) pore diameter of 17.56 µm, whereas samples with four layers 

(higher basis weight) had an average pore diameter of 14.6 µm. 

Increase in the layer of the fiberweb decreases the average pore size. Figure 

5.37 plotted for average pore size against electric field for a constant polymer 

concentration of 23 %, shows the influence of two different layers namely three and 

four layers. Although the graph has been plotted for different electric fields, it can be 

observed that increase in fiberweb layer affects largely on the average pore 

diameter. It can be seen that at 0.809 kV/cm, the average pore diameter of a three-

layered web has a pore diameter of 18.83 µm, whereas it is 14.03 µm for a four-

layered web. 

Figure 5. 37: Influence of fiberweb layers on the average pore diameter at a 
constant concentration of 23 % 
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Figures 5.38 – 5.42 show that there is a decrease in average pore diameter 

plotted against the cumulative filter flow percentage at increasing electric fields. The 

effect of decreased filter flow percentage at increasing electric field can be observed 

for all layers and all concentrations. Higher electric field, as explained earlier results 

in higher drawing force of the polymer solution, which in turn results in higher 

formation of fibers. Higher number of fibers means higher coverage in the web, 

which automatically results in lower average pore diameter and hence the filter flow. 

The cumulative filter flow measures the volume of air passed through the 

electrospun fabric sample at increased air pressures. All the cumulative filter flow 

graphs give the probability of the size of the particle that can pass through the web. 

Figure 5. 38: Effect of varying electric field on the cumulative filter flow at a 
constant concentration of 21% (3 layers) 
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Figure 5. 39: Effect of varying electric field on the cumulative filter flow at a 
constant concentration of 23% (3 layers) 

Figure 5. 40: Effect of varying electric field on the cumulative filter flow at a 
constant concentration of 23% (4 layers) 
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Figure 5. 41: Effect of varying electric field on the cumulative filter flow at a 
constant concentration of 25% (4 layers) 

Figure 5. 42: Effect of varying electric field on the cumulative filter flow at a 
constant concentration of 27% (4 layers) 
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 The effect showing the decreased pore distribution on increasing the electric 

field can also be explained by the graphs of pore diameter plotted against the 

normalized pore distribution. The analysis clearly indicates that as we increase the 

electric field, by keeping the concentration of the polymer solution constant the 

average pore diameter decreases. More fibers at given square area results in 

decreased pore size, thus increasing the filtration efficiency of the fabric sample. 

5.5 Thermal Analysis by DSC 

 All the graphs were plotted for temperature °C (X-axis) against the heat flow, 

mW (Y-axis), except for the Crystallinity curve wherein it is plotted for time against 

the heat flow. The melting point, crystallization and glass transition temperature 

(Figure 5.43) indicates that the characteristic property of polyester is not hampered 

even after dissolving in methylene chloride and triflouroacetic acid and even when 

processed at high voltage. 

 

Figure 5. 43: DSC Curve for Polyester 
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The glass transition temperature was achieved at an onset temperature of 

70.686°C. The glass transition temperature for the electrospun polyester sample can 

be seen in Figure 5.44. The inflection point is 75.40°C and the end point is 

78.787°C. 

 

 

Figure 5. 44: Glass Transition Temperature of Polyester 

 

The crystallization (Figure 5.45) occurred at an onset temperature of 

124.035°C (slope uncorrected) or 123.620°C (slope corrected). The peak 

temperatures for the crystallization were 134.733°C (uncorrected slope) or 

134.870°C (corrected slope).  
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Figure 5. 45: Crystallinity of Polyester 

The melting point occurred at an onset temperature of 235.328°C 

(uncorrected slope) and 235.181°C (corrected slope). The peak temperatures of 

melting were 249.133°C for both uncorrected and corrected slopes. The melting 

point curve can be seen in Figure 5.46. 
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Figure 5. 46: Melting Point of Polyester 

The crystallization temperature and the melting temperature of the 

electrospun sample is almost the same as that of a normal polyester fiber. This 

means that dissolving the polymer in the two solvents and then splaying the fibers 

through electrospinning process does not hamper the thermal property of the fiber.  

 The degree of crystallinity can be calculated by [84], 

Equation 5. 10 

Where, 

∆Hm (100%) = 140 J/g for 100% crystalline polyester [85] 

%)100(m
H

cHmHyystallinitDegreeofCr
∆

∆−∆
=
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∆Hm  = Measured enthalpy of melting 

∆Hc = Measured enthalpy of crystallization 

 So, for the electrospun web sample, the degree of crystallinity is, 

 

  = 36.056 % 
  

The degree of crystallinity of poly (ethylene terephthalate) obtained from an 

electrospun sample of 36.056 % is well within the range of crystallinity for polyester 

(35-45 %). This indicates that there is not much degradation of the polymer material 

when dissolved in the solvent. 
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6 Conclusion 

 The process of electrospinning using polymer solution was successfully 

carried out using polyester as the polymer and triflouroacetic acid and methylene 

chloride as the solvents. A successful design of experiment and equipment was 

made to produce fibers. The process of electrospinning from the solution yielded 

very fine fibers with diameters in the nanometer range. The equipment for this 

process is relatively simple and small. Small amount of polymers can be processed 

into fiberweb. 

The fibers were spun using various polymer concentrations, voltages and 

collecting distances. An experimental design was proposed involving all the three 

parameters. The morphology of the fibers shows that a wide variety of shapes and 

sizes can be produced. Process performance also depends on the ambient factors 

such as air velocity in the electrospinning hood and temperature and on the 

properties of the solution like the viscosity and surface tension. It was observed that 

the fibers spun below or above the proposed range yielded fiber shots in the web. 

Considerable steps were undertaken in the design and the experimental procedure 

to prevent the formation of shots. The electrospun web produced under the known 

process parameters and factors was appreciably characterized for structure and 

morphology using different techniques. 

 The process yielded very fine fibers ranging from a few hundred nanometers 

to a few microns. The diameters of the fibers produced by electrospinning are one or 

two orders of magnitude smaller than the conventional fiber and because of the 

smaller fiber diameter it provides a large surface area to mass ratio. The results 

show that an increase in the electric field results in the decrease of the average 

diameter of the electrospun fibers. It has also been observed that there is interaction 

between the concentration and the electric field. This has been supported by 

statistical analysis. It can also be noted that lower diameter fibers are obtained in the 

electrical field range of 0.85 kV/cm to 1.0 kV/cm. As the concentration of the solution 

increases the fiber diameter increases and the diameter range broadened. This 
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behavior can be related to the fact that an increase in polymer concentration causes 

an increase in viscosity, which in turn causes the splay of thicker fibers. 

 As we increase the electric field by keeping polymeric concentration constant, 

the fibers are more oriented towards the machine direction. Since the fibers are fine 

and there is higher degree of draw force at higher electric fields, fibers tend to move 

easily along the drum or in other words the machine direction. The analysis of 

anisotropy indicates that by keeping a constant concentration of the polymer solution 

and as the electric field is increased, there is a considerable increase in the 

anisotropy level. This indicates that at lower electric field, the fibers are laid more 

random, whereas at higher electric fields, the fibers are splayed in a preferential 

direction. 

It was observed that as the electric field is increased, the average pore 

diameter decreases. All the analysis were carried out by plotting pore diameter 

against the cumulative filter flow, which measures the volume of air passed through 

the electrospun fabric sample at increased air pressures. It was also observed that 

the samples produced at increased concentration of the polymer solution and by 

maintaining the range of electric fields specified, the average pore diameter also 

increases. The decrease in average pore size at increased level of electric fields is 

due to more number of fine fibers (due to higher drag force) within the same area. 

The decrease in average pore size at increased electric field has been explained in 

terms of web structural parameters (basis weight and orientation) and fiber diameter. 

6.1 Recommendations 

In this work, the collecting drum speed was kept constant at 12 revolutions per 

hour speed. Varying the collection speed will be an added independent variable 

parameter, which can be studied in detail for the production of electrospun fibers.  

Not much work has been carried out on electrospun fibers in terms of 

characterization of the web. Characterization of fibers should be analyzed for 

polymers and composites involving electrospinning process in terms of diameter 

distribution, pore size distribution, and orientation distribution function. A further step 

to these techniques is the characterization methods for the mechanical properties of 
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electrospun fibers like strength, modulus, toughness, elongation etc. and physical 

properties of the web like tensile, elastic and time dependant behavior. The other 

properties, which can also be considered, are chemical, thermal, frictional, fiber 

structure and structure-property relationship. To determine all these properties of the 

electrospun nanofiber web, various methods and techniques need to be developed 

and could be compared to the properties of fibers produced by conventional 

processes. 

 The various fiber characterization techniques will help in knowing the 

electrospun nanofiber web better, thus fiberweb from nanofibers can be engineered 

to meet certain requirements. 
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8 Appendices 

The process of electrospinning involves usage of highly toxic and corrosive 

chemicals, as well as very high voltage equipment. The personnel using this 

equipment should practice extreme measures for their safety. A list of procedures for 

chemical and electrical safety has been listed below. All persons using this 

equipment/process should follow these safety measures. 

8.1 Safety procedures for the electrospinning set up 

8.1.1 General description of the apparatus 

 The electrospinning apparatus consists of a glass sprayer filled with polymer 

solution, a collecting device, a high voltage instrument whose positive is 

terminated at the glass pipette and the other end to the collecting drum, and 

the system has an external motor to give motion to the collecting device. 

 The glass sprayer is held by a support system, which is made up of Garolite, 

a woven glass fabric coated with epoxy. 

 The collecting device is a PVC pipe cylindrical drum, which is attached with a 

metal plate, a bush and a wire terminating from it so as to complete the 

electrical connection. 

 A foil of aluminum is wounded over this non-conducting drum to maintain the 

same electric field throughout the surface of the drum. 

 A sheet of fiberglass screen is wounded over the foil to assist in removing the 

electrospun sample without any damage to the sample. 

8.1.2 Chemical Safety 

 Always wear eye protection, hand protection and protective clothing. 

 Handle the chemicals listed above with care and store them at proper/regular 

places. 

 Make sure the solution is prepared inside the hood and the fumes emerging 

from the chemicals should be properly ventilated. 



 119

 Clean beakers and bottles should be used for transferring of chemicals and 

preparing of solution. 

 Close the bottles of methylene chloride and triflouroacetic acid immediately 

after use and also close the glass lid of the bottle containing the prepared 

solution. 

 The polymer chips added to the solution to dissolve can be assisted using a 

magnetic stirrer and an external source for stirring. 

 Spills and wastes are removed and discarded as mentioned above. Dispose 

of all contaminated materials properly. 

 Keep spilled materials out of drains and water supplies. 

 Get medical help immediately if someone is overexposed to chemicals. 

8.1.3 Electrical Safety 

The electrospinning system itself uses electrical power for its operation. Any of 

these smaller pieces of equipment may produce a potentially damaging or lethal 

shock or serve to ignite flammable materials. Although such shocks and fires may 

result from defective equipment, most often they may result from the unsafe 

practices of the user.  

 Proper care should be taken while terminating the end at the glass pipette 

containing polymer solution, have to make sure that the wire is completely 

immersed in the solution and it has been fixed properly to the pipette. 

 The other end from the high voltage instrument is connected to the collecting 

device and make sure that the end is properly fixed. Soldering is the best 

option.  

 The collecting device can be rotated by an external motor drive, which can 

drive the drum from 0 to 100 revolutions per hour. 

 Set the drum speed to 12 revolutions per hour, which is the minimum speed 

required to rotate the drum. 

 Check again the feed and the return paths are correctly fixed. 

 Make sure that the line side and high voltage sides are grounded. 
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 Make sure that there are no metal parts near the set up or as a matter of fact 

in the hood. 

 Check that the wires coming from high voltage instrument, collecting device 

and the external motor do not cross over.  

 Close the sash of the hood to at least 18 inches. 

 If the above lines are OK, start the experiment with switching on the power 

switch and slowly increasing the voltage through regulator. 

 The high voltage instrument has variable output from, 0 to 40 kilovolts; the 

range being used for the electrospinning process is 15 to 25 kilovolts. 

 To turn down the system, slowly decrease the voltage, turn the power switch 

off and then take out the power supply plug. 

 Turn the system down when the polymer level is near the ending stage and 

polymer is near the vicinity of the submerged wire or when the polymer is still 

around 5 ml in the glass pipette. 

 Open the sash, take out the positive end from the pipette, remove the 

remaining solution to a container, and stop the external drive. 

 The fiberglass mesh containing electrospun fibers can now be removed from 

the drum for analysis. 

 Use the power supply controls to cut off the power in an emergency. These are 

the ONLY controls for the emergency power off. 

8.2 ANOVA Model for Diameter Distribution of electrospun fibers 

 
The REG Procedure 

Model: MODEL1 
Dependent Variable: diameter 

Analysis of Variance 
 

Source DF Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 11 1607591 146145 8.69 0.0255 
Error 4 67276 16819   

Corrected 
Total 

15 1674866    
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              Root MSE                 129.68788   R-Square     0.9598 
    Dependent Mean   1279.34688    Adj R-Sq     0.8494 
   Coeff Var                     10.13704 

 
Parameter Estimates 

Variable DF Parameter 
Estimate 

Standard 
Error 

t value Pr > |t| 

Intercept 1 2086.71536 2555.89519 0.82 0.4601 
conc1 1 52828 16434 3.21 0.0324 
conc2 1 10607 6904.61649 1.54 0.1993 
conc3 1 6876.46283 6938.28576 0.99 0.3777 

ef 1 -1581.65045 5848.39351 -0.27 0.8002 
ef2 1 544.93172 3259.48222 0.17 0.8753 

conc1xef 1 -115724  37853 -3.06 0.0378 
conc2xef 1 -20320  15890 -1.28 0.2701 
conc3xef 1 -15098  16082 -0.94 0.4010 
conc1xef2 1 63188 21695 2.91 0.0436 
conc2xef2 1 9637.93245 9048.97713 1.07 0.3469 
conc3xef2 1 8261.67840      9083.58726 0.91 0.4145 

 
    The REG Procedure 

Model: MODEL1 
Test 1 Results for Dependent Variable diameter 

 
Source DF Mean Square F value Pr > F 

Numerator 6 125026 7.43 0.0363 
Denominator 4 16819   

 
                                                 

Full Model 
The GLM Procedure 

 
Dependent Variable: diameter 

 
Source DF Sum of 

Squares 
Mean 

Square 
F Value Pr > F 

Model 11 1607590.660 146144.605 8.69 0.0255 
Error 4 67275.784 16818.946   

Corrected 
Total 

15 1674866.445    

 
           R-Square     Coeff Var      Root MSE    diameter Mean 
 
           0.959832      10.13704      129.6879         1279.347 
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Source DF Type I SS Mean 

Square 
F value Pr > F 

ef 1 642072.3650 642072.3650 38.18 0.0035 
ef*conc 3 84511.2320 28170.4107 1.67 0.3083 

ef*ef 1 51054.9057 51054.9057 3.04 0.1564 
ef*ef*conc 3 618605.7829 206201.9276 12.26 0.0174 

conc 3 211346.3745 70448.7915 4.19 0.1001 
 
  

Source DF Type III SS Mean 
Square 

F value Pr > F 

ef 1 222357.3478 222357.3478 13.22 0.0220 
ef*conc 3 184443.8866 61481.2955 3.66 0.1213 

ef*ef 1 189984.4694 189984.4694 11.30 0.0283 
ef*ef*conc 3 163538.2044 54512.7348 3.24 0.1429 

conc 3 211346.3745 70448.7915 4.19 0.1001 
 

Parameter Estimate Standard Error t Value Pr > |t| 
Intercept 2086.7154 B 2555.89519 0.82 0.4601 

ef -1581.6505 B 5848.39351 -0.27 0.8002 
ef*conc    21 -115723.7679 B 37852.89396 -3.06 0.0378 
ef*conc    23 -20319.7910 B 15890.03422 -1.28 0.2701 
ef*conc    25 -15098.2604 B 16082.49982 -0.94 0.4010 
ef*conc    27 0.0000 B - - - 

ef*ef 544.9317 B 3259.48222 0.17 0.8753 
ef*ef*conc 21 63188.3463 B 21694.75667 2.91 0.0436 
ef*ef*conc 23 9637.9324 B 9048.97713 1.07 0.3469 
ef*ef*conc 25 8261.6784 B 9083.58726 0.91 0.4145 
ef*ef*conc 27 0.0000 B - - - 

 

                                                         
 

Reduced Model 
The GLM Procedure 

Dependent Variable: diameter 
 

Source DF Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 5 857436.309 171487.262 2.10 0.1492 
Error 10 817430.135 81743.014   

Corrected 
Total 

15 1674866.445    
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           R-Square     Coeff Var      Root MSE    diameter Mean 
 
           0.511943      22.34791      285.9074         1279.347 
 

Source DF Type I SS Mean 
Square 

F Value Pr > F 

ef 1 642072.3650 642072.3650 7.85 0.0187 
ef* ef 1 3587.2431 3587.2431 0.04 0.8383 
conc 3 211776.7012 70592.2337 0.86 0.4914 

 
 

Source DF Type III SS Mean 
Square 

F Value Pr > F 

ef 1 106046.5345 106046.5345 1.30 0.2813 
ef* ef 1 80046.2287 80046.2287 0.04 0.3457 
conc 3 211776.7012 70592.2337 0.98 0.4914 

 

8.3 ANOVA Model for Throughput of electrospun fibers 

Obs j conc x (electric 
field) 

Y 
(throughput) 

conc1 conc2 conc3 

1 1 21 - - 1 0 0 
2 1 21 - - 1 0 0 
3 1 21 - - 1 0 0 
4 1 21 0.8500 51.8587 1 0 0 
5 1 21 0.9048 55.3861 1 0 0 
6 1 21 0.9546 56.1668 1 0 0 
7 2 23 0.7500 45.0093 0 1 0 
8 2 23 0.7895 49.0092 0 1 0 
9 2 23 0.8095 52.5866 0 1 0 
10 2 23 0.8636 58.0035 0 1 0 
11 2 23 0.8947 63.5675 0 1 0 
12 2 23 1.0000 77.5015 0 1 0 
13 3 25 - - 0 0 1 
14 3 25 - - 0 0 1 
15 3 25 0.7143 36.8671 0 0 1 
16 3 25 0.7727 41.7018 0 0 1 
17 3 25 0.8095 45.0726 0 0 1 
18 3 25 1.0500 60.0252 0 0 1 
19 4 27 - - 0 0 0 
20 4 27 - - 0 0 0 
21 4 27 0.6818 33.8246 0 0 0 
22 4 27 0.8095 42.0156 0 0 0 
23 4 27 0.8500 46.4692 0 0 0 
24 4 27 1.1053 61.0499 0 0 0 
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The GLM Procedure 
Dependent Variable: y (throughput) 

 
Source DF Sum of 

Squares 
Mean 

Square 
F Value Pr > F 

Model 7 1885.5631 269.3662 305.49 <0.0001 
Error 9 7.9357 0.8817   

Corrected 
Total 

16 1893.4988    

 
                                             
           R-Square     Coeff Var      Root MSE         y Mean 
 
           0.995809     1.822046       0.939013         51.53619 
 

Source DF Type I SS Mean 
Square 

F Value Pr > F 

conc 3 503.5033 167.8344 190.34 <0.0001 
x 1 1236.8104 1236.8104 1402.68 <0.0001 

x*conc 3 145.2494 48.4165 54.91 <0.0001 
 
 

Source DF Type III SS Mean 
Square 

F Value Pr > F 

conc 3 93.0039 31.0013 35.16 <0.0001 
x 1 395.9987 395.9987 449.11 <0.0001 

x*conc 3 145.2494 48.4165 54.91 <0.0001 
 
 
 

Parameter Estimate Standard Error t Value Pr > |t| 
Intercept -9.3747 2.6730 -3.51 0.0066 
conc    21 26.2823 11.7870 2.23 0.0527 
conc    23 -44.5694 4.8241 -9.24 <0.0001 
conc    25 -1.1952 4.1006 -0.29 0.7773 
conc    27 0.0000 B - - - 

x 64.07996 3.0539 20.98 <0.0001 
x*conc 21 -22.4867 13.0596 -1.72 0.1192 
x*conc 23 66.9743 5.6019 11.96 <0.0001 
x*conc 25 3.4366 4.7778 0.72 0.4902 
x*conc 27 0.0000 B - - - 
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8.4 ANOVA Model for Anisotropy ratio of electrospun fibers 

 
Obs j conc x (electric 

field) 
y (anisotropy 

ratio) 
conc1 conc2 conc3 

1 1 21 - - 1 0 0 
2 1 21 - - 1 0 0 
3 1 21 - - 1 0 0 
4 1 21 0.8500 1.6859 1 0 0 
5 1 21 0.9048 2.1435 1 0 0 
6 1 21 0.9546 2.5142 1 0 0 
7 2 23 0.7500 2.3977 0 1 0 
8 2 23 0.7895 3.0715 0 1 0 
9 2 23 0.8095 4.1015 0 1 0 
10 2 23 0.8636 4.8224 0 1 0 
11 2 23 0.8947 5.5178 0 1 0 
12 2 23 1.0000 5.9839 0 1 0 
13 3 25 - - 0 0 1 
14 3 25 - - 0 0 1 
15 3 25 0.7143 2.4349 0 0 1 
16 3 25 0.7727 3.0945 0 0 1 
17 3 25 0.8095 3.1408 0 0 1 
18 3 25 1.0500 3.6143 0 0 1 
19 4 27 - - 0 0 0 
20 4 27 - - 0 0 0 
21 4 27 0.6818 2.2277 0 0 0 
22 4 27 0.8095 2.7345 0 0 0 
23 4 27 0.8500 3.7786 0 0 0 
24 4 27 1.1053 4.1796 0 0 0 

 
 

The GLM Procedure 
Dependent Variable: y (anisotropy ratio) 

 
Source DF Sum of 

Squares 
Mean 

Square 
F Value Pr > F 

Model 7 21.9727 3.1386 15.55 0.0002 
Error 9 1.8169 0.2019   

Corrected 
Total 

16 23.7897    

 
                                       
           R-Square     Coeff Var      Root MSE         y Mean 
 
           0.923623     13.29732       0.449319         3.379018 
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Source DF Type I SS Mean 
Square 

F Value Pr > F 

conc 3 10.5300 3.5100 17.39 0.0004 
x 1 7.5941 7.5941 37.62 0.0002 

x*conc 3 3.8486 1.2829 6.35 0.0133 
 
 

Source DF Type III SS Mean 
Square 

F Value Pr > F 

conc 3 2.9672 0.9891 4.90 0.0275 
x 1 3.6469 3.6469 18.06 0.0021 

x*conc 3 3.8486 1.2829 6.35 0.0133 
 
 

Parameter Estimate Standard Error t Value Pr > |t| 
Intercept -0.6376 1.2614 -0.51 0.6254 
conc    21 -4.7026 5.8621 -0.80 0.4431 
conc    23 -7.3669 2.2795 -3.23 0.0103 
conc    25 1.2915 1.9370 0.67 0.5215 
conc    27 0.0000 B - - - 

x 4.4842 1.4391 3.12 0.0124 
x*conc 21  3.7988 6.5153 0.58 0.5742 
x*conc 23 10.0388 2.6521 3.79 0.0043 
x*conc 25 -1.5899 2.2579 -0.70 0.4991 
x*conc 27 0.0000 B - - - 

 

8.5 ANOVA Model for Average Pore Diameter of electrospun fibers 

 
 

The GLM Procedure 
Dependent Variable: average pore diameter (apd) 

 
Source DF Sum of 

Squares 
Mean 

Square 
F Value Pr > F 

Model 8 80.078336 10.00979 56.93 0.0034 
Error 3 0.5274852 0.175828   

Corrected 
Total 

11 80.605822    

 
                                       
           R-Square     Coeff Var      Root MSE         apd Mean 
 
           0.993456     2.676431       0.419319         15.66710 
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Source DF Type I SS Mean 
Square 

F Value Pr > F 

ef 1 34.8704 34.8704 198.32 0.0008 
ef*ef 1 21.3158 21.3158 121.69 0.0016 
conc 2 13.6212 6.81060 38.73 0.0072 

ef*conc 2 1.6738 0.83689 4.76 0.1173 
ef*ef*conc 2 8.5171 4.24856 24.22 0.0141 

 
 

Parameter Estimate Standard Error t Value Pr > |t| 
Intercept 62.3490 8.4924 7.34 0.0052 

ef -86.7892 19.1949 -4.52 0.0202 
ef*ef 38.4489 10.5595 3.64 0.0357 

conc    23 -9.9427 89.6761 -0.11 0.9187 
conc    25 129.8865 19.2274 6.76 0.0066 
conc    27 0.0000 - - - 
ef*conc 23 5.7621 222.1241 0.03 0.9809 
ef*conc 25 -302.5350 43.8583 -6.90 0.0062 
ef*conc 27 0.0000 - - - 

ef*ef*conc 23 3.1799 137.2575 0.02 0.9830 
ef*ef*conc 25 169.8651 24.4173 6.96 0.0061 
ef*ef*conc 27 0.0000 - - - 

 

8.6 ANOVA Model for Anisotropy ratio (dependent variable) on Average Pore 
Diameter of electrospun fibers 

The GLM Procedure 
Dependent Variable: Anisotropy ratio 

 
Source DF Sum of 

Squares 
Mean 

Square 
F Value Pr > F 

Model 5 6.38497 1.27699 9.25 0.0087 
Error 6 0.82870 0.13811   

Corrected Total 11 7.21367    
 
                                       
           R-Square     Coeff Var      Root MSE         AR Mean 
 
           0.885121     11.26235       0.371641         3.299852 
 

Source DF Type I SS Mean 
Square 

F Value Pr > F 

conc 2 0.58495 0.29247 2.12 0.2015 
ef 1 3.55826 3.55826 25.76 0.0023 

ef*conc 2 2.24175 1.12088 8.12 0.0197 
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Source DF Type III SS Mean 
Square 

F Value Pr > F 

conc 2 2.03859 1.01929 7.38 0.0241 
ef 1 5.0045 5.0045 36.23 0.0009 

ef*conc 2 2.24175 1.12088 8.12 0.0197 
 
 

Parameter Estimate Standard Error t Value Pr > |t| 
Intercept -0.6982 1.0579 -0.66 0.5338 
conc    23 -13.4398 3.7964 -3.54 0.0122 
conc    25 1.3309 1.6229 0.82 0.4435 
conc    27 0.0000  - - - 

ef 4.5590 1.2087 3.77 0.0093 
ef *conc 23 17.5274 4.6905 3.74 0.0097 
ef *conc 25 -1.6445 1.8909 -0.87 0.4179 
ef *conc 27 0.0000 B - - - 

 

8.7 Partial Correlation Coefficients to describe linear associations between 
pair of response variables 

 
The CORR Procedure 

Pearson Correlation Coefficients, N = 12 
Prob > |r| under H0 : Rho = 0 

 
 rapd rafd rar 

rapd 1.0000 0.4555 -0.113 
  0.1368 0.7274 

rafd 0.4555 1.0000 -0.805 
 0.1368  0.0016 

rar -0.113 -0.805 1.0000 
 0.7274 0.0016  

[apd – average pore diameter, afd – average fiber diameter, ar – anisotropy ratio] 
 

The REG Procedure 
Model : MODEL 1 

Dependent Variable: apd 
 

Source DF Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 9 80.1878 8.9098 42.62 0.0231 
Error 2 0.4181 0.2090   

Corrected Total 11 80.6058    
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Root MSE                 0.45720   R-Square     0.9948 
 

Parameter Estimates 
Variable DF Parameter 

Estimate 
Standard 

Error 
t value Pr > |t| Squared 

Partial Corr 
Type I 

Intercept 1 49.69153 19.7932 2.51 0.1287 - 
c1 1 -422.0649 577.918 -0.73 0.5412 0.14872 
c2 1 90.74602 58.0226 1.56 0.2583 0.04896 
ef 1 -71.18927 30.0477 -2.37 0.1413 0.71358 

ef2 1 31.16268 15.2959 2.04 0.1785 0.42656 
c1ef 1 981.07269 1369.54 0.72 0.5481 0.13877 
c2ef 1 -216.41334 128.274 -1.69 0.2336 0.02019 
c1ef2 1 -573.05651 810.345 -0.71 0.5528 0.00084 
c2ef2 1 123.06821 69.9422 1.76 0.2206 0.94163 
afd 1 0.00429 0.00593 0.72 0.5445 0.20746 

 
 

Model : MODEL 2 
Dependent Variable: apd 

Analysis of Variance 
 

Source DF Sum of 
Squares 

Mean 
Square 

F Value Pr > F 

Model 9 80.0850 8.89834 34.17 0.0287 
Error 2 0.52079 0.26039   

Corrected Total 11 80.6058    
 

Root MSE       0.51029   R-Square     0.9935 
 

Parameter Estimates 
Variable DF Parameter 

Estimate 
Standard 

Error 
t value Pr > |t| Squared 

Partial Corr 
Type I 

Intercept 1 61.33551 12.11415 5.06 0.0369 - 
c1 1 -14.77128 113.20858 -0.13 0.9081 0.14872 
c2 1 129.29021 23.69240 5.46 0.0320 0.04896 
ef 1 -84.14014 28.60990 -2.94 0.0988 0.71358 

ef2 1 37.27680 14.78347 2.52 0.1278 0.42656 
c1ef 1 16.11406 277.91377 0.06 0.9590 0.13877 
c2ef 1 -300.99367 54.23176 -5.55 0.0310 0.02019 
c1ef2 1 -2.12043 170.27354 -0.01 0.9912 0.00084 
c2ef2 1 168.88285 30.33924 5.57 0.0308 0.94163 

ar 1 -0.11490 0.71647 -0.16 0.8873 0.01270 
 


