
 

 

Controlled deposition and alignment of 

electrospun PMMA-g-PDMS nanofibers by 

novel electrospinning setups 

 

 

 

 

 

                                                Bashar Haseeb 

 

 

 

 

 

 

 

 

Master of Science Thesis 

Stockholm, Sweden 2011 

 

Supervisor: 

Prof. Mikael Hedenqvist 

Examiner: 

Prof. Mikael Hedenqvist 



ii 

 

Summary 

Electrospinning is a useful technique that can generate micro- and nano-meter sized fibers from 

polymer materials. Modification of the electrospinning parameters and apparatus can generate 

nanofibers for use in diverse applications ranging from tissue engineering to nanocomposite 

fabrication; however, electrospun fibers are typically collected in a random orientation and over 

large areas limiting their applications.  Here we present several methods to control the deposition 

of electrospun nanofibers, such as the use of a single auxiliary electrode ring and a negatively 

charged collector substrate to control the deposition area and the construction of a parallel 

electrode collector known as the triple electrode setup to control the uniaxial alignment of 

nanofibers. The numerous constructed setups were advanced by the use of electric field 

computations to assess the distribution of the electric field and its effect on the deposition 

behavior and morphology of the electrospun nanofibers. The electrostatic force imposed by the 

auxiliary electrodes provides converged electric fields that direct the nanofibers to their desired 

deposition targets. Here it is shown that the use of the auxiliary electrode ring dramatically 

decreased the deposition area of nanofibers, the negatively charged substrate yielded more 

uniform nanofibers and the triple electrode setup is a viable method to achieve uniaxially aligned 

nanofiber mats. 

 

 The electrospinning of copolymers appears as an attractive option for enhancing the overall 

properties of nanofibers as it offers possibility of an intrinsic control of the polymeric material 

itself. The poly(methyl methacrylate)-graft-poly(dimethylsiloxane) graft copolymer  (PMMA-g-

PDMS) is considered to be an organic-inorganic hybrid material with much potential in its use in 
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nanocomposites, and in this work has been successfully synthesized and electrospun via the 

various constructed electrospinning setups.  

 

In the final elements of this work, the triple electrode setup is used in combination with a 

dynamic rotating collector to yield a novel collector and has been successfully used to produce 

PMMA-g-PDMS nanofiber sheets that were further incorporated in a PDMS matrix to yield 

nanocomposite sheets. A variant of the triple electrode setup with partially insulated electrodes is 

devised in combination with a methodology to remove the nanofibers from the collector. The 

nanofibers once removed and dried were incorporated in a PDMS matrix to yield 

nanocomposites. The preferential dissolution of the fibers from the matrix rendered the fibers to 

templates and a final porous material with uniaxial nanochannels could be obtained. 

 

This work is believed to be able to lead to a better understanding of the mechanisms of nanofiber 

deposition and alignment, and should be of help to the design of more practical collecting 

structures, hence promoting the applications of the electrospinning technique. 
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Chapter 1- Introduction 

Electrospinning is a straightforward and inexpensive process that produces continuous polymer 

nanofibers from the submicron diameter down to the nanometer diameter scale. It has emerged as 

a powerful technique for producing nanofibers due to its versatility, ease of use, wide material 

variety, and provided control of fiber diameters. The achieved nanofibers with many desirable 

qualities such as a huge surface area to volume ratio have potential applications in nanocatalysis, 

filtrations, tissue scaffolds, nanocomposites and many other fields. The electrospinning process is 

today generally recognized for its unique features that cannot be otherwise achieved by 

conventional fiber processing techniques. 

 

The drive for ultra-lightweight yet strong devices and miniaturized applications such as 

nanocomposites and nanofluidics has motivated novel product designs and innovation utilizing 

nanofibers. But in order to expand the usage of nanofibers and promote a wider and more 

practical application, it is important to fabricate various fiber assemblies of a structured order. 

The refinement and development of the electrospinning process such as to produce hierarchically 

higher order assemblies such as uniaxially aligned nanofibers in viable forms and amounts are 

topics of interest for many research groups across the globe. 

 

In previous works on which this study is built upon, at the KTH School of Chemical Science and 

Engineering (Stockholm, Sweden) and in collaboration with the Stellenbosch department of 

Chemistry and Polymer Science (Stellenbosch, South Africa), various poly(methyl methacrylate)-

graft-poly(dimethylsiloxane) graft copolymer (henceforth referred to as PMMA-g-PDMS) were 
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successfully synthesized, electrospun and incorporated into a PDMS silicone elastomer matrix by 

layer-by-layer impregnation. The resulting nanocomposites exhibited good fiber-matrix 

compatibility and had a remarkably good fiber distribution in the silicone matrix. The general 

mechanical properties of the PDMS rubber material improved in the presence of fiber, such as the 

stiffness and strength as well as the toughness/extensibility. This showed promise of the use of 

this particular fiber-matrix coupling and it was of further interest to continue the development of 

the nanocomposites by incorporating uniaxially aligned fibers into the matrix as opposed to just 

non-woven mats to further enhance the nanocomposites mechanical properties and possibly pave 

the way for the development of nanofluidic devices by the selective dissolution of the fibers. 

 

The initial intent of this work was to incorporate uniaxially aligned PMMA-g-PDMS nanofibers 

in a PDMS elastomer matrix but took on a different nature as the work progressed as it was 

deemed necessary to devise a new electrospinning setup and methodology in which a sufficient 

amount of aligned fibers could be collected for the purpose. 

 

The work progressed in an exploratory and escalatory fashion with each step built on the results 

received in the step preceding it.  In doing so, preliminary trials of electrospinning the polymer 

were done by means of the conventional electrospinning setup and a standard alignment method 

(the rotating drum) was employed.  The first step of a more controlled nanofiber deposition was 

made by the use of an auxiliary ring electrode and a negatively charged collector substrate to 

narrow the deposition area and efficiently target the fibers on the desired collector substrate. This 

was followed by the devise of a novel collector substrate, the triple electrode setup, in which the 

electrodes would deposit in an aligned fashion.  
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The work culminated with the use of the triple electrode in conjunction with a rotating drum to 

manufacture thin composite sheets containing the electrospun PMMA-g-PDMS nanofiber in a 

PDMS matrix. The final elements of this work consisted of further developing the triple electrode 

by limiting the electrodes‘ conductivity by insulating it with rubber tubing which yielded a 

surprisingly high deposition of aligned fibers. A methodology for removing the fibers and 

incorporating them in the PDMS matrix was developed and yielded composites. Preferential 

dissolution of the fibers from the matrix rendered the fibers to templates and a final porous 

material with uniaxial nanochannels could be obtained. 

 

This work is believed to be able to lead to a better understanding of the mechanisms of nanofiber 

deposition and alignment, and should be of help to the design of more practical collecting 

structures for promoting the applications of the electrospinning technique. 

 

Bashar Haseeb 

KTH School of Chemical Science and Engineering  

Stockholm, 2011 
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Chapter 2 - Background and literature review 

This chapter gives a literary review of the main elements that paved the way and required 

understanding to make this work come together.  An introduction is given to the concept of a 

nanofiber and their manufacturing techniques, followed by a description of the electrospinning 

process, its ability to produce nanofibers as well as general and possible applications of 

electrospun nanofibers.  

 

An introduction is given to the PMMA-g-PDMS organic-inorganic hybrid copolymer, followed 

by a section dedicated specifically to the use of nanofibers in composites. 

 

Previous work done on the controlled deposition of nanofibers is also given. This section is 

specifically dedicated to the developments in the controlled deposition and manufacture of 

aligned nanofiber assemblies via electrospinning. In these works, both mechanical and 

electrostatic efforts in nanofiber alignment have been made and shall be described. 
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2.1 Polymer nanofibers 

 

2.1.1 Definition and qualities 

Commonly reported nanofibers are defined as one-dimensional, flexible, solid-state continuous 

fibers of any viable material with diameters ranging anywhere from a few nanometers up to 

several microns. A polymer or organic nanofiber is, as the name dictates, a nanofiber produced 

from a natural or synthetic polymeric material. These fibers can exhibit lengths spanning from a 

few microns up to several meters depending upon their manufacturing method [1]. A scanning 

electron microscope (SEM) image of a PMMA-g-PDMS polymer nanofiber non-woven mat is 

given in Figure 2.1. 

 

Figure 2.1 SEM image of PMMA-g-PDMS copolymer nanofiber non-woven mat with an 

average diameter of ca 500nm (Produced by electrospinning in the Stellenbosch university 

facility, 2010) 
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When the diameters of polymer fibers are shrunk from micrometers to submicrons or nanometers, 

there often appear several remarkable and desirable characteristics such as a large increase in the 

surface area per unit mass (or volume) ratio and cost effectiveness in amount produced fiber 

 

One of the most cited advantages of nanofibers that motivate research and the search for 

applications is the high surface area to volume ratio of nanofibers. For instance, nanofibers with 

∼100 nm diameter usually have a specific surface area of ∼1000 m
2
/g. A schematic plot relating 

the fiber diameter to its surface area relative to a constant mass of nylon 6,6 material is given in 

Figure 2.2 [2].  Although high surface areas in excess of 2000 m
2
/g can be realized with meso and 

nanoporous materials such as adsorbent granules and powders, fibers are more easily handled and 

can serve other applications than powders. The advantage of these high surface areas in organic 

fibers is often combined with the flexibility in surface functionality that can be used e.g. for 

biomedical purposes, efficient filtration or for increased fiber-matrix interaction when used as a 

composite reinforcement.  These properties combined make the polymer nanofibers the optimal 

candidates for many important applications [3-6]. 
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Figure 2.2 Inverse relationship between fiber diameter and surface area of nylon 6,6 fiber 

mats of density 1.14 g/cc [2] 

 

Suffice to say, nanofibers are considerably thin and thereby low in their weight to length ratio. To 

aid visualization of this, a comparison to a human hair can be seen in the image given in Figure 

2.3. In fiber technology the linear density value is of particular interest and a special unit, the 

denier, is often used as a measurement of fineness as it specifies the mass in grams of a fiber with 

a length of 9000 m. The length amount of producible fibers from a given mass of material 

increases exponentially with decreased diameter and a considerably larger amount of fiber can be 

produced from same amount of polymer, thus improving general cost effectiveness if the 

appropriate manufacturing method is chosen. For example, if the fiber diameter is 10 µm, then 

fibers with a total length of 13 km can theoretically be produced from 1 g of polyethylene. In 
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contrast, a diameter of 100 nm leads to fibers with a total length of 130 000 km from the same 

mass of material [7].  

 

Figure 2.3 Scanning electron microscope (SEM) image of a human hair [7] 

 

Today, nanofibers from synthetic or natural polymers can be fabricated in a controlled manner 

with dimensions down to a few nanometers with physical limitations. Naturally even the smallest 

polymer fiber must contain at least one polymer molecule. A 50 nm diameter polymer fiber has 

about 10 000 molecules crossing any section of the fiber. Perhaps the record for the thinnest fiber 

known can be claimed by the recent discovery of a way to make a chain of single carbon atoms 

[8].  

2.1.2 Production methods 

A number of manufacturing techniques such as drawing [9], template synthesis [10, 11], phase 

separation [12], self-assembly [13, 14]  and electrospinning [3, 6, 7, 15] have been used to 

prepare polymer nanofibers in recent years. A brief description of these methods: 
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 Drawing is a process similar to dry spinning in the fiber industry, which can make one-

by-one long single nanofibers by mechanical elongation of material droplets. However, 

only a viscoelastic material that can undergo strong deformations while being cohesive 

enough to support the stresses developed during pulling can be made into nanofibers 

through drawing ( Figure 2.4a). 

 Template synthesis, as the name suggests, uses a nano-porous membrane as a template to 

make nanofibers of solid (a fibril) or hollow (a tubule) shape. The most important feature 

of this method may lie in that nanometer tubules and fibrils of various raw materials such 

as electronically conducting polymers, metals, semiconductors, and carbons can be 

fabricated. On the other hand, the method cannot make one-by-one continuous 

nanofibers( Figure 2.4b) 

 Phase separation consists of several steps of polymer material treatment, including 

dissolution, gelation, extraction (using a different solvent), freezing, and drying resulting 

in nanoscale porous foams. The process takes relatively long periods of time in 

transferring the solid polymer into the nano-porous foam. It also lacks the ability to make 

one-by-one continuous nanofibers(Figure 2.4c) 

 The self-assembly is a process in which individual, pre-existing components organize 

themselves into desired patterns and functions. However, similar to the phase separation, 

the self-assembly is time-consuming and limited in processing material into continuous 

polymer nanofibers (Figure 2.4d) 

 Electrospinning is a non-mechanical electrostatic technique in which continuous polymer 

nanofibers can be produced by an electrically charged jet of polymer solution or polymer 

melt. It uses a strong electric field to draw the polymer fluid into fibers. The technique is 
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applicable to virtually every soluble or fusible polymer and is perhaps the simplest, 

cheapest and most straightforward way to produce nanofibers in a large scale. The 

electrospinning process seems to be the only viable method which can be further 

developed for mass production of one-by-one continuous nanofibers from various 

polymers. It is also possible to fabricate various nanofiber assemblies (e.g.  non-woven 

fiber mesh, aligned fiber mesh, patterned fiber mesh, random three-dimensional 

structures, etc) and to do so in situ without the need for post-processing [16] . This gives 

electrospinning an important edge over other larger-scale nanofiber production methods 

as it allows customization of nanofiber assemblies to meet the requirement of specific 

applications. 

 

Figure 2.4 Nanofiber manufacturing techniques: a) Drawing, b) Template synthesis, c) 

Phase separation, d) Self assembly [3] 
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2.2 Electrospinning 

 

2.2.1 History 

 

Electrospinning is a remarkably simple and versatile method for generating ultrathin fibers from a 

rich variety of materials that include polymers, composites and ceramics. To date it has been 

successfully applied to more than 200 different types of polymers from both natural and synthetic 

origins [3, 6, 17, 18].  Although the term ‗‗electrospinning‘‘ (derived from ‗‗electrostatic 

spinning‘‘) has come into use relatively recently (since around 1994), its fundamental idea dates 

back more than 60 years earlier. The crucial patent in which the electrospinning of plastics was 

described for the first time appeared in 1934 by Anton Formhals. From 1934 to 1944, Formhals 

published a series of patents describing an experimental setup for the production of polymer 

filaments using an electrostatic force [19]. The polymer filaments were formed from a cellulose 

acetate solution introduced into an electric field between two electrodes bearing electrical charges 

of opposite polarity. One of the electrodes was placed into the solution and the other onto a 

collector. Once ejected out of a metal spinneret with a small hole, the charged solution jets 

evaporated to become fibers which were collected on an electrically grounded collector. A simple 

schematic of the setup can be seen in Figure 2.5. Despite its early discovery, the procedure was 

not utilized commercially and was overshadowed by other fiber producing techniques. In 1971, 

Baumgarten made an apparatus to electrospin acrylic fibers with diameters in the range of 0.05–

1.1 microns [20]. In this process, a polymer solution droplet was suspended from a stainless steel 

capillary tube and maintained constant in size by adjusting the feed rate by an infusion pump. A 

high-voltage dc current was connected to the capillary tube whereas the fibers were collected on a 

grounded metal screen at a specified distance. However, this work which was followed by other 
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patents also remained fairly unnoticed. Since the 1990s and especially in recent years, the 

electrospinning process essentially similar to that described by Baumgarten has regained 

considerably more attention. Probably due in part to a surging interest in nanotechnology, as 

ultrafine fibers or fibrous structures of various polymers can be easily fabricated with a 

rudimentary setup in the laboratory and have viable industrial scale application. 

 

 

Figure 2.5 The Formhals electrospinning setup 

 

The popularity of the electrospinning process today can be realized by the fact that over 200 

universities and research institutes worldwide are studying various aspects of the electrospinning 

process and the fibers it produces and also the number of patents for applications based on 

electrospinning has grown in recent years. Some companies such as eSpin Technologies, 

NanoTechnics, and KATO Tech are actively engaged in reaping the benefits of the unique 

advantages offered by electrospinning, while companies such as Donaldson Company and 

Freudenberg have been using this process for the last two decades in their air filtration products 

[21]. Recent articles found on electrospinning focused on various spinnable polymeric materials, 
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processing techniques for fabricating nanofiber assemblies, effects of processing parameters on 

fiber diameter and morphology and characteristics of the fibers and their applications. Some of 

the many reviews published on the many developments of electrospinning are cited in references 

[15, 17, 22-28]. Also a good summary of the various studies on electrospinning, its nanofibers 

and their references can be found in the book by Ramakrishna et al (2005) [3]. 

 

2.2.2 The electrospinning setup 

 

At first glance, electrospinning gives the impression of being a very simple and, therefore, easily 

controlled technique for the production of nanofibers. A typical modern apparatus for 

electrospinning is shown in Figure 2.6, which consists of three major components: a high-voltage 

power supply, a spinneret, and an electrically conductive collector [29, 30]. An ordinary 

hypodermic needle and a piece of aluminum foil serve well as the spinneret and collector 

respectively. The polymer to be electrospun may be in the form of a solution or melt that is 

typically loaded in a syringe and fed into the spinneret at a specific rate by a modulating syringe 

pump. The high voltage source is utilized to inject electric charge of a certain polarity into the 

polymer solution or melt, which is then accelerated towards the collector which is grounded or of 

opposite polarity.  Electrospinning is generally conducted at room temperature with atmosphere 

conditions but in some cases a well-controlled environment (e.g. with suitable humidity, 

temperature and atmosphere) may be required in which case the electrospinning region is 

enclosed in a transparent encasing. 
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Figure 2.6 A typical modern setup for electrospinning which consists of three major 

components: a high-voltage supply, a spinneret (in this case, a flat-end needle), and a 

collector (in this case, a piece of aluminum foil) [29, 30]. 

 

Currently there are two standard electrospinning setups, vertical and horizontal, as can be seen in 

the sketches of Figure 2.7. The various groups working on electrospinning have adopted different 

methods for the polymer feed. Some have simply opted for placing the syringe perpendicularly 

(vertical setup), letting the polymer solution drip with the help of gravitation and laying the 

collector underneath. Sometimes the syringe can be tilted at a defined angle to control the flow. In 

the second most common case, the syringe is horizontal and a pump is used to initiate the droplet, 

the pump being also often used in the case of vertical feeding. The electrode can be inserted either 
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directly into the polymer fluid or placed onto the metallic tip of the capillary if a syringe with a 

metal needle is used. With the expansion of this technology, several research groups have 

developed more sophisticated systems that can fabricate more complex nanofibrous structures 

and assemblies in a more controlled and efficient manner which shall be the topic of a later 

section. 

 

Figure 2.7 Schematic diagram of set up of electrospinning apparatus (a) typical vertical 

setup and (b) horizontal setup of electrospinning apparatus. 

 

2.2.3 The electrospinning process 

 

In contrast to the simplicity of setup, the detailed mechanisms of electrospinning are much more 

complicated and the modeling of the fiber formation process has been the topic of extensive 

research [31]. The formation of the nanofibers is based on a uniaxial stretching of the viscoelastic 

solution by an electrostatic force. More specifically, a polymer solution droplet held by its surface 

tension at the spinneret opening (the capillary tip) is subjected to an electric field by applying a 

high voltage. An electric charge is induced on the liquid surface due to this electric field. As the 

intensity of the electric field is increased, the repulsive electrical forces gradually offset the 
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droplets surface tension forces and the droplets hemispherical surface elongates into a conical 

structure known as a Taylor cone. Under an increasing electric field, a critical voltage is attained 

whereby the repulsive electrostatic force totally overcomes the solutions surface tension, allowing 

charged fluid jets to be ejected from the tip of the Taylor cone. An illustration of the process is 

shown in Figure 2.8. The discharged polymer solution jets undergo an unstable and rapid 

whipping motion in the space between the capillary tip and collector wherein the solvent 

evaporates, leaving behind an electrically charged polymer fiber which is highly stretched and 

reduced in diameter as it travels towards the collector [32, 33].  

 

Figure 2.8 Illustration of Taylor cone formation: (A) Surface charges are induced in the 

polymer solution due to the electric field. (B) Elongation of the pendant drop. (C) 

Deformation of the pendant drop to the form the Taylor cone and jet initiation. 

 

During its travel, the jet only follows a direct path towards the counter electrode for a certain 

distance but then changes its appearance significantly by moving laterally and forming a series of 

coils, the envelope of which has the form of a cone opening towards the counter electrode A 
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schematic illustrating the inverted conical path is given in Figure 2.9. It is now known that the 

small diameter of electrospun fibers is the result of the rapid whipping motion that exerts a strong 

axial force rather than the splaying of jet (the splitting of the main jet into minor jets), as was 

previously believed [32, 34, 35].  It is because of this continuous acceleration and stretching of 

the jet that electrospun nanofibers are typically several orders of magnitude thinner than those 

produced using conventional spinning techniques that draw the fibers in a uniform direction. The 

inset in Figure 2.6 shows a snapshot of the violent jet, which was captured with the aid of a high-

speed camera. The whipping instability is thought to originate mainly from the electrostatic 

interactions between the external electric field and the charges immobilized on the surface of the 

jet. Naturally, the polymer solution utilized in the electrospinning must possess the appropriate 

viscoelastic properties in order to survive the whipping process that can break the jet into 

individual droplets.  

 

Figure 2.9 Schematic illustrating the inverted conical path the jet travels before being 

collected as randomly oriented fibers. The inset shows a SEM image of randomly deposited 

electrospun nylon 6,6 fibers [36] 
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2.2.4 Electrospun fiber morphologies and defects 

 

Different fiber shapes, morphologies and fiber surface topology other than the uniform cylindrical 

shape can be desirable or inadvertently attained when electrospinning [37-39]. The process may 

result in completely different shapes like flat ribbons or interlinked rough surfaced spheres. Fibers 

can also be fabricated to be porous, considerably increasing the surface area which is often 

desired. In many cases, beads rather than just uniform fibers, are formed and are aligned along the 

fiber like pearls on a string. Beads can be considered as capillary break-ups of the jets by surface 

tension and occur where there is a high concentration of solvent molecules allowing them to 

congregate and take on a spherical shape in positions with weakened charge density. Thus is the 

surface tension, charge densities carried by the jet and viscoelastic properties of the solution 

significant parameters for bead formation. Another phenomenon observed during electrospinning 

is branching. A branched fiber is formed by the ejection of a secondary jet from the primary jet 

during electrospinning. The shapes, dimensions and topology of the fibers formed depend on a 

large set of electrospinning parameters to be discussed in an upcoming section. Beading and 

branching are generally considered as defects and by varying the spinning parameters can be 

prevented. A SEM image displaying the beading and branching phenomena is shown in Figure 

2.10. 
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Figure 2.10 SEM image of electrospun PMMA-g-PDMS polymer showing beading and 

branching defects (Produced at the Stellenbosch university facility, 2010) 

 

2.2.5 Electrospinning process parameters 

In principal, nearly all soluble or fusible polymers can be processed into fibers by 

electrospinning, provided that the solution parameters and the operational parameters are 

optimized [17, 18].  The main parameters can be divided into three categories: 

 

1. The intrinsic properties and parameters of the electrospun solution:  

-  Viscosity, volatility, elasticity, conductivity, polarity and surface tension of the solution. 

-  Molecular weight, conformation and polymer chain entanglement of the polymer 

 

2. The operational parameters:  

- Strength and distribution of the applied electric field e.g. voltage 
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- Setup geometry e.g. Tip-to-collector distance 

- The feeding rate of the solution and spinneret (needle) diameter 

- Effect and design of collector 

 

 3. The environmental parameters:  

- Temperature and humidity in electrospinning chamber 

- Pressure and air velocity patterns in the electrospinning chamber 

 

The different parameters must coincide to yield a successful electrospinning with the desired 

nanofiber qualities as they can act either synergistically or counterproductively with each other. 

For instance, the polymer solution must have a concentration high enough to enable sufficient 

polymer chain entanglement during fiber formation yet not so high that its viscosity prevents 

polymer motion induced by the electric field. The solution must also have a surface tension low 

enough to allow Taylor cone formation as well as be able to carry a charge high enough to allow 

stretching. Morphological changes also occur upon changing the operational parameters like 

decreasing the distance or changing the electric field strength between the spinneret and the 

substrate. Obviously, it is not possible to make general recommendations for particular 

concentrations, viscosities, electrical conductivities, surface tensions, etc. because the values of 

these parameters vary considerably with the polymer–solvent system. As long as a polymer can 

be electrospun into nanofibers, ideal targets would be in that:  

 

 The diameters of the fibers be consistent and controllable 

 The fiber surface be defect-free or defect-controllable 
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 Continuous single nanofibers to be collectable.  

 

Research so far has shown that controlling the fiber diameter and morphology is by no means 

easily achievable. As mentioned earlier, the numerous correlations between the parameters makes 

this difficult and system specific boundary conditions for each parameter must be set to achieve 

successful electrospinning. An often occurring problem is that the parameters adjusted to achieve 

a certain goal such as a lower diameter can also lead to an adverse effect on another parameter 

thereby offsetting the initial adjustment. A simple example is the increasing of the voltage to 

obtain a higher degree of electrostatic stretching (by increased whipping motion) and assuming it 

will yield a reduced fiber diameter. This choice of action can be counteracted by the reduced fiber 

flight time due to increased acceleration toward the collector (leading to less stretching), and an 

increase in polymer solution supply in the fibers drawn out by the electric field which ultimately 

can yield thicker fibers. Extensive summaries regarding the effects of the parameters can be 

found in the following review articles and in the book by Ramakrishna et.al [3, 6, 7, 40, 41]. Here 

will only be discussed the most basic parameters relevant to an understanding of the 

electrospinning process and to this work. 

 

Since nanofibers are resulted from evaporation or solidification of polymer fluid jets, the fiber 

diameters will depend primarily on the jet sizes as well as on the polymer contents in the jets. The 

traveling solution jet from the pipette onto the collector may or may not split into multiple jets, 

resulting in different fiber diameters. As long as no splitting is involved, the major factors that 

control the diameter of the fibers are deemed to be: 
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 Concentration and viscosity of the solution 

 Type of solvent used 

 Conductivity of the solution 

 Feeding rate of the solution 

 Applied electric voltage 

 Tip-to-collector distance 

 

Viscosity, concentration and molecular weight 

According to prior investigations, a higher viscosity results in a larger fiber diameter due in part 

to the higher polymer supply [39]. The solution viscosity is proportional to the polymer 

concentration and its solubility in solvent. Thus it is natural to conclude that lowering the polymer 

concentration should also result in a reduction in nanofiber diameters. But for fiber formation to 

occur a minimum solution concentration is required as polymer chain interaction and 

entanglements are required for fiber formation.  It has also been found that at very low solution 

concentrations a mixture of beads and fibers may be obtained. For a solution of low viscosity, 

surface tension is the dominant factor and just beads or beaded fibers are formed while above a 

critical concentration a continuous fibrous structure is obtained. There is also a need for a certain 

polymer molecular weight, weight distribution, and chain architecture (e.g. linear, branched etc) 

that can ensure sufficient entanglement. It has been observed that a high molecular weight is not 

always essential, if sufficient intermolecular interactions can provide a substitute for the 

interchain connectivity obtained through chain entanglements. To summarize, the concentration 

parameter is highly dependent on the polymer-solvent system. There is an optimum solution 

concentration, as at low concentrations beads are formed instead of fibers, and at too high of a 
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concentration the formation of continuous fibers is prohibited because of the inability to maintain 

a stable flow of the solution to the tip of the needle [42].  

 

Surface tension 

It‘s also been reported that by reducing the surface tension of a polymer solution, fibers could be 

obtained without beads [37]. Naturally, different solvents contribute to different resultant surface 

tensions. Generally a high surface tension of a solution inhibits the electrospinning process 

because of an arising instability of the jets and the generation of sprayed droplets [43]. However, 

not necessarily will a lower surface tension of a solvent be more suitable for electrospinning and 

it may yield undesired morphological or fiber diameter change. Many papers promote the use of 

solvent mixtures as opposed to just a single solvent to adjust the surface tension or by the extra 

addition of a surfactant [37].  

 

Conductivity 

Increasing the solution conductivity with e.g. salts can result in fibers free of beads and with 

smaller diameters [40]. The argument is that the addition of salts yields a higher charge density 

on the surface of the solution jet during the electrospinning, bringing more electric charges to the 

jet. As the charges carried by the jet increase, stronger elongation forces are imposed on the jet 

under the electrical field, resulting in less beading and thinner smoother fiber diameters. It has 

been found that with the increase of electrical conductivity of the solution there is a significant 

decrease in the diameter of the electrospun nanofibers whereas with low conductivity of the 

solution there results insufficient elongation. However, the highly conductive solutions are 
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extremely unstable in the presence of strong electric fields, which results in a dramatic bending 

instability as well as a broad diameter distribution [44]. 

 

Feed-rate 

An increased feed-rate will increase the amount of polymer available and will consequently lead 

to an increase in the fiber diameter but must be set to match the applied voltage to avoid 

instability of the Taylor cone. A lower feed rate is usually more desirable as the solvent will get 

enough time for evaporation but reduces the output of fibers in a given time frame. High flow 

rates may also result in beaded fibers due to unavailability of proper stretching and drying time 

prior to reaching the collector [40, 45].   

 

Voltage 

A parameter which affects the fiber diameter to a remarkable extent is the applied electrical 

voltage. In general, a higher applied voltage ejects more fluid in a jet, resulting in a larger fiber 

diameter and only after attainment of a threshold voltage does fiber formation actually occur [40]. 

This threshold voltage induces the necessary charges on the solution and initiates the 

electrospinning process. Other authors have reported that an increase in the applied voltage 

increases the electrostatic repulsive force on the fluid jet which ultimately favors the narrowing of 

fiber diameter. The higher voltage causes greater stretching of the jet, due to the greater columbic 

forces present in the jet as and provides a stronger electric field. These combined effects lead to 

reduction in the fiber diameter and also a more rapid evaporation of solvent from the fibers [46]. 
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Tip-to-collector distance 

The distance between the spinneret tip and the collector has often been examined as another 

approach to control the fiber diameters and morphology. Varying the distance will have a direct 

influence on the flight time and the electric field strength. A longer flight time enables the fibers 

to be stretched for longer periods of time before they are deposited but weakens the strength of 

the electric field. It has been found that a minimum distance is required to give the fibers 

sufficient time to dry before reaching the collector, otherwise with distances that are too close wet 

fibers, beads or intermeshed fibers have been observed [40, 41]. An excessively far distance will 

lessen the deposited amount of fibers on the collector. There should be an optimum distance 

between the tip and collector at an applied voltage which yields the optimal electric field strength 

for the evaporation of solvent from the nanofibers and stretching of the fibers. 

2.2.6 Electrospinning process parameter summary 

 

A summary of the discussed parameters and their general assumed effect withholding the above 

discussed intricacies is given in Table 1. 

Parameter Effect on fiber morphology 

Viscosity Low viscosity: Increase in bead generation  

High viscosity: Increase in fiber diameter, disappearance of beads. 

Concentration Increase in fiber diameter with increase of concentration. 

Conductivity Decrease in fiber diameter with increase in conductivity but also increases bending 

instability and diameter distribution 

Surface tension Reduction in surface tension minimizes beads, high surface tension results in 

instability of jets 
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Applied voltage 

 

Minimum voltage needed to induce electrospinning. Probable increase in fiber 

diameter with increase in voltage with lesser probability of beading.  

Feed-rate Low feed-rate: Decrease in fiber diameter 

High feed-rate: Increase in bead generation and Taylor  cone instability 

Tip-to-collector 

distance 

Minimum distance required for dry fibers. Excessively far distance will lessen the 

deposited amount of fibers on the collector 

Table 2.1 Electrospinning parameters and their assumed effects on fiber morphology 

 

2.2.7 Recent developments in electrospun nanofibers and their applications 

 

Many different methodologies have been employed to modify the electrospinning process, 

yielding a variety of pathways for controlling the final composition of electrospun nanofibers. In 

addition to just varying the fundamental operational parameters, further advanced developments 

have been made by altering the design of the electrospinning setup or the final makeup of the 

electrospun material.  Examples of such developments, excluding to just those inherent to the 

process operational parameters, are the co-processing of different polymer mixtures, chemical 

cross-linking of the formed nanofibers and the production of various hierarchical nanofiber 

assemblies [17, 23, 27, 41] . The electrospinning technique also provides the capacity to lace 

together a variety of types of nanofillers to be encapsulated into an electrospun nanofiber matrix. 

Carbon nanotubes, ceramic nanoparticles, etc. may be dispersed in polymer solutions, which are 

then electrospun to form nano scale composites. Another interesting aspect of using nanofibers is 

that it is possible to modify not only their morphology and internal bulk content but also their 

surface structure to carry various functionalities [47, 48].  
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As mentioned earlier, the main advantage of the electrospinning process is not only its versatility, 

but also its easy setup and relatively low cost compared to that of other nanofiber producing 

methods. The resulting nanofibers samples are often uniform and continuous and in most cases do 

not require further purification Hence, electrospun polymer nanofibers are considered for use in a 

variety of applications such as nonwoven fabrics, filtration, reinforcement in composite systems, 

drug delivery systems, tissue engineering, fuel cells, photonics, sensorics, wound dressings, 

nanocatalyst supports and fiber templates for the preparation of nanotubes or porous materials, to 

name just a few [3, 5, 6, 28, 49].  Some applications in the different sectors are given in Figure 

2.11. 

 

Figure 2.11 Different applications of electrospun nanofibers 
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2.3 Electrospinning of the PMMA-g-PDMS organic-inorganic hybrid copolymer 

 

The electrospinning of copolymers appears as an attractive option for enhancing the overall 

properties of nanofibers as it offers possibility of an intrinsic control of the polymeric material 

itself. This includes tailoring of e.g. thermal stability, mechanical strength and surface properties 

of the nanofibers. Electrospinning with copolymers has therefore been often pursued through and 

in combination with methods such as in situ copolymerization, melt-blending and incorporation 

of inorganic fillers in to mention a few [50] . A structure based definition of copolymers specifies 

that the molecular structure of a copolymer consists of more than one kind of repeat unit and they 

are further classified based on the distribution of their different repeat units along the polymer 

chain backbone. By this classification, graft copolymers are branched polymers in which the side 

branches stemming from the main chain are structurally different when compared to the main 

chain itself. The poly(methyl methacrylate)-graft-poly(dimethylsiloxane) graft copolymer which 

has been electrospun in this work (henceforth referred to as PMMA-g-PDMS) has poly(methyl 

methacrylate) constituting the backbone and poly(dimethylsiloxane) macromonomers as the side 

chains. The molecular structure of the PMMA-g-PDMS copolymer is shown in Figure 2.12. 

 

Figure 2.12 The PMMA-g-PDMS organic-inorganic hybrid copolymer 
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The PMMA-g-PDMS polymer is considered to be an organic-inorganic hybrid material. A hybrid 

material is defined as a material that includes two or more moieties merged together on a 

molecular scale. Commonly one of these compounds is organic and the other one inorganic in 

nature. These so called organic–inorganic hybrids have both the advantages of organic materials, 

such as light weight, flexibility and good moldability, and those of inorganic materials, such as 

high strength, heat stability and chemical resistance. These materials are expected to find a 

number of applications such as catalytic membranes, ultrafiltration, scratch- and abrasive-

resistant hard coating, nonlinear optical materials, contact lenses, and reinforcement of elastomers 

and plastics [51, 52]. Recommended reading on the topic of hybrid materials can be found in the 

book by Kickelbick et al [51]. 

 

In the case of the PMMA-g-PDMS copolymer, the PDMS branch constitutes the inorganic part of 

the hybrid which is covalently bonded to the PMMA backbone which is the organic. Material 

properties of hybrid materials are usually changed by modifications of the composition on the 

molecular scale. If, for example, more hydrophobicity of a material is desired, the amount of 

hydrophobic molecular components is increased. The desired function can be delivered from the 

organic or inorganic or from both components. This example clarifies that if the nature of the 

material interface is of interest, as in the case of its dispersion in a foreign material matrix, the 

character of the hybrid material can be tailored so as to ensure good dispersion. The presence of 

PDMS in a copolymer imparts the material with many properties that are favorable including a 

low surface energy, elastomeric behavior, good thermal, UV, oxidative stabilities, good 

weatherability and high silicon content for chemical resistance in particular to which organic 

polymers are quite susceptible. PMMA on the other hand exhibits qualities such as good optical 
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clarity, high strength, rigidity and impact strength [53]. Copolymers with a very low PDMS 

content still exhibit surface properties close to that of PDMS. For instance, a PMMA-PDMS 

copolymer containing 0.5 mol% PDMS was found to give the same contact angel value as a 

commercial PDMS [54]. An earlier study where the PMMA-g-PDMS copolymer was synthesized 

by macromonomer technology is given in the study by Lee et al [53]. An extensive review of 

silicon containing polymers can also be found in the book by Jones et al. [55] 

 

In the previous work of the Stellenbosch and KTH groups [49, 56] upon which this work is based, 

various PMMA-g-PDMS organic-inorganic hybrid copolymers were synthesized by conventional 

free radical copolymerization of MMA monomer and PDMS macromonomers. Via NMR study 

they concluded that the produced copolymers had high incorporation rates of short PDMS 

macromonomers (PDMS Mw = 800-1200 gmol
-1

) in the produced copolymer relative to the 

amount PDMS charged initially in the copolymerization reactions. The incorporation was found 

to be as high as 60 mol% dependant on charged amount.  These polymers were electrospun 

successfully, and the properties of the nanofibers produced were studied extensively [49, 57]. The 

nanofibers generally exhibited extreme hydrophobic qualities (superhydrophobicity) due in part 

to the hydrophobic nature of the PDMS component in the copolymer material and to the 

essentially infinitely rough surface morphology of the nanofibers. By varying the molecular 

weight, the PDMS content in the polymer itself, and also by varying the electrospinning 

parameters, different morphologies (smooth, beaded, ribbon like) and a wide range of diameters 

of the nanofibers were attainable.  
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2.4 Electrospun nanofibers in nanocomposites 

 

2.4.1 Benefits of electrospun nanofibers as reinforcing elements in nanocomposites 

 

For decades, macrocomposites (e.g. filled polymers) in which the length scale of the fillers is in 

micrometers have been produced and applied but are now making way for the advancement of 

nanocomposites. In the case of nanocomposites, where the length scale of the reinforcement 

(nanoparticles and nanofibers) is in the nanometer scale, the distances between the polymer 

matrix material and filler components are extremely short. As a result, the close molecular 

interaction between the polymer and the nanoparticles gives polymer nanocomposites superior 

material properties that conventional materials and macrocomposites do not possess [58].  

 

The mechanical property benefits and reinforcing behavior of nanofibers when introduced in 

composites is greater than that of their macroscopic conventional counterparts e.g. glass and 

carbon fibers given that the rules established for reinforcement by macroscopic fibers also apply 

to reinforcement by nanofibers [23, 59]. The parameters that dominate the reinforcing effect of 

fibers in a composite are the tensile modulus of the fibers, the coupling between the matrix and 

the fibers, and the axial aspect ratio (length/diameter) of the fibers [60, 61]. It is in these 

parameters that the nanofibers have several advantages over macroscopic fibers as reinforcement 

and studies have proven them to be superior [62, 63]. Their enhanced tensile strength, high aspect 

ratio, large available surface area, rough surface morphology, and potential homogeneous 

dispersion throughout the matrix make electrospun fibers of great interest as fillers in composite 

matrices. Studies have shown that single electrospun nanofibers feature very good mechanical 
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properties [64]. For example, Young moduli of up to 50 GPa were reported for electrospun 

polyacrylonitrile (PAN) nanofibers with a high degree of crystallite and chain orientation. As a 

comparison, bulk samples of PAN material with no preferred orientation showed moduli of only 

1.2 GPa [65]. Another example measured the Young moduli of electrospun polyethylene oxide 

(PEO) nanofibers and also proved that they were distinctly higher than those measured for bulk 

samples [66]. An orientation induced by the electrospinning process was the proposed reason for 

the increased stiffness in both cases. Continuous electrospun fibers are also expected to have 

better interfacial adhesion than conventional fibers due to their large surface-to-volume ratio. 

This gives an increase in the surface area that is available to adhere to a matrix material, leading 

to better reinforcement than conventional fibers. Laminate composites are also expected to take 

advantage of the mechanical interlocking mechanism of load transfer between the matrix and 

nanofibers due to the electrospun fibers‘ irregular pore structure. Furthermore, smaller loadings of 

nanofibers in the matrix are required to achieve the same reinforcement effect as macroscopic 

fibers. Thus, material can be saved and the brittleness of the matrix reduced [7].  

 

2.4.2 Incorporation of electrospun nanofibers into nanocomposites 

 

Successful examples of continuous electrospun nanofiber reinforcement by mat layering and 

impregnation are found in the studies by Kim and Reneker [62, 67]. Electrospun 

polybenzimidazole (PBI) nanofibers with diameters around 300 nm were used as reinforcing 

fibers in two different polymer matrices. In the first study, electrospun non-woven fiber mats (8-

32) were pressed together and immersed in an epoxide resin which was subsequently thermally 

cured in several steps. After being reinforced with the non-woven fabric of PBI nanofibers, the 
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epoxy matrix composites had a higher tensile modulus, fracture toughness and fracture energy 

e.g. a 25–35% increase in the Young modulus was observed for 3–15% mass percentage of 

nanofibers. The higher the content of nanofibers, the higher was the value increase of the 

mechanical parameters. The fracture toughness and the fracture energy of the composites also 

depended on the relative direction of the majority of the nanofibers in the fabric and the induced 

cracks in testing. In another study, the same PBI nanofibers (at a concentration near 10 wt%) 

provided dramatic reinforcement to a styrene-butadiene (SBR) elastomer rubber matrix. The 

Youngs‘ modulus of the nanofiber reinforced SBR composite was ten times as large as for SBR 

containing an equal concentration of carbon black filler, and the tear strength was twice as large. 

These observations suggested that a combination of nanofibers and conventional rubber materials 

could lead to rubbers with an improved balance of modulus and elongation to break. 

 

Despite the advantages of continuous nanofibers for reinforcement, the number of investigations 

on the topic is rather small. The main problems, to which there are no convincing solutions, yet, 

are the dispersion of the electrospun nanofiber webs and the control of the nanofiber orientation 

in the polymer matrix. Uneven nanofiber dispersion and agglomeration of the nanofiller phase 

because of poor nanofiber and matrix compatibility seem to be generic problem and a number of 

solutions have been presented such as surface modification and the use of hybrid materials 

nanofibers [68, 69] 

 

In a continuance of their work with electrospun PMMA-g-PDMS nanofibers, the Stellenbosch 

group in collaboration with KTH incorporated the hybrid PMMA-g-PDMS nanofibers in a PDMS 

silicone elastomer matrix by layer-by-layer impregnation. Their hypothesis was that the 
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nanofibers‘ silicone component would yield good fiber-matrix compatibility and thereby 

reinforce the silicone rubber effectively. The silicone-laminated composite materials were 

produced by distributing a number of non-woven nanofiber mat layers (single, double and triple) 

in a silicone matrix prior to thermal curing. Analysis showed that the composites had a 

remarkably good fiber distribution in the silicone matrix which was accredited to the good fiber-

matrix compatibility. The general mechanical properties of the PDMS rubber material improved 

in the presence of fiber, such as the stiffness and strength as well as the toughness/extensibility 

[49, 69]. 
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2.5 Controlling electrospun nanofiber deposition and alignment 

 

In a typical situation, electrospun nanofibers are deposited on the collector as a nonwoven mat, 

with no preferential orientation of the fibers. Yet, electrospinning is far from limited to the 

production of nonwovens as various assemblies of nanofibers can be constructed by alteration of 

the electrospinning process and apparatus. The orientation of nanofibers along a preferred 

direction is of particular interest for many applications e.g. for structural reinforcement in 

composites or in tissue engineering to give cultivated cells a preferred growth direction. As was 

mentioned in a previous section, the nanofibers are typically deposited on the surface of a flat 

collector (a piece of conductive substrate) as a randomly oriented mess due to the chaotic bending 

instability of the highly charged jet. This inability to predict the final fiber placement and 

orientation has been the limiting factor in producing aligned fiber mats and numerous methods 

have been investigated to resolve this issue. There are generally two main methods utilized and 

many other developed variants which can be considered as combinations of these basic methods. 

One method is to use a dynamic (most often rotating) collection device as oppose to just a static 

collector hence introducing an element of mechanical handling to the fiber collection process. 

The other is to control the flight of the electrospinning jet through the manipulation of the macro 

electrostatic field, mainly by altering the build and configuration of the collector and or the use of 

auxiliary directional electrodes. 

2.5.1 Dynamic mechanical collectors 

 

It has been suggested that by rotating a cylindrical collector at a very high speed of up to 

thousands of rpm (rotations per minute), continuous electrospun nanofibers could be oriented 
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circumferentially around the collector in an aligned fashion. Furthermore, the diameter of the 

fiber can be controlled and tailored based on the rotational speed of the drum [5, 70-72]. The 

mechanism behind the technique has not been fully explained in detail, yet some intuitive 

conjectures in the literature are given as follows. When the linear speed of the rotating cylinder 

surface, which serves as a fiber take-up device, matches that of evaporated jet depositions, the 

fibers are taken up on the surface of the cylinder tightly in a circumferential manner, resulting in a 

fair alignment. Such a speed can be called the alignment speed. If the surface speed of the 

cylinder is slower than the alignment speed, randomly deposited fibers will be collected, as it is 

the fast chaotic motions of jets that determine the final deposition manner. On the other hand, 

there must be a limit rotating speed above which continuous fibers cannot be collected since the 

overfast take-up speed will break the fiber jet. Another point of concern is the aerodynamic 

motion resultant from the high speed rotating drum that can ultimately repel the deposition of the 

fine fibers and lessen the deposited amounts as well as their orientation. 

 

Figure 2.13 A rotating cylinder collector to obtain unidirectional nanofiber alignment along 

the rotation direction [3] 



 

37 

 

2.5.2 Manipulation of electric field  

 

The force that stretches the solution into a fine strand is the electrostatic charge applied and given 

to it by the high voltage power supply. Since the electrostatic charges are distributed along the 

electrospinning jet and the electrospun fibers are charged in flight, an external electric field can 

be used to control their travel patterns until final impact with the lower potential electrode or 

collector.  Simply put, the fibers may be guided by altering the electric field and their travel 

patterns roughly visualized by the electric field lines [3, 16, 72, 73]. Even with a slight variation 

in the electric field profile, its effect on the deposition of the electrospun fibers can be seen. When 

a grounded wire was placed below a non-conducting substrate such as a glass slide, it induced the 

electrospun fibers to deposit preferentially on the areas on the glass slide just above the grounded 

wire as shown in Figure 2.14  

 

Figure 2.14 Influence of conducting wire placed below a glass slide on the deposition of the 

electrospun fibers. (A) Grounded electrode placed under a glass cover slip. (B) Electrospun 

fibers deposited on the glass cover slip [16] 

 

2.5.2.1 Controlled deposition area 

Although a grounded collector structure is able to exert some control over the deposition location 

of the electrospun fibers, it is more practical to use one or more guiding auxiliary electrodes with 
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charges of either the same polarity as the electrospinning jet or with opposite polarity as they 

have a greater effect on directing the electrospinning jet. To manipulate the external electric field 

so as to exert some control on the electrospinning jet, the shape, position and polarity of the 

charges applied to the auxiliary electrode(s) have to be considered. Deitzel et al used rings, placed 

below the tip of the spinneret, as auxiliary electrodes and gave it the same positive charge as that 

of the solution [74]. The positively charged rings that were evenly spaced out between the tip of 

the spinneret and the collector created a cylindrical ‗electrical wall‘ that discouraged the charged 

electrospinning jet from travelling out of it. To create a pulling force on the electrospinning jet 

through the charged rings, a negative charge was applied to the collector.  A schematic diagram 

of the Deitzel et al apparatus can be seen in Figure 2.15. 

 

Figure 2.15 Electrospinning apparatus with multiple auxiliary ring electrodes to control 

deposition area [74]. 
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The mechanisms and the forces exerted on the polymer jet were modeled by considering the 

charged jet as a string of charged elements connected by a viscoelastic medium.  If one considers 

a simple model of the jet consisting of three-point unconnected charges of equal value in a line 

(as shown in Figure 2.16), it can be seen that the center charge, B, is acted upon by two forces of 

equal magnitude and opposite direction, F = kqaqb/r
2
 = kqcqb/r

2
, where qa, qb and qc are charges of 

equal sign and magnitude, r is the separation between the charges and k is Coloumb‘s constant. 

Should a perturbation cause qb to move out of line, there is a net lateral force on qb, the magnitude 

of which is given by Fl= 2Fcosθ, where θ is the angle formed by r and line perpendicular to jet 

axis. It is this lateral force, Fl, that leads to an inherent instability which ultimately dominates the 

jets motion. Since an electrsostatically driven jet can be thought of as a line of charged elements 

of which similar electrostatic forces are exerted upon, the total resultant motion of the 

consecutive charges is chaotic. Absent any forces to counter Fl, either electrostatic or mechanical 

in nature, the initially small perturbations grow unfettered leading to the large looping jet motions 

that are commonly observed when electrospinning [22, 30, 74].  

 

Figure 2.16 Forces exerted on a charge element by neighboring charge elements in a jet 
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By controlling the shape and strength of the macroscopic field between the electrodes (e.g. 

syringe and collection target), it is possible to dampen jet instability and to control the deposition 

of the electrospun fibers on a target. The total force acted upon a charged element in the field can 

be seen as F=qE, where E is the field strength and q the magnitude of the charge element in 

coulombs. The introduction of the auxiliary ring electrodes constructs an electric field in which 

the fibers travel on par with the electric field lines and in which the rings act as a series of focal 

lenses. As shown in Figure 2.17, the electric field lines converge to a centerline above the 

collecting plate. Control of the electrospinning jet was shown by a significantly reduced circular 

deposition area to 1 cm diameter as compared to electrospinning without the charged rings with a 

deposition area of 7 cm diameter. Although a deposition area of 1 cm diameter is not good 

enough for precise patterning, this method still offers advantages such as a controlled fiber 

deposition area and location since the chaotic flight of the electrospinning jet and the residual 

charge accumulation on the deposited fibers may otherwise cause the electrospun fibers to deposit 

on areas outside the designated collector.  

 

Figure 2.17 Electric field profile of the region between the syringe needle and the collection 

plate with the auxiliary ring electrodes spaced in the region in between [74] 
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Many other similar attempts that utilize auxiliary electrode ring(s) for controlled deposition can 

also be found. Jaeger et al. installed a single charged ring of like voltage and polarity 

concentrically about the syringe needle to stop the chaotic motion of the electrospinning jet as is 

shown in Figure 2.18 [75]. Similarly, Kim and co-workers used a single cylindrical auxiliary 

electrode around the nozzle tip to stabilize the spinning jet [76]. In both works, the 

electrospinning process was studied with different experimental lay-outs, electrostatic fields were 

simulated and the voltage - current characteristics of the electrospinning process were recorded. 

The advantages of this relatively simple set-up was that the deposition of the fibers could be 

controlled over an area which is despite still being quite large was confined within a ring area. 

The resultant deposition area with and without the auxiliary ring from the woks conducted by 

Kim et al can be seen in Figure 2.19. Also worth mentioning are the works of Buttafoco et al, 

wherein a guiding electrode ring was used in conjunction with a rotating uptake device to obtain 

aligned fibers. A single charged ring was used to designate and reduce the deposition area such 

that most of the fibers would be directed on a rotating 3.1 mm diameter tube [77]. 

 

Figure 2.18 Controlled deposition area using a single auxiliary ring 
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Figure 2.19 (a) Image of electrospun jets from a single nozzle in an electrospinning 

apparatus modified with a cylindrical electrode, (b) a deposited area collected  by a 

conventional electrospinning method, and (c) an area deposited by a modified 

electrospinning method with a single cylindrical auxiliary electrode [76] 

 

2.5.2.2 Static parallel linear electrode arrays for uniaxial fiber alignment 

 

As mentioned in the previous section, the electric field profile between the tip of the spinneret 

and the collector has a controlling influence on the electrospinning jets motion and final 

deposition. It has been shown that a static electric field which has been properly designed can be 

used to obtain aligned or patterned fibers without the use of a mechanical element to the collector. 

As early as 1938, Formhals patented an electrospinning set-up where bars were placed in parallel 

with gaps between them as collectors to collect aligned fibers. The setups that utilize this so 

called ―gap‖ method are basically the same as the conventional electrospinning method but use 

collectors consisting of pieces of electrically conductive substrates separated by non conductive 

gaps in which the deposited fibers would span. In a more recent work, Li et al demonstrated that 

two electrodes placed in parallel were able to collect aligned fibers in the gap as shown in Figure 
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2.20(A) [78, 79]. The electric-field lines in the gap near to the electrodes are drawn towards the 

electrode edges as seen in the electric field profile in Figure 2.20(B). The jet would stretch itself 

across the gap as the field lines are attracted towards the electrodes. This results in electrospun 

fibers aligning themselves across the gap between the electrodes. Due to the presence of charges 

on the electrospun fibers, mutual repulsion between the deposited fibers will enhance the parallel 

and relatively even distribution of the fibers. This process could be repeated and arrays of 

uniaxially aligned nanofibers could be collected over large areas. By using this method, 

nanofibers with the length from hundreds of micrometers to several centimeters and diameters 

ranging from tens of nanometers to several micrometers could be prepared as uniaxially aligned 

arrays. Their study showed that the degree of alignment of the nanofibers increased with 

collection time but the effects of width of gap and applied voltage were not studied. Other many 

works however have studied the effects of residual charge in fibers and gap width analysis on the 

degree of alignment [73, 80, 81]. One clear advantage of this setup over the previous 

conventional setup with a flat substrate or one that utilizes a mechanical drum is that the aligned 

fibers can be easily removed from the collector making it easy to transfer the fibers onto other 

solid substrates for further processing steps and applications. 
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Figure 2.20 (A) Schematic illustration of a gap method setup used generate uniaxially 

aligned nanofibers. The collector contained two pieces of conductive silicon stripes 

separated by a gap. (B) Calculated electric field strength vectors in the region between the 

the needle and the collector. The arrows denote the direction of the electrostatic field lines. 

(C) Electrostatic force analysis of a charged nanofiber spanning across the gap. The 

electrostatic force (F1) resulted from the electric field and the Coulomb interactions (F2) 

between the positive charges on the nanofiber and the negative image charges on the two 

grounded electrodes [78] 

 

The alignment mechanism and nanofiber placement was modeled in the Li et al study as follows. 

The as-spun fiber can be considered to be a string of positively charged elements connected 

through a viscoelastic medium. In general, the charged nanofiber should experience two sets of 

electrostatic forces: the first set (F1) originating from the splitting electric field and the second 

one between the charged fiber and image charges induced on the surfaces of the two grounded 

electrodes (F2). In particular, electrostatic force F1 should be in the same direction as the electric 
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field lines and should pull the two ends of the fiber toward the two electrodes. Once the charged 

fiber has moved into the vicinity of the electrodes, charges on the fiber will induce opposite 

charges on the surfaces of the electrodes. Considering that Coulomb interactions are inversely 

proportional to the square of the separation between charges, the two ends of the fiber closest to 

the electrodes should generate the strongest electrostatic force (F2), which will stretch the 

nanofiber across the gap to have it positioned perpendicular to the edge of the electrode. In 

addition, unlike fibers directly deposited on top of an electrode where they can be immediately 

discharged, the fibers suspended across the gap can remain highly charged after deposition. The 

electrostatic repulsion between the deposited and the upcoming fibers can further enhance the 

parallel alignment (because it represents the lowest energy configuration for an array system of 

highly charged fibers). A schematic illustration of the alignment process is given in Figure 2.21. 

 

 

Figure 2.21Schematic illustration of the process that aligned nanofibers [81] 
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Chapter 3- Experimental 1- Synthesis of PMMA-g-PDMS copolymer, 

microscopy characterization method and electric field modeling 

Certain elements are reoccurring in the experiments and various electrospinning setups detailed in 

the upcoming chapters, such as the polymers used and the means by which they were synthesized. 

Characterization of the electrospun nanofibers was done mainly by scanning electron microscopy 

(SEM) and the obtained images analyzed by PC software.  The electric field distribution is crucial 

to differentiate the effects of each electrospinning setup on the resulting nanofibers and their 

deposition patterns and was simulated by PC software. 

 

3.1 Synthesis of PMMA-g-PDMS copolymer 

This section details the synthesis of the polymers utilized in electrospinning conducted in later 

chapters of this work. Two different poly(methyl methacrylate)-graft-poly(dimethyl siloxane) 

copolymers (henceforth referred to as PMMA-g-PDMS polymer) were synthesized by 

conventional free radical polymerization.  

 

3.1.1 Process 

The procedure outlined by the previous works of the Stellenbosch group utilizes the ―grafting 

through‖ or macromonomer technique which employs a preformed macromonomer (an oligomer 

or polymer chain) as a side chain and that has a polymerizable group at one end of the chain [49, 

56, 57]. The copolymer is formed when a monomer is polymerized in the presence of the 

macromonomer, as shown in Figure 3.1. 
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Figure 3.1 The grafting through technique: The growing backbone incorporates the 

preformed macromonomer [56] 

 

The PMMA-g-PDMS copolymer is formed by the polymerization of the methyl methacrylate 

monomer (henceforth referred to as MMA) in the presence of a monomethacrylxypropyl 

terminated poly(dimethyl siloxane)  macromonomer (henceforth referred to as PDMS 

macromonomer). A scheme of the reaction process is given in Figure 3.2. The PDMS content of 

the copolymers was varied by changing the PDMS macromonomer to MMA feed ratios in the 

copolymerization reaction. The copolymers produced by this procedure have been well 

characterized in regards to their properties such as molecular composition and molecular weight 

in the aforementioned work. 
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Figure 3.2 Scheme showing the reaction of MMA with PDMS macromonomer to give the 

graft copolymer [49] 

3.1.2 Raw Materials 

Chemicals used as received: 

 Monomethacryloxyproply terminated poly(dimethylsiloxane) monomer, (800-1200 

g/mol),  GELEST INC (Morrisville USA), henceforth referred to as PDMS 

macromonomer 

 Toluene, SIGMA ALDRICH (South Africa) 

 Methanol, SIGMA ALDRICH (South Africa) 

 N,N Dimethylformamide, SIGMA ALDRICH (South Africa) 

 Chloroform, PLASCON (South Africa) 

 

Chemicals utilized that required further purification: 

 Methyl methacrylate monomer, PLASCON (South Africa), henceforth referred to as 

MMA monomer 
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 Azobisisobutyronitrile, PLASCON (South Africa), henceforth referred to as AIBN 

initiator 

3.1.3 Purification of chemicals 

 

3.1.3.1 Distillation of MMA 

The MMA monomer was purified by conventional distillation. MMA was washed using a 1:1 

volume ratio KOH (0.3M) to remove any inhibitor present and then separated using a separation 

funnel. The MMA was then transferred into a distillation setup consisting of a round bottom flask 

containing glass beads and magnetic stirrer, a condenser (and a water aspirator) and fraction 

collector. A diagram of the setup is shown in Figure 3.3.  The MMA was left to distill at 50
º
C 

under vacuum (ca 100hPa) while stirring. The first fraction of monomer was discarded (ca 10%) 

to ensure the purity of the MMA. The remaining distilled monomer was cooled to room 

temperature before use. 

 

Figure 3.3 Setup used for monomer purification [49] 
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3.1.3.2 Recrystallization of AIBN 

The AIBN was purified by conventional crystallization. This involved five stages: dissolution, 

filtration, crystallization, collection of crystals and drying the crystals. The AIBN was dissolved 

gradually in methanol (5 g AIBN in 80 ml methanol) and heated while stirring to 45
º
C until total 

dissolution was observed (ca 10 min). The solution was directly after filtered by a Buchner funnel 

(mounted on a vacuum flask) through a methanol wetted filter paper. The flask with its contents 

was sealed with parafilm and placed in a freezer for a period of two hours. The solution with the 

now recrystallized AIBN was thereafter removed and filtered once more through the Buchner 

funnel (same procedure as before). The crystals were washed with cooled methanol while still in 

the funnel and the filter paper with the crystals was removed and placed in a vacuum oven to dry 

for a period of 5 hours. The crystals were finally removed and placed into a container and placed 

in a freezer till usage. 

 

3.1.4 Polymerization 

 

The polymer was synthesized by free radical copolymerization and required a minimal setup that 

consisted of a round bottom flask with a magnetic stirrer sealed with a rubber septum. The free 

radical copolymerization of varying amounts of PDMS macromonomer (two different polymers 

were synthesized, 5 wt% PDMS and 10wt% PDMS) with MMA were performed in degassed 

toluene (nitrogen environment) with 20wt% solids (based on MMA) at 70
◦
C for 42 hours using 

0.1 wt% AIBN as initiator.  The amounts measured are given in Table 3.1. The flask was 

immersed in a silicone oil bath and placed on a heating mantel equipped with a temperature 

control probe whilst being stirred throughout the reaction. The PMMA-g-PDMS was then 
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precipitated in methanol and filtered through a Buchner funnel with a wetted paper filter and the 

isolated copolymer was dried in a vacuum oven for 24 hours. 

 

Sample 

wt% PDMS 

charged in feed 

Mass 

PDMS (g) 

Mass 

MMA (g) 

Mass Toluene 

solvent (g) 

Mass 

AIBN (g) 

Total 

mass (g) 

(5 wt% PDMS) 

PMMA-g-PDMS 

5 0.25 4.75 20 0.01 25 

(10 wt% PDMS) 

PMMA-g-PDMS 

10 0.50 4.50 20 0.01 25 

Table 3.1 Amount materials measured for the the copolymerisation of PMMA-g-PDMS 

polymers 

3.1.5 Copolymer properties 

Previous work where the methodology described above was utilized to produce PMMA-g-PDMS 

copolymers yielded copolymers with the properties found in Table 3.2. The molar mass values 

were determined by size exclusion chromatography using tetrahydrofuran (THF) as the mobile 

phase and are relative to linear polystyrene standards. The relative composition the copolymer 

was assessed via nuclear magnetic resonance (NMR) [49]. 

 

 

Sample 

Mn 

(g/mol) 

Mw 

(g/mol) 

Mn/Mw wt% PDMS 

charged in feed 

Mol% PDMS 

charged in feed 

Mol%  incorporated 

PDMS via NMR 

(5 wt% PDMS) 

PMMA-g-PDMS 

78172 130190 1.67 5 0.657 0.294 

(10 wt% PDMS) 

PMMA-g-PDMS 

146255 268360 2.08 10 1.387 0.5685 

Table 3.2 Mn, Mw and polydispersity (Mw/ Mn) values of PMMA-g-PDMS via SEC and 

%PDMS charged and incorporated into the graft copolymer via NMR analysis. 
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3.1.6 Dissolving of polymer for electrospinning 

 

The polymer was dissolved in a solvent mixture of DMF and chloroform (60:40 vol% of DMF 

and chloroform respectively) in preparation for electrospinning. The viscosity of the solution is of 

great significance for the electrospinning and based on previous work it was decided to have 15 

wt% polymer in solution [49, 57]. The polymer and solvent were weighed in a round bottom flask 

and sealed. The flask was set in an oil bath equipped with a magnetic stirrer and the polymer was 

dissolved at a temperature of 40
º
C for 5 hours. The solution was finally allowed to cool down to 

room temperature before electrospinning.  

 

3.2 Microscopy 

The collected electrospun nanofibers produced in the various experiments were characterized by 

scanning electron microscopy (SEM) to assess the fiber diameter and morphology e.g. extent of 

beading resultant from the variation of electrospinning parameters. SEM analysis was performed 

on a LEO 1430VP SEM. The samples were coated with a thin AU layer using an Agar High 

resolution Sputter Coater (Model 208HR). The fiber diameter was measured with the Axiovision 

AC software (ver 4.4, Carl Zeiss Vision) and diameter calculations were done with 100 data 

points (measurements) per image. 

 

3.3 Electric field simulation 

The electric field distribution was simulated by computational analysis software for various 

sections of this work. Electric field computations were performed using Students‘ QuickField 5.7 

(Terra Analysis Ltd., Svendborg, Denmark). The software assumed a 2-dimensional, planar 
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computation region; thus, a profile view of each deposition electrode was modeled with each 

electrospinning setups geometrical dimensions and electrical potentials at various points taken 

into account. Choice of a plane parallel or axisymmetric model of the electrospinning setup was 

done according to the problem at hand and completed the model with a third dimension. The 

models were encased in a rectangular, uncharged container to provide computational boundaries. 

The computational boundaries were neither charged nor given a 0 V potential (which would 

erroneously model the boundaries as ground). The materials were assumed to be electrically 

homogenous with constant permittivities and voltage values. The relative static permittivity for 

the air space in between the needle tip and collector substrate was set to εr = 1. Other outer 

electric field sources are omitted from the simulation. Finally, all closed polygonal regions were 

given a calculated mesh grid, and electric field computations were performed. 

 

The software utilized a proprietary finite element analysis technique to independently solve for 

the electric fields at discrete positions between the needle and deposition target. The computed 

electric fields were represented as field lines within the air space spanning the gap between the 

needle and target. Poisson's equation for scalar electric potentials is given in Figure 3.4 and was 

solved by the software to obtain the electric field vectors, where E = electric field vector, V = 

electric potential, ρ = total charge density, and ε= permittivity of location [82]. 

 

Figure 3.4 Poisson's equation for scalar electric potentials 
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Chapter 4- Experimental 2 – The standard electrospinning setup 

The purpose of this test series was to assess the fiber diameter and fiber morphology given 

different electrospinning conditions and set parameters for the standard electrospinning setup. 

Two different polymers were used in two separate series, a PMMA-g-PDMS (5 wt% PDMS) 

copolymer and a PMMA-g-PDMS copolymer (10 wt% PDMS). The standard setup for 

electrospinning consisted of a syringe fitted with a needle connected to an external high voltage 

source. A modulating pump controlled the flow of the polymer solution from the needle. A fiber 

collector substrate with a lower potential was positioned at a predetermined distance (tip-to-

collector distance) from the needle tip. The electrical potential difference that induces 

electrospinning is then set across the gap flanked by the charged syringe needle and the 

electrically grounded or oppositely charged deposition target. A sketch model of the standard 

setup is depicted in Figure 4.1. A picture of the standard setup used is given in Figure 4.2.  The 

following variables and constant conditions apply for all the standard setup test series: 

 

 Electrospinning was conducted horizontally. 

 The electrospun solution consisted of 15 wt% polymer in DMF-chloroform solvent (60-

40 vol%) for all the samples. 

 The collector substrate was a single circular sheet of aluminum foil (5 cm diameter) 

which is electrically grounded. 

 Polymeric solution was ejected from the syringe needle at various flow rates throughout 

the experiments.  The needle is 5 cm long with a 26 gauge diameter (0.26 mm inner 
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diameter). The voltage was connected by a crocodile clip at the far end opposite to the 

needle opening. 

 The tip-to-collector distance was a variable (20-30 cm) 

 The polymer solution was subjected to a positive high voltage. The electric potential 

difference between needle tip and substrate  was a variable (10-15 kV) 

 

 

Figure 4.1 Sketch of the standard electrospinning setup 
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Figure 4.2 Picture of the standard electrospinning setup 

4.1 Electrospinning of (5 wt% PDMS) PMMA-g-PDMS with the standard setup 

The (5 wt% PDMS) PMMA-g-PDMS copolymer was spun with the standard setup. The initial 

parameters were those of sample BH15 and the tested altered parameters are given in Table 4.1. 

The electrospinning parameters under study were the tip-to-collector distance, applied voltage 

and feed-rate parameters to monitor their effect on the fiber morphology and diameter. SEM 

images of the produced samples are shown in Figure 4.3 

Sample # Tip-to-collector 

(cm) 

Needle Hi-Voltage 

(kV) 

Feed rate 

(ml/min) 

BH15 25 15 0.02 

BH16 15 15 0.02 

BH17 25 10 0.02 

BH18 25 15 0.005 

Table 4.1 Standard setup parameters for (5 wt% PDMS) PMMA-g-PDMS samples BH15, 

BH16, BH17, BH18 
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Figure 4.3 SEM images for a) sample BH15, b) sample BH16, c) sample BH17 and d) 

sample BH18 

4.1.1 Results and observations 

A summary of the data collected, calculated average fiber diameter and appearance assessment 

for the (5 wt% PDMS) PMMA-g-PDMS copolymer spun with the standard setup is given in 

Table 4.2. 

Sample # Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Fiber diameter 

(nm) 

Appearance 

BH15 25 15 0.02 656±125 Highly beaded 

BH16 15 15 0.02 586±109 Beaded 

BH17 25 10 0.02 963±158 Highly beaded 

BH18 25 15 0.005 921±218 Smooth 

Table 4.2 Summary of data for (5 wt% PDMS) PMMA-g-PDMS copolymer spun with the 

standard setup 
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Initial sample 

The initial sample BH15, with the given parameters, exhibited a high degree of beading (as seen 

in Figure 4.3a) and had a fiber diameter (measured between beads) of ca 656±125 nm. 

 

Influence of tip-to collector distance 

The tip to collector distance was decreased from 25cm to 15cm for sample BH16. This resulted in 

a slight decrease in beading of the fiber (as seen in Figure 4.3b) and a minor decrease of the fiber 

diameter. The decrease in diameter is probably due to the increase of the electric field strength 

that resulted in a better stretching of the fiber. The electric field strength increase is enough to 

offset the effect of the decrease in flight path (tip-to collector distance) which would usually yield 

thicker fibers. The decrease in beading can also be accredited to the increase in field strength and 

subsequent stretching. 

 

Influence of voltage 

The voltage applied to the needle was decreased from 15kV to 10kV for sample BH17. This 

resulted in no apparent change in the fiber morphology when compared to the initial sample as it 

was still highly beaded (as seen in Figure 4.3c) but gave a notable increase of the fiber diameter. 

Both the increase in fiber diameter and the lack of change in beading are probably due to the 

decrease in field strength and thereby a decrease in the stretching of the fiber before deposition. 

Influence of feed-rate 

The solution feed-rate was decreased from 0.02 ml/min to 0.005 ml/min for sample BH18. This 

resulted in a significant decrease in fiber beading (as seen in Figure 4.3d) and a significant 

increase of the fiber diameter. It was expected that a decrease in feed-rate would have an opposite 
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effect and yield thinner fibers as less volume of polymer is available for fiber formation. A 

probable explanation is that the polymer that was previously amassed in the beads has spread 

uniformly throughout the fiber increasing its average diameter. 

 

4.1.2 Conclusion 

The parameters that would yield fibers with the lowest diameters and the lowest degree of 

beading were high electric field strength caused by the high-voltage source (gives a more 

effective change in field strength than just decreasing the distance which is required to have a 

flight path in which the fibers can stretch) and a low feed-rate (to minimize beading).  

 

4.2 Electrospinning of (10 wt% PDMS) PMMA-g-PDMS with the standard setup 

 

The (10 wt% PDMS) PMMA-g-PDMS copolymer was spun with the standard setup. The initial 

parameters were those of sample BH35, and the tested altered parameters are given in Table 4.3. 

The electrospinning parameters under study were the tip-to-collector distance, applied voltage 

and feed-rate parameters to monitor their effect on the fiber morphology and diameter. SEM 

images of the samples are shown in Figure 4.4 

 

Sample # Tip-to-collector 

(cm) 

Needle Hi-Voltage 

(kV) 

Feed rate 

(ml/min) 

BH35 25 15 0.02 

BH36 15 15 0.02 
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BH37 25 10 0.02 

BH38 25 15 0.005 

Table 4.3 Standard setup parameters for sample BH35, BH36, BH37, BH18 

 

 

Figure 4.4 Standard setup SEM images for a) sample BH35, b) sample BH36, c) sample 

BH37 and d) sample BH38 

 

4.2.1 Results and observations 

A summary of the data collected, calculated average fiber diameter and appearance assessment 

for the (10 wt% PDMS) PMMA-g-PDMS copolymer spun with the standard setup is given in 

Table 4.4. 
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Sample # Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Fiber diameter 

(nm) 

Appearance 

BH35 25 15 0.02 525±115 Highly beaded 

BH36 15 15 0.02 812±183 Highly beaded 

BH37 25 10 0.02 558±124 Highly Beaded 

BH38 25 15 0.005 775±166 Beaded 

Table 4.4 Summary of data for (10 wt% PDMS) PMMA-g-PDMS copolymer spun with the 

standard setup 

Initial sample 

 

The initial sample BH35, with the given parameters, exhibited a high degree of beading (as seen 

in Figure 4.4a) and had a fiber diameter (measured between beads) of ca 525±115 nm. 

 

Influence of tip-to collector distance 

The tip to collector distance was decreased from 25cm to 15cm for sample BH36. This resulted in 

no notable difference in beading of the fiber (as seen in Figure 4.4b) and an increase of the fiber 

diameter. The increase in the fiber diameter can be explained by the lessening of flight time and 

therefore possible stretching of the fiber before deposition. The lack of change in the fiber 

beading agrees with this observation as the electric field increase (due to a shorter distance) was 

not enough to stretch the fibers before deposition. 
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Influence of voltage 

The voltage applied to the needle was decreased from 15kV to 10kV for sample BH37. This 

resulted in a no apparent change in beading (as seen in Figure 4.4c) and no notable change in the 

fiber diameter. The lack of change is probably due to the fields inability to stretch the fiber any 

further than in the initial sample and hence the current sample (with a lower voltage), but is 

merely strong enough to initiate the spinning and stretch the fiber to a certain degree. This 

coincides with sample BH36, where the decrease in distance had resulted in thicker fibers with a 

high degree of beading (less flight time) and where it was already speculated that the field was 

unable to stretch the fibers beyond a certain point and remove beading. 

 

Influence of feed-rate 

The solution feed-rate was decreased from 0.02 ml/min to 0.005 ml/min for sample BH38. This 

resulted in a decrease in fiber beading and an increase of the fiber diameter as seen in Figure 

4.4d). It was expected that a decrease in feed-rate would yield thinner fibers as less volume of 

polymer is going out through the needle tip and available for fiber formation. A probable 

explanation is that the polymer that was previously amassed in the beads has spread uniformly 

throughout the fiber increasing its average diameter. 

 

4.2.2 Conclusion 

The parameters that would yield fibers with the lowest diameters and the lowest degree of 

beading were a long tip-to-collector distance (resulted in low diameters but had no effect on 

beading) and a low feed-rate (resulted in less beading). 
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Chapter 5 - Experimental 3 - Setup with a rotating drum collector 

A grounded rotating drum was used to collect the fibers with the main intent of studying the 

effect of the drums rotational speed on the resultant fibers regarding their morphology, diameter 

and degree of alignment. A sketch of the setup is shown in Figure 5.1. A picture of the rotating 

drum used is shown in Figure 5.2 . Various rotational speeds were tested to see the resulting 

effect on the fiber morphology, diameter and mutual fiber alignment. Two different polymers 

were used in two separate series, a PMMA-g-PDMS (5 wt% PDMS) copolymer and a PMMA-g-

PDMS copolymer (10 wt% PDMS). The following variables and constant conditions apply for all 

the rotating drum test series: 

 

 Electrospinning was conducted horizontally  

 The drum was wrapped with an aluminum foil substrate on which the fibers were 

deposited. 

 The electrospun solution consisted of 15 wt% polymer in DMF-chloroform solution (60-

40 vol%) for all the samples. 

 The polymer solution was subjected to a positive high voltage. The electric potential 

difference between needle tip and substrate  was a variable (10-15 kV) 

 Polymeric solution is ejected from the syringe needle at two different flow rates 0.02 

ml/min and 0.005 ml/min in the experiments.  The needle is 5 cm long with a 26 gauge 

diameter. The voltage is connected by a crocodile clip at the far end opposite to the 

needle opening. 



 

64 

 

 Tip-to-collector distance from the needle tip to the surface of the  rotating drum was set at 

a constant 25 cm 

 The rotating drum had a diameter of 7 cm, the rotational speed was variable. 

 

Figure 5.1 Sketch of the setup with rotating drum 

 

 

Figure 5.2 The rotating drum with an aluminum foil substrate wrapped around it 
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5.1 Electrospinning (5wt% PDMS) PMMA-g-PDMS with the rotating drum  

The parameters of electrospinning the (5 wt% PDMS) PMMA-g-PDMS with a rotating drum 

collector at various speeds and feed-rates are given in Table 5.1 and the resultant fiber SEM 

images are given in Figure 5.3. 

Sample # Tip-to-collector 

(cm) 

Needle Hi-Voltage 

(kV) 

Feed rate 

(ml/min) 

Rotational speed 

(RPM) 

BH20 25 15 0.02 4000 

BH21 25 15 0.02 2000 

BH25 25 15 0.005 4000 

BH26 25 15 0.005 2000 

Table 5.1 Electrospinning (5 wt% PDMS) PMMA-g-PDMS with rotating drum collector 

sample parameters 

 

Figure 5.3 Setup (5 wt% PDMS) PMMA-g-PDMS with rotating drum collector, SEM 

images for a) Sample BH20, b) Sample BH21, c) SampleBH25, d) Sample BH26 
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5.1.1 Results and conclusions 

A summary of the data collected, calculated average fiber diameter and appearance assessment 

for the (5 wt% PDMS) PMMA-g-PDMS with a rotating drum collector is given in Table 5.2. 

 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Rotational 

speed 

(RPM) 

Avg. fiber 

diameter 

(nm) 

Appearance 

BH20 25 15 0.02 4000 843±165 Smooth ,fiber 

breakage, no 

alignment 

BH21 25 15 0.02 2000 760 ±146 Smooth, no 

alignment 

BH25 25 15 0.005 4000 1515±348 Slightly beaded, 

minor alignment 

BH26 25 15 0.005 2000 1568±350 Slightly beaded, 

no alignment 

Table 5.2 Summary of data for (5 wt% PDMS) PMMA-g-PDMS with rotating drum 

collector 

 

Initial sample 

The initial sample BH20, with the given parameters, exhibited no beading (smooth), fiber 

breakage, no apparent alignment (as seen in Figure 5.3a) and a fiber diameter of 843±165 nm. 
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Influence of drum rotational speed 

The rotational speed was decreased from 4000 rpm to 2000 rpm for sample BH21. This resulted 

in a cessation of fiber breakage (as seen in Figure 5.3b) and a minimal decrease in the fiber 

diameter.  The results can be explained by less aggressive mechanical force acting on the fibers 

upon deposition. In both cases, the fibers had reached the same point of stretching before 

depositing on the drum and had obtained similar fiber diameters. 

 

Influence of feed-rate 

The solution feed-rate was decreased from 0.02 ml/min to 0.005 ml/min for sample BH25. This 

resulted in an increase in fiber beading (as seen in Figure 5.3c) and a significant increase of the 

fiber diameter. Some minor alignment had also been noted. These results were unexpected as it 

was assumed that a lower feed-rate would yield thinner fibers and less beading, but resulted in 

almost a doubling of the diameter as well as an increase in beading. A simple speculation to why 

this has occurred is that the thinner fibers were too light in mass to be able to deposit on the 

rotating drum, and only the fibers with a higher mass and a certain amount of mass centers (the 

beading) were deposited on the rotating drum. Alignment was exhibited in the case of a high 

rotational speed which can also be explained by the same argument that the mass was the decisive 

factor for deposition as opposed to only the electric field.  

 

Combined effects 

Sample BH26 was given a lower rotational speed as well as a lower feed-rate than the initial 

sample BH20. This yielded fibers with the same diameter as sample BH25 (which also had a 

lower feed rate) but also exhibited slight beading. It is assumed that the feed-rate is a more 
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decisive factor on the fiber diameter and fiber beading than the rotational speed in this particular 

speed span. 

 

5.1.2 Conclusion 

The fiber beading and diameter of the fibers that do actually deposit on the drum, those which are 

of sufficient mass, are mainly controlled by the feed-rate and not the speed of the rotating drum. 

A higher feed-rate yielded thinner and smoother fibers but it was only with the lower feed-rate 

that some alignment of the fibers could be noted. 

 

5.2 Electrospinning (10wt% PDMS) PMMA-g-PDMS with the rotating drum 

 

The parameters of electrospinning the (10 wt% PDMS) PMMA-g-PDMS with a rotating drum 

collector at various speeds and feed-rates are given in Table 5.3 and the resultant fiber SEM 

images are given in Figure 5.4. 

 

Sample # Tip-to-collector 

(cm) 

Needle Hi-Voltage 

(kV) 

Feed rate 

(ml/min) 

Rotational speed 

(RPM) 

BH40 25 15 0.02 4000 

BH41 25 15 0.02 2000 

BH45 25 15 0.005 4000 

BH46 25 15 0.005 2000 

Table 5.3 Electrospinning (10 wt% PDMS) PMMA-g-PDMS with rotating drum collector 

sample parameters 
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Figure 5.4 Setup (10 wt% PDMS) PMMA-g-PDMS  with rotating drum collector, a) Sample 

BH40, b) Sample BH41, c) SampleBH45, d) Sample BH46 

 

5.2.1 Observations and conclusions 

A summary of the data collected, calculated average fiber diameter and appearance assessment 

for the (10wt% PDMS) PMMA-g-PDMS with a rotating drum collector is given in Table 5.4. 

 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Rotational 

speed 

(RPM) 

Avg. fiber 

diameter 

(nm) 

Appearance 

BH40 25 15 0.02 4000 580±149 Highly beaded, no 

alignment 

BH41 25 15 0.02 2000 716±159 Highly beaded, no 
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alignment 

BH45 25 15 0.005 4000 1012±274 Highly beaded, 

minor alignment 

BH46 25 15 0.005 2000 1284±226 Slightly beaded, 

minor alignment 

Table 5.4  Summary of data for (10 wt% PDMS) PMMA-g-PDMS with rotating drum 

collector 

 

Initial sample 

The initial sample BH40, with the given parameters, had a high degree of beading, no fiber 

breakage, no apparent alignment and had a fiber diameter of 580±149 nm (measured between 

beads) 

 

Influence of drum rotational speed 

The rotational speed was decreased from 4000 to 2000 for sample BH41. This resulted in no 

apparent change in beading and an increase of the fiber diameter as seen in Figure 5.4b).  This 

can be explained by decreased mechanical stretching done by the drum on the deposited fibers 

that stretched the point between the beads. 

 

Influence of feed-rate 

The solution feed-rate was decreased from 0.02 ml/min to 0.005 ml/min for sample BH45. This 

resulted in no apparent change in fiber beading and an increase of the fiber diameter as seen in 

Figure 5.4c).  Some minor alignment can also been noted. These unexpected effects can be 
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explained by the same argument as in section 5.1.2  where the same results occurred for the 5wt% 

copolymer. There it was assumed that a lower feed-rate would yield thinner fibers, but resulted in 

almost a doubling of the diameter as well as an increase in beading. A simple speculation to why 

this has occurred is that the thinner fibers were too light in mass to be able to deposit on the 

rotating drum, and only the fibers with a higher mass and a certain amount of mass centers (the 

beading) were deposited on the rotating drum. Alignment was exhibited in the case of a high 

rotational speed which can also be explained by the same argument that the mass was the decisive 

factor for deposition as opposed to only the electric field. 

 

5.2.2 Conclusions 

The fiber beading and diameter of the fibers that do actually deposit on the drum (with sufficient 

mass) is mainly controlled by the feed-rate and not the speed of the rotating drum. A higher feed-

rate yielded thinner and smoother fibers but it was only with the lower feed-rate that some 

alignment of the fibers could be noted. 
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Chapter 6 - Experimental 4 – Controlled deposition area by a single 

auxiliary electrode ring 

The purpose of this test series was mainly to assess the difference in fiber deposition area on the 

collector substrate when efforts are made to manipulate the macro electrostatic field makeup of 

the standard electrospinning setup. This was to be done by addition of an auxiliary electrode ring 

to the original standard setup. Two separate trials were made, with and without the addition of an 

auxiliary ring around the needle, both utilizing a negatively charged substrate (as opposed to the 

substrate used in Chapter 4 which was simply grounded).  It is assumed that the use of a 

negatively charged substrate will intensify the electric field around it, thereby directing the fibers 

more effectively. 

 

As is mentioned, the difference between the two different setups lies in that the second setup 

introduces the use of an auxiliary directional electrode ring which is applied to focus the electric 

field. It is assumed that the ring can be used to dampen the inherent bending instability of the 

polymer stream jet in the electrospinning process and direct the motion of the fibers prior to 

deposition, thereby reducing the area on which the fibers deposit on a given substrate. The 

purpose of the auxiliary ring is to aid in the construction of novel electrospinning setups that 

utilize electrostatic fields to control deposition of the fibers. It was also of interest to study the 

resultant fibers in regards of their morphology and diameter. 
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6.1 Design of the auxiliary electrode ring setup 

 

The standard setup described in Chapter 4was advanced by the addition of an auxiliary charged 

aluminum ring around the needle. The charged aluminum ring used had a constant 12 cm ring 

diameter and 1.5 cm cross sectional diameter. It was placed around the needle, with the needle 

centered at the middle. The ring electric potential was set at the same high-voltage as the needle 

by the use of the same external voltage source. The ring had an absolute electrical potential value 

that was equal to that of the needle to ensure that there was no discharge between them and so 

that the electrical field influence on the fiber motion is directed away from the ring and towards 

the substrate. A sketch of the setup with an auxiliary ring is given in Figure 6.1. Pictures of the 

auxiliary electrode setup are given in Figure 6.2 and Figure 6.3. 

 

Figure 6.1 Sketch of electrospinning setup with auxiliary directional electrode 
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Figure 6.2 Auxiliary ring with centered needle 

 

 

Figure 6.3 Picture of electrospinning setup with auxiliary directional electrode 
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Variables and test parameters 

 Electrospinning was conducted horizontally. 

 The collector substrate was a single circular sheet of aluminum foil (10 cm diameter) 

set at a constant -5kV charge throughout the experiments. It is notable that a 

negatively charged collector (as opposed to simply grounding) was used in all series 

in an effort to the direct the electric field. 

 The polymer used in the all the test series was 10 wt% PMMA-g-PDMS. The 

solution consisted of 15 wt% polymer in DMF-chloroform (60-40 vol%) 

 Polymeric solution was ejected from the syringe needle at a constant flow rate (0.005 

ml/min) throughout the experiments.  The needle is 5 cm long with a 26 gauge 

diameter. The voltage is connected by a crocodile clip at the far end opposite to the 

needle opening. 

 The fiber deposition diameter is measured on the substrate after an electrospinning 

time cycle of 2 minutes and is shown in Figure 6.4. 

 The tip-to-collector distance is a variable (20-30 cm) 

 The electric potential difference between needle tip and substrate  is a variable (10-15 

kV) 
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Figure 6.4 Deposition area measurement on substrate 

 

6.2 Standard setup trials 

Samples prepared by the use of the standard setup without the use of an auxiliary ring are given in 

this section. Each samples parameters, electric field distribution and resultant fiber SEM image 

are given in a consecutive order.  The samples in this series are entitled BHD1, BHD2, BHD3 and 

BHD4 with parameters given in Table 6.1 -  

Table 6.4 respectively. Electric field simulations and SEM images and of the samples are given in 

Figure 6.5 -Figure 6.12 consecutively. 
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Table 6.1 Sample BHD1 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD1 20 10 0.005 -5 5 

 

 

Figure 6.5 Sample BHD1 electric field simulation 

 

 

Figure 6.6 Sample BHD1 SEM image 



 

78 

 

Table 6.2 Sample BHD2 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD2 20 5 0.005 -5 6 

 

 

Figure 6.7 Sample BHD2 electric field simulation 

 

 

Figure 6.8 Sample BHD2 SEM image 
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Table 6.3 Sample BHD3 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD3 30 10 0.005 -5 6 

 

 

Figure 6.9 Sample BHD3 electric field simulation 

 

 

Figure 6.10 Sample BHD3 SEM image 
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Table 6.4 Sample BHD4 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle Hi-

Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD4 30 5 0.005 -5 7.5 

 

 

Figure 6.11 Sample BHD4 electric field simulation 

 

 

Figure 6.12 Sample BHD4 SEM image 
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6.3 Auxiliary directing electrode ring setup trials 

Samples prepared by the use of the setup with the use of an auxiliary ring are given in this 

section. Each samples parameters, electric field distribution and resultant fiber SEM image are 

given in a consecutive order.  

 

Note: In test runs BHD5 and BHD 6The resulting electrical field was too strong for the fibers to 

deposit on the substrate completely. The charged fibers build up on the substrate and stockpile 

towards the originating needle. This is shown in the picture in Figure 6.13. The fibers tend to curl 

up after removal of the electric field, so the area of deposition is assessed as the points where the 

fibers originally connected with the substrate as shown in the picture in Figure 6.14. 

 

 

Figure 6.13 The electric field resulting in a fiber build and stretching along the field during 

the sampling of BHD5 
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Figure 6.14 Deposition area measurement on substrate 

 

The samples in this series are entitled BHD5, BHD6, BHD7, BHD8 and BHD9. The set 

parameters are given in Table 6.5 - Table 6.9. Electric field simulations and SEM images are 

given in Figure 6.15 - Figure 6.23 consecutively. 
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Table 6.5 Sample BHD5 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle and ring  

Hi-Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD5 20 10 0.005 -5 2 (fiber build up) 

 

 

Figure 6.15 Sample BHD5 electric field simulation 

 

 

Figure 6.16 Sample BHD5 SEM image 
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Table 6.6 Sample BHD6 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle and ring  

Hi-Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD6 20 5 0.005 -5 2 (fiber build up) 

 

 

Figure 6.17 Sample BHD6 electric field simulation 

 

 

Figure 6.18 Sample BHD6 SEM image 
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Table 6.7 Sample BHD7 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle and ring  

Hi-Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD7 30 10 0.005 -5 2.3 

 

 

Figure 6.19 Sample BHD7 electric field simulation 

 

 

Figure 6.20 Sample BHD7 SEM image 
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Table 6.8 Sample BHD8 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle and ring  

Hi-Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD8 30 5 0.005 -5 Will not spin 

 

 

Figure 6.21 Sample BHD8 electric field simulation 

 

Note: The BHD8 sample will not spin with the given parameters.  It is assumed that auxiliary ring 

results in a dampening of the electric field around the needle tip and hinders the electrospinning 

process. 
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Table 6.9 Sample BHD9 parameters 

Sample 

# 

Tip-to-

collector (cm) 

Needle and ring  

Hi-Voltage (kV) 

Feed rate 

(ml/min) 

Collector 

Voltage (kV) 

Deposition area 

diameter (cm) 

BHD9 30 15 0.005 -5 1.5 

 

 

Figure 6.22 Sample BHD9 electric field simulation 

 

Figure 6.23Sample BHD9 SEM image 
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6.4 Results and conclusions  

 

A summary of the electrospinning parameters, resultant deposition diameters, calculated average 

fiber diameter and appearance assessment from the standard setup and auxiliary ring setup test 

series are given in Table 6.10 and  

Table 6.11 respectively. 

Table 6.10 Electrospinning parameters and collected data results for the standard setup 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

Hi-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Collector 

Voltage 

(kV) 

Deposition 

area (cm) 

Fiber 

diameter 

Appearance 

BHD1 20 10 0.005 -5 5 545±80 Smooth 

BHD2 20 5 0.005 -5 6 1015±251 Slight 

beading 

BHD3 30 10 0.005 -5 6 1355±319 Smooth 

BHD4 30 5 0.005 -5 7.5 1407±281 Slight 

beading 

 

Table 6.11 Electrospinning parameters and collected data results for the setup with 

auxiliary electrode ring 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle Hi-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Collector 

Voltage 

(kV) 

Deposition 

area (cm) 

Fiber 

diameter 

Appearance 
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BHD5 20 10 0.005 -5 2 (rapid fiber 

build up) 

1568±251 Smooth, 

fiber 

breakage 

BHD6 20 5 0.005 -5 2 (rapid fiber 

build up) 

1483±159 Smooth, 

fiber 

breakage 

BHD7 30 10 0.005 -5 2.3 1431±157 Smooth 

BHD8 30 5 0.005 -5 Will not spin - - 

BHD9 30 15 0.005 -5 1.5 1405±192 Smooth. 

fiber 

breakage 

 

6.4.1 Electrospinning standard setup 

The initial sample BHD1 had a deposition area of 5 cm, showed no signs of beading (smooth) and 

had a fiber diameter of 545±80 nm.  

- A decrease in the needle high voltage (sample BHD2) yielded a larger deposition area (6 

cm), thicker fibers and a slightly beaded morphology. All these effects can be explained 

by the decrease in field strength resulting in weaker directing and less stretching of the 

fibers. The weaker field strength can be seen by comparing the electric field simulations 

(Figure 6.5 and Figure 6.7) 

- An increase in tip-to-collector distance (sample BHD3) yielded a larger deposition area 

(6 cm), thicker fibers and a slightly beaded morphology. All these effects can be 

explained by the decrease in field strength from the distance increase resulting in weaker 
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directing and less stretching of the fibers. The weaker field strength can be seen by 

comparing the electric field simulations (Figure 6.5 and Figure 6.9 ) 

- The needle high-voltage was decreased and the tip-to-collector distance increased 

(BHD4) resulting in a larger deposition area and thicker fibers than all the previous cases 

as well exhibited beading. This is expected as both parameter changes lead to a decrease 

in the electric field strength and thereby lessen direction and stretching of the fibers. The 

weaker field strength can be seen by comparing the electric field simulations (Figure 6.5 

and Figure 6.11) 

6.4.2 Setup with auxiliary directing electrode ring 

- All the electrospun samples exhibited a minimal deposition area, smooth fiber 

morphology and had approximately the same fiber diameter. Differences did occur 

however in the amount of fiber breakage that occurred. The morphological and diameter 

consistency despite the parameter changes suggests that the fibers may have been 

stretched to their maximum point, or too rapidly, and broke beyond a certain stretching 

point. 

- Breaking of the fibers occurred when the electric field strength was too high as was the 

case when the applied needle high voltage is too high and/or the tip-to-collector distance 

is too short. This was probably because of the rapid stretching of the fibers and not 

because they reached a breaking point (the polymer exhibiting viscoelastic behavior) as it 

was shown in a previous sample (sample BHD1) that they can attain a considerably 

smaller diameter. The breaking of the fibers was exhibited in the initial sample (sample 

BHD5) as well as in the case where the high voltage was reduced (sample BHD6). When 

the tip-to-collector distance was increased (sample BHD7) the fibers ceased to break.  
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When at the same distance the needle-high voltage was raised again, the fibers started to 

break (sample BHD9), confirming that it is the electric field strength that is determinant 

for fiber breakage. 

- A simultaneous decrease of the needle hi-voltage and increase of the tip-to-collector 

distance would not spin at all (sample BHD8). It is suggested that the electric field at the 

needle point was too weak. A possible cause is that the auxiliary ring had dampened the 

field around the needle tip and hindered spinning. This is shown in the simulations where 

the area of the needle tip has lower electric field strength than all the previous samples 

leading to the conclusion that the field was too weak to induce electrospinning. 

6.4.3 The standard setup displayed vs. setup with an auxiliary directing electrode ring 

- The addition of the auxiliary ring resulted in a much smaller deposition area. All the 

electrospun samples show a decrease of the deposition area diameter with over 60%.  

- The electric field simulations reveal a considerably stronger, more directed and more 

uniform field between the needle tip and the substrate in the presence of the auxiliary 

ring, this is displayed especially when comparing samples BHD1 and BHD5 that had the 

same parameters (Figure 6.5 and Figure 6.15 respectively). The electric field strength and 

uniformity is also considerably more pronounced around the center of the substrate. 

- The alteration of the electric field resulted in a change of the fiber morphology. This can 

be seen in the BHD2 sample that showed beading (Figure 6.8), but given the same 

parameters the BHD6 sample displayed no beading (Figure 6.18). 

- The higher strength of the electric field can result in the breakage of the fibers, as can be 

seen in the BHD9 sample (Figure 6.23) 
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- The fiber diameters increased for all the cases where an auxiliary electrode ring was used. 

This can be explained by the more drawing of polymer solution during fiber formation, as 

well as a decrease in fiber flight time before deposition, and that the high electric field 

strength led to rapid fiber breakage before the fibers could be stretched any further. 

6.5 Final remarks 

The introduction of the ring resulted in a considerably smaller deposition area proving that its use 

in the manipulation of the electric field in an attempt to direct the fibers was successful. It also 

eliminated all beading prior to its use and resulted in more uniform fiber morphology. On the 

second hand, the fibers in some cases exhibited fiber breakage when the electric field was too 

strong and uneven lateral deposition (fiber build up). The fibers also had a higher fiber diameter.  

It was also noted that the use of a negatively charged substrate as opposed to just use of a 

grounded substrate (as was done in Chapter 4), even given the same potential difference between 

needle and substrate, has a considerable effect on the fiber morphology in minimizing beading.  It 

is therefore advisable to use the ring when a smaller deposition area and smooth fibers are 

required (as opposed to just a minimal fiber diameter). It is also advisable to use a negatively 

charged substrate instead of a grounded one to acquire same. Further investigation to adjust the 

parameters to yield thinner fibers by e.g. increasing the tip-to-collector distance and/or 

introducing different setup geometry is needed. 
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Chapter 7 - Experimental 5 – The triple electrode setup 

A novel setup to obtain aligned fibers was tried based on the assumption that the fibers travel as a 

charged jet stream and their motion and deposition can be manipulated by the electrostatic field. 

Once the fibers deposit upon a substrate, they are treated as charged fibers as opposed to a jet 

stream, and are under the continued influence of the electrostatic field. The fibers themselves can 

carry a charge and when deposited on a charged electrode obtain the same charge as the electrode 

and seek to further connect with an opposite charge source. In the case of the triple electrode 

setup introduced here, two electrodes of equal and similar charge center on an electrode of 

opposite charge. The triple electrode setup is depicted in the sketch in Figure 7.1 and the picture 

in Figure 7.2. As the fibers eject from the needle tip upon applying high-voltage, they travel 

towards the electrode(s) of opposite charge in line with the applied electric field, and under 

influence of the other electrodes straighten out and stretch upon arrival. As they connect with the 

primary destination electrode, they obtain a high charge and seek out the closest high source of 

opposite charge, in this case the neighboring electrode. The aim of this test series was to assess if 

aligned fibers can be obtained via this method, to determine their dimensions and morphology, 

and what parameters are influential in the development of the fibers. It was also of interest to 

obtain the largest amount of aligned fibers possible. The auxiliary ring used in the previous 

chapter to control the deposition area (Chapter 4) was added in a second set of trials to assess if 

any changes in deposition and fiber morphology occur. 
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7.1 Design of the triple electrode setup 

The electrodes were manufactured from polished copper piping and had a 9 cm length and a 

cross-sectional diameter of 0.5 cm. The distance between the electrodes was variable. The 

collector electrodes charge was variable, with the two outer electrodes always having an equal 

and similar charge and the middle electrode having an opposite charge but not necessarily equal 

charge as the outer electrodes. Collection of fibers was done by gently swiping an aluminum foil 

covered microscope glass slide between the electrodes as seen in Figure 7.3.  

 

Figure 7.1 Sketch of the triple electrode setup 
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Figure 7.2 Picture of triple electrode setup 

 

Figure 7.3 Fiber removal from triple electrode setup with glass slide 
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Variables and constant conditions for test series 

Electrospinning was conducted horizontally with the needle centered to target the central 

electrode. The tip-to-collector distance was a variable (20-30 cm) 

 The polymer used in the all the test series was 10 wt% PMMA-g-PDMS. The solution 

consisted of 15 wt% polymer in DMF-chloroform (60-40 vol%) 

 Polymeric solution is ejected from the syringe needle at a constant flow rate (0.005 

ml/min) throughout the experiments.  The needle is 5 cm long with a 26 gauge diameter. 

The voltage is connected by a crocodile clip at the far end opposite to the needle opening. 

 The high-voltage applied to the needle tip was always positive and a variable (5-15 kV) 

 The fiber deposition amount (fibers stretching between the electrodes) is assessed 

visually (none-poor-good) after an electrospinning time cycle of 10 min. An example of a 

good deposition can be seen in Figure 7.4. A poor deposition is deemed as a visible 

stretching of fibers between the electrodes but that are too few to form a thick and 

collectable sheet after the deposition cycle. An example of a poor deposition can be seen 

in Figure 7.5. 

 Collection for SEM analysis was done only for the cases that were deemed as a good 

fiber deposition on the electrodes. 
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Figure 7.4 Fiber deposition (good) on triple electrode setup 

 

 

Figure 7.5 Fiber deposition (poor) on triple electrode setup 
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7.2 Triple electrode setup trials 

Samples prepared by the use of the triple electrode setup are given in this section. Each samples 

parameters, electric field distribution and resultant fiber SEM image are given in a consecutive 

order. The parameters tested are those of samples BHT1, BHT2, BHT3, and BHT4 and BHT5. 

 

Table 7.1 Sample BHT1 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHT1 20 15 0.005 2 +1 -5 good 

 

 

Figure 7.6 Sample BHT1 electrospinning simulation 
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Figure 7.7 Sample BHT1 SEM image 

 

Figure 7.8 Sample BHT1 SEM image (close up) 

  

Table 7.2 Sample BHT2 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHT2 30 15 0.005 2 +1 -5 poor 
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Figure 7.9 Sample BHT2 electrospinning simulation 

 

Table 7.3 Sample BHT3 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHT3 30 15 0.005 2 +5 -10 poor 
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Figure 7.10 Sample BHT3 electric field simulation 

 

Table 7.4 Sample BHT4 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHT4 20 10 0.005 2 1 -5 poor 
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Figure 7.11 Sample BHT4 electric field simulation 

 

Table 7.5 Sample BHT5 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHT5 20 15 0.005 1 +1 -5 good 

 ‗ 
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Figure 7.12 Sample BHT5 electric field simulation 

 

Figure 7.13 Sample BHT5 SEM image 

 

Figure 7.14 Sample BHT5 SEM image 

(close up) 
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7.3 Triple electrode setup with auxiliary directional ring trials 

 

Design of the triple electrode setup with auxiliary ring 

The ring added to the triple electrode setup had a constant 12 cm ring diameter and 1.5 cm cross 

sectional diameter and was placed around the needle, with the needle centered at the middle. The 

ring electric potential was set at the same hi-voltage as the needle by the use of the same external 

voltage source. The setup can be seen in Figure 7.16. This resulted in a higher yield of deposited 

aligned fibers between the electrodes as was seen by a much shorter time (approximately half the 

time) for sheets of equal thickness to form between the electrodes. A comparison between the 

triple electrode setup without and with the auxiliary ring can be done by comparing resultant 

electric field for sample with otherwise the same parameters, such as sample BHT1 and BHTD1 

respectively, as is given in Figure 7.16 and Figure 7.17. The parameters tested are those of 

samples BHTD1, BHTD2 and BHZ1 (with reversed electrode polarity). 

 

Figure 7.15 Triple electrode setup with auxiliary directional electrode ring 
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Table 7.6 Sample BHTD1 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle  

ring high-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHTD1 20 15 0.005 2 +1 -5 Good 

 

 

Figure 7.16  Electric field simulation for triple electrode setup without auxiliary directional 

ring for sample BHT1 
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Figure 7.17  Electric field simulation for triple electrode setup with additional auxiliary 

directional ring for sample BHTD1 

 

 

Figure 7.18 Sample BHTD1 electric field simulation (close up) 
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Figure 7.19 Sample BHTD1 SEM image 

 

 

Figure 7.20 Sample BHTD1 SEM image 

(close up) 

Table 7.7 Sample BHTD2 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle  

ring high-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHTD2 30 15 0.005 2 +1 -5 Good 
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Figure 7.21 Sample BHTD2 electric field simulation 

 

Figure 7.22 Sample BHTD2 SEM image 

 

Figure 7.23 Sample BHTD2 SEM image 

  

7.3.1 Reversed electrode polarity on triple electrode with auxiliary ring setup 

The polarity of the electrodes was reversed to see the difference in deposition behavior. It was 

noted that the positively charged fibers tend to deposit heavily on the negatively charged outer 
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electrodes, but a fair fraction of the fibers (approx. 1/5 by visual assessment) do stretch to the 

central electrode and build a well aligned fiber film. The auxiliary directional electrode was used 

for this setup as well. 

 

Table 7.8 Sample BHZ1 parameters 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle –

ring high-

Voltage 

(kV) 

Feed rate 

(ml/min) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition of 

fibers 

between 

electrodes 

BHZ1 20 15 0.005 2 -10 +5 Good 

 

 

Figure 7.24 Sample BHZ1 electric field simulation 
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Figure 7.25 Sample BHZ1 SEM image 

 

Figure 7.26 Sample BHZ1 SEM image (close up) 
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7.4 Results 

 

A summary of the electrospinning parameters, observed deposition amount on electrodes, 

calculated average fiber diameter and appearance assessment from the triple electrode setup and 

triple electrode-auxiliary ring setup trials are given in Table 7.9 and Table 7.10 respectively. 

 

Table 7.9 Triple electrode setup results 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition 

of fibers 

between 

electrodes 

Fiber 

diameter 

(nm) 

Appearance 

BHT1 20 15 2 +1 -5 good 3169±712 Smooth, 

minor 

alignment, no 

fiber 

breakage 

BHT2 30 15 2 +1 -5 poor - - 

BHT3 20 15 2 +5 -10 poor - - 

BHT4 20 10 2 +1 -5 poor - - 

BHT5 20 15 1 +1 -5 good 2179±406 Smooth, 

minor 

alignment, 

fiber 

breakage and 

coiling 
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Table 7.10 Triple electrode setup with auxiliary directional electrode parameters results 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition 

of fibers 

between 

electrodes 

Fiber 

diameter 

(nm) 

Appearance 

BHTD1 20 15 2 +1 -5 Good 1260±200 Smooth, 

good 

alignment, 

minor fiber 

breakage 

BHTD2 30 15 2 +1 -5 Good 1601±234 Smooth, no 

alignment, no 

fiber 

breakage 

 

Table 7.11 Triple electrode setup with auxiliary directional electrode and reversed electrode 

polarity results 

Sample 

# 

Tip-to-

collector 

(cm) 

Needle 

High-

Voltage 

(kV) 

Distance 

between 

electrodes 

(cm) 

Outer 

electrode 

Voltage 

(kV) 

Central 

electrode 

voltage 

(kV) 

Deposition 

of fibers 

between 

electrodes 

Fiber 

diameter 

(nm) 

Appearance 

BHZ1 20 15 2 -10 +5 Good 1208±309 Smooth, 

Excellent 

alignment, no 

fiber 

breakage 
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7.5 Observations and conclusions 

 

The initial sample (sample BHT1) had a 15 kV needle high voltage, a tip-to-collector distance of 

20 cm; 2 cm inter electrode distance; +1kV charge on outer electrode/ -5kV charge on inner 

electrode. The sample exhibited good deposition between electrodes, a smooth fiber morphology 

with minor alignment and a diameter of 3169±712 nm. 

 

 A decrease in the needle high voltage (sample BHT4) and an increase in the tip-to-

collector distance (sample BHT1) resulted in a poor deposition of fibers. In both cases, 

the electric field simulations reveal a weaker electric field in the region in front of the 

electrodes, most probably leading to less directing of the fibers to the electrodes. 

 

 An increase of the inter electrode distance (sample BHT6) resulted in no fiber deposition. 

This is most likely due to the lack of sufficient electric field strength and lack of fibers 

that are long enough to stretch across the inter electrode span.   

 

 A decrease of the inter electrode distance (sample BHT5) resulted in a good deposition 

with thinner fibers. It is notable that the fibers exhibited extensive fiber breakage and 

coiling.  The electric field between the electrodes was considerably higher than the initial 

sample that exhibited no breakage or coiling. The difference can be seen by comparison 

of the electric field simulations. It is assumed that after the fibers initially deposited 

between the electrodes, they broke off due the high strain exerted by the electric field. 
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 A change in the relative voltage electrode ratio whilst maintaining polarity (sample BHT3 

with altered values of negative charge on the central electrode and positive charge on 

outer electrodes) resulted in poor deposition.  The electric field simulation shows a 

stronger electric field between the electrodes but a different field distribution.  Different 

ratios need further investigation to decide optimum electrode charges for maximum 

aligned fiber deposition. 

 

Most samples with altered parameters from the initial sample (BHT1) would not deposit 

adequately on the electrodes. The following was required to have a good deposition: a short tip-

to-collector distance of ca 20 cm (compared to sample BHT2 that had 30 cm), a short inter 

electrode distance of ca 2 cm (compared to sample BHT6 that had 3 cm), a strong enough electric 

field to direct the fibers (compared to sample BHT4 that had a 10kV needle high-voltage) and 

finally a collector voltage of the right ratio to draw the fibers across the electrodes (compared to 

sample BHT3). 

 

Addition of the auxiliary directional electrode 

It was of interest to see if the auxiliary electrode can assist in the deposition of the fibers between 

the electrodes. 

 

The initial sample (sample BHT1) had a 15 kV needle high voltage, a tip-to-collector distance of 

20 cm; 2 cm inter electrode distance; +1kV charge on outer electrode/ -5kV charge on inner 

electrode. The sample exhibited good deposition between electrodes, a smooth fiber morphology 

with minor alignment and a diameter of 3169±712 nm. 
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 The addition of the auxiliary ring (sample BHTD1) resulted in continued good deposition 

between electrodes, a smooth fiber morphology with minor breakage and a considerably 

smaller diameter of 1260±200 nm. This can be explained by the increase in electric field 

strength as seen when comparing the electric field simulations without and with the ring 

seen in Figure 7.16 and Figure 7.17 respectively. 

 

 The combined addition of the auxiliary ring and the increase in the tip-to-collector 

distance from 20 to 30 cm (sample BHTD2) continued to result in good fiber deposition 

but with thicker fibers than sample BHTD1 and no breakage. This can be explained by 

the decrease in electric field strength and lessened fiber stretching. A less rapid stretching 

and thicker fibers led to a lessening of fiber breakage. It is notable that sample BHT2 had 

a 30 cm tip-to-collector distance but lacked an auxiliary ring which resulted in poor 

deposition. 

 

Triple electrode setup with auxiliary directional electrode with reversed polarity 

 

The choice of polarity of the electrodes naturally makes a significant difference to the deposition 

behavior of the fibers given that the flight path of the fibers is determined by the distribution of 

electric field around the substrate electrodes. In the case of having an inner electrode with a 

negative charge and outer electrodes of positive charge, the positively charged fiber stream 

targets the central electrode and upon deposition stretches to the outer electrodes. It is then 

decisive for deposition that the outer electrodes‘ total repelling effect in the outer region of the 

triple electrodes does not outweigh the effect of the central electrodes pull. This is done by having 
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a considerably lower charge on the outer electrodes and taking into consideration the total 

distribution of the electric field of the setup (e.g. geometry, space permittivity and needle high 

voltage) which in the tested cases was simulated by computer software.  

 

In the reversed case of having negatively charged outer electrodes and a positively charged inner 

electrode, the resultant total electrical field in the vicinity of the electrodes also targets the central 

electrode (despite its positive charge). This is due to the total pull of the outer electrodes on the 

fibers and the fibers‘ point of approach. For this to take effect, the total pull effect of the outer 

electrodes must outweigh the repelling effect of the inner electrode. This is done by having a 

considerably higher charge on the outer electrodes and taking into consideration the total 

distribution of the electric field of the setup (e.g. geometry, space permittivity and needle high 

voltage) which in the tested cases was simulated by computer software.  The fiber flight path was 

assumed to be that the fibers would approach the central electrode and finally swerve towards the 

outer electrodes (due to repelling forces in the closest vicinity of the central electrode) and in a 

stretched state deposit on the negatively charged electrodes. Upon deposition on the negatively 

charged electrode, they obtain a high negative charge and seek out the closest high source of 

opposite charge, in this case the neighboring central electrode and stretch between the electrodes. 

A schematic of the process can be seen in Figure 7.27. It was observed that when using a setup 

with negatively charged outer electrodes and a positively charged inner electrode, that the 

deposited fiber would indeed behave as predicted. The deposited fibers had an excellent 

alignment (as seen in Figure 7.25 and Figure 7.26) and thick aligned fiber mats could be obtained. 

The fibers also had a diameter that was less than that of the other setup with reversed electrode 

polarity. The downside with this method was that a large amount of fibers would be lost due to 
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direct deposition of fibers on the negative electrodes. Only the fibers that initially approach the 

central electrode finally stretch between the electrodes as is desired. It was therefore concluded 

that if fiber loss is not issue, that this method should be chosen to obtain the largest amount of 

aligned fibers. 

 

Figure 7.27 Schematic of the charged fiber deposition on the triple electrode with reversed 

polarity 

 

The triple electrode setup also facilitated the removal of deposited fibers as opposed to the 

common flat sheet substrate. This is especially the case when aiming to obtain bundles of aligned 

fibers. The fibers are removed by simply inserting two sharpened edges between the electrodes 

and with an upward motion swipe the electrodes from top to bottom. The result is a fiber bundle 

that can be further processed. The procedure for fiber collection can be seen in Figure 7.28. 
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Figure 7.28  Aligned fiber removal from the triple electrode 
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Chapter 8 - Experimental 6 – The triple electrode with rotating drum 

setup and making of composite sheets 

A novel setup for collecting sheets of aligned nanofibers was made by combining the triple 

electrode collector with a rotating drum and an auxiliary electrode ring. A rotating drum is used 

as the central positively charged electrode and is placed between two negatively charged 

electrodes. The setup can be seen in the sketch Figure 8.1 and pictures in Figure 8.2 and Figure 

8.3. The idea was that once the fibers deposited on the negatively charged electrodes, that they 

then stretch towards the central rotating electrode and get picked up by the mechanical motion as 

can be seen in Figure 8.4.The standard procedure for the collection of fibers by solely the rotating 

drum requires considerably higher rotation rate and a considerable amount of fibers is lost due to 

the air motion emanating from the drums motion. This setup allowed the use of a lower rotation 

rate than that which is necessary from the use of only a rotating drum as a means for aligned fiber 

collection due to the decrease in air motion resulting from high rotational speed. The collected 

nanofibers were incorporated in a silicone elastomer matrix to yield composites with aligned 

nanofibers.  
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Figure 8.1 Sketch of the triple electrode combined with rotating drum 

 

 

Figure 8.2 Picture of the triple electrode combined with the rotating drum 
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Figure 8.3 Picture of the triple electrode combined with the rotating drum (different angle) 

 

 

Figure 8.4 Triple electrode and rotating drum aligned fibers 
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8.1 Electrospinning with the setup to produce nanofiber sheets 

 

The following parameters and constructs were used for this setup: 

 

 Outer electrodes were given a negative voltage of -10kV.  

 The rotating drum was wrapped with an aluminum foil sheet and served as the central 

electrode in the triple electrode setup. The sheet was given a positive voltage of +5kV. 

 The needle was centered in an aluminum auxiliary directional electrode ring (ring 

diameter  is 12 cm, cross-section diameter is 1,5 cm) and both were given a positive high-

voltage of 12kV 

 The polymer used was 10 wt% PMMA-g-PDMS. The solution consisted of 15 wt% 

polymer in DMF-chloroform (60-40 vol%) 

 Needle had a 26 gauge diameter and the polymer solution feed-rate was 0.005 ml/min 

 Tip-to-collector distance from the needle tip to the surface of the  rotating drum was set at 

25 cm 

 The rotating drum had a diameter of 8 cm, and was rotating at a speed of 1000 rpm 

 Electrospinning was conducted for a period of 30 min to obtain a sheet thick enough for 

further study. 

 

An electric field simulation around the static rotating drum whilst charged is given in Figure 8.5.  
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Figure 8.5 Electric field simulation around the rotating drum 

8.1.1 Results 

A piece of the aluminum foil with deposited fibers was studied under the SEM and the images are 

given in Figure 8.6 and Figure 8.7. 

 

 

Figure 8.6 SEM image of deposited aligned 

fibers using the triple electrode-rotating 

drum setup 

 

Figure 8.7 SEM image of deposited aligned 

fibers using the triple electrode-rotating 

drum setup (close up) 
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The fibers produced by the triple electrode combined with the rotating drum had an average 

diameter of 2668±668 nm. Their appearance is smooth and they are fairly well aligned (as seen in 

Figure 8.6 and Figure 8.7. 

 

8.2 Manufacture of thin aligned nanofiber-silicone composite film 

 

To obtain a thin layer of composite film consisting of aligned nanofibres embedded in a silicone 

matrix, the setup and procedure described in section 8.1was utilized. It was there found that the 

methodology resulted in aligned fibers depositing on an aluminum substrate wrapped around the 

rotating drum. Following the steps outlined in section 8.1 a few developments were added. The 

aluminum foil wrapped around the rotating drum was coated with uncured silicone resin (Silicone 

dehesive 920 with 2.5 wt% crosslinker V24 and 1 wt% Catalyst C 05, Wacker, Germany) prior to 

electrospinning. The fibers were then electrospun on the rotating drum for approximately 2 hours. 

The formed fiber silicone film was gently removed from the aluminum foil and hung between 

three glass slides as depicted in Figure 8.8. The film was then placed in a vacuum oven, and was 

allowed to cure under vacuum for 8 hours at 90
◦
 C.  
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Figure 8.8 Fiber-silicone composite film 

8.2.1 Results 

A piece of the cured film was studied under the SEM and the images are given in Figure 8.9 and 

Figure 8.10. It can be seen that the fibers are embedded in the cured silicone but it is not possible 

to assess their degree of alignment. It is assumed that they maintain the same alignment as when 

they first deposited on the silicone. 

 

Figure 8.9 SEM image of cured silicone film with embedded fibers 
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Figure 8.10  SEM image of cured silicone film with embedded fibers (close up) 

 

8.3 Thick aligned fiber-silicone laminate composite via the rotating drum method 

 

An attempt to prepare a thick laminate composite (ca 1 mm) was done by placing of the fiber-

silicone sheets in a silicone matrix. The silicone-nanofiber films were produced by means of the 

triple electrode -rotating drum setup mentioned in section 8.2. The composites were made in the 

following way: 

 

1. The fiber sheet was produced by the means described in section 8.2, by using the triple 

electrode–rotating drum setup. A notable difference is that the sheets were electrospun 

onto silicone resin that lacked catalyst to avoid the premature curing of the fiber sheet. 

 

2. The fiber sheets were removed gently from the substrate to preserve the fiber alignment 

and hung between glass slides in the same manner described in section 8.2. The sheets 
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were then placed in vacuum at a temperature of 80
◦
 C to fully dry and remove any solvent 

residue left from the electrospinning process. 

 

3. A thin layer of uncured silicone matrix (Silicone dehesive 920 with 2.5 wt% crosslinker 

V24 and 1wt% catalyst, Wacker, Germany) was poured into a mould with a non-stick 

Teflon film placed in the bottom. The layer was subjected to vacuum for a period of 2 

hours to remove any air remaining from mixing of silicone oligomers with catalyst. 

 

4. The fiber sheet was gently lifted into the mould and allowed to sink into the silicone 

layer. Additional degassed silicone was placed on top of the sheet to ensure complete 

coverage of the fibers. 

 

5. The system was placed under vacuum for a minimal period of 2 hours whereby heating 

was introduced to cure the composite. The system was cured for a period of two hours in 

80ºC and then in 110ºC for a period of 3 hours and then removed for study. 

 

8.3.1 Results 

It was found that the system does not properly degas when the procedure described in section 8.3 

is used. All the attempts to produce a uniform composite yielded heavy bubble and gas pore 

formation within the composite which disturbed the fiber alignment within the composite and 

even made it difficult to  remove the composite from the mold without it breaking. All attempts to 

degas the fiber matrix (the silicone) and the fibers in the various steps with various temperatures 

and with extended time in the vacuum yielded a composite with heavy gas pore formation in the 
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composite. It is assumed that the fibers do not fully dry prior to deposition on the rotating drum 

and are coated with the uncured silicone which hinders the solvent residue on the fibers to 

evaporate properly. When the temperature is raised to initiate curing the simultaneous solvent 

expansion and matrix curing resulted in the failed composite samples. 

 

8.4 Conclusions 

 

The rotating drum-triple electrode setup seems a feasible was to produce nanofiber sheets with a 

fair degree of alignment. But the removal of the fibers from the aluminum substrate whilst 

maintaining the integrity of the nanofibers and their alignment proved to be problematic if one 

wishes to transfer the fibers into a matrix or for further study. The coating of the rotating drum 

with the uncured silicone resin alleviated the nanofiber transfer problem as the nanofibers would 

adhere together during removal from the substrate.  However, it is a difficult procedure with the 

risk of again interfering with the alignment of the fibers. It was shown that is in fact feasible to 

produce thin films via this method but the degree of alignment within the film could not be 

assessed. Efforts to produce thicker sheets resulted in failed composites with heavy bubbling and 

pore formation during the curing process. It was assumed that the fibers had residual solvent 

which interfered with the curing process. 
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Chapter 9 - Experimental 7 – Aligned fiber silicone composites with the 

triple electrode setup 

Based on the previous study of the triple electrode setup described in Chapter 7, a new setup was 

used and a methodology was developed to produce an aligned fiber silicone composite. The 

procedure involved using the same triple electrode setup with a few new additions to increase the 

fiber yield and facilitate removal of aligned fibers. Instead of simply using copper electrodes, the 

same electrodes were wrapped with rubber tubing to increase the deposition area and maintain the 

fiber charge. The rubber tubing had the effect of still partially conveying charge, and the same 

electrospinning and deposition behavior in which the fibers stretched across the electrodes was 

observed. It is also notable that a reversed electrode polarity (as was used in section 7.3.1) is used 

here to increase the fiber yield. A sketch of the setup is given in Figure 9.1.  

 

Figure 9.1 Triple electrode setup with auxiliary directional electrode ring and rubber 

tubing 
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9.1 Electrospinning 

The following parameters were used in the setup: 

 The electrodes were manufactured from polished copper piping and had a 9 cm length 

and a cross-sectional diameter of 0.5 cm.  The electrodes were wrapped with standard 

carbon black vacuum rubber tubing that had a thickness 2 mm. 

 The collector electrodes charge was constant, with the two outer electrodes always 

having an equal negative charge of -5kV and the middle electrode having an opposite 

positive charge of +2kV. The inter electrode distance was constant at 2 cm. 

 Electrospinning was conducted horizontally with the needle centered to target the central 

electrode. The tip-to-collector distance was set at 25 cm. 

 The polymer used in the all the test series was 10 wt% PMMA-g-PDMS. The solution 

consisted of 15 wt% polymer in DMF-chloroform (60-40 vol%) 

 Polymeric solution was ejected from the syringe needle at a constant flow rate (0.005 

ml/min) throughout the experiments.  The needle is 5 cm long with a 26 gauge diameter.  

 The high-voltage applied to the needle tip and auxiliary electrode ring was always 

positive and set at 15 kV. 

 Electrospinning was conducted for a total of 40 minutes to achieve a thick mat of aligned 

fibers. 

 

 It was noted that in using this setup, the formation of the mat would take on three distinct steps. 

During the first stage, the fibers would stretch (aligned) between the outer and inner electrodes 

with light and random deposition on the outer electrodes; In the second, stage, the deposited 

fibers had formed a fine opaque sheet between the electrodes and the deposition on the outer 
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electrodes continued to be heavy. In the third and final phase, the fibers would deposit in such a 

manner that they would stretch across the entire span of electrodes, that is to say, between the 

outer electrodes, and the fiber mat would lift very slightly from the central electrode, most 

probably due to repelling force between the central electrode and the charged mat. Continued 

electrospinning in the same manner resulted in a considerably thick, uniform and opaque sheet 

that spanned across the outer electrodes. A schematic of the process can be seen in Figure 9.2.  

 

Figure 9.2 Nanofiber deposition stages: 1. nanofibers stretch between inner and outer 

electrodes, 2. A fine opaque sheet forms between inner and outer electrodes, 3. Fibers 

deposit and stretch between outer electrodes and mat lifts from inner electrode 

 

An image of the second stage of fiber deposition using this setup can be seen in Figure 9.3, in 

which it can be noted that the fibers are in early stages of deposition (ca 10 minutes into the 

electrospinning cycle) and that there is considerable random deposition on the outer electrodes. 

This heavy deposition of fibers on the outer electrodes was noted earlier in section 7.3.1 , in 
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which the regular triple electrode setup was used and it was noted that having an electrode 

polarity with negative outer electrodes and a positive inner electrode resulted in highly aligned 

fiber mats but had the drawback of heavy deposition of fibers on the outer electrodes as opposed 

to just nanofibers spanning between the electrodes. An example of how the fiber mat can look 

nearing a complete electrospinning cycle (35 min) can be seen in Figure 9.4. 

 

 

Figure 9.3 Triple electrode setup with auxiliary directional electrode ring and rubber 

tubing, 10 minutes into electrospinning cycle. 
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Figure 9.4 Triple electrode setup with auxiliary directional electrode ring and rubber 

tubing, 35 minutes into electrospinning cycle. 

 

9.2 Fibermat removal method 

 

To successfully remove the fiber sheet from the setup (for further microscopic study and 

incorporation into a PDMS matrix to from composites) a methodology consisting of several 

different steps was developed. After completing the electrospinning cycle, the fibers were 

removed by first making an incision with a sharpened blade along the outer electrodes to sever 

the aligned fibers from the amassed fibers on the outer electrodes. The fiber mat was thereafter 

lifted gently by placing two glass rods at the fiber mat edges and lifting upwards.  Special care 

was taken to remove the fiber mat gently from the electrodes and preserve the fiber alignment and 
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it was hung between a set of upright glass slides. The sheets were then placed in vacuum at a 

temperature of 60º C for 5 hours to fully dry and remove any solvent residue left from the 

electrospinning process. The midsection of the fiber mat was finally placed on an aluminum sheet 

for further microscopy analysis. In the process of making the composite outlined in an upcoming 

section(section  9.3), the final step consisted instead of lifting the fiber mat into the uncured 

silicone resin after the fiber sheets had been dried. A sketch of the fiber removal process and 

imagery are given in Figure 9.5 and Figure 9.6-Figure 9.7 respectively. 

 

Figure 9.5 Fiber sheet removal steps from triple electrode: 1. Incision along outer 

electrodes; 2. Lifting with glass rods; 3. Placement on holder 
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Figure 9.6 Aligned fiber mat with incisions made on outer electrodes 

 

Figure 9.7 Removed aligned fibers placed on glass hanger 
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9.3 Making of the composite 

  

To obtain a silicone laminate composite material, the sheets obtained in the previous section 

(section 9.2) were incorporated into a silicone matrix and thermally cured. A thin layer of 

uncured silicone matrix (Silicone dehesive 920 with 2.5 wt% crosslinker V24 and 1wt% catalyst, 

Wacker, Germany) was poured into a mould with a non-stick Teflon film placed in the bottom. 

The silicone layer was subjected to vacuum for a period of 2 hours to remove any air remaining 

from mixing of silicone oligomers with catalyst. A single fiber sheet produced by the method 

described in section 9.2 was gently lifted into the mould and only its midsection (containing the 

aligned fibers) was allowed to sink into the silicone layer.  This can be seen in Figure 9.8. 

Additional degassed silicone was dripped on top of the sheet to ensure complete coverage of the 

fibers.  The system was placed under vacuum for a minimal period of 2 hours whereby heating 

was introduced to cure the composite. The system was cured for a period of two hours in 80ºC 

and then in 110ºC for a period of 3 hours and then removed for study. An image of the final 

produced composite is given in Figure 9.9. 
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Figure 9.8 Aligned fiber sheet placed in silicone 

 

 

Figure 9.9 Composite consisting of PMMA-g-PDMS polymer aligned fibers in a silicone 

matrix 
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9.4 Making of porous silicone with uniaxially oriented nano-channels 

 

A porous silicone with uniaxially oriented nano-channels was produced by selective dissolution 

of the nanofibers in the composite made in section 9.3. This was made to evaluate the mass of 

fibers that had been embedded in the matrix, as well as to see the feasibility of construction of 

nano-channels in the matrix using the nanofibers as templates. Selective dissolution of the 

nanofibers was made by choice of THF solvent. The composite sample was weighed and placed 

in the THF for 10 hours and was then removed and placed in fresh THF for a period of 5 hours. . 

It was noted the silicone exhibited considerable swelling during the fiber extraction period. The 

material was then removed from solvent and left to dry at room conditions for 24 hours and then 

placed in a vacuum for a period of 6 hours. The final sample was weighed and analyzed by SEM 

to evaluate occurrence of fibers. 

 

9.5 Results 

9.5.1 Aligned fiber sheets 

The collected fiber mat made in section 9.2 was characterized by scanning electron microscopy 

(SEM) to assess the fiber diameter and morphology. The SEM image is given in Figure 9.10. The 

fibers had a smooth fiber morphology and apparent good alignment. The average fiber diameter 

was found to be 1396 ±177 nm. 
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Figure 9.10 SEM image of aligned fiber sheet (close up) 

9.5.2 Composite 

The composite produced in section 9.3  was studied with the SEM. Images of a cross-section of 

the mid-region of the composite (transverse fiber direction) are given in Figure 9.11 and Figure 

9.12. It can be seen in the SEM images that the fibers from the mat did not agglomerate in the 

matrix. The fibers are clearly embedded in the matrix and pores the size of the fibers can be seen 

where the fibers have been severed or pulled out. 
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Figure 9.11 Cross-section of composite 

 

Figure 9.12 Cross-section of composite (close up) 
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9.5.3 Porous nanochannel composite 

The porous silicone with uniaxially oriented nano-channels produced in section 9.4 was studied 

with the SEM. Images of a cross-section of the silicone (transverse pore direction) are given in 

Figure 9.13 and Figure 9.14. Weight analysis revealed the original fiber content in the composite 

was 0.35 wt%. 

 

Figure 9.13 Cross-section of porous silicone 
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Figure 9.14 Cross-section of porous silicone (close up) 

 

9.6 Observations and conclusions 

 

The use of the triple electrode setup is, as this study showed, is a feasible method to obtain 

aligned nano-fiber sheets with a manageable thickness. However, the method has several 

drawbacks. It is a time consuming process and there is a considerable loss of fiber material that 

occurs on the outer-electrodes. The method developed of which to remove the fibers from the 

setup is intricate and requires a steady hand which complicates repeatability, but when compared 

to the use of a rotating drum (another earlier evaluated way to obtain aligned fibers) is deemed by 

the author to be much easier given that the rotating drum uses a flat collector substrate in which 

the fibers must be peeled off (resulting in the breakage and loss of fiber mat uniformity). Other 

methods utilized earlier to produce aligned nanofiber sheets (e.g.) the dual electrode yield a 
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meager amount of nanofiber which are neither manageable nor practical for further processing for 

applications such as composites. 

 

SEM Analysis of the fibers produced by this method showed that they are in the mid micron 

region (ca 1400nm), which is in adequate range of the nanofiber criteria, They are smooth and 

show no sign of beading or other defects or irregularities such as beads. Further incorporation of 

the aligned fibers into a silicone matrix to produce a composite material was possible due to the 

manageability of the mats and the fiber mat content was 0.35wt% ad shown by weight analysis. 

SEM analysis shows that the fibers were embedded in the matrix and did not agglomerate or 

cluster during the incorporation or curing process. However , it cannot be assessed to what degree 

the nanofiber mats retain alignment integrity once embedded in the matrix. Continued work with 

the composites to produce a porous nano-channel material by the selective dissolution and 

swelling of the silicone matrix was successful as shown by SEM analysis. Clear templating of the 

nanofiber sheets can be seen and there are no traces of the dissolved nanofibers. It is interesting to 

note the occurrence of a ―shadow‖ line where the nanofiber mat was placed in the matrix prior to 

dissolution, indicated by the concentration of nano-channel pores around the line. This is seen as 

confirmation that the nanofiber mat indeed had sunk into the matrix material and maintained a 

level of structural integrity as was sought for. 
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