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1 INTRODUCTION 

1.1 Nanotechnology and Nanomaterials 

1.1.1 Nanotechnology 

As defined by the National Nanotechnology Initiative, nanotechnology is 

defined as the understanding and control of matter at nanoscale dimensions where 

unique material properties and behavior allow for novel applications [82].  

Nanotechnology holds special significance because physical, chemical, and biological 

properties that are not present in bulk materials can be seen in materials at the 

nanoscale.  Nanotechnology covers nanoscale science, engineering, and technology 

and involves imaging, measuring, modeling, and manipulating nanomaterials, or 

matter at the nanometer length scale [82].   

Nanotechnology is considered a key to multiple scientific communities in the 

21
st
 century, and is one of the fastest growing areas of scientific research due to its 

impact on numerous scientific disciplines [1, 2].  Patent applications with 

nanotechnological implications have increased from several hundred per year in the 

1990’s to around 10,000 per year by 2008 with the majority of patents filed in the 

United States, China, Japan, and South Korea [59], and research on the production, 

characterization, and application of nanomaterials has become increasingly 

significant in recent years.  Nanotechnology is expected to have revolutionary effects 
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on many industries including aerospace, energy, biotechnology, environmental 

science, information technology, and medicine. 

 

1.1.2 Nanomaterials 

Nanomaterials are defined by the National Nanotechnology Initiative as all 

nanosized materials, including both engineered and natural materials with dimensions 

in the nanoscale [82].  In general, the nanoscale is defined to range between 1 and 100 

nanometers [2, 3, 82], and nanomaterials are defined to have at least one dimension in 

the nanoscale. 

Nanomaterials can take numerous forms, including nanoparticles, nanofibers, 

nanotubes, nanoplates, thin films, and nanocrystalline and nanoporous materials [1, 3, 

4].  Nanomaterials can be classified based on their geometry in to three categories: 

zero-dimensional nanomaterials (nanoparticles), one-dimensional nanomaterials 

(nanofibers, nanotubes), and two-dimensional nanomaterials (nanoplates, thin films) 

[3, 59].  Nanomaterials are of great significance because they have size-dependent 

properties and behavior that are unseen in bulk materials.  These size-dependent 

properties include unique magnetic, optical, thermal, and surface properties.  

Nanomaterials also exhibit massive surface to volume ratios and incredible strength 

and stiffness.  Also, their size allows for nanomaterials to be used in the development 

of miniaturized devices. 
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Nanomaterials have great potential for use in numerous applications spanning 

many areas of science and technology.  Nanomaterials are currently used to 

strengthen composites for lightweight sports equipment, in nanostructured catalysts, 

in some pharmaceutical products, as surface treatments for various materials, in 

dental implants, in the filtration of air and water, and in many electronic devices [82].  

Nanomaterials also hold a large potential for applications in many areas including 

high performance structural or functional materials, in biomedical and biological 

engineering applications, and many other areas [3, 4, 82].  

 

1.1.3 Nanomanufacturing 

 Nanomanufacturing is the production of materials with nanoscale dimensions.  

Nanomanufacturing techniques can generally be categorized in to two classes, 

bottom-up and top-down, each with its own advantages and disadvantages. 

 In bottom-up nanomanufacturing, methods are used to assemble 

nanomaterials from individual atoms.  Bottom-up nanomanufacturing techniques 

allow for increased control over the material structure.  However, these processes 

produce materials slowly and are expensive and labor intensive.  Examples of 

bottom-up nanomanufacturing techniques include molecular self-assembly and 

chemical vapor deposition. 
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 Top-down nanomanufacturing techniques, nanoscale materials are derived 

from bulk materials.  In comparison to bottom-up nanomanufacturing techniques, 

these methods allow for simpler laboratory setups and allow for faster production of 

materials.  Examples of top-down nanomanufacturing methods include 

nanolithography and comminution. 

 Most nanomanufacturing techniques are expensive and difficult to control.  

Also, they generally result in non-uniform, discontinuous materials that exhibit 

difficult implementation and utilization of properties, generally require expensive 

post-processing, and pose a significant health risk in comparison to continuous 

nanomaterials. 

 

1.2 Nanofibers 

Nanofibers are of interest to many areas of research, as their unique properties 

make them appealing for a wide number of applications.  Nanofibers exhibit 

extremely large surface area to volume ratios [6, 7] and have shown significant 

increases in modulus and strength when their diameters are below 500 nanometers 

[8].   
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1.2.1 Methods of Nanofiber Production 

Several methods exist for the production of nanofibers [5], including bi-

component spinning, melt-blowing, flash spinning, and electrospinning.  However, 

electrospinning is a preferred technique.  Electrospinning can be implemented with a 

generally simple setup.  It is an extremely versatile technique as the process works 

with many materials (even polymer blends, polymers with embedded nanomaterials 

such as carbon nanotubes [13, 14]).  Additionally, electrospinning has a relatively low 

cost compared to other nanomanufacturing techniques.  Finally, the ability of the 

technique to produce continuous fibers adds to the value of electrospinning [6, 9, 10].   

 

1.2.2 A Brief History of the Electrospinning Process 

In order for researchers to develop early forms of the electrospinning method, an 

understanding of the behavior of fluids when subjected to electrostatic forces is 

required.  Early research by Grey (1731) and Larmour (1898) helped in this 

understanding [6].  As a result, techniques for the dispersion of fluids using 

electrostatic forces were invented in 1902 by Cooley [60] and Morton [61].  It was 

also shown that when these methods were used with a viscous fluid having a non-

volatile component capable of hardening, the production of long fibers with small 

diameters is possible [61].   



 

 

6 

 

In the 1930’s, multiple devices for the production of yarns formed from 

electrospun fibers were patented by Formhals [62].  These devices included 

needleless setups and are most likely the basis for much of today’s research on 

needleless electrospinning techniques.  Also, several other processes and devices 

patented by Formhals in the 1930’s can be seen as the basis for much of the current 

research involving multiple nozzle setups, the production of aligned fibers through 

electrospinning, and the continuous production of electrospun fiber yarns [63, 64, 65].  

Research continued by Taylor in the 1960’s with the characterization of the effects of 

an electric field on liquid jets [66, 67, 68].  In 1971, Baumgarten developed an 

apparatus to electrospin acrylic fibers with diameters ranging from 0.05 to 1.1 

microns [69].  Mathematical modeling of the electrospinning process was performed 

by multiple groups in the 1990’s, including the development of a general 

electrohydrodynamic model of an electrospun jet by Spivak, Dzenis, and Reneker 

[70].  Further research has continued, with over 200 research groups studying various 

aspects of the electrospinning process worldwide [11]. 

 

1.2.3 An Overview of the Electrospinning Method 

An electrospinning setup generally consists of three components: a high-voltage 

power supply, a nozzle, and a collector.  A polymer solution is introduced to the 

electrospinning system through the nozzle. The nozzle can take various forms, such 

as a pipette tip or a syringe driven by a micropump.  The high-voltage power supply 
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applies a positive voltage in the kilovolt range to the nozzle.  Additionally, the 

collector, generally a flat plate made of a conductive material, is grounded. 

Electrospinning produces fibers by using electrostatic forces to uniaxially stretch 

a viscoelastic solution [6].  As electric forces overcome the surface tension of the 

polymer solution, a meniscus is formed, and from it a jet of polymer solution is 

emitted [11, 12]. Then, through a series of bending instabilities, the jet is elongated, 

its diameter is reduced, and the solvent evaporates leaving a continuous polymer fiber 

with a small diameter [11, 12].   

Electrospinning is an extremely versatile top-down nanomanufacturing 

technique.  Electrospinning has been used to produce nanofibers from hundreds of 

natural and synthetic polymers.  Carbon fibers have been produced through post-

processing of certain polymer fibers [48, 49, 71, 72].  The electrospinning process 

also functions in the production of ceramic [73, 74, 75] and metal [76, 77, 78] 

nanofibers.  Also, modifications to the electrospinning process have allowed for 

structural modifications of the electrospun fibers.  For example, hollow [79, 80, 81, 

89], core-shell [88, 89], and composite nanofibers [83, 84, 85, 93] have been 

produced by various research groups. 
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1.2.4 Advantages of Electrospun Nanofibers 

 The electrospinning process has multiple advantages over other techniques for 

the formation of nanofibers.  First, the electrospinning process is inexpensive in 

comparison to most bottom-up methods. Also, electrospinning is an extremely 

versatile process, functioning with hundreds of natural and synthetic polymers [86, 

88, 92], including biopolymers [89, 90, 91], as well as ceramics and metals.  Finally, 

the electrospinning process produces continuous nanofibers with generally good 

uniformity [86].   

Continuous nanofibers have multiple benefits as compared to discontinuous 

nanomaterials.  First, they allow for improved ease of handling and do not require the 

expensive post-processing required by other nanomaterials [59].  They allow for the 

possibility of electromechanical control and integrated nanomanufacturing of 

macroscopic nanofilamentary assemblies [82].  Finally, they pose a minimal health 

risk as seen with the exposure to and handling of other nanomaterials 

1.3 Applications of Continuous Nanofibers 

The unique properties of nanofibers make them appealing to many areas of 

research.  Continuous nanofibers are expected to have high axial strength and 

stiffness [8] as well as incredible flexibility [82].  Also, continuous nanofiber 

assemblies can exhibit very high porosity and extreme surface area to mass ratios [6, 

7, 82].   
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Many possible applications for nanofibers have been proposed, and 

experimentation and development has been done for many of these applications.  

Fields of research for the incorporation of continuous nanofibers include composite 

reinforcement, protective clothing, catalysis, electronics, energy, filtration, and 

biomedical applications, as well as numerous other possibilities. 

 

1.3.1 Nanofibers as Composite Reinforcement 

Nanofibers have been used in laboratory studies as reinforcement in 

composite materials.  The mechanical properties allow for the potential use as 

composite reinforcement [15, 16, 17, 87].  Nanofibers could even allow for the 

possibility of transparent composite materials due to their small diameters, which are 

often times smaller than the wavelengths in the visible light spectrum [15].  Also, 

instead of functioning as the primary reinforcing material in the composite, the 

combination of their high strength and stiffness along with their high surface area to 

volume ratio make nanofibers an ideal material for interlaminar toughening [15, 87].  

An example of how nanofibers can be used in composite engineering was presented 

by Teo and Ramakrishna, who designed a multifunctional, hierarchically organized 

nanocomposite [94]. Their design consists of five hierarchical levels: a composite 

nanofiber, a composite coating over the core composite nanofiber, surface 

modification, the formation of these surface modified, coated nanofibers in to an 

assembly, and finally incorporation in to a bulk material. 
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1.3.2 Nanofibers in Biomedical Applications 

The use of nanomaterials in biomedical applications has become a highly 

researched area in recent years.  Biomedical applications for electrospun nanofibers 

include use as wound dressings [15, 16, 19] and utilization in drug delivery [15, 16, 

19, 95, 97].  However, one specific area that has gotten much recent attention is the 

use of electrospun nanofibers as scaffolding for tissue engineering [6, 7, 11, 15, 18, 

19, 20, 89, 95, 97, 99].  Randomly-oriented or aligned nanofiber sheets essentially 

produce a porous scaffold which physically mimics the extracellular structure of 

tissues [7, 18, 20].  Research has been performed on numerous polymeric systems, 

including homopolymers, synthetic copolymers, and polymer mixtures in order to 

assess their use as potential scaffolding for biological tissue engineering [95].  Also, 

studies with scaffolds consisting of oriented nanofibers have been presented and 

could be useful as scaffolding for specific systems, such as the coronary artery 

smooth muscle cells and cardiac myocytes [95].  Research has been conducted for the 

use of electrospun materials as platforms for bone tissue engineering [98].  Some 

research groups have studied the effects of using nanofiber meshes electrospun from 

novel designed polymers.  An example of this is presented by Puppi, et al. who 

showed encouraging results in cell adhesion and viability when using electrospun star 

branched three-arm poly(ε-caprolactone) fibers as scaffolding [96].   
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1.3.3 Other Uses for Nanofibers 

Nanofibers have shown to be applicable in the field of nanoelectronics.  The 

flexibility of electrospinning to be used with various materials allows for the 

production of conductive nanofibers that can potentially be used as components in 

nanoelectronics [6, 16, 21].  Electrospun nanofibers have also shown potential for use 

in developing ultrasensitive sensors for environmental, food inspection, and medical 

diagnostics applications.  Electrospun nanomaterials show the potential for use in 

these ultrasensitive sensors for a wide variety of sensing approaches, including 

acoustic wave, resistive, photoelectric, optical, and amperometric approaches [100]. 

Nanofibers have also found a home in the energy storage and production 

industry [12, 22].  For example, metal oxide fibers can be used for improved 

conductivity in solar cells, and fuel cells with nanofibrous electrodes exhibit 

increased electrocatalytic activity [22].  Because of the versatility of materials that 

can be formed in to nanofibers through the electrospinning process, electrospun 

nanofibers have shown potential for use in many other energy applications.  These 

applications include dye-sensitized solar cells (in both the electrode layer and 

electrolyte membrane), in batteries (anode, cathode, or electrolytes), in capacitors, in 

fuel cells (catalytic electrode, membrane, and enzyme immobilization), and in 

hydrogen storage (high-porosity adsorption layer or electrode) [101].   

Nanofibers have shown applications in many other areas as well.  These 

applications continue to span numerous industries and academic disciplines.  As some 
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examples, nanofibers have shown applicability in air and water filtration [6, 11, 15, 

19, 22], as biosensors [11, 16, 19], in protective clothing [6, 11, 15], and even in 

cosmetics [15, 16]. 

 

1.4 Methods for High-Rate Electrospinning  

Nanofibers have shown great possibilities in a large number of areas.  However, 

the production rate of nanofibers through single-jet electrospinning methods is too 

slow and the deposition area is too limited for use in industrial applications.  The flow 

rates of bulk material in to the system, generally through a syringe tip, are generally 

low [23, 29].  In order for nanofibers produced via electrospinning to be a viable 

option for various industries, methods must be developed to allow for a faster 

processing of the polymer solution.  Several methods have been developed to increase 

the production rate of nanofibers via electrospinning.   

 

1.4.1 Arrays of Electrospinning Nozzles 

 One form of electrospinning augmentation is to electrospin using arrays of 

multiple nozzles.  Several designs for multi-nozzle arrays have been developed [24, 

25, 26].  However, several drawbacks exist for this method.  First, in order to 

significantly improve nanofiber production, many nozzles must be used, and the size 
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of the apparatus would be huge, as the improvement of production is linear with the 

increased number of electrospinning heads [25].  Also, research has shown that the 

interactions between electrospinning jets complicates the electric field and leads to 

inconsistent nanofiber deposition [23, 27, 28]. 

 

1.4.2 Electrospinning from a Free Fluid Surface 

 Another category of electrospinning augmentation includes methods in which 

numerous electrospinning jets are formed from a fluid surface via the application of 

high voltage.  One example of this type of electrospinning is to partially submerge a 

charged rotating drum or disk in the polymer solution [14, 29, 30, 31, 32, 33].  The 

electric charge across the surface area of the drum or disk causes many 

electrospinning jets to form from the thin fluid layer on the surface of the drum or 

disk.  Experimentation has shown up to 125 times increase in nanofiber production 

from this type of electrospinning [31].  Other methods of forming electrospinning jets 

from fluid surfaces have also been developed.  Some methods utilize the rising of gas 

bubbles to create cones on the polymer solution surface [34, 35].  A method was 

developed by Miloh, Spivak, and Yarin for creating multiple jet initiation points on a 

polymer solution-covered spherical surface [36].  In this method, approximately ten 

electrospinning jet initiation points are formed when a spherically symmetric electric 

field is applied to the fluid-covered spherical surface. Lukas, Sarkar, and Pokomy 

used a surface with specified geometry to induce jet initiation points [37].  By placing 
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an electric charge on a fluid-covered surface with ridged geometry, numerous jet 

initiation points are formed.  A method developed by Wang, Niu, Lin, and Wang 

utilizes very high voltages (up to 70 kilovolts) to produce many electrospinning jet 

initiation points from the surface of a coiled wire [44].  They have shown the ability 

to create nanofibers at a rate up to 2.75 grams per hour. 

 However, techniques that electrospin from a free fluid surface also have 

drawbacks.  First, they require a polymer solution bath which can be bulky and 

requires large amounts of materials.  Also, there is little to no control of the rate at 

which polymer solution delivered to the system.  Finally, many of these methods are 

limited to vertically-upward electrospinning and cannot deposit nanofibers 

horizontally or downward. 

 

1.4.3 Hybrid Electrospinning Methods 

 Several research groups have studied the possibility of developing hybrid 

electrospinning methods to increase the production rate of nanofibers.  These methods 

utilize a secondary force (pressure, air-flow, magnetic, etc.) to aid in the production 

of nanofibers.  However, the nanofibers produced through many of these methods can 

be highly irregular. 

One such method developed by Yarin and Zussman utilizes magnetic forces to 

induce electrospinning jets [38].  A ferromagnetic layer is placed below a layer of 
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polymer solution. By subjecting the system to a magnetic field, fluid spikes are 

formed and function as electrospinning jet initiation points.   

Several air-assisted methods also exist.  One system developed by Dosunmu, 

Chase, Kataphinan, and Reneker utilizes air pressure to force polymer solution 

through many micropores on a tubular surface [39].  As the polymer solution passes 

through the pores, the electric field produces electrospinning jets from each fluid 

source.  This method has shown approximately 250 times improvement over single-

jet electrospinning.  Another air-assisted method, called solution blow spinning, was 

developed by Medeiros, Glenn, Klamczynski, et al. [40].  This method combines 

electrospinning with aspects of melt blowing by creating a gas flow around the 

polymer solution nozzle tip.  This draws the solution in to a cone and increases the 

nanofiber production rate.   

Another hybrid method utilizes a pulsed laser in conjunction with electrospinning. 

Sahay, Teo, and Thoroddsen used a pulsed laser focused at the polymer solution 

droplet to cavitate the fluid, which eases the initiation of the electrospinning jet [57].   

Finally, hybrid methods utilizing centrifugal forces have been developed.  Weitz, 

Harnau, Rauchenbach, et al. have shown that nanoscale fibers are created from 

polymer solution during a standard spin-coating process [41].  This fiber-forming 

characteristic of fluid shear-off from a rotating disk is the basis for which the hybrid 

method developed in this thesis is built.  Other electro-mechanical systems have also 
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been developed.  Teng, Zeng, and Weng created many electrospinning jets by 

dropping polymer solution on to the surface of a charged metal roller [42].  Lu, 

Wang, Liu, et al. utilized a rotating cone to produce many electrospinning jets [43]. 

 

1.5  Proposed Hybrid Process and Objectives of Research 

A hybrid electrospinning process that utilizes centrifugal forces was proposed by 

Dr. Yuris Dzenis.  The method combines centrifugal forces from a rotating disk with 

electrostatic forces to produce numerous electrospinning jets.  The rotating disk 

replaces the standard syringe or pipette tip used in traditional electrospinning setups, 

allowing for an increased feed of polymer solution to the system.  From the increased 

number of electrospinning jets, the combination of mechanical and electrical forces, 

and the possibility for increased feed of polymer solution to the system, it was 

expected that the hybrid nanomanufacturing process would result in significant 

increases to nanofiber production as compared to single-jet electrospinning methods.  

The goal of the research included in this thesis was to design, build, and study a 

hybrid nanomanufacturing system for the high-rate deposition of continuous polymer 

nanofibers, to optimize the system parameters for the electrospinning of polyethylene 

oxide and polyacrylonitrile nanofibers, to assess and improve the consistency of 

deposition density, and to assess the potential for the use of the hybrid system with 

advanced modifications generally utilized with single-jet electrospinning. 
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Research began by examining the possibility of developing a hybrid 

nanomanufacturing process in order to augment nanofiber output as compared to 

single-jet electrospinning.  Fluid shear-off from a flat disk rotating at high speeds will 

be analyzed.  A system will then be constructed using components that allow for good 

control of all system parameters.   

The hybrid process will be tested and optimized parametrically using 

polyethylene oxide in order to obtain the highest nanofiber output but without 

reducing the quality of the nanofibers.  Nanofiber deposition will be compared to 

single-jet electrospinning by measuring the mass of nanofibers deposited on a 

specified area over a specified duration of time.  Nanofiber quality will be determined 

qualitatively through the use of scanning electron microscopy. 

Once the optimal parameters are determined, the consistency of deposition 

will be measured.  Methods will be used to analyze the prospects for improving 

deposition consistency, and the system’s overall applicability for continuous 

production of nanofiber sheets will be assessed. 

Next, a study on the deposition of aligned nanofibers will be performed.  

Single-jet electrospinning samples collected between gapped electrodes will be 

analyzed by scanning electron microscopy to determine the overall quality of 

alignment.  Then, a similar study will be performed using the hybrid 

nanomanufacturing process for aligned fiber production. 
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The hybrid electrospinning process will be examined for its potential use in 

creating structurally significant nanofibers (polyacrylonitrile).  As this polymer may 

behave differently than polyethylene oxide, the process will again be optimized to 

yield the best nanofiber production.  Again, nanofiber production will be assessed by 

measuring the mass of the deposited fibers on a specified surface area for a specified 

duration of time.  Fibers will again be analyzed qualitatively through scanning 

electron microscopy. 

Finally, two exploratory studies will be performed using the hybrid 

electrospinning process.  The first study will assess the ability of the process to 

produce wound nanofiber yarns.  The second study will determine the possibility of 

depositing nanofibers on surfaces with no electrical connections.  Both studies will 

compare single-jet samples with samples obtained using the hybrid 

nanomanufacturing process. 
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2  HYBRID NANOMANUFACTURING SYSTEM DESIGN  

2.1  Design of Hybrid Nanomanufacturing Process 

This fiber-forming fluid shear-off from a flat disk rotating at high speeds is 

the basis for the design of the hybrid nanomanufacturing process.  The rotational 

motion and centrifugal forces create many fluid exit points from the disk surface, 

each of which functions at an electrospinning jet initiation point.  The numerous jet 

initiation points are the primary reason for augmented nanofiber formation.  Instead 

of the production of a single nanofiber, as is the case with a standard single-jet 

electrospinning process, the hybrid technique allows for many electrospinning jets to 

form as the polymer solution reaches the edge of the disk.  This also allows for much 

higher polymer solution flow rates in to the system, and as a result, higher nanofiber 

production rates. 

 The hybrid nanomanufacturing system is designed around a desktop precision 

spin-coating system.  The spin-coating system was chosen because it includes a built-

in digital control for rotational speed.  The spin-coating system requires both a 

vacuum pump and a compressed nitrogen feed to function.  In addition to the spin-

coating system, the hybrid electrospinning system requires a micro-pump for polymer 

solution delivery, a DC power supply to charge the system, a voltage amplifier to 

achieve the high voltage required for electrospinning, and a collection surface.  
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The polymer solution is deposited on to the rotating disk of the spin-coating 

system via the micro-pump.  For initial testing, a cylindrical collection surface is 

placed around the rotating disk.  The rotating disk, or head, is charged via the power 

supply while the collection surface is grounded (Figure 2.1).  Special notice is taken 

to the numerous system parameters available for study.  These parameters include the 

polymer solution feed rate, the head rotational speed, the electrospinning voltage 

between the head and collector, the polymer solution concentration, and the 

electrospinning distance.  All of these parameters have effect on the quality and 

consistency of the electrospinning process, the rate of nanofiber deposition, and the 

quality of the nanofibers produced. 
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Figure 2.1- Hybrid Electrospinning System Diagram 

 

2.2 System Components 

The hybrid nanomanufacturing system was designed and built from 

commercially available components.  The desktop spin-coating system selected for 

use in the hybrid electrospinning system is the P-6708D Desktop Spincoater from 

Specialty Coating Systems, Inc. (Figure 2.2).  A 6-inch diameter circular head was 

cut from sheet aluminum and was affixed to the rotary shaft of the P-6708D system. 

The vacuum pump selected to be used by the spin-coating system is Model 0523-v3-

g588dx from Gast Manufacturing Inc.  The micro-pump used to deliver the polymer 
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solution to the system is the EW-74900-00 Single Syringe Infusion Pump from Cole-

Parmer.  The DC power supply selected for the system is the E3611A from Agilent.  

Finally, the voltage amplifier used to obtain the required high voltage for 

electrospinning is the UC5-20N HV Power Supply from Gamma High Voltage 

Research. 
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Figure 2.2 – Spincoater Model P6708D from Specialty Coating Systems, Inc. 

 

2.3 Materials and Methods 

2.3.1 Materials 

The majority of the design and testing of the hybrid electrospinning system 

was performed with a solution of poly-ethylene oxide (PEO) in water.  PEO was 

selected because it is water soluble, making it easy to use in the laboratory, and 

because it is a widely studied polymer important in several areas, including biological 

sciences.  The PEO has an approximate molecular weight of 300,000 and was 

obtained from Scientific Polymer Products, Inc.   
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 All polymer solutions were prepared using the same method.  The proper 

amount of polymer was precisely weighed for the desired solution concentration 

using a digital scale (Fisher Scientific A-250).  The required amount of solvent was 

measured using a graduated cylinder.  The polymer and solvent are combined in a 

100 mL glass jar along with a magnetic stir bar.  The polymer and solvent are 

concurrently stirred and heated on a combination magnetic stirrer and hotplate 

(Corning PC-620) for 5 to 6 hours or until the polymer is completely dissolved in to 

the solvent. 

 

2.3.2 Scanning Electron Microscopy 

Scanning electron microscopy was used for detailed observation and analysis 

of nanofibers collected by the hybrid nanomanufacturing process.  Both the Hitachi 

S4700 Field-Emission Scanning Electron Microscope (Figure 2.3) and the FEI 

Quanta 200 FEG Environmental Scanning Electron Microscope (Figure 2.4) were 

used for observation and analysis of nanofibers. 
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Figure 2.3 – Hitachi S4700 Field-Emission Scanning Electron Microscope 
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 Samples collected using hybrid nanomanufacturing method and a conductive 

substrate resulted in nanofibers ranging in diameter from 150 to 800 nanometers.  The 

deposition density is significantly higher than the depositions using single-jet 

electrospinning.  SEM images of collected fibers are shown in Figures 7.20 and 7.21. 

 
Figures 7.20 and 7.21 – SEM Images: Hybrid Deposition on Conductive Substrate 

 

Samples collected using hybrid nanomanufacturing method and a non-

conductive substrate resulted in nanofibers ranging in diameter from 100 nanometers 

to 2 microns.  The deposition density and fiber quality is lower than with the 

deposition on a conductive substrate.  SEM images of collected fibers are shown in 

Figures 7.22 and 7.23. 
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Figures 7.20 and 7.21 – SEM Images: Hybrid Deposition on Non-Conductive Substrate 

 

 

7.2.3 Conclusions: Study of Nanofiber Deposition on Non-Electroded 

Substrates 

 The proof-of-concept experiment on the deposition of nanofibers on a non-

electroded substrate was a success.  It was proven that by placing a grounded ring 

close to a non-electroded surface, the electrospinning of PEO fibers can be initiated 

and directed toward the substrate.  The best deposition and fiber quality was obtained 

using the hybrid nanomanufacturing process.  Further experimentation and 

development could lead to the development of a so-called “electrospinning gun” that 

would allow nanofibers to be deposited on any surface. 
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8 CONCLUSIONS 

 

 One of the major roadblocks in the implementation of continuous polymer 

nanofibers in to industrial applications is the relatively slow rate at which they are 

produced using the single-jet electrospinning.  The method works well for producing 

laboratory samples, but the method falls short for any application that requires larger 

amounts of nanofibers. 

 In order to achieve high-rate continuous nanofiber production, an increase in 

the base material is required.  In the case of electrospinning, this base material is the 

polymer solution.  Various techniques are available to boost the amount of polymer 

solution fed to the system.  However, in the interest of simplicity and size, a 

straightforward hybrid nanomanufacturing method was selected. 

 The combination of the fiber-forming fluid shear-off from a rotating disk with 

the fundamentals of electrospinning has allowed for a method to produce continuous 

polymer nanofibers at a high rate.  The surface area of the rotating disk serves as the 

polymer solution delivery system for the electrospinning system, and the size of this 

head allows for large amounts of polymer solution to be fed to the system.  The 

polymer solution shears to the edge of the head and exits at many points.  Each of 

these points serves as an initiation point for an electrospinning jet. 
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 The hybrid nanomanufacturing system was first tested and optimized using a 

solution of polyethylene oxide in water.  This optimization covered all major 

parameters of the system.  Samples were collected and analyzed both for nanofiber 

production rate and nanofiber quality.  Using the data obtained, optimal values were 

determined for the polymer solution feed rate, the head rotational speed, the 

electrospinning voltage, the electrospinning distance, and the polymer concentration.  

As a result of the study, the average nanofiber production rate using optimized 

parameters was 6.58 (mg/h)/cm
2
.  This corresponds to an approximate 90 times 

improvement per unit area as compared to single-jet electrospinning, which produced 

nanofibers at 0.072 (mg/h)/cm
2
.  Keep in mind that this result was obtained using a 

six-inch diameter head, and larger heads would allow for even higher polymer 

solution flow in to the system, and as a result, even greater increases in nanofiber 

production. 

 Once the hybrid nanomanufacturing process was optimized for the production 

of polyethylene oxide fibers, the consistency of deposition was measured.  By 

studying depositions on a stationary substrate, it was determined that nanofiber 

deposition density varies as a function of the distance from the head axis.  Studies 

with an intermittently moved substrate resulted in depositions that were fairly 

consistent at distances up to 18 centimeters from the head axis in the direction of 

motion.  Finally, a study on an automated looped belt collector showed that a 

consistent deposition in the direction of motion could easily be obtained by passing 
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the deposition surface over the hybrid nanomanufacturing system multiple times.  

Using this setup, nanofiber mats of consistent density could potentially be produced 

continuously with a width ranging from 12 to 18 centimeters. 

 The hybrid nanomanufacturing process was tested for its ability to produce 

aligned nanofibers, and the collection of aligned nanofibers was demonstrated with 

the hybrid process for the first time.  Samples were collected between gapped 

electrodes using both single-syringe electrospinning and the hybrid 

nanomanufacturing process.  The samples were analyzed by scanning electron 

microscopy, the fiber angles were measured, and a comparison between the single-jet 

and hybrid system was made.  Samples collected with the hybrid nanomanufacturing 

process showed alignment quality comparable to that of single-jet electrospinning of 

aligned fibers.  Also, further study and optimization could result in samples with 

excellent alignment properties. 

 The production of polyacrylonitrile fibers was tested and optimized with the 

hybrid nanomanufacturing system.  As polyacrylonitrile solution behaves differently 

than polyethylene oxide solution during electrospinning, a full parametric study was 

conducted, and optimized parameters were determined for use with this polymer.  As 

a result of the study, the average nanofiber production rate using optimized 

parameters was 5.86 (mg/h)/cm
2
.  This corresponds to an approximate 85 times 

improvement per unit area as compared to single-jet electrospinning, which produced 

nanofibers at 0.068 (mg/h)/cm
2
.  Again, keep in mind that this result was obtained 
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using a six-inch diameter head, and larger head s would allow for even higher 

polymer solution flow in to the system, and as a result, even greater increases in 

nanofiber production. 

 Finally, two exploratory studies were carried out.  The first study analyzed the 

hybrid nanomanufacturing process’s applicability to the production of wound 

nanofiber yarns.  The study showed that yarns with fairly good qualities could be 

produced using the same technique for collection and winding as single-jet 

electrospinning.  The second study functioned as a proof-of-concept experiment for 

the deposition of nanofibers on surfaces with no electrical connections.  The study 

showed that deposition on both conductive and non-conductive substrates was 

possible, and that the hybrid method may function better for this application than 

single-jet electrospinning. 

 The results of this research have shown that a simple hybrid 

nanomanufacturing process can be used to produce nanofibers at high rates in 

comparison to single-jet electrospinning.  The hybrid process has also shown to 

function for the collection of continuous nanofibers in various configurations usually 

obtained through single-jet electrospinning, including randomly-oriented sheets with 

good deposition consistency, aligned samples, and nanofiber yarns. 
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With further development of the hybrid nanomanufacturing process, the 

implementation of continuous polymer nanofibers in many applications spanning 

multiple industries could quickly become a possible. 
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