
ABSTRACT 

BOLAND, BRENTON DAVID. Manipulating Flow Rate and Ionic Conductivity in Unconfined 

Melt Electrospinning and the Effect on Fiber and Spinning Morphology (Under the direction of 

Dr. Laura Clarke and Dr. Jason Bochinski). 

 

This dissertation explores experimental techniques for manipulating the spinning 

parameters in melt electrospinning from an unconfined polyethylene film and characterizes 

the morphology of the spinning process and the resultant fibers. This is a desirable area of 

research because of the usefulness of small thermoplastic fibers in applications such as 

filtration. It was observed that decreasing the film thickness decreased the fiber size and 

increased the fraction of sub-micron fibers. A theoretical power law of 1/3 was confirmed 

between the flow rate per jet and fiber diameter. Likewise, a theoretical power law of -1/6 

was confirmed for the electric field dependence of the fiber diameter. An anisotropic 

treatment of the jet wavenumber was established and showed good agreement with 

observed values. A nanosecond pulsed dielectric barrier discharge in humid air was also 

used in-situ as a way to manipulate ionic conductivity without use of additives. The 

discharge utilized a cylinder to plane geometry with the polymer film and spinning plate 

serving as the ground electrode. A decrease in fiber diameter was observed with increasing 

pulse repetition rate and a model connecting pulse rate to ionic conductivity of the polymer 

melt was proposed. Using the relationships established in this work between the fiber 

diameter and the flow rate and electric field as well as the relationship to conductivity 

established by previous work it was concluded that a change in conductivity was the most 

plausible explanation for the decrease in diameter with pulse rate. Limitations of the work 

are discussed and future directions for research proposed. 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2024 by Brenton Boland 

All Rights Reserved



Manipulating Flow Rate and Ionic Conductivity in Unconfined Melt Electrospinning and the 

Effect on Fiber and Spinning Morphology 

 

 

 

 

by 

Brenton David Boland 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Physics 

 

 

 

Raleigh, North Carolina 

2024 

 

 

 

APPROVED BY: 

 

 

_______________________________                       _______________________________ 

Dr. Laura Clarke                                                                   Dr. Jason Bochinski 

Co-Chair of Advisory Committee                       Co-Chair of Advisory Committee 

 

 

_______________________________                       _______________________________ 

Dr. Sharonda LeBlanc                                                           Dr. Katharina Stapelmann 

 

 

 

_______________________________ 

Dr. Keith Weninger



 

ii  

 

BIOGRAPHY  

Brenton David Boland was born the second child of three to Dr. and Dr. Boland in 

Savannah Georgia. He lived in savannah until graduating from to Savannah Country Day in 2009. 

That year he moved to Sarasota to pursue a BA in physics at New College of Florida Where he 

met his partner, Mak.  

After graduating from New College, he taught middle school science for a year. In 2015 

he and his partner moved to Raleigh North Carolina looking for new opportunities and found them 

after bother were accepted to PhD programs at NC State. 

Brent worked at NC state as a teaching assistant and research assistant for 8 years, during 

which he met his pride and joy Poco Pryor. After graduating Brent plans to finding gainful 

employment so that he can join Mak in providing Poco with the lifestyle he deserves.  



 

iii  

 

 

TABLE OF CONTENTS  

ABSTRACT ................................................................................................................................... 1 

BIOGRAPHY  ................................................................................................................................ ii  

TABLE OF CONTENTS  ............................................................................................................ iii  

LIST OF FIGURES ...................................................................................................................... v 

Chapter 1 ....................................................................................................................................... 1 

1.1 Meso fibers in filtration applications .................................................................................... 1 

1.2 Melt processes for meso-fibers ............................................................................................. 3 

1.3 Unconfined melt electrospinning and fiber diameter ............................................................ 8 

1.4 Flow rate and fiber diameter ................................................................................................. 9 

1.5 Conductivity and fiber diameter .......................................................................................... 10 

1.6 Uniform atmospheric discharge and ion deposition ............................................................ 12 

Chapter 2 ..................................................................................................................................... 16 

2.1 Apparatus and procedure overview for additive based electrospinning ............................. 16 

2.2 Additive electrospinning enclosure construction ................................................................ 20 

2.3 Additive electrospinning collector construction ................................................................. 22 

2.4 Additive electrospinning spinning plate .............................................................................. 23 

2.5 Additive electrospinning convection heater ........................................................................ 24 

2.6 Apparatus and procedure overview for discharge assisted electrospinning ........................ 25 

2.7 Discharge assisted electrospinning enclosure construction ................................................ 29 

2.8 Collector construction ......................................................................................................... 33 

2.9 Discharge assisted electrospinning collector voltage control ............................................. 35 

2.10 Discharge assisted electrospinning spinning plate ............................................................ 35 

2.11 Discharge electrode ........................................................................................................... 38 

2.12 Nanosecond pulse generator control ................................................................................. 39 

2.13 Conductivity measurement ................................................................................................ 40 

2.14 Viscosity measurement ..................................................................................................... 41 

2.15 Surface tension measurement ............................................................................................ 42 

2.16 Fourier Transformed Infrared Spectroscopy ..................................................................... 42 

2.17 Fiber sampling and SEM characterization ........................................................................ 43 

2.18 Melt electrospinning process imaging............................................................................... 44 



 

iv 

 

2.19 Polymer preparation and loading ...................................................................................... 44 

2.20 Electric field simulation .................................................................................................... 45 

Chapter 3 ..................................................................................................................................... 47 

3.1 Introduction and Summary .................................................................................................. 47 

3.2 Total flow rate Q ................................................................................................................. 51 

3.3 Jet density model ................................................................................................................. 56 

3.4 Controlling Qjet .................................................................................................................... 59 

3.5 Fiber diameter and fraction of nanofibers ........................................................................... 61 

3.6 Transition from jet to fiber and effect of heating ................................................................ 66 

3.7 Conclusions ......................................................................................................................... 70 

Chapter 4 ..................................................................................................................................... 72 

4.1 Introduction ......................................................................................................................... 72 

4.2 Setup and procedure ............................................................................................................ 74 

4.3 Fiber diameter vs frequency ................................................................................................ 78 

4.4 R-cross and estimated conductivity..................................................................................... 95 

4.5 Conclusion ......................................................................................................................... 101 

Chapter 5 ................................................................................................................................... 103 

5.1 Conclusion ......................................................................................................................... 103 

5.2 Limitation of this work ...................................................................................................... 104 

5.3 Future directions ................................................................................................................ 106 

 

  



 

v 

 

LIST OF FIGURES 

Figure 1-1 A two-dimensional representation of a filter. The filter material (e.g. meso-fibers) is 

in blue and the pores are white. The fiber diameter has been marked on all three diagrams. A 

black spherical particle has been included to demonstrate how it would be unable to pass 

through the pore. It is clear that less fluid can pass through the filter if the pore size decreased 

(going from a) to b)). However, if the fiber diameter is decreased then the fraction of usable 

cross-section increases significantly (going from b) to c)). ........................................................ 2 

Figure 1-2 A diagram of traditional electrospinning. Fluid is pushed through the spinneret at a 

controlled rate. As it exits the spinneret it is subjected to an electric field due to the voltage 

difference between the spinneret and the collector which draws the fluid into a cone-jet before 

being deposited on the collector as a fiber. A close up of the cone region has been included to 

show the dramatic thinning due to the cone profile. ................................................................... 5 

Figure 1-3 A diagram of unconfined melt electrospinning. Fluid is pulled from the plate by 

electrostatic forces that form from the voltage difference between the heated spinning plate 

and the collector. As the fluid leaves the plate, the surface tension resists the thinning and 

protrusions form as the electric field and surface tension compete. These protrusions serve as 

sites for the formation of cone-jets which thin and cool as they are drawn towards the collector 

where they are deposited as fibers. A close up of the cone region has been included to show 

the transition from protrusion to cone jet. ................................................................................... 7 

Figure 1-4 A diagram of an idealized cone jet transition. The total electric field of the cone and 

applied electric field ╔ is drawn in red and the fluid velocity ◊ in blue. The radius ὶὮὩὸ, at 

which the fluid timescale becomes faster than the charge relaxation time scale and the cone 

transitions to a jet, has been labeled. ........................................................................................... 8 

Figure 1-5 A diagram of a dielectric barrier discharge setup. a) Seen from the side. b) Seen from 

above. As can be seen in a) the dielectric coated discharge electrode serves as the high voltage 

electrode and is connected to the Nanosecond Pulse Generator (NPG). The spinning plate 

serves as the ground electrode with the melt serving as its dielectric barrier. We expect the 

nanosecond pulse to result in a nonthermal plasma in the gap generating ions that will be 

deposited on the fluid. From above the setup is similar to the previously pictured unconfined 

melt electrospinning apparatus with the addition of a discharge electrode and glass spacers 

(used to isolate the electrode from the spinning plate walls). ................................................... 15 

Figure 2-1 A picture of the enclosure. The collector, spinning plate and convection heater have 

been labeled. .............................................................................................................................. 16 

Figure 2-2 A close-up picture of the spinning apparatus. The collector, spinning plate, hotplate 

and convective heater have all been labeled. ............................................................................ 17 

Figure 2-3 a) Side imaging of the custom impedance analysis being used in situ to measure the 

conductivity of a polymer film. b) Fron image of the fixture. Both images were provided 

courtesy of Neelam Sheoran. See the conductivity section for further details.......................... 20 

Figure 2-4 pictures of a) the left panel of the enclosure b) the front of the enclosure and c) the 

right panel of the enclosure. The top panels, glass window, and back panel can also be seen in 

b). ............................................................................................................................................... 20 



 

vi 

 

Figure 2-5 Images of the collector apparatus. a) shows the white HDPE base of the collector 

clearly with high voltage connection and circular alignment holes. b) clearly shows the foil 

covered front of the collector assembly and table like geometry of the insulated stationary 

shelf. .......................................................................................................................................... 23 

Figure 2-6 Close-up imaging of the spinning plate from the side, a), and from above, b). ......... 24 

Figure 2-7 a) A picture of the convection heater from above clearly showing the ceramic PTC 

heaters. b) image of the right side showing two of the four fans that drive convective air 

currents through the heaters. ..................................................................................................... 25 

Figure 2-8 Diagram of the enclosure showing the shape and dimensions in inches. .................. 26 

Figure 2-9 Pictured above is the spinning apparatus. The following have been highlighted: high 

voltage collector, grounded spinning plate, hotplate, and cylindrical discharge electrode. ...... 26 

Figure 2-10 Diagram of the custom in situ impedance analysis fixture and spinning plate when 

conductivity is being measured. The IDEôs sensing face is held on the surface of the polymer 

melt 5 mm in from the spinning edge. ...................................................................................... 29 

Figure 2-11 An exploded diagram showing the components that form the enclosure. ............... 30 

Figure 2-12 A schematic of the front of the frame with dimensions given in inches. The grove 

for the rubber seal is highlighted in blue. .................................................................................. 31 

Figure 2-13 A schematic of the right panel with dimensions given in inches. The holes have 

been labeled as follows: (A) Humidifier controller sensor (B) NPG output cable (C) polymer 

melt temperature probe (D) humidifier PVC inlet (E) high voltage probe cable (F) precision 

stage control shaft (G) hotplate power cable (H) ground braid. ................................................ 32 

Figure 2-14 A diagram of the collector apparatus. The high voltage collector plate (gray) is 

mounted to a HDPE base (off white) and insulated with a TPU slip-on cover (orange). ......... 34 

Figure 2-15 An exploded view of the spinning plate components. ............................................. 36 

Figure 2-16 A diagram of the spinning plateôs position on the hotplateôs heating surface. The 

following have been highlighted: Spinning plate, ground rod, spinning plate guide, hotplate, 

heating surface. .......................................................................................................................... 36 

Figure 2-17 A diagram of the discharge electrode setup. The dielectric barrier electrode is 

highlighted in green and the grounded spinning plate in orange. The electrode is held in place 

by optical clamps (black), glass tubing (transparent), and secured to the base by optical post 

holders (black). .......................................................................................................................... 38 

Figure 2-18 A schematic of the discharge electrode with dimensions given in inches. .............. 39 

Figure 2-19 a) A timing diagram of nanosecond burst (red) the triggering pulse (black doted). 

The nanosecond pulse is not to scale. b) A typical nanosecond pulse with rise time of 13 ns 

and minimum voltage of -35 kV. .............................................................................................. 40 

Figure 2-20 Example FTIR spectrum of ASPUN 6850A with and without a 1 hr heat treatment 

to demonstrate the change in spectrum due thermal degradation. The absorbance has been 

normalized using the C-H stretch peak. The heat treated spectrum in green shows evidence of 

degradation in the form of O-H bonds, C-O bonds, ring lactones, ester, and carbonyl groups. 43 



 

vii  

 

Figure 2-21 An example of a surface mesh (blue) of the spinning plate (gray) upon convergence 

of the simulation. Note the areas of higher density mesh at the spinning edge and sharp 

surfaces of the spinning plate sides. .......................................................................................... 46 

Figure 3-1 a) Top-down view of electrospinning scheme.  Fluid sits on a horizontal, electrically-

grounded metal spinning plate (left) heated from below (not shown).  High voltage is applied 

to the vertical metal collector (shown edge on, right).  Q is the total volume per time leaving 

the plate through all jets Qjet is the volume per time per jet. b) Illustrations of fluid shape 

through various stages from initial spontaneous fingering (top) to protrusion (middle) to 

steady-state cone-jets (lower). c) Sketch showing a typical cone jet profile with the 

approximate location of ὶὮὩὸ75 .................................................................................................. 50 

Figure 3-2  Top-down images of the cone-jet formation process for a 1.8 mm thick fluid film 

(DNDA-1088 at 174 °C), collector applied voltage of -59 kV, and no intentional background 

heating.  Voltage is applied at t = 0.  Here the x axis is up the page (collector above) and the 

terminal edge (closest to the collector) of the spinning plate is shown.  Fluid appears 

white/silver.  Wires and heaters below the spinning plate are out of focus and thus blurred.  

See the text for description of features versus time. ................................................................. 51 

Figure 3-3  Summary of the total volume flowing from the plate (through all jets) per time 

(cubic centimeters per second).  This quantity is most influenced by the thickness of the fluid 

film, indicated in the graph with filled symbols for the thickest film (1.8 mm), and lower filled 

symbols (1.35 mm), open symbols (0.9 mm) and right filled symbols (0.72 mm) tracking 

decreasing film thickness.  The other experimental quantities (see legend at top), reflected in 

symbol color (presence of background heating), and shape (difference in doping or working 

distance) do not have a strong influence on Q.  As voltage (x axis) increases, flow rate 

increases as discussed in the text.  The fit lines are derived from eq. ( 3-5) below. ................. 53 

Figure 3-4 a) A top-down view of spinning with the spacing between cone jets, ς“Ὧᾀρ, 
indicated. b) A side view of spinning with the wave profile of Ὧώ ὯώάὭὲ marked in black 

on the fluid film (light gray) and then in blue to demonstrate a full period. ............................. 57 

Figure 3-5  Maximum experimental jet density (filled symbols) determined from analysis of 

images of the spinning plate with time for different applied voltages and film thicknesses. As 

discussed in Section 3.1 , the number of jets grows early in the process and then stabilizes at a 

value close to the theoretical maximum for that electric field, film thickness, surface tension 

and density.  Theoretical values, calculated from eq. ( 3.8) utilizing  ‎ ςυ άὔά,  ”
πȢψφ Ὣὧάσ, known film height and voltage, and a Ὁς from simulation at ὼ ώ ὬὪς 
averaged over ᾀ, are shown as open symbols.  In most cases, the electric field is the dominant 

effect and voltage has the strongest influence on electric field.  Changes in the position of the 

surface due to film thickness (thinner films are closer to the plate edge and thus experience a 

larger electric field) and confinement effects are also important in altering jet density. .......... 59 

Figure 3-6  Observed Qjet determined from the total fiber mass collected divided by the total 

number of jet minutes present. For a given film thickness, Q is constant, so Qjet decreases with 

average jet density. ὥὼ ὦ fit lines have been provided for the 1.8, 1.35 and 0.9 mm cases to 

guide the eye. ............................................................................................................................. 60 

Figure 3-7  Histograms of fiber diameters for two different flow rates with log-normal 

distribution fits. The 0Ȣππυ ὧάσȾί (πȢππρ ὧάσȾί) flow rateôs distribution is pictured in (light) 
red with the fraction under 1 micron highlighted in (light) cyan and the log-normal fit 



 

viii  

 

represented by a black (dotted) line.  Evident from the data is that the fiber diameter 

distribution is not symmetrical as would be expected for a normal distribution. ..................... 62 

Figure 3-8 The fraction of fibers with diameter under 1 ɛm plotted vs the flowrate ὗὮὩὸ. Each 

symbol represents an observed value for a given voltage with the initial starting mass, additive 

doping (FA38), heating condition, and spinning plate to collector distance indicated by the 

above table. The red fit line is of the form of equation ( 1-1) with ‌ πȢσρ, ὦ υσ, and ʎ
πȢφτ. .......................................................................................................................................... 63 

Figure 3-9 The average fiber diameter vs flow rate for various conditions of voltage, initial 

mass, additive doping, heating conditions, and collector distance. The mean fiber diameter 

with error bars (green line) predicted by ὨὪὭὦὩὶÅὰὲὦὗὮὩὸ‌ρς„ς using the values taken 

from the fraction of nanofibers fits, ‌ πȢσρ Ȣπσφ and ὦ υσ ρψȢσ ‘άȾὧάσȾίɻ. The 

data points for mean diameter largely fall within error. ............................................................ 64 

Figure 3-10 The fraction of fibers with diameter under 1 ɛm plotted vs the flowrate ὗὮὩὸ and Ὁ 

combined as ὗὮὩὸπȢσρὉ πȢρψ. Each symbol represents an observed value for a given voltage 

with the initial starting mass, additive doping (FA38), heating condition, and spinning plate to 

collector distance indicated by the above table. The red fit line is of the form of equation (3-

11) with ‌ πȢσρ, ‍ πȢρψ, ὦ Ȣψσ, and ʎ πȢφτ. .......................................................... 66 

Figure 3-11 rjet as estimated from eq. 3-1 using measured values of the conductivity and 

viscosity, Qjet as shown in Figure 3-6, and the electric field from the observed jet density 

(Figure 3-5) solving eq. 3-9 for field for additive doped polymer. Each estimated rjet is plotted 

versus the experimentally observed mean fiber diameter. The insert shows these values for the 

undoped polymer. Performing a linear fit of the data (ὶὮὩὸὨȢὶȢὶὪὭὦὩὶ) gives a draw ratio of 

3.8. ............................................................................................................................................. 70 

Figure 4-1 Scale diagram from above of the electrospinning configuration with a discharge 

electrode present. The high voltage collector, polymer fluid, spinning plate, Nano-second 

Pulse Generator (NPG), and glass spacers are labeled. ............................................................. 74 

Figure 4-2 Typical waveform of a high voltage pulse under load. Such pulses are used to drive 

the DBD. .................................................................................................................................... 76 

Figure 4-3 Example fiber diameter histogram (50 kV ὠὈὅ and 1 Hz DBD pulse repetition 

frequency). A log-normal distribution has been plotted in black showing the fiber diameter can 

be modeled as log-normal. The median value as calculated from the geometric mean is 

indicated by the blue triangle. ................................................................................................... 79 

Figure 4-4 A plot of median fiber diameter vs pulse repetition frequency, ὪὶὩὴ. Each symbol 

represents a different condition with the shape determined by repetition frequency ὪὶὩὴ(table 

at top) and the color by the collector voltage ὠὈὅ (colorbar). The red line is a fit of the data to 

equation ( 1-1) with fit parameters ʆὈὄὈπ† ψϽρπ ψ τȢσϽρπ ψ Ὓὧά and ὨὧέὩὪ
πȢρω πȢπσς ‘άὛὧάρτ. .......................................................................................................... 81 

Figure 4-5 A plot of median fiber diameter vs pulse repetition frequency, ὪὶὩὴ, with outliers 

removed. Each symbol represents a different condition with the shape determined by repetition 

frequency ὪὶὩὴ(table) and the color by the collector voltage ὠὈὅ (colorbar). The red line is a 

fit of the data to equation ( 1-1) with fit parameters ʆὈὄὈπ† ρȢυϽρπ χ πȢψσϽρπ
χ Ὓὧά and ὨὧέὩὪπȢρψπȢπσρ ‘άὛὧάρτ. ........................................................................ 82 



 

ix 

 

Figure 4-6 shows the electric field parallel to the direction of flow (x direction) from the side for 

a grounded spinning plate and discharge electrode and collector voltage of 50 kV. The 

equipotential line for Ὁὼ π ὠȾά is shown in solid black. The camera (looking down at 

spinning plate) field of view is represented by dotted lines. ..................................................... 84 

Figure 4-7 The polymer film pictured from above for a spinning run with 0 Hz pulse repetition 

rate (grounded) and collector voltage of 50 kV at two instances separated by 8 min. It can be 

seen that the film flows towards the collector (top of the image) by tracking how the positions 

of defects in the film (highlighted in yellow) change over time. .............................................. 84 

Figure 4-8 shows the electric field parallel to the direction of flow (x direction) from the side for 

a grounded spinning plate and discharge electrode voltage of 36 kV and collector(not shown) 

voltage of 50 kV. The equipotential line for Ὁὼ π ὠȾά is shown in solid black. The camera 

(looking down at spinning plate) field of view is represented by dotted lines. ......................... 86 

Figure 4-9 The polymer film pictured from above for a spinning run with 2 Hz pulse repetition 

rate and collector voltage of 50 kV at two instances separated by 4 min. As before, the flow 

can be observed by tracking how the positions of defects in the film (highlighted in yellow) 

change over time. The direction of flow depends on the polymers position relative to the 

spinning edge with the polymer closest to the edge flowing towards the collector (top of the 

image) and while polymer farther from the edge flows towards the electrode (bottom of 

image). ....................................................................................................................................... 87 

Figure 4-10 The averaged initial flow rate estimated from experimental run time and the initial 

and final volumes of multiple experiments. Each symbol represents a different condition with 

the shape determined by repetition frequency ὪὶὩὴ and the color by the collector voltage ὠὈὅ.
 ................................................................................................................................................... 88 

Figure 4-11 The averaged jet density and protrusion density of several runs plotted vs repetition 

frequency.  I have forgone the symbol notation for repetition frequency in in favor of one 

distinguishing the jet and protrusion densities. ......................................................................... 89 

Figure 4-12 Protrusion density vs time for ὠὈὅυπ Ë6 and ὪὶὩὴπ ς Ὄᾀ. A color scheme 

has been used to indicate repetition frequency in place of varying the symbols to make the 

plots easily distinguishable. ....................................................................................................... 91 

Figure 4-13 a diagram of hexagonal cone-jet packing. The cone-jets are represented by circles 

and spinning towards the viewer. .............................................................................................. 92 

Figure 4-14 The electric field at the spinning surface as calculated by equations ( 4-6), ( 4-7), 

and ( 4-8) plotted vs the repetition frequency for ὠὈὅτχȢυ υςȢυ Ë6 and ὪὶὩὴπ
ς Ὄᾀ. .......................................................................................................................................... 93 

Figure 4-15 Averaged flowrate per jet as calculated from equation ( 4-9) plotted vs the repetition 

frequency for ὠὈὅτχȢυ υςȢυ Ë6 and ὪὶὩὴπ ς Ὄᾀ. ................................................. 94 

Figure 4-16 The needed electric field to account for the observed change in fiber diameter using 

equation (4-10),  ʆ σȢπσϽρπ ω 3ȾÃÍ, – τφτȢψ ὖὥϽÓ, ÄȢÒȢ ςȢω, and 1ÊÅÔ from Figure 

4-15. ........................................................................................................................................... 96 

Figure 4-17 Flowrate per jet that would be needed to explain the observed decrease in fiber 

diameter using equation (4-11),  ʆ σȢπσϽρπ ω 3ȾÃÍ, – τφτȢψ ὖὥϽÓ, ÄȢÒȢ ςȢω, and % 
from Figure 4-14. ...................................................................................................................... 97 



 

x 

 

Figure 4-18 The conductivity needed to produce the observed fiber diameter decrease using 

equation (4-12),  – τφτȢψ ὖὥϽÓ, ÄȢÒȢ ςȢω, 1ÊÅÔ from Figure 4-15, and % from Figure 4-14. 

The black plot is the conductivity calculated using equation ( 4-2) with the fit parameters of  

ʆὈὄὈπ† ρȢυϽρπ χ Ὓὧά (see Figures 4-4 and 4-5). ......................................................... 98 

Figure 4-19 Conductivity vs temperature for ASPUN 6850A fit with an Arrhenius function. 

Conductivity data was provided by Nealam Sheoran.89 ............................................................ 99 

Figure 4-20 Absorbance spectrum of ASPUN 6850A normalized using the C-H stretch peak. 

The green spectrum was taken from a sample that was thermally treated for 1 hour at ςςπᴈ to 

induce thermal degradation.  The black spectrum is from an untreated control. The peaks of PE 

are marked in black while the peaks of common products of thermal degradation are labeled in 

color.90ï92 ................................................................................................................................. 100 

Figure 4-21 Absorbance spectrum of ASPUN 6850A normalized using the C-H stretch peak. 

The red spectrum was taken from a sample that treated for 1 hour by DBD with ὪὶὩὴς Ὄᾀ 
while the black represents an untreated control. ..................................................................... 101 

 

 

 



   

1 

 

Chapter 1  

My work for this dissertation focused on optimizing a form of polymer melt processing, 

unconfined melt electrospinning, used in the production of thermoplastic meso-fibers. We seek to 

understand the relationship of the resultant fiber diameter with the spinning parameters of flow 

rate, applied electric field, and ionic conductivity. Understanding these relationships and how to 

manipulate these parameters will help facilitate the production of sub-micron meso-fibers. 

There are many applications for polymer meso-fibers ranging from filtration to drug 

delivery due to their exceptional surface area to volume ratios1ï5. These fibers can be produced 

through a variety of processes such as melt blowing, fiber drawing, and electrospinning.6,7  The 

application of filtration is of particular interest because of looming clean water shortages, air 

pollution, and air borne pathogens such as SARS-CoV-24,5,8. 

1.1 Meso fibers in filtration applications 

Filters are typically formed by nonwoven overlapping fibers forming a matrix. If viewed 

as a two-dimensional object one can imagine this matrix as a plane with pores of a characteristic 

size. A fluid is forced through the matrix with large solid particles (larger than the characteristic 

size) being unable to pass (see Figure 1-1). The smaller the pore the smaller the solid particles it 

can remove.  
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 Figure 1-1 A two-dimensional representation of a filter. The filter material (e.g. meso-fibers) is in blue and the pores are white. 

The fiber diameter has been marked on all three diagrams. A black spherical particle has been included to demonstrate how it 

would be unable to pass through the pore. It is clear that less fluid can pass through the filter if the pore size decreased (going 

from a) to b)). However, if the fiber diameter is decreased then the fraction of usable cross-section increases significantly (going 

from b) to c)). 

While a small pore is often desirable, the flow for a given pressure differential across the 

filter is limited by the fraction of the filter surface area devoted to pores. As the size of the pore 

decreases relative to the matrix cross section the fraction of the total cross-sectional area available 

for flow also decreases (Figure 1-1.a)-b)). If instead of keeping the fiber diameter fixed, a smaller 

fiber diameter is used this results in a smaller fraction of the cross-sectional area devoted to the 

matrix (Figure 1-1.b)-c)).) thus allowing higher flowrates while maintaining small pores. In 

practical terms a higher pressure is needed for filtering smaller particles (because of the need to 

push fluid through the smaller pores), but when reducing pore size by using smaller fibers, this 

effect is mitigated. In applications where pressure is the limiting factor, such as masks, faucet 

filters, and personal water filters, smaller fibers allow for smaller pore filters without dramatic 

pressure increase4,5,7. 

While physically blocking contaminants can be an effective way to purify a fluid, other 

contaminants can be removed through adsorption4,5. Adsorption is the process by which a molecule 

within a fluid adheres to the surface of a solid and is an important process for removing 

a) b) c) 
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contaminants (e.g. carbon dioxide, metal ions, etc.) from a fluid. For a given volume of filtration 

medium the amount of contaminant it can remove will be proportional to the surface area of that 

medium. If we consider fibrous filters a smaller fiber diameter will provide a higher fiber surface 

area to fiber volume ratio as fiber surface area scales as ὶ while fiber volume scales as ὶ and thus 

the ratio will scale by ὶ . Adsorption by meso-fibers can utilize non-specific effects, use of a 

charged polymer such as chitosan9 or the incorporation of active additives such as metal organic 

frameworks10. In all cases, the high surface area to volume of the fiber is the key property. 

1.2 Melt processes for meso-fibers 

As mentioned above, one limitation for filtration applications is the pressure required for 

achieving a desired flow rate. The minimal pressure can be lowered by decreasing the matrix cross-

sectional area, but pressure is also commonly raised to achieve desired flow rate. Thus a durable 

matrix with good mechanical properties is needed for any filtration application. Fibers will be 

subjected to stress both by the fluid pressure differential and by internal and external forces from 

handling, shipping, etc. Thus, it is desirable to construct filter fibers from highly entangled 

polymers because they have robust physical properties6,7. A consequence of being highly entangled 

is insolubility or poor solubility in common solvents. This makes melt processing desirable for 

producing meso-fibers. 

Some common examples of industrial forms of melt processing for the production of fibers 

are fiber drawing and melt blowing. Fiber drawing involves extruding polymer though a spinneret 

(typically a needle like orifice through which the polymer melt is extruded) to form an initial fiber 

thickness and then elongating it through mechanically applied tension from a spool or through a 

centripetal force.  Fibers produced through this method are typically on the order of ρπɀςυ ‘ά11. 

Melt blowing on the other had can produce fibers on the order of ρ ςυ ‘ά making it a common 

choice for producing nonwovens such as filters12. As the name suggests the fibers in this process 
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are elongated by viscous, compressive and inertial forces caused by rapidly moving hot air 

ñblownò along the path of extruded polymer. These forces apply a tangential stress that elongates 

the polymer forming a fiber that is collected downstream. While sub-micron fibers have been 

reported, the production of submicron fibers is still and open problem particularly for high 

viscosity polymers such as polyethylene where fibers are typically on the order of ρͯς ‘ά12. 
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Figure 1-2 A diagram of traditional electrospinning. Fluid is pushed through the spinneret at a controlled rate. As it exits the 

spinneret it is subjected to an electric field due to the voltage difference between the spinneret and the collector which draws the 

fluid into a cone-jet before being deposited on the collector as a fiber. A close up of the cone region has been included to show the 

dramatic thinning due to the cone profile. 

A third melt process for the formation of meso-fibers is melt electrospinning represented 

in Figure 1-2. Traditionally melt electrospinning involves extruding molten polymer from a 

spinneret and using a strong electric field to thin and elongate the fiber. This thinning happens in 
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a two-step process. A non-zero, but relatively low number of ionic charge carriers result in the 

polymer melt acting as a poor conductor. This conductivity allows the melt to partially screen an 

applied electric field by moving charges to its surface. As a result an electrostatic pressure normal 

to the surface forms, which is ultimately balanced by surface tension. This balance and the 

breakdown of screening far from the melt bulk, lead to a fluid shape referred to as a cone-jet.6,13ï

15 The cone results in rapid thinning of the polymer until it is ejected from the tip of the cone 

in the form of a jet. After transitioning to a jet the charged polymer continues to elongate 

from the electric stress before solidifying and being deposited on a collector.  

Melt electrospinning is particularly of interest as a way to produce meso-fibers 

because the success of its solution phase analog, solution electrospinning, in the consistent 

production of nanofibers14,16,17 and because of the accessibility due to the low capital load 

relative to melt blowing 6. The particular form of melt electrospinning explored in this 

dissertation, unconfined melt electrospinning (which consists of two metal plates, a heat 

source, and a single high voltage source), is particularly accessible by removing the need for 

an extruder and also benefits from other advantages over traditional melt spinning such as 

a lack of spinneret clogging18.  

Unconfined melt electrospinning uses a similar process to traditional melt 

electrospinning in that fibers are formed through cone-jets, however it differs in how these 

cone jets arise. Instead of extruding a polymer out of a spinneret the polymer melt is placed 

on a stationary spinning plate in an unconfined film. The process of drawing a conductive 

fluid with an electric field has been well studied19ɀ23. In the case of Unconfined melt 

electrospinning, an electric field formed from high voltage draws the film towards a collector 

elongating the melt as a sheet. The increase in surface area of the film is resisted by surface 
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tension leading to the formation of regularly spaced protrusions in a process analogous to 

gravity driven Rayleigh instabilities (e.g. fingering in paint).24 These protrusions then serve 

as sites for the formation of cone-jets which produce the fibers. 

 

Figure 1-3 A diagram of unconfined melt electrospinning. Fluid is pulled from the plate by electrostatic forces that form from the 

voltage difference between the heated spinning plate and the collector. As the fluid leaves the plate, the surface tension resists the 

thinning and protrusions form as the electric field and surface tension compete. These protrusions serve as sites for the formation 

of cone-jets which thin and cool as they are drawn towards the collector where they are deposited as fibers. A close up of the cone 

region has been included to show the transition from protrusion to cone jet. 
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1.3 Unconfined melt electrospinning and fiber diameter 

Because most of the cone-jet thinning happens in the cone region, understanding the 

transition from cone to jet is necessary for the production of smaller fibers. This transition can be 

understood through the leaky dielectric model of Taylor and Melcher25 and that was later extended 

by Saville who tackled the problem using electrokinetics26. In this framework we treat the polymer 

as an ohmic conductor with a charge relaxation time of † ‐‐ ‖ϳ  where ‖ is the conductivity 

and ‐ the dielectric constant. As long as the polymer at the surface is moving slowly this timescale 

is much faster than that of the fluid and thus the electric field is screened, however as the fluid 

approaches the tip of the cone it accelerates and the fluid timescale approaches that of the charge 

relaxation13,15,25,26. When this occurs, the polymer can no longer fully screen the field and thus the 

field is no longer perpendicular to the surface of the cone. This results in the cone experiencing 

increasing tangential stresses due to the electric field causing a transition to a jet emitted from the 

tip of the cone. After this transition the charged jet continues to experience a force from the electric 

field as it is drawn towards the collector and elongated before being deposited on the collector6,13,15.  

 

Figure 1-4 A diagram of an idealized cone jet transition. The total electric field of the cone and applied electric field ╔ is drawn 

in red and the fluid velocity ◊ in blue. The radius ὶ , at which the fluid timescale becomes faster than the charge relaxation time 

scale and the cone transitions to a jet, has been labeled. 

Ὁ
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Various parameters have been observed to affect the fiber diameters produced through 

electrospinning. Through experiment it has been established that the electric field, fluid flow rate, 

conductivity, and viscosity affect the final fiber diameter melt electrospinning.14,27ï38 In the 

relatively common case where the fiber diameter is related to the jet diameter by a constant drawing 

ratio, the resultant fiber diameter can be predicted from the diameter of the polymer cone-jet at the 

cone to jet transition, ὶ . To understand this transition, it is informative to look at the theory on 

the electrospraying of low conductivity viscous fluids. Electrospraying differs from 

electrospinning in that the fluid is not entangled and thus the fluid easily breaks up into droplets 

due to Rayleigh instabilities in the jet region. However, the cone to jet transitions in the two 

processes are described by similar dynamics and the focus on low conductivity viscous fluids is 

pertinent to melt electrospinning of thermoplastic melts. Work by Higuera predicted that ὶ  

depended on the flowrate ὗ , conductivity ʆ, electric field Ὁ, and viscosity ʂ: 

 
ὶ

ʂȾ ὗ
Ⱦ
צ
Ⱦ

ʆȾὉ 
Ⱦ

 
( 1-1) 

 

In a system with many jets, we distinguish the total flow rate through all jets ὗ and ὗ , the flow 

rate per jet which depends on both ὗ and the number of jets.  Equation ( 1-1)  motivates the main 

goals of this dissertation: manipulation of the flow rate, electric field, and the conductivity as ways 

to decrease jet and thus ultimately fiber diameter.  

1.4 Flow rate and fiber diameter 

The effect of flow rate on fiber production has been extensively studied in traditional 

electrospinning (both melt and solution phase) via control of the flow through a spinneret by 

adjusting the pressure of the metering pump. For example, Megelski experimentally observed for 

a variety of solvent polymer mixtures that fibers produced from solution electrospinning increase 

in size and diameter spread with flowrates above the minimum flow rate required for 
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electrospinning39. A relationship between lower total flow rate and smaller fiber diameter was also 

observed in melt electrospinning using a linear slot spinneret40, which is similar to an unconfined 

configuration because multiple jets form and organize spontaneously but different because the 

flow is still controlled by a pump.  Fiber diameter decreased when total flow decreased (while the 

number of jets was held relatively constant) and when the number of jets was increased (while the 

total flow rate was held constant). This serves as compelling evidence for manipulating flow rate 

per jet as a way to decrease fiber diameter in unconfined melt electrospinning.   

Unlike spinning using a spinneret, in unconfined electrospinning the polymer film is in 

equilibrium with the atmosphere thus pressure cannot be explicitly controlled, limiting the ability 

to manipulate the flow rate.  As we discovered through my research, the flowrate in particular 

unconfined configurations can depend on the thickness. A well-known solution to the viscosity-

limited flowrate of a thin film with a volumetric force (such a gravity) is 

ὗᶿ
Ὤ

–
Ὢ 

Here Ὤ is the thickness of the film and Ὢ the volumetric force. Decreasing the film thickness will 

decrease the total flow rate ὗ and thus decrease ὗ  for a given number of jets. In principal the 

flow rate could also be decreased by decreasing Ὢ which in electrospinning is a force due to the 

electric field.  However ὗ  is not just dependent on the total flow rate ὗ, but also on the number 

of jets which is itself dependent on the electric field.  

1.5 Conductivity and fiber diameter 

The second strongest power dependence of the jet radius is on the ionic conductivity. The 

chemistry of ionic conductivity can be quite complicated depending on the number of different 

ionic species, the relative density, and how they interact with each other and the fluid, but in 

general the ionic conductivity of a fluid is enhanced by the introduction of more ions. This 
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relationship between ions and conductivity can be described simply with the NernstïEinstein 

equation for individual ions 

‖
ή

ὯὝ
”Ὀ 

where ή is the ion charge, Ὧ  the Boltzmann constant, Ὕ the temperature, Ὀ the diffusion 

coefficient, and ”  the ion number density.41 The diffusion coefficient is typically similar for small 

ion species such as metal ions and the charge q also will be of the order of Ὡ, thus for a given 

temperature an effective approach for enhancing conductivity of insulating melts is the 

introduction of more ions.  

 Polymer melts can either be engineered to be conducting (such as those with weakly bound 

metal ions) through the addition of functional groups such as metal ligands42,43 or through doping 

with additives. Examples of additives used in electrospinning to enhance conductivity include 

ionic liquids43, salts44 used in solution spinning, or in the case of polymer melts, stearates45,46. The 

relationship between conductivity and fiber diameter has been studied in both solution phase and 

melt phase.  

Angammana and Jayaram for example used a NaCl salt to modify the conductivity of a 5 

wt% PEO/water solution and saw around a ~60% drop in fiber size with a ~240% increase in ionic 

conductivity44 reported by Sheoran to be a -0.16 power dependance.46 A decrease in fiber diameter 

has been observed in melt electrospinning with the addition of stearates and stearate based 

commercial additive packages38,45,47ï50. In a traditional melt electrospinning configuration with 

spinneret, Malakhov found that the addition of 10 wt% sodium stearate increased the conductivity 

of  polyamide-6 melt by an order of magnitude and resulted in a decrease in the average fiber 

diameter from ςρȢυ to ρȢτɀρȢυ ‘ά45. Similarly, Sheoran observed that in an unconfined melt 

electrospinning configuration, the addition of 5 wt% of a calcium stearate based commercial 
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additive package, FA38, resulted in increased conductivity of ca. two orders of magnitude in two 

(different viscosity) linear low-density polyethylene (LLDPE) melts and a decrease in fiber 

diameter from τψ to ς ‘ά for the lower viscosity melt and from ςφ to χ ‘ά for the higher viscosity 

polymer47. In later investigations they used various other additives including calcium stearate and 

found similar trends in a third LLDPE concluding that the fiber diameter appeared to scale with 

the conductivity via a power law of -0.29. These works demonstrate the effectiveness of using 

additives to manipulate the conductivity and how this strategy can be used for reducing fiber size.  

It also may be desirable to temporarily enhance the conductivity of a polymer melt without the use 

of additives, perhaps through the use of discharge processes to deposit ions. 

1.6 Uniform atmospheric discharge and ion deposition 

Additives are widely used in polymer processing because of their beneficial effects on 

processing parameters (primarily rheology) and final properties (such as static reduction, 

plasticizing, and brightening), however, they can be detrimental for particular applications. In 

filtration for example an additive may leach into the water and have unintended consequences. 

There is a growing body of research documenting the negative health consequences of some 

additives as carcinogenic, cytotoxic, genotoxic, or endocrinologically active 51,52. These effects are 

of even greater concern in biomedical applications where additives can leach directly into the 

body52,  interfere with drug delivery53, or affect the functionality of biomedical devices54.  

On top of the potential health concerns, an additional component required for polymer 

processing can complicate the supply chain. The need for a robust domestic supply chain for the 

production of critical goods such as masks became apparent during shortages caused by supply 

chain disruption during the 2020 pandemic8. For these reasons it is desirable to explore alternative 

paths of enhancing ionic conductivity in melts that do not rely on specialty additives. 
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The incorporation of any ion into the polymer melt should in principle enhance its 

conductivity. With additives this limits us to the use of compatible ionic compounds that will 

readily disassociate into anion cation pairs. Compatibility is required because otherwise the 

additive will quickly phase separate from the melt and the beneficial effect will be lost. However, 

if enhanced conductivity is only necessary for processing, we can make use of out of equilibrium 

physics and force ions temporarily into the melt. A good candidate for forcing ions into a polymer 

melt is an electric discharge.  

For this application, it is desirable to have a high degree of ionization thus maximizing the 

charges deposited into the melt. Discharge uniformity is also desirable to minimize charge 

variation throughout the melt surface, and a low temperature is needed to avoid thermal 

degradation. A nanosecond pulsed dielectric barrier discharge (DBD) was chosen for this purpose. 

Relative to other discharge types, DBDs have a high degree of ionization55 and can be operated at 

atmospheric pressure with a uniform glow mode thanks to the fast rise time and the short pulse 

duration which prevents the formation of instabilities56ï58. Because it generates a non-thermal 

plasma with molecular temperature typically ~ρπ ᴈ above the background temperature we expect 

it would not significantly increase thermal degredation55. Additionally, unlike their non-pulsed 

counterparts they can be operated at a low duty cycle while still retaining a fast rise time, allowing 

for the minimization of interference with the driving electric field of the electrospinning process. 

Furthermore, it has been observed that dielectric barrier discharges deposit charge onto the 

dielectric barrier. Work by Huang and others has demonstrated the ability of such discharges to 

deposit charge onto a substrate and have measured the resultant charge through various contactless 

techniques59ï62.  
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The parameters and gas mixtures most favorable for a uniform discharge and ion 

production is still an active area of research but work by Ambrico found that humid air (75% 

relative humidity at ςρ ᴈ) was more favorable vs dry air. Through intensified CCD imaging with 

a 3 ns gating (exposure time) they determined that the humid air produced a uniform discharge 

(i.e. spatially uniform distribution of plasma within the discharge gap) without any localized 

plasma filaments, which were apparent in dry air. The ion production was not investigated directly 

but they observed an electric field in the discharge gap through spectroscopic measurements of N2 

that persisted much longer in humid air (after the initial high voltage pulse) and attributed this to 

persistent ions within the gap. They proposed that this effect arises from water facilitating the 

attachment of electrons to molecules and thus converting fast moving electrons to heavy negative 

ions61. When applied to the problem of injecting ions into a polymer this suggests that humid air 

will provide longer lived negative ions for deposition on the polymer film without the need for 

specialty gases. 

While it is unclear if charges deposited by DBD will be compatible with the polymer and how long 

they will persist in a polymer melt before decaying through recombination or phase separation, the 

use of a repeated pulsed discharge pattern could be utilized to keep the polymer out of equilibrium 

during processing (creating additional charges). This can be done without the need for a supply 
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chain of specialty materials, with the additional benefit that, post-processing, the polymer will 

return to equilibrium free of additives. 

  

Figure 1-5 A diagram of a dielectric barrier discharge setup. a) Seen from the side. b) Seen from above. As can be seen in a) the 

dielectric coated discharge electrode serves as the high voltage electrode and is connected to the Nanosecond Pulse Generator 

(NPG). The spinning plate serves as the ground electrode with the melt serving as its dielectric barrier. We expect the nanosecond 

pulse to result in a nonthermal plasma in the gap generating ions that will be deposited on the fluid. From above the setup is similar 

to the previously pictured unconfined melt electrospinning apparatus with the addition of a discharge electrode and glass spacers 

(used to isolate the electrode from the spinning plate walls). 
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Chapter 2  

2.1 Apparatus and procedure overview for additive based electrospinning 

An enclosure made of insulating materials was used to control environmental parameters 

and minimize uncontrolled discharge from the high voltage electrospinning components. The 

enclosure (see Figure 2-1) dimensions allowed space above and around the high voltage collector, 

to avoid shorting the high voltage, but was small enough that temperature and humidity could be 

easily controlled. A flat metal collector was connected to a high voltage supply and faced a 

grounded spinning plate. The spinning plate was held in place and heated by a hotplate so polymer 

powder could be melted and spun. This experiment used a convection heater below the spinning 

region to control the ambient air temperature of spinning (see Figure 2-2).  

 

Figure 2-1 A picture of the enclosure. The collector, spinning plate and convection heater have been labeled. 

spinning 
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Figure 2-2 A close-up picture of the spinning apparatus. The collector, spinning plate, hotplate and convective heater have all 

been labeled. 

spinning 
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The collector was placed at 12.5 cm from the edge of the spinning plate allowing room for 

the convection heater. The humidity controller was set to 13% (based on trial and error 

optimization), and the hotplate setting (unchanged throughout this dissertation) resulted in a 

polymer temperature of 185  (without additional heaters present). For each experiment, the 

convection heater was set by adjusting the voltage through a Variac (varied based on experiment), 

the enclosureôs front was sealed, and the setup was allowed to reach thermal and humidity 

equilibrium for 60 minutes.   

Once equilibrium was reached, 4-10 g of polyethylene (DNDA 1088) powder with 0-10 

wt% conductive additive (FA38) was measured out and its mass recorded. The powder was placed 

onto the spinning plate, flattened, and uniformly distributed and the spinning plate was placed onto 

the hotplate. The enclosure was resealed to allow the system to return to equilibrium. At this time 

a temperature sensing probe was placed in the air 1 cm in front of the spinning plate edge. 

7-17 min after sealing (ςπ άὭὲϽὴέὰώάὩὶ άὥίίȾρπὫ σ άὭὲ, the polymer was molten, 

and the system was close to equilibrium. The air temperature 1 cm from the spinning plate edge 

was recorded and the temperature probe was subsequently moved and used to measure the polymer 

temperature (by immersing the probe tip into the melt) and then retracted. The imaging camera 

(Sony Ŭ7RIV) with 18-55 mm SLR Lens (Canon) was focused on the spinning plate edge.  

10-20 min after sealing (ςπ άὭὲϽὴέὰώάὩὶ άὥίίȾρπὫ, the polymer surface had relaxed 

from the disturbance caused by temperature measurement. Imaging was initiated, followed by the 

collector high voltage. The polymer film was drawn by the resulting electric field from the spinning 

plate towards the collector and formed jets of polymer which cooled into fibers before being 

deposited on the collector. Under some conditions fibers deposited on the collector became 

electrostatically charged and repelled back towards the spinning plate. In these instances, a glass 
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rod device was used to remove the fibers from the spinning area to prevent interference with the 

spinning process.  When needed, removal of fibers occurred only for t = 0 - 7 minutes; no fibers 

were removed from the spinning area after 7 minutes to ensure sufficient fiber collection for 

subsequent electron microscopy imaging. The experiment continued for 10 minutes total, at which 

point the collector high voltage supply was turned off.   

To determine the amount of polymer deposited on the collector, the final mass of the 

polymer (now a solid film) was measured. Fiber samples were collected from the left, middle, and 

right of the fiber mat that was deposited on the collector and prepared for scanning electron 

microscopy.   

The number of jets on the spinning plate each minute during the experiment was 

determined from imaging from above using the previously mentioned camera and lens. The 

position of each jet was measured using image analysis software (ImageJ).  

The polymerôs intrinsic properties of conductivity, viscosity, and surface tension were 

measured to determine how they affected the spinning process and were affected by the discharge 

treatment. In previous work47, conductivity was measured by Neelam Sheeran inside a temperature 

controlled vacuum prober system (Lakeshore) under either vacuum or atmospheric pressure using 

an LCR meter (Hikoi IM3533-01) and interdigitated electrodes (IDE). The measured conductivity 

was also verified in-situ using a custom impedance analysis fixture (see Figure 2-3). Viscosity 

was measured using a rotational rheometer (Anton Paar MCR 302 WESP) in a parallel plate 

geometry in combination within a controlled environment (Anton Paar H-PTD200). Surface 

tension measurements were taken using a tensiometer (DataPhysics DCAT 25) with a Du Noüy 

ring test body inside a temperature controlled enclosure (DataPhysics TEC 300). Additional 

experimental details can be found in subsequent subsections. 
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Figure 2-3 a) Side imaging of the custom impedance analysis being used in situ to measure the conductivity of a polymer film. b) 

Fron image of the fixture. Both images were provided courtesy of Neelam Sheoran. See the conductivity section for further 

details. 

 

2.2 Additive electrospinning enclosure construction 

The enclosure consisted of a frame attached to a base with panels mounted on the back, 

left, and right sides and viewing windows on the top and front. Images of the enclosure can be 

found in Figure 2-4 to aid in visualizing the components. 

 

Figure 2-4 pictures of a) the left panel of the enclosure b) the front of the enclosure and c) the right panel of the enclosure. The 

top panels, glass window, and back panel can also be seen in b). 

b) a) 

a) b) c) 
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The enclosure had front and top viewing windows to enable imaging of the electrospinning 

process. In addition to high voltage, the top window was regularly exposed to heat over 100  

and solvents. It was made of tempered glass, chosen for its balance between thermal/chemical 

resistance, insulating properties, and relative safety. This window was permanently sealed in place 

using a silicone adhesive. 

The front viewing window was exposed to lower temperatures (40-100 ) but was 

removed and replaced frequently. Polycarbonate was chosen because of its suitably high glass 

transition temperature (~150 ), relatively light weight for each of handling, and flexibility which 

improved safety and allowed for compression sealing. The front window is held in place by three 

brackets and a latch forming a reasonable seal with the wood frame. 

The frame of the enclosure was constructed of wood beams, which retain their mechanical 

strength over a range of temperatures, are easily modified, and are electrically insulating. The top, 

left, right, and back panels were constructed of cement board chosen for its thermal resistance and 

insulating properties. The right panel was modified with through holes for the telescopic 

temperature probe and the humidifier hose while the left panel was modified with a single through 

hole for the high voltage connection. The side and back panels were mounted to the frame using 

wood screws and all panels were sealed to the frame with silicone adhesive. The benchtop (inside 

a chemical fume hood) formed the bottom of the enclosure. A wooden base board was placed 

within the enclosure to provide mounting points for the collector and hotplate to ensure consistent 

collector-spinning plate distance. 

In addition to collector distance, consistent humidity was necessary as water vapor helps 

suppress parasitic discharges63 and was observed to stabilize the spinning process during dry 

weather. To control the humidity, a humidifier (Betazooer Reptile Humidifier) was used alongside 
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a set point % humidity controller (Inkbird IHC-200). The humidifier was connected to the 

enclosure using a corrugated expandable plastic tubing hose attached to PVC pipe passing through 

the right panel. The controllerôs sensor was attached inside the box to the frame in the top-back-

right corner. 

Maintaining a stable temperature inside the enclosure was also important because it (i) 

directly affects the water vapor content of air for a given % humidity, (ii) affects the formation of 

parasitic discharges63, and (iii) alters the size of the melt electrospun fibers64,65. In this setup, the 

enclosure ambient temperature was actively controlled using a custom convection heater 

constructed of a hollow aluminum rectangular frame with 4 fans which forced air into the frame 

and up through the two heating elements (see Figure 2-2). The voltage of the heating elements 

was controlled using a Variac and each element was equipped with a thermoelectric switch to 

prevent overheating. The temperature of the enclosure was measured in the far corner using the 

humidity controller and the air temperature 1 cm from the spinning edge was measured using a 

telescopic probe with an attached thermocouple.  

 

2.3 Additive electrospinning collector construction 

The collector assembly (Figure 2-5) consisted of an aluminum ρςȱρςȱ plate (collector) 

mounted onto a high density polyethylene base, chosen for electrically insulating properties and 

ease of fabrication. The plate was bolted in place and the exposed bolts were covered in silicone 

putty (GC electronics 10-8880) to prevent unintentional discharge. The base formed an ñLò shape 

with two holes on the bottom section to aid in alignment. This collector assembly was placed on a 

polyamide insulation (McMaster-Carr) enveloped shelf constructed from a wood plank with 

ceramic spacers for consistent collector placement and cement brick stands to further isolate it 

from ground. This design of a stationary shelf allowed the relative placement of the collector to be 
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mobile, but heavy enough to prevent accidental movement and for the collector assembly to be 

removed and replaced onto the shelf without the loss of position. The exposed metal was then 

covered in a polyamide tape (CCHUIXI 1 mil) to prevent corona discharge. An additional layer of 

standard electrical tape was used to insulate the edges of the metal plate and hold a sheet of 

aluminum foil over its collecting side to provide a clean disposable surface for the deposition of 

fibers. The collector voltage was controlled by a DC high voltage power supply (XP Power 

FJ60R02.0).  

 

Figure 2-5 Images of the collector apparatus. a) shows the white HDPE base of the collector clearly with high voltage connection 

and circular alignment holes. b) clearly shows the foil covered front of the collector assembly and table like geometry of the 

insulated stationary shelf. 

2.4 Additive electrospinning spinning plate 

The spinning plate was designed to hold molten polymer and electrospin polymer from its 

open face. It was modular with the base fabricated from aluminum for thermal and electrical 

conductivity, while the spinning edge was a modified tungsten carbide tipped planar blade 

(Magnate PK0618T). This modularity allowed for a sharp durable blade to be periodically replaced 

a) b) 
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to produce a consistent and uniform electric field. The spinning plate was grounded with a copper 

rod inserted into the non-spinning side and attached to a copper ground braid. Figure 2-6 is an 

image of the plate inside the spinning setup. 

     

Figure 2-6 Close-up imaging of the spinning plate from the side, a), and from above, b). 

The spinning plate was placed at the edge of the hotplate for spinning where it was aligned 

using a metal bar mounted onto the hotplates surface. This ensured the plate would be placed so 

that its lip protruded past the hotplateôs heating surface as seen in Figure 2-6.   

The consistency of heating between experiments was monitored using a telescopic 

thermocouple probe. The probe was designed to be placed directly into the polymer melt and could 

be placed, removed, and manipulated externally. The thermocouple (Omega TC-GG-K-36-36-

ROHS) was read using an Arduino device with replaceable thermocouple reading boards (Adafruit 

MAX31856).  

 

2.5 Additive electrospinning convection heater 

The convection heater consisted of an aluminum enclosure with two fans on the front and 

back sides (4 total) driving air into the enclosure and up through two ceramic heaters. The 

enclosure was a modified ψȢχυͼυȢχτͼςȢςυͼ aluminum box with two evenly spaced through 
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holes on each of the υȢχτͼςȢςυȱ faces. A 5 V brushless fan was placed externally over each of 

these holes. On the top ψȢχυͼυȢχτͼ face a large rectangular opening was milled out and two 

1000W ceramic PTC heaters (Walfront) were mounted (see Figure 2-7). Each of these heaters was 

connected to a Variac through a ρωπ ᴈ thermoelectric switch to prevent overheating.  

 

Figure 2-7 a) A picture of the convection heater from above clearly showing the ceramic PTC heaters. b) image of the right side 

showing two of the four fans that drive convective air currents through the heaters. 

2.6 Apparatus and procedure overview for discharge assisted electrospinning 

An enclosure made of insulating materials was used to control environmental parameters 

and minimize unintentional discharge from the high voltage electrospinning components. The 

enclosure (see Figure 2-8) dimensions allowed space above and around the high voltage collector, 

while minimizing total volume, so temperature and humidity could be easily controlled. A flat 

metal collector was connected to a high voltage supply and faced a grounded spinning plate. The 

spinning plate was held in place and heated by a hotplate so polymer powder could be melted and 

spun. This experiment used a novel in-situ discharge treatment to actively modify the polymer 

properties while spinning. This treatment was accomplished by utilizing a nanosecond pulsed 

dielectric barrier discharge (DBD) with a cylindrical high voltage electrode and the spinning plate 

serving as the counter electrode (see Figure 2-9). A nanosecond pulse generator (NPG) 

(Megaimpulse NPG-18/3500N) was used to drive the discharge. 
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Figure 2-8 Diagram of the enclosure showing the shape and dimensions in inches. 

 

Figure 2-9 Pictured above is the spinning apparatus. The following have been highlighted: high voltage collector, grounded 

spinning plate, hotplate, and cylindrical discharge electrode. 
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The collector was placed 10 cm from the edge of the spinning plate and the discharge 

electrode was positioned -10 mm (x-direction) from the spinning edge. The hotplate and spinning 

plate vertical position was controlled externally using a precision stage and set such that the lowest 

part of the discharge electrode was 2.5 mm (37.5 mm stage position) above the spinning plateôs 

surface (y-direction) during experiments. The humidity controller was set to 42% (optimized by 

trial and error and then left fixed), and the hotplate was set so that the polymer temperature would 

reach 175  (optimized by trial and error and then left fixed). The enclosureôs front was sealed, 

and the setup was allowed to reach thermal and humidity equilibrium for 120 minutes.   

Once equilibrium was reached, 6.7 g of polyethylene (ASPUN 6850A) powder was 

measured out and its mass recorded. The powder was then placed onto the spinning plate, flattened, 

and uniformly distributed and the spinning plate was placed onto the hotplate in the down position 

(0 mm stage position). The enclosure was resealed to allow the system to return to equilibrium.   

25 min after resealing, the polymer was molten, and the spinning plate was raised to the up 

position (2.5 mm electrode distance). The imaging camera (Sony Ŭ7RIV) with 18-55 mm SLR 

Lens (Cannon) or 180 mm macro lens (Canon) was focused on the spinning plate edge. At this 

time, the polymer temperature was also measured using a telescopic thermocouple probe, allowing 

the polymer surface time to recover from the disturbance caused by the thermocouple.  

30 min after resealing, the system was near thermal and humidity equilibrium. Imaging 

was initiated followed by the discharge treatment and then the collector high voltage. The treated 

polymer film was drawn by the resulting electric field from the spinning plate towards the collector 

and formed jets of polymer which cooled into fibers before being deposited on the collector. Initial 

experiments continued until the number of jets decayed to 0, at which point the collector high 

voltage supply and the discharge treatment were turned off.   
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To determine the amount of polymer deposited on the collector, three mass measurements 

were taken. The mass of the remaining polymer film after spinning was measured as was as the 

mass of any polymer that had adhered to the discharge electrode. When present, the mass of the 

polymer which overflowed onto the underside of the spinning plate was also measured. Fiber 

samples were collected from the fiber mat that was deposited on the collector and prepared for 

scanning electron microscopy.   

The number of jets from the polymer melt during the experiment was recorded every 1 

min. From this information the time at which the system reached the maximum number of jets 

(ὸ ) was determined. Once ὸ  was known, the experiment was then repeated twice using the same 

collector voltage and pulse frequency conditions and was terminated at ὸ  to ensure fiber samples 

taken were from the time of maximum jet density, once using a 18-55 mm SLR Lens (Cannon) for 

imaging and once using a 180 mm macro lens (Cannon).  

The polymerôs intrinsic properties of conductivity viscosity and surface tension were 

measured to determine how they affected the spinning process and were affected by the discharge 

treatment. Conductivity was measured inside the enclosure before the discharge treatment and 10 

min after the treatment using an LCR meter (Hikoi IM3533-01) connected to an interdigitated 

electrode (IDE) by a custom in situ impedance analysis fixture (see Figure 2-10). The viscosity 

was measured using a rotational rheometer (Anton Paar MCR 302 WESP) in a parallel plate 

geometry in combination within a controlled environment (Anton Paar H-PTD200). Surface 

tension measurements were taken using a tensiometer (DataPhysics DCAT 25) with a Du Noüy 

ring test body inside a temperature controlled enclosure (DataPhysics TEC 300). Additional 

experimental details can be found in subsequent subsections. 
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Figure 2-10 Diagram of the custom in situ impedance analysis fixture and spinning plate when conductivity is being measured. 

The IDEôs sensing face is held on the surface of the polymer melt 5 mm in from the spinning edge. 

 

2.7 Discharge assisted electrospinning enclosure construction 

The enclosure consisted of a frame attached to a base with panels mounted on the back left 

and right side and viewing windows on the top and front. An exploded diagram can be found in 

Figure 2-11 to aid in visualizing the components. 
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Figure 2-11 An exploded diagram showing the components that form the enclosure. 

The enclosure had front and top viewing windows to enable imaging of the electrospinning 

process. In addition to high voltage, the top window was regularly exposed to heat over 100 , 

free radicals, and solvents. It was made of tempered glass, chosen for its balance between 

thermal/chemical resistance, insulating properties, and relative safety. This window was 

permanently sealed in place using a silicone adhesive. 

The front viewing window was exposed to lower temperatures (40 ) but was removed 

and replaced frequently. Polycarbonate was chosen because of its suitably high glass transition 

temperature (~150 ), relative light weight making it easier to handle, and flexibility which 

improved safety and allowed for compression sealing. The front window is held in place against a 

rubber sealing ring by four draw latch keepers (McMaster Carr Style G Draw Latch) secured to 

each corner. 
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The frame of the enclosure was constructed of wood beams, which retain their mechanical 

strength over a range of temperatures, are easily modified, and are electrically insulating. To 

prevent warp and loss of insulating properties through water absorption, it was treated using a 

commercial sealant. A shallow (1/8ò) rectangular groove was milled along the front face and a 

rubber seal (McMaster Carr Style F Surface-Mount Foam Rubber Seal, σȾψͼχȾσςͼ) was 

installed into it to form a compression seal with the front window. Four draw latch hinges 

(McMaster Carr Style G Draw Latch) were mounted on the front face to engage the keepers on the 

front window (schematic in Figure 2-12). 

 

Figure 2-12 A schematic of the front of the frame with dimensions given in inches. The grove for the rubber seal is highlighted 

in blue.  
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Similarly, the left and right panels were constructed of wood sheets treated with a sealant. 

The right panel was modified to allow cables, probes, pipes, and shafts to pass through it 

(schematic in Figure 2-13). A ball bearing (Bones Reds) was pressed into a 9/32ò deep 7/8ò 

diameter indentation and a shaft passed through it to allow external control of the precision stage. 

It was sealed with silicone lubricant to prevent moisture loss. The temperature probe utilized a 

press-fit and tight tolerance for a seal, while the NPG output cable and hotplate power cable slots 

were sealed with wooden inserts combined with silicone adhesive. The remaining slot and through 

holes were sealed with paraben wax. The left panelôs single through hole was also sealed with 

wax. Both panels were mounted to the frame using wood screws and sealed to the frame with 

silicone adhesive. The back panel was fashioned from cement board chosen for its thermal 

resistance and insulating properties. It was treated with a sealant and secured to the frame using 

wood screws. Silicone adhesive formed a seal with the frame. 

 

Figure 2-13 A schematic of the right panel with dimensions given in inches. The holes have been labeled as follows: (A) 

Humidifier controller sensor (B) NPG output cable (C) polymer melt temperature probe (D) humidifier PVC inlet (E) high 

voltage probe cable (F) precision stage control shaft (G) hotplate power cable (H) ground braid. 
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The base of the enclosure was made of a sheet of wood treated with sealant to exclude 

water. It was modified to have four holes for pegs used to affix the hotplate apparatus, three ıò-

20 holes for mounting ρςϳͼ optical posts (Thorlabs) of the NP cable and electrode fixtures and an 

additional hole for affixing the high voltage probe. The base was attached to the frame using 

woodscrews and was sealed to the frame and right, left, and back panels using silicone adhesive. 

Water vapor suppresses parasitic discharges63 and affects the DBD process by both 

scavenging residual charge on the electrode between pulses (reducing hysteresis effect for slow 

repetition rates) and changing the plasma chemistry by facilitating attachment of free electrons to 

molecules forming less mobile longer lived negative ions61. To control the humidity, a humidifier 

(Betazooer Reptile Humidifier) was used alongside a set point % humidity controller (Inkbird IHC-

200). The humidifier was connected to the enclosure using corrugated expandable plastic tubing 

attached to PVC pipe passing through the right panel. The controllerôs sensor was attached inside 

the box to the frame in the top-back-right corner. 

Maintaining a stable temperature inside the enclosure was important because it (i) directly 

affects the water vapor content of air for a given % humidity, (ii) affects the formation of parasitic 

discharges63, and (iii) alters the size of the melt electrospun fibers64,65. In this setup, the temperature 

was controlled passively through the enclosure by trapping heat from the spinning plateôs hotplate 

(Thermo Scientific HPA1910MQ), was in the range of 173 to 177 ᴈ after a stabilization period. 

2.8 Collector construction 

The high voltage applied to the collector requires particular design considerations to 

prevent arcing and other unintentional discharges. The collector assembly consisted of an 

aluminum ρπȱρπȱρȾτȱ plate (collector) mounted onto a high density polyethylene (HDPE) 

base. HDPE was chosen because of its high dielectric breakdown, excellent resistance to water 

absorption, and better machinability relative to similar plastics. The resistance to water absorption 



   

34 

 

and high dielectric breakdown prevent discharge through the base which would create 

experimental problems such as damage to the base, intermittent reduction of applied collector 

voltage, and risk of fire. Nuts and bolts were used to hold the individual pieces together. The 

exposed metal was then covered with silicone putty (GC electronics 10-8880) to prevent corona 

discharge. The plate was mounted onto the base with three threaded rods and nuts. An insulating 

slip-on cover was 3D printed from thermoplastic polyurethane (TPU) filament to prevent corona 

discharge from the collector and to secure aluminum foil to its face. Two washers and an additional 

nut were placed on one of the threaded rods to be used as a screw terminal for attaching the high 

voltage cable. See Figure 2-14 below for a basic diagram of the collector apparatus. 

 

Figure 2-14 A diagram of the collector apparatus. The high voltage collector plate (gray) is mounted to a HDPE base (off white) 

and insulated with a TPU slip-on cover (orange). 
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2.9 Discharge assisted electrospinning collector voltage control 

The collector voltage was controlled by a DC high voltage power supply (Glassman 

FC60R2).  This supply was chosen because of its lack of arc quenching features. This feature 

typically disables and grounds the power supplyôs high voltage in response to a sudden voltage 

drop to prevent arcing, however the electric field from the discharge treatment also triggers the 

feature resulting in a loss of collector voltage and spinning. For this reason, arc quenching features 

should be disabled or avoided. 

 

2.10 Discharge assisted electrospinning spinning plate 

The spinning plate was designed to hold molten polymer and electrospin polymer from its 

open face while withstanding the effects of repeated glow discharges. It was modular with the base 

fabricated from aluminum while the spinning edge was a modified tungsten carbide tipped planar 

blade (Magnate PK0618T). This modularity allowed for a sharp durable blade to be periodically 

replaced to produce a consistent and uniform electric field.  

The active spinning area of the spinning plate was reduced by excluding the polymer melt 

from the left and right sides using glass inserts. This ensured the spinning area was limited to the 

discharge treatment area. 

The spinning plate was grounded with an aluminum rod inserted into the non-spinning side 

and attached to a copper ground braid. Internal toothed washers were used to maximize the oxide 

free contact at the connection. Figure 2-15 shows the individual components of the spinning plate. 
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Figure 2-15 An exploded view of the spinning plate components. 

The rodôs secondary purpose was to align the spinning plate by coupling with a guide which 

was mounted onto the spinning plateôs heat source, a hotplate. This held the plate so that lip of the 

spinning plate protruded past the hotplateôs heating surface (schematic in Figure 2-16).   

 

Figure 2-16 A diagram of the spinning plateôs position on the hotplateôs heating surface. The following have been highlighted: 

Spinning plate, ground rod, spinning plate guide, hotplate, heating surface. 



   

37 

 

The consistency of heating between experiments was monitored using a telescopic 

thermocouple probe. The probe was designed to be placed directly into the polymer melt and could 

be placed, removed, and manipulated externally. The thermocouple (Omega TC-GG-K-36-36-

ROHS) was read using an Arduino device with replaceable thermocouple reading boards (Adafruit 

MAX31856).  

In-situ discharge treatment was accomplished by utilizing a custom built cylindrical 

dielectric barrier electrode placed above the melt, parallel to the electrospinning edge with the 

spinning plate serving as the ground electrode (schematic in Figure 2-17). The electrode was 

mounted using optomechanical posts holders and clamps (Thorlabs) and glass tubing for posts to 

prevent electrical conduction. This way of mounting the electrode allowed its position and 

orientation to be completely adjustable.   
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Figure 2-17 A diagram of the discharge electrode setup. The dielectric barrier electrode is highlighted in green and the grounded 

spinning plate in orange. The electrode is held in place by optical clamps (black), glass tubing (transparent), and secured to the 

base by optical post holders (black). 

The distance between the cylindrical electrode and the ground was controlled precisely by 

adjusting the height of the spinning plate. The height was controlled using a precision stage on 

which the hotplate and thus the spinning plate were mounted. An external knob, attached to the 

stage through a shaft, allowed the stage to be controlled.   

2.11 Discharge electrode 

For the discharge treatment a nanosecond pulsed dielectric barrier discharge (DBD) was 

employed and driven by a nanosecond pulse generator (NPG). The high voltage electrode was 

cylindrical with a 1/8ò (0.125ò) diameter aluminum electrode surrounded by 0.09ò thick glass 

dielectric barrier (schematic in Figure 2-18). A conductive epoxy (G6 epoxy G6E-HTSG) was 

used to fill the gap between the inner diameter of the dielectric barrier (0.16ò) and the electrode. 
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The neck of the barrier served as entry point for the connection to the NPG output cable and for 

mounting. It was pressed into a cylindrical polyether ether ketone (PEEK) sleeve which allowed 

for a tighter fit into the optomechanical clamp and reduced the risk of fracturing. The open end of 

the barrier was sealed with a PEEK insert and dielectric putty (GC electronics 10-8880). 

 

Figure 2-18 A schematic of the discharge electrode with dimensions given in inches. 

 

2.12 Nanosecond pulse generator control 

The NPG (Megaimpulse NPG-18/3500N) was used in burst mode. The amplitude of the 

nanosecond pulses within the burst was set to the maximum setting with the voltage varying 

depending on the load. The repetition frequency of the nanosecond pulses within the burst was 

controlled internally and set to 1 kHz (i.e. 1 ms between pulses withing a burst). The burst length 

and burst repetition frequency was controlled using an external triggering in the form of a pulsed 

square wave. The burst length was set to 1 ms using a 1 ms square waveform from a triggering 

pulse generator (Datapulse 100A) and the burst frequency corresponded to the repetition frequency 

on the square waveforms which was controlled by a function generator (Tektronix CFG253). This 

resulted in bursts consisting of two nanosecond pulses spaced 1 ms apart (Figure 2-19(a). The 
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triggering pulses and nanosecond pulse bursts were monitored with an oscilloscope, (Tektronix 

TDS 1002) the latter through a high voltage probe (Tektronix P6015A). The burst repetition 

frequency was varied from 0.25 Hz - 2 Hz. The two pulse burst was used to ensure discharge 

initiation when operating at low frequencies. From here on out burst repetition frequency and pulse 

repetition frequency will be used interchangeably to refer to the burst repetition rate. A typical 

nanosecond pulse waveform can be seen in Figure 2-19(b. 

 

Figure 2-19 a) A timing diagram of nanosecond burst (red) the triggering pulse (black doted). The nanosecond pulse is not to 

scale. b) A typical nanosecond pulse with rise time of 13 ns and minimum voltage of -35 kV. 

 

2.13 Conductivity measurement 

The AC conductivity was measured to avoid effects from electrode-double layer charge 

transfer and isolate the bulk conductivity.66 Measurements were performed within the humidity- 

and temperature-controlled enclosure using an IDE (Metreohm dro-g-ideau10) connected to an 

LCR meter (Hikoi IM3533-01) through a custom in situ impedance analysis fixture. This fixture 

held the IDEôs sensing face on the surface of the polymer melt film (see Figure 2-10). Before 

making measurements, each IDE was inspected for damage and tested at 1 kHz. If necessary, IDEs 

were cleaned in an ultrasonic toluene bath. Impedance values were measured for frequencies from 

1 kHz to 100 kHz and the data was fit to a 2 20  model, that is a resistor 2 , representing 
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the circuit resistance of the measuring apparatus, in series with a parallel circuit consisting of the 

filmôs bulk resistance, 2 , and a constant phase element 0, to account for the spread of relaxation 

times around a central ion relaxation time. The conductivity was determined from 2  and the IDEôs 

cell constant. The validity of this single element model was determined by performing a 

distribution of relaxation times analysis to verify the existence of a single central relaxation time. 

For in situ impedance measurements a custom fixture rigidly held an IDE sensing-side 

down onto the surface of the melt film. It consisted of an aluminum and copper chassis which 

shielded two PTFE (Teflon) insulated cables until they connected directly to the IDE through a 

compression fit (see Figure 2-10).  

 

2.14 Viscosity measurement 

The complex viscosity was measured using a rotational rheometer (Anton Paar MCR 302 

WESP) in a parallel plate configuration (Anton Paar PP25) in combination within a controlled 

environment (Anton Paar H-PTD200) at 175 . Polymer powder was prepared and placed on the 

plate. The polymer melted and was allowed to reach thermal equilibrium with the controlled 

environment before measurements were taken. Once equilibrium was reached, the PP25 spindle, 

with parallel plate geometry and a diameter of 25 mm, was lowered to have a plate-to-plate 

distance of 0.382 mm and zero normal force. Excess polymer was removed before making 

viscosity measurements. The viscoelastic plateau was identified by performing an amplitude 

sweep. The complex viscosity was then measured within this range using an oscillating shear strain 

of 0.1% and frequency of 1 Hz with zero normal force. In this regime the Cox-Merz rule applies 

so that the real part of the complex viscosity can be taken to be the shear viscosity.67,68 

Additionally, in this regime the measured viscosity will be approximately the zero shear viscosity. 
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2.15 Surface tension measurement 

The surface tension was measured using a tensiometer (DataPhysics DCAT 25) with a 

9.535 mm radius platinum-iridium ring (DataPhysics RG 11 Du Noüy ring) utilizing a ring pull 

lamella method inside a temperature-controlled enclosure (DataPhysics TEC 300) at 175 . . Both 

polymer powder and post-spinning film samples were measured to quantify any changes in the 

polymerôs surface tension due to heating or discharge treatment. The polymer was kept under 

nitrogen to prevent oxidation from affecting the measurement results. Once the melt reached 

thermal equilibrium (~30 min) the ring was lowered to the surface and the measurement was taken. 

Surface tension was determined from the average of three successive measurements with a ring 

movement speed of 0.005 mm/s. This low speed was necessary to prevent the viscoelastic 

properties of the polymer from affecting the measured gravitational force. The surface tension was 

then calculated using a Zuidema and Waters correction factor with ʍ πȢππρςω   and 

” πȢψφ . 

 

2.16 Fourier Transformed Infrared Spectroscopy 

The surfaces of polyethylene films were characterized after electrospinning using an FTIR 

spectrometer (Cary 630 FTIR) with a diamond attenuated reflectance attachment (Cary FTIR 

Diamond ATR) and compared to a powdered polyethylene control. Spectra were taken form 650 

ὧά  to 4000 ὧά  with resolution of 2 ὧά . The obtained spectra were inspected for evidence 

of degradation in the form of O-H and C-O bonds as well as ring lactones, ester, and carbonyl 

groups. The extent of the degradation is quantified by comparing the relative intensity of these 

peaks to that of the C-H stretch peaks. A typical spectrum with and without degradation can be 

seen in Figure 2-20. 
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Figure 2-20 Example FTIR spectrum of ASPUN 6850A with and without a 1 hr heat treatment to demonstrate the change in 

spectrum due thermal degradation. The absorbance has been normalized using the C-H stretch peak. The heat treated spectrum in 

green shows evidence of degradation in the form of O-H bonds, C-O bonds, ring lactones, ester, and carbonyl groups. 

 

2.17 Fiber sampling and SEM characterization 

After the completion of electrospinning, fiber samples were taken using SEM pin stubs 

(Ted Pella 12.7 mm) with a carbon adhesive (Ted Pella PELCO 12 mm). Three stubs were pressed 

onto the fiber mat, one which was centered on the mat and two which were placed 50.8 mm (2 in) 

to the right and left respectively. A wooden guide was used to ensure proper spacing of the stubs 

when taking samples. 
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Fiber samples were imaged using a desktop scanning electron microscope (SEM) (Hitachi 

TM4000). Samples were prepared by sputter coating (Quorum Technologies SC7620) with gold 

palladium for 45 seconds. Once coated, images were taken at a magnification of ςυπ using a 15 

kV accelerating voltage and mode 3 spot size. The fiber diameters were measured manually using 

ImageJ software. 

 

2.18 Melt electrospinning process imaging 

Imaging of the electrospinning process was taken using a combination of an 18-55 mm 

SLR Lens (Cannon) and a 180 mm macro lens (Cannon) attached to a 45 Megapixel mirrorless 

camera (Sony Ŭ7RIV). This was positioned above the spinning zone and held in place with a lab 

stand. 

 

2.19 Polymer preparation and loading 

The polymer powder was prepared using a freezer mill (SPEX SamplePrep 6870) to grind 

20 g of pellets with no additive (ASPUN 6850A or DNDA 1088) at a rate of 15 cycles per second 

for 10 min total grinding time. To prepare a 5 wt% additive (FA38) doped sample the precise 

weight of the pellets was measured (~19 g) and then the required grams of additive (~1g) was 

measured and added to the grinding vial with the polymer pellets and ground using the previously 

mentioned settings. To load the spinning plate with the prepared powder, 5-10 grams of powder 

was placed on the spinning plate depending on the experiment and then pressed into a rectangular 

shape using two tools. The first tool was placed on the front of the spinning plate which formed a 

compression seal preventing powder from falling over the edge and a second tool compacted and 

leveled the polymer powder after it was placed onto the spinning plate for a consistent film 

thickness. 
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2.20 Electric field simulation 

The electric field produced by the high voltage collector, grounded spinning plate, and 

discharge electrode (when present) was simulated using a commercial modelling program 

(ANSYS electromagnetic desktop 2020). The software was used to create a three-dimensional 

finite element mesh of a CAD model using an adaptive meshing and calculate the electric field by 

electrostatic simulation. The initial mesh was generated using the TAU method with moderate 

mesh resolution and curvilinear meshing enabled. The model resolution was set to 1 micron and 

mesh density was enhanced at the curved surfaces of the spinning plate i.e. the spinning edge and 

top surfaces of the spinning plate sides. An example of a surface meshing of the spinning plate can 

be seen in Figure 2-21. Areas and volumes used for calculation of the electric field had additional 

resolution imposed by restricting the maximum element lengths in these areas. The tetrahedral 

mesh was refined each pass by adapting the 20% highest error tetrahedrons until the desired 

percent energy error of 1% or less was reached. The simulations typically had ρͯπ tetrahedrons 

upon convergence with an estimated energy error less than 0.2%. 

 



   

46 

 

 

Figure 2-21 An example of a surface mesh (blue) of the spinning plate (gray) upon convergence of the simulation. Note the areas 

of higher density mesh at the spinning edge and sharp surfaces of the spinning plate sides. 
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Chapter 3  

3.1 Introduction and Summary 

The two most common ways to process a polymeric material are to dissolve it in solvent 

or heat it to make a melt.  High molecular weight commodity polymers, such as polyethylene, 

polypropylene, and polyethylene terephthalate, have excellent mechanical properties and well-

known stability, processing, and degradation properties.  These are materials symbiotically 

developed with industrial processing strategies. Melt processing works well for large scale 

industrial production because there is no secondary material (solvent) to purchase, collect, and 

dispose of and large-volume factory lines can easily be kept at constant temperatures.  In addition, 

increase in molecular weight and branching improves mechanical properties and decreases 

solubility.  Optimized mechanical properties are a primary goal in almost every commercial 

application. 

In contrast, most fundamental research on new fabrication strategies processes polymer 

with solvent.  Melt phase production is more challenging at small scale and solvents are commonly 

used for other fundamental materials research (such as synthesis).  However, there are detriments 

to this approach, including concerns with scaling and environmental impact 6,16,69,70, alongside the 

limited ability to process the higher molecular weight materials. When considering new fabrication 

strategies, a fundamental understanding of how novel techniques can be utilized with industry 

standard materials (that is, with melt) is needed.   

As an example, solution phase electrospinning (which generally utilizes a long thin needle 

placed at high voltage through which a relatively low viscosity polymer solution is pumped) 

consistently produces polymeric nanofibers, a highly desirable geometry for applications ranging 
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from tissue engineering to filtration1,16,71,72. However, there are multiple challenges to melt 

electrospinning: Melts are much more viscous than solutions, leading to needle clogging and 

inability to pump at a controlled rate. Electrospinning relies on ionic conductivity (with ions often 

provided by the solvent) whereas commodity polymers are highly insulating in pure form6.  As 

previously shown18 the first challenge can be addressed by using a different physical configuration: 

in such unconfined arrangements, melt is placed on, for instance, a flat spinning plate and 

spontaneously fingers to form many nozzle-like structures (cone-jets). Rather than a pump, the 

electric field is solely used to propel the melt forward.  As previously shown in work I have co-

authored, the second challenge can be addressed by utilizing polymer additives46,47 (likely to be 

present for other goals, such as static reduction, in commercial formulations).  However, with or 

without modifications that enable facile use of melts, melt electrospinning does not generally 

produce nanofibers but rather larger structures in the 1 ï 10 ɛm range.   These fibers are useful but 

do not have the large surface to volume ratios needed for applications where high porosity is crucial 

such as tissue scaffolding or air or water filtration1,16,71.  

The goal of this chapter is to describe step-by-step fundamental understanding of how 

nanofibers can be produced from high viscosity melts with electrospinning.   As previously shown 

in publications I co-authored, cone-jet properties depend on ionic conductivity, flow rate and other 

factors.  The maximum fiber size is set by the radius of the jet at the cone-jet transition which 

previous works73,74 have parameterized as: 

 
ὶ

ʂȾ ὗ
Ⱦ
צ
Ⱦ

ʆȾὉ 
Ⱦ

 
( 3-1) 

 

with – viscosity, ὗ  the flow rate per jet, ‐ the permittivity of free space, ‖ the ionic 

conductivity, and Ὁ  the pertinent electric field46,47,73,74.  Forming nanofibers requires a decrease of 

ὶ  by 1) ensuring ə is adequately large (discussed in a previous work47), 2) manipulating ὗ  
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(discussed here), and 3) enabling additional thinning between ὶ  and the ultimate fiber (discussed 

at the end of this chapter). Examining eq. ( 3-1), the strongest dependence is on ὗ , the flow rate 

per jet, which in unconfined configurations suitable for viscous melts is controlled by the electric 

field and fluid properties.  In this chapter, we discuss how ὗ  can be altered by external 

parameters and track the resultant change in fiber diameter. We discuss control of Q the total 

volume per time leaving the plate (see Figure 3-1, which summarizes the experimental 

configuration), which is most strongly affected by the thickness of the melt, and ὗ  the volume 

per jet which can be altered by increasing the number of jets (for instance, via increase in E) for a 

given Q.  Finally, the correlation between ὗ  and the fraction of nanofibers is discussed. 

Previously46,47, our group discussed the role of ə (the second strongest dependence) and here a 

melt with additives is utilized to ensure adequate ionic conductivity.  At the end of this chapter, 

we discuss the transition from the jet diameter to the resultant fiber, which depends on the 

background conditions.   

The basic unconfined melt-electrospinning process occurs as described below and shown 

in Figure 3-2. Molten polymer forms a thin film on a horizontal, electrically grounded, heated 

spinning plate (see Figure 3-1).  A collector, held at a high voltage, creates an electric field which 

moves ions to the melt surface.  As shown in Figure 3-2 (optical images of the plate edge, oriented 

with the collector at top of page), the charged polymer is then drawn as a sheet towards the collector 

(15 s image), thins, and ultimately spontaneously fingers (30 s image) into many protrusions due 

to interactions between surface tension, the electric pressure75,76. The weakly conducting nature of 

the polymer allows it to screen the electric field resulting in the formation of  cones as the electric 

field normal force and Laplace pressure balance13,15,77  Fluid on the surface of these cones 

accelerates toward the apex until the transfer of charge through ionic conduction is insufficient to 
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screen the electric field leading to a sheer stress which ñbreaksò the surface tension forming a 

jet13,73,74. The radius of the jet as it exits the cone-jet, ὶ , sets the maximum fiber size as this jet 

of molten polymer then thins, and at some point solidifies, and arrives at the collector as a fiber.  

 

 

Figure 3-1 a) Top-down view of electrospinning scheme.  Fluid sits on a horizontal, electrically-grounded metal spinning plate 

(left) heated from below (not shown).  High voltage is applied to the vertical metal collector (shown edge on, right).  Q is the 

total volume per time leaving the plate through all jets Qjet is the volume per time per jet. b) Illustrations of fluid shape through 

various stages from initial spontaneous fingering (top) to protrusion (middle) to steady-state cone-jets (lower). c) Sketch showing 

a typical cone jet profile with the approximate location of ὶ 75 
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Figure 3-2  Top-down images of the cone-jet formation process for a 1.8 mm thick fluid film (DNDA-1088 at 174 °C), collector 

applied voltage of -59 kV, and no intentional background heating.  Voltage is applied at t = 0.  Here the x axis is up the page 

(collector above) and the terminal edge (closest to the collector) of the spinning plate is shown.  Fluid appears white/silver.  

Wires and heaters below the spinning plate are out of focus and thus blurred.  See the text for description of features versus time.  

 

3.2 Total flow rate Q 

Following the logical reasoning of eq. ( 3-1, the maximum fiber size is set by the jet size 

r jet.  Formation of nanofibers may be aided by small r jet. The strongest dependence on an external 

parameter in eq. ( 3-1 is on Qjet, which can be controlled in part by tuning Q, the total volume lost 

per time, from the whole plate (through all jets). Q measurements are summarized in Figure 3 for 

32 cases where initial mass on the plate (and thus the fluid film thickness), applied voltage, 

background temperature, and/or amount of additive doping have been altered (see legend at top).  
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Filled (open) symbols are for 10 g (5) g placed on the plate, resulting in an estimated melt thickness 

of ca. 1.8 (0.9) mm (given a density of 860 kg/m3 at the average melt temperature of ca. 185°C).  

There are two cases with 1.3 mm thickness and one with 0.7 mm (lower half-filled or right half-

filled, respectively).  For most cases the DNDA-1088 polymer was doped with 5 wt% FA38 (see 

experimental section for additional details).  Diamond (triangle) shapes have doubled (zero) 

additive doping.  In one case, the working distance was reduced to 11.25 cm (star symbol).  The 

background was either warmed only by the spinning plate (black squares, ca. 80 °C) or to higher 

temperature via additional heat elements (red circles, ca. 100-120 °C).  Examining the data, the 

total flow rate Q is most influenced by the thickness of the polymer film, controlled by the amount 

of mass placed on the spinning plate.   
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Figure 3-3  Summary of the total volume flowing from the plate (through all jets) per time (cubic 

centimeters per second).  This quantity is most influenced by the thickness of the fluid film, indicated in 

the graph with filled symbols for the thickest film (1.8 mm), and lower filled symbols (1.35 mm), open 

symbols (0.9 mm) and right filled symbols (0.72 mm) tracking decreasing film thickness.  The other 

experimental quantities (see legend at top), reflected in symbol color (presence of background heating), 

and shape (difference in doping or working distance) do not have a strong influence on Q.  As voltage (x 

axis) increases, flow rate increases as discussed in the text.  The fit lines are derived from eq. ( 3-5) 
below.  
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The motion of viscous liquids in a thin film configuration is a classic problem76.  Viscosity 

is associated with the inability of fluid velocity to change rapidly with position, and thus a suitably 

thin film and high viscosity leads to thickness controlling velocity. To understand this, we can start 

with the well-known equation for the flow rate of a thin film 

 
ὗᶿ
Ὤ

–
Ὢ 

( 3-2) 

 

Where ὗ is the total flow rate, Ὤ is the film thickness, – the viscosity, and Ὢ a volumetric 

force along the direction of flow. For a conductor the force per unit area on the surface of an 

external electric field is proportional to ‐Ὁ  so we would expect Ὢ to be proportional to Ὁ . In 

this unconfined scheme, the electric field arises from a collector (at high voltage) and the grounded 

spinning plate, thus the electric field between them is proportional to the voltage difference. In this 

case █θ ὠ  and thus we might expect that the flow rate follows a power law  

ὗ ὄὬὠ  

Where B is a constant inversely proportional to the viscosity. If we take the log of both sides we 

find a linear relationship between ὰὲὗ , ὰὲὬ and ὰὲὠ  

ὰὲὗ ὥϽὰὲὬ ὦϽὰὲὠ ὰὲὄ  

This was fit with a multilinear regression for the data presented in Figure 3-3 finding ὥ

ρȢωυ (Ὤ dependance) and ὦ ςȢρψ (ὠ dependance). Because these values are both near 2 and we 

would expect an integer power we will treat them as two so that 

ὗ ὄὬὠ  

Recall that ὠ ᶿὉ  so that without loss of generality we can rewrite this as 

 
ὗ ὄ

Ὤ‐Ὁ

–
 

( 3-3) 
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I will note that we expect h to vary slowly with time (much slower than the fluid relaxation time) 

as volume leaves the plate. If we treat the film a an approximate rectangular solid with constant 

base area A and a spatially uniform thickness, then conservation of volume gives  

ὗὸ ὄ
Ὤὸ

–
‭Ὁ  ὄ Ὤ

ρ

ὃ
ὗὸὨὸ

‭Ὁ

–
 

 
This has a solution of the form 

 
ὗὸ

ὅ

ὸ ὸ
 

( 3-4) 

 

 

with ὅ   and ὸ  . Here ὃ ρυςτς άά is the area of the spinning plate. Because 

the experiment measures the time averaged Q, fit lines are derived from: 

  

 
ὗ

᷿ ὗὸὨὸ

ὸ

ὅ

ὸὸ

ὅ

ὸὸ ὸ
 

( 3-5) 

 

 

The E2 value used in C was the spatially averaged value at y = 1.8 mm, over the area of the 

spinning plate (ὼ π ὸέ τς άά and ᾀ π ὸέ ρυς άά  and we found that ὄ ὤφϳ  worked 

well where Z is the length of the spinning plate in the z direction .  The experimentally-measured 

viscosity (–) for DNDA 1088 with 5wt% FA38 at the pertinent melt temperature for each case was 

used (namely, 182, 177 , 185, and 183 °C for melt thicknesses of 0.72, 0.9, 1.35 and 1.8 mm 

respectively).  Z=152.4 mm and A= 6374.7 mm2.  

Examining eq ( 3-3 we note that, in principle, an alternative pathway to decrease the flow 

rate is to decrease the driving force by decreasing the electric field.  As a practical consideration, 

decreasing the electric field mitigates the entire electrospinning process; in particular, decreasing 
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the number of cone-jets as discussed below and increasing jet diameter (see eq. ( 3-1).  Thus, we 

find control of the film thickness is a more productive approach to alter Q.  To determine the flow 

per jet, Qjet we need to understand the factors that influence the number of jets.  

 

3.3 Jet density model 

Yarin et al has previously shown that the growth rate of protrusions in unconfined 

electrospinning of a thin viscous film which can be related to the fluid density, ʍ, fluid viscosity, 

–, surface tension, ‎, electric field at the surface, Ὁ, and the film thickness, Ὤ, by  

„
ὯὬ

ς–
Ὧ‎‐Ὁ  

( 3.6) 

 

where „ is the growth rate and Ὧ Ὧ Ὧ is the Pythagorean sum of the y and z wavenumbers 

of the sinusoidal perturbations75.  Yarin et al utilized an infinite plane geometry with electric field 

normal to the plane but previous work has shown it can be used to describe perturbation formation 

on the edge of a film with the electric field parallel film plane18,23,46,47. In this configuration y and 

z span the fluid surface perpendicular to the applied electric field which is parallel to the film 

surface (x direction) and the convention that z is parallel to the plate edge while y is in the direction 

of the fluid thickness (see Figure 3-1, x ~ 0 plane. 

 

The observable k, corresponding to the experimentally measured protrusion/jet spacing at 

steady state, is that which maximizes sigma, namely:  

 
Ὧ
ς‐Ὁ

σ‎
 

( 3.7) 

 

While originally derived for an electric field applied perpendicular to a fluid-covered infinite plane 

surface, this relationship has been used successfully in a variety of configurations18,23,46,47 

including thin film geometries such as used here. Most works made use of the assumption that k 
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is isotropic i.e. Ὧ Ὧ ὯЍςϳ  which works well in the absence of confinement (that is, y and z 

having similar ranges). Under these conditions k can be taken as proportional to the maximum jet 

density,  ‚ Ὧ ς“ϳ ρ‗ϳ  where ‗ is the observable jet spacing along the plate edge. This 

allows the electric field to be related to the maximum jet spacing by ‗ᶿ‎‐Ὁϳ .  This 

assumption of isotropic k relies on the confinement of  Ὧ from the film thickness being negligible. 

This occurs when the electric field and thus k is sufficiently large relative to the film thickness h. 

In this work we explore experimental parameters where this condition does not hold and thus k is 

no longer isotropic.  

 

Figure 3-4 a) A top-down view of spinning with the spacing between cone jets, ς“Ὧ , indicated. b) A side view of spinning with 

the wave profile of Ὧ Ὧ  marked in black on the fluid film (light gray) and then in blue to demonstrate a full period. 

The simplest approach to incorporate confinement is to give a lower limit to the value of 

Ὧ, (Ὧ ) or equivalently set a maximum ɚy , related to the film thickness In this case Ὧ Ὧ

ὯЍςϳ  holds for ὯЍςϳ Ὧ . For ὯЍςϳ Ὧ , Ὧ Ὧ  and Ὧ Ὧ Ὧ. Recall 

that ky is the wavenumber of a growing sinusoidal perturbation with spacing ‗ ς“Ὧϳ . This 

means that the stationary points (where the surface position remains unperturbed) occur ‗ τϳ  to 

either side of the protrusion apex. In the case of a protrusion growing from the edge of a thin film 

ς“Ὧᾀ
ρ ‗

Ǎ

ǂ
ǃ

ς“Ὧώ
ρ ςὬ

Ȋ Ȅ

ȅ
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(see Figure 3-4) the films top and bottom surfaces are stationary and thus we would expect the 

stationary points to occur at or between these limits (ÓÉÎὯ Ὤ π and ÓÉÎὯ π π), i.e., the 

protrusion cannot be larger than h. This gives the minimum value of Ὧ ς“ϳ ρ‗ϳ

ρ ςὬϳ  thus: 

 ς‐Ὁ

σ‎
Ὧ

ЍςὯ ὯЍςϳ “Ὤϳ

“Ὤϳ Ὧ ὯЍςϳ “Ὤϳ
 

( 3.8) 

 

Or rewritten to express in terms of maximum jet density: 

 

‒

ừ
Ử
Ừ

Ử
ứ

ς‐Ὁ

φ“Ѝς‎
ὯЍςϳ “Ὤϳ

ς‐Ὁ

φ“‎

ρ

ςὬ
ὯЍςϳ “Ὤϳ

 

( 3-9) 

 

 

Figure 3-5 summarizes experimentally observed maximum jet densities (‒ , filled symbols) as 

a function of the experimental values of applied voltage and film thickness. As indicated by eq. ( 

3.7), the dominant effect on k is due to the electric field which scales linearly with applied voltage 

but more slowly with distance from the plate edge. Thus, the applied voltage has the strongest 

impact. There is also a significant confinement effect for thinner melt films. To check the validity 

of eq. ( 3.7) and ( 3.8), simulation results for Ὁ  averaged along the spinning edge (z-direction) at 

ὼ ώ Ὤ ςϳ  for the stated voltage, along with eq. ( 3.8) to predict jet density (open symbols). In 

practice I found that the cofactor of ςσ“ϳ  was too small for the simulated electric fields used and 

a value of 0.22 fit data the data more closely. This was likely due to a combination of a difference 

in geometry from the original theory and differences between the simulated and experimental 

electric fields, however with this correction to the cofactor the results are in good agreement.  
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Figure 3-5  Maximum experimental jet density (filled symbols) determined from analysis of images of the spinning plate with 

time for different applied voltages and film thicknesses. As discussed in Section 3.1 , the number of jets grows early in the 

process and then stabilizes at a value close to the theoretical maximum for that electric field, film thickness, surface tension and 

density.  Theoretical values, calculated from eq. ( 3.8) utilizing  ‎ ςυ άὔάϳ ,  ” πȢψφ Ὣὧάϳ , known film height and 

voltage, and a Ὁ  from simulation at ὼ ώ Ὤ ςϳ  averaged over ᾀ, are shown as open symbols.  In most cases, the electric field 

is the dominant effect and voltage has the strongest influence on electric field.  Changes in the position of the surface due to film 

thickness (thinner films are closer to the plate edge and thus experience a larger electric field) and confinement effects are also 

important in altering jet density.  

 

3.4 Controlling Q jet 

Because ὗ  is difficult to measure directly it was calculated by assuming that ὗ  is 

constant in time and the same for each jet. Under these conditions ɝὠέὰόάὩὠ ὠ

ὗ᷿ ϽὰϽ‚ ὸὨὸ where ὰ is the length of the plate edge (ὰϽ‚ ὸ is the number of jets). Our 

jet density was measured once every minute so we can approximate ὮὩὸάὭὲόὸὩί

ὰ᷿Ͻ‚ ὸὨὸ with a Reiman sum and solve for ὗ  

 
ὗ

ɝὠέὰόάὩ

ὮὩὸάὭὲόὸὩί
 

(3-10) 

 

 This relationship illustrates that for given film thickness where Q is constant, an increase 

in jet density decreases Qjet providing an approach to control rjet as shown in eq. ( 3-1). There are 

three predominant lines, associated with the three largest thicknesses (1.8 mm, 1.4 mm, and 0.9 

mm).  The thinnest film (0.7 mm) flow rate per jet appears below these lines.  Within each Q 
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manifold, as the jet density increases, the mass per jet decreases, with the highest values and 

sharpest decrease for the largest Q group (thickest film).  We observe a minimum flow rate of 

approximately 1 x 10-3 g/min.   However, above this limit flow rate can be decreases by an order 

of magnitude by first decreasing film thickness and then increasing jet density. Figure 3-6 

summarizes the relationship between Q and ὗ  as a function of the jet density.  
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Figure 3-6  Observed Qjet determined from the total fiber mass collected divided by the total number of jet minutes present. For a 

given film thickness, Q is constant, so Qjet decreases with average jet density. ὥὼ  fit lines have been provided for the 1.8, 1.35 

and 0.9 mm cases to guide the eye. 

It is important to note that ὮὩὸάὭὲόὸὩίὰ᷿Ͻ‚ ὸὨὸ depends not only on the 

asymptotic behavior of the jet density described by equation ( 3-9, but by the rate of jet formation 
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and the total spinning time. We found that it had a larger power dependence on voltage than ‒  

for our conditions, leading to a negative power dependence of ὗ  on V, however for longer 

experiment ᷿ὰϽ‚ ὸὨὸ‒ ὸ thus the power dependence of ὮὩὸάὭὲόὸὩί on voltage goes 

to  to ͯ ς (depending on confinement from h). In this case ὗ  would be nearly independent of V 

for ὯЍςϳ “Ὤϳ  and have a positive relationship with V for ὯЍςϳ “Ὤϳ , further highlighting 

the advantage of using the film thickness to control ὗ . 

 

3.5 Fiber diameter and fraction of nanofibers  

Observed fiber diameter histograms (Figure 3-7) are best fit by a log normal distribution given by  

Ѝ
Ὡ . Here ‘ and „ are the mean and standard deviation of the natural logs of 

the fiber diameters ὰὲὨ . A log normal distribution is consistent with the effect of the product 

of multiple "random" variables (see eq. ( 3-1)).  
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Figure 3-7  Histograms of fiber diameters for two different flow rates with log-normal distribution fits. The 0Ȣππυ ὧά Ⱦί 
(πȢππρ ὧά Ⱦί) flow rateôs distribution is pictured in (light) red with the fraction under 1 micron highlighted in (light) cyan and 
the log-normal fit represented by a black (dotted) line.  Evident from the data is that the fiber diameter distribution is not 

symmetrical as would be expected for a normal distribution. 

Eq. ( 3-1) predicts that decrease in flow rate per jet should reduce jet diameter and thus 

fiber diameter.  Figure 3-8 shows the fraction of nanofibers (diameter < 1 ɛm) as a function of 

flow rate.  As flow rate decreases, the fraction increases.  This reflects the shifting of the fiber 

diameter distribution to lower values, which populates the submicron region. By approximating 

the fiber distribution as a log-normal distribution the expected fraction of fibers under 1 micron 

can be described by:   

 ρ

ς
ÅÒÆÃ

ÌÎρʈÍ ʈ

Ѝςʎ
 

(3-11) 
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where ʎ and ʈ are the standard deviation and mean of the natural logarithm of the fiber diameter, 

respectively. If we assume that the mean fiber diameter depends on ὗ , for constant ʎ = 64 and 

‘ equal to ὰὲὦὗ , the fraction of nanofibers can then be expressed as: 

 ρ

ς
ÅÒÆÃ

ὥ ɻÌÎὗ

Ѝςʎ
 

(3-12) 

 

with ὥ ÌÎρ‘άȾὦ. The assumption of sigma constant is consistent with the data (~10% 

variation between experiments). Fitting we find ‌ πȢσρȢπσφ  which matches well with the 

theoretical value of 1/3 (see eq. ( 3-1)). We also find ὦ υσ ρψȢσ ‘άȾὧά Ⱦί  which sets the 

error on the predicted mean fiber diameter.  
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Figure 3-8 The fraction of fibers with diameter under 1 ɛm plotted vs the flowrate ὗ . Each symbol represents an observed 

value for a given voltage with the initial starting mass, additive doping (FA38), heating condition, and spinning plate to collector 

distance indicated by the above table. The red fit line is of the form of equation ( 1-1) with ‌ πȢσρ, ὦ υσ, and ʎ πȢφτ.  
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While Figure 3-8 tracks the fraction of nanofibers as a function of ὗ , enabling a fit for the ὗ  

dependence and confirming the models, the results of that fit can be utilized to predict mean fiber 

diameter from ὗ , ὨӶ Ὡ . When this predicted mean was compared to the measured 

average diameters (see Figure 3-9) we see that most experimental mean fiber diameters lie within 

the error on the theoretical predictions.   
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Figure 3-9 The average fiber diameter vs flow rate for various conditions of voltage, initial mass, additive doping, heating 

conditions, and collector distance. The mean fiber diameter with error bars (green line) predicted by ὨӶ Å  using 

the values taken from the fraction of nanofibers fits, ‌ πȢσρȢπσφ and ὦ υσ ρψȢσ ‘άȾὧά Ⱦί . The data points for 

mean diameter largely fall within error. 

Once we have the relation for the experimentally observed ὗ  scaling we can also find 

the power law dependence on the electric field. Since ὗ  has a hidden functionality on E (see 

equations ( 1-1) and (3-10)) we need to first account for the strong ὗ  dependence of ὶ  in order 
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to determine the E scaling. For this reason, we will use ‘ ὰὲὦὗȢὉ  so that again b is 

independent of our variable of interest, E. While the electric field was not observed directly, we 

can calculate it from equation ( 3.8). Substituting into equation (3-11) we get that the fraction of 

nanofibers can be modeled as 

 ρ

ς
ÅÒÆÃ

ὥ πȢσρϽÌÎὗ ɼÌÎὉ

Ѝςʎ
 

(3.13) 

 

 

Fitting equation ( 1-1) using calculated electric field and measured fraction of nanofibers we find 

‍ πȢρψπȢρωρ which is in close agreement with the theoretical value of  ρȾφ. Error! 

Reference source not found. shows the measured nanofiber fraction vs ὗȢὉ Ȣ  and the fit 
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showing good agreement.
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Figure 3-10 The fraction of fibers with diameter under 1 ɛm plotted vs the flowrate ὗ  and Ὁ combined as ὗ
ὮὩὸ
πȢσρὉπȢρψ

. Each 

symbol represents an observed value for a given voltage with the initial starting mass, additive doping (FA38), heating condition, 

and spinning plate to collector distance indicated by the above table. The red fit line is of the form of equation (3-11) with ‌
πȢσρ, ‍ πȢρψ, ὦ Ȣψσ, and ʎ πȢφτ. 

3.6 Transition from jet to fiber and effect of heating 

Most of my dissertation work has focused on decreasing average fiber diameter and increasing the 

fraction sub-micron fibers via manipulating rjet (equation ( 3-1)) through either Qjet or E.   

However, there is a second opportunity for thinning downstream from rjet as the jet transitions into 

a fiber. Work by Shabani investigated the effect of background temperature on solidification point 
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and the resultant fiber diameter in unconfined melt electrospinning of linear low-density 

polyethylene (ASPUN 6850A) and found that the average fiber diameter decreased from 43 to 11 

‘ά after adjusting the spinning apparatus is such a way as to increase the ambient ñspin-lineò 

(region between the source plate and collector) temperature. While they noted that some of these 

changes did modify the electric field they adjusted the voltage to compensate and concluded that 

the spin-line temperature played a role in decreasing the diameter by decreasing the viscosity of 

the jet. In particular they observed that the point of solidification occurred a longer distance from 

the cone for higher spin-line temperature.65,78 Work by other authors found a similar trend79ï81 

although there are examples in the literature of the opposite trend being observed82. 

Previous work73,74 has proposed a model for predicting the fiber diameter at the 

solidification point. It was argued that diameter will decrease as 1/x in the region between jet and 

collector if the electric field is constant and the protofiber is still fluid (sufficiently low viscosity 

and modulus) so it can be elongated.  In our configuration, both temperature and electric field drop 

with distance from the plate edge, indicating that solidification and decreased pulling force will 

result in less thinning than theoretically predicted.  Previously, work46 from our group has argued 

that due to heat loss effects, a constant ratio (the draw factor, d.r.) between rjet and rfiber is expected: 

 ὨȢὶȢ ὶ ὶϳ  (3.14) 

 

with previous data showing that the d.r. was approximately 4.  In this argument, the heat loss 

through the surface of the fiber (which depends on its surface area and the difference between 

internal temperature and the surroundings) occurs with time as the protojet moves forward, thins 

as ~1/x, and cools.  Thinning increases velocity (because mass is conserved) and decreases heat 

loss (as surface area decreases). At some point (a particular time, which can be converted to a 

radius), sufficient energy is lost (the protofiber's temperature falls sufficiently) and the fiber 
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solidifies. This process is limited by heat loss from the fiber: thus increasing the background 

temperature in the region between the source plate and collector should in principle maintain the 

thermal energy of the fiber and allow for additional elongation.  To test this hypothesis, we altered 

the background temperature from υυ ᴈ to a range from τς ᴈ to ρπς ᴈ  with this data shown in 

Figures Figure 3-3, Figure 3-5, Figure 3-6, and Figure 3-8  Error! Reference source not 

found..   

Draw ratio analysis involves first finding rjet, typically through experimental observation, 

and then measuring the fiber radius and finding the ratio (eq. (3.14).  In this work, because of the 

success in decreasing rjet combined with the small cone size resulting from decreasing the jet 

spacing and the movement of the jets, direct imaging of jet radius is not possible with the available 

optics (i.e. There is no combination of magnification and depth of field to sufficiently resolve 

feature lengths and for the various distances from the camera).  However, for larger jets in previous 

works, independent calculation from eq. 3-1 and direct imaging were consistent and estimates in 

this work are in line with visual observations.  The mean fiber radius vs calculated jet radius is 

plotted in Error! Reference source not found. and is roughly linear as expected from ( 1-1). 

Fitting the data results in a d.r. of 3.8 ± 0.2 when including all data. The d.r. 5.2 ± 0.3 was for the 

case without additional heating (black points) and 3.4 ± 0.2 for the case with additional heating 

(red points), although neither fit has an R2 value above 0.95.  

These results are generally consistent with previous work but interestingly do not show an 

increase in draw ratio due to the heating.  Using the heat loss argument summarized above, 

previous works proposed an order of magnitude analytical form for the draw ratio46: 

ὨȢὶȢ  ρ
ʍÃ1 D4

(ʌɝ4!

Ⱦ
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where r is mass density, c specific heat, ȹT1 the difference between the melt temperature on the 

source plate and the effective solidification temperature, H the convective heat coefficient for the 

protofiber, ȹT the difference between the melt temperature and the surroundings, and A the 

coefficient from r = A/x.  Increasing the second term (towards 1) increases the draw ratio.  For 

instance, increasing density means there is more mass to cool in the fiber and thus a longer time to 

draw.  Similarly, a higher specific heat will require more heat transfer to cool.  A larger difference 

between the starting fiber temperature and the solidification point elongates the drawing process.  

Increase in the convective heat coefficient and a larger difference between the fiber temperature 

and surroundings increases the heat loss rate and thus decreases the draw time.  Higher flow rate 

(with similar rjet) increases velocity, providing a larger x distance per time and thus more drawing.  

A determines how the radius changes with x or how increases in x translate to decreases in r.  

Manipulating the background temperature directly decreases ȹT.  There is also a small increase in 

ȹT1 (due to a slight increase in the source plate melt temperature).  The experimental results 

indicate that these changes (which would increase draw ratio) are likely counteracted by other 

coupled effects.  Of particular interest is an unintentional increase in H, the convective heat 

coefficient, due to fans utilized to distribute the background heating ï an experimental issue which 

can be further explored. 

Heating usefully served as a mechanism to access a larger range of Q and E values to test 

the assertions of how fiber diameter and fraction of sub-micron fibers changed with these 

quantities.  Examining Figure 2-6 which summarizes Qjet and electric field (through jet density) 

for various experiments, we notice a larger range of these quantities for the red (heated) data than 

for equivalent experiments without additional heating (black points).  This proved advantageous 
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in broadening the range of parameter space explored in this work and thus increasing confidence 

in our results.     
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Figure 3-11 rjet as estimated from eq. 3-1 using measured values of the conductivity and viscosity, Qjet as shown in Figure 3-6, 

and the electric field from the observed jet density (Figure 3-5) solving eq. ( 3-9 for field for additive doped polymer. Each 

estimated rjet is plotted versus the experimentally observed mean fiber diameter. The insert shows these values for the undoped 

polymer. Performing a linear fit of the data (ὶὮὩὸὨȢὶȢὶὪὭὦὩὶ) gives a draw ratio of 3.8. 

3.7 Conclusions 

In this chapter we examined how various experimental factors directly translate into 

changes in fiber diameter.  Film thickness can be utilized to choke total flow Q.  Increase in electric 

field through either voltage increase or film thinning results in more jets, which uniformly divide 
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Q to decrease the Qjet. The predicted 1/3 power law dependence of jet radius on Qjet was confirmed. 

In addition, a separate decrease in rjet due directly to the electric field (E1/6) was also confirmed.  

These results indicate that utilizing the thinnest film that will support jets and the highest electric 

field possible without parasitic discharge will result in the largest fraction of nanofibers.  The 

nanofiber diameter distribution is well described by a log normal distribution.  The connection 

between equation ( 3-1 which parameterizes rjet and observed diameter distribution of the fiber 

resulting from this rjet indicates a linear dependence between the two. This draw ratio remained a 

relatively constant value found to be 3.8 under a variety of voltages, film thicknesses, and heating 

conditions. The value of 3.8 was similar to the draw ratio of ~4 that was experimentally observed 

previously by our group but is in contrast with the expected relationship between temperature 

based off observations by others. We attribute this invariance of the draw ratio under heating 

conditions to a change in the convective heat coefficient due to forced airflow although further 

investigation of the effect of heating on the draw ratio is needed. 
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Chapter 4  

4.1 Introduction  

 

In Chapter 3 we considered the effect of changes in electric field and flow rate on the fiber 

and spinning morphology of a polymer containing an additive to enhance conductivity. We 

established how the flow, ὗ , having the strongest dependance, can be used to reduce jet and 

thus fiber diameter and the role of the electric field, Ὁ, in both determining ὗ  in the unconfined 

spinning configuration through the jet density and in setting the fiber diameter directly. As the 

majority of thinning of the cone-jet occurs in the cone region, this investigation was motivated by 

the relationship determining the cross over radius where the cone-jet switched from the cone to jet 

mode. 

 
ὶ

ʂȾ ὗ
Ⱦ
צ
Ⱦ

ʆȾὉ 
Ⱦ

 
( 4-1) 

 

 

In this chapter we will now turn to the 2nd strongest dependance conductivity, ʆ. This dependance 

has been verified previously by work from or group by manipulating the ionic conductivity through 

the use of additives46,47.  

  While beneficial for processing, additives can be detrimental to a final product. For 

example in filtration an additive may leach into the filtered water causing negative health 

consequences such as carcinogenic effects, cytotoxicity, genotoxicity, or endocrinologic problems 

51,52. In biomedical applications these effects can be more pronounced by allowing additives to 

leach directly into the body52,  interfere with drug delivery53, or affect the functionality of 

biomedical devices54. For these reasons it is desirable to temporarily enhance the ionic 

conductivity of the polymer melt for electrospinning rather than use additives. 
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Conductivity enhancing additives work on a simple principle. They add weakly bound 

charges to the polymer melt that can diffuse in response to an electric field resulting in ionic 

conduction. Typically this is achieved by either modifying the polymer with functional groups that 

loosely bind to ions such as metal ligands42,43 or to use a compatible molecule to contribute ions 

such as ionic liquids43 or stearate based additives like the FA38 additive used in 0 and 4. 

Compatibility is required because otherwise the additive will quickly phase separate from the melt 

and the beneficial effect will be lost. However, if enhanced conductivity is only necessary for 

processing we can make use of out of equilibrium physics and force ions temporarily into the melt. 

A good candidate for forcing ions into a polymer melt is an electric discharge. There are various 

types of discharges. Desirable characteristics for this application are a high degree of ionization to 

maximize the number of charges deposited into the melt, discharge uniformity so the charge is 

evenly distributed throughout the melt surface, and low temperature to avoid thermal polymer 

degradation. For these reasons a nanosecond pulsed dielectric barrier discharge (DBD) was 

chosen. DBDs have a high degree of ionization relative to other discharge types55, can be operated 

in relatively uniform glow mode at atmospheric pressure due to the fast rise time and short pulse 

duration preventing the formation of instabilities56ï58, and create what is classified as a non-thermal 

plasma due to having a low molecular temperature, typically only ~10 C above the background 

temperature55. Additionally, they can be operated at a low duty cycle to minimize interference with 

the driving electric field of the electrospinning process. Work by Huang and others has 

demonstrated the ability of such discharges to deposit charge onto a substrate and have measured 

the resultant charge through various contactless techniques59ï62. While it is unclear if deposited 

charges will be compatible with the polymer and ultimately they will decay through recombination 

or phase separation, use of a repeated AC discharge pattern allows us to keep the polymer out of 
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equilibrium during processing (creating additional charges) with the benefit that, post-processing, 

the polymer will return to equilibrium free of additives. 

4.2 Setup and procedure 

 
Figure 4-1 Scale diagram from above of the electrospinning configuration with a discharge electrode present. The high voltage 

collector, polymer fluid, spinning plate, Nano-second Pulse Generator (NPG), and glass spacers are labeled. 
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