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Abstract. Nanomaterials, particularly nanofibers produced through electrospinning, have garnered significant attention due
to their unique properties and diverse applications. This research explores the influence of collector design, electrode geom-
etry, and collector speed on the properties of electrospun polyacrylonitrile (PAN) nanofibers. Finite element analysis (FEA)
was employed to simulate electric fields, revealing the impact of collector geometry on field intensity. The experimental
setup, enclosed in an isolated chamber, employed various collector types and electrode configurations. Scanning electron
microscope (SEM) analysis showcased the effect of collector speed on fiber alignment and diameter. Furthermore, FEA sim-
ulations elucidated the role of electrode geometry and voltage in shaping the electric field, impacting fiber properties. The
study introduces a novel, in-house method for producing highly aligned nanofibers and provides insights into optimizing
electrospinning parameters for enhanced fiber properties. A testing protocol is devised to minimize surface damage when
conducting mechanical tests on nanofiber films, employing a dynamic mechanical analyzer (DMA). Mechanical testing
demonstrated the correlation between alignment and tensile strength. Overall, this research contributes valuable insights for
tailoring electrospinning processes for tissue engineering and energy storage.
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1. Introduction sensors [23-28] and biomaterial [29-37]. The elec-
The benefits of nanomaterials have ushered in sig-  trospinning method has been identified as one of the
nificant changes in today’s technology. Furthermore, = most effective approaches for producing continuous
the growing demand for nanotechnology serves asa  nanofibers. It involves using a polymer solution com-
strong motivation for scientific research in this field.  prising a solvent and a polymer [38].

The reduction in size to the nanoscale is the founda- ~ Conventional spinning methods such as dry spin-
tion of numerous advantages, including a high sur- ning, melt spinning, and wet spinning utilize me-
face area, elevated surface energy, and favorable me-  chanical forces to reduce fiber diameter to a few mi-
chanical properties. Among many other nano- crometers. In contrast, the electrospinning method
technology materials, nanofibers have a high poten-  harnesses a high electrical potential difference to
tial in various applications such as reinforcements  generate a mechanical force that reduces fiber diam-
[1-3], fillers [4—7], supercapacitors [8—11], batteries  eter to the nanoscale [39, 40]. The formation of a
[5, 8, 12—18], filters [10, 11, 19-22], electrochemical =~ Taylor cone is a crucial stage in the electrospinning
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process. When a liquid polymer solution or melt is
exposed to an electric field above a certain threshold
voltage, the liquid droplet at the needle tip stretches
into a characteristic cone shape called the Taylor
cone. From the tip of this cone, a fine jet of charged
particles, typically polymer fibers, is emitted [40].
The jet’s trajectory and stability are vital for produc-
ing uniform and continuous fibers. Researchers ex-
amine various aspects of the jet, such as its diameter
[41], movement [42], and solidification [43]. Under-
standing the dynamics of the Taylor cone and the
electrospun jet is essential for optimizing the process
and customizing nanofiber properties.

The molecular weight of a polymer significantly in-
fluences the electrospinning process. High-molecu-
lar-weight polymers are preferred because they pro-
vide better chain entanglement, leading to continu-
ous and uniform nanofiber formation. Longer poly-
mer chains enhance mechanical stability and prevent
premature jet rupture [44]. Additionally, the solution
properties, such as viscosity, surface tension, and
conductivity, are affected by molecular weight. Ex-
tremely low molecular weight solutions tend to form
beads instead of fibers, while high molecular weight
solutions yield larger-diameter fibers [45]. An in-
crease in molecular weight and solution concentra-
tion enhances the tensile strength and modulus of the
fiber mat. Ngadiman et al. [46] claimed that the im-
provement in mechanical properties decreases once
the molecular weight exceeds 145 kDa.

Alharbi et al. [47] examined the mechanical proper-
ties of nanofibers electrospun from polycaprolactone
(PCL) with molecular weights of 74, 114, and
150 kDa. The results indicated that molecular weight
had only a minor impact on the mechanical proper-
ties of the fibers. Nanofibers from all three molecular
weights exhibited similar tensile properties.

The fabrication process can yield either random non-
woven structures or consistently aligned yarns, and
this outcome depends on various process parameters
and the type of collector used [48, 49]. Aligned poly-
mer fibers possess the capability to control cell mi-
gration, proliferation, and differentiation, which is
vital in the context of tissue engineering. Moreover,
highly aligned fibers have shown enhanced perform-
ance in fuel cell applications [48]. Aligned nano-
fibers are essential for enhancing cell migration [50],
differentiation [51], and tissue regeneration [52].
They replicate the natural alignment of nerve fibers
and utilize their inherent electric fields to foster an
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environment that supports cell activities beneficial
for tissue repair and healing. For instance, in periph-
eral nerve regeneration, nerve guidance conduits
(NGCs) composed of aligned electrospun nanofibers
attract macrophages. This process subsequently aids
the migration and myelination of Schwann cells, sig-
nificantly contributing to peripheral nerve regenera-
tion in animal studies [52, 53].

The production of aligned nanofibers through elec-
trospinning typically involves the use of purpose-
built fiber collectors, including a high-speed rotating
disc collector [49, 54] or a parallel electrode collec-
tor [55]. In a parallel-electrode setup, the insulating
space between two parallel electrodes serves as the
fiber collector. Charged fibers are aligned across this
gap due to the electric field generated near the edges
of the electrodes, which directs the fibers perpendi-
cular to the electrode edges. The length of the aligned
fibers is constrained by the width of the insulating
gap in a configuration with a rotating collector.

In this setup, the polymer fibers are generated and
then placed onto a rotating mandrel. Alternatively, in
the case of a rotating collector type, the polymer
fibers are deposited onto and wound around a rotat-
ing disc. The extent of fiber alignment and the diam-
eter of the fibers are primarily influenced by the ro-
tational speed of the mandrel. Kiselev and Rosell-
Llomparts [55] conducted research showing that an
increase in the speed of the collector wheel led to a
decrease in fiber diameter and an enhancement in the
degree of alignment. Furthermore, Haider et al. [56]
successfully reduced the fiber diameter from 163.9
to 137.4 nm by elevating the collector surface speed
from 2.09 to 21.98 m/s.

Manipulating the electric field is another method
for fabricating aligned nanofibers. Ramya and
Sangaranarayanan [26] employed two parallel aux-
iliary electrodes to minimize lateral motion. Sharma
and Chung [27] improved fiber alignment by apply-
ing a secondary electric field perpendicular to the
fluid jet. Unsal and Bedeloglu [28] modified the par-
allel electrode method by adding a positively charged
ring to the collector alongside parallel electrodes.
They reported that the additional ring enhances fiber
alignment.

The design of electrodes or needle tips plays a sig-
nificant role in shaping the electric field, and collec-
tor geometry also affects the process. Needles are
frequently used to direct the solvent, which later forms
into droplets. Using a needle has several benefits,
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including simplicity, ease of upkeep, and prevention
of orifice blockages. Nonetheless, this technique de-
mands a relatively high voltage. In contrast, spinneret
systems are utilized to achieve consistent fiber di-
ameters with a lower voltage requirement [29]. Spin-
neret configurations without the need for needles are
known as “needleless” systems. They encompass dif-
ferent designs, including flat spinnerets [30-32], ro-
tating wire spinnerets [33], metal roller spinnerets
[34], and stepped pyramid spinnerets [35]. Needle-
less electrodes can be designed with multiple open-
ings, leading to higher production rates. Typically,
these systems are employed for large-scale produc-
tion of fiber mats and utilize relatively larger collec-
tors, such as cylinders [29]. Nonetheless, it is worth
noting that a flat-type spinneret electrode yields more
consistent electric fields [30, 31].

While using additional electrodes to manipulate the
electric field can enhance fiber alignment, it necessi-
tates the incorporation of complex supplementary
components. In this research, a straightforward, in-
house method has been devised to produce exception-
ally aligned continuous nanofibers. Various collector
designs, electrode configurations, and collector ve-
locities have been improved to achieve the production
of highly aligned electrospun nanofibers. Our study
focuses on manufacturing highly aligned nanofibers
and examining how the properties of electrospun
PAN nanofibers, produced from a solution of 10%
polyacrylonitrile (PAN) in N,N-dimethylformamide
(DMF), are influenced by variations in collector de-
sign, electrode geometry, and collector speed. Since
electric field distribution influences fiber diameter
and the finite element method (FEM) is widely used
to investigate electric field characteristics [57-59], an
open-source 2D finite FEM software FEMM 4.2 was
utilized to analyze the electric field distribution as a
function of collector and electrode geometry. Addi-
tionally, the characteristics of Taylor cone and jet have
been studied by employing a high-speed camera to
understand the effects of electric field distribution on
jet formation. The alignment of the nanofibers pro-
duced during the electrospinning process was altered
by changing the collector’s geometry, which included
copper foil, mesh, and wire, as well as adjusting the
collector speed within the range of 9.9 to 29.8 m/s,
while keeping all other electrospinning parameters
constant. We examined the diameter distribution and
alignment of the fibers using a scanning electron
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microscope (SEM). Tensile tests have been per-
formed using a dynamic mechanical analyzer (DMA)
to measure changes in mechanical properties depend-
ing on the collector and electrode design.

2. Methods

2.1. Electric field analysis

Analyzing electric field distribution and strength is
crucial for manipulating fiber orientation and ensur-
ing fiber quality. The study employed finite element
analysis, with the open-source software FEMM 4.2
(Waltham, MA, USA) to simulate electric fields
across various collector geometries. Experimental
setup conditions were applied as boundary condi-
tions, assuming full insulation of the electrospinning
setup box. The distance between the needle and col-
lector was set at 18 cm. The needle carried a positive
charge of 15 kV, while the collector was simulated
as grounded (0 V). The relative electric permeability
of air, needle tip, and collectors was set to 1, and the
impact of relative humidity on air permeability was
disregarded due to its negligible effect. Electric field
and voltage distribution were examined in 2D for all
collector types.

2.2. Experimental

2.2.1. Electrospinning setup

To mitigate the influence of environmental factors
such as moisture, temperature, and electrical noise,
the electrospinning setup was enclosed in an electri-
cally and environmentally isolated acrylic box. Nev-
ertheless, to ensure control over the relative humidity
level, an air inlet was strategically positioned on the
box wall. This inlet facilitates the introduction of ei-
ther dry or humid air, allowing for the maintenance
of a consistent relative humidity level within the
setup.

Figure 1 shows the schematic overview of the con-
figuration. The collector wheel was affixed to a shaft,
supported at both ends by ball bearings, and the core
shaft, crafted from an aluminum tube, maintained
concentricity at high speeds. A polyvinyl chloride
(PVC) pipe was utilized to insulate the shaft. Addi-
tionally, two detachable disks, bolstered by ribs, were
utilized to modify the collector width. Vibration was
minimized through the implementation of a belt
drive speed control motor system. To ensure a con-
stant relative humidity level during electrospinning,
an air control unit was incorporated into the setup.
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Figure 1. Schematic (left) and actual (right) view of the electrospinning setup.

2.2.2. Electrospinning

N,N-dimethylformamide (DMF) >99.8% (Sigma-
Aldrich, Missouri, USA) solvent and Polyacryloni-
trile (PAN) with an average molecular weight of ap-
proximately 150000 g/mol were sourced from Sigma-
Aldrich (Missouri, USA). The PAN underwent a 24 h
drying process in a vacuum oven to eliminate any re-
maining moisture. A solution containing 10% PAN
in DMF (by weight) was prepared using a magnetic
stirrer and a hot plate set at a constant temperature of
80°C and a stirring speed of 400 rpm for a continu-
ous duration of 5 h. Prior to electrospinning, all air
bubbles were thoroughly removed from the solution.
The electrospinning process took place within a
closed chamber designed for electrical isolation. The
spinning solution was housed in a vertical syringe
(53100L Single Syringe Pump, KD Scientific Lega-
to, Holliston, MA, US) featuring a stainless-steel
needle connected to a DC power supply Bertan As-
sociates 205B-03R, Hicksville, NY, US.

Figure 1 illustrates three distinct collector types, with
copper chosen for its conductivity. The collectors
were fashioned as follows: a 0.1 mm thick and 12 mm
wide foil, a copper mesh with a wire diameter of
0.3 mm and an opening size of 1.3 mm, and a copper
wire with a diameter of 0.3 mm. These collectors
were affixed to a 20 cm plastic disc using glue and
soldered to a ground wire. The needle was consis-
tently positioned 18 cm above the disk surface.

In a prior study, the optimal flow rate was deter-
mined, ensuring a continuous and stable jet flow
with an electrospinning voltage of 15 kV and a flow
rate of 15 pl/min [40]. We applied identical param-
eters to ensure a stable jet during the electrospinning
process, resulting in enhanced mechanical properties
of the as-spun fiber yarns. The relative humidity was
consistently maintained at 22% by introducing the
appropriate mix of moist and dry air into the cham-
ber, and this level was identified as optimal for
achieving the highest tensile properties [60]. Elec-
trospinning was conducted at various collector sur-
face speeds: 9.9, 14.8, and 29.8 m/s. The temperature
was held constant at 20 °C. Once the desired amount
of solution (50 pl) was deposited, the collectors were
removed from the disc.

Additionally, we investigated three different elec-
trode configurations along with the traditional needle
tip. Figure 1 provides a schematic view and dimen-
sions of the electrodes: stainless needle (inner diam-
eter: 0.41 mm, outer diameter: 0.80 mm), flash
(outer diameter: 12 mm, inner diameter: 0.8 mm,
thickness: 6 mm), and protruded (outer diameter:
12 mm, inner diameter: 0.8 mm, thickness: 5.5 mm).
In the flash needle configuration, the stainless-steel
needle is positioned inside a copper cylinder, while
the protruded needle configuration involves placing
the stainless-steel needle in a copper cylinder with
the needle protruding 0.5 mm beyond the copper
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cylinder. The formation of Taylor cone and the
geometry of the straight jet were examined using a
high-speed optical camera.

2.2.3. Characterization

SEM images were utilized to explore fiber orienta-
tion and diameter distribution. The deposited nano-
fibers were affixed to the SEM sample holder using
collectors, followed by sputter coating with iridium.
The examination was conducted using a Tescan Ve-
gall SEM (Brno — Kohoutovice, Czech Republic).
Mechanical testing was carried out using a TA In-
struments DMA Q800 (New Castle, DE, USA). Pre-
serving fiber alignment was crucial for the investi-
gation. A method has been developed to measure
tensile properties with high accuracy.

Figure 2 illustrates the procedure for preparing me-
chanical test samples. A stainless steel punch system
was devised to uniformly cut all cardboard window
frames, enabling the mounting of fibers along the
deposition direction. To minimize damage during

20 mm

handling and mounting, samples were affixed to a
paper window frame using double-sided tape. The
gauge length was set at 6 mm, and the strain rate was
maintained at 0.001 s~'. The cross-sectional area of
the as-spun nanofiber yarn sample was determined
by dividing the yarn’s mass by the sample length and
the density of PAN polymer, with the PAN density
assumed to be 1.18 g/cm? [61]. The cross-sectional
area was derived through volume calculations. The
mean diameter, obtained through SEM fiber diame-
ter analysis, was used to determine the total number
of fibers in the as-spun yarn (Equition (1)):

nd>
A, = NG (1)

where N is the number of fibers in the yarn, dyy, is
the mean diameter of as-spun nanofibers, 4, is the
total cross section area of as-spun yarn.

A Nikon D5200 digital optical camera is utilized to
capture images of the Taylor cone. For high-speed
recording, a Redlake Motion Pro X3 camera with a
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25 mm manual lens is employed, and the setup is il-
luminated by a 1000 W halogen light source.

The high-speed camera captures images at a rate of
1000 frames per second [fps] with a 100 us exposure
time. Optical camera images are then analyzed to as-
sess the Taylor cone angle, Taylor cone area, and jet
type. The flow is monitored for around 5 min, and in-
termittent images are captured. Image] is used to de-
termine the angle and area of the Taylor cone. For
each control group, 100 images are captured using the
high-speed camera. ImagelJ is then utilized to extract
information on the straight jet length, diameter, and

a)

b)

c)

angle. Fiber diameter distribution and orientation
analyses are conducted using the Imagel software.
Four SEM images are taken for each sample, and in-
dividual fiber diameter and orientation angles are ob-
tained from a total of 100 fibers.

3. Results and discussion

The FEM analysis in Figure 3 displays the out-
comes of simulations involving foil, mesh, and wire
collectors, exhibiting only half of the simulation due
to symmetry. The results highlight the influence of
collector geometry on the intensity and distribution
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Figure 3. Electric field density distribution of foil (a), mesh (b) and wire (c) type of collector.
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Figure 4. Variation of the electric field along the width of
the collector surface for foil, mesh and wire type
of collector.

of the electric field. Notably, the foil collector
demonstrated higher electric field intensity near its
corners, whereas wire and mesh collectors show-
cased a more uniform and intense electric field over-
all, surpassing the foil collector in this aspect. Addi-
tionally, the electric field intensity was notably higher
on the surface of wire and mesh collectors compared
to foil collectors.

Figure 4 illustrates the variations in the electric field
along the collector for the different collector types.
The 2D FEM analysis data reveals that the highest
values are found along the sides of the collectors. In-
terestingly, for wire and mesh collectors, the peaks
occur at the center where individual wires are posi-
tioned, deviating from the general trend observed in
other collector types.

Through FEA, the impact of electrode diameter on
electric field distribution is explored. Figure 5 de-
picts the electric intensity between the electrode and
collector, comparing the surface of a 2 mm diameter
electrode needle to a 12 mm diameter flash needle. As
the electrode diameter increases, a more even elec-
tric field distribution becomes evident. Specifically,
the needle electrode displays a sudden decrease,

6-10°

----- Needle
--- FlashOD= 2mm
51050y e Flash OD= 6 mm
\ —— Flash OD =12 mm
T 410°| |
= ;‘\
(T . 5
u; 310 \“\
5 %)
224105 | N
2 &
— \~N
1-10° s
0-10°
0 10 20 30 40 50 60

Length z axis [mm)]

Figure 5. FEA result of electric field intensity from the elec-
trode through the collector, the potential difference
is 15 kV for the needle, flash type OD =2, 6, and
12 mm.

whereas the flash-type electrode exhibits a more
gradual reduction in electric field intensity.

Figure 6 exhibits color-coded electric field distribu-
tion outcomes for three electrode geometries: needle,
flash, and protruded. Both flash and protruded con-
figurations display similar behavior in electric field
intensity. A 0.5 mm sputtered needle, when contrast-
ed with a flat surface flash electrode, does not no-
tably alter the electric field. However, the electrode
needle demonstrates an exceptionally intense electric
field, specifically on its surface.

In Figure 7, a numerical comparison of electric field
intensity between the electrode surface and collector
(on the z-axis) is presented for all three electrode
types. The intensity ranges from 50-10° to 20-10* V/m
along the z-axis. Flash and protruded electrodes ex-
hibit a tendency to maintain higher intensity com-
pared to needle electrodes.

The impact of applied voltage on the electric field is
examined through FEA simulations. Figure 8 illus-
trates the influence of varying applied voltages on
electric field intensity along the z-axis for the flash
electrode. The analysis covers voltages ranging from

a) b)

c)

Figure 6. FEA plots of electric field intensity around needle tip where the potential difference is 15 kV for a) needle, b) flash,

and c) protruded type of electrode.
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Figure 7. Electric field intensity from electrode through the
collector where potential difference is 15 kV for
needle, flash, and protruded type of electrode.

2.510°

2.0-10°
1.5-10°

1.0-10°

5.0-10¢

Intensity |E| [V/m]

. 0
0.0-10 0

10 20 30

Length z axis [mm]

40 60

Figure 8. FEA result of electric field intensity as a function
of applied voltage from electrode through the col-
lector.

10 to 25 kV. At lower applied voltages, there is a no-
table trend: The electric field intensity undergoes
swift changes along the z-axis compared to higher
voltages, specifically at 20 and 25 kV.

In Figure 9, several SEM images of as-spun nano-
fibers produced under different rpm settings and col-
lector geometries are displayed. These SEM results
reveal that, at this low magnification, the nanofibers
appear uniform and devoid of defects. Over 100 mea-
surements of various fiber diameters were conducted
from SEM images taken at different locations within
the nanofiber tows. The angle distribution appears
to be more widely spread at 9.9 m/s in comparison
t0 29.8 m/s. Lower RPM settings resulted in less or-
dered fibers, which was particularly noticeable with
the foil collector. Nonetheless, a noteworthy improve-
ment in the organization of fibers was accomplished
by elevating the collector speed, as depicted in
Figure 9a—9c. At 1500 rpm, 78% of fibers fall within
the 0—5° range, whereas only 34% do so at 500 rpm.
In the case of mesh and wire collectors, a higher de-
gree of fiber alignment is achieved, with over 90%
of fibers falling within the 0—5° range.

Figure 10 illustrates the standard deviation of angle
distributions plotted against rpm. For the foil col-
lector, the standard deviation experiences a sharp
decrease between 500 and 1500 rpm. As for wire
and mesh collectors, the standard deviation slightly
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Table 1. Summary of diameter distribution of as-spun nano-
fibers at different rpm.

As-spun
Collector RPM Mean Standard deviation
[nm] [nm]

500 272 55

Foil 1000 257 51
1500 245 48

500 261 52

Mesh 1000 244 42
1500 241 39

500 240 51

Wire 1000 242 40
1500 239 36

diminishes with an increase in collector speed,
reaching the most favorable alignment at 1500 rpm
for the wire collector type.

Table 1 presents the average fiber diameter and stan-
dard deviation for all as-spun nanofibers at various
RPM settings. To determine the average fiber diam-
eter, 100 measurements of individual fiber diameters
were taken from SEM images captured at various lo-
cations within the nanofiber tows. There is a notice-
able decrease in the average fiber diameter when the
collector speed is increased. Wire and mesh-type col-
lectors exhibit slight enhancements beyond 1000 rpm.
This reduction can be attributed to incoming fibers
in the air undergoing additional mechanical stretch-
ing as they connect to the initially deposited fibers.
Consequently, this phenomenon results in a higher
degree of alignment.

FEA simulations align with the diameter and angle
analyses derived from SEM images. The distribution
of the electric field notably influences fiber orienta-
tion, with individual wires exhibiting a relatively in-
tense electric field compared to a foil collector. Fiber
filaments tend to accumulate in regions where the
electrical force is stronger. The geometry of wire and
mesh collectors contributes to superior fiber align-
ment owing to the relatively intense electric fields
present on individual wire surfaces. Despite the
mesh collector sharing similar wire openings and
wire diameters, the interconnection between wires
diminishes the electric field. Wire collectors reach a
maximum electric field intensity of 2.715-10° V/m,
whereas mesh collectors produce 2.236-10° V/m.
Figure 11 presents higher magnification SEM im-
ages displaying nanofibers produced using needle
(Figure 11a), flash (Figure 11b), andprotruded elec-
trode types (Figure 11c) . The utilization of flash and
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Figure 9. Histograms of PAN nanofiber angle distributions relative to mean orientation, a)—c) copper foil collector, d) metal
mesh and e) wire collector. Red arrows indicate the rotation direction of the disc.
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Figure 10. Standard deviation of electrospun PAN angle dis-
tributions as the function of collector plate speed.

protruded electrodes results in slightly more uniform
and thinner fibers compared to those generated by
needle electrodes. Table 3 compiles the average
fiber diameter and standard deviation data for elec-
trospun PAN nanofibers across various electrode

c)

types. The diameter of nanofibers undergoes a re-
duction based on the type of electrode used. Among
these, the protruded electrode yields the smallest av-
erage diameter and standard deviation.

Table 2 additionally presents data on the diameter of
individual fibers and their standard deviation along
a single fiber. Fibers produced using flash and pro-
truded electrodes exhibit higher uniformity and
smaller diameters. This phenomenon is explained by
the FEA outcomes: fibers are exposed to a more uni-
form electric field along the z-direction when utiliz-
ing flash and protruded electrodes. Among these,
fibers created with protruded electrodes show slight-
ly smaller diameters and greater uniformity com-
pared to those produced with flash electrodes. The

7|

Figure 11. Morphology SEM images of PAN yarn fabricated with a) needle, b) flash, and ¢) protruded type of electrode.
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Table 2. The comparison of diameter distribution on the fiber mat and along a single fiber depends on electrode types.

Geometry Blind needle Flash Protruded
Average fiber diameter of the mat [nm)] 262+50.1 241438.5 239+35.9
Average fiber diameter along one single fiber [nm] 258+42.1 243436.5 241+33.9
Table 3. Summary of optic camera analysis of Taylor cone angle, area and jet type at different flow rates.
Type F[ luolvlvmri?lt]e A;:g]le TTaylolr nf::;]e s area Jet type
8 50.9 0.106 Narrow intermittent continuous
10 62.5 0.197 Continuous
Needle 12 64.7 0.432 Continuous
13 72.9 0.613 Continuous
15 94.8 0.637 Continuous with intermittent drops
8 63.1 4.236 Narrow intermittent continuous
10 67.4 6.256 Narrow intermittent continuous
12 76.4 8.157 Continuous
Flash 13 77.9 9.006 Continuous
15 76.6 8.971 Continuous
20 81.4 9.964 Continuous
25 105.5 12.550 Continuous with intermittent drops
8 55.1 2.979 Narrow intermittent continuous
10 55.8 3.221 Continuous
12 63.2 5.021 Continuous
Protruded -
13 66.2 6.441 Continuous
15 67.3 6.599 Continuous
20 98.1 8.231 Continuous with intermittent drops

shape of the electrode also influences the formation
of the Taylor cone. The broader flat surface on the
flash electrode leads to a wider Taylor cone, impact-
ing fiber formation during electrospinning. Further-
more, the type of electrode can manipulate fiber
alignment, with flash and protruded electrodes re-
sulting in superior fiber alignment compared to the
needle electrode due to exposure to a less uniform
electric field.

This study investigates the variation in Taylor cone
shapes influenced by processing conditions and elec-
trode geometries. An optical camera is utilized to

a) b)

examine Taylor cone formations under different flow
rates. Figure 12 displays diverse Taylor cone mor-
phologies observed for various electrode geometries
(needle, flash, and protruded) at a flow rate of
13 pl/min and 15 kV. Changes in Taylor cone angle,
Taylor cone area, and jet types are monitored across
these flow rates. The flash electrode generates a larg-
er Taylor cone with wider angles owing to droplet
development on its larger surface area in contrast to
the needle tip. Upon the application of voltage to the
needle tip, a straight jet formation occurs immedi-
ately, whereas, for flash electrodes, a certain solution

200

»>

Taylor
cone

Straight
jet length

-

c) d)

Figure 12. Taylor cone shape at 13 pl/min flow rate and 15 kV for a) needle tip, b) flash, c¢) protruded, d) demonstration of
Taylor cone half angle a, straight jet length, and 6 cone angle.
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accumulation (between 30 to 40 pl) is necessary to
develop the straight jet. Table 3 provides an overview
of the Taylor cone angle, area, and jet type across
various flow rates. At higher flow rates, there’s an
occurrence of intermittent droplets due to inadequate
charge density, resulting in an inability to remove
fluid continuously. When the flow rate is decreased
below a critical value, it leads to a narrow intermit-
tent continuous jet regime. The half angle (o), as de-
picted in Figure 12, increases as the flow rate goes
up. For the needle electrode, a ranging between 31.2
and 36.4° corresponds to a continuous flow jet at
flow rates of 10 and 13 pl/min, respectively. Yet, the
range for continuous jet flow is identified from 12
to 20 pl/min, correlating with a angles of 31.2 and
40.7°, respectively. Specifically, the half angle asso-
ciated with continuous jet flow falls within the range
of 32 to 46° [62]. For protruded electrodes, a consis-
tent jet flow devoid of intermittent drops or interrup-
tions is achieved within the range of 10—15 pl/min,
whereas for flash electrodes, this stable flow jet is
observed within the range of 12-20 pl/min. Compar-
atively, there exists a broader range of flow rates en-
suring a stable flow jet when using protruded and
flash electrodes in contrast to needle electrodes.

To explore deeper into the bending mechanisms oc-
curring at the tip of the straight jet, a more robust char-
acterization technique is essential. A high-speed cam-
era is utilized to scrutinize parameters such as straight
jet length, diameter, and cone angle (Figure 12d). It’s
evident that electrode geometry plays a substantial

-
15 kV.
a)

>

role in determining the attributes of bending loops
and whipping instability. Moreover, the applied volt-
age directly impacts the characteristics of the straight
jet and whipping phenomenon. Under an applied
voltage of 15 kV, both flash and protruded electrodes
produce longer straight jets compared to the needle
electrode, as indicated in Figure 13. Furthermore,
flash and protruded electrodes yield thinner straight
jet formations in contrast to those formed by the nee-
dle electrodes.

Changes in applied voltage lead to modifications in
straight jet formation. Likewise, at higher voltages,
the formation of straight jets varies depending on the
type of electrode used. Notably, an increase in ap-
plied voltage corresponds to an increase in straight
jet length. Table 4 provides a summary of the analy-
sis from high-speed camera images. Across various
electrode types and applied voltages ranging from
15 to 19 kV, a discernible trend emerges. The diam-
eter and length of the straight jet expand with an es-
calation in positive discharge on the electrode. More-
over, the onset angle for the commencement of the
whipping motion is influenced by both electrode
type and applied voltage.

FEA simulations indicate that electric field distribu-
tion can be controlled by adjusting electrode geom-
etry and changing applied voltage. Flash and pro-
truded electrodes yield a more consistent electric
field distribution along the z-axis. When the applied
voltage is increased, a more uniform electric field
distribution is achieved. Consequently, longer and

15 kV. 19 kV 15 kV 19 kV.
b) c)

Figure 13. High-speed camera image of the a) needle, b) flash, and c) protruded type of electrode (15 and 19 kV, 13 pl/min

flow rate, 1000 fps, and 100 ps exposure).
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Table 4. Summary of high-speed camera image analysis of

Table 5 summaries the tensile tests results of as-spun

jet. fibers collected via foil, mesh, and wire collectors.
Type Voltage Angle ji:rl:ilgglgl Disf“;::er Both 'tensile strength and modulus improve by in-
[kV] [°] {mm] (mm] creasing the collector surface speed. When the sur-
T 679 282 0153 face speed of the collector is increased from 9.9 to
16 62.8 301 0175 29.8 m/s, the tensile strength increases by 25%. Al-
Needle 17 50.6 341 0.180 though Young’s modulus improves with higher col-
18 472 3.77 0.186 lector speed, only minor improvements are observed
19 438 3.95 0.197 beyond 14.8 m/s. Both wire and mesh collectors ex-
15 56.7 5.80 0.101 hibit enhanced stiffness. The nanofibers fabricated
16 50.4 5.99 0.106 with a wire-type collector exhibit the highest tensile
Flash 17 49.3 6.04 0.112 strength and Young’s modulus among these collector
18 459 6.47 0.114 geometries. By altering the foil-type collector to
19 39.6 6.83 0.127 wire, the tensile strength and modulus improve by

15 613 4.95 0.112 15 and 11%, respectively.
16 531 330 0-119 Figure 14a shows the stress-strain curve for nano-
Protruded 17 97 239 0.120 fiber mats produced using needle, flash, and protrud-
8 267 049 0.123 ed electrodes. Introducing the protruded electrode

19 40.1 5.75 0.125 .

elevates the tensile strength of PAN electrospun

Table 5. Tensile properties of as-spun respected to rpm.

thicker straight jet formations are observed under
conditions where the electric field is more uniformly
distributed. Furthermore, the envelope angle is in-
fluenced by the electric field, with a uniform electric
field leading to a narrower whipping motion.

nanofiber mats from 128 to 148 MPa compared to
traditional needle electrodes at 500 rpm. Additional-
ly, there’s a slight increase in Young’s modulus from

Collector RPI\S/I; Z‘;(riface T stren;:SpT“:lsﬂe T 5.1 to 5.8 MPa. Although the tensile strength for the
[m/s] [MPa (GPa] flash electrode surpasses that of the needle electrode,

500/9.9 128 51 both exhibit the same Young’s modulus of 5.1 MPa.

Foil 1000/14.8 142 6.2 Furthermore, Figure 14b shows the tensile test re-
1500/29.8 161 6.4 sults of PAN nanofiber mats fabricated at 1500 rpm

Mesh 1500/29.8 179 6.6 by employing a protruded type of electrode. The most
Wire 1500/29.8 186 7.1 enhanced tensile strength is obtained for the nano-

fibers produced using a wire-type collector, reaching
207 MPa. The improvement in tensile strength is be-
tween 10 and 13% when comparing the needle tip to
the protruded electrode. However, only moderate en-
hancement is observed for Young’s modulus. Al-
though the tensile strength improves by 30% by

160 250
140 mmmmnIIIII ey ..
5T 200 pemen I
120 = IR T T S T
— — Ia
DEN_S 100 J OE“_’ 150 i
U
7 80| . ,}'
[0} ! [0}
<4 = 100] !
5 eof! 5 |
1
40|, 1
1 50 | N
20| —— Needle i — Foil
Y Flash -.= Mesh
0 i --- Protruded S Wire
0 10 20 30 40 50 0 20 40 60
a) Strain [%] b) Strain [%]

Figure 14. Stress-strain curve of electrospun PAN yarn a) fabricated with needle, flash, and protruded type of electrode
where the collector is foil at 500 rpm, b) fabricated with protruded type of collector where the collectors are foil,
mesh and wire at 1500 rpm.
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altering the collector geometry from foil to wire and
using a protrude-type electrode, the enhancement in
Young’s modulus is only 13%.

The improvement in tensile strength can be ex-
plained by fiber morphology, as nanofibers manu-
factured using the protruded electrode are more uni-
form and have smaller diameters compared to other
electrode types. However, Young’s modulus does not
improve as much as tensile strength. Less uniform
nanofibers may interact with each other more, in-
creasing stiffness.

4. Conclusions

This study investigates the intricate realm of electro-
spinning nanofibers, specifically focusing on the
production of highly aligned PAN nanofibers using
an in-house method. The research examines the in-
fluence of various collector designs, electrode con-
figurations, and collector speeds on the properties of
electrospun nanofibers.

Collector geometry significantly impacts electric
field distribution, with wire and mesh collectors pro-
viding more intense and uniform fields than foil col-
lectors, resulting in reduced fiber diameters and im-
proved alignment. Collector speed also influences
fiber alignment and tensile strength; lower RPMs
lead to a wider fiber angle distribution, while wire
collectors produce better aligned fibers than mesh
and foil collectors. This alignment correlates with
mechanical properties, as PAN nanofibers produced
at 1500 rpm with wire collectors achieve a tensile
strength of about 207 MPa, compared to nanofibers
fabricated at 500 rpm with foil collectors, which
have a tensile strength of about 128 MPa. SEM and
FEA analyses demonstrate that electrode geometry
can alter fiber diameter and alignment, reducing the
average diameter from 272 to 239 nm and enhancing
alignment by nearly 50%.

Overall, this study contributes to the understanding
of how variations in collector design, electrode
geometry, and collector speed influence the electro-
spinning process and the properties of the resulting
nanofibers. The findings open avenues for further
exploration and optimization of electrospinning
techniques, with potential applications in various
fields, including materials science, biomedical engi-
neering, and energy storage.
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