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Ceramic fibers have been manufactured via electrospinning for a variety of applications, including microelectronics, gas
sensing, as well as in memory systems. Preferentially ordering ceramic fibers as uniaxially aligned mats, as layered arrays,

or as patterned structures holds enormous potential to enhance current applications and add utility to electrospun

ceramic fibers. Here, we developed a versatile guide column array- based method for manufacturing uniaxially aligned

and patterned arrays of ceramic fibers. The guide column array was designed to control the electrospinning jet via

electrostatic interactions between the electrified jet and the electrodes, resulting in fibers that preferentially oriented

during deposition. A relationship between the ceramic precursor solution conductivity was correlated to the optimal

operating voltage for the realization of aligned ceramic nanofibers using the guide column array.

1. Introduction

Electrospinning is a versatile technique used to manufacture
fibers for a variety of applications including gas sensing, tissue
engineering, superhydrophobic surfaces, and
microelectronics™™®. Each specific application may require a
different morphology of the nanofibers. For example, specific
applications may require fibers to be manufactured such that
the fiber arrays are randomly orientated, are in uniaxially
aligned layers, or form in a patterned array. While
electrospinning has predominantly been used to fabricate
polymer nanofibers, electrospinning methods have been
applied to ceramic sol-gel systems to manufacture tailorable
ceramic fibers to enhance the utility and properties of the
ceramic. However, compared to polymers ceramic systems
introduce additional variables that can complicate the
electrospinning process, such as increased solution
conductivity as well as considering the sol-gel hydrolysis and
condensation reactions that are taking place. These
differences between the properties of sol-gel ceramic systems
and polymer systems, in addition to the the high variability of
properties between different ceramic systems present
challenges in fabricating uniaxially aligned ceramic systems.
However, the ability to fabricate high surface area ceramic
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nanofibers with tailorable morphologies would be highly
appealing for device manufacturing7. The overall utility and
performance of fibers can be enhanced based on the fiber
collection methods used in the electrospinning phase of
productions g,

A wide variety of ceramic fibers have been synthesized via
electrospinning, where the vast majority of ceramic fibers
manufactured via electrospinning consist of randomly oriented
mats >, However, compared to the polymer literature there
are limited reports of ceramic nanofibers that have been
electrospun in aligned or patterned arraysle. While several
techniques to align fibers in polymer systems have been
reported, considerably fewer have been presented for ceramic
systems. Additionally, when compared to polymers for aligning
ceramic nanofibers there is the the additional consideration
that alighnment must be maintained during calcination Y An
easily transferable method that aligns ceramic fibers during
the electrospinning process would be useful for creating
ceramic fibers for a range of electronic applications. In this
paper, we present a technique that can produce uniaxially
aligned arrays of ceramic fibers that can be readily transferred
to a wide range of systems without intensive optimization.

1.1 Aligned Electrospinning
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Figure 1. Alignment collector morphologies. A) Split electrodes separated by an insulating air gap; B) Spinning disc
with a narrow edge; C) Rotating mandrel; and D) Proposed guide array collector.

To develop methods to align electrospun nanofibers, it is first
necessary to take a look at the underlying principles that drive
electrospinning. In a typical electrospinning process, a droplet
is extruded from a metal syringe tip that is connected to a
positive high voltage power supply. When a positive potential
is applied the droplet at the syringe tip becomes electrified
and is distorted into a conical shape, known as the Taylor
cone. The Taylor cone forms due to electrostatic repulsion
between surface charges and the Coulombic force exerted by
the external electric field between the syringe tip and the
collector. When a sufficiently high voltage is applied the
electrostatic repulsion between charges accumulating on the
surface of the droplet overcome the surface tension of the
solution and a charged viscoelastic jet is ejected from the
syringe tip towards a collector plate 8 As the jet transports to
the collector, solvent is evaporated, and a combination of
viscoelastic restoring forces and Coulombic repulsion act to
elongate the electrified jet, often also resulting in the
formation of a growing bending instability19 The orders of
bending instabilities create a whipping motion responsible for
creating a random entanglement of fibers when collected on a
grounded plate7. For polymer systems, the physical solution
properties, such as conductivity and viscosity, are well
described and don’t vary significantly. However, for ceramic
systems, these parameters, such as conductivity, can span
several orders of magnitudes, from uS/cm to mS/cm. This
wide range of conductivity makes it very challenging to
optimize an electrospinning technique for ceramic fiber
alignment that can be transferable across multiple ceramic
systems.

Fiber alignment methods used during electrospinning are
shown in Figure 1 and focus on two main mechanisms that
dominate the jet behavior: Coulombic interactions (Figure 1a)
with the collector and/or the mechanical movement of the jet
(Figure 1b- ™. In polymer systems, alignment can be
achieved by replacing the collector with two isolated plates
that are separated by an insulating gap as seen if Figure 1a. As
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a discrete fiber is deposited on a plate, it leaves a momentary
charge on the contacted plate which exerts some finite
electrostatic force on the trailing jet. This causes the trailing jet
to deflect to the neighboring platell’20 The deposited fiber
then spans the gap perpendicular to the plates. Fibers that are
already deposited retain their charge in areas that are not in
the relative vicinity of the grounded contacts, due to the low
conductivity of polymers. Subsequent fibers will have the same
charge as the initially deposited fiber, and will thus repel one
another, resulting in aligning incoming fibers with the already
deposited fibers %

With time, the fibers spanning the insulated gap begin to
lose their charge by either interaction with the insulating
material in the gap between the plates or via conduction to
the grounded plate. The fibers then begin to behave as a
homogenous grounded plate, where subsequent fibers are
collected in a random alignment. This method has been
improved by substituting highly insulating materials or high
dielectric constant materials for the air gap. These properties
preserve charges within the fibers to allow for longer
deposition times and thicker mats before alignment is lost®®
Therefore, as this method is transferred to systems with higher
conductivities, the ability to align using this technique is
limited due to the higher rate of charge loss on the deposited
fibers of more conductive systems21

Mechanical methods have also been used to align polymer
systems. In this case, fibers are electrospun onto a rotating
mandrel; as the mandrel rotates, the mandrel draws out the
fiber, creating a tensile force that acts to align the fiber as seen
in Figure 1b 1722 For this to be implemented successfully,
several parameters need to be optimized for both polymer and
ceramic systems. These parameters include mandrel rotation
rate, solution viscosity, the distance between the syringe tip
and the collector, syringe pump rate, humidity, applied
voltage, and mandrel dimensions®’

For polymer systems, many of these parameters are fairly
consistent from one polymer system to another, making this
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method easily transferable. On the other hand, in ceramic
systems there can be a large variability in properties across
systems, so transferring operating parameters between
ceramic systems is not a viable option. In particular, the higher
conductivities of ceramic precursor solutions leads to
increased instabilities in the electrified jet, making it more
challenging to align solely via mechanical approaches.
Additional alignment systems exist that contain variations and
combinations of the core concepts outlined in the Coloubic
and mechanical methods, an example of which is shown in
Figure 1c 23,24 Although many advanced systems exist for the
alignment of polymer systems, a consistent, easily optimized
system that can handle a wide variety of ceramic systems is
lacking. This paper develops a simple guide column-based
method to align ceramic fibers during electrospinning solely by
leveraging electrostatic interactions.  This guide column
method uses an array of five conductive columns that are
separated by an air gap as displayed in Figure 1d. The central
guide column is positively charged via a DC power supply while
the adjacent columns are grounded. A conductive ring is
placed around the needle tip and charged using the same
power supply that is connected to the needle to focus the jet
on the guide column® %, This focusing ring seeks to create a
more homogenous field at the needle tipe, which also
promotes fiber deposition towards the grounded collector. As
the electrified jet approaches the guide column, the repulsive
Coulombic forces deflect the fiber to the nearest grounded
column, where the approaching fiber is able to dissipate
charge. The deposited fiber is then attracted back to the
central guide column via the same Coulombic forces that
repelled it initially.

Due to the constant electric field between columns, the
fibers maintain a degree of polarization that aids in repelling
and aligning the nearby fibers. Therefore, as more fibers are
deposited, the degree of alignment will increase. This method
is capable of fabricating thick fiber mats of highly aligned
ceramic fibers. Since the mechanics of this method primarily
act on the response of the fibers to the electrostatic forces of
the column array, once the conductivity of the precursor
solution is known the optimal alighment conditions can be
identified. Specifically, the conductivity of the precursor
solution has been correlated to the required voltage applied to
the guide column to achieve the highest degree of alignment.
Thus, this method can easily align large quantities of ceramic
fibers by utilizing the relationship between ceramic precursor
solution conductivity and guide column voltage.

Here, we demonstrate the versatility of this guide column
array through the successful alignment of a range of functional
ceramic materials. Furthermore, a relationship between the
optimum guide column voltage and the conductivity of the
electrospinning solution was established. With this
relationship, new ceramic electrospinning solutions could be
aligned if their conductivity is known.

1.2 Patterned Electrospinning

Continuing off principles used to design and test the guide
column array; a grid collector was designed to pattern aligned
fiber systems orthogonal to one another. This substrate is
shown in Figure 2, where four copper plates are paired directly
opposite to one another across a circle 2 cm in diameter.
Using this substrate aligned fibers can be formed when voltage
is applied to one contact while grounding the opposite
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Figure 2: 2D schematic of grid collector featuring the four copper plates used to
pattern aligned fiber layers orthogonal to one another. To form the first layer,
electrodes 1 and 3 were attached to a positive voltage supply and grounded,
respectively. To form the orthogonal layer the power supply was then connected
to electrode 2 while 4 was grounded.

contact. Alternating the pair of contacts that creates an
electric field manufactures aligned layers orthogonal to one
another.

2. Methods

2.1 Set-up and Electrospinning

2.1.1 Guided Array Set-Up and Electrospinning

The guided array, shown in Figure 1d, was created by spacing
five 20 cm long, 0.5 cm diameter, copper tubing columns 2 cm
apart. A high voltage power supply was connected to the
center column while the remaining columns were grounded.
Solutions from previously established electrospinning systems
were chosen from literature; specifically, BaTiO;, CoFe,0,,
NipsZngsFe,0,, and BiFeO; were prepared”'®* ™,
example, the CoFe,O, solution was prepared by mixing
stoichiometric amounts of ferric nitrate and cobalt acetate in 2
mL of acetic acid and 1.5 mL of 2-methoxy ethanol. At the
same time a polymer solution was prepared where 0.5 g of
polyvinylpyrolidone (PVP) was dissolved in 1.75 mL of ethanol
and 1.45 mL of dimethyl formamide. Once both solutions were
dissolved the ceramic precursor solution was slowly added to
the polymer solution. The resultant mixture was then stirred
for 12h. The prepared solutions were loaded into a 3 mL
syringe and the syringe was loaded into a syringe pump
located within an electrospinning chamber. The syringe pump
was positioned so that the needle tip pointed directly towards
the central column of the array at a distance of 28 cm. A 6 cm
diameter conductive loop was electrically contacted to the
needle and suspended roughly 1 cm behind the tip so that it is
perpendicular to the length of the needle. A high voltage
power supply was attached to the needle and conductive loop.
Relative humidity was lowered inside the chamber to between
30% and 40% relative humidity. Voltage values ranging from
1-10 kV were applied to the central column of the guide array.

As an
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The solution flow rate and applied syringe tip voltage were
determined from previously reported methods and remained
constant with in each fiber system.

2.1.2 Grid Array Set-Up and Electrospinning

A grid array was constructed by setting four 1 cm x 3 cm x 0.3
cm copper plates into a cross formation as shown in Figure 2.
The plates were fixed and set into epoxy. Once cured, the
surface was polished to reveal the copper plates. Insulated 18
AWG copper wiring was connected to the plates prior to being
set in epoxy. A high voltage power supply was connected to
one plate while the plate opposite was grounded. The
remaining plates are left unconnected. After electrospinning
for five minutes, deposition was paused. The high voltage
power supply was then moved from the current plate to the
adjacent one and the grounded connection is moved to the
plate opposite to the newly charged plate so that the new
electric field will be orthogonal to the previous one.
Electrospinning was then resumed, creating a subsequent
layer of fibers that was aligned perpendicular to the previous

Figure 3. CoFe,0, fiber alignment at different collection points with the guided
column array with a guide column voltage of 6kV. Respectively, the outermost gaps
show mainly randomly orientated fibers.

layer.

For the grid array, BaTiO; and CoFe,0, solutions used in
the previous section were once again prepared12’14’15. As
above, the prepared solutions were loaded into a 3 mL syringe
and the syringe was loaded into a syringe pump located within
the electrospinning chamber at a distance of 16 cm from the
collector. A high voltage power supply was connected to the

4| J. Name., 2012, 00, 1-3

needle. Relative humidity was lowered inside the chamber to
between 30% and 40% relative humidity and was maintained
throughout the electrospinning process at room temperature.
Voltage values ranging from 1-6 kV were applied to the plates.
The solution extrusion rate and applied needle voltage were
determined from previously reported methods and remained
constant within each fiber systemu.
2.2 Calcination

Continuous mats of aligned fibers were removed from the
guide column array. The layered mats of fibers were then
dried in a vacuum oven at 75°C for 24 hours to ensure full
solvent evaporation. The fibers were then placed in a furnace
and heated to 250°C at a ramp rate of 2°C/minute and held for
one hour to burn off the polymer. The temperature was then
increased at 2°C/min to the final temperature required to
develop the ceramic phase. The final temperature and dwell
time required to develop the ceramic phase were determined
by previously reported conditions. For example, the CoFe,0,
fibers were heated to 600°C and held for 3 hours.
2.3 Characterization

Fiber mats were characterized using scanning electron
microscopy (SEM) with the FEI Nova 430 and the Phenom ProX
desktop SEM. The fiber mats were imaged both “as-spun” and
post-calcination.  Image) analysis software was used to
measure the alignment of the fibers by measuring angle of the

Figure 4. SEM image of highly aligned as-electrospun CoFe,0, fibers electrospun

using the guide column array.

fibers with respect to a constant axis. The distribution of fiber
angles was plotted in a histogram, and alignment was defined
as fibers within a 25° distribution orthogonal to the guide
column.

Conductivities of the precursor solutions were measured
with an Accumet Excel XL20 conductivity probe. The crystalline
phases of calcined nanofiber arrays were characterized with X-

This journal is © The Royal Society of Chemistry 20xx
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ray diffraction using a Panalytical X PERT

diffractometer with a copper anode tube.

powder

3. Results and Discussion

3.1 Insulating Gap versus Guide Column Array

To verify the utility of the guide column array on fiber
alignment, both CoFe,0, and BaTiO; fibers were spun with a
central guide column voltage ranging from 1-6kV. Fiber
deposition between the center guide column and the adjacent
columns was altered with the addition of the applied voltage
to the central column. This was expected, as the voltage
applied to the central column distorts the electrostatic field
the electrospinning jet experiences as it approaches the
collector. There was some build-up of randomly aligned fibers
on the edges of the central columns (columns 2 and 4),
however the addition of the two additional flanking columns,
the random build-up is directed to deposit between the
grounded columns and does not interfere with the aligned mat
in the center. This is demonstrated in Figure 3, which show
CoFe,0, fibers that were electrospun using a guide column
voltage of 6 kV. Each sample exhibited some degree of
alignment (Figure S1), however, the samples from the interior,
specifically the columns immediately flanking the guide
column, have a greater degree of alignment than samples
further from the guide column. This was expected, as the
electrostatic interactions between the fiber jet and the guide

Figure 5. SEM samples showing an increase in alignment with increasing central guide
column voltage for CoFe,0,4. Guide column voltages are listed on each SEM image.
Alignment increases until a maximum alignment is reached at a central guide column
voltage of 6 kV.

column are what drives the alignment, it follows that the
alignment will no longer be as prominent as the fibers travel
further from the guide column. Subsequent samples were all
taken from the regions immediately flanking the guide column.

These results highlight the critical role electrostatic
interactions play in the alignment of ceramic nanofibers fibers,
and that the presence of an insulating gap alone is insufficient.
Samples taken from the outer gap between the outermost two
grounded electrodes are randomly orientated (Figure 3); thus,
the presence of an insulating gap is not sufficient to stimulate
high degrees of alignment in conductive ceramic sol-gel based
fibers. Additionally, when the outermost grounded columns
were removed the overall yield of aligned fibers between the
central column and the adjacent grounded column decreased.
On the other hand, the samples taken directly between the

This journal is © The Royal Society of Chemistry 20xx
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central column and the adjacent grounded columns where
there is a constant electric field exhibit a high degree of
alignment. Several trials with CoFe,0, fibers were completed
to ensure the repeatability of this approach and Figure 4

shows highly aligned fibers.
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Figure 6. Plots of each fiber system showing the % alignment with respect to applied
central guide column voltage. Optimal guide voltages are the voltages correlated to
the maximum % alignment on each plot. At voltages beyond those indicated by an X
the deposition rate was sufficiently slow to inhibit collection.

3.2 Effects of Guide Column Voltage

The degree of fiber alignment was observed to be a function of
the magnitude of the voltage applied to the central guide
column. Figure 5 and Figure S2 show this relationship
between increasing central guide column voltage and
increasing degree of alignment for CoFe,0,. As the voltage
applied to the central guide column increases, so to does the
measured degree of alignment until a maximum alignment is
reached. This progression in the degree of alignment
demonstrates that the applied guide voltage does indeed
affect fiber alignment, and further confirms that any observed
alignment is not solely due to the insulating air gap separating
the array columns. Increasing the applied central guide column
voltage beyond this threshold caused severely reduced
deposition in the gaps adjacent to the central column and a
deterioration of alignment.

To demonstrate the efficacy of this approach the guide
column array was used to elecrospin aligned arrays of other
ceramic  fiber  systems, including  BaTiO3, BiFeOs;,
Nig sZng sFe;0,4, and an additional CoFe,0, solution spun from a
solution with a higher conductivity. The observed trend of
increasing alignment with increasing guide column voltage
until an optimum guide voltage and maximum alignment were
reached was consistent across each system, however the
optimum guide voltage magnitude was not. The variance of

J. Name., 2013, 00, 1-3 | 5
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optimal alignment guide voltage was thought to be due to the
differences in solution conductivity between the different fiber
systems. As the conductivity of the precursor solution
increases so too would the bending instabilities that occur
during electrospinning, requiring greater electrostatic fields to
force fiber alignment during deposition. Therefore, greater
guide voltages would be needed to create these larger
electrostatic fields. Results for these fiber systems can be
found in the supplemental information (Figures $3-S6).

3.3 Effects of Solution Conductivity on Alignment

Table 1 and Figure 6 show that a maximum alignment
voltage was determined each fiber system. Spinning at
voltages greater than the maximum alignment voltage lead to
low fiber accumulation as the Coulombic repulsion between
the incoming jet and the similarly charged guide column
increased. It was also found that at these higher voltages
deposition increased on the outermost grounded columns of

Figure 7. A) Post calcined fibers suspended across platinum boat. B) Post calcined
fibers using salt suspension at a ramp rate of 5°C/min. C) Post calcined fibers using an
adjusted, slower ramp rate of 2 °C/min as opposed to the original 5 °C/min used after
reaching the polymer burn off temperature.

the array in a predominantly random manner. The most
noticeable trend is the relationship between
conductivity and optimum guide voltage, whereas

solution
the
conductivity of the solution increases so does the guide
column voltage required for obtaining aligned fibers. To
exemplify the importance of this relationship in the guide
column array, consider two cases: first, two solutions where
the ceramic content was identical, but the conductivities were
different. Second, two solutions where the ceramic content is
different, but the solution conductivities are the conductivities
are the same. In the first case, the only difference between
the two solutions are their conductivities. To perform this
experiment two solutions were prepared using the same
composition and concentration of ceramic precursors but aged
for different times resulting in conductivities of 1.8 mS/cm for
CoFe,0, (1) (Figure 6C) and 3.6 mS/cm for CoFe,0, (2) (Figure
6E). Despite having the same initial ceramic ion content, the
differences in solution conductivity caused a difference of 3 kV
in optimum guide voltage. For the second case, two solutions
of approximately the same conductivity but differing
composition were electrospun. Here, CoFe,0, (1) with a
conductivity of 1.8 mS/cm (Figure 6C) and BiFeO; (Figure 6B)
with a conductivity of 1.7 mS/cm were selected. For these two
solutions, the optimum guide voltages were both 6 kV,
attributed to their nearly identical solution conductivities. This
confirms that the alignment guide voltage can be determined
using the solution conductivity and that this alignment

6 | J. Name., 2012, 00, 1-3
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technique is suitable for a wide range of phase ceramic
systems.

3.4 Calcination

Once aligned mats of as-spun fibers were obtained an
additional  consideration arose due to the duel
ceramic/polymer composition of the fibers. Specifically, the
alignment of the mats needed to be maintained while the
polymer binder was burned off and the ceramic phase(s)
developed without shrinking or sintering together. To ensure
the fibers maintained alignment during calcination all the
fibers from the array, including the randomly dispersed
flanking fibers, were removed and calcined as a single sheet.
The randomly dispersed mat overlaid the edges of the aligned
fibers, anchoring them in place during calcination. To ensure
the polymer removal and ceramic development occurred at
appropriate rates the step size of the temperature ramp rate

I
Figure 8. A) Calcined BiFeOs with XRD spectra showing hexagonal BiFeOs. B) Calcined
CoFe,0,4 with XRD spectra showing cubic CoFe,0,. XRD spectra are also shown in
Figures S6-57.

apart with an applied voltage of 6 kV to one contact while the
other remain grounded.

those for a randomly aligned array.

To optimize the calcination process for maintaining
alignment, it was thought that anchoring a fiber mat across an
air gap would prevent entanglement and fracture as the
ceramic phase developed. Fiber mats were anchored across a

This journal is © The Royal Society of Chemistry 20xx
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platinum boat and calcined (Figure 7a). However, fiber mats
did not maintain alignment using this method. It is likely that
the shrinkage that occurred during the polymer binder
burnout phase resulted in the fibers being unable to span the
air gap and collapsing, and losing alignment. A salt calcination
method (Figure 7b) was then employed to maintain alignment
involved, where finely ground sodium chloride acts as a
physical barrier between fibers while also providing support to
prevent collapse. The success of this method was limited by
the extreme difficulty of maintaining alignment while
removing the salt from the fiber arrays post calcination. Lastly,

Figure 10. SEM images showing orthogonally patterned CoFe,0, fibers electrospun
onto the grid array.

it was theorized that a slower calcining ramp rate could aid in
maintaining alignment (Figure 7c). The ramp rate after the
polymer binder burn off phase at 250°C was reduced from
5°C/min to 2°C/min. Figures 7b-c show that reducing the
ramp rate significantly reduced the loss of alignment during
the calcination phase. To verify this calcination regime
maintained proper development of ceramic phases as well as
maintained alignment, samples of BiFeO3; and CoFe,0, were
calcined with the slower ramp rate regime. Both systems
maintained a high degree of alignment as seen in Figure 8. In
conjunction with maintained alignment, XRD of both samples
still produced the desired ceramic phase as shown in the insets
of Figure 8 as well as in Figures S7-S8.

To ensure that the slower ramp rate calcination matched
the versatility of the guided column array, samples of 70 wt.%
BiFeO; / 30 wt.% CoFe,0, Janus fibers were also calcined.
There was little observed loss of alignment and the Janus bi-
phasic morphology was maintained throughout calcination.

3.5 Grid Array

To demonstrate the efficacy of using a guiding voltage a
grid array was developed to extend this approach to fabricate
more complex arrays of ceramic nanofibers. These more
complex assemblies of patterned arrays of ceramic fibers could
offer higher control and ordering of properties. To accomplish
this, a substrate was designed such that alignment could be
obtained in orthogonal directions via two perpendicular pairs
of copper plates spaced 2 cm apart as shown in Figure 2.

Initial testing was performed by separating two standalone
copper plates 2 cm apart via an insulating air gap. CoFe,0, was
spun across the gap to simulate the designed substrate and
test if alignment could be achieved by applying an electric field
between two copper plates. By applying 6 kV to one contact
and grounding the opposite contact, alighment was achieved
(Figure 9).

This journal is © The Royal Society of Chemistry 20xx
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The success of this initial test led to the construction of the
grid array (Figure 2), where it was hypothesized that by only
electrically contacting two of the four plates during
electrospinning would direct aligned deposition between the
contacted plates. Thus, one could apply a voltage to a plate
and ground the opposite plate as a pair, deposit aligned fibers,
disconnect from the pair of plates, connect the orthogonal pair
of plates in an identical fashion, and subsequently deposit
fibers aligned orthogonally to the originally deposited layer,
creating a grid.

Initial trials were conducted using the same conditions, i.e.,
collector distance and applied voltage, as used for the guide
column array, with minimal success. It was thought that since
the target area for deposition was significantly reduced (the
entire length of a 20 cm column versus a 2 cm diameter circle)
that decreasing the spinning distance of needle tip to
collection array from 28 cm to 16 cm would result in increased
alignment. This decrease in the collector distance conditions
yielded fibers in a grid array as shown in Figure 10.

The results of initial grid array testing show promise as a
technique to generate more complex fiber patterns and arrays.
It should be noted that the recorded optimum pattern voltage
for the grid array was 2 kV lower than the optimum guide
voltage observed for the same precursor solution. This is
attributed to the fact that in the grid array the insulating gap is
composed of epoxy, which has a higher dielectric constant
than air. As a result, as fibers deposit onto the grid array,
dipoles are induced on the surface of the epoxy due to
interactions with the charged fibers. The higher dielectric
constant of the epoxy also decreases the dissipation of charge
from the fiber into the insulating gap medium causing the
deposited fibers to contribute more to the electrostatic
repulsion of the incoming fiber jet. This increases the stability
of the alighnment achieved by anchoring the fiber on a solid
surface as well as reducing the discharge rate of deposited

fibers. As a result, lower electric fields are required to
maintain alignment, thus reducing the optimum pattern
voltage.

To demonstrate the versatility and functionality of the grid
array, BaTiO; was also electrospun onto the grid away to
removable mat of patterned fibers for

manufacture a

I Neme 2012 00 1-2
Figure 11. SEM images of patterned, calcined BaTiOs fibers. Two discernable,

orthogonal layers of aligned fibers are present.
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calcination. The patterned fibers were then transferred to a
calcination dish. Calcination of the fibers was conducted with
the optimized reduced ramp rate regime discussed in Section
3.5 to help maintain fiber orientation as shown in Figure 11.

The images in Figure 11 show the presence of two
orthogonal layers of calcined fibers. These images
demonstrate that the grid array in combination with an
optimized calcination regime can produce patterned, calcined
arrays of fibers for use in a wide range of applications.

Conclusions

The guide column array presented in this paper has
successfully overcome the challenges of electrospinning
aligned ceramic fibers. Through the application of a guide
voltage in an array of grounded columns the ceramic fibers
were electrospun in an aligned configuration utilizing only
electrostatic field interactions. These field interactions could
be tailored to each fiber system by increasing or decreasing
the applied guide voltage depending on the conductivity of the
precursor solutions. Thus, no modification of the precursor
solutions were necessary. This was successfully demonstrated
with five single phase fiber systems, where the morphology of
the composite was maintained during the alignment process.

A relationship was built between the precursor solution
conductivity and the magnitude of the voltage applied to the
array required for maximum alignment so that the voltage
applied to the array can be adjusted to match the conductivity
of the solution that is desired to be aligned. Though the focus
of this manuscript is on ceramic fibers, this method can also be
extended to polymer electrospinning solutions once the
solution conductivity is known. Further, by making simple
alterations to the calcination regimes, the ceramic fibers
maintained their alignment through polymer burn out and
ceramic calcination. The guide column array is a simple
method of  aligning already  established
electrospinning solutions that could be easily implemented for

ceramic

additional ceramic nanofiber systems to increase the utility of
the electrospun fibers. The principles developed for the guide
column array were extended to develop an array capable of
patterning fibers in a grid.
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