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A multiple jet, needle-less process to fabricate electrospun nanofibers from foamed columns, produced by injecting com-
pressed gas through a porous surface into polymer solutions, capable of circumventing syringe electrospinning short-
comings such as needle clogging and restrictions in production rate is presented. Using polyvinyl alcohol and
polyethylene oxide (PEO) as model systems, we identify key design, processing, and solution parameters for producing
uniform fibers. Increasing electrode surface area produces thicker mats, suggesting charge distribution through the bulk
foam facilitates electrospinning. Similar trends between foam and syringe electrospinning are observed for collection
distance, electric field strength, and polymer concentration. Interestingly, the empirical correlation between polymer
entanglement and fiber formation are found to be similar for both foam and traditional needle electrospinning, but the
fiber crystallinity shows enhancement with foam electrospinning. In addition, foam electrospinning with a PEO-nonionic
surfactant system yields two orders of magnitude increase in production rate compared to syringe electrospinning.
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Introduction

Nanofibers, fibers with average diameters ranging from
about 50 nm to less than a micron, are currently used in sev-
eral applications such as catalysis, tissue scaffolding, protec-
tive clothing, drug delivery, and gas sensors and so forth,
due to their high aspect ratios.1–7 These nanofibers are tradi-
tionally fabricated via a simple technique called electrospin-
ning,8–11 where an electric field is applied to a droplet,
deforming it into a conical shape, known as a Taylor cone.12

Once the induced charges overcome the solution surface ten-
sion, a jet ejects from the apex of the cone toward a
grounded collection plate, where whipping and solvent evap-
oration reduce the jet diameter and the resulting fiber is
deposited as a nonwoven mat.13,14

Although simple, syringe-based approaches may experi-
ence needle clogging, which occurs when dried polymer
remains on the spinneret tip when solvent evaporates before
the solution can be electrospun, preventing fiber production.
Additionally, low polymer concentration solutions and low
flow rates, typically below 1 mL/h are used, limiting fiber
production rates. Multiple needles cannot be placed at high
spatial density to improve the rate of nanofiber production
due to strong charge repulsion between the jets.15–20 Devel-

oping techniques capable of improving process throughput
and preventing needle clogging has been an area of recent
interest.

Recently, electrospinning polymer nanofibers from bubbles
has been demonstrated using a single-nozzle apparatus,21–24

and empirical relationships were reported correlating fibers
to select process parameters, such as electric field strength25

and solution concentration.26–28 However, these studies were
limited to single bubble or submerged nozzle setups operat-
ing at gas pressures less than 0.5 psi.25 Additionally, electro-
spinning from a single bubble in a polymer bath leads to the
possibility of fibers initiating from locations other than the
bubble surface, such as the container edge and solution sur-
face. A comparison of electrospun fibers from novel
approaches to syringe electrospun fibers has yet to be
established.

In this study, we examine a new approach of needle-less
electrospinning utlitizing foams. Unlike previous work from
single or a few bubbles produced from a single nozzle in a
vast pool of liquid, we are working with a sample spanning
high gas volume fraction foam, the characteristics of which
are drastically different from individual/few bubbles in terms
of structure, stability, formation, and dynamics. Critical
questions we seek to answer include the following. Can we
achieve electrospun nanofibers from a foamed surface
wherein the films of the foam serve as the point of fiber
emanation? Given that we are electrospinning from a film
rather than a bulk liquid, does the regime of electrospinnabil-
ity in terms of polymer chain entanglement change, and
finally, are the final fiber properties affected because of the
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new configuration? Our focus is to examine these issues and
provide a first step toward a new methodology, while rele-
gating a study of foam dynamics and its relevance, if any, to
future studies.

Experimental Section

Materials

Polyvinyl alcohol (PVA) (average molecular weight 205,000
g/mol, 88% hydrolyzed), nonionic Triton X-100VR surfactant,
and Rhodamine B dye were used as received from Sigma
Aldrich. Polyethylene oxide (PEO) was used as received from
Polysciences (average molecular weight 600,000 g/mol).

Solution preparation and characterization

PVA was dissolved in deionized water between 1 and 9
wt % and stirred at 60!C until homogenous, while PEO was
dissolved in deionized water between 1 and 7 wt % and
stirred at room temperature overnight until homogenous. In
some cases, Triton X-100VR was dissolved along with PEO in
deionized water. Zero-shear viscosity was measured at 25!C
using a 40-mm diameter, 2! cone, and plate geometry (TA
Instruments AR-G2 rheometer). Surface tension measure-
ments were made using an Attension Sigma 703D Tensiome-
ter, utilizing a platinum Wilhelmy plate attachment.
Conductivity measurements were performed using a conduc-
tivity module of a Mettler Toledo SevenMulti pH/conductiv-
ity/ion meter. The conductivity cell used was an
InLab(R)731conductivity probe. This probe contains an inte-
grated temperature sensor that can detect the temperature of
the test sample during the conductivity measurement. Meas-
urements of the conductivity and surface tension of the vari-
ous solutions were done in triplicate and are given in a table
as part of the Supporting Information.

Electrospinning

Electrospun fibers were created by injecting compressed
carbon dioxide (Airgas National Welders) at a constant flow
rate of 310 cubic centimeters per minute (ccm) and pressure
of 20 pounds per square inch (psi) into polymer solutions
through a fritted funnel (Fisher Scientific, pore size 4–5.5
mm for fine and 40–60 mm for coarse) coupled with a power
supply (Matsusada High Precision, model AU-60P*0.5).
Foam electrospinning parameters varied between 15 and 50
kV for voltage and 6 to 30 cm for collection distance (meas-
ured as the distance between the top of the funnel and
grounded plate). For comparison, a syringe electrospinning
method using a syringe fitted with a stainess steel needle
(0.508 mm inner diameter) operating at a flow rate of 0.5
mL/h, collection distance of 20 cm, and applied voltage of
10–22 kV were used. The NanospiderTM manufactured by
Elmarco with all accessories supplied by the manufacturer
was used as additional comparison (for photographs, see
Supporting Information).

The production rate from the foam electrospinning process
was measured by subtracting the weight of remaining solu-
tion after electrospinning for a set amount of time from a
known initial weight of solution. Calculation assumes all
consumed solution forms fibers.

Fiber characterization

Resulting fiber mats were coated with a "10 nm layer of
gold and imaged using a scanning electron microscope

(SEM) (FEI XL30 field emission SEM). Fiber size distribu-
tions and average diameters were obtained from the meas-
urements of 100 fibers using ImageJ analysis software.
Electrospun fiber crystallinity was measured by heating sam-
ples from 25 to 95!C at a rate of 10!C/min in a nitrogen
environment using differential scanning calorimetry (DSC)
(TA Instruments Q2000 calorimeter) and x-ray diffraction
(XRD) patterns (Philips X’Pert PRO MRD HR XRD Sys-
tem), acquired at room temperature with Cu Ka radiation.

Results and Discussion

Foam electrospinning

We produce polymeric foams by injecting compressed car-
bon dioxide through a porous plate into a polymer solution.
High voltage charge is applied to the system by immersing a
copper electrode coupled to a high voltage power supply
into the polymer solution, Figure 1A. Bubbles form and rise
to the surface, producing a column of foam. When an elec-
tric field is applied, several perturbations form on the foam
surface, resulting in multiple polymer jets ejecting toward
the collection plate directly above the foam, Figure 1B.

During the process, some bubbles deform into upward-
directed, hollow conical shapes, Figure 1C, analogous to the
Taylor cone in syringe electrospinning. This phenomenon
has been previously reported by Varabhas, who found the
angle of the Taylor cone-like perturbation on the bubble sur-
face to be equal to that reported for syringe electrospin-
ning.29 Additionally, we have observed the formation of
multiple perturbations on a single bubble, which has not
been previously reported in single bubble studies. There does
not appear to be a significant change in the height of the
foam over the course of an experiment (typically 15 min).
Movement of the electrospinning jet along the bubble sur-
face helps to perpetuate the electrospinning process. Addi-
tionally, the influx of gas may cause some bubbles to grow
beyond their maximum size and burst, presenting a disconti-
nuity which may lead to fibers of finite length.30

As the electrospun jets initiate from the surface of a foam
compared to a point source in syringe electrospinning, the
geometry of the electrode and manner for charging the sys-
tem must be considered for design of the process. The study
includes a solution of 7 wt % PVA in water, as it is a model
electrospinning system, and three electrode geometries: a
ringed wire (one-dimensional [1-D], 0.25 in2 surface area), a
wire mesh (2-D, 1.9 in2 surface area), and a wire “bird’s
nest” (3-D, 5.8 in2 surface area), shown in Figure 2. Using
the 1-D electrode, few jets eject from the foam surface, pro-
ducing a sparse mat. Two- and three-dimensional electrodes
produce thicker mats. We attribute the improved fiber yield
to the increase in electrode surface area, the higher surface
area allowing sufficient contact between liquid and the elec-
trode to adequately charge the liquid and improve the distri-
bution of electrical charges throughout the polymer solution
and foam. As the 2- and 3-D electrodes produce similar
fibers under comparable process parameters, the 2-D elec-
trode was used in subsequent experiments due to simplicity.

Process parameters

Using 7 wt % PVA as a model system based on our previ-
ous work,31 we explored the effect of various apparatus
parameters including electric field strength and collection
distance. The effects of electric field strength and collection
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distance (defined as the distance between the top of the fun-
nel and the collector for comparison) on the yield and mor-
phology of nanofibers produced in foam electrospinning
were investigated using electric field strengths between 250
and 420 kV/m and collection distances of 6–10 cm. No
fibers are produced below 250 kV/m, indicating a threshold

electric field strength. Electric field strengths between 250
and 330 kV/m with collection distances of 6 and 8 cm yield
sparse, nonuniform mats with signs of fiber fusion and other
artifacts related to incomplete drying (films with fiber shaped
outlines). Further, extensive fiber fusion can be seen directly
above the funnel, likely caused by bubbles bursting and

Figure 1. (A) A schematic of the foam electrospinning apparatus.

Digital photographs of the foamed column during experiments utilizing a compressed gas flow rate of 310 ccm at 20 psi showing,
(B) multiple polymer fibers (some shown by arrows) forming when foam electrospinning 5 wt % PEO and 0.1 wt % Triton X-
100VR with 40 kV of applied voltage at a collection distance of 30 cm, and (C) bubble deformation occurring during electrospinning
at 24 kV of applied voltage and 8 cm collection distance using 7 wt % PVA and 0.1 wt % Rhodamine B dye for visualization.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Schematics and resulting electrospun fibers for 7 wt % PVA in water utilizing (A) 1-D, (B) 2-D, and (C)
3-D electrodes.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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spreading solvent onto the surface of the collection plate,
Figure 3B. Yet, a fibrous mat, Figure 3A, collects along the
outer perimeter of the collection plate, which is located far-
ther from the axis of the foamed column. However, increas-
ing the collection distance to 10 cm provides ample time for
solvent evaporation which minimizes solvent splatter and
leads to smooth fiber morphology and mat uniformity (for
additional micrographs, see Supporting Information).

Electric field strengths of 420 kV/m (the highest strength
tested), yielded electrospun mats with excessive fiber fusion,
despite changes in collection distance. At these electric
fields, we observed entire bubbles being drawn out of the
foam toward the collection plate, resulting in excessive sol-
vent on the nonwoven mat (for additional micrographs, see
Supporting Information). These results are comparable with
electric field strengths previously reported for bubble spin-
ning polyvinylpyrrolidone (PVP). However, fiber fusion was
not reported when using PVP in a mixture of alcohol and
water, likely due to the difference in solvent volatility.25

Based on these results, there is an electric field strength win-
dow for the fabrication of uniform fibers via foam electro-
spinning, which is not generally observed in other methods
of electrospinning, such as syringe electrospinning.

We note that during the electrospinning process, the foam
protrudes approximately 1–2 cm above the funnel and are
effectively the same for all experiments. Consequently, the
actual distance between sample and collector is lower than
the collection distance specified. This is analogous to the

scenario in the fabrication of 3-D nanofiber web, which pro-
trudes as a cotton candy like mesh from the collector plate.32

Hence, the collection distance specified serves as a basis to
quantify relative distances.

Concentration effects

In syringe electrospinning, it is generally accepted that
polymer entanglement, predicted using solution dynamics, is
required for the formation of fibers.33–36 Empirically, the onset
of beaded fibers occurs at the critical entanglement concentra-
tion (Ce), 2.5 wt % for aqueous PVA, indicated rheologically
by a change in slope when plotting specific viscosity as a
function of polymer concentration. The onset of uniform
fibers, the critical concentration (Cc), generally occurs at 2–
2.5 times Ce, that is, 6 wt % PVA,31 Figure 4. Foam electro-
spinning concentrations below 2.5 wt % PVA result in dried
polymer droplets due to deposition of debris from bursting
bubbles and inadequate polymer entanglement, Figure 4,
while 5 wt % PVA yields beaded fibers. Concentrations above
6 wt % PVA produce uniform fibers for both electrospinning
methods, with fiber size increasing with concentration as
expected (for additional micrographs and histograms of other
concentrations, see Supporting Information).37,38 Fiber distri-
butions and average fiber diameters of 313 and 267 nm for 7
wt % PVA are comparable for foam electrospinning when
compared to syringe electrospinning, respectively. Data shows
the empirical guideline relating polymer entanglement and

Figure 3. Foam electrospinning schematic and SEM micrographs showing the contrast in fiber morphology col-
lected at a location (A) outside of the funnel and (B) directly above the fritted funnel at shortened collec-
tion distances.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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electrospun fiber morphology applies to foam electrospinning
aqueous PVA solutions.

To demonstrate versatility, fibers from aqueous PEO were
fabricated via foam electrospinning. Due to an increase in vis-
cosity compared to PVA solutions, the coarse fritted funnel
was used for electrospinning PEO solutions as the increased
pore size facilitated foaming. Utilizing the previous empirical
correlation, the critical entanglement concentration (Ce) of
aqueous PEO occurs at 1.4 wt %, while the onset of uniform
fibers, Cc, occurs at approximately 3.5 wt % PEO, Figure 5.
Concentrations below 2 wt % result in polymer droplets,
while 2 wt % produces beaded fibers for both electrospinning
methods. Increasing the polymer concentration above 5 wt %
PEO results in the fabrication of uniform nanofibers from
both electrospinning methods, (for additional micrographs and
histograms of higher concentrations, see Supporting Informa-
tion). Further analysis for 5 wt % PEO shows that average
fiber diameter and fiber distribution are comparable for both
methods, Figure 6. We have shown the polymer concentra-
tions required for fabrication of uniform electrospun fibers for
PVA and PEO are comparable in foam and syringe electro-
spinning, further demonstrating that the relationship between
polymer chain entanglement and uniform fiber fabrication also
applies to the foam electrospinning process. Therefore, this
relationship can serve as a guide to predict the electrospinn-
ability of polymer solutions via foam electrospinning, imply-
ing that polymer systems found to electrospin uniform fibers

via syringe electrospinning should produce uniform fibers via
foam electrospinning.

To enhance the stability of the polymer foams to further
facilitate electrospinning, Triton X-100VR was added in 0.01
and 0.1 to 5 wt % PEO solutions. Addition of the surfactant
resulted in polymer foams with increased cell quantity and
size, measured qualitatively, while also extending the life-
time of the foams. Fibers fabricated from Triton X-100VR

infused foams show uniform morphology. A comparison of
as spun fibers fabricated from syringe and foam electrospin-
ning, Figure 6, shows the average diameters and fiber distri-
butions remain comparable for both solutions containing up
to 0.1 wt % Triton X-100VR . Additionally, the average diame-
ter and distribution of foam electrospun fibers seem unaff-
fected by the addition of surfactant for 5 wt % PEO. This
suggests that the addition of nonionic surfactant in small
amounts to electrospinnable solutions can improve foam cre-
ation, without sacrificing desired fiber morphology.

As multiple jets form simultaneously, foam electrospinning
can improve production rates when compared to syringe elec-
trospinning. Typical throughputs for syringe electrospinning
from a single needle range on the order of 5 to 20 mL/min.
Experiments with 5 wt % PEO and 0.1 wt % Triton X-100VR

(added for foam stabilization) yield production rates as high
as 1.5 mL/min. When foam electrospinning from a 30-mm
diameter funnel, experimental results show a 300-fold increase
in production rate, when compared to typical throughputs via

Figure 4. SEM micrographs comparing fibers fabricated from syringe and foam electrospinning using 1, 5, and 7
wt % PVA in water, with average fiber diameter and distribution for 7 wt % PVA.

Utilizing foam electrospinning, the concentration at which the onset of beaded and uniform fibers (Cc,f) is comparable to that
required for syringe electrospinning, denoted as Ce and Cc,s, respectively, adapted.31 ***The average fiber diameters and fiber dis-
tribution remain comparable for both electrospinning methods. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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syringe electrospinning. Whereas this assumes that all material
from the funnel is converted to nanofibers, even if one
assumes a substantial loss (e.g., 30%) in this regard due to
bubble bursting and solvent evaporation, there is still more
than two orders of magnitude increase in productivity. We
believe increasing the size of the funnel and available surface
area for foam electrospinning could further improve the pro-
duction rate.

The NanospiderTM by Elmarco is widely used for high
throughput production of electrospun nanofibers. For com-
parison, solutions of 7 and 9 wt % PVA were electrospun on
the NanospiderTM using a droplet electrode accessory 10 mm
in diameter, at varying voltages. SEM micrographs, Figure
7, show as spun fibers from the NanospiderTM but the
defects in the nonwoven mat due to excessive solvent are
evident. Figure 7 also shows SEM micrographs of uniform
electrospun fibers fabricated from 7 and 9 wt % PVA solu-
tions via syringe and foam electrospinning from a 30-mm
diameter funnel. Although still in development, foam electro-
spinning provides an alternate approach for high throughput
production of uniform electrospun nanofibers.

Electrospun fiber crystallinity

An interesting issue is the effect of electrospinning
method on the crystallinity within resultant fibers. While
studies report increase in crystallinity with electropinning,

there is no report of the crystallinity of electrospun fibers
from a curved surface as in foam electrospinning compared
to the crystallinity of electrospun fibers from a bulk liquid as
in syringe electrospinning. XRD measurements showing
intensity as a function of 2h for electrospun PEO fibers and
as received PEO powder, Figure 8, show peaks at 2h 5 19
and 23!, which correspond to the 120 and 112 crystal planes,
respectively.39 The peak intensity decreases dramatically
within electrospun fibers compared to the as received pow-
der, independent of electrospinning method. This trend has
been previously shown for various electrospinning sys-
tems.39–42 In addition, higher-order reflections are seen for
the as received powder at 2h 5 26–28!, which are indicative
of well-developed crystalline microstructures. XRD measure-
ments for foam electrospun samples of PEO and varying
amounts of Triton X-100VR show no significant change, fur-
ther indicating the addition of surfactant does not change the
fiber morphology or structure.

The percent crystallinity was quantified using DSC, endo-
therms shown in Figure 9, and calculated by normalizing the
area under the curve with the heat of fusion for 100% crystal-
line PEO, reported as 197 J/g.43,44 The percent crystallinity of
5 wt % PEO with and without surfactant for both foam and
syringe electrospinning can be found in Table 1. As crystallin-
ity within the electrospun fibers is due solely to the PEO con-
tent, percent crystallinity calculations for samples of PEO, and

Figure 5. SEM micrographs comparing fibers fabricated from syringe and foam electrospinning using 1, 2, and 5
wt % PEO in water.

Utilizing foam electrospinning, the concentration at which beaded and uniform fibers (Cc,f) form is comparable to that required
for syringe electrospinning, denoted as Ce and Cc,s, respectively. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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surfactant were normalized by the weight proportion of PEO
within the fibers. Crystallinity and the melting peak tempera-
ture of fibers produced via foam and syringe electrospinning
methods is consistently lower than that of the PEO powder,
corroborating data shown via XRD. It is believed that rapid

solvent evaporation during processing hinders polymer chain
interaction and thus crystallization within the polymer fiber.

Importantly, the percent crystallinity is consistently higher
in fibers fabricated from foam electrospinning compared to
syringe electrospun fibers, increasing from 70.3 to 78.5% for

Figure 6. SEM micrographs and histograms comparing fibers fabricated from syringe and foam electrospinning
using 5 wt % PEO, 5 wt % PEO with 0.01 wt % and 0.1 wt % Triton X-100VR in water.

The fiber morphology, average diameter, and diameter distribution of electrospun fibers from foam electrospinning are compara-
ble to syringe electrospinning.

AIChE Journal April 2014 Vol. 60, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1361



5 wt % PEO, and 67.5 to 75.1% when introducing 0.1 wt %
Triton X-100VR , shown in Table 1. Enhanced polymer crystal-
linity, even in modest amount, can lead to significant
increase in fiber mechanical and structural properties such as
tensile stength, yield stress, modulus,45,46 and to degradation
rates47 and hydrophobicity48 for tissue engineering applica-
tions. An improvement in crystallinity may be due to a com-
bination of solvent evaporation and restricted chain
orientation. As the foam electrospinning process is an open

system, slow solvent evaporation and solvent drainage within
the foam may occur over the duration of the experiment,
increasing the effective concentration on the surface of the
foam compared to the bulk concentration. It has been previ-
ously shown that concentration gradients within foams exist
as the solvent gravitates toward points, where three or more
cells meet (plateau border) for entropic reasons. Another
contributing factor may be due to the restriction of chain ori-
entation within the thin bubble surface, possibly promoting

Figure 7. SEM micrographs of 7 and 9 wt % PVA fabricated via syringe electrospinning, foam electrospinning and
the NanospiderTM by Elmarco.

Uniform fibers can be fabricated via syringe and foam electrospinning with higher mat quality compared to the NanospiderTM

using a droplet electrode.

Figure 8. Plots of the intensity as a function of 2h from XRD measurements comparing electrospun fibers from
syringe and foam electrospinning with as received PEO powder.

Additional XRD measurements of fibers created via foam electrospinning with varying amounts of Triton X-100VR . [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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biaxial orientation of the polymer chains. As the chance for
polymer chain interactions increases, polymer crystal forma-
tion and growth is promoted. These factors will need to be
investigated in future articles.

Results from this work lay the initial foundation for foam
electrospinning as a methodology to build upon. Similarity
in fiber size and morphology between syringe and foam elec-
trospinning seem to indicate that the intricate details of foam
dynamics may not be a critical factor in this electrospinning
process. Nevertheless, the foam produced in this study were
polydisperse, and it would be useful to control the bubble
size and develop foams with controlled but different bubble
sizes and see how that affects electrospinning, in particular
the production. This would lead us to examine if bubble size
affects electrospinnability and fiber production rate. Another
parameter of interest would be to produce foam of different
gas volume fraction. If indeed film properties dictate crystal-
linity, we should be able to control it by varying foam
lamellae thickness using foam of different quality. In its
ideal state, one can envision development of a continuous
process in which liquid and gas are fed at a specified rate to
maintain foam production commensurate with that of fiber
production. Many such intriguing issues present themselves,
and can form the subject of future endeavors.

Conclusions

We demonstrate a multiple jet electrospinning technique
wherein nanofibers are produced from foamed polymer solu-
tions. Distribution of electrical charge throughout the bulk of
the foam is necessary for the formation of uniform fibers.
An electric field strength window exists for the formation of
uniform fibers via foam electrospinning. When the electric
field strength is too weak, little to no fibers form, while
stronger fields result in a fiber-infused film. At a given elec-
tric field strength within the electrospinning window,
increased collection distances aid in sufficient solvent evapo-
ration, improving mat uniformity. Concentrations at which
beaded and uniform fibers form using foam electrospinning

and the resulting fiber sizes are comparable to those reported
in syringe electrospinning for PVA and PEO for all concen-
trations presented. This work shows that the relationship
between polymer entanglement and fiber formation in elec-
trospinning holds for this process. The addition of surfactant
in the case of PEO improves production rate while fiber
diameter and distribution remain unaffected. Production rates
for foam electrospinning were improved as much as 300
times compared to syringe electrospinning. Fiber crystallinity
was also enhanced via foam electrospinning, most likely due
to the combination of gradual solvent evaporation, biaxial
polymer chain orientation within the thin film bubble bound-
ary, and increased effective concentration on the foam sur-
face, promoting chain interactions and polymer crystal
formation and growth. Foam electrospinning serves as an
alternate approach to nanofiber fabrication with improved
production rate and fiber crystallinity, without the need for
alterations or additional experiments to discover appropriate
conditions, as the parameters and trends for uniform fiber
fabrication are comparable to syringe electrospinning.
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