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ABSTRACT: The process of edge electrospinning relies on forming electric-
field-induced instabilities (i.e., jets) in a polymer solution bath which act as
sources for nanofiber production. As such, it depends on the fundamental
interactions between the fluid and the electric field, which are studied in this
report as a function of solution parameters (viscosity, surface tension, and
conductivity). Over a wide range of conditions, experimental observations
including time required for initial jet formation, total number of jets, feed rate
per jet, and resultant fiber diameter are reported and compared with
theoretical predictions. The presently realized fiber throughput is 40× a single
needle approach while maintaining similar high fiber quality. Two distinct
voltage intervals are utilized to generate many fiber-forming instabilities: a high level for jet creation and then reduced amplitude
for fiber production. This dual-stage approach relies on hysteresis in Taylor cone-jet formation, wherein a larger voltage is
required to create a jet-emitting cone than to maintain it.

1. INTRODUCTION

Study and development of nanofibrous materials have
dramatically increased over the past 15 years. Such scholarly
activities still continue at a torrid pace today, driven by the
technologically useful properties possessed by collections of
nanofibers, including high surface-area-to-volume ratios,1−5

high porosity,6−9 and morphological biocompatibility.7−24 At
the research-level production scale, the most widely used
technique for nanofiber fabrication is electrospinning,25−32

which utilizes an electric field to “draw” a polymer fluid into a
fiber. Thus, the technology of electrospinning implicitly relies
on fundamental understanding of the interaction between a
charged fluid and an applied electric field. For instance, under
the common traditional needle electrospinning (TNE)
approach, where polymer solution is mechanically pumped
through a fine conducting needle placed at high voltage, the
electric field forms a Taylor cone at the needle tip, providing an
electrostatic suction which combines with the pump-controlled
feed rate to propel the fluid. The fluid jet emanating from the
Taylor cone initially moves along a linear path for a short
distance (in the region near to the needle), until the still-
forming, charged fiber develops a whipping instability
(relatively far from the needle), resulting in dramatic fiber
elongation and narrowing, before subsequently depositing onto
an electrically grounded collector (Figure 1a).29 New variations
to the TNE approach continue to appear on a regular
basis.33−35

A fundamental limitation of nanofiber formation using the
TNE configuration is that the overall production rate is low
(0.01−0.1 g/h36,37), which impedes industrial scale implemen-
tation; thus, methodologies that demonstrate higher fabrication
rates are desirable. Recently, we have developed an alternative

electrospinning approach38,39 where, instead of physically
pumping fluid through a needle, the electric field itself is
tuned to generate fluid instabilities within a bath reservoir
comprised of a thin-lipped bowl filled with polymer solution
(Figure 1b). Such fluid perturbations are akin to the Rayleigh−
Taylor instabilities40 formed by gravity forces in a thin film, e.g.,
when a layer of wet paint on a ceiling spontaneously breaks into
a series of droplets with a distinctive spacing that is determined
by the fluid properties and the strength of the perturbing force.
Here, such electric-field-induced fluid instabilities produce jet-
emitting Taylor cones similar to those found at the needle tip in
TNE. In general, such unconfined electrospinning approaches
(where the fluid is not directed through a physically restricting
nozzle) allow a multitude of jets to spontaneously form and
reorganize efficiently, providing for many simultaneous jets
without additional engineering design complexity (for instance,
in a configuration of an array of many needles). The fluid
properties and the electric field intensity and history determine
the number of stable jets and feed rate per jet (rather than
being dominantly controlled by the directed mechanical
pumping as in TNE). In bowl-edge electrospinning, the
symmetry of the experimental apparatus (combining the
metal bowl held at high voltage as a source electrode with a
grounded cylindrical collector) permits many jets to be formed
along the lip of the bowl and efficiently organize into a
symmetrically spaced arrangement, partially minimizing jet-to-
jet interactions as the distance between neighboring jets
increases with radial distance in this concentric geometry. In
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addition, because the electric field can be tuned to provide an
effective feed rate per jet, similar to that present in needle
electrospinning, throughput from this simple system can be
dramatically higher than in TNE (40× higher for a single filling

of the bowl) while maintaining high nanofiber quality. Other
unconfined electrospinning approaches that have been
demonstrated include cleft electrospinning where jets are
formed in a rectangular bath and spin upward to a flat
collector,41 needleless electrospinning from a fluid-coated
sphere,42 and the commercial instrument Nanospider.43 We
note reviews of some electrospinning schemes for scaling-up
nanofiber production rates have appeared recently.44,45

In the bowl-edge unconfined electrospinning approach, the
fundamental interaction between the electric field and the
polymer solution is now responsible for developing fluid
perturbations, determining the feed rate, and providing
sufficient jet charge and an appropriate electric field distribution
to maintain a similar pattern of linear motion and whipping as
in TNE (in order to ensure that that fiber quality is equivalent
to that produced by the standard technique). In this work, we
explore the various aspects of this underlying interaction by
systematically modifying the fluid properties (solution concen-
tration, viscosity, surface tension, and conductivity) and observe
the resultant changes in jet number, mass throughput per jet,
and resultant fiber morphology in this unconventional bowl-
based approach. Utilizing simple models to explain these
results, we discuss how fundamental understanding of the
fluid−field interaction can be used to maximize the number of
available spinning sites (jets) in a given configuration while still
maintaining high fiber quality. Comparing the experimental
results with existing theoretical models of electrically induced
instability formation,42 the observed relative time for jet
formation and jet density match well with predictions, except
when jet-to-jet interactions are strong (i.e., under conditions of
very high jet density). By using such a model, the advantages of
a two-stage voltage process, where a high voltage level is first
utilized to initiate jets and then a lower voltage is applied at
which jets can be maintained but not created (i.e., the jet
creation rate under the lower voltage condition is impractically
slow), are clearly delineated. To our knowledge this is the first
time that the property of hysteresis in Taylor cone-jet
formation46−49i.e., where a higher voltage creates a cone
jet and a lower voltage sustains ithas been explicitly utilized
to facilitate the scale-up of nanofiber production rate.
Thus, bowl-edge electrospinning experiments provide an

exemplary system in which the physics underlying fluid−
electric field interactions can be studied. We discuss the
connection between fundamental fluid fluctuation length scales
and the experimental results, addressing the complex relation-

Figure 1. (a) A traditional needle electrospinning (TNE) apparatus
consisting of a precision syringe pump, conducting needle, dc high-
voltage power supply, and grounded plate collector. (b) Bowl
electrospinning schematic comprising a thin-lipped, stationary fluid-
filled bowl, dc high-voltage power supply, and concentric grounded
collector. Note: for ease of viewing, the collector is not fully depicted.
(c) For hysteretic electrospinning, a high-amplitude initiation voltage
is applied for a brief time interval (Δti), before rapidly reduced to
lower, operating voltage level.

Table 1. Properties of PEO Electrospinning Solutions as a Function of Polymer, Salt, and Surfactant Concentrationsa

solution no. PEO concn (wt %) concn (wt %) or (v/v) zero shear viscosity (cP) conductivity (μS/cm) surface tension (mN/m)

1 4 1050 ± 50 83.8 ± 0.5 61.9 ± 0.3
2 5 2900 ± 150 84.2 ± 0.7 61.4 ± 0.4
3 6 7480 ± 370 84.7 ± 0.2 59.6 ± 0.4
4 7 17080 ± 850 86.7 ± 0.6 57.7 ± 0.3
5 6 0.001 NaCl 7470 ± 370 108.2 ± 0.4 61.8 ± 0.1
6 6 0.005 NaCl 7470 ± 370 182.5 ± 0.5 61.7 ± 0.1
7 6 0.01 NaCl 7460 ± 370 255.7 ± 8.6 60.0 ± 0.3
8 6 0.05 NaCl 7440 ± 370 905.3 ± 13.4 60.2 ± 0.2
9 4 0.1 Triton 1085 ± 54 131.3 ± 0.5 31.1 ± 0.1
10 6 0.1 Triton 7460 ± 370 100.7 ± 0.7 32.4 ± 0.4
11 7 0.1 Triton 17530 ± 880 104.0 ± 0.5 31.2 ± 0.9
12 7 0.001 NaCl 17030 ± 850 113.2 ± 0.4 57.2 ± 0.4

aTo all solutions, 0.001 wt % R6G was also added to aid imaging contrast.
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ships resulting from the combination of cohesive fluid forces,
forces exerted by the electric field on the charged fluid, and jet-
to-jet forces due to electrostatic repulsion.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(ethylene oxide) (PEO) with an average

molecular weight of 400 000 g/mol (Scientific Polymer Products), an
inorganic salt sodium chloride (NaCl, crystalline/certified ACS)
(Fisher Scientific), a nonionic surfactant Triton X-100 (Triton,
T9284, 625 g/mol) (Sigma-Aldrich), and a dye molecule Rhodamine
590 Chloride (R6G, 05901, 479 g/mol) (Exciton) were purchased.
Deionized water was used as the solvent, and all materials were used
without further purification.
Polymer solutions were prepared at various concentrations of PEO,

NaCl, and Triton, in order to obtain a wide range of solution
properties50,51 (e.g., viscosity, conductivity, and surface tension). The
concentrations of PEO, NaCl, and Triton were carefully selected such
that one specific solution property was intentionally varied while
maintaining the others at a comparably fixed level. For example, in
order to obtain a range of fluid viscosities without altering conductivity
or surface tension, solutions of 4, 5, 6, and 7 wt % PEO in deionized
water were used. For the generation of varying solution conductivities
with minimal change in surface tension or viscosity, solutions were
prepared consisting of 0.001, 0.005, 0.01, 0.05, and 0.1 wt % NaCl
(salt:water) in 6 wt % PEO in deionized water; in addition, a 0.001 wt
% NaCl in 7 wt % PEO solution was also tested. The amount of the
liquid surfactant utilized in the solutions is quantified as the percentage
of surfactant volume to water volume (v/v) used in the solution; in
order to generate fluids possessing reduced surface tension, solutions
were prepared of 0.1% Triton v/v in 4, 6, and 7 wt % PEO solutions.
Because the surfactant also slightly raised the solution conductivity,
these results were compared with pure PEO solutions with a small
addition of salt (0.001 wt %). The viscosity of the solutions was
unchanged with the presence of the surfactant. In addition, solutions
often contained a trace amount (0.001 wt %) of R6G to provide
optical contrast for enhanced viewing. Table 1 summarizes the
measured properties of the 12 solutions predominantly utilized in this
work. All solutions were stirred at room temperature for 24 h to aid
dissolution.
2.2. Solution Characterization. The zero shear viscosity of the

different solutions was measured with a stress-controlled rheometer
(REOLOGICA Instruments AB, StressTech) having a parallel plate
geometry (45 mm diameter and a plate gap of 0.4 mm). Solution
conductivities were determined utilizing a portable waterproof
conductivity meter (Fisher Scientific, Accumet AP85) with a plastic-
bodied probe. The surface tension of each solution was evaluated using
the Wilhelmy-plate method by a surface tensiometer (Future Digital
Scientific Corp., DCAT11). All measurements took place at 25 °C.
2.3. Apparatus. Figure 1a shows a schematic representation of the

traditional needle electrospinning (TNE) setup utilized for control
experiments. The apparatus consisted of a 10 mL plastic syringe, a
programmable syringe pump (New Era Systems, Model # NE-1000), a
10 cm long, blunt tip, gauge 20, stainless steel needle (Sigma-Aldrich)
electrically connected to a positive polarity, high-voltage power supply
(Glassman High Voltage, Model # FC60R2), and a circular aluminum
collector plate (15.25 cm in diameter and 0.3 cm thickness) connected
to ground potential. The collector plate was located a working distance
d from the needle tip, centered on and oriented orthogonally to the
needle’s long axis; electrospinning occurred in the horizontal direction.
Polymer solution was supplied through the needle at a controlled feed
rate using the syringe pump. The optimized parameters for the
production of high-quality nanofibers using a 6 wt % PEO solution
were an applied voltage of 11 kV, a working distance of 15 cm, and a
solution feed rate of 5 μL/min. These parameters were fixed for all
TNE experiments, except where otherwise explicitly noted.
Figure 1b shows a schematic representation of the bowl

electrospinning experimental apparatus. The cylinder-shaped alumi-
num bowl (machined from a single solid piece to dimensions of 9 cm
inside diameter, 0.03 cm wall thickness, and 0.9 cm depth) was

electrically connected to the positive polarity output of a high-voltage
power supply, and an aluminum concentric, hollow cylinder (39 cm in
diameter, 0.01 cm in thickness, and 38 cm in height and electrically
connected to ground potential) acted as the collector. The working
distance d, between the outer surface of the bowl and the inner surface
of the collector, was fixed at 15 cm. The cylindrical collector could be
smoothly translated vertically along the direction of the center axis of
the bowl while maintaining a constant working distance; at all times
the collector extended at least ±9 cm relative to the horizontal plane
defined by the upper bowl lip. A fixed initial volume of polymer
solution (78 mL) was loaded into the bowl before each experiment. A
circular drain port, located in the center of the bowl, was sealed with a
1.27 cm diameter plastic plug. In both TNE and bowl electrospinning
experiments, the collector surfaces that faced the source electrodes
(needle or bowl) were completely covered with conductive aluminum
foil (Home 360, 16 ± 1 μm in thickness) in order to easily remove the
electrospun mat samples for analysis.

As depicted in Figure 1c, bowl electrospinning experiments utilized
two different voltages, referred to as “initiation” and “working” or
“operating”. Each experiment began by application of a high-voltage
level (the initiation voltage) for a brief time period (Δti). The purpose
of the initiation interval is to quickly form many jets and allow these
jets to self-organize and stabilize near the edge of the bowl. During the
initiation period, multiple fluid instabilities formed spontaneously on
the polymer solution surface and electrospraying or streaming events
occurred (i.e., wet solution was propelled directly to the collector);
thus, fiber formation did not take place. For this interval, the
cylindrical collector was positioned so that bowl was approximately
centered on the lower half of the collector. Further detailed
observations of the initiation process were discussed previously.38

Approximately 10 s after the appearance of full circumferential jets,
the voltage level was manually reduced (<5 s) to a constant, lower
level (the “working” voltage). Simultaneously, the cylindrical collector
was vertically lowered so that the bowl was now centered on the upper
half of the collector. During the transition from initiation to operating
mode, a fraction of the streaming jets transform into stable, fiber
forming spinning jets. The lower electric field amplitude at the
working voltage value is insufficient to generate new jets, but as
discussed later, jets can be maintained at this level and the field
provides for a flow rate (due to the electrostatic suction at the jet)
appropriate for fiber formation. The stable spinning jets are directed at
∼30° above horizontal and formed nanofibers that collected on the
upper half of the collector. The synchronous repositioning of the
collector with the voltage transition ensures that wet solution on the
collector (accumulated during the initiation stage) flowing under
gravity could not dissolve the high-quality nanofibers (manufactured at
a later time under the operating voltage). As reported previously,38

optimized parameters for the production of nanofibers using bowl
electrospinning of 6 wt % PEO solution (solution no. 3) were loading
volume of 78 mL and an initiation voltage of 55 kV applied for short
time interval (Δti ∼ 20 s), before a manual reduction (∼3 s) to a stable
operating voltage of 16 kV. Unless otherwise explicitly noted, these
parameters were maintained for all bowl electrospinning experiments.

The bowl electrospinning process was imaged using a camcorder
(Sony, Model DCR-SR68) with an enhanced viewing lens (Zeiss, 6
mm × 18 mm T monocular) and two digital single lens reflex (SLR)
cameras (Olympus, Model E-620, and Canon, Model Rebel T3i).
Polymer jets were continuously illuminated by a halogen lamp
(Northern Industrial Lighting, Model 1002) and/or a light source
comprised of a square array of white LEDs (Visual Instrumentation
Corp., Model 900445), where the light orientation was selected, and
shadowing baffles were strategically positioned, to reduced glare. The
number of stable spinning jets as a function of time was determined by
analysis of the time-stamped recorded video.

2.4. Fiber Characterization. A scanning electron microscope
(SEM) (JEOL JSM-6400 FE) operating at 5.0 kV was used to study
the morphology of nanofibers obtained from TNE and bowl
electrospinning experiments. The samples were sputter-coated
(Technics Inc., Hummer II) with Au−Pd at a thickness of ∼100 Å
in order to create a conductive surface and reduce any charging effects.
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Revolution software was used to measure the fiber physical
characteristics; typically, 25 individual measurements for each sample
were used to calculate the mean diameter and estimate the standard
deviation. Porosity of the nanofibrous samples was determined by an
established protocol:38,39,52−59 using ImageJ Analyzer software, the
SEM images were converted to grayscale and analyzed to identify the
top layer of the mat and measure the number of filled (belonging to
this first fiber layer) versus unfilled pixels.
After electrospinning for known time intervals, the nanofibrous

material production rates were experimentally measured by comparing
the weight of the aluminum foil used to collect the mats before and
after nanofiber deposition (with a waiting period of 3 h in ambient
conditions to ensure the mats were completely dry). Flow rates per jet
for bowl electrospinning (comparable to the feed rate in a TNE
experiment) were determined from the measured fabrication rate per
hour, adjusted by the average measured number of jets over the
collection period, and converted to an equivalent solution volume per
time (Table 2). Large errors in the number of average jets (or,
equivalently, in the mass throughput per jet) indicate reduced jet
stability over the 20 min collection period; approaches for
optimization of jet stability in edge electrospinning will be addressed
in a future work.
2.5. Electric Field Simulations. Using commercially available

software (Maxwell 3D, ANSOFT Corp.), the electric field distribution
generated within the bowl electrospinning geometry was modeled.
Finite element methods and adaptive meshing are utilized by the
software to provide a converged solution. The experimental apparatus
was simulated by defining a scaled structure using the electrospinning
parameters (i.e., applied voltages, working distance, source/collector
dimensions, material composition, and polymer fluid within the
reservoir). Typical optimized simulation parameters resulted in a
minimum (maximum) mesh element dimension of <0.05 mm (0.13
mm) with a total ∼106 mesh volume elements, where ∼30% of these
defined the source electrode in order to provide the highest spatial
resolution in experimentally important regions. For an operating
voltage of 16 kV, the electric field at the bowl-edge is ∼3 × 106 V/m
(pointing ∼40° above the plane of the bowl lip), with a change in the
electric field over the first 1 mm of ∼2 × 109 V/m2.

3. RESULTS AND DISCUSSION
3.1. Direct Comparison with TNE: Fiber Quality and

Flow Rate. Previous reports38,39 have demonstrated that
spinning from an unconfined fluid near the sharp edge of a flat
plate or the bowl lip provides the benefits of multiple jet sites

that can spontaneously rearrange as well as the high fiber
quality associated with confined feed techniques (i.e., using
some form of a nozzle). We refer to these new methods as edge
electrospinning as the stable spinning sites are located on the
fluid surface near a sharp conducting edge. This edge shape
creates a strong electric field that lessens dramatically along the
path between the source electrode and grounded collector, in a
similar manner as the field near the needle tip in TNE falls in
the direction of its collector. The edge electrospinning
approach in general results in fibers of essentially identical
quality as obtained in TNE because of this similarity in the
electric field magnitude and gradient; equally important in bowl
electrospinning is that the voltage can be facilely tuned so that
the electric-field-induced feed rate is also similar to that in
TNE. Thus, the polymer solution experiences similar
conditions in the edge and TNE schemes, resulting in similar
quality fibers. Figure 2 shows representative SEM images of
PEO mats comprised of high-quality nanofibers produced from
different polymer solutions using the bowl-edge electrospinning
method.
Table 3 summarizes fiber diameters and porosity values

measured from nanofibrous mats fabricated in either TNE or
bowl configurations using the 12 different solutions summar-
ized in Table 1. In nearly all cases, the fiber diameter and spread
in fiber diameter distribution from bowl electrospinning are

Table 2. Nanofiber Production Rate for Bowl Electrospinning Using Different PEO Solutions under an Operating Voltage of 16
kV and a Working Distance of 15 cm, Unless Otherwise Specifically Noteda

solution no. PEO concn (wt %) concn (wt %) or (v/v) mass throughput (g/h) av jets (no.) mass throughput per jet (g/h)

1+ 4 1.01 ± 0.06 21 ± 7 0.048 ± 0.016
1* 4 0.81 ± 0.07 17 ± 4 0.048 ± 0.012
2 5 0.80 ± 0.11 24 ± 5 0.033 ± 0.008
3 6 0.77 ± 0.07 22 ± 5 0.035 ± 0.009
4 7 0.39 ± 0.03 11 ± 10 0.036 ± 0.032
5 6 0.001 NaCl 0.77 ± 0.04 28 ± 7 0.028 ± 0.007
6 6 0.005 NaCl 0.68 ± 0.03 26 ± 4 0.026 ± 0.004
7 6 0.01 NaCl 0.66 ± 0.03 21 ± 8 0.031 ± 0.012
8 6 0.05 NaCl 0.26 ± 0.04 10 ± 7 0.026 ± 0.019
9+ 4 0.1 Triton 1.16 ± 0.11 25 ± 12 0.046 ± 0.023
9* 4 0.1 Triton 0.951 ± 0.09 20 ± 9 0.048 ± 0.022
10+ 6 0.1 Triton 1.05 ± 0.14 22 ± 7 0.048 ± 0.017
10* 6 0.1 Triton 0.63 ± 0.03 17 ± 5 0.037 ± 0.011
11+ 7 0.1 Triton 1.00 ± 0.04 14 ± 7 0.071 ± 0.036
11** 7 0.1 Triton 0.70 ± 0.05 14 ± 6 0.050 ± 0.022
12 7 0.001 NaCl 0.31 ± 0.05 10 ± 8 0.031 ± 0.025

aFor conditions under which streaming occurred (+ = streaming), the working voltage was reduced to allow quality fiber formation as indicated (* =
15 kV, ** = 14 kV). The average jet number and mass throughput values are calculated from 20 min of continuous spinning.

Figure 2. Representative SEM images of nanofibrous mats fabricated
from different polymer solutions under similar process parameters
demonstrate that the bowl electrospinning technique produces high
quality nanofibers ∼200 nm in diameter: (a) 5 wt % PEO (solution no.
2), (b) 6 wt % PEO (solution no. 3), and (c) 7 wt % PEO (solution
no. 4).
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equivalent to or less than that from TNE, demonstrating that
the two techniques produce the same high-quality fibers. When
the entanglement density is insufficient to form bead-free fibers
(e.g., solution no. 1 (9), 4 wt % PEO (4 wt % PEO with
surfactant)), this occurs under both electrospinning methods.
Similarly, the measured porosity values from the two
approaches also match well. Figure 3 graphically displays the
trends of the fiber diameter data (fourth column, Table 3) for
all the solutions which produced high-quality nanofibers.

Experimentally determined estimates of flow rates per jet
under bowl electrospinning (the equivalent of a feed rate in
TNE) are summarized in the final column of Table 3. For all
experiments using TNE, the externally controlled feed is a fixed
rate of 5 μL/min. The flow rate for bowl electrospinning is
controlled by the applied electric field at the “working” value,
depending on both the velocity induced by the electrostatic
shear in the jet and the cross-sectional area of the jet. As
discussed in further detail later, the flow rate thus depends on
both the viscosity of the solution (which will affect the velocity
and jet cross-sectional area for a given electric field) and the
critical electric field to form or maintain a jet, which depends on
the surface tension of the fluid. Note that the measured flow

rates for bowl electrospinning are very similar (although 1.5×−
2.5× larger) to the quasi-optimal value for TNE, ranging from
about 7.6 to 12.6 μL/min. Thus, it is not only the similarity
between the electric field pattern in bowl and TNE
configurations, as previously discussed38 but also the similar
feed rate in the two schemes that results in fabrication of similar
quality fibers. Thus, two aspects of the bowl edge configuration
make it particularly important as a scale-up scheme: the
geometrical similarity in the field pattern and the ability (by
utilizing two-stage voltage intervals) to tune the “working” flow
rate to match an optimal rate for high-quality fiber production.
In Table 3, the working voltage level for solutions no. 10 (6

wt % PEO with surfactant) and no. 11 (7 wt % PEO with
surfactant) was 15 and 14 kV, respectively, because streaming
of wet fluid to the collector occurred when spinning at the
normal working voltage (i.e., 16 kV) due to the low surface
tension of these solutions. Even at this reduced operating
voltage level, the flow rate for solution no. 11 is elevated (∼13
μL/min), and the observed fiber diameter from bowl
electrospinning is slightly larger than from optimal TNE (e.g.,
5 μL/min), as might be expected for a higher flow rate.

3.2. Number of Fluid Instabilities as a Function of
Solution Properties. 3.2.1. A Simple Model for Sponta-
neous Fingering. Figure 4 depicts the distinct pattern of jets
surrounding the source bowl in bowl-edge electrospinning at
the working voltage from a top looking downward perspective

Table 3. Comparison of Fiber Diameters and Porosity Values Determined by SEM Image Analysis of the Nanofibrous Mats
Produced by TNE and Bowl Electrospinning for Differing PEO Solutionsa

TNE bowl electrospinning

solution no. PEO concn (wt %) concn (wt %) or (v/v) fiber diam (nm) porosity (%) fiber diam (nm) porosity (%) flow rate (μL/min)

1* 4 beads beads beads beads 20.5 ± 5.1
2 5 194 ± 25 80.0 ± 1.0 175 ± 24 79.0 ± 1.0 11.6 ± 2.9
3 6 246 ± 21 75.2 ± 0.5 217 ± 27 73.9 ± 1.5 10.2 ± 2.5
4 7 305 ± 40 76.3 ± 1.0 241 ± 20 76.4 ± 1.7 8.9 ± 8.1
5 6 0.001 NaCl 249 ± 27 75.6 ± 0.5 212 ± 25 75.6 ± 0.4 8.0 ± 2.0
6 6 0.005 NaCl 240 ± 24 76.3 ± 1.2 200 ± 28 78.2 ± 1.3 7.6 ± 1.2
7 6 0.01 NaCl 216 ± 18 77.3 ± 1.0 193 ± 20 75.7 ± 0.5 9.2 ± 3.5
8 6 0.05 NaCl 212 ± 14 77.0 ± 1.1 185 ± 25 76.1 ± 0.8 7.6 ± 5.4
9* 4 0.1 Triton beads beads beads beads 20.7 ± 9.5
10* 6 0.1 Triton 201 ± 20 76.6 ± 2.9 194 ± 31 72.3 ± 3.7 10.8 ± 3.2
11** 7 0.1 Triton 254 ± 32 75.2 ± 2.2 280 ± 39 73.3 ± 2.3 12.6 ± 5.5
12 7 0.001 NaCl 278 ± 24 75.6 ± 0.8 240 ± 27 76.6 ± 0.5 7.8 ± 6.4

aAn applied voltage of 11 kV, a working distance of 15 cm, and a feed rate of 5 μL/min were utilized as optimal parameters for TNE; for bowl
electrospinning, a working distance of 15 cm and an applied voltage of 16 kV (* = 15 kV, ** = 14 kV) were used. Calculated flow rates are an
average per jet (see Table 2 and the associated discussion).

Figure 3. Measured nanofiber diameter for PEO solutions with
different properties electrospun using either TNE or bowl approaches.
Data taken from Table 3.

Figure 4. Digital SLR camera image of bowl electrospinning, viewed
from the top looking downward after 1 min at the operating voltage of
(a) solution no. 9 (4 wt % PEO with surfactant) with 40 jets, (b)
solution no. 3 (6 wt % PEO) with 31 jets, and (c) solution no. 4 (7 wt
% PEO) with 24 jets. Linear regions, and part of the whipping regions,
are clearly visible.
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for three different polymer solutions. These images are taken 1
min after reduction to the operating voltage level. In each
optical image the interior and edge of the bowl, the protruding
fluid jets, the linear region where the fluid/forming fiber is
propelled in a direct line, and a portion of the whipping region,
are all readily shown; the grounded cylindrical collector,
masked to minimize glare from light reflections, is located
outside the field of view. The jets form and subsequently reside
at the bowl edge, where the electric field is maximized. The jets
spontaneously arrange due to electrostatic jet-to-jet repulsion to
be roughly equally spaced along the perimeter of the bowl:
there are 40 jets for the 4 wt % PEO with surfactant solution
(Figure 4a; solution no. 9), 31 jets for the 6 wt % PEO solution
(Figure 4b; solution no. 3), and 24 jets for the 7 wt % PEO
solution (Figure 4c; solution no. 4).
As shown in Figure 4, the polymer solution properties

fundamentally affect the maximum density of jets (or
equivalently the characteristic wavelength of the fluid
instabilities). We introduce a simple intuitive model (after
published work40,60) and then progress to compare maximum
jet number and time of jet formation in a more complete
treatment.42 Throughout this section, a few well-known
properties of Taylor cone systems47 are utilized. First, for
relatively conducting solutions such as those in this work, the
fluid is charged, with the charge residing largely on the surface
and screening the electric field due to the applied voltage,
except in the jet region where the electric field penetrates the
solution and electrostatic forces forms the jet; this is the so-
called leaky dielectric model. Second, we also will use a cone-jet
picture where most of the fluid perturbation is static, and
significant solution flow only occurs near the apex of the cone
(i.e., in the jet region).
A general discussion of fluid fingering due to an applied force

has been previously published:40 in this specific case, the
electric field serves to establish the driving force to create fluid
perturbations. The outwardly directed force due to the electric
field is balanced by the surface tension, which resists
deformation of the fluid (and thus an increase in surface
area). The balance between these two forces sets a character-
istic length scale for the spacing between the fluid fluctuations
which will ultimately form jets.
In a simple model, the radial position r of the edge of the

fluid around the rim of the bowl varies as
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λ
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where r0 is the equilibrium position of the fluid with respect to
the bowl center, Δr is the amplitude of a fluctuation (estimated
by imaging individual jets), rbowl is the bowl radius, φ is the
angular variable around bowl edge, and λ is the characteristic
distance between oscillations. In order to form such
perturbations, the fluid flows along the φ direction: that is,
fluid is transferred from regions that will ultimately become
troughs to regions that become crests. Note: this flow rate per
unit film height Qφ (where height in this case refers to the
thickness of the film above the rim of the bowl) is different than
the flow rate through a jet in the radial direction Q, which will
be discussed later. The rate at which perturbations form is
related to the flow rate Qφ by volume conservation so that as
the perturbations form, −dr/dt = (1/rbowl)(dQφ/dφ). This flow
rate is directly proportional to the net driving force per volume
f and the cube of the average film thickness r ̃ (where r ̃ = r0 −
rbowl) and inversely proportional to the viscosity η such that40

Qφ ≈ r ̃3f/3η. On the side of any fluid protrusion, the surface
tension force per volume, approximately given as (γ/rbowl

3)-
(∂3r/∂φ3) where γ is the surface tension, will be directed away
from the protrusion (toward a trough), tending to restore the
film to smooth surface (i.e., relax the protrusions). The force
due to the electric field can be calculated from the change in
electrostatic pressure with φ (as 1/2ε0E

2 where ε0 is the
permittivity of free space and E is the electric field at the edge
of the fluid), resulting in the expression (ε0E/rbowl)(∂E/∂φ). In
the bowl geometry, E depends on the distance from the bowl
edge, so that E ≈ E0 + (∂E/∂r)Δr cos(2πrbowlφ/λ). Combining
these equations yields a time-dependent expression for Δr as
the perturbations form, namely
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which has an exponential solution with a characteristic time
constant τ:
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where the wavenumber q = 2π/λ and κ = [(ε0E0/γ)(∂E/∂r)]
1/2.

Equation 3 shows that each characteristic wavelength has a
distinct τ value. If τ is positive (q2 < κ2), perturbations having
such a wavelength will grow exponentially in time. This occurs
for sufficiently long wavelengths (low q values). As the electric
field magnitude E and/or electric field gradient ∂E/∂r increases,
shorter wavelengths are allowed, resulting in more jet sites in
this case. In contrast, λ values associated with negative τ (short
wavelength oscillations, when q2 > κ2) are exponentially
damped. Equation 3 can be used to determine the fastest
growing wavelength (that is, the one having the minimum τ
value or shortest time for formation) as

λ π γ

ε
π

κ
= =

∂
∂( )E

2
2

2
2

E
r0 0 (4)

A similar treatment has previously been utilized to estimate the
wavelength of perturbations within other fiber forming
techniques.40,60

Equation 4 provides a framework to understand the basic
parameters which determine the maximum jet number under
bowl electrospinning. As the electric field near the edge of the
bowl E0 and/or the gradient ∂E/∂r in moving from the bowl
edge to the collector increase, the solution is forced to tolerate
a greater number of jets or equivalently, a closer jet spacing
(i.e., having a smaller λ). In contrast, a higher surface tension
will decrease the number of jets (i.e., requiring a larger λ).
Although the solution viscosity and effective thickness of the
fluid film protruding from the bowl (r)̃ affect the dynamics of
instability formation (i.e., see eq 3), they do not directly affect
the jet number in this simple model. Utilizing the measured
value of the solution’s surface tension as well as E and ∂E/∂r
from the electric field simulation eq 4 yields λ = 9.4 mm for a 6
wt % PEO solution (solution no. 3). This result is consistent
with the measured λ value of 8.8 ± 0.8 mm from the maximum
number of jets (∼32 ± 3, averaged over three experiments, e.g.,
as shown in Figure 4b) and the known physical radius of the
bowl.
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3.2.2. Jet-to-Jet Interactions. In addition to these fluid−field
interactions, when electrospinning under conditions having
densely packed jets, jet-to-jet interactions (i.e., the electrostatic
repulsion between neighboring charged jets) become impor-
tant. In the cylindrically symmetric bowl geometry, jet-to-jet
interactions lead to two notable effects: (i) self-adjusting equal
jet spacing along the bowl edge and (ii) a compression of the
jet profile, which tends to limit the total jet number. We discuss
each of these developments. First, consider a single jet having
adjacent neighbors located at higher and lower φ (e.g., to the
“left” and “right”). The force due to each jet neighbor is
directed perpendicularly (along a straight line) from the
neighbor. Thus, the neighbor located at lower φ exerts a
force on the jet directed toward higher φ, until perfectly
balanced by the force toward lower φ exerted by the other
neighbor at higher φ: as expected, this equilibrium results in
equally spaced jets around the bowl.
There is a second effect of jet-to-jet interaction: because of

the repulsive force between jet neighbors, jets reorganize by
moving charge closer to the jet axis to minimize electrostatic
interaction (i.e., jets are observed to narrow in cross section).
Experimentally, we find that the jet diameter is strongly
dependent on viscosity. For high-viscosity fluids, the transition
in velocity from a maximum at the jet apex to essentially zero
velocity at the edge of the Taylor cone requires a longer
distance; thus higher viscosity fluids produce wider jets.
Conversely, when a high-viscosity jet is compressed by jet-to-
jet interactions, the compressed jet may only be able to support
a lower maximum velocity, which may lead to jet instability.
This effect can be estimated40 as the viscous force per volume
in the circumferential φ direction (perpendicular to the flow) is
given by ∼(η/rbowl2)(∂2v/∂φ2) and balanced by the compres-
sive jet-to-jet interaction force. Estimating the surface charge on
the fluid (see below) and utilizing the measured diameter D
and the amplitude Δr of a conical jet to find ρ, the estimated
charge on each jet, the standard charge−charge interaction
form results in an electrostatic force per unit volume of (1/
4πε0)[ρ

2/(λ − D)2](2/Vjet), where Vjet is the volume of a
conical shaped jet and (λ − D) is the distance between the
edges of neighboring cones. Surface charge density can be
roughly estimated as ςC/Σ, where ς is the electrostatic
potential of the bowl, C is the capacitance of the bowl−
collector system as determined by computational modeling, and
Σ is the surface area where most of the pertinent surface charge
is located (one-half the surface area of a cylindrical fluid strip of
height h (the distance of the fluid above the lip of the bowl) at
the circumference 2πrbowl). Estimating40 the second derivative
of the velocity in the circumferential direction as v/(D/2)2

yields
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Equation 5 provides a general estimate of the λ values at which
jet-to-jet interactions will begin to impede flow due to jet
compression, consequently decreasing jet stability. By introduc-
ing a minimum stable velocity v (below which the jet would
extinguish), eq 5 sets a limit on the maximum number of jets,
independent of the limit determined by eq 4, and reflecting
only the effect of jet-to-jet interactions. The largest λ value
determined by force balance with surface tension (eq 4) or,
alternatively, by examination of the viscoelastic forces in the
circumferential direction (eq 5)should be experimentally

observed. For example, solving eq 5 for λ given a characteristic
cone-jet diameter, amplitude (∼100 μm), viscosity, and
minimum velocity (1 mm/s as determined from jet stability
studies), reveals that jet-to-jet interactions are not important for
the 6 wt % PEO solution (solution no. 3; jet diameter 430 μm)
above a λ value of ∼6 mm, which is less than the limit predicted
from a surface tension analysis (∼9 mm); thus, jet-to-jet
interactions play no role in such a case. In contrast, as discussed
below, for spinning solutions with low surface tension but high
viscosity (such as solution no. 11, comprised of 7 wt % PEO
with surfactant), jet-to-jet interactions may significantly limit
the maximum jet number experimentally observed.

3.2.3. Experimental and Theoretical Comparison of Jet
Number. To make additional direct comparisons with
experimentally measured quantities, we now discuss a more
complete model to predict λ (when neglecting jet-to-jet
interactions) and the rate at which fluid perturbations form.
Previously published work treated the case of a thin layer of
fluid uniformly coating a sphere which is placed at high voltage
relative to ground.42 For this case, when the fluid layer is much
smaller than the sphere radius, the perturbation growth rate σ
for each characteristic number of perturbations is given by

σ γ
η

ε= Λ + −
r

n n F
2

( )[ 2 ] 2

(6)

where r is the sphere radius and ε is the relative fluid film
thickness normalized by r. Λ, a numerical factor which likely to
differ in the present case due to the different geometry, and F
(which represents the ratio between electrostatic and surface
tension forces) are each given by
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where the F equation is modified to reflect the electric field in
the radial direction Ẽ, rather than the applied voltage, which
enables application of the expression to our alternative
geometry. In eq 7, n is the number of perturbations on a
half-sphere (hence, the experimental value is twice this).
Equation 6 provides the rate at which instabilities with a
particular characteristic number of jets (or jet spacing) arise.
The n value at which −σ peaks provides the expected number
of jets for a given situation (or, equivalently, λ = (2πrbowl/2n);
the −σ value at the peak is the rate at which instabilities will
form (equivalently, the average time after application of the
voltage before instabilities develop is τ ∼ −1/σ).
In the model summarized in eqs 6 and 7, the n value at which

the fastest rate occurs (the extremum value) depends on the
electric field and surface tension values (in agreement with the
simpler model) and the characteristic radius r and is
independent of solution viscosity and film thickness as
expected. (However, the latter two quantities do strongly
influence the rate of instability formation.) Setting r = rbowl, and
utilizing the measured surface tension value and the value of Ẽ
(at 16 kV, ∼2 × 106 V/m) from our computational simulations,
we calculate the expected jet number for the 6 wt % PEO
solution (solution no. 3) at this operating voltage as 34 jets,
which matches well with the experimental value of 32 ± 2 jets.
Given the difference in the spinning geometries, this agreement
is possibly coincidental; however, the spherical model is helpful
in understanding the trends in the experimental data. Figure 5
summarizes the comparison between the film-covered sphere
model, the simpler model in section 3.2.1, and experimental
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observations of maximum jet number (at 1 min into the
working regime) as a function of applied working voltage in
bowl electrospinning.
Both models predict values that are the same order of

magnitude as the experimental data, but the spherical model
yields better agreement. For instance, the predicted value of 24
jets at 14 kV is applicable for PEO solutions at all polymer
concentrations and salt contents without surfactant (solutions
1−8, 12), as surface tension is independent of these parameters.
Experimental observations of maximum jet number for these
cases range from 11 to 34. We note that the highest viscosity
solution (i.e., that with the highest polymer concentration of 7
wt % PEO) consistently had fewer jets than lower viscosity
solutions, which indicates that flow rate or solution velocity
(which is higher for low-viscosity solutions) may enhance jet
stability. It is possible that jet-to-jet interactions are also
important for these 7 wt % PEO solutions.
We can further compare our experiment with the film-

covered sphere model by altering the surface tension and
observing the results. When surface tension is reduced with the
addition of surfactant, the results from the theoretical models
are systematically higher than the experimental results. Figure 6
depicts results obtained for solutions of 4−7 wt % PEO with
surfactant (solutions 9−11 in addition to a 5 wt % PEO with
surfactant solution used for only this particular comparison).
For 6 wt % PEO solution with surfactant (solution no. 10) at
16 kV, the film-covered sphere model predicts 64 jets (λ = 4.4
mm) and 48 ± 3 (λ = 5.9 mm) are observed. The 7 wt %
solution with surfactant (solution no. 11) has even poorer
performance (Figure 6). Notably, as the concentration (and
thus the viscosity) decreases, the number of observed jets rises
(even though the surface tension for all solutions is
approximately the same). The film-covered sphere model
does not account for jet-to-jet interactions, but we can estimate
their effect by utilizing eq 5 which gives the λ value below
which (for a given cone-jet diameter D and velocity v) the jet-
to-jet interaction would limit the total number of jets. Taking
the most extreme case, for the 7 wt % solution with surfactant
(solution no. 11) at 16 kV, the diameter D = 625 μm. Using a
minimum fluid velocity below which jets are unstable
(determined from the measured flow rate per jet for cases of
unstable spinning solution/voltage regimes) of ∼1 mm/s yields

λjet‑to‑jet = 8.3 mm (or 34 jets), which better matches the
experimental result of 30 ± 1 jets. This outcome indicates that
jet-to-jet interactions serve as the overall jet number limiting
factor for conditions when (1) the solution viscosity is high,
resulting in broad cone-jet profiles, and (2) the solution surface
tension is low and thus does not restrict the number of jets. To
test this hypothesis, we utilized solutions of 4 or 5 wt % PEO
with surfactant. In these cases, the viscosity is sufficiently low so
that experimentally observed cone-jet diameters are small
(∼100 μm), and thus jet-to-jet interactions should be
minimized. As shown in Figure 6, as the solution viscosity is
reduced, the jet number reverts to the value predicted by the
surface-tension-dominated sphere model, as the effect of jet-to-
jet interactions is no longer a limiting factor.

3.3. Characteristic Time of Instability Formation:
Utilizing Two-Stage Voltage. The previous calculations
utilized the electric field in the working region as a parameter to
predict the jet number present at the applied operating voltage.
However, these jets are not formed at this working voltage level
but rather develop during the initiation voltage interval; thus,
the dynamics of jet formation are determined by the initiation
voltage. The need for a higher amplitude initiation voltage is
clearly seen by examining the σ (rate of instability develop-
ment) values for these peak n quantities at both operating and
initiating voltage. Experimentally, we observe the average time
between the application of voltage and the appearance of the
first spontaneous jet; these τ values are proportional to viscosity
as predicted by both eq 3 and 6 and range from 0.5 to 4 s
depending on solution concentration. Utilizing these measured
values and eq 6, the best fit occurs for an effective film thickness
εrbowl of ∼50 μm, which is reasonable from observation of side-
on images of the bowl during jet formation. For simplicity, we
utilize this value for all calculations in this section although it is
likely to vary somewhat with solution parameters and applied
voltage. Thus, for instance, for the 6 wt % PEO solution
(solution no. 3) the −σ peak value at the initiating voltage (55
kV) is 0.49 s−1 or a τ = 2.0 s, which matches the experimental
value of 2 ± 1 s. Increasing the viscosity slows the process, with
a predicted value of 4.6 s for the 7 wt % PEO solution (solution
no. 4), again matching the empirically measured value of 4 ± 3
s. In contrast, the τ values at the operating voltage (16 kV) for
these two solutions are predicted to be 4700 and 10 700 s,

Figure 5. Experimentally observed jet number (1 min into the working
regime; an average of >3 experimental runs) as a function of applied
voltage for PEO solutions with 4−7 wt % (solutions 1−4). The theory
I estimate is derived from eq 4, and the theory II estimate is from eqs 5
and 6. The error on the theoretical estimate is ±2 jets.

Figure 6. Maximum jet number (black squares, left ordinate) and
viscosity (gray circles, right ordinate) as a function of polymer
concentration for solutions with added surfactant (0.1 wt % Triton X-
100). Note: the measured surface tension of both the 4 and 5 wt %
PEO solutions is ∼32 mN/m.
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respectively, which is on the order of hours. Such long initiation
times mean that jet formation is extremely unlikely at the
operating voltage and is not experimentally observed, even for
the lowest concentration (lowest viscosity) and lowest surface
tension solutions. Thus, many jets (2n ≈ 240 from the sphere-
coated model, although this number is likely limited by jet-to-
jet interactions) formed at the initiating voltage transform into
fewer, stable jets as the voltage is reduced to the working value.
This analysis highlights the implicit advantage of the two-

stage voltage system; many jets are formed quickly at the
initiation voltage (even for highly viscous solutions), and the jet
number reduces when lowering the applied voltage amplitude
(to a final value of the working voltage), with these remaining
jets quasi-stable for an extended period of time. (For example,
even with a single batch operation of the bowl, where fluid loss
due the lack of a refill mechanism may eventually lead to jet
destabilization, at least 50% of jets are still present after 20 min
of continuous spinning.) Notably, if only the working voltage
level was applied, jets would never generate (i.e., the time for jet
formation would be prohibitively long). Furthermore, by
utilizing the working voltage, the desirable feed rate appropriate
for high-quality fiber formation can be selected.
3.4. Electrospinning in the Subcritical Regime. The

observations in the previous section can be further understood
by considering the critical electric field needed to form a single
jet. (Published work has presented such estimates for an electric
field working directly against gravity to form a fluid instability
or jet;41 however, these results are not applicable to our case
due to the absence of a significant contribution from gravity.)
One previous report modeled formation of a jet from a single
droplet of radius a, supported by a substrate, finding Ecritical =
0.86 (γ/aε0)

1/2 and producing numerical estimates for Q, the
flow rate (per jet) as a function of applied electric field above
and below this value.61 This form for Ecritical can be obtained
(within a numerical factor ∼1) from eq 4 by setting rbowl = a
(making a single droplet), the jet number to 1 (λ = 2πrbowl),
and approximating ∂E/∂r ∼ E0/rbowl. Hysteresis effects in the
formation and maintenance of Taylor cones have long been
reported and studied.46−49 In general, a larger applied voltage
or field is required to form a Taylor cone than that needed to
sustain it. Thus, after formation at an electric field above Ecritical,
the field can be reduced significantly while maintaining the jet.
At a voltage level significantly lower than Ecritical the flow rate
through the jet goes to zero and the jet collapses61 (see section
3.5). Calculating Ecritical for the 6 wt % PEO solution (solution
no. 3), using the characteristic radius of the fluid perturbation
(215 μm) as a, yields a critical value of 4.8 × 106 V/m, which is
below the electric field during initiation (1.4−2.1 times smaller)
and about 1.5−2.5 times larger than the field at the operating
voltage. Even at the reduced surface tension when surfactant is
present, the critical field (3.5 × 106 V/m) is still larger than that
under operating conditions. Thus, as we observe experimen-
tally, the electric field at the working voltage is not sufficient to
form jets; rather, it serves only to maintain the jets formed at
the initiation voltage. Such hysteretic effects enable quick,
efficient formation of jets at the elevated initiation voltage and
then significant tuning of the working electric field to an
appropriate flow rate, as discussed in the next section.
3.5. Tuning the Flow Rate per Jet with the Electric

Field. We now examine the experimentally measured depend-
ence of the flow rate per jet Q on the applied electric field and
the solution parameters. In bowl electrospinning, the flow rate
is determined solely by the interaction between the field and

solution; that is, there is no significant additional driving force,
such as gravity. Just as in TNE, the flow rate plays a crucial role
in determining fiber quality. If the velocity is too high, the
polymer stream will not dry sufficiently before reaching the
collector and the whipping instability may be lessened, or in the
extreme case, wet solution propels directly to the collector
(“streaming”). Such streaming events occur for the higher
voltage cases shown in Figure 5 for lower viscosity solutions
(such as the 4 wt % PEO solution (solution no. 1) at when
operated at 16−18 kV). Thus, fiber formation is not possible
under these conditions and lower voltages, with correspond-
ingly lower maximum jet number, are required. As discussed in
section 3.1, even slight changes in flow rate can increase fiber
diameter even when streaming is absent.
The net fluid velocity through the jet (which changes with

distance from the bowl or substrate as the jet thins) multiplied
by the appropriate jet cross-sectional area results in the effective
feed rate per jet (as Q is constant along the jet). Both the
velocity and the cross-sectional area are dependent on the
electric field and the solution properties. In an analogous
system of electro-osmotic flow along a solid surface (where the
fluid velocity is constant with position), the net velocity of the
fluid is given by v = χε0Eς/η, where v is the average fluid
velocity, χε0 is the dielectric constant of the fluid, ε0 is the
dielectric permittivity of free space, ς is the electrostatic
potential of the surface, E is the electric field, and η is the
viscosity.40 The most important qualities of this equation are a
quadratic dependence on the electric field (as the electrostatic
potential also changes in proportion to an electric field) and an
inverse dependence on viscosity. In another example, the
velocity of fluid (at the base of the cone) pulled by an electric
field above the critical value (see section 3.4) from a single
supported drop61 is v ≈ ε0E

2a/η, where a is the radius of the
original droplet before the cone-jet was formed. The shape of
the jet also changes with applied voltage and with solution
parameters. The dependence of jet cross-sectional area on
solution and electric field parameters is complex: the clearest
trend in the experimental jet diameter is an increase with
increasing polymer solution viscosity.
Figure 7 depicts the experimentally determined flow rates for

the 4, 5, and 6 wt % PEO solutions (solutions 1−3). As seen in
the data, the characteristic jet size is crucial in determining the
flow rate: for instance, even though the viscosity increases by
∼2.6× between the 5 wt % (open blue circles) and 6 wt %
(filled green diamonds) solutions, which should result in a
decrease in fluid velocity by this same factor, the increase in
experimentally measured jet diameter (from ∼260 to 430 μm)
results in similar flow rates for the two cases. (In keeping with
the model where flow only occurs in the central region of the
cone jet, we utilize the jet diameter (the diameter of the cone
jet 100 μm from the bowl edge) in this discussion, which is a
measure of the cross-sectional area through which flow is
occurring, rather than D, the full diameter of the cone jet.) As
another example (not shown in Figure 7) the flow rate for the 7
wt % PEO solution (solution no. 4) is ∼2.5 μL/min at 12 kV
(the lowest experimental value as the jet number at 10 kV is
zero) and saturates at ∼9.0 μL/min at 14 kV and aboveagain
exhibiting more complex behavior than expected from the
simple E2/η dependence. The fit lines in Figure 7 utilize the
form Q ≈ ε0E

2πa3/η, with a values that increase with viscosity
as discussed in the caption. We have chosen this equation for
simplicity and set the cross-sectional area radius equal to that of
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the original droplet to limit the number of free parameters to
one.
As a complementary approach, the numerical data

summarized in previously published work61 can be compared
with the experimental results in order to better explore the
subcritical regime where a steeper than quadratic dependence
of Q on E is expected, as the jet eventually collapses at
sufficiently low voltage. In this work, E is scaled by the electric
field value (γ/ε0a)

1/2. The flow rate Q is scaled by a
characteristic flow rate which depends on the characteristic
velocity in the system (γ/μ) and the cross-sectional area of the
droplet (πa2). Q is essentially independent of solution
conductivity for our range of conductivity values. For the 6
wt % PEO solution (solution no. 3), these forms yield a
dimensionless electric field of E ∼ 0.5 (a = 215 μm, which is
the radius of the experimentally observed cone jet for this case)
for an applied voltage of 16 kV. Reading from the published
figure,61 we find a scaled Q value of ∼0.2−0.3, which gives Q =
14−21 μL/min for the 6 wt % PEO solution (solution no. 3),
which is similar to the experimental value of 10.2 ± 2.5 μL/
min.
The importance of the jet diameter when altering solution

properties can be seen clearly from this model. When the
surface tension is reduced, one might naively expect a
concurrent reduction in the critical electric field (which
depends on the square root of surface tension) and thus an
increase the scaled E value and Q. However, the jet diameter
may also decrease with surface tension, effectively canceling at
least a portion of the change. For instance, experimentally, the
flow rate per jet for 5 wt % PEO solution (solution no. 2) at 16
kV is 11.6 ± 2.9 μL/min, which overlaps that for the same
solution with surfactant (from Figure 7) 12 ± 5 μL/min; even
though the surface tension was reduced by 2× (to ∼30 mN/
m), the jet diameter also decreased by ∼2× (from 260 to 130
μm).
Low flow rates occur when a significant amount of salt is

added to the polymer solution (e.g., for 6 wt % PEO, solutions
5−8), generally falling below ∼8 μL/min at 16 kV. As is well-
known, jet diameter narrows with NaCl doping;62−64 however,

even accounting for diameter decrease, fluid velocities also
decrease, indicating that the application of the electrostatic
force to pull fluid from the jet may be affected in high salt cases.

4. CONCLUSION
Bowl-based edge electrospinning provides a useful scale-up
approach of single-needle electrospinning to produce high-
quality nanofibers, simply and with demonstrated scaling of
40× in a single batch (i.e., a one-time filling of the bowl) system
with a small bowl. We have presented models for use in the
prediction of jet number: generally, the lowest viscosity (to
minimize jet-to-jet interactions) and lowest surface tension (to
maximize the number of jets) provides the highest throughput.
On the other hand, in order to maintain high quality (i.e., dry
and nonbeaded) nanofibers both viscosity (polymer concen-
tration to ensure sufficient entanglement) and surface tension
(to avoid beading) cannot be reduced below certain minimum
values. These upper and lower limits set the range for edge
electrospinning in a similar manner as in TNE. The importance
of jet-to-jet interactions, which are generally mentioned in
experimental and theoretical treatments but not quantified, is
emphasized in this work, and understanding of this effect is
crucial to obtain full experimental and commercial realization.
Simple reduction in surface tension is not sufficient to
guarantee higher jet number, rather the viscosity of the
solution must also be considered, within the limits of the
desired fiber quality. Similarly, the importance of cone-jet
diameter, which alters flow rate from the simplest prediction
and plays a crucial role in jet-to-jet interactions, must also be
addressed. Because of the unique two-stage voltage approach
employed here, many jets can quickly be formed, stabilize, and
organize. Then the voltage can be reduced to a much lower
working value where flow rate is appropriate for high-quality
fiber formation and hysteretic effects maintain the existing cone
jets. In summary, beyond its technological importance, bowl-
edge electrospinning provides a scheme to test fluid−electric
field interactions and refine and develop models to predict the
number of fluid instabilities and the flow through each cone jet.
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