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ABSTRACT: The interplay between an applied electric field
and fluid properties was studied for a polymer solution
forming high quality nanofibers via electrospinning. Uncon-
fined electrospinningin which a fluid thin film or bath
exposed to an electric field spontaneously generates many
parallel fiber-forming jetsis a practical approach to achieving
a high fabrication rate of quality nanofibers as compared to
traditional single-needle electrospinning. The density of fiber-
forming jets is controlled by surface tension effects at the
lowest applied voltages but by jet-to-jet interactions as the
voltage amplitude is increased, resulting in an intermediate operating voltage level at which jet number is maximized. This general
result is applicable to electric-field-driven fluid instabilities in a wide range of systems. The optimal voltage level occurs when
interjet interactions begin to solely determine the characteristic jet spacing, and in this regime, compression of the cone-jet
slightly chokes the feed rate, allowing high quality fibers to be formed when the maximum number of jets is present. Spontaneous
jet deflection (here, from a linearly arranged source) results in a two-dimensional array at the collector which both minimizes
interjet interactions and preserves fiber quality.

1. INTRODUCTION

Polymeric nanofibers are highly desirable for technological
applications1 with large societal impact, including air and water
filtration,2−5 energy storage,6,7 catalysis,8 and a multitude of
biomedical uses,9 such as controlled drug delivery,10−12 wound
healing,13 and artificial tissue engineering.14,15 The large
surface-area-to-volume ratio, the high porosity of nanofiber
collections, the similarity between the nanofiber shape and size
and structures found in natural biological systems (e.g.,
extracellular matrices upon which cells organize into tissues
in mammals), and the ability to transform polymeric precursors
into carbon or ceramic nanofibers16 are specific attributes that
make these nanomaterials broadly useful, both in neat form and
as fillers for composite systems.17

Electrospinning is a well-established, inexpensive technique
for nanofiber fabrication,18 which in its traditional form (where
production relies on externally controlled fluid flow through a
single-needle orifice) is plagued by low throughput.19−22 Over
the past 5 years, there has been great interest in electrospinning
in unconfined geometries; one example of such a system is
“edge” electrospinning from a thin sheet of polymer fluid on
some solid surface. The unconfined spinning approach is
particularly powerful as the process spontaneously generates
and organizes many fiber-forming jets, resulting in significant
gains in material throughput while maintaining high fiber
quality via clever strategies to control the polymer solution feed
rate (for instance, appropriate manipulation of the applied
electric field21); additionally, there are no nozzles to clog or

complex moving parts, and the system can be indefinitely
refreshed (i.e., operate either as a single batch feed or under
continuous production). Avoiding gravity-driven flow (by
instead exclusively utilizing an electric field control approach)
further enables continuous tuning of flow rate and limit of feed
to a range where high quality fiber formation is possible, as high
feed rates are associated with thick and thus undesirable
nanofibers. Such approaches are likely the most commercially
viable for scaled-up nanofiber production and with control of
fiber diameter could allow for inexpensive fabrication of large
quantities of high quality nanofibers. Furthermore, in the
unconfined electrospinning process, interesting physics comes
into play, as the electric field and the various attributes of the
fluid interact to control the number of fiber-forming (jet) sites
and the mass flow through each jet.22 It is exactly this
fundamental science that must be understood to appropriately
control the unconfined electrospinning process to achieve the
desired production rate and quality to address both current and
future application needs.
Although several reports on electrospinning in unconfined

geometries20−31 now exist, there is still a lack of a systematic
discussion of the underlying physics, particularly when varying
the fluid properties and/or electric field conditions under which
fibers are formed. In addition, far more theoretical works on
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electric field−fluid interactions have appeared than correspond-
ing experimental reports.32 Here, by utilizing a particularly
simple experimental configuration (i.e., polymer fluid at the
edge of a horizontally oriented metal plate), direct comparison
between the existing theories with real-life, technologically
relevant situations can be made; such evaluation reveals that
different physical constraints are at play as the voltage levels are
changed. For instance, jet-to-jet interactions are important in
any approach with high spatial jet density from massive
multineedle arrays to high throughput unconfined electro-
spinning, but there are very few quantitative discussions of jet-
to-jet effects in the literature. Here, we find that jet-to-jet
interactions limit jet number at high voltage levels instead of
the usual surface tension effects. In fact, such a quantitative
prediction of electrostatic repulsion between protrusions is
important for any system that undergoes spontaneous fluid
fingering under the presence of an electric force.32

We observe protrusion (jet) number, throughput per jet, and
fiber quality over a large applied voltage range for solutions of
different viscosity when electrospinning from a fluid-covered
flat plate. Observed deviations from theoretical predictions
occur both at low applied voltage (where the jet number falls
off more sharply than expected) and at high voltage amplitude
(where the jet number saturates), which is attributed to jet-to-
jet interactions. We discuss a systematic study of cone-jet
(meniscus) diameter for single jets as a function of applied
voltage and fluid viscosity, compared with cone size when many
jets are present, and correlate the observed cone size with fluid
throughput per jet. Electrostatic interjet interactions are
confirmed by a simple theoretical model in conjunction with
synergistic experiments which observe a decrease in jet stability,
an inability to increase the jet number with increased voltage, a
suppressed cone-jet size, and splaying of the jets away from the
shortest distance from fluid to collector. Importantly, we
demonstrate that jet-to-jet interactions provide a benefit in
unconfined electrospinning, limiting flow rate at high voltages,
which preserves fiber quality. The manipulation of jet-to-jet
interactions provides a useful tool to control flow rate (and thus
maintain nanofiber quality) when electrospinning in an
unconfined geometry.

2. EXPERIMENTAL SECTION
2.1. Materials and Solution Characterization. Experiments

were performed using poly(ethylene oxide) (PEO) (400 kg/mol,
Scientific Polymer Products) dissolved in deionized (18 MΩ·cm)
water to create either 4 or 6 wt % polymer solutions. Solutions were
typically stirred for 24 h at room temperature prior to use in order to
aid dissolution. A trace amount of rhodamine 590 chloride (R6G)
(479 g/mol, Exciton) was added to the solutions (0.000 05 wt %) in
order to enhance video and still image capture of the process for
analysis. All materials were used as received.

Solution zero shear viscosity 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),
over a stress range which was varied from 1 to 300 Pa using 23
increments, resulting in a shear rate range from 0.1 to 300 1/s. The
zero shear viscosity was calculated to be 1.07 ± 0.05 and 7.46 ± 0.37
Pa·s for 4 and 6 wt % solutions, respectively. Solution surface tension
was evaluated using the Wilhelmy-plate method by a surface
tensiometer (Future Digital Scientific Corp, DCAT11), giving a
concentration independent value of 60.0 ± 1.4 mN/m. All solution
characterizations took place at 25 °C.

2.2. Electrospinning Apparatus and Procedure. Nanofibers
were fabricated with an experimental setup consisting of three main
elements as shown in Figure 1: the source plate, the collector plate,
and the power source. The source plate, 16.5 × 5.0 × 0.025 cm (length
× width × thickness), was made from commercially available
aluminum flashing cut to size, flattened, and cleaned for 30 min via
an ultraviolet-ozone system (Novoscan PSD-UV). The plate corners
were rounded (to a radius of curvature of 1.5 cm) and polished
smooth by hand in order to reduce discharging. Two glass microscope
slides, 2.54 × 7.62 × 0.1 cm (Fischer Scientific), were adhered flat near
the edges of the source plate, 12.7 cm apart (inside to inside edge), in
order to prevent asymmetric jet migration to the plate ends. As
schematically shown in Figure 1, each glass slide overhung the edges of
the source plate by 0.635 cm (in the length dimension, perpendicular
to the plate-collector direction) and 2.6 cm (in the width dimension,
perpendicular to the plate edge, along the plate-collector direction).
To increase mechanical rigidity, the thin source plate was mounted on
a thicker aluminum base plate (0.25 cm), while overhanging past the
base plate by 1.125 cm in order to maintain the proper front edge high
field strength for electrospinning. The entire source plate setup was
mounted on an electrically isolated adjustable stage and aligned so that
the plate edge was parallel to the collector and placed at a working
distance d of 15 cm (plate edge to collector). Relative to horizontal,
electrospinning was possible under a variety of different plate angle
orientations; however, for maximum control of the jet feeding process,

Figure 1. Schematic of flat plate, edge electrospinning apparatus. A uniform thin layer of polymer fluid coats a horizontally oriented metal plate held
at positive-polarity high voltage. The source plate outer corners are rounded to prevent discharge; glass guides attached to the top surface of the plate
define the borders of the electrospinning region along the front edge. A grounded rectangular collector is arranged orthogonal to the source plate at a
fixed working distance.
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a purely horizontal orientation (0 ± 1°) provided the best results and
was used for data presented in this work.
The collector, a commercially available aluminum sheet 61.0 × 91.5

× 0.1 cm (height × width × thickness), was mounted on a home-built,
insulated, horizontally translatable stage and attached to electrical
ground. Preweighed aluminum foil was attached to the collector
surface in order to capture the electrospun nanofiber mats for mass
throughput and scanning electron microscopy (SEM) analysis. The
positive-polarity voltage source (Glassman High Voltage, Model
FC60R2) was electrically connected to the back of the source plate.
Polymer solution was typically applied directly to the source plate

(while at ground potential) using a syringe with the glass slides and
back of the plate acting as raised barriers to guide and contain the fluid.
Excess solution was removed with a straight edge to ensure an initial
flat smooth film (0.9 ± 0.05 mm) with uniform coating near the plate
edge. Reproducibility of the electrospinning process was greatly
enhanced by ensuring that the plate edge was fully wetted and the fluid
thickness was uniform across the spinning edge of the plate. The fluid
level on the plate was actively monitored and did not significantly
reduce during a typical 10 min experimental time window. While
polymer fluid can be continuously replenished during electrospinning
via a precision metering syringe-pump system, the results reported
here are from single-batch experiments.
In order to visualize the cone-jet (meniscus) at the fluid edge, the

resulting expelled fluid jet, and the forming fiber in the spatial region
between source plate and collector, the working area was fully
illuminated with an expanded, retro-reflected 532 nm, 150 mW green
diode laser. This provided sufficient illumination for both high
definition, time-stamped video (Panasonic HDC-TM80) and still
image capture (Nikon D40 with AF-S Nikkor 18−55 mm lens) of
multiple jets: for higher spatial resolution, a second camcorder (Sony,
Model DCR-SR68) with a T monocular lens (Zeiss, 6 mm × 18 mm)
provided enhanced viewing for jet analysis.
As described in previous work,21,22 a two-stage applied voltage

process was utilized to first generate a large number of jets (at an
initiating, high voltage level) and then the driving force (voltage) was
reduced to set an appropriate flow rate for high quality fiber
fabrication. At the lower (so-called “working”) voltage level, surviving
jets are quasi-stable, but new jets cannot be formed. For the current
report, 60 kV was applied to the source plate until the spontaneous
initiation of a single jet, followed by rapid expansion of the jet
population across the entire plate, plus an additional 3−5 s wait time
to allow the jets to organize and stabilize. The voltage was then
manually reduced to the desired steady-state working voltage level
(13−28 kV) in a smooth manner over a 5−8 s time frame (i.e., at a
rate ∼5−10 kV/s). (Note: if a more rapid voltage level decrease was
employed, it detrimentally resulted in unnecessary additional loss of
jets.) After reaching the working voltage amplitude, the collector was
laterally shifted to spatially separate the region for collection of high
quality fibers from the polymer fluid which accumulated directly onto
the collector during the initiation process. The working voltage level
was kept constant for the remaining duration of the experiment. For
the single jet experiments, solo jets were created by intentionally
rapidly reducing to a nonoptimal initial low applied voltage; once a
solitary jet was established, the voltage level was subsequently adjusted
to whatever experimentally desired working value.
2.3. Analysis and Fiber Characterization. Maximum jet number

and jet number versus time were determined through video analysis
(Panasonic HDC-TM80). Jet diameter analysis (ImageJ Analyzer)
utilized still images from videos (Sony, Model DCR-SR68 using a 6
mm × 18 mm Zeiss T monocular lens) of a magnified region of the
plate edge. Mass throughput calculations were performed by weighing
the foil collection sheets before and after electrospinning for 10 min at
the working voltage (after allowing for a minimum 3 h drying time)
and calculating the number of jet-minutes (the total number of jets
multiplied by the jet lifetime in minutes) from video analysis. This data
were then converted into microliters per jet per minute by utilizing the
known solution concentration and PEO density of 1.21 g/cm3.33

Electric field modeling was performed using Maxwell 3D software
(ANSOFT Corporation).

Nanofiber morphology was visualized using a scanning electron
microscope (SEM, FEI Phenom-World BV) operating at 5.0 kV.
Samples were sputter-coated (QuoronTechnologies, S67620) with
∼100 Å Au−Pd in order to reduce charging and create a conductive
surface. SEM images were analyzed (ImageJ Analyzer) to determine
fiber diameter and mat porosity. Twenty-five individual fiber diameter
measurements (per image at 10000× magnification) were taken in
order to compute the characteristic mean and standard deviation of the
fibers. Mat sample porosity was calculated using previously verified
approach34−41 by adjusting the grayscale to identify the top layer of
fibers and quantify the number of filled (top layer) and unfilled
(remainder) pixels in each image.

3. RESULTS

3.1. Single Jet Cone-Jet Diameter versus Voltage. We
begin by examining the characteristics of single jets, so that the
solo jet behavior can be compared with situations where many
jets are present and thus when interjet interactions potentially
occur. Whenever any perturbation to the surface of a fluid
arises, there is a characteristic size scale over which the
disturbance relaxes (for instance, the meniscus that forms when
a fluid encounters a wall). In unconfined electrospinning, the
fluid perturbations at the plate edge are initially a spontaneous
fingering of fluid under the driving influence of the electric field
(akin to the distinctive pattern of droplets that forms when wet
paint drips from a ceiling under the influence of gravity), as
discussed in more detail in section 3.2. With time, these fingers
evolve into emitting cone-jets, where the velocity of the fluid is
the highest at the jet apex and the fluid is unperturbed far from
the cone-jet. The term cone-jet is utilized in literature to
indicate that the largest velocity occurs in a relatively narrow
“jet” region surrounded by a larger perturbation (the cone) that
is more stationary.42 In Figure 2, the diameter of the cone-jet
(at the plate edge where it has its maximum width) for single,
isolated jets, as a function of applied voltage is presented for
solutions of differing viscosity, where black squares (open gray
circles) depict results for a 4 wt % (6 wt %) solution.
Physical insight into this experimental situation can be gained

by utilizing a common simplifying approach for viscous fluid

Figure 2. Cone-jet diameter measured at the plate edge for single jets
formed from 4 wt % (black squares) or 6 wt % (open gray circles)
PEO solutions (initial film thickness 0.9 ± 0.05 mm) as a function of
the source plate applied voltage level. The dashed black line (4 wt %
PEO) and solid gray line (6 wt % PEO) are linear fits to the data
points. Error bars represent the statistical distribution from 3 to 5
separate experiments.
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flow: assuming a driving force in one direction which sets up a
velocity gradient in a perpendicular dimension (i.e., the
lubrication approximation43). The effect of viscosity in general
is that velocity changes cannot be instantaneous and, rather,
must occur over a finite length scale. In this case, the electric
field creates the driving force (along x, the plate-collection
direction) which generates a velocity (v) gradient along the
plate (z direction) which results in the cone-jet. Because the
system is viscous, it quickly reaches steady state where the
driving and viscoelastic forces (per volume) balance. In this
approach
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where P is the pressure (here the electrostatic pressure P =
1/2ε0E

2 with E the electric field) and η is the viscosity. The
viscoelastic force pulls back against and balances the force due
to the gradient in pressure. As shown in the latter portion of eq
1, due to the parabolic nature of the velocity gradient (as easily
seen by solving the eq 1 for v(z)), a simple form relating the
average velocity (v)̅ and the characteristic distance over which
velocity drops to zero (here, the cone radius, a) can be
generated.43 It is important to realize that many of the
parameters in eq 1 are inter-related. Naively solving this
equation for a2 would give the impression that as the applied
voltage (and thus the electric field strength and gradient |∂E/
∂x|) increase, the jet size should decrease. However, this result
is incorrect (as demonstrated by the data in Figure 2) because
as the voltage increases, the maximum and average fluid velocity
also increase, leading to a net increase in cone-jet size. Similarly,
for a decreased viscosity (such as transitioning between the two
different solutions in Figure 2) one might expect a decrease in
cone-jet size, but again, a decreased viscosity also results in an
increase in velocity, which is the dominant effect. We conclude
that the velocity is the dominant factor in determining the
cone-jet diameter in this experimental regime. In Figure 2 and
eq 1, as the driving force increases, both the velocity and the
cone-jet diameter increase, with the latter resulting from the
longer length scale needed to transition from the maximum to
zero velocity.
The assertion that the velocity and flow rate increase

dramatically with applied voltage in the single jet case is
consistent with experimental observations of the fluid in the
fiber forming region (between source plate and collector).
Figure 3 shows a characteristic image of the fluid path from
source plate to collector, appropriately depicting the experi-
ment (and the electrospinning process18 in general) during
most applied working voltage conditions. The collector is out of
view in the foreground below the bottom of the image. The
R6G-tinted polymer solution on the source plate appears
orange-colored in the image. In the fiber forming region, the
jets strongly scatter the green laser light used for illumination.
In particular, the fluid initially travels on a straight-line path
(generally referred to as the linear region) toward the collector.
Note: the forming fiber in the linear region is slightly out of
focus in the image. As the fluid stream/forming fiber thins (due
in part to evaporation of solvent and stretching of the
protofiber), the elongated charged fiber become electrostati-
cally unstable and begins to whip or bend (the whipping
region) due to intrafiber charge interactions. This whipping
process dramatically thins the fiber, resulting in dry nanofibers
arriving at the collector plate.18 In general, as the flow rate

increases, the length of the linear region extends (with a
corresponding decrease in whipping), and at very high flow
rates, fiber formation is not possible as the fluid volume is too
large to allow formation of the whipping instability and wet
fluid is transported directly from the source to the collector (a
detrimental process referred to as “streaming”). In the single jet
experiments, we observed a normal electrospinning process
with linear and whipping regions for applied voltages less than
∼19 kV for the lower viscosity 4 wt % solution and at less than
∼22 kV for the higher viscosity 6 wt % solution. At higher
working voltages, overt streaming occurred, indicating high flow
rates. This observation is consistent with the throughput
analysis in section 3.4 and also occurred in multijet cases (see
section 3.2) at high applied voltage levels when the jet number
dropped and previous fiber-forming jets expanded in size and
began to stream the wet fluid.
Based on the analysis of eq 1, an estimate of the characteristic

cone-jet size for a particular fluid and applied electric field can
be determined if a characteristic average velocity is known.
Previously, we proposed that the electrospinning process in
edge electrospinning (e.g., electrospinning from a fluid near a
sharp edge) was directly analogous to traditional needle
electrospinning (i.e., pumping polymer fluid through a needle
as a source) in cases where the electric field, electric field
gradient, and flow rate were similar.20−22 Thus, the fluid
experienced comparable forces and formed fibers of similar
average diameter and diameter distribution in superficially
different systems. In fact, in needle electrospinning of the 6 wt
% solution, a flow rate of 5 μL/min through a 20 gauge needle
(inner diameter 0.603 mm) results in fibers of 246 ± 21 nm,
which overlaps the average fiber diameter from the same
solution in the current plate configuration over a wide voltage
range. In particular, at 18 kV, the measured (plate) fiber
diameter is 250 ± 25 nm, and the electric field and electric field
gradient match well with that found in the traditional needle
case. In addition, throughput measurements from the plate

Figure 3. Characteristic image of multiple parallel electrospinning jets
formed at the edge of a fluid-covered conducting source plate (top of
image) and the resultant linear and whipping regions of the jets. The
electrospinning process begins with a linear region, where a thin
stream of fluid moves along a straight line to the collector. After the
moving fluid stream thins sufficiently, electrostatic forces within the
charged fiber result in a whipping instability, seen here as the
superposition of many different positions (due to the fast, chaotic fiber
motions during the image exposure time) shown as the in-focus,
brush-like structure at the bottom of the picture. Note: for ease of
viewing, the glass guides at the plate corners were removed for this
image.
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configuration (for multiple jet experiments) confirm that the
volume per jet from 14 to 20 kV is ∼6 μL/min. Thus, from the
needle flow rate and size, an average characteristic fluid velocity
of 2.9 × 10−4 m/s can be determined. Using this value in eq 1,
along with the known electric field (2.3 × 106 V/m) and field
gradient (1.5 × 109 V/m2) (both from simulations), and
viscosity (7.46 Pa·s), yields a characteristic cone-jet diameter of
ca. 300 μm, which is consistent with the data in Figure 2. This
is an overestimate of cone-jet size as the fluid viscosity will be
lower at the nonzero shear rate within the jet. One can estimate
this effect from the measured rheological viscosity versus shear
rate curve, estimating the shear rate as v divided by the
experimentally measured cone-jet radius (the distance over
which the velocity drops to zero). From the data in Figure 2 (d
= 229 μm at 18 kV), we obtain a shear rate of 2.5 1/s. At this
shear rate, the viscosity has dropped to approximately 6 Pa·s,
which yields an estimated cone-jet diameter of 270 μm.
As a final note, generally meniscus sizes are determined by

surface-tension effects and in particular the appropriate
capillarity length (when the perturbation size is greater than
the characteristic capillarity length in the system) or by the size
of the perturbation (for instance, the fiber size when dipping a
solid fiber into a fluid) if smaller than the capillarity length.43

The capillarity length κ−1 is related to the ratio of the surface
tension to the important driving force per volume. For gravity-
driven processes κg

−1 = (γ/ρg)1/2 = 2.5 mm for our case, where
γ is the surface tension, ρ is the density of the fluid (here
dominated by the water solvent), and g is 9.8 m/s2. For
perturbations smaller in size than this characteristic length
scale, effects due to gravity are negligible. (Gravity is also
negligible due to the horizontal configuration of our plate.) The
important capillarity length in our system is related to the
electrostatic driving force, κ−1 = [γ/(ε0E|∂E/dx|)]

1/2 = 1.4 mm
at the working voltage and 420 μm during the initiation stage.
These values have consequence in determining the number of
jets (section 3.2) but not in directly controlling the cone-jet
width (with a much smaller characteristic size of ∼150 μm) in
the working voltage regime, which is dominated by the fluid
velocity/flow rate. When the system is driven more strongly
(which is not appropriate for high quality fiber formation), the
velocity will approach the “characteristic” fluid velocity, v ̅ = γ/η,
which when incorporated into eq 1 gives a = κ−1, to within a
numerical constant on the order of 1. Thus, when the system is
driven more strongly, surface tension effects are important and
seamlessly take over. The relatively unusual direct dependence
of jet width on velocity is due to this specialized, critical
application of nanofiber formation which requires operation in
the weak driving regime that is generally less discussed in prior
literature.
3.2. Jet Number versus Voltage. Figure 4 summarizes the

maximum jet number versus applied voltage for a 6 wt %
solution of PEO (i.e., the higher viscosity solution). In contrast
with model predictions (discussed below) that rely solely on
the interaction between surface tension and electric field (in
other words, that neglect jet-to-jet interactions), instead of a
monotonically increasing jet number with voltage, the
maximum jet number saturates. Whereas the filled black circles
in Figure 4 are the maximum jet number (observed within 1
min of stabilizing at the working voltage level), the open gray
circles are the average jet number present over a 10 min
experiment. As can be seen, above this saturation voltage, jet
stability also decreases as exemplified by a lower average
number of jets. This observation indicates that jet-to-jet

interactions are important. We first examine known models
that predict jet number (neglecting electrostatic jet-to-jet
interactions) and show that these overlap the observed jet
number prior to saturation.
As discussed in a previous publication,22 there is a direct

analogy between the formation of fluid protrusions (ultimately,
jets) in the process of electrospinning from an unconfined
polymer fluid film and the traditional Rayleigh−Taylor
instability (driven by gravity and commonly observed as
droplet formation in a thin film of wet paint on a ceiling).
Utilizing this analogy and the published treatment by de
Gennes,43 a simple model can be generated to estimate λ the
average spacing between protrusion/jet sites where the fluid
fingering process relies on flow of fluid along the plate toward
forming protrusions. By estimating the flow rate (Q ≈ hv ̃ where
h is the film thickness and v ̃ the average velocity along the plate
given by v ̃ ≈ (h2/3η)(∂P/∂z), where z is the direction along the
plate and P the pressure due to both the electric field and
surface tension), utilizing a continuity equation |∂Q/∂z| = |dξ/
dt|, and assuming a simple form for the edge of the fluid surface
ξ ≈ ξ0 + Δξ cos(kz) with Δξ = Δξ0e−t/τ, one can establish a
dispersion relationship between 1/τ (the perturbation growth
rate) and k = 2π/λ (see previous work22 for more details).
The gradient (∂/∂z) in the surface-tension pressure (or the

force per fluid volume) is γ(∂3ξ/∂z3), which is proportional to
γk3Δξ. The gradient in the electrostatic pressure can be
estimated by arguing that this pressure also oscillates as cos(kz)
(with the electric field screened inside the fluid) with the
amplitude of the pressure oscillation going as ε0E0

2kΔξ, where
E0 is the average electric field ∂Φ/∂x (Φ is the electric
potential) not accounting for the effect of fluid perturbations.
Because the fluid is conducting, the fluid surface is an
equipotential, and the oscillating fluid results in a more rapid

Figure 4. Maximum (black circles; measured within 1 min of
reduction to working voltage) and average (open gray circles; over a
10 min experiment) number of stable jets as a function of working
voltage for a 6 wt % PEO solution. The solid lines represent the
expected jet number if the spacing between jets (λ) is determined
solely by the interplay with surface tension (eq 2). The range reflects
reasonable uncertainty in the exact electric field value (the pertinent
value will be between the plate edge and the terminus of the cone-jet)
and the uncertainty in the electric field simulation. The dotted lines
represent the limit on jet number due to jet-to-jet interactions utilizing
a linear fit to the natural single jet cone widths in Figure 2 and eq 4, as
discussed in the text. The range reflects the average measurement error
in the cone-jet width.
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change in potential (reflected in the k-dependence) and thus
electric field enhancement, which results in increased pressure
(as the electrostatic pressure goes in proportion to ε0E

2).
Moving along a path parallel to the plate edge, the field drops
from E to zero (due to the screening effect of the protruding
fluid) over a distance of λ/2. Thus, the electrostatic force per
volume due to the perturbed surface is proportional to
ε0E

2kΔξ. In this model, an appropriate electric field (as the
electric field changes moving away from the plate edge) would
be an intermediate value between that found at the plate edge
and that occurring at the apex of the fluid oscillations. This
form for the electrostatic pressure driving force differs from the
one utilized previously,22 where the explicit gradient in the field
due to the metal plate geometry was included in a different
manner. We find that the current approach, focused on the fluid
screening, provides a better fit to the experimental results.
The arguments in the previous paragraph lead to a dispersion

relationship of the form 1/τ ≈ γk4 − ε0E
2k3 to within numerical

constants. The fastest growing oscillation (minimum 1/τ versus
k) will dominate, which leads to

λ π γ
ε

= N
E

2
0 0

2
(2)

where λ is the characteristic distance between jets, E0 is the
electric field near the plate edge (see above discussion), and N
is a numerical constant. Thus, as expected from intuition, a
stronger electric field allows for more jets (smaller spacing
between jets λ), whereas an increase in surface tension results
in a decreasing number of jets for a given plate edge size.
Equation 2 can also be obtained from a more sophisticated

published analysis.26 This approach considers both fluid coated
spheres and planar liquid layers. As in the above treatment, a
dispersion relation is developed that relates the rate at which
perturbations grow (σ = 1/τ) to the characteristic wavenumber
(k = 2π/λ). To apply the theory to the current system, we
began with the dispersion relation for a viscous fluid in the
planar case, removed the term relating to gravity, and utilized
the authors’ approximations for highly viscous cases (2k2η/ρ ≫
σ with ρ density) and thin films (small kh, where h is the film
thickness) which results in eq 2 with N = 2. Alternatively, one
can take the limit of the spherical case for thin liquid layer
(taking the radius of the sphere, a, or n = ka, to infinity),
leading to a dispersion relation (eq 5026)

σ
η

γ ε= −h
k E k

2
[ ]

2
3

0
2 2

(3)

which yields eq 2 with N = 1.5. This treatment is the most
rigorous result and thus will be utilized to fit the data. Equation
3 can be obtained by balancing the electrostatic and surface
tension pressures with the viscous stress at the surface, μ(∂vx/
∂x). In this highly viscous case, the velocity is zero at the
substrate and increases quadratically with x to a maximum at x
= h. This maximum velocity goes as σ/k, since volume is moved
a distance 1/k in a time 1/σ as perturbations form. Utilizing this
form, v(ξ) = (ξ2/h2)(σ/k), eq 3 is obtained. We point out that
in the geometry of this previously published report26 the
electric field is applied perpendicular to the supporting surface;
however, despite this small difference, the values for λ matched
well with our experimental results (see below) in the moderate
voltage range prior to saturation.
Equation 2 predicts a quadratic increase in jet number

(proportional to 1/λ) as the electric field increases. Using

electric field values from simulations and the experimentally
measured surface tension generates a theoretical prediction
(solid lines, Figure 4) that matches the experimental results in
the moderate voltage region. For instance, eq 2 with N = 1.5
predicts λ = 1.05 cm at 20 kV or a maximum of 12 jets (for the
12.7 cm available region of the plate), which matches with the
experimental value of 11 ± 3 jets. The simulated electric field
values used in this estimate are those calculated about 75−100
μm from the plate edge, which is consistent with the size of the
initial fluid perturbations. It is important to note that the
voltage range well-explained by the surface-tension-dominated
models represents the majority of the usual useful working
region; that is, the applied voltages that will give stable jets
producing high quality fibers. Thus, the surface-tension-driven
model works well over this important region. However, here we
extended the experimental voltage range further to show the
limits of such models.
Examining Figure 4, the experimental data deviate from the

theoretical predictions at high applied voltage, where the jet
number remains constant instead of increasing and at low
voltages (11−14 kV) where insufficient flow through the jet
leads to decreased jet stability.22,44 (Flow through the jet helps
to retain the jet-cone at the low voltages required for high
quality fiber formation; all working voltages are too low to
initiate new jets.21,22) It is noteworthy that these real-world
effects (related to particular velocity, viscosity, and jet−jet
electrostatic interactions) are not generally incorporated in
theoretical models to predict λ (and thus maximum jet
number), which depends only on the electric field and surface
tension. Even with adjustment of the particular fit in Figure 4, it
is clear that the experimental jet number versus voltage does
not increase as a simple quadratic when looking over a
sufficiently large experimental range.

3.3. Jet-to-Jet Interactions: Effect on Jet Number and
Stability. During the electrospinning process, the polymer
fluid is electrically charged. Thus, each protrusion exerts a
repulsive electric force on its neighbors (along the plate z
direction). In this work, we refer to such electrostatic forces
between neighboring cone-jets at the plate edge as jet-to-jet
interactions. For instance, at moderate jet densities repulsion
between neighboring protrusions or jets leads to relatively even
jet spacing in order to minimize the electric interactions.
Previously, we modeled this electrostatic force by estimating
the charge per cone-jet and calculating the electric field and
force on a cone-jet due to the nearest adjoining jets.22 This
electrostatic force due to neighboring jets acts to counter the
viscous force that determines the cone-jet diameter (see section
3.1) and thus tends to compress cone-jets, moving charge
closer to the cone-jet apex and thus further from other cone-
jets. The jet-to-jet electrostatic force increases with source plate
voltage due to three effects: (1) the increased surface charge at
larger applied voltage, (2) the increasing number of jets (see eq
2) as the electric field is better able to overcome the effect of
surface tension, and (3) increased flow rate and thus fluid
velocity which tends to widen cone-jet diameters. Thus, at
sufficiently high voltage levels, electrostatic interactions will be
significant, will alter the cone-jet diameter from its natural (one-
jet) size, and may serve as a limit to the feed rate. For instance,
Figure 5 shows experimental cone-jet diameters obtained under
a constant applied voltage level (20 kV) where the jet number
is intentionally varied. Note the significant decrease (to about
70% of its original value) in the cone-jet size when 8−12 jets
are present. This is a similar jet number as the saturation value
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in the jet number versus voltage plot (Figure 4). Throughput
per jet is decreased in this jet-compression range (see section
3.4).
Because compression of the cone-jet can decrease the fluid

velocity, it can thereby lead to poor jet stability; hence,
electrostatic jet-to-jet interactions can limit the maximum jet
number. We roughly estimate a minimum λ (maximum jet
number) by defining a minimum characteristic velocity required
for jet stability and then setting the viscous force per volume
(ηv/̅3a2) equal to the electrostatic force due to neighboring jets
(1/4πε0)[σ

2A2/(λ − 2a)2](2/Vjet), where A and Vjet are the
surface area and volume of a conical shaped jet and (λ − 2a) is
the distance between the edges of neighboring cones. Total
surface charge can be estimated from the capacitance of the
plate-collector system (from computational modeling) and the
known voltage. On the source plate, this charge is

predominately located on the collector facing surface of the
fluid with an area of hL where h = 0.9 mm and L = 12.7 cm is
the plate length. Setting the two terms above equal leads to

λ σ
πε η

= +
⎡
⎣
⎢⎢

⎤
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A
vV

2 1
3

8

2 2

0 jet (4)

From eq 4, at low surface charge density (low voltage
conditions), the spacing between jets (λ) is only limited by
the spatial extent of the cone-jet (the cone-jet diameter). Thus,
in this regime, the fluid’s surface tension (eq 2) sets the
experimental limit on jet number. However, as the applied
voltage level (and thus the electric field amplitude) increases,
the surface tension constraint is released, whereas conversely,
the limit set due to jet-to-jet interactions becomes more severe.
Thus, at a sufficiently high voltage level, jet-to-jet interactions
will become the dominant effect that controls the stable jet
number. Using eq 4, a limiting velocity of v = 2.9 × 10−4 m/s
and the experimentally measured jet diameter for the single jet
case versus applied voltage level, the limit on jet number is
plotted in Figure 4 as the dotted gray lines. Note that the two
limits on jet number cross at the point where saturation in
maximum jet number occurs. Thus, above this point, surface
tension effects are no longer dominant, and further increases in
the electric field amplitude do not produce more jets. In fact,
after this point, the jet-to-jet interaction model follows the
experimental data for the average jet number. Thus, at higher
applied voltages, even though the initial (i.e., maximum) jet
number may exceed the value predicted by the jet-to-jet
interaction model, the number of stable jets is controlled by the
jet-to-jet interaction limit.
Such analysis provides important guidance for large scale

fabrication of nanofibers from unconfined electrospinning. The
maximum number of stable jets will occur at the crossover
between the surface tension limit (eq 2) and the limit due to
electrostatic interactions between the jets (eq 4). Obtaining a
higher jet density will require further electrostatic screening or
manipulation of jet shape in order to mediate jet-to-jet effects.
Although such a strategy can be used to maximize jet number,

Figure 5. Cone-jet diameter measured at the plate edge under an
applied working voltage of 20 kV as a function of number of jets for 4
wt % (black squares) or 6 wt % (open gray circles) PEO solutions.
The error bars represent the statistical distributions from 3 to 5
separate experiments.

Figure 6. Feed rate per jet as a function of applied voltage for (a) 4 wt % (black squares) or (b) 6 wt % (open gray circles) PEO solutions as
extrapolated from the measured mass accumulation per time. The number associated with each data point is the average number of jets during the
collection time. In both graphs, the solid gray line predicts feed rate at all voltages from that measured at either 15 or 25 kV (they scale exactly) for 6
wt % solution assuming a quadratic dependence on voltage. The dotted gray line is identical but with a reduced diameter (from d to 0.7d), assuming
that the flow is quadratic in radius. For (a), the fit lines are scaled up by 7× as compared to (b), which reflects the ratio of the two different solution
viscosity values.

Macromolecules Article

dx.doi.org/10.1021/ma4013253 | Macromolecules 2013, 46, 7352−73627358



fiber quality will still be determined by the flow rate through
the jet, which needs to be sufficiently low to allow a sufficient
whipping region in order to thin and dry the nanofiber. This
condition may require operation at voltage levels below the
maximum jet number value or, alternatively, working slightly
within the jet-to-jet interaction range, where flow rate decreases
due to cone-jet compression. We discuss the effect of interjet
interactions on flow rate in the next section.
3.4. Jet-to-Jet Interactions: Effect on Flow Rate. Figure

6 shows experimentally measured flow rate per jet as a function
of the applied source plate voltage level for the two solutions
having different viscosity values. To obtain this data, the mass
throughput (the mass of polymer on the collector) for a 10 min
experiment is measured, the number of active jets per minute is
determined from video recording, and the resultant polymer
mass is converted into an equivalent solution volume using the
known densities and solution concentration. Thus, this
parameter is equivalent to the flow rate controlled by a syringe
pump in the traditional needle electrospinning process; here
the flow rate is controlled by the force due to the applied
electric field. The flow rate values are per jet; in addition, the
average number of jets observed during the flow rate
experiment is noted next to each point. Because the connection
between flow rate and the field strength is quite complex, being
influenced by details of the size, shape, and velocity profile
within the cone-jet as well as possible volume effects, such as
the film thickness, we utilized a simple, self-consistent empirical
method to fit the data, which reveals the important
experimental parameters.
Simple analysis of electric-field-driven fluid motion in a

variety of cases, such as that leading to eq 1, understanding of
electro-osmotic flow along a surface,43 and discussion of the
fluid velocity from a drop under the influence of an electric
field44 suggest that the fluid velocity should increase in
proportion to the electric field amplitude squared. From an
intuitive perspective, as the applied voltage level increases, both
the charge on the fluid and the electric field increase linearly;
thus, the force (F = qE) increases as the electric field squared. If
the jet diameter is relatively constant, then the results in Figure
6 should scale proportionally as the applied voltage level
squared with no adjustable parameters. In fact, the solid gray
line in Figure 6b utilizes the measured throughput for 15 or 25
kV (they scale exactly), adjusted by voltage squared for each
point (for instance, that the flow rate goes as a2E2 with a
constant jet diameter). Thus, points that overlap with this solid
line scale as electric field squared with no adjustment for
changing cone-jet diameter. However, Figure 5 indicates that at
high jet number the jet diameter is suppressed to about 0.7×
that at low jet number. The dotted gray line is a theoretical
curve for the case where the flow rate goes as a2E2 and the jet
diameter is constant with voltage but suppressed to 70% of that
used for the solid curve. Therefore, points that overlap with this
line have a compressed jet diameter. From examining the jet
number values provided for each point, the flow rate values
with the largest average jet number (that is, the largest number
of stable jets) occur at 18−20 kV, which corresponds to the
overlap point between the surface tension model prediction and
the expected value due to jet-to-jet interactions in Figure 4, as
discussed in the previous section. These high jet number cases
also have a flow rate associated with jet compression based
upon the model presented in this paragraph. The value of 8−9
jets is in fact associated with the jet compression region as
shown for the 20 kV case in Figure 5.

Thus, as the jet number increases, particularly at the applied
voltage levels 19 and 20 kV, the flow rate is suppressed but not
to an extent that jet stability is impacted. Because of this effect,
in the range 15−20 kV, the flow rate is essentially constant
(Figure 6b), at a rate associated with high quality fiber
formation. Observed nanofiber diameters are 230 ± 50 nm at
17 kV, 250 ± 40 nm at 19 kV, and 285 ± 30 nm at 21 kV, all
values which overlap within error. Characteristic SEM images of
nanofibers fabricated under multiple voltage conditions are
provided in Figure 7. There is no significant difference in the

fiber quality. In contrast, at 22 kV, overt streaming of fluid is
periodically observed (associated with flow rates >10 μL/min.)
Thus, the jet-to-jet interaction effectively increases the voltage
region in which high quality fibers can be fabricated, allowing
one to increase the jet number without high flow rates that are
inconsistent with fiber formation. At higher voltage levels above
the crossover, jet compression is significant enough to decrease
jet stability, and experiments of reasonable time duration show
lower jet number and higher flow rate per jet (a return to the
solid trend line in Figure 6b). Once the jet number is
reducedand thereby decreasing the jet-to-jet interactions
effectsthe flow rate subsequently increases.
Suppression of flow rate can also be observed when

decreasing the fluid viscosity. Figure 6a shows flow rate as a
function of the source plate applied voltage level when
electrospinning from a 4 wt % PEO solution. From eq 1, a
7× increase (the factor of viscosity decrease when transitioning
between 6 and 4 wt % PEO solutions) in flow rate is expected if
the jet diameter and the details of the jet shape and
organization stayed the same. This prediction is shown as the
solid line in Figure 6a. In contrast, the dashed line shows the

Figure 7. Characteristic SEM images of fibers produced from 6 wt %
PEO solution at (a) 17, (b) 18, (c) 19, and (d) 21 kV applied voltage.
The average fiber diameters are (a) 230 ± 50, (b) 250 ± 25, (c) 250 ±
40, and (d) 285 ± 30 nm. Thus, within error, both the average
diameter and the diameter distribution are unchanged over this voltage
range.
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7× increase but with a compressed jet diameter (70%,
consistent with the dashed line in Figure 6b). Thus, the 4 wt
% case has a lower flow rate over the 17−24 kV range than
might be expected when multiple jets are present. This
observation is consistent with the significant decrease in
cone-jet diameter for the 4 wt % solution in multijet
experiments (Figure 5) where, in contrast to single-jet cases
(Figure 1), the cone-jet diameter is similar to that for the higher
viscosity, 6 wt % PEO solution. Thus, the very wide jets (due to
high velocity and flow rate) in the single-jet case are suppressed
when multiple jets are present, indicating a control of flow rate
under the presence of other jets. We note that the 4 wt %
solution results in beaded fibers as seen previously22 and that
overt streaming of fluid was present in most 4 wt % solution
experiments, consistent with high flow rates (>10 μL/min).
As alluded to above, the advantage of jet-to-jet interactions in

the 19−20 kV range when electrospinning from the 6 wt %
higher viscosity PEO solution is that the velocity is slightly
suppressed, however not to the extent that jet stability is
affected (as it clearly is, for instance, at 25−26 kV). In support
of this argument, in the 4 wt % PEO solution case where the
system appears to be significantly perturbed by jet-to-jet effects,
jet stability does appear to be negatively impacted, as can be
seen from the maximum and the average jet number values
(Figure 8).

Figure 8 shows that the maximum jet number for the two
different viscosities matches within error, as anticipated in the
surface-tension-dominated regime where the maximum jet
number is independent of viscosity (see eq 2). The saturation
also occurs at a similar voltage and jet number values, which is
consistent with the similar jet diameters and the compression of
jet diameter shown in Figure 5. However, the trends in the data,
particularly the larger error bars for the lower viscosity case
(which reflects a wider distribution of responses over a series of
identical experiments) and the greater difference between the

maximum and average jet number, indicate lower jet stability
for the 4 wt % solution. Even with relatively high velocities and
flow rates, which tend to preserve jets, the push−pull of a desire
for high velocity and thus wider cone-jets and jet-to-jet
interactions leads to a less stable system.

3.5. 1-D to 2-D Spontaneous Jet Rearrangement Due
to Jet-to-Jet Interactions. As a final experimental observa-
tion, we examined the pattern of fiber deposition on the
collector which provides an indication of the spacing and
orientation of the jets at the plate edge. Figure 9 shows
characteristic images of the high quality nanofibers accumulated
on the collector when 3, 5, 7, 9, 11, and 13 jets are present (6
wt % PEO solution at 20 kV). As clearly demonstrated in the
figure, when fewer than ∼6 jets are present, the jets orient
directly along the shortest distance between the charged source
plate and the grounded collector (i.e., the instabilities evenly
space on the plate edge along the z direction and propagate
directly to the collector parallel to the x direction). However,
for larger jet numbers, the instabilities spontaneously rearrange
themselves in order to minimize interjet interaction, con-
sequently orienting with alternating jets perturbed and pointing
slightly upward or downward (e.g., Figures 9c and 10 which
directly reveals the pattern of jets) relative to the center line;
that is, the jets now point with some angle in the xy-plane. For
instance, at 20 kV for 11 jets, upward (downward) jets pointed
24 ± 6° (−12 ± 5°) above (below) horizontal. When the jet
number grows (Figure 9d−f), the angle of deflection for
neighboring jets increases, revealed as the pattern of the
accumulated fibers on the collector consists of three or more
rows. Larger deflection angles were observed at higher applied
voltage levels. The self-driven jet deflection appears to be a
useful mechanism to minimize jet interactions in the 6−9 jet
range; above this, the collector patterns are less ordered and
predictable. As discussed in previous sections, at >9 jets, jet-to-
jet interactions are evident in terms of jet stability and flow rate.
Figure 10 shows a characteristic optical image when sufficient
numbers of jets are present, causing vertical deflection of their
propagation directions, in contrast to the direct line path taken
with small jet numbers (Figure 3).

3.6. Generality of the Edge Electrospinning Ap-
proach. Alternative approaches for scaling-up electrospinning
are often hindered by poor fiber quality. Previously, we have
argued that high quality fiber formation can be achieved in an
unconfined geometry if the electric field is concentrated with a
sharp metal feature (such as it is in needle electrospinning) and
flow rate is controlled such that the unconfined fluid
experiences a similar electric field and feed rate as in the
traditional needle-based approach. A sharp metal edge is a
particularly useful feature because fluid need only be in the
vicinity of the edge for successful electrospinning. Previous
work has demonstrated this approach for a flat plate exposed to
small streams of fluid under gravity assisted flow20 and for a
fluid-filled bowl with a sharp lip.21,22 In the current work, the
generality of this edge electrospinning approach is further
shown by simply coating a thin horizontally oriented
conducting plate uniformly with polymer solution. The same
underlying process occurs as observed in the bowl config-
uration, as detailed in previous works21,22 and section 2.2. In
fact, when electrospinning with the same characteristic polymer
fluid (6 wt % PEO in water), the experimentally observed
optimal parameters in the three configurations (needle, plate,
and bowl) match. The electric field at the jet location is
approximately 2−3 × 106 V/m (from simulations of each

Figure 8. Maximum [(filled black squares) measured within 1 min
after reduction to the working voltage level] and average number of
jets [(open squares) over a 10 min experiment] as a function of the
applied working voltage level for a 4 wt % PEO solution. The
equivalent measurements from a 6 wt % PEO solution (filled and open
gray circles, respectively) from Figure 4 are shown for comparison.
Error bars reflect the statistical differences from 3 to 5 separate
experimental measurements.
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geometry at the characteristic applied voltage level), the feed
rate is approximately 5−6 μL/min, and the respective fiber
diameters are consistently similar as 250 ± 20, 250 ± 25, and
230 ± 30 nm.
The observation of the same fiber quality from dramatically

different configurations supports the assertion that unconfined
geometries for electrospinning can efficaciously produce small
diameter nanofibers, with the potential of a scaled-up
fabrication rate due to the presence of many parallel jets.

4. CONCLUSION
High quality nanofibers were fabricated via edge electro-
spinning from a remarkable simple apparatus consisting of a
film of polymer fluid on a thin metal plate. The number of

fiber-forming jets is limited by the interplay between surface
tension and the applied electric field up to a characteristic jet
spacing (∼1.4 cm for the solutions utilized here) and voltage
level, above which the repulsive electrostatic interactions
between neighboring jets control the minimum jet spacing.
Increases in the electric field amplitude provide more energy to
overcome the cost of increasing the surface area of the fluid,
and thus, applied voltage level increase is associated with more
jets and higher jet density, if considering only surface tension
effects. In contrast, once a sufficiently high applied voltage level
is reached, where interjet interactions are the primary constraint
on jet density, further raising the voltage increases the surface
charge density on the fluid and thus worsens jet-to-jet
interactions. Above this crossover level, the number of stable
jets decreases as jet compression due to interjet electrostatic
forces results in jet pinch-off and loss. Thus, the maximum
number of jets (or, equivalently, the highest jet density) will
occur as a balance between surface tension and jet-to-jet effects.
Hence, naively increasing the source plate applied voltage level
will not result in greater jet number.
Raising the applied voltage level also increases flow through

each jet and thus can be associated with low quality (i.e., large
diameter) fibers due to overfeeding of the fiber-forming jet.
Our data illustrate a useful feature of jet-to-jet interactions near
the crossover point at maximum stable jet number; the
interactions compress the cone-jet size and limit increases in
feed rate. With this compression, the edge electrospinning
process is able to fabricate narrow-diameter, high quality
nanofibers at the maximum jet number instead of requiring a
lower applied voltage (resulting in fewer nanofiber forming
jets) in order to obtain an appropriate flow rate. As part of this
discussion, we illustrated the connection between cone-jet size
and flow rate and showed that cone-jet size is proportional to
the maximum velocity of the fluid through the jet, rather than
being determined by the gravity or electrostatic capillary
lengths.
Finally, the linear geometry of a plate edge employed here

enabled jets to self-reorganize by deflecting in the vertical

Figure 9. Pattern of nanofiber deposition on the collector plate reflects the presence of jet-to-jet interactions. Regions of nanofiber depositions are
lighter in color on the aluminum foil covering the collector. The observed jet number at the plate edge matches the distinct nanofiber deposition
regions on the foil. When only a few jets are present, the nanofibers accumulate in a linear arrangement, for example (a) 3 jets and (b) 5 jets,
reflecting the shortest path from the plate edge to the collector. When >∼6 jets are present (c−f), neighboring jets deflect upward or downward to
minimize interjet interactions. The scale is the same for all images, as indicated in Figure 8c. See also Figure 10 for jet deflection image.

Figure 10. Optical image of plate edge electrospinning with multiple
parallel jets as viewed from a side perspective. When sufficient
numbers of instabilities are present, the jets deflect in the vertical
dimension, both above and below the centerline directly between the
source plate edge and the grounded collector.
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direction (upward or downward away from the line connecting
the plate and the center of the collector), which served to
decrease the jet-to-jet interactions and create a two-dimensional
array of nanofibers from a one-dimensional source. From an
electrospinning perspective, the working distance (the length of
the path from source jet to collector) is also slightly longer for
the deflected jets, without a loss in the maximum electric field
at the plate edge. In other words, the forming nanofiber has a
longer distance over which to thin (by solvent evaporation and
the whipping instability) before reaching the collector. Thus,
this effect will maintain or even improve nanofiber quality.
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