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Electric field effects on fiber alignment using an auxiliary
electrode during electrospinning
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Control of electrospun fiber placement and distribution was investigated by examining the effect of electric field parameters on
the electrospinning of fibers. The experimental set-up used in this study eliminated the bending instability and whipping, allowing
the jet to be modeled as a stable trajectory. Coupling of experimental and computational results suggests the potential for predicting
aligned fiber distribution in electrospun mats.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Electrospinning is a simple yet complex process-
ing technique for producing micro- and nanosized fibers
which can be used to create fibrous mats for applications
including filters, membranes, textiles, and controlled-
porosity scaffolds for tissue engineering and drug deliv-
ery. Jet whipping and bending instability at the nozzle
tip generally result in the production of nonwoven
fibrous mats that limit the utility of the final constructs.
Several investigators have examined techniques to
achieve better control over the jet stream in order to
obtain aligned fibers [1–3]. In some cases, researchers
have positioned the collector very close to the spinneret
in order to collect the jet before it becomes unstable [4].
This typically produces aligned ribbons due to the
inability to remove solvent prior to collection, and limits
the diameter of the fiber that can be produced. Several
models have been developed in an attempt to better
understand the parameters affecting the bending insta-
bility [5–11]. Although these models are useful for anal-
ysis of the process, they do not offer predictive capability
to guide the choice of processing parameters.

In the present study, the effect of an auxiliary elec-
trode on the shape and magnitude of the electric field
and its influence on the production of electrospun
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aligned colorless polyimide (CP2) fibers and mats are
reported. The set-up used in this experiment incorpo-
rates an auxiliary electrode placed directly across from
the spinneret and positioned 90� to the rotating mandrel
(Fig. 1) [12]. A voltage equal and opposite to the applied
voltage on the spinneret was applied to the auxiliary
electrode (see Supplementary material for experimental
details). This set-up produces a controlled electric field
which eliminates the bending instability and whipping
commonly associated with the electrospinning process.
A preliminary theoretical model was developed based
on this experimental set-up in order to predict fiber dis-
tribution in the electrospun mats.

Several experimental trials were performed in order
to determine the effect of the electric field on fiber align-
ment and distribution. For each trial, CP2 was collected
for a period of �1 s at four different distances between
the spinneret and collector, 5, 10, 15, and 20 cm, with
applied voltages of ±5, ±10, ±15, and ±20 kV at each
distance. This was accomplished by pulsing the power
supplies on and off in an attempt to collect a single rota-
tional uptake of fibers. This technique allowed the
examination of fiber orientation and overall mat width;
however, the exact fiber distribution was not determined
due to the inability to collect precisely one uptake of the
fibers, and hence only a general assessment of fiber
distribution could be ascertained from the data.
sevier Ltd. All rights reserved.
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Figure 1. Electrospinning set-up incorporating the auxiliary electrode
configuration.
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Data shown here for the applied voltage of ±10 kV
case are representative of those obtained for other volt-
ages. As expected, the fiber density decreased with
increasing distance and decreasing field strength
(Fig. 2a–d). The relationship appears to be fairly linear
with the total fiber mat widths being approximately
0.5, 0.7, 0.8, and 1.0 cm for collection distances of 5,
10, 15, and 20 cm, respectively. Fiber diameter and
morphology were not significantly affected as the
field strength varied. The average fiber diameters
were: 2.5 ± 0.8 lm at 5 cm, 2.4 ± 1.0 lm at 10 cm,
2.3 ± 1.0 lm at 15 cm and 2.3 ± 1.0 lm at 20 cm, indi-
cating a change of approximately 100 nm for every
5 cm up to 15 cm. Beyond 15 cm, the fiber diameter
remained constant. These experimental data were used
to determine the parameters that need to be included
in the theoretical model.

The lack of bending instability and whipping in the
current electrospinning set-up enabled the application
of a simplified theoretical model to the stable jet. The
magnitude of the electric field for each distance and
potential was calculated in a plane perpendicular to
the spinneret and collector direction. The electric field
generated is the negative gradient of the electric poten-
tial, given by the following equation:

E
!¼ �rV ; ð1Þ
Figure 2. Electrospun fibers from CP2 at varying distances from jet to
the collector: (a) 5 cm, (b) 10 cm, (c) 15 cm, and (d) 20 cm. Applied
voltage ±10 kV.
where E is the electric field and V is the electric potential,
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where the charge density, q, given by:

q ¼ �10; 000 e0

Z L=2

�L=2

dx=ðx2 þ r02Þ1=2

,
ð4Þ

is calculated based upon the required charge to bring
the potential on the spinneret and counter-electrode
to the operating voltage of ±10 kV. In these equations
D is the distance between electrodes, L is the
electrode length, r’ is the electrode radius, and
eo ¼ 8:8541878176� 10�12 C2

J �m is the permittivity of free
space.

Assuming that the charge q0 on a droplet of polymer
is that required to bring the surface potential to the
operating voltage then defines all parameters needed to
calculate the electrostatic force throughout the interac-
tion region:

~A ¼
~F
m
¼ q0

~E
m

: ð5Þ

In addition to the electrostatic forces, polymer kinet-
ics are depend upon drag and the surface tension of the
polymer as it exits the spinneret [10]. In the simplified
system these effects have been modeled as additional
forces on the polymer droplet. Drag is modeled as a
force proportional to the square of the velocity of the
Figure 3. Equipotential lines calculated for the experimental set-up
with electrode spacing of (a) 5 cm, (b) 10 cm, (c) 15 cm, and (d) 20 cm.



Figure 4. (a) Video imaging depicting a take-off angle of �15�. The
distance Xo is �1–2 cm. (b) Calculated electrospinning trajectories for
electrode spacings of 5, 10, 15, and 20 cm. (c) Set-up with the auxiliary
electrode positioned offset from the counter-electrode. (d) Predicted
trajectory path for an offset auxiliary electrode positioned �15 cm
from the counter-electrode.
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droplet in the opposite direction to the velocity, while
surface tension is modeled as a force inversely propor-
tional to the cube of the distance between the spinneret
and the droplet along the vector from the droplet to the
spinneret. The kinetics of the polymer during electros-
pinning are modeled as

~A ¼ 1
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r

d3

~x
jdj
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with the effective mass (m), drag (l), and surface tension
(r) for a particular polymer system taken as fitting
parameters to match the experimental results. These
parameters can be determined from a single controlled
experiment and the results used to predict the behavior
of modified experimental configurations in order to
tailor the electrospinning process for a particular
application.

The equipotential lines for applied voltages of
±10 kV, as calculated from Eq. (3), are illustrated in
Figure 3. The plots are made along the symmetry line
between the two electrodes, with the spinneret tip at
(0,0) and the auxiliary electrode at (d,0) for d = 5, 10,
15, and 20 cm. Each contour line represents a 200 V
increment with absolute zero being at the midpoint of
the x-axis. The electric field, and thereby the electro-
static force, at every location is perpendicular to the
plotted equipotential lines with the field magnitude
being inversely proportional to the line spacing.

In calculating particle trajectories from Eq. (6), an
initial position of the polymer droplet is required. Video
evidence [12] (Fig. 4a) shows that stable flow of the poly-
mer does not initiate until the polymer has progressed
�1 cm from the spinneret, at which point the take-off
angle of the polymer with respect to the spinneret axis
is of the order of 15�. The trajectory of a polymer drop-
let calculated using these initial conditions is shown in
Figure 4b for electrode spacings of 5, 10, 15, and
20 cm. The trajectory profiles and transit times are in
excellent agreement with experimental results for all
electrode spacings. In addition, the terminal y position
for each spacing correlates well with the experimentally
determined mat widths shown in Figure 2. The model
was also applied to the set-up corresponding to an offset
auxiliary electrode as illustrated in Figure 4c [12]. The
results illustrated in Figure 4d show that the model fol-
lows the path of the trajectory very closely, further val-
idating its predictive potential.

The experimental set-up used in this study incorpo-
rates an auxiliary electrode that eliminates the bending
instability and whipping associated with the electrospin-
ning process, thereby allowing a stable jet trajectory to
be modeled. Preliminary validation of the model
presented here with experimental evidence suggests a
predictive capability for electrospun fiber distribution.
Such an analytic tool will be critical for process optimi-
zation and tailoring to obtain fiber mats with controlled
porosity designed for specific applications where poros-
ity is a critical property of interest.

The authors thank Paul Bagby of NASA Langley
Research Center for imaging the mats.

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.scriptamat.
2008.09.035.
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