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A continuous near-field electrospinning (NFES) process has been developed to deposit solid
nanofibers with orderly patterns over large areas. Before the onset of electrospinning, a bias voltage
is applied to a semispherical shaped polymer droplet outside of a syringe needle, and a probe tip
mechanically draws a single fiber from the droplet to initiate continuous NFES. Contrary to the
conventional electrospinning process, we show that decreasing electrical field in continuous NFES
results in smaller linewidth deposition, and nanofibers can be assembled into controlled complex
patterns such as circular shapes and grid arrays on large and flat areas. © 2008 American Institute

of Physics. [DOI: 10.1063/1.2975834]

Conventional electrospinning processes producing ran-
domly deposited nanofibers have been used in various appli-
cations  including filtration,' texturing,2 composite
reinforcement,™* and tissue scaffolds.” The disorderly fash-
ion of such deposited nanofibers, however, has limited its full
potential. For example, well-controlled architectures, rather
than random configurations, could give rise to improvements
in the aforementioned examples as well as other applications.
Several groups in recent years have been developing orderly
electrospinning processes using dynamic mechanical devices
to improve the alignment and placement of electrospun
nanofibers, including the use of a wheel-like reel, which has
been shown to position and align individual polymer nano-
fibers into parallel arrays.6_8 However, highly aligned nano-
fibers in a large and flat area are difficult to achieve using
this method. Manipulation of electrical field has been ex-
ploited as well, including the use of an electrostatic lens
element and collection target of opposite polarity, which has
been implemented to dampen bending instability and control
deposition,9 aligned yarns of nylon-6 nanofibers, which have
been collected by rapidly oscillating a grounded frame
within the jet,lo the use of a metal frame as the collector,
which can also generate parallel arrays of polyamide
nanofibers,'' and the use of electrostatic forces guiding fibers
across voids in the collector.'”!® The combination of dy-
namic mechanical devices and manipulation of electrical
field can fabricate better aligned nanofiber patterns as paral-
lel arrays and grids.l4’15 However, these methods do not have
good control on the pitch width and cannot make complex
patterns such as circles. Buckling phenomena have also been
studied in which electrically charged jets impinge onto col-
lectors moving laterally at a constant velocity to produce
buckling patterns with limited controllability.16 On the other
hand, electrospinning using short needle-to-collector dis-
tance, including scanning tip e]ectrospinning17 and near-field
electrospinning18 (NFES), has shown easier and more pre-
dictable location control for the deposition of nanofibers.
However, the polymer droplet approach in these processes
limits the total length of nanofiber deposition, and fiber
thickness is inevitably nonuniform because the polymer
droplet is consumed during the process. Herein, we propose
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and demonstrate the principle and methodology of continu-
ous NFES, which benefits from the continuity of conven-
tional electrospinning and the superior location control of
NFES to produce orderly nanofiber patterns over large areas.

In the conventional electrospinning process, the applied
electrical field generates sufficient electrostatic forces to de-
form the polgmer meniscus into a conical shape called a
Taylor cone."” A critical electrical field at which electrostatic
forces overcome the surface tension forces is reqluired to in-
duce a polymer jet from the tip of Taylor cone. ’ Typically
the critical electrical field of conventional electrospinning
process is on the order of 10° V/ m.” In our experimental
demonstration, 7 wt % polyethylene oxide (PEO) (M,
=300 000) aqueous solution is used under room temperature
and 1 atm of pressure. The needle-to-collector distance is
fixed at 500 wm and a syringe needle with 200 wm outer
diameter and 100 wm inner diameter is utilized as the spin-
neret to continuously supply polymer solution. Figure 1(a)
shows that the applied voltage on the syringe needle reaches
a critical value of 1.5 kV for jet initiation and the cone has a
semivertical angle of around 49°. The corresponding critical
electrical field (3X10° V/m) is one order of magnitude
larger than that of conventional electrospinning because the
surface tension of the droplet increases as syringe needle
diameter decreases. The polymer jet below the tip of the
cone is about 25 wm in diameter, similar to that of the con-
ventional electrospinning process in which the needle-to-
collector distance is about 5-50 cm. However, since the
needle-to-collector distance is only 500 wm in the near-field
setup, the solvent in the polymer jet does not have enough
time to fully evaporate. As a result, as-spun fibers are
3-6 wum in diameter and remain in liquid form shortly after
deposition as shown in Fig. 1(b). Oftentimes, consequent fi-
bers will merge with those that have just deposited onto the
collector.

In order to have electrospun nanofibers with diameter in
the sub-100 nm range, the applied electrical field for conven-
tional electrospinning can be increased to cause greater
stretching of the polymer solution. However, the controlla-
bility of nanofiber deposition is severely affected by bending
instability.21 The key strategy for producing sub-100 nm
nanofibers via NFES, on the other hand, is to reduce the size
of the polymer jet emerging from the cone by reducing the
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FIG. 1. (Color online) (a) The syringe needle (r=100 wm), droplet, and
cone (a=49°) of conventional electrospinning in near-field setup where ap-
plied voltage is 1.5 kV and needle-to-collector distance is 500 um. The
white dashed curve represents the fluid surface just before jet initiation and
the cone part is the fluid surface right at jet initiation. (b) The as-spun fibers
from (a). (c) A tungsten probe tip poking inside the polymer meniscus. (d)
Mechanical drawing of a fiber from polymer droplet. (e) The electrospinning
process is initiated. (f) The polymer jet automatically moves downward due
to the applied electrical field. (g) The syringe needle (r=100 wm), droplet,
and cone (a=75°) of continuous NFES. The process is initiated with the aid
of a probe tip at a voltage of 600 V while the needle-to-collector distance is
500 wm. (h) The as-spun fibers from (g).

applied electrical field below the critical value. Theoretically,
this can be accomplished by simultaneously reducing the ap-
plied voltage and polymer solution supply rate after the on
set of electrospinning is achieved [Fig. 1(a)]. Practically, this
is very difficult to control as a high supply rate would result
in excess polymer plummeting to the collector, disrupting the
delicate electrospinning process, while a low supply rate
would cause the pendant droplet to shrink quickly and termi-
nate the electrospinning process. To circumvent the limita-
tions of these approaches, we have developed a simple and
reliable technique to achieve continuous NFES by means of
an initial mechanical drawing process that aids electrical
force in overcoming surface tension to initiate the ejection of
a polymer jet. This process starts by applying a subcritical
voltage to deform the polymer meniscus without inducing
electrospinning. Mechanical drawing is applied by using a
tungsten probe with 1 wm tip diameter to poke inside the
meniscus. The probe is then rapidly pulled away from the
polymer droplet to activate the continuous electrospinning
process as illustrated in Figs. 1(c)-1(e). The initial location
of the probe tip is not crucial since the polymer jet will
automatically move downward and align to the applied elec-
trical field as shown in Figs. 1(e) and 1(f). Instead of me-
chanical drawing, the subcritical voltage is the key control
parameter in deciding the size of deposited nanofibers as
evidenced in Fig. 1(d) where the fiber jet is relatively thick
during the mechanical drawing process while Figs. 1(e) and
1(f) show thinner fiber jet after the mechanical probe is re-
moved. In this case as shown in Fig. 1(g), the applied voltage
is 600 V, corresponding to an electrical field of 1.2
X 10% V/m, and the polymer jet diameter immediately out-
side of the cone is about 3 um, and the deposited nanofibers
on the collector have diameters of about 50 nm as shown in
Fig. 1(h). The semivertical angle of the cone is 75°. A poly-
mer feed rate of about 0.1 uL/h can maintain the droplet
shape for continuous and uniform deposition of nanofibers.
With the aid of this initial mechanical drawing process, con-
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FIG. 2. (Color online) (a) The three-character Cal is drawn on a silicon chip
by a programmable x-y stage. (b) A single nanofiber deposited on a silicon
chip in a designed trajectory covers a 4 X4 cm? area in 15 min via continu-
ous NFES. The background is a US quarter. (c) A grid pattern with con-
trolled 50 wm spacing from an area highlighted by the red box in (b). (d) A
triangular pattern from an area highlighted by the green box in (b).

tinuous supply of polymer solution is maintained for NFES
while the size of polymer jet emerging from the cone is
drastically reduced to achieve sub-100 nm deposition of
nanofibers. Moreover, this approach avoids the cumbersome
issue of consistently extruding a polymer droplet of the same
size through a syringe needle of small diameter.

To demonstrate the controllability and continuity of this
process, variety of orderly patterns are deposited onto silicon
collectors using a programmable x-y stage (Newport, Inc.).
Experimentally, the syringe needle is fixed while the stage
translates at a speed of 120 mm/s. Figure 2(a) shows the
smooth writing of “Cal” in an area of 1 X 0.5 mm? where the
diameter of the fiber is 150 nm. The smoothness of the pat-
tern was achieved by setting the translational speed of the
stage as close as possible to the deposition rate. A slow trans-
lational speed would cause the nanofiber to form spiraling
patterns as shown in the region preceding the script “C” in
Fig. 2(a), while a high translational speed would not afford
the nanofiber enough time to anchor itself at all points on the
intended pattern. A circular design, for instance, would ap-
pear as a polygonal nanofiber pattern. Additionally, the size
of the pattern in Fig. 2(a) does not represent the smallest
design that can be drawn using continuous NFES. Since the
speed of the x-y stage must match the electrospinning depo-
sition rate for smoothness, this criteria must be met regard-
less of the intricacy of the pattern; however, smaller arc tra-
jectories demand extremely large radial acceleration, and the
extent to which this acceleration can be executed depends on
the capabilities of the x-y stage. Figure 2(b) illustrates ex-
perimental results of the continuous NFES of a single nanofi-
ber deposited on a silicon chip in a designed trajectory over
a4X4 cm? large area. The process can continue running as
long as polymer solution is supplied from the syringe needle.
In this case, the deposition period is 15 min for a total length
of 108 m and the nanofiber has a diameter of 709 = 131 nm.
The diameter and standard deviation are calculated based on
100 data points measured directly from scanning electron
microscopy (SEM). The optical image in Fig. 2(c) shows that
the nanofiber is deposited on the silicon chip with a fiber
pitch of 49.88+3.98 um (from 50 data points) while the
designed trajectory has a fiber pitch of 50 um. We believe
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FIG. 3. (Color online) Plots showing the dependence of nanofiber diameters
on various processing parameters. (a) Applied voltage. Other parameters are
maintained as the following: PEO concentration (7 wt %) and needle-to-
collector distance (500 pm). (b) Polymer concentration. Other parameters
are maintained as the following: applied voltage (500 V) and needle-to-
collector distance (1000 wm). (c) Needle-to-collector distance. Other pa-
rameters are maintained as the following: PEO concentration (7 wt %) and
applied voltage (800 V). All experiments are under room temperature and 1
atm pressure.

that this uneven spacing is mainly due to the oscillation of
the cone on the polymer droplet, which is caused by the
interference of the fiber charges with the electrical field, me-
chanical buckling during impact between polymer jet and
collector,'® and external perturbauions.21 Further investiga-
tion is required in order to minimize such errors on nanofiber
deposition. A triangular pattern is also deposited using the
same process, as shown in Fig. 2(d).

Similar to the conventional electrospinning process, the
diameter of nanofibers could be adjusted by controlling vari-
ous operating parameters. The following characterization of
fiber diameters and standard deviation are calculated based
on 50 data points measured directly from SEM in each ex-
periment. When the PEO concentration is 7 wt % and the
needle-to-collector distance is fixed at 500 um, the average
fiber diameter can be varied in the range of 38*4 to
2314+ 622 nm under different applied voltages as shown in
Fig. 3(a). The proportional relationship between the fiber di-
ameter and applied voltage confirms the previous observa-
tion that the cone size and polymer jet both increase with
applied electrical field. Therefore, higher voltage results in
thicker fibers in continuous NFES, which is contrary to the
trends observed in conventional electrospinning.zz*24 In the
conventional electrospinning process, higher bias voltages
imply stronger Columbic repulsion force in the polymer jet
to further stretch the nanofibers during the whipping process.
In the continuous NFES process, this effect is diminished
due to short needle-to-collector distance such that the initial
polymer jet diameter dominates the final nanofiber diameter
rather than bending instability.

The polymer concentration also affects the morphology
of the electrospun nanofibers. If the PEO solution concentra-
tion is lower than approximately 3 wt %, the continuous
NFES process cannot be activated due to its insufficient vis-
coelasticity. At such low polymer concentrations, the elonga-
tional viscosity is insufficient to suppress capillary breakup.
When the polymer concentration is increased nanofibers are
obtained due to an increase in viscosity. As shown in Fig.
3(b), the average fiber diameter can range from 37 *3 to
1196 nm by increasing the polymer concentration when
the needle-to-collector distance is fixed at 1000 wm under a
bias voltage of 500 V. The needle-to-collector distance is
another key factor that affects the diameters of deposited
nanofibers. As shown in Fig. 3(c), larger needle-to-collector
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distance results in thinner fibers due to a longer period of
stretching as polymer jets travel toward the collector. The
average fiber diameter ranges from 49*7 to 74*9 nm
when the applied voltage is 800 V and the concentration of
PEO solution is 7 wt %.

The concept and demonstration of continuous NFES
make possible applications that were difficult to achieve by
conventional electrospinning. We believe that the ability to
deposit polymeric materials at precise locations with specific
patterns can open up opportunities for cost-effective hetero-
geneous integration of a variety of materials. There are many
areas to be explored with the utilization of continuous NFES.
For example, continuous NFES has the potential to create
highly ordered and customized patterns through automated
processes to create scaffolds that are highly representative of
extracellular matrix. Using continuous NFES, nanofiber ar-
rays and grids can be manufactured over large areas and
controlled with precision on the same length scales at the
cellular level, enabling the development of cell culture sub-
strates that are vastly customizable. Such scaffolds could po-
tentially extend current tissue engineering techniques to de-
velop previously unachievable substrate types and increase
the viability of these tissues.
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