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ABSTRACT: Although the extreme miniaturization of
components in integrated circuits and biochemical chips has
driven the development of various nanofabrication technolo-
gies, the 3D fabrication of nanoscale objects is still in its
infancy. Here we propose a novel method to fabricate a free-
standing nanowall by the precise, repetitive deposition of
electrospun polymer nanofibers. We show that the electrified
nanojet, which tends to become unstable when traveling in air
because of coulombic repulsion, can be stably focused onto the
microline of a metal electrode. On the conducting line, the
polymer nanojet is spontaneously stacked successively to form
a wall-like structure. We rationalize the length of the wall by balancing the tension in the polymer fiber with the electrostatic
interaction of the fiber with the metal ground. We also show that the length of a nanowall can be controlled by translating the
substrate. This novel 3D printing scheme can be applied to the development of various 3D nanoscale objects including
bioscaffolds, nanofilters, nanorobots, and nanoelectrodes.

■ INTRODUCTION
The fabrication of 3D objects through the direct deposition of
functional materials has been a subject of intense study in the
area of macroscale manufacturing for several decades.1 So-
called 3D printing is reaching a stage where the desired
products can be made independently of the complexity of their
shapes, thus drawing a great amount of attention as a promising
manufacturing technology that is fast, less wasteful, and
economically viable.2 Applying such a concept to nano-
fabrication technology can bring about similar advantages. In
addition, prepatterned nanostructures or microstructures can
be used as substrates, and thus unprecedented manufacturing
flexibility, functionality, and complexity can be realized on the
nanoscale.
Examples of direct deposition processes on the nanoscale

include dip-pen nanolithography (DPN), which draws a
collection of molecules into lines with widths of tens of
nanometers,3 and inkjet printing, which deposits discrete
droplets with diameters in the micrometer range.4 However,
their capability of producing 3D nanoscale objects has not been
demonstrated yet. DPN needs extreme accuracy in alignment
to deposit molecules on top of their predeposit. Also, it is very
hard to control the meniscus shape and the diffusion rate of
target molecules contained in the limited volume of solvent
because the solvent tends to evaporate and spread over the
substrate rather than stack on itself. The deposition of inks that
are injected through nozzles of tens of micrometers of diameter
and then solidified has been successfully used to create a variety
of submillimetric devices,5,6 but a size limitation exists that
prevents the fabrication of nanoscale objects.
Electrojetting is an attractive and viable process to deposit

nanoscale objects, which uses nanofibers emitted from a liquid

droplet under a strong electrical field.7 Major difficulties of
utilizing electrojetting for nanofabrication come from the
intrinsic instability of electrified nanojets experiencing mutual
coulombic repulsion.8 Chaotic piles of nanofibers were used for
3D fabrication in which the feature sizes ranged from the order
of 0.1 to 1 mm.9,10 Although there were attempts to collect
individual nanofibers by placing the substrate near the source of
the nanojet before the instability sets in11 or using collectors
with a very fine gap over which nanofibers were suspended,12

the objects made through these methods are only 2D. Three-
dimensional meshes were built by individual electrospun fibers
produced by melt electrospinnig,13 but the constituent fiber’s
diameter was a few micrometers because the melt viscosity
needed to be high enough to slow the jet velocity. It was shown
that a nanoscale electrojet can coil to form free-standing pottery
because the jet is focused onto a sharp electrode tip, but this
method is limited to fabricating hollow cylindrical structures.14

Here, we present a novel method to create 3D nanostruc-
tures using nanofibers produced by electrospinning. To control
the whipping instability of the electrical nanojets, we use a
conducting microline on an insulating plate as a ground that
focuses the electrical field. To stack the fibers in a controlled
fashion, we manipulate the fiber deposit into attracting the
incoming nanojets rather than repelling them by draining the
electrical charge quickly. Then we get a nanowall that lines the
ground, implying that various free-standing structures can be
created by patterning the microscale ground lines in a desired
shape. In the following section, we detail the processing
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conditions used to realize this novel fabrication scheme and
report the observations of the resulting nanostructures. Also,
we elucidate the fundamental electromechanical mechanism
that enables the spontaneous stacking of a nanofiber onto itself
to provide a physical basis behind this novel nanofabrication
process.

■ EXPERIMENTAL SECTION
Figure 1 shows the experimental apparatus consisting of a syringe
pump that supplies a 10 wt % aqueous polymer solution of

poly(ethylene oxide) (PEO, viscosity-average molecular weight 300
000 g/mol) to a metal capillary of 100 μm inner diameter, a glass
ground plate situated 3 mm from the drop hanging from a capillary, a
high-voltage source, and a high-speed camera. Any polymer solution
whose fiber evaporates fast enough to prevent its deposit from
reflowing can be used for this process. The flow rate of the polymer
solution through the capillary is set to be approximately 5 μL/h, and
the nanojet starts to be emitted with a speed of about 50 mm/s from a
drop of 200 μm diameter at an electrical field strength of 1.2 kV/mm.
Once the jet is issued, the electrical field is reduced to 0.5 kV/mm to
decrease the jet speed to below 40 mm/s. When a metal plate is used
as a ground, the resulting deposit is a chaotic pile of nanothreads as
shown in Figure 2a. This is due to the instability of the electrical jet
typical of the system employing a conducting ground plate that tends
to spread out the electrical field lines as illustrated in Figure 2b. To
focus the jet, we deposit a platinum line of 20 μm width on the glass
plate by the sputtering and lift-off process. The microscopic ground
effectively focuses the electrical field as shown in Figure 2c and
consequently the electrical jet.

■ RESULTS AND DISCUSSION

Fabrication of Nanowalls on a Stationary Substrate.
We first present the results of depositing nanofibers on a
stationary, straight-line platinum ground. Figure 3a,b shows the
dynamic behavior of a nanojet impinging on a straight platinum
line. The high voltage on the drop and consequently the high-
density surface charges on the drop and nanofibers induce the
opposite charges on the adjacent ground plate. The induced
charges tend to gather on the conducting metal line rather than
on the insulating glass plate. Therefore, the nanojet is strongly
attracted to the metal line. Once impinging on the ground, the
nanojet bends to touch the oppositely charged metal line,
thereby forming a nanoline. When the angle between the line
vertical to the plate and the bent jet, α, reaches a limit, αm, the
jet turns as shown in Figure 3b. The nanothread loses its
charges as it contacts the metal ground and then attains a
charge of the opposite polarity to attract the following nanojet.
Then the nanojet is piled precisely on top of the predeposited
nanothread until it reverses its direction at α = −αm. This
process is repeated, the consequence being a free-standing
nanowall consisting of the precisely stacked nanothreads as
shown in Figure 3c. We used a nanojet of 180 nm diameter and
30 mm/s velocity to construct the 4.5-μm-tall, 220-μm-long
nanowall in Figure 3c. The oscillation frequency of the nanojet
was 68 Hz, implying that it took 0.18 s to stack 25 lines.
Observing the ends of the nanowall (Figure 3d) reveals that

the nanojet forms a racket as it turns at α = ±αm. Although the
jet first deviates from the xy plane (indicated in Figure 3b) at
αm, it is pushed back to the xy plane owing to the electrostatic
focusing effect that increases with the deviation distance from
the xy plane. As illustrated in Figure 3e, the jet in Figure 3d first
rotates clockwise because of a small perturbation but soon
bends counterclockwise to make a full circle as a result of the
electrostatic focusing effect.

Estimation of Nanowall Length. To estimate the
maximum angle that the nanojet can form with respect to the
vertical before turning, which determines the length of the
spontaneously formed nanowall, we consider the torques acting
on the curved segment of the jet near the substrate (Figure 3b).
As the jet angle α increases, the horizontal component of the
tension T in the jet arising from the electrostatic attraction from
the ground line, Th = T sin α, increases. This horizontal force
component makes the jet prone to rotation because of a small
perturbation from the xy plane, designated as δ in Figure 3b, so
that the jet could turn back. The tendency to deviate from the
xy plane is suppressed by the strong focusing effects of the
narrow metal line for small α. However, as α increases, the
torque induced by the horizontal force, Thδ, increases. As soon
as this destabilizing torque overcomes the stabilizing torque, the
jet turns.

Figure 1. Schematic of the experimental apparatus.

Figure 2. Effects of the electric field distribution on the deposition of a nanofiber. (a) Chaotic pile of nanothreads on a platinum plate ground.
Schematics of electric field distribution on (b) a plate ground and (c) a line ground on an insulating plate.
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The stabilizing torque is scaled as FeR with the lateral
electrostatic focusing force of Fe ≈ 2πqrREt, where q, r, and R
are the surface charge density, the radius of the jet, and the
radius of curvature of the nanojet near the impinging point,
respectively. Et, the transverse electric field (in the z direction in
Figure 3b) established near the substrate as a result of the finite
width of the metal line, depends on δ and the vertical electrical
field intensity. The symbol “≈” signifies “is scaled as”. Utilizing
the electrical field distribution around a finite line charge,15 the
transverse and vertical electric fields near the substrate can be
approximated as Et ≈ Qδ/w3 and Ev ≈ Q/(wR), respectively.
Here, Q is the charge on the conducting line, and w is half of
the line width. Ev can be estimated using the vertical electrical
field between the drop and the ground, E, so that Ev ≈ E ≈ V/

L, where V is the voltage applied at the drop and L is the
distance between the drop and the ground. Et is related to E as
Et ≈ ERδ/w2. The surface charge density of a conducting object
charged by external electrical field E, q0, is given by q0 ≈ ε0E,
where ε0 is the vacuum permittivity.16 However, for a nanojet
emitted from a macroscale drop, the surface charge density q is
known to be approximately 2 orders of magnitude higher than
q0.

17,18 This is because the electrical field intensity is locally
magnified where the drop is stretched severely to issue a jet so
that the bulk conduction decreases while the surface convection
increases.18,19 Thus, we write q ≈ aε0E, with a being the
magnification factor of the surface charge, a ≈ 101−102.
Balancing the two torques, Thδ and FeR, in opposite directions
gives sin αm ≈ 2πaε0rE

2R3/(w2T).

Figure 3. Nanowall built on a stationary metal line. (a) High-speed sequential images of a nanojet constructing a nanowall through spontaneous
oscillation and stacking. (b) Illustration of the deposition of a nanofiber to yield a free-standing nanowall. (c) Schematic of a nanojet that is about to
turn because of lateral perturbation that cannot be stabilized as the bending angle α reaches αm. (d) SEM (scanning electron microscopy) images of
the free-standing nanowall. (e) SEM image of the end of the nanowall that resembles a racket. (f) Trajectory of the jet-impinging point during a turn.

Figure 4. Long nanowall built on a translating metal line. (a) High-speed sequential images of a nanojet constructing a 1-mm-long nanowall. (b)
Tilted view of the nanowall. Local peaks appear at the ends because the substrate needs to stop to reverse its direction. (c) Top view verifying that
the nanowall stands vertical to the metal line. (d) Magnified tilted view of the nanowall showing that 98 nanothreads of 180 nm diameter have been
stacked precisely on top of the predeposited thread.
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The tension of the jet, which is effectively a solid by the time
it impinges on the target as a result of the evaporation of the
solvent during flight,14 is directly related to the curvature of the
jet bent near the substrate. It is determined by a balance
between the torque due to the electrostatic tension TR cos αm
and the elastic torque YI/R, where Y is Young’s modulus of the
fiber and I is the area moment of inertia (I = r4/12).14 Thus, we
get T ≈ YI/(R2 cos αm), which yields the maximum jet bending
angle αm as tan αm ≈ 24πaε0E

2R5/(Yr3w2).
The magnification factor of the surface charge, a, for the

nanojet can be estimated from the results of the experiments
that used the same type of nanojet as used in this work. Kim et
al.14 showed that a nanojet of PEO solution under the same
voltage condition impinging on a sharp ground tip, rather than
the electrode line as used here, coils to form a hollow
cylindrical structure (i.e., nanopottery). The coil radius, Rc, was
shown to be scaled as Rc ≈ 0.21[Y/(24πε0E

2)]1/3r, where the
proportionality constant 0.21 was experimentally determined.
By introducing the factor a into the model, we get Rc ≈ k[Y/
(24πaε0E

2)]1/3r, where a = 106 makes the proportionality
constant k unity. Therefore, we see that the magnification factor
a of our system lies in the same range as previously
predicted.17,18

Because the radius of curvature of the nanofiber as it
impinges on the ground line, R, and the radius of the pottery,
Rc, are determined by the same torque balance, we get R ≈ Rc,
which finally gives the scaling law for the maximum jet bending
angle, αm:

α
π ε

≈
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2/3 2

2
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This implies that a longer nanowall is obtained as the jet gets
thicker and stiffer (large r and Y) and the electrical field gets
weaker and the ground line becomes narrower. Using the
experimental conditions E = 5 × 105 V/m, Y = 0.4 GPa,14 r =
100 nm, and w = 10 μm, we get αm ≈ 5°. This value is of the
same order of magnitude as our experimental measurement, αm
= tan−1(l/L) = 2° with L = 3 mm and half of the wall length
being l = 0.11 mm. The actual jet bends more as it approaches
the substrate because of the electrostatic forces, just as a
catenary in the gravitational field,20 implying an increased value
of αm compared to tan−1(l/L) = 2°.
Fabrication of Nanowalls on a Moving Substrate. The

range of wall length that can be achieved by the spontaneous
piling and turning of nanothreads is rather limited. Thus, in this
section we employ the motion of the substrate to control the
length of nanowalls. Figure 4a shows the time sequence of
nanowall construction by translating the substrate in the
direction of the metal line with a stroke of 1 mm. The speed of
the substrate must be set approximately equal to the incoming
speed of the jet so that the angle between the jet and the
substrate can be maintained at approximately 90°. If the
substrate speed is less than that of the jet, then the jet oscillates
as if it were being deposited on the foregoing stationary
substrate. Thus, multiple layers of different lengths are
deposited when the substrate travels once from one end to
the other. For a substrate speed greater than that of the jet, the
jet is severely stretched as the impinging point moves away
from the center line. Then the jet can either be cut or turn
before the substrate makes a full stroke. Figure 4b−d shows
SEM images of the 1-mm-long nanowalls built by translating
the substrate at 40 mm/s, which matches the speed of the jet.

Figure 4a,b shows that the wall height exhibits a local peak at
the ends where the substrate speed becomes zero as the
translational direction is reversed. The jet turns locally as if it
were impinging on a stationary plate in this region, thereby
forming thick shoulders. The ratio of the length of the wall
shown in Figure 4b (1 mm) to the thickness (180 nm) is 5.6 ×
103, and that of the height to the thickness is approximately
100. We succeeded in stacking up to 300 nanothreads vertically
using the reciprocating linear stage. The stability of the
nanowall, or the maximum height of the nanowall achievable
via the current process, increases with the increase in wall
length owing to a longer time for charge release and the
decrease in the metal line width owing to increased field-
focusing effects.

■ CONCLUSIONS

We have shown that nanoscale 3D objects such as free-standing
nanowalls can be constructed as an electrospun polymer
solution jet is focused onto a thin metal electrode line. Even
without the motion of the substrate, nanojets are spontaneously
laid down and piled to yield nanowalls. A scaling law that
captures the essential physics behind the turning of a nanofiber
allows us to estimate the length of the nanowall and also to
think about controlling the wall geometry using experimental
parameters. This current process needs only a power supply
and a linear stage to build free-standing nanowalls after drawing
metal microlines, all of which can be conducted under normal
laboratory conditions. Therefore, it has a significant economic
advantage as compared to conventional nanomanufacturing
processes used to build nanowalls such as DRIE (deep reactive
ion etching). In particular, the current scheme of repeatedly
stacking fibers on a conducting line is suited for fabricating
nanoelectrodes consisting of straight walls6 and nanochannel
FETs (field effect transistors) utilizing insulating nanowalls as
gaps in metal patterns.21

Furthermore, combining the motion of the substrate and the
prepatterning of microscale electrodes has the potential to build
nanostructures of complicated shapes. Challenges to overcome
in the future to attain this end include enabling the nanofiber to
turn sharp corners of prepatterned ground lines.22,23 Although
simply lowering the jet speed can enable the fiber to follow
complicated pattern shapes as demonstrated with microscale
fibers by Brown et al.,13 more sophisticated methods of
manipulating electrical field lines, such as electrostatic or
magnetic deflectors that were used for cathode ray tubes24 and
quadrupole ion traps for mass spectrometry,25 have the
potential to realize the rapid 3D printing of complicated
shapes, which can be used for bioscaffolds, nanofilters, and
nanorobots.
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