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†College of Optoelectronic Engineering, Chongqing University, Chongqing 400044, China
‡Department of Mechanical Engineering, University of California, Berkeley, California 94720, United States
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ABSTRACT: Electrospinning, a process that converts a solution
or melt droplet into an ejected jet under a high electric field, is a
well-established technique to produce one-dimensional (1D) fibers
or two-dimensional (2D) randomly arranged fibrous meshes.
Nevertheless, the direct electrospinning of fibers into controllable
three-dimensional (3D) architectures is still a nascent technology.
Here, we apply near-field electrospinning (NFES) to directly write
arbitrarily shaped 3D structures through consistent and spatially
controlled fiber-by-fiber stacking of polyvinylidene fluoride
(PVDF) fibers. An element central to the success of this 3D
electrospinning is the use of a printing paper placed on the
grounded conductive plate and acting as a fiber collector. Once deposited on the paper, residual solvents from near-field
electrospun fibers can infiltrate the paper substrate, enhancing the charge transfer between the deposited fibers and the ground
plate via the fibrous network within the paper. Such charge transfer grounds the deposited fibers and turns them into locally
fabricated electrical poles, which attract subsequent in-flight fibers to deposit in a self-aligned manner on top of each other. This
process enables the design and controlled fabrication of electrospun 3D structures such as grids, walls, hollow cylinders, and
other 3D logos. As such, this technique has the potential to advance the existing electrospinning technologies in constructing 3D
structures for biomedical, microelectronics, and MEMS/NMES applications.

KEYWORDS: 3D electrospinning, 3D micro-/nanofabrications, direct-write, self-alignment, near-field electrospinning

1. INTRODUCTION

Electrospinning, a technique that enables the production of
continuous micro-/nanoscale fibers from solutions or melts
under a high electric field, has come a long way since its
invention in 1934.1 In recent decades, the electrospinning
process has attracted growing interest, triggered by the myriad
potential applications of nanofibers in nanotechnology.2,3

Electrospinning makes possible the construction of long and
continuous polymeric,4,5 ceramic,6,7 and composite8−10 fibers,
thereby enabling their broad applications in tissue engineer-
ing,11 medicine,12 filtrations,13 sensing,14 field effect transis-
tors,15,16 transparent electrodes,17 lithium-ion batteries,18

supercapacitors,19 and nanogenerators,20 to name a few. In
the biological field, for instance, electrospun fibers can be used
to construct tissue engineering scaffolds, given their fibrous and
porous structures, which closely mimic the morphological
properties of the native extracellular matrix.11 That being said, a
desirable tissue scaffold is required to be a 3D mesoporous
structure to sustain, guide, and facilitate the growth of desired
functional tissues.21,22 However, due to the bending insta-
bilities23 that are inherent to the electrospinning process, the
final forms of electrospun fibers are generally collected as 2D
randomly arranged meshes,24,25 which inevitably restricts
existing applications of electrospun fibers and the development
of new applications.

Several methods for out-of-plane deposition of electrospun
structures have been demonstrated in recent years. Among
these methods, the technique of melt electrospinning can
reduce the influence of bending instability, with improved
control over fibers deposition, making it possible to deposit
fibers in a layer-by-layer manner for producing 3D fibrous
scaffolds.21,26−30 Nevertheless, since melt electrospinning is
based solely on simple repetitive stacking of fibers, the
consistent fiber-by-fiber stacking for precise 3D construction
is still difficult due to the lack of a precise spatial control
mechanism over the alignment and stacking of electrospun
fibers.31,32 Furthermore, due to the higher viscosity and lower
conductivity, melt-electrospun fibers generally tend to have
much larger diameter than solution-electrospun fibers, limiting
the further improvement of this technique in terms of
resolution. Another methodology utilizes the technique of
prefabricated ground collector to produce 3D electrospun
architectures, such as tube-shaped structures through coiling
fibers on top of a sharp conductive tip33 and free-standing walls
deposited on a prepatterned ground electrode.34 Through
manipulating electric field and electric forces with modification
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and prepatterning of the grounded collectors, these methods
are capable of guiding the accurate deposition of electrospun
fibers to produce rudimentary, ordered 3D structures.
However, each of these techniques can only produce a specific
3D structure (i.e., hollow cylinder33 or nanowall34) defined by
the form of the prefabricated collector, therefore severely
limiting the versatility of electrospinning as a viable additive 3D
fabrication technique.
Here, we report a novel direct-write 3D electrospinning

technique to construct arbitrarily shaped 3D structures in a
continuous, self-aligned, fiber-by-fiber, and template-free
manner. This technique is built upon the successful near-field
electrospinning (NFES) technique.35,36 To electrospin fibers at
precise locations in a controlled manner, NFES is utilized due
to its capacity of direct writing arbitrary 2D patterns. To stack
the fibers in a consistent fiber-by-fiber manner, we turned the
deposited fibers into locally fabricated “ground” to attract the
subsequent fibers by using printing paper as the collector.
Then, along with the predesigned path motion by a
translational motion stage, controllable design and fabrication
of electrospun 3D structures can be achieved. Compared with
the “melt electrospinning” and “pre-fabricated ground
collector” methods, this technique is more versatile, straightfor-
ward, and controllable for the precise fabrication of 3D
electrospun structures.

2. EXPERIMENTAL SECTION
2.1. Materials. A 21 wt % PVDF (Mw = 534 000) solution was

used at room temperature and 1 atm pressure with dimethyl sulfoxide
(DMSO) and acetone as solvents, and Capstone FS-66 as an anionic
surfactant unless otherwise specified. The chemicals were purchased

from Sigma-Aldrich (United States) without further purification or
modification.

2.2. Electrospinning. PVDF in powder form (2 g) was dispersed
with 3 g of acetone for 30 min using a magnetic stirrer (Cimarec
Digital Stirring Hot plates, Thermo Scientific, USA), and then 7 g of
DMSO and 0.5 g of Capstone FS-66 were added into the PVDF-
acetone suspension; the mixture was stirred for at least 1 h to reach a
good homogeneity. A programmable x-y translational motion stage
(Newport, Inc.) and a z-axis manual linear stage (Newport, Inc.) were
combined as the 3-axis motion platform. A heavily doped silicon wafer
was used as the ground plate, and a 5 cm × 5 cm printing paper
(BOISE ASPEN 30, 20 lb) was used as the collector. A silicon wafer,
an aluminum foil (REY 620, Reynolds, 12″ × 500 ft), and a Parafilm M
(BEMIS, 01852-AB, 4″ × 250 ft) were used as reference collectors.
The typical electrospinning parameters, including voltage, speed of
motion stage, and spinneret-to-collector distance, were 1.0−1.8 kV,
10−90 mm/s, and 500−1000 μm, respectively corresponding to
different patterns and collectors.

2.3. Structural Characterization. These electrospun 3D
structures were sputter coated with gold (10 nm) using a Hummer
Sputtering System (Anatech, USA) for SEM observations in a LEO
1550 Scanning Electron Microscope (LEO, Germany) or a FEI/
Philips XL-30 Field Emission ESEM (FEI, Netherlands).

2.4. Electrical Measurement. An electrochemical workstation
(Reference 600, Gamry Instruments, USA) was used for the transient
electrical current measurements. Electrically conductive aluminum
tapes (3M, 3302) were used as the electrodes.

3. RESULTS AND DISCUSSION
Figure 1a illustrates the direct-write 3D electrospinning
technique, which builds on NFES. The spinneret-to-collector
distance ranges from 500 μm to 2 mm, allowing deposition of
fibers from the stable region of the ejected polymer jet to
obtain positional accuracy. A programmable x−y translational

Figure 1. (a) Schematic setup of the 3D electrospinning process and a close-up schematic of stacked fibers. (b) SEM image of a 10-layer, 3D grid
structure constructed on a paper substrate, with the following electrospinning parameters: spinneret size of 30 G, applied voltage at 1.5 kV, motion
speed of 25 mm/s, and initial spinneret-to-collector distance of 1 mm. (c) SEM image showing the crossover area of the grid. (d) An optical photo
showing a whole grid structure held by a tweezer after being physically detached from the paper substrate.
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motion stage is used to repetitively deposit fibers, and a z-axis
manual linear stage is used to adjust the spinneret-to-fiber
distance. Instead of using a conventional conductive collector, a
printing paper is placed on top of the grounded conductive
plate to act as fibers collector. Upon landing on the collector,
fibers electrospun using the NFES process generally remain wet
due to the short spinneret-to-collector distance, which prevents
the complete evaporation of solvent.21,36 With the infiltration of
residual solvent into the paper substrate, the local resistance of
the paper in the vicinity of the deposited fiber can decrease
dramatically, enhancing the electrical charge transfer between
the deposited fibers and the conductive ground plate via the
fibrous network within the paper (inset in Figure 1a). Such
charge transfer grounds the locally deposited fibers and renders
them the preferential sites for the deposition of subsequent
fibers. Driven by this set of electrostatic force, the electrospun
fibers can therefore be deposited in a self-aligned, consistent
fiber-by-fiber manner to form arbitrarily shaped 3D structures
with thin walls (Figure 1a).
Experimentally, poly(vinylidene fluoride) (PVDF) solution

was used as the fiber source in the 3D electrospinning process.
As a general observation, polymers that can be electrospun
successfully for 3D construction have to solidify rapidly after
deposition to attain a certain level of structural integrity.
Otherwise, as-deposited fibers may go through undesirable
processes such as reflowing, deforming, and/or fusing with
other fibers. Figure 1b shows the scanning electron microscopy
(SEM) image of a 3D grid structure made up of stacked PVDF
fibers with average diameter ca. 8 μm. Ten single fibers were
successively electrospun on top of one another with a lateral
fiber-to-fiber grid pitch of 198.36 ± 13.42 μm (based on 10
measurements) while the predesigned pitch is 200 μm. Figure
1c is the close-up SEM image at the crossover location of the
grid, showing orderly and spatially fiber-by-fiber depositions.

Such spatial arrangement reveals a potential feature of this
technologythe creation of woven electrospun meshesthat
is not possible with the conventional electrospinning processes.
Figure 1d shows a large-area (2 × 2 cm2), free-standing 3D grid
structure that has been physically detached from the paper
substrate and was fabricated by a continuous, ca. 27 min
electrospinning process with a total fiber length of ca. 40 m.
The 3D grid retains its shape after detachment, showing the
resilience of the grid as a structural material and the potential of
a post-transfer process for further applications.
One key feature of this 3D electrospinning process is the

ability to build high aspect-ratio structures. For example, a free-
standing, straight wall was fabricated by consistently stacking 50
out-of-plane fibers consecutively as shown in Figure 2a of ca.
100 μm in height and ca. 5 μm in width. The width of the free-
standing wallequivalent to the diameter of a single fibercan
be altered from 1.7 ± 0.33 μm to 10.17 ± 0.8 μm by adjusting
the various processing parameters. The detailed character-
izations on the wall width with respect to motion speed of the
x−y stage, applied voltage, spinneret-to-collector distance,
polymer solution concentration, and needle size are illustrated
in Figure 2b−f, respectively. Among these parameters, the
speed of the motion stage appears to play the most critical role:
it not only determines the wall width but also influences the
fabrication accuracy of this technique. Experimental results in
Figure 2b indicate that higher motion stage speed results in the
reduction of wall width due to the higher mechanical drawing
force. Moreover, if a suboptimal and excessive motion stage
speed is chosen, the spinning fibers can lag behind the
spinneret position to cause deposition error for the subsequent
fibers.21,37 Conversely, a lower motion stage speed results in
piling up, buckling, and random coiling of fibers.36,37 The 1:1
ratio between the motion stage speed and the ejection speed of
the fibers is found to be the ideal condition to obtain

Figure 2. (a) SEM image (taken by tilting the sample by ca. 15°) of a free-standing, microwall structure made of 50 layers of electrospun fibers
stacked on top of each other using this 3D electrospinning process with the spinneret size of 30 G, applied voltage at 1.5 kV, motion speed of 50
mm/s, and spinneret-to-collector distance of 1 mm. The inset shows a magnified view. (b−f) Plots showing the dependence of wall width with
respect to (b) motion speed of the x−y stage, (c) applied voltage, (d) spinneret-to-collector distance, (e) polymer solution concentration, and (f)
needle size. The experimental data represent the average of ten samples, with the error bars representing the distribution. The standard
electrospinning process includes: motion stage speed of 50 mm/s, applied voltage at 1.5 kV, spinneret size of 30 G, spinneret-to-collector distance of
1 mm, and solution concentration of 21 wt %. Only one parameter is altered for each graph.
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morphologically and dimensionally consistent 3D structures.
The fiber ejection speed can be estimated to be ca. 50 mm/s,
which is determined by adjusting the speed of the motion stage
such that the angle between the ejected jet and the substrate is
approximately 90 deg.21

The controllability of this 3D electrospinning technique is
demonstrated by a variety of fabricated 3D structures. Figure 3a
shows a free-standing hollow cylinder made by an orderly fibers
coiling and stacking process on a circular path with a radius of
250 μm for 800 cycles at a motion speed of 10 mm/s with
manual adjustment of the z-axis linear motion stage at a speed
of ca. 30 μm/s to maintain the spinneret-to-deposited
structures distance. The inset of Figure 3a shows another 1.3
cm-tall hollow cylinder fabricated by the same process and
forcefully tilted to about 60 degrees by a tweezer. The tube can
spring back to its original shape after removing the tweezer
without sustaining visible permanent deformation, highlighting
strong interfacial adhesion between the fibers. The close-up
SEM image (Figure 3b) shows some local corrugation-like
waviness in the longitudinal direction probably caused by the
perturbation of the manual z-axis distance control process.
Without constantly adjusting the z-axis distance to maintain the
spinneret-to-deposited structures distance, the fibers were
deposited fiber-by-fiber laterally instead of vertically due to
the pulling of the centripetal force as shown in Figure 3c.
In Figure 3d, we demonstrate the construction of a 3D floral

structure, consisting of both arcs and straight lines. The
transition regions (turning points) from straight to curved
shape and vice versa (inset in Figure 3d) are relatively smooth
at a motion stage speed of 25 mm/s. In Figure 3e, we further
demonstrate the capability of this technique to fabricate a
complicated 3D “Cal” logo with 20 layers of vertically stacked
fibers over an area of 5 × 1.5 mm2. One more thing needed to
mention is the dynamics for depositing curvilinear fibers as

shown in Figure 3f. Theoretically, during the curved deposition,
the radial acceleration imposed on fibers can be expressed as an
= ν2/ρ, where ν is the motion stage speed and ρ represents the
radius of fabricated curvature. As such, when smaller radius of
curvature structure is fabricated, the motion stage speed needs
to be decreased so as to lower the radial acceleration and
centripetal force (Fn = mn an, mn is the mass of electrospun
fibers). In general, such centripetal force imposed on the
electrospun fibers exerts a pulling force on the deposited
pattern directed toward the center of the curvature as shown
for the floral structure and “Cal” logo. Therefore, the building
of a vertical wall for the production of 3D curved structures
should be required to strike a balance between (i) careful
programming of motion stage speed when electrospinning
along curved paths to minimize pulling force caused by
centripetal acceleration, and (ii) matching of the motion stage
speed to the fibers ejection speed at around a 1:1 ratio.
The properties of the collector substrate have significant

influences on the quality of the 3D electrospinning process. A
20-layer wall structure has been fabricated on different
collectors, including printing paper, silicon wafer, aluminum
foil, and Parafilm M film. The orderly fiber-by-fiber stacking
deposition only occurs on printing paper, as illustrated in
Figure 4a, whereas, for the case on the silicon and aluminum
collectors, the deposited fibers experienced slippage, shrank,
and even detached from substrates, resulting in failure of fiber
stacking, as illustrated in Figure 4b and 4c. On the other hand, a
continuous electrospinning process cannot be initiated on the
Parafilm collector, leaving a totally random pattern as shown in
Figure 4d.
A regular paper is typically composed of a random assembly

of cellulosic fibers and some residual chemicals, and the charge
transport within paper is due primarily to ion migrationions
such as sodium and chloride that are residues of the pulp

Figure 3. (a) SEM image of a cylinder made of 800 layers of electrospun fibers fabricated with the spinneret size of 30 G, applied voltage at 1.2 kV,
motion speed of 10 mm/s, spinneret-to-collector distance of 1 mm, and manual z-axis distance control with a speed of ca. 30 μm/s. The inset shows
another cylinder forcefully deformed by a tweezer. (b) SEM image of a magnified view of the sidewall in (a). (c) SEM image of a circular cone
structure; the fabrication process is the same as that of (a) except without adjustment of the spinneret-to-paper distance. (d) SEM image of a 3D
floral structure made of 20 layers of electrospun fibers fabricated with spinneret size of 30 G, applied voltage at 1.5 kV, motion speed of 25 mm/s,
and spinneret-to-collector distance of 500 μm. (e) SEM of a 3D “Cal” logo with 20 layers of electrospun fibers fabricated with the same parameters
as in (d). (f) Dynamics for depositing curved pattern.
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bleaching processthrough the fibrous network.38 It has been
reported that the resistivity of paper can fall as much as 1 order
of magnitude when the moisture content of the paper increases
by 1% because moisture enhances ions mobility.39 For the
printing paper utilized as collector in this 3D electrospinning,
the conductivity was measured by clamping the paper using two
metallic electrodes connected to a DC power source. Extra care
was taken to eliminate the contact resistance between the paper
and electrodes by using conductive acrylic adhesive to fix them
tightly. The measured conductivity is about 1 × 10−9 S/m,
which is consistent with previous reports.38,39 When ten PVDF
fibers are electrospun on paper as shown in Figure 5, the
conductivity increases dramatically due to infiltration of residual

solvent into paper, peaking at around 2.5 × 10−4 S/m. Then,
the conductivity falls slowly along with the evaporation of
solvent, and it finally goes back to the original value of the
paper. This is because of this unique characteristic of paper: the
deposited NFES fibers can drain positive charges to the ground
plate through the paper, making them as the locally fabricated
electrical poles to attract the subsequent depositions of fibers.
As such, the fibers are deposited in a self-aligned, consistent
fiber-by-fiber manner on top of each other.

4. CONCLUSIONS
In conclusion, with a regular printing paper serving as the
collector, we have successfully demonstrated a direct-write, self-
aligned 3D electrospinning process. This process enables
orderly fiber-by-fiber stacking to construct a variety of 3D
structures in a controllable manner with designed shapes. From
the perspective of manufacturing technology, this 3D electro-
spinning can bridge the gap between solution electrospinning
and conventional 3D printing techniques. For applications, the
controllable fabrication of 3D patterns on paper has the
potential to promote the recently emerging technologies based
on paper substrates.40−42 In addition, the fabricated 3D
structures can be conveniently detached from paper and
transferred onto other substrates for subsequent treatments and
applications. As such, this 3D electrospinning can be an
addition to the current stage of 3D micro-/nanofabrication
techoniques, and it has the potential to advance the existing
electrospinning technologies in constructing 3D structures for
biomedical, microelectronics, and MEMS/NMES applications.
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