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1. Introduction

Additive micromanufacturing refers to the fabrication of
microstructural building blocks and their assembly into higher
order.[1–3] The structures obtained from additive micromanufac-
turing can exhibit surprisingly rich and programmable proper-
ties, which can have a significant impact in various fields
ranging from energy devices[4,5] to biomedical applications.[6–9]

The properties of the final products strongly depend on the con-
stituent material, and the control of the microstructural material
in 1D, 2D, and 3D, which further depends on the resolution,
processing speed, and material processing.[2] To date,
lithography-based technologies, such as e-beam lithography,

nano-imprint lithography, and direct laser
writing, have enabled additive nanomanu-
facturing with a resolution down to tens
of nanometers and with high controllability
at this scale.[10,11] However, these methods
feature major drawbacks, including
extremely slow processing speed, and the
use of expensive and sophisticated infra-
structure, which bar these technologies
from scaling up easily. Furthermore, the
materials used in these methods are pre-
dominantly limited to epoxy-based photore-
sists. Therefore, there is a critical need for
technologies that can enable additive
nanomanufacturing of materials beyond
photoresists, with a high processing speed
and high resolution, toward scalable and
rapid fabrication of 3D structures with

programmable properties. NFES is a promising technique,
which has the potential to satisfy these requirements, if its lim-
itations can be overcome.

NFES is a method of patterning nanofibers utilizing the strong
interaction of a charged polymer droplet in an electric field with a
short distance to the substrate.[12,13] It features several advantages
over other patterning technologies. It can achieve nanofiber pat-
terning with a resolution down to tens of nanometers, with a
high printing speed (>20 cm s�1), and high precision of nanofi-
bril deposition.[14,15] A variety of materials beyond polymers
can be thus patterned, which includes carbon, metal oxides,
and composites.[16–20] Despite these advantages, NFES has been
mostly constrained to the patterning of planar geometries. Due to
its high printing speed and control of nanofibril deposition, it,
however, holds a strong potential towards evolving into a
high-speed additive nanomanufacturing tool. Toward this goal,
several researchers have recently focused on this endeavor.
Park et al. demonstrated the fabrication of different shapes of
3D walls with an aspect ratio ranging from 48 to 72. The authors
reported the enhancing of charge dissipation of the deposited
fibers, and tuning the conductivity of the electrospinning solu-
tion through the addition of sodium chloride (NaCl) into the
polymer solution.[21] Luo et al. reported the fabrication of differ-
ent 3D structures of electrospun fibers while using printing
paper as a collector.[22] The porous nature of the collector paper
provided a rigid supporting base for the initial layers of the elec-
trospun fibers, which facilitated the subsequent layer-by-layer
fibril deposition. Zheng et al. reported that layer-by-layer 3D
nanofibril construction was achieved by a sharp-tip guiding elec-
trode.[23] In their report, the tip electrode was placed behind the
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prepare suitable solutions for 3D microstructuring by electrospinning is studied.
3D straight walls of stacked fibers are fabricated using a layer-by-layer fiber
deposition approach. The effect of the choice of substrate material is also
explored. The results show that a high vapor pressure, and a low dielectric
constant of the solvent, as well as a high substrate conductivity facilitate
improved stacking of fiber layers. Utilizing these conditions, 3D stacked walls of
polyethylene oxide are fabricated, and a maximum aspect ratio of 191.7� 52.6,
while using a chromium/gold substrate and dichloromethane/methanol as the
solvent is achieved.
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collector, which guided the precise deposition of the nanofibers
on the collector by enhancing the charge transfer process and
weakening the electrical interference. This process resulted in
3D structures with an aspect ratio as high as 25. It should be
pointed out here that to facilitate the 3D structuring using
NFES, all these existent reports used additional modifications
to the primitive NFES set up either in terms of auxiliary guiding
electrode, use of porous collector for rigid support, or tuning the
conductivity by modifying the polymer solution. Even though
they resulted in successful 3D structuring, these modifications
can cause additional sophistication to the system and the result-
ing materials, which might increase complexity in the usability of
the system, or restrict the use of the fabricated structures in
many applications. We believe that 3D structuring of electrospun
fibers can be also possible using a traditional NFES system, solely
by studying different fundamental process parameters of NFES
for layer-by-layer stacking of electrospun fibers. Extensive study
of different process parameters will elucidate the mechanism of
3D structuring, which can be further tuned for any specific
applications.

Our work thus aims to study different processing variables in
the 3D structuring of microfibers using NFES. We particularly
studied the effect of the properties of the solvent, substrate prop-
erties, and collector speed in fabricating 3D walls of stacked
microfibers through the layer-by-layer deposition of electrospun
microfibers. Based on the results obtained here, we postulate a
mechanism for microfiber stacking. This study thus represents a
first step towards the fabrication of complex 3D architectures of
microfibers.

2. Results and Discussion

The experimental procedure used in this work is schematically
presented in Figure 1. We chose polyethylene oxide (PEO) as the
electrospinnable polymer feedstock due to its high popularity in
NFES.[24] In NFES, the dominant factors of a solvent are conduc-
tivity, dielectric constant, and vapor pressure.[25,26] To investigate

a wide range of these properties in the 3D stacking of electrospun
fibers, we chose de-ionized water, methanol, and dichlorome-
thane (DCM) as the solvents for solution preparation. The prop-
erties of these solvents are listed in Table 1. Unmodified silicon
wafers, silicon oxide coated silicon wafers (SiO2/Si), and chro-
mium and gold (Cr/Au) coated silicon wafers were used as
the substrate material to explore the effect of substrate conduc-
tivity on electrospun fibril stacking. In our NFES setup, we used a
rotating drum (diameter¼ 14 cm) as the collector, as we only
focused on the fabrication of 3D stacked walls by exploring
the stacking behavior. Continuous rotation of the drum collector
was expected to facilitate layer-by-layer fiber deposition, as the
spinneret was kept stationary, and the shorter distance between
spinneret and collector minimized the fiber deflection.

We started our stacking experiments using an aqueous solu-
tion of PEO. Upon electrospinning, the aqueous solution
resulted in a heap-like structure of stacked fibers (Figure S1,
Supporting Information), irrespective of the choice of the
substrate material. Such behavior can be attributed to the high
dielectric constant and the low vapor pressure of water. The high
dielectric constant of water (εr ¼ 78.4) led to a high surface
charge retention within the deposited fibers. The excess surface
charge of the deposited fibers exerts a repulsive force on the
upcoming fiber stream, competing with the force due to fiber
tension, yielding an offset in the positioning of the upcoming
fiber. Furthermore, the low vapor pressure of water led to
incomplete evaporation during electrospinning, resulting in

Figure 1. Schematic of the near-field electrospinning (NFES) setup showing the layer-by-layer deposition of fibers towards the fabrication of 3D stacked
walls. The characteristic parameters of the system are indicated in the schematic, which are the distance between spinneret and collector (L), drum radius
(r), and rotational speed of drum (ω). The surface velocity (v) is defined as v ¼ ωr. h is the height of the stacked wall and t is the thickness of the wall.

Table 1. Properties of solvents used to prepare the PEO solutions for
electrospining.

Solvent Conductivity
[mSm�1]

Dielectric
constant

Vapor pressure
[kPa]

References

Water 0.447 78.4 3.16 [38,39]

Methanol 0.1207 32.6 13.02 [38,40]

Dichloromethane 0.505 8.93 53.3 [38,41]
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the retention of excess water within the deposited fiber. The
residual water led to the merging of the partially overlapped fiber
layers, resulting in the experimentally observed heap-like
structures.

The introduction of methanol within the aqueous solution
minimized the fibril layer offsets, leading to the successful
stacking of the fibers. This improvement was attributed to the
lower dielectric constant of methanol (εr ¼ 32.6) than that of
water. A lower dielectric constant results in a lower number
of charge carriers within the solvent.[27] Therefore, it was
plausible that the addition of methanol to the solvent system
led to a reduced number of residual charge carriers within the
polymer solution. Furthermore, methanol features a higher
vapor pressure than water (see Table 1), which led to faster
evaporation of the solvent for the binary solvent system.
Faster evaporation during electrospinning jetting resulted in
minimal solvent retention within the deposited fiber. These
phenomena synergically decreased the amount of surface charge
of the electrospun fibers, minimizing the repulsive force
between deposited and arriving fibers, and improving the
positioning of the fiber deposition process.

Even though the addition of methanol facilitated stacking of
the electrospun fibers, the choice of the substrate and the
concentration of methanol exhibited a strong influence on the
stacking behavior. Figure 2A,B shows the effect of these two
parameters on the height and diameter of the stacked walls,
respectively, when the number of drum rotations was kept
constant at 20 and the linear substrate speed was 100 cm s�1.
We focused on achieving a stacked wall with a high aspect ratio

(¼height/diameter). Therefore, stacked walls featuring an
enhanced height and a reduced diameter were desired.
Among the three substrates used in this work, Cr/Au substrate
resulted in the tallest height and smallest diameter, irrespective
of the concentration of methanol in the solution, as shown in
Figure 2A,B. The SiO2/Si substrate exhibited the poorest dimen-
sions. The Cr/Au substrate featured the highest conductivity due
to its metallic nature, whereas the SiO2/Si substrate had the
lowest conductivity due to the insulating coating of SiO2. The
Si substrate is of a semiconducting nature, having a conductivity
higher than the SiO2/Si substrate and lower than the Cr/Au sub-
strate. This is in agreement with a previous report by Park et al.,
where they suggested that a conductive surface facilitates faster
charge dissipation from the deposited fibers lowering their accu-
mulated surface charges.[21] Faster charge dissipation from the
deposited fibers minimized the repulsive force between the
already deposited fiber and the next fibers, which facilitated
the deposition of the upcoming stream with a minimal offset
leading to better stacking.

The effect of the substrate can be further visualized in the
morphology and shape of the stacked walls. Figure 2D–F shows
the scanning electron microscope (SEM) images of the stacked
walls on the SiO2/Si, Si, and Cr/Au substrates. The stacked wall
on the SiO2/Si substrate appeared as a large heap-like structure,
which was due to the poor stacking of the fibers. The insulating
behavior of the SiO2 coating yielded a poor charge dissipation of
the residual charges within the deposited fibers. As mentioned
earlier, the residual charge residing on the fibers had a great
impact on the positioning of fibers. The fibers that were

Figure 2. The effect of the concentration of methanol on the: A) wall height and B) polyethylene oxide (PEO) fiber diameter using a water/methanol
solvent system and different substrates (SiO2, Silicon, Cr/Au). The fiber diameter was measured at the top layer. The number of drum rotations was set to
20. C) The effect of the number of drum rotations on the dimensions of stacked fibers while using 40% methanol/60% water on Cr/Au substrate.
Scanning electron microscope (SEM) images of the stacked fibers using 40% methanol/60% water on: D) SiO2/Si, E) Silicon, and F) Cr/Au substrates.
The SEM was performed by tilting the SEM stage by 65∘. The dashed lines in (D), (E), and (F) represent the interface between the substrate and the
stacked wall, and the double arrow indicates the height of the stacked wall. The drum speed used for these experiments was 100 cm s�1.
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supposed to stack on each other, dislocated and landed next to the
pre-deposited fibers, due to repulsion by the residual charge on
fibers. Further deposition might have taken place at closer prox-
imity, overlapping with the pre-deposited fibers. Furthermore,
the deposited fibers might still have retained some of the sol-
vents, due to incomplete evaporation of the solvents within
the shorter distance used in NFES. In comparison to the
SiO2/Si substrate, the stacked wall on the Si and Cr/Au sub-
strates exhibited straighter features, evidenced by the rounded
top feature of the stacked wall, which was smaller, with the small-
est radius for the Cr/Au substrate. However, no individual layer
was observed within the stacked walls, irrespective of the choice
of substrate. The walls featured a porous microstructure, which
can be attributed to phase separation of the solvent during the
drying process.[28] For a polymer solution prepared using a
binary solvent, liquid–liquid demixing can occur, in which the
solution is separated into a polymer-rich and a polymer-lean
phase.[29] In our solution, PEO was more readily soluble in water
than methanol,[30] yielding PEO-water as the polymer-rich phase
and PEO-methanol as the polymer-lean phase. Due to a stronger
interaction of the polymer-rich phase, water became the primary
solvent in our solution. During the drying process, methanol trig-
gered the phase-separation, leaving a porous microstructure
upon drying.[31] The higher vapor pressure of methanol
compared to water (Table 1) further led to faster evaporation
of the methanol, intensifying the phase separation.
Furthermore, the effect of the phase separation seemed to be
more drastic when comparing the top to the bottom of the
stacked wall, as more porous features were observed toward
the base of the wall, as shown in the high magnification SEM
images of different spots of the wall fabricated on the Cr/Au
substrate (Figure 2B,C, Supporting Information). Particularly,
several cracks were observed at the base of the wall, as shown
in Figure 2D, Supporting Information, which might have
resulted due to the interaction between the substrate and the
deposited fibers. As mentioned earlier, rapid layer-by-layer depo-
sition of the electrospun fibers restricted complete evaporation of
the excess residual solvent from the layers of the stacked walls.

This became severe toward the base region. Residual water might
have accumulated toward the base, as further layers got depos-
ited, due to a gravitational effect, and phase separation by the
methanol. The accumulated water evaporated slowly due to its
low vapor pressure. The high surface tension of the water further
led to the generation of high internal stress within the base layers
of the stacked wall, resulting in the formation of cracks.
However, no cracks were observed within stacked fibers that
got detached from the substrate at the edge of the substrate,
as shown in Figure S3, Supporting Information. It might be that
the evaporation and phase separation occurred uniformly, as
there was no gravitational effect and no substrate interaction.
Due to such a uniform drying process, separate fibril layers could
be also seen for the free-standing stacked walls. As a conductive
substrate yielded better stacking, we performed further
experiments only using Cr/Au substrates.

Figure 2A,B also shows the effect of methanol concentration
on the dimensions of the stacked walls. 20% methanol concen-
tration exhibited the poorest result among the binary solvent
systems, featuring the lowest height and broadest diameter.
Even though stacking was achieved with 20% methanol, the
water present within the system overpowered that of methanol.
Hence, the quality of stacking improved significantly as the
methanol proportion increased within the binary solvent. At a
proportion of 40% methanol, the best stacking results were
obtained, featuring the tallest stack height of 25.9� 3.8 μm,
and the narrowest diameter of 2.1� 0.4μm. We hypothesize that
the PEO solution featuring 40% methanol achieved a critical
ionic concentration within the polymer-solvent system, facilitat-
ing a sufficient number of charge carriers to travel to the collec-
tor, with minimal remaining surface charge in the deposited
fiber, and minimal residual solvent that facilitates dissipating
the surface charge effectively. Expectedly, the 40% methanol
mixture also achieved the highest aspect ratio among all the
concentrations, as shown in Figure 3A. A further increase in
the methanol concentration resulted in poorer results in terms
of the dimensions of the stacked walls (Figure 2A,B, and 3A). An
increased methanol concentration enhanced the overall number

Figure 3. Effect of drum speed on the aspect ratio of stacked walls of PEO while using a water/methanol binary solvent system for different:
A) concentration of methanol and B) number of drum rotations. The number of drum rotations for the data in (A) was 20. The PEO solution with
40% methanol was used for the experiments presented in (B). Cr/Au substrates were used for all the experiments.

www.advancedsciencenews.com www.aem-journal.com

Adv. Eng. Mater. 2022, 2101740 2101740 (4 of 9) © 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.aem-journal.com


of charge carriers, which might have resulted in a slower charge
dissipation and led to poor stacking.

The number of rotations of the drum collector significantly
impacted the dimensions of the stacked walls. As expected, taller
walls were achieved with an increased number of rotations, as
shown in Figure 2C. The height of the stacked wall increased
linearly from 25.9� 3.8μm for 20 rotations to 89.7� 25.5 μm
for 120 rotations. Interestingly, the diameter of the top layer
of a stacked wall did not vary significantly up to 100 rotations;
the diameter remained within a range 1–2 μm. For 120 rotations,
the wall diameter increased to �6 μm. This behavior could be
due to the saturation of evaporation of the solvent in the
structure. The layers deposited after 100 rotations might have
fused into each other due to inadequate solvent evaporation,
resulting in the broadening of the top layer. We further plotted
the aspect ratio for different numbers of rotations for 40% meth-
anol in Figure 3B. The aspect ratio increased from 13� 4.1 for 20
rotations to 43� 22.4 for 80 rotations, and afterward decreased to
16.2� 4.8 for 120 rotations. The low aspect ratio for 120 rotations
was only a consequence of the broadening of the top layer of the
stacked wall.

We further studied the effect of drum speed on the geometri-
cal features of the stacked walls by performing additional experi-
ments with a drum speed of 35 cm s�1. Surprisingly, a lower
drum speed resulted in a better stacking performance, both
while varying the methanol concentration, and the number of
rotations, as shown in Figure 3A,B, respectively. For example,
the highest aspect ratio achieved for a drum speed of 100 cm s�1

was 43� 22.4, whereas a drum speed of 35 cm s�1 yielded the
highest aspect ratio of 80� 20.3. Furthermore, the aspect ratio
for a drum speed 35 cm s�1 increased linearly with the number
of drum rotations, as shown in Figure 3B. This should be
expected, as the height of the stacked walls increased linearly
with the number of fibre layers, whereas the diameter remained
almost unchanged (Figure S8, Supporting Information).
Figure 4A–D show SEM images of stacked walls at an increasing
number of drum rotations, emphasizing the increasing height of
the stacked walls. The stacking behavior also seemed to improve
as the number of rotations increased. For example, 20 rotations
led to the formation of fused layers of fibers, leaving a highly
porous broad bottom layer (Figure 4A). As the number of rota-
tions increased, the walls became straighter and less porous.
Even individual layers of deposited fibers could be observed
within the stacked walls (Figure 4B–D), which was unlikely to
be the case for the speed of 100 cm s�1 (Figure 2F). However,
several cracks appeared along the stacked walls due to the
phase-separation-induced stress within the deposited layers.
Nevertheless, we speculate that the improvement in stacking
with lower drum speed could be attributed to the slower fiber
deposition rate arising from the slower drum speed itself. A
slower deposition rate might have provided enough time to
the already deposited layer to dissipate the residual surface
charges into the conductive substrate before the arrival of the
subsequent layer, yielding a better stacking. Furthermore, a
slower deposition rate also provided sufficient time for evapora-
tion of the residual solvent from the already deposited fibers,

Figure 4. SEM images of the stacked fibers of PEO with the number of drum rotations of: A) 20, B) 60, C) 100, and D) 120. The PEO solution with
methanol (40%)/water (60%) binary solvent and the drum speed of 35 cm s�1 were used for the experiments. The stacking was performed on Cr/Au
substrates. SEM was performed by tilting the SEM stage by 65∘. The dashed lines represent the interface between the substrate and the stacked wall,
whereas the double arrow indicates the height of the stacked wall.
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which led to the formation and retention of individual layers. It
should be noted here that, for a speed of 35 cm s�1, best stacking
results were obtained for the methanol concentration of 60%,
whereas 40% methanol exhibited the best stacking behavior
for the drum speed of 100 cm s�1. We are not sure about the cor-
relation between drum speed and optimal methanol concentra-
tion. Due to a limitation of our experimental setup, we could not
perform experiments with intermediate drum speeds. Further
experiments are needed with intermediate speeds to fully eluci-
date the effect of speed and its correlation with solvent concen-
tration, to find an optimal rate. As a drum speed of 35 cm s�1

exhibited better stacking in our experiments, we performed
our further experiments using the same speed.

Overall, experiments with the water/methanol solvent system
suggested that faster evaporation led to better stacking. To
achieve a faster evaporation during stacking, we investigated
the use of DCM as a solvent. DCM features a vapor pressure
of 53.3kPa, which is significantly higher than water and metha-
nol. We also used the drum speed of 35 cm s�1 here, as the
slower speed facilitated better evaporation of residual solvent
during layer-by-layer deposition. Furthermore, it also features
a low dielectric constant (8.93), which is beneficial for stacking,

due to the lower amount of retained charges that need to be dis-
sipated. Methanol proved to be a good choice of solvent to
enhance stacking, due to its comparatively higher vapor pressure
and lower dielectric constant than water. Therefore, we replaced
water with DCM in the binary solvent system, and studied the
effect of different concentrations of DCM on the stacking
behavior.

As we had speculated, DCM/methanol binary system
facilitated successful stacking. Like the water/methanol system,
the dimensions of the stacked walls also depended on the solvent
proportionality and the number of drum rotations. As expected,
taller walls were achieved with an increased number of rotations
(Figure 5A), whereas diameter did not vary significantly
(range: 1.3 � 2.1μm, see Figure S7, Supporting Information).
Therefore, the aspect ratio also increased linearly with the num-
ber of rotations (Figure 5B). The height and aspect ratio of the
stacked walls also exhibited an increasing trend with an increase
in DCM concentration, as shown in Figure 5A,B. We achieved
continuous fiber deposition for the maximum DCM concentra-
tion of 60%. A concentration above 60%DCM tended to dry up at
the spinneret due to rapid evaporation, disrupting continuous
fiber deposition, therefore causing trouble during fibril stacking.

Figure 5. The effect of dichloromethane (DCM) concentration on: A) the height and B) aspect ratio of a stacked wall of PEO fiber, while using the DCM/
methanol binary solvent system for different numbers of rotations. C) SEM image of the stacked wall of the PEO solution with methanol (40%)/DCM
(60%) binary solvent and a drum speed of 35 cm s�1 was used for all the experiments. The number of rotations for the fabricated wall shown in (C) was
100. D) High magnification image of the rectangular section shown in (C), emphasizing the layer-by-layer deposition of electrospun fibers. SEM was
performed by tilting the SEM stage by 65∘. The dashed line and the double arrow line in (C) represent the interface between the substrate and the stacked
wall and the height of the stacked wall, respectively. Cr/Au substrates were used for the experiments.
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Faster evaporation of DCM led to a stacked wall with many supe-
rior dimensional features compared to the water/methanol
system. The highest aspect ratio achieved for the water (60%)/
methanol (40%) system was 80� 20.3, whereas the DCM
(60%)/methanol (40%) system yielded a remarkable highest
aspect ratio of 191.7� 52.6. This is, to the best of our knowledge,
the highest aspect ratio reported for any fabricated structure
achieved by electrohydrodynamic 3D printing. For comparison,
the highest aspect ratio achieved by X-Ray LIGA technology lies
in the range of 100–200,[32] and is still considered the record
holder. Even though DCM facilitated the formation of such high
aspect ratio walls, these walls tended to fall under their own
weight, or through system-generated vibrations due to their
fragility. Our ongoing efforts are focusing on the stabilization
of these high-aspect ratio structures.

Along with the dimensional features of the stacked wall, DCM
also led to cleaner microstructures of the walls. Figure 5C,D
shows low and high magnification SEM images of the stacked
wall of PEO obtained from the DCM/methanol system.
Distinct layers of the stacked walls are visible, which resemble
the layer arrangements of any typical additive manufacturing
technique. The morphology of the wall still featured a porous
microstructure, which was expected due to the rapid evaporation
of the solvent. However, the porosity of the walls seemed signifi-
cantly less severe compared to the walls obtained for the water/
methanol solvent system. This also suggested the accumulation
of minimal residual solvent within the electrospun fiber layers
for the DCM/methanol system, thanks to the high vapor pres-
sure of DCM. It should be noted that, over time, the structures
fabricated using DCM developed numerous cracks along and
perpendicular to the layers. We speculate that the rapid

evaporation of the DCM might have resulted in significant inter-
nal stress within the stacked layers, which were released over
time. The relaxation process might have initiated the cracks,
which propagated gradually (Figure S6A,B, Supporting
Information). The relaxation process further caused other struc-
tural deformities, including curling, curving, and inclining of the
stacked walls. The inclination effect can be observed for taller
structures (120 rotations), as evidenced by an SEM image of
the stacked wall (Figure S5B, Supporting Information).
However, the straight part of the stacked wall can be observed
in Figure S5C, Supporting Information, showing a high aspect
ratio.

We propose here a mechanism for 3D stacking of electrospun
fibers based on the results obtained in this study and the infor-
mation available in the literature regardingNFES. The mecha-
nism involves three major aspects: 1) straight trajectory of
polymer jet; 2) evaporation of the solvent; and 3) charge dissipa-
tion upon deposition (Figure 6). Even though we did not study
the trajectory of polymer jet in this work, it is important to
discuss here, as the straight trajectory ensures precise deposition
of the fibers. At the initiation, similar to classical electrospinning,
a polymer jet is ejected from the Taylor cone of the polymer drop-
let when the applied electric field reaches a threshold value. The
small distance between spinneret and collector in NFES restricts
the jet deflection. However, a fair competition between viscoelas-
tic force (Fv) and between electrostatic repulsive force (Fr ) on the
ejecting jet determines the straightness of the jet trajectory.[33] Fv

originating from the long-chain entanglement within the
polymer solution works in the favor of straight trajectory,
whereas Fr arising from surface charge attempts for jet deflec-
tion. Several parameters, including applied voltage, spinneret

Figure 6. Schematic showing the proposed mechanism of layer by layer deposition of fibers toward the fabrication of 3D stacked structures. The leftmost
image shows the NFES setup comprised of three stages. Stage I shows the formation of the Taylor cone upon applying high voltage. After reaching a
threshold value, the polymer jet is ejected. In stage II, the jet traveled in a straight path as viscoelastic forces (Fv) are greater than repulsive forces (Fr )
maintaining the linearity of the jet. As the jet is stretched, the solvent evaporates. In stage III, as the fiber reaches the collector, the residual charge on the
fiber dissipates into the collector, attracting the jet towards the already deposited fiber, forming a 3D stacked wall.
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to collector distance, and viscosity and conductivity of polymer
solution play crucial roles in determining the balance of these
two forces. Nevertheless, a dominating Fv is desired for achieving
precise fiber deposition, leading to 3D stacking. A solution with a
high viscosity is preferred in this context. During the flight of the
jet, the solvent present within the polymer jet evaporates and the
surface charge dissipates in the surrounding air. Complete
evaporation of the solvent is expected before the deposition of
the fiber on a collector. Therefore, a solvent system with a high
vapor pressure is expected for fast evaporation. However, the
deposited fibers retain excess solvent due to the short
spinneret-to-collector distance used in NFES. The residual
solvent further increases the number of free surface charges
on the already deposited fibers. Accumulation of the residual
surface charges on the deposited fibers can cause a repulsion
force to the incoming fibers. It can result in a deviation of the
path of the incoming fiber, which can cause the stacking to fail.
Therefore, a fast dissipation of the residual surface charge is
essential for the stacking of the fibers. The high conductivity
of the collector facilitates fast charge dissipation due to its fast
electron transfer characteristic. The fast charge dissipation and
the straight trajectory of the polymer jet allow subsequent fibers
to deposit upon each other, forming the 3D wall. It should be
noted that the proposed mechanism is based on the process
parameters studied here, i.e., solvent properties, collector con-
ductivity, and collector speed. Other fundamental parameters
need to be studied extensively for 3D stacking on electrospun
fibers, which may further elucidate the complete mechanism.
Furthermore, the current study raises additional questions on
the behavior of binary solutions inNFES. We only used three sol-
vents here, which are not enough to fully understand the solvent
effect. As the focus here was to investigate the manufacturability
of 3D structures using NFES, the characterization study of
binary solvents was out of the scope of this communication.
A detailed study on binary solution systems (or more) involving
a variety of solvents needs to be conducted to characterize their
properties relevant to electrospinning and their impact on 3D
structuring.

3. Concluding Remarks

In summary, we achieved the fabrication of 3D walls through the
layer-by-layer stacking of near-field electrospun fibers on a drum
collector. Solvent properties, such as dielectric constant and
vapor pressure, collector speed, and substrate conductivity played
a crucial role in the stacking behavior of electrospun fibers. A low
dielectric constant translated to a low surface charge retention
upon deposition, which allowed the upcoming fibers to deposit
onto previously deposited fibers, yielding more precise stacking.
Furthermore, a higher vapor pressure of the solvent enhanced
the stacking behavior due to its fast evaporation. Additionally,
a binary solvent system exhibited better stacking results com-
pared to a single solvent system, as the binary system allowed
to tune the conditions preferable for stacking. By tailoring these
properties, we fabricated 3D stacked walls of PEO and reached a
maximum aspect ratio of 191.7� 52.6, while using a chromium/
gold substrate and DCM/methanol as the binary solvent. Even
though we focused our experiments only on the fabrication of

3D walls, the current results are promising. It suggests that,
in controlling the fundamental parameters ofNFES, the process
could lead to structures of remarkably high aspect ratio geomet-
rical features. As it is mentioned earlier other parameters, for
example, properties of polymer, geometry of spinneret, collector
geometry, and surrounding environment, may have a substantial
impact on the stacking mechanism and the morphology of the
stacked wall, which needs to be investigated extensively. For
instance, coaxial spinneret leads to the formation of core–shell
fibers.[34] Utilizing coaxial spinneret for stacking experiments
can lead to the fabrication of multi-material 3D walls, which
may perform enhanced structural stability. Additionally, judi-
cious choice of core-shell solutions can also lead to 3D walls
of hollow fibers,[35] resulting in high surface-area hierarchical
structures, which can exhibit superior results in applications,
such as drug delivery, heat-sink, and filtration. Furthermore,
with a judicious choice of polymer solution combined with an
additional post-processing step, this process could facilitate
the additive nanomanufacturing of material structures beyond
photo-polymers, including carbon, ceramics, and composites
of hard materials. For example, 3D stacking of a carbonizable
polymer followed by a carbonization step can be a facile pathway
for fabricating 3D carbon microelectrodes, alternative to the pho-
tolithography-based fabrication route primarily used in carbon
microelectromechanical system (C-MEMS) technology.[36,37]

Even though the current study only used a rotating drum as a
collector, replacing the drum with a high-speed X-Y stage will
add more design freedom for the fabrication process, as it will
allow high-speed fabrication of complex structures generated
from a computer-aided design. This will be a step forward toward
the scaling-up process of NFES-assisted additive micro/nano-
manufacturing technology.

4. Experimental Section

Solution Preparation: PEO was used, featuring a molecular weight of
300 000 (Alfa Aesar, LOT: Z22C004) as the electrospinnable polymer
feedstock. De-ionized water, methanol, and DCM were used as solvents.
The electrospinnable solution was prepared by adding PEO (10%wt) in the
solvent, followed by stirring at 1000 rpm for 12 h at room temperature.

NFES: The electrospinning solution was placed in a horizontally fixed
syringe (1mL) equipped with a stainless steel needle with an inner diam-
eter of 250μm. The solution was electrospun using a custom-built NFES
setup, consisting of a DC voltage power supply (Heinzinger, PNChp
6000), a syringe pump (Chemyx FusionTouch 100-X), and a custom-built
and grounded rotating drum collector. Three different kinds of substrate
were used in the work: unmodified silicon wafers (N-doped, thickness
525� 25μm, conductivity 0.1–1 S cm�1), silicon wafers coated with an
oxide layer (1μm), and chromium (10 nm) and gold (60 nm) coated silicon.
Two different rotating drum systems were used in the work. Both systems
featured drums with a diameter of 14 cm, but enabled different linear
speeds of the substrate with respect to. the spinneret: 35, or 100 cm s�1.
The distance between the spinneret and the grounded drum collector was
kept in the range of 1� 2mm. A voltage in the range of 900� 1000V was
applied to the needle during the electrospinning process.

Characterization: The electrospun fibril layers were observed using an
optical microscope (VHX-100K Series Digital Microscope), immediately
after the deposition to facilitate fast screening of the manufacturing
process. The fabricated structures were further investigated using scan-
ning electron microscope (Carl Zeiss AG—SUPRA 60VP SEM) for detailed
morphological characterization. The height of the stacked fibers was mea-
sured using a chromatic white light interferometer (Bruker Contour GT-K).
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The diameter of the fabricated structures was measured at the top layer of
the structure, which was not subject to squeezing effects from above.
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