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� Various polymers and shapes can be built with the 3D electrospinning technology.
� The mechanism behind 3D build-up has been analyzed and characterized thoroughly.
� The shaping of 3D electrospun structures can be further enhanced with electrodes.
� The shelf-life and compressibility of the 3D structures have been characterized.
� The upscaling of 3D electrospinning, in term of size and quantity, has been achieved.
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Fabrication of macroscopic three-dimensional (3D) structures made of nanofibers of widely used poly-
mers is reported. 3D structures have several benefits over conventional flat two-dimensional (2D) struc-
tures by the added dimension. The structures have been fabricated by the 3D electrospinning technology
that can build 3D structures rapidly due to certain additives in the solution and appropriate process con-
ditions. The process parameters of 3D electrospinning have been identified and investigated to better
understand the formation mechanism of the 3D build-up for polystyrene (PS), polyacrylonitrile (PAN),
and polyvinylpyrrolidone (PVP). Different types of electrodes were inserted in the electrospinning cham-
ber to alter the electric field and have better control over the shape of the 3D structure. The upscalability
of this technology was investigated by using a standard electrospinner and a nozzle-free electrospinning
setup. It was possible to manufacture 3D structures with these devices, highlighting the versatility of this
technology. 3D electrospinning opens the pathway for the facile fabrication of macroscopic 3D structure
with microfibrous features on a commercial scale.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction or wire-in-tube are also obtainable structures [8-13]. Coupled with
Electrospinning is a versatile and simple technology that uses
high voltage to draw micro- and nano-fibers from polymer solu-
tions. By tuning the electrospinning parameters as well as the poly-
mer solution properties, it is possible to have wide control over the
shape and morphology of the fibers. The fibers’ diameter, length,
surface roughness, porosity, pore interconnectivity, degree of fibers
alignment, beads-in-fibers are all controllable properties that can
shape the desired fiber configuration [1-7]. Different types of
fibers, such as hollow, core–shell, multichannel, branched, peapod
the ability to add functional nanoparticles or manufacture metallic
or ceramic fibers [14,15], electrospinning can be purposed for a
wide range of applications.

Recently, the electrospinning of unorganized three-dimensional
(3D) structures has sparked interest as 3D structures offer some
benefits over conventional two-dimensional non-woven electro-
spun structures. The 3D nature of the electrospun structure can
allow it to be more moldable and to be easily fitted into particular
locations; for instance, it can be used as a sealant to block leakage
in tubing systems [16]. In energy storage and conversion, the use of
a 3D carbon nanofibrous structure showed higher elasticity, higher
durability and better performance than standard two-dimensional
(2D) configurations [17]. This is due to the strong interconnection
between the carbon fibers and the graphene additives, which
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create a conductive network. The high surface area and the multi-
ple macropores help to enhance the electrochemical performance
of the 3D structure. The highly porous network of a 3D structure
can also offer better thermal insulation properties [18], as well as
better oil-sorption capacity [19]. In the bioengineering field, 3D
electrospun structures are typically used as scaffolds, as it can
mimic the structure of the natural extracellular matrix [20,21].
With higher porosity and surface area as well as better control of
the surface roughness, 3D electrospun structures can show better
cell growth, attachment, viability and infiltration behavior than flat
electrospun mats [22]. It was demonstrated in another work that
combining a 3D structure with aligned fibers can favor tissue
growth in a preferential direction [23]. 3D fibrous structures have
also shown stronger mechanical stability, and better transport
pathway for electrons and ions, which is desirable in energy stor-
age applications [24,25]. Combining 3D features with existing
nanofibrous structures in energy devices could potentially increase
their efficiency [26,27].

There are multiple methods to induce the formation of 3D
structures through electrospinning [28,29]. A few examples of
these methods are electrospinning onto 3D printed collectors
[30], freeze-drying of electrospun fibers in a mold to shape a 3D
structure [31] or gas-foaming to expend the electrospun mat
[32]. Nevertheless, the simplest techniques to build 3D structures
through electrospinning is direct self-assembly of the electrospun
polymer [33]. This technique can typically build the 3D structure
in a single step, in about 10 min of electrospinning. Multiple stud-
ies have shown that the incorporation of additives is critical to
force the electrospinning of 3D structures using this method. How-
ever, most theories trying to explain the formation mechanism of
the 3D electrospun structures are mostly speculative and do not
rely on quantitative measurements. Another weakness of the pre-
vious studies is that there is no control over the final shape of the
3D structures, which leads to poor reproducibility of the buildup
[34]. Self-assembly of the electrospun polymer is also sensitive to
the relative humidity, which needs to be set in a precise range to
force the buildup [35]. To alleviate these issues, a novel and simple
technology called 3D electrospinning has been developed [36].
While the initial results showed precise control over the shaping
of the 3D electrospun structure, no quantitative analysis was per-
formed to explain the formation mechanism of the 3D buildup,
and the buildup was only shown on a single polymer system,
which would limit the range of application of this technology.

The present work sheds light on several factors in 3D electro-
spinning that can induce 3D build-up of nanofibers such as viscos-
ity of the polymer solution, interaction between additive and
polymer system, crystallinity of the electrospun fibers and polymer
solution conductivity. The effect of different types of electrodes on
the electric field is also investigated in an attempt to obtain better
control over the electrospinning jet, and ultimately, the shape of
the electrospun 3D structure. Finally, this paper highlights the
versatility of the 3D electrospinning technology by successfully
electrospinning 3D structures using several polymers. The upscal-
ability of the 3D electrospinning process, using a high-throughput
nozzle-free electrospinning setup, and the long-term stability of
the 3D structures is further investigated.
2. Materials and methods

2.1. Materials

The polymer polystyrene (PS) was acquired from Sigma-Aldrich,
polyacrylonitrile (PAN) was purchased from Shandong Jianuofu
Treasure Industrial Co., Ltd (Jinan, China) and polyvinylpyrrolidone
(PVP) was obtained from Alfa Aesar. The average molecular
2

weights (Mw) were 280000, 150000, 360000 g.mol�1 for PS, PAN
and PVP respectively.

The solvent N,N-dimethylformamide (DMF) (greater than99.9%
purity) was purchased from Sigma-Aldrich, tetrahydrofuran (THF)
(99+% purity, stabilized with butylated hydroxytoluene) was
acquired from Acros Organics and methanol (MeOH) (�99.9% pur-
ity) was obtained from Fisher Scientific.

Hydrochloric acid (HCl) (37% solution in H2O) was acquired
from Sigma-Aldrich, phosphoric acid (H3PO4) (85% solution in
H2O) was purchased from Acros Organics, while formic acid
(HCOOH) (98/100% purity) and sulphuric acid (H2SO4) (greater
than95% purity) were both received from Fisher Scientific. Ammo-
nium hydroxide (NH4OH) (28% NH3 in H2O) was obtained from Alfa
Aesar, and the sodium hydroxide (NaOH) pellets (99.59% purity)
was purchased from Fisher Scientific.

2.2. Solution preparation

The polymers were dissolved in their respective solvent by stir-
ring at ambient conditions. All concentrations are given in weight
percentage (wt%). PS 15 wt% was dissolved in DMF, PAN 15 wt%
was dissolved in DMF, and PVP 15 wt% was dissolved in MeOH.
The additives, if any, were inserted after complete dissolution of
the polymer solution. The amount of additives inserted was
between 2 mL and 200 mL per 20 g solution. Each electrospinning
experiment lasted 10 min and was performed using a ‘‘fresh” poly-
mer solution.

To prepare 37% NaOH solution, 3.7 g of NaOH were mixed in
6.3 g of H2O and stirred until complete dissolution. All other prod-
ucts were used without any further purifications.

2.3. Electrospinning apparatus

The first electrospinning apparatus combines a 3D printer with
electrospinning, referred to as ‘‘3D electrospinning”, throughout
this work. As such, it is possible to control the movement of the
nozzle and thus, the location of the fibers deposition area during
electrospinning. The apparatus itself (NovaSpider, CIC nanoGUNE,
Spain), seen in Fig. 1(a-b), is made of a syringe pump, a nozzle con-
nected to two conveyor belts (x- and y-axis movement), a
vertically-moving platform as the collector (z-axis movement),
and a high voltage DC power supply. The two conveyor belts allow
for the movement of the nozzle head in the x-y plane, with a res-
olution of 0.02 mm. The motion pattern imposed to the nozzle
head in this work was a 5.5 cm circle. The nozzle head had a mov-
ing speed of 12.0 mm.s�1. The voltage applied at the nozzle head
was set to 20 kV. The collector, wrapped in aluminum foil, was
set to a working distance of 5 cm. The collector is connected to a
�5 kV DC power supply (HV050REG(-), Information Unlimited,
Amherst, USA), which acts as the ground. The pump flow rate
was set to 5 mL.h�1, unless stated otherwise. The syringe needle
used had a gauge of 20 G (inner diameter 0.603 ± 0.019 mm).

This setup was also used in stationary mode, with an immobile
nozzle and collector, and constant applied high voltage and flow
rate. The purpose of the stationary mode is to have a comparative
study with the conventional electrospinning process.

The second apparatus is a custom-made needleless electrospin-
ning device, as shown in Fig. 1(c-d). The setup consists of a polymer
solution bath, a stainless-steel cylinder submerged within the bath
to generate fibers and a metallic drum that acts as a collector for
the fibers. The polymer solution bath is made of Teflon� (PTFE)
and has a volume of 9 cm � 3 cm � 2 cm. The fiber-generating
cylinder has a diameter of 3 cm and is fitted with a 12 V DC motor
(6 N.cm�1, 4500 rpm, Bosch, Gerlingen, Germany) that allows rota-
tions at a constant speed of 10 RPM. The collector cylinder has a
diameter of 6 cm, covered in aluminum foil and fitted to a 12 V



Fig. 1. The electrospinning apparatuses. (a) Photograph of the 3D electrospinning setup, and (b) schematic drawing. (c) Photograph of the nozzle-free electrospinning setup
and (d) schematic drawing.
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DC motor (15 N.cm, 6 rpm, RS PRO, United Kingdom) powered by
an adjustable power supply (DPPS-16–30, VOLTCRAFT, Hirschau,
Germany). During electrospinning, the rotation speed was either
set to 30 RPM or left at 0 RPM while adjusting the deposition area
every 2 min. The distance between the stainless-steel spinneret
and the collector was set at 15 cm. A + 35 kV (HV350REG(+), Infor-
mation Unlimited, Amherst, USA) and a �35 kV (HV350REG(-),
Information Unlimited, Amherst, USA) high voltage DC power sup-
ply were used to charge the spinneret in the polymer solution bath
and the collector, respectively. As the polymer solution bath is
placed below the collector, the fibers are produced in an upward
motion. 3D structures were obtained with PS by applying + 25 kV
at the polymer bath and �15 kV at the collector and with PAN by
using + 20 kV to charge the polymer bath and �15 kV to the collec-
tor. This setup was used to study the versatility of the 3D electro-
spinning process.

All electrospinning experiments were carried out at ambient
conditions. The temperature was between 20 and 25 �C, and the
relative humidity ranged between 35 and 45%. These were mea-
sured for each experiment using a digital thermohydrometer
(HTC-1, HTC Co., Ltd, New Taipei City, Taiwan).
2.4. Modification of the electric field

Different conductive obstacles and support material were put in
the electrospinning chamber to modify the path of the electrospun
jet. These objects were custom made with cardboard wrapped in
aluminum foil and have the shape of a flat circle, ring or flat rect-
angles. They were placed either at the nozzle level or on the collec-
tor so that they could act as the base, steering or guiding
electrodes. The base electrodes were a 5 cm circle, a 10 cm circle
and a 5.5 cm ring placed around the nozzle. The steering electrode
was a 5.5 cm floating ring placed mid-way between the nozzle and
the collector. The guiding electrodes were two 4 cm � 5 cm rectan-
3

gles and a 5.5 cm ring placed on the collector. All electrodes config-
urations used are summarized in Fig. 2.

2.5. Characterization

2.5.1. Digital imaging
All pictures of the 3D macroscopic shapes after electrospinning

were taken using a digital camera (EOS 6D, Canon Inc., Tokyo,
Japan). Recorded videos of the electrospinning process were taken
with the same digital camera or using a OnePlus 5 dual camera
(One Plus Technology, (Shenzhen) Co., Ltd., Shenzhen, China).

A high-speed camera (FASTCAM SA6, Photron, Tokyo, Japan)
was used to obtain high precision images of the electrospun jet
during 3D-build-up. The high-speed camera was set to a resolution
of 768 � 512 pixels and a framerate of 10,000 FPS. The electrospin-
ning jet was illuminated from the front with a lamp head (Multi-
LED LT, GS Vitec GmbH, Bad Soden-Salmünster, Germany). The
whipping angle of the jet was measured with the image processing
program Fiji-ImageJ (v.1.52, National Institutes of Health,
Bethesda, USA), by using 3 frames of the recorded electrospinning
process.

2.5.2. Scanning electron microscopy
The samples were analyzed with a scanning electron micro-

scope (SEM) (JEOL JSM-IT100, JEOL Ltd., Tokyo, Japan). The shape
and size of the electrospun fibers were further characterized using
the image processing program Fiji- ImageJ. More than 100 fibers
per sample were used to obtain the mean diameter of the fibers.
All samples were sputter-coated (Desk III, Denton Vacuum, Moor-
estown, USA) with approximately 10 nm of Gold prior to
observation.

2.5.3. Compression tests
Weights of 10.0, 20.0 and 50.0 g (A.H. Baird, Edinburgh, United

Kingdom) were used to perform compression creep tests on the



Fig. 2. Schematics of the used electrode configuration used. Base electrodes, with (a) being a 5 cm circle around the nozzle, (b) a 10 cm circle around the nozzle, (c) a 5.5 cm
ring around the nozzle. (d) is a steering electrode in the shape of a 5.5 cm floating ring, and is placed 2.5 cm above the collector. Guiding electrodes with (e) two 4 cm � 5 cm
rectangles and (f) a 5.5 cm ring on the collector.
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electrospun 3D structures. The weights were put on a 10 pence
coin (~6.5 g) on top of the 3D structure to ensure a similar surface
area was compressed for all weights. These tests were done on
‘‘fresh” 3D electrospun samples, with no additional treatment.
Compression creep tests were performed over a total of 20 days
to observe the long-term deformation of the 3D structures.

2.5.4. Rheology
The zero-shear viscosity was estimated by extrapolation using a

rotational rheometer (MCR 302, Anton Paar, Graz, Austria) with a
cone-plate configuration (diameter: 25 mm - gap: 0.1 mm). All
samples were pre-sheared at a constant shear rate of 1 s�1 for
1 min before the actual analysis. A shear rate sweep test was then
performed from 500 to 1 s�1. The temperature of the cone and
plate were kept constant at 23 �C.

2.5.5. Fourier-transform infrared spectroscopy (FTIR)
The measurements were performed using a spectrometer (Var-

ian 640-IR, Varian Medical Systems, Palo Alto, USA) in ATR (Atten-
uated Total Reflection) mode in the scanning range 4500–
600 cm�1, with a spectral resolution of 2 cm�1, where the sum of
32 scans were obtained per specimen.

2.5.6. X-ray diffraction (XRD)
The measurements were carried out with a benchtop XRD sys-

tem (Bruker D2 PHASER, Bruker, Billerica, USA). Scans were per-
formed using Cu Ka radiation over a 2h range of 5� to 60�, at a
step size of 0.05� and a scanning rate of 6�.min�1.

2.5.7. Differential scanning calorimetry (DSC)
The measurements were obtained using a calorimeter (DSC 204

Instrument, Netzsch, Selb, Germany) under nitrogen atmosphere
(50 mL.min�1), on at least 5 mg of sample in an aluminum pan.
The samples were first cooled from 40 �C to 20 �C and then sub-
jected to three cycles of heating from 20 �C to 280 �C and subse-
4

quently brought back to 20 �C. The heating and cooling rates
were 10 �C.min�1.

2.5.8. Polymer solution conductivity measurements
After complete dissolution of the polymer solution, its conduc-

tivity was measured using a glass probe conductivity meter (Trace-
ableTM, Fisher Scientific, Pittsburg, USA). The probe was dipped in
the respective organic solvent of the polymer solution before mea-
surement, at ambient conditions.

2.5.9. Electric field simulations
The simulations of the electric field generated by the different

electrodes system were performed with a finite element simula-
tion software (v5.3a, COMSOL Multiphysics, COMSOL Inc, Burling-
ton, USA). The AC/DC module of COMSOL was used to simulate the
3D electric field. The nozzle head was designed as a hollow steel
cylinder of 20 mm height, 0.5140 mm inner diameter and
0.8192 mm outer diameter. Then, a voltage of 20 kV was simulated
onto the nozzle head. The collector was a 26 cm high, 20 cm wide
and 0.5 cm thick aluminum rectangle, defined as ground (no volt-
age applied). The various electrodes presented the same dimen-
sions as defined previously and were simulated as aluminum
material. The base electrodes were given a voltage of 20 kV as they
were in contact with the nozzle while the guiding electrodes were
defined as the ground, along with the collector. The boundary
domain was a 31 cm high, 25 cm wide and 10 cm thick rectangle.
The final geometry was built with a ‘‘Fine” mesh size.

3. Results and discussion

3.1. 3D electrospinning of polystyrene, polyacrylonitrile and
polyvinylpyrrolidone

Large 3D electrospun structures of polystyrene (PS), polyacry-
lonitrile (PAN) and polyvinylpyrrolidone (PVP) were fabricated to
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show the versatility of polymers that can be used for 3D electro-
spinning. The fabrication of electrospun 3D PS structures has been
reported in previous papers [36,37]. There were differences
observed in the 3D shape and final height between each polymer.

As can be seen in Fig. 3, the PS structure is the only one that can
follow the circular pattern of the nozzle head and have the shape of
a cylinder. It has a height of 3.0 ± 0.1 cm and an average wall thick-
ness of 2.4 ± 0.1 cm. The PAN 3D structure has the shape of a cone,
3.2 ± 0.1 cm in height, with a base thickness of 11.6 ± 0.2 cm and a
top thickness of 3.1 ± 0.1 cm, and the PVP structure is made of sev-
eral small cones, with a bigger one of 1.1 ± 0.1 cm in height, 4.5 ± 0.
1 cm in base thickness and 2.0 ± 0.1 cm top thickness, located in
the center of the electrospinning area. The circular motion of the
nozzle forces the center of the electrospinning area to be continu-
ously exposed to the electrospinning jet, which explains why the
central cone is larger. The average fiber diameters were 0.85 ± 0,0
2 lm, 0.74 ± 0.01 lm and 1.04 ± 0.2 lm for PS, PAN and PVP,
respectively. In the present study, the electrospinning time was
set to 10 min, which translates to a layering speed of about
0.3 cm.min�1 for PS and PAN. As a comparison, technologies such
as direct-write melt electrospinning typically build 3D structures
up to 7 mm while near-field electrospinning has been reported
to have a layering speed of 30 lm.s�1, able to stack 800 layers of
fibers to build a 1.3 cm tall hollow cylinder [38-40]. 3D printing,
a rapid prototyping technology, has been reported to stack layers
at a speed of 0.4 mm.min�1 [41]. This highlights the ultrafast fab-
rication of the 3D electrospinning technology.

The difference in shape between PS, PAN and PVP structures can
be explained by observing the wider whipping motion of the PAN
and PVP jets, which lead to a higher deposition area and less con-
trol over the shaping of the 3D structures. Indeed, the whipping
angle of the jet was measured to be 85 ± 1�, 113 ± 1� and
125 ± 1� for PS, PAN and PVP respectively, as shown in Fig. 3. That
comes into correlation with the increased polymer solution con-
ductivity measured at 80.4 ± 0.8 lS.cm�1, 1.05 ± 0.01 mS.cm�1

and 4.16 ± 0.04 mS.cm�1 for PS, PAN and PVP respectively. As
shown in previous research, an electrospun jet with more charge
carriers is more susceptible to the external electric field and sur-
Fig. 3. 3D electrospun structures of PS, PAN and PVP. (a.1) Top-view, (a.2) Side view, (a.
(b.1), (b.2), (b.3) and (b.4) are for 3D PAN. (c.1), (c.2), (c.3) and (c.0.4) are for 3D PVP.
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face charge repulsion, which can, in turn, lead to a wider whipping
motion [42-44].

Another interesting observation is the shape of the PVP Taylor
cone, which is an elongated droplet of about 1 cm in length. This
peculiar shape is most likely due to the relatively high conductivity
of the PVP solution and the high flow rate used for inducing 3D
electrospinning. Previous research has shown the detrimental
effect of high conductivity in the polymer solution [45]. While it
is necessary to increase the surface charge density to induce the
formation of the Taylor cone, a conductivity too high can decrease
the electric forces at the surface of the droplet which hinders elec-
trospinning [29,45]. Likewise, a high flow rate can also lead to a
lower surface charge because of the increased amount of polymer
supplied [46]. At high flowrate, aggregation of the fluid can occur
at the tip of the nozzle head, which is usually followed by dripping
of the polymer solution [47]. In this study, partial drying of the PVP
polymer solution at the nozzle head was observed during electro-
spinning, possibly due to the high evaporation rate of methanol.
This might prevent dripping as well as help initiate the Taylor cone
for electrospinning. No dripping of the PVP polymer solution is
observed during the 10 min of 3D electrospinning.

3.2. Physical stability of 3D electrospun structures

The long shelf-life property of electrospun 3D PS has been pre-
viously reported [36]. 3D PAN is also observed to have a long shelf-
life and is stable for more than 12 months at ambient conditions.
3D PVP, being a water-soluble polymer, is sensitive to the ambient
humidity [48,49]. Collapse of the 3D PVP features and partial disso-
lution of the structure have been observed after a few months in
the lab. As such, this present study focuses on the effect of com-
pressive forces on the shape recovery of these electrospun 3D
structures.

Electrospun 3D PS demonstrates partial shape recovery on
short-term (5 min) compressive strength, developing a strain of
about 20–30%. This is true for all 3 weights examined: 10.0, 20.0
and 50.0 g. For all weights, it is observed that most of the deforma-
tion occurs within the first two hours; getting as high as 51.9%,
3) SEM pictures and (a.4) High FPS camera picture during electrospinning of 3D PS.



Fig. 4. Compression creep test on electrospun 3D PS. Most of the creep deformation is observed within the first 6 h of loading, getting a deformation as high as 51.9%, 65.3%
and 75.8% for the weights of 10, 20 and 50 g respectively.
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65.3% and 75.8% after 6 h of compression for the weights of 10.0,
20.0 and 50.0 g, respectively. A total strain of about 56.6%, 78.0%
and 95.4% is observed for the same respective weights after 20 days
of constant loading. This multiple-stage deformation behavior is
typical in the compression creep test of polymeric material
[50,51]. It is due to the densification of the fibers, which increases
their mechanical strength and resistance to compression [16,52].
The results of the compression creep test can be seen in Fig. 4.

Electrospun 3D PAN and 3D PVP structures, while also showing
relatively long shelf-life, have no elasticity and permanently lose
their 3D feature after a light compression, as seen in Figure S1. This
is because PAN can retain its charge over a long time, and these
residual charges make the PAN fibers attracted to the weight,
skewing the effect of a compression load on the 3D PAN structure
[53]. PVP itself is known for its adhesive properties, which would
prevent it from regaining its former height [54,55].
Fig. 5. The viscosity of polymer solutions with (3D) and without (flat) HCl additive. The sy
and with HCl (▲) 15 wt% PVP in MeOH without and with HCl. There is no significant ch

6

3.3. Investigation on the 3D electrospinning formation mechanism

3.3.1. Viscosity of the polymer solution
The viscosity of the polymer solutions was measured before and

after inserting the HCl additive. HCl, when inserted in the correct
concentration, is an additive prone to promote 3D electrospinning
in the 3 different polymer system studied. As seen in Fig. 5, the
additive does not cause any significant difference in the shear vis-
cosity despite the 3D nature of the electrospun product. In more
details, the zero-shear viscosity of 15 wt% PS in DMF is of about
9.5 � 101 mPa.s, with or without additives. 15 wt% PAN in DMF
is at about 2.3 � 103 mPa.s and 15 wt% PVP in MeOH stays at about
1.6 � 102 mPa.s. All of these viscosity values are in a similar range
than previous researches [56-58]. The negligible gap measured
with additive is attributed to the preparation method of the poly-
mer solution, which slightly alter the polymer concentration. This
mbols; (d)15 wt% PS in DMF with and without HCl (j) 15 wt% PAN in DMF without
ange in viscosity with additives.



Fig. 6. FTIR spectra of electrospun PS fibers, with (3D) and without (flat) HCl additive. No significant shifts in peaks are observed.

Fig. 7. (a) XRD patterns of electrospun PS fibers, with (3D) and without (flat) HCl additive. No significant differences were observed between the two samples. DSC
thermograms of PS with 3 cycles of heating–cooling (b) Pristine PS and (c) Electrospun 3D PS. The thermal behavior of these two samples is similar.
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lack of difference is a clear indication that the viscosity does not
play a major role in the elaboration of 3D electrospun structures.
This result is in direct contradiction with the hypothesis proposed
7

by Li M. et al., who speculated that the increased viscosity of their
PVP solution after adding Fe(NO3)3 was the main cause of the 3D
build-up during electrospinning [34].
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3.3.2. Chemical interactions between additive and polymer
In this study, FTIR spectra of 2D and 3D PS fibers were examined

to evaluate if there were major differences caused by the insertion
of the additive responsible for the 3D build-up. As seen in Fig. 6,
the weak adsorption peaks at about 3024 cm�1 are due to the C-
H stretching of the benzene ring of PS. The C-H stretching of the
CH2 and CH groups of the main PS chain is typical of the weak
absorption bands at around 2917 and 2850 cm�1, respectively.
Benzene ring vibrations are observed at the frequencies 1600 and
1583 cm�1, as well as with the strong peaks at 1492 and
1451 cm�1. The small peak at 1154 cm�1 is due to C-H bending,
in para-position. The moderate peaks at 1069 and 1027 cm�1 are
due to hydrogen-bending modes in the benzene ring. Lastly, the
less intense peak at 906 cm�1 and the strong peaks at 755 and
696 cm�1 are due to out-of-plane C-H bending. As for the main
PS chain itself, the stretching mode and bending mode of CH2 are
mixed within the bands at 2917 and 1451 cm�1 respectively, and
C-C stretching is mixed with the 1069 cm�1 band [59-62].

After identifying the characteristic peaks of PS, it is concluded
that there were no shifts of any major PS peaks between the flat
and 3D FTIR spectra, and further, no additional peaks could be
identified. As such, it is very unlikely that the additive would favor
any kind of interaction between the polymer and the solvent
system.

3.3.3. Crystallization of the electrospun fibers
In this study, the XRD pattern of flat and 3D PS has been ana-

lyzed, as well as their thermal behavior through DSC. It was postu-
lated that the driving force of the 3D build-up was due to a change
of crystallinity in the polymer fibers during electrospinning, which
could be verified by looking at specific XRD peaks change or mea-
suring the glass transition temperature.

In Fig. 7 (a), the XRD patterns of both the flat and 3D PS samples
show broad weak peaks at 10� and 20�, which are indicative of low
crystallinity level [62-64]. There are no significant differences
between the two samples, either in additional characteristic peaks
or in more intense peaks, which suggests a lack of effect of the acid
additive on the crystallinity of the electrospun fibers. This result
was further supported by the thermal analysis of the samples.
The DSC curves of pristine PS and 3D PS, in Fig. 7 (b-c), show no sig-
nificant change towards the thermal behavior of the material
between the two forms. The glass transition temperature (Tg)
was measured at 99.74 �C and 95.01 �C for pristine and 3D PS,
respectively. This temperature comes in agreement with the
expected range of previously published works [65-67]. In the cool-
ing process, vitrification of both samples is observed near the Tg,
which is typical of PS samples [68,69]. Neither sample shows any
crystallization or melting point in this temperature range. The
XRD and DSC results show there is little sign of crystallinity in
the electrospun flat and 3D PS. As such, the driving force of the
3D build-up is not related to the in-situ crystallization of the
polymer.

3.3.4. Solution conductivity
Several PS/DMF solutions with different amounts of acid or base

additives were used to assess the effect of solution conductivity on
the 3D build-up during electrospinning. As seen in Table 1, stan-
dard flat electrospinning is observed at solution conductivities of
0.24, 0.62, 3.15, 28.6, 32.3 and 48.0 lS.cm�1, which were obtained
by using no additives, by adding 20 lL of NH4OH, 2 lL of HCl, 20 lL
of HCOOH, 5 lL of HCl and 10 lL of HCl respectively. 3D electro-
spinning is achievable with solution conductivities of 4.04, 8.84,
32.2, 59.3, 73.1, 135.4, 140.3 and 206.0 lS.cm�1, which were pre-
pared by adding 20 lL of H3PO4, 40 lL of H3PO4, 20 lL of NaOH,
15 lL of HCl, 20 lL of HCl, 40 lL of HCl, 100 lL of H3PO4 and
20 lL of H2SO4 respectively.
8
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While it is possible to sweep a wide range of conductivity
from ~ 0.24 lS.cm�1 to ~ 140.3 lS.cm�1, there is no direct correla-
tion between 3D electrospinning and solution conductivity or a
minimum solution conductivity before which 3D build-up initi-
ates. As an example, 3D electrospinning is observed at solution
conductivities of 4.04, 32.2 and 59.3 lS.cm�1 but not at the inter-
mediate solution conductivities of 28.6 and 32.3 lS.cm�1. As such,
solution conductivity alone is not the driving factor of 3D electro-
spinning. Previous publications have shown that the outer surface
of the deposited fibers is negatively charged due to polarization
and electrostatic induction by the surrounding positive electric
field [36,37]. These negative charges favor fibers repulsion, which
lead to a 3D structure instead of a flat mat [70]. In particular, it
is interesting to note that the 3D structures would be formed using
HCl additives only after a minimal amount of HCl has been
inserted; 15 lL in 20 g of PS solution. This can be because a high
amount of charged particles would favor a strong polarization
under the high electric field, which would increase the repulsive
forces and the 3D buildup [37]. Rapid solidification of the fibers
is also another factor that helps strengthen the 3D structure [71].
It is interesting to note that HCOOH and NH4OH, a weak acid
(pKa = 3.75 at 20 �C) [72] and a weak base (pKb = 4.767 at 20 �C)
[73] respectively, are unable to induce 3D electrospinning to the
PS/DMF solution. This may be due to the lower amount of ions they
can provide to the solution. Indeed in another work, Yousefzadeh
et al. used a deionizer to remove the extra charges from electro-
spun PAN, and that resulted in flattening of the fiber mat [74].

3.4. Electrospinning jet control

The 3D electrospinning setup used in this study allows for the
fabrication of 3D electrospun structures with a wall thickness
of ~ 1–2 cm. In order to have a better wall resolution, electrodes
can be used to guide the electrospinning jet path and reduce the
size of deposition area. Numerous studies have shown that the
presence of these electrodes changes the shape of the electric field,
which directly influence the electrospinning process. Depending
on the position of the electrodes, the electrodes can serve different
purposes [75,76]. If placed at the level of the nozzle head, they act
as a base electrode, decreasing the size of the deposition area. If
they are in the electrospinning pathway, between the nozzle and
the collector, they are steering electrodes that control and deflect
the trajectory of the electrospun jet. If located in the vicinity of
Fig. 8. Effect of base electrodes on 3D electrospinning. (a.1) High FPS camera photograp
circle base electrode, where (b.1) and (b.2) 10 cm aluminum foil circle and, (c.1) and (c.
electrospun jet, resulting in a wet line.
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the collector, they act as guiding electrodes, which serve as a con-
verging area for the electrospun jet. In this study, base electrodes,
steering electrodes and guiding electrodes have been used to
attempt to electrospin 3D structures with better shape fidelity,
most notably in the wall thickness. Previous studies on self-
assembly of electrospun structures and 3D electrospinning

The base electrodes used were in the shape of a 5 cm circle, a
10 cm circle and a 5.5 cm ring. The base electrodes were shaped
as flat circles as previous studies have shown these flat base elec-
trodes were efficient in reducing the deposition area [77]. While a
previous study by Yousefzadeh M. et al. has shown it was neces-
sary to increase the applied voltage to induce the jet formation
with a larger circle, a high voltage of + 20 kV was still sufficient
to initiate electrospinning in our experiment [76]. Likewise, a ring
electrode was chosen for its ability to stabilize the jet, direct it and
decrease the deposition area [78]. All 3 shapes of base electrode
used failed to electrospin uniform fibers and instead favored the
formation of microbeads and dripping. As seen in Fig. 8, the base
electrodes prevent the whipping motion of the electrospun jet
and the linear jet experiences inadequate stretching and drying.
This result can be explained with the work of Bunyan N. N. et al.
and Yang Y. et al [79,80]. In their research, adding a base electrode
at the nozzle level increased the linear jet section before the whip-
ping motion and also decreased the deposition area on the collect-
ing target. However, it should be noted that both of them used a
higher working distance, more than 16 cm, than this present work,
which settled at 5 cm. As such, it is likely the electrospinning jet
was still in the early stage of the linear jet section, which would
result in liquid fibers. Using higher working distance could help
the drying of the electrospun fibers, however previous results have
shown the detrimental effect of increasing working distance on 3D
building with electrospinning [36]. The electric field simulations
show all 3 base electrodes have the effect of straightening and uni-
formizing the electric field direction, which would further reduce
the whipping motion of the electrospun jet [79,81,82].

The steering electrode was a floating ring placed mid-way of the
electrospinning path, 2.5 cm from the collector, with no connection
to the ground or external voltage applied. In previous research,
rings electrodes were shown to reduce the whipping motion and
thus narrow the deposition area [83]. At this relatively short dis-
tance, the ring is too close to the collector and act as a converging
point for the electrospun fibers before getting into contact with the
collector. As seen in Fig. 9, the controlled shaping of the 3D cylin-
h and (a.2) electric field simulations of electrospinning with a 5 cm aluminum foil
2) 5.5 cm aluminum ring. The base electrodes decrease the whipping motion of the



Fig. 9. Effect of steering electrodes on 3D electrospinning. (a) High FPS camera photograph and (b) Electric field simulation of electrospinning with a 5.5 cm aluminum ring
electrode. As no voltage is applied to the ring, the electrospun jet can converge to it.
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der is hindered by the steering ring, and the final 3D structure is a
3D bundle of fibers linking the ring and the collector, instead of the
expected cylinder. The converging behavior induced by the ring is
similar to that shown in previous research. It has been demon-
strated that placing an electrode, grounded or charged, in close
proximity to the collector’s surface, results in the produced fibers
being attracted towards the electrode [76,84]. The electric field
simulation further confirms the tendency of the electrode ring to
redirect the electric field lines [81]. Future work could assess the
effect of adding a positive voltage to the ring to repel the jet and
focus it onto the collector, as done in Salim A. et al’s work [85].
However, based on our observations, as with the base electrode,
this is most likely going to lead to a linear jet with poor drying
due to the short working distance.
Fig. 10. Effect of guiding electrodes on 3D electrospinning. (a.1) High FPS camera ph
aluminum rectangles. (b.1) High FPS camera photograph and (b.2) Electric field simulatio
electrodes help to shape the electrospun 3D structure.
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The guiding electrodes used were in the shapes of two parallel
rectangles or a 5.5 cm ring, placed on the grounded collector.
Although the guiding electrodes are not placed below the collector,
they still act as guiding electrode as they modify the electric field
in the vicinity of the collector and divert the deposition area
toward a preferential site. The rectangles were used in an attempt
to mimic the effect of parallel electrodes collector, as they can
induce fibers alignment because the electric field lines are
attracted towards the separated electrodes [77,86]. The 5.5 cm ring
was shaped as the pattern of the nozzle head, which purpose was
to act as an converging point similar to a tip guiding electrode [87].
The effect of both electrode configuration can be seen in Fig. 10.
These grounded electrodes attract the electrospinning jet and
influence the shape of the final 3D structure. A rectangle structure
otograph and (a.2) Electric field simulations of electrospinning with two parallel
ns of electrospinning with a 5.5 cm aluminum ring put on the collector. The guiding
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is built up when using the parallel rectangles electrodes, despite
using a circle nozzle pattern. The fibers are also unable to travel
down to the grounded collector as the electrodes act as converging
planes for the electrospun fibers. This behavior is explained with
electric field simulations which highlight the electric field lines
pointing toward the top of the rectangle electrode, no matter the
position of the nozzle head. The 5.5 cm ring electrode has a more
prominent effect on the 3D structure as it matches the movement
of the nozzle head. The final electrospun structure is closer to the
shape of a cylinder as it does not have a flat layer of fibers covering
the collector. This is in contrast with previous works on self-
assembly of electrospun fibres, where that initial flat layer is a nec-
essary step to prevent the electrospun fibres from discharging
through the ground, and thus, enable the 3D build-up [36,37].
Guiding electrodes can, in effect, accelerate the 3D build-up pro-
cess and build 3D structures with higher shape fidelity. As con-
firmed by the electric field simulations in Fig. 10, the electrode
ring diverts the electric field lines at the collector level. In effect,
it focuses the incoming electrospun jet on the ring electrode and
this help to shape the base of the cylinder as well as enhance the
repulsion between fibers for 3D build-up. The effect of guiding
electrodes is going in line with previous researches and simula-
tions [77,88-90].

In an attempt to further investigate the control induced by a
guiding electrode, the circle ring was replaced with a flower-
shaped electrode of a similar size. The final 3D structure still had
the shape of a cylinder, as it was following the pattern of the nozzle
head, rather than the shape of the electrode itself. Photographs of
the flower electrode and resulting 3D structures are shown in
Figure S2.

The 5.5 cm ring guiding electrode was also used for electrospin-
ning of 3D PAN and PVP in an attempt to help the electrospinning
jet follow the designed shape. As there was no reduction in the
whipping motion during electrospinning, no preferential shape in
the final electrospun 3D structures of PAN and PVP was obtained,
and the electrode was covered with fluffy polymer. There was no
increase in the observed height of the obtained specimens either,
as the additional height was only apparent due to the size of the
ring electrode itself. Photographs of these 3D structures on the ring
electrode are shown in Figure S3.

3.5. Scaling up

Further work has indicated that higher height structure can be
obtained by increasing the working distance during electrospin-
ning. This is similar to how the nozzle head has to be regularly
lifted in an upward motion during precise near-field electrospin-
Fig. 11. 3D PS structure electrospun with increasing working distance, the final struc
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ning to keep stacking layers of fibers on a 3D architecture [40].
Fig. 11 depicts a photograph of a tall 3D PS structure, built using
the same experimental parameters than previously mentioned
but by steadily increasing the working distance by 1 cm every
2 min. Starting from a working distance of 5 cm, a final working
distance of 10 cm was set after 10 min of 3D electrospinning. This
taller 3D PS structure has a height of 5.0 ± 0.1 cm, making it 60%
taller than the original one. However, it boasts an average wall
thickness of 2.6 ± 0.1 cm, which is 0.2 cm thicker than the original
3D structure. More fibers are also present around the 3D structure.
This small loss in resolution is due to the wider whipping motion
occurring at a higher working distance as the 3D structure itself
is not as attractive as the grounded collector [36]. Our previous
study has shown that 3D electrospinning from an initial working
distance of 10 cm would cause the electrospun fibres to be spread
in the whole electrospinning chamber, this is because of the rela-
tive attraction of the nozzle collecting belt. This incremental verti-
cal movement allows for a slow and guided deposition of the
electrospun fibres on top of the 3D structure, which enables the
fabrication of 3D structures taller than previously reported [36].

Electrospinning with a dynamic distance up to 20 cm was also
attempted. However, the electrospun jet would no longer be
attracted to the structure on the collector past a working distance
of 10 cm. This is because of the weaker electric field at higher
working distance, as explained in previous research [91,92]. Over-
all, the 3D structure loses the shape of the designed cylinder and
crumbles down in a fashion similar to Sun B. et al’s 3D structures
electrospun at a working distance of 15 cm [37]. Photographs of
the collapsed 3D structure are shown in Figure S4.

The electrospinning of designed 3D structures for PS, PVP and
PAN polymers has been shown using a custom 3D electrospinning
device, as discussed previously. In an attempt to show the versatil-
ity of the 3D electrospinning process, a conventional electrospin-
ning device and a nozzle-free electrospinning setup were
assessed with the optimized PS, PAN and PVP solutions. A low
degree of 3D build-up was observed in both setups, with noticeable
drawbacks compared to the 3D electrospinning device. For conven-
tional electrospinning, as the nozzle is staying immobile, the path
of the electrospun jet is focused on a smaller area. This leads to fas-
ter initial build-up, but less stretching of the fibers and more insta-
bility of the jet as the 3D structure gets closer to the nozzle head.
When the 3D structure gets too close to the nozzle head, the out-
coming electrospun fibers can get stuck to the nozzle, which in
turn renders the electrospinning process unstable. In the case of
PS, in Figure S5, the whipping motion of the electrospun fibers is
lessened. This hinders the evaporation of the organic solvent and
results in the deposition of wet polymer on the collector. For 3D
ture is taller. (a) Top-view of the 3D structure. (b) Side-view of the 3D structure.
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PAN and 3D PVP, dripping of the polymer solution occurs which
partially dissolves the electrospun structure. All polymers also
show high beads content after electrospinning in these conditions
as seen in the SEM pictures. To resolve the instability problem, it is
necessary to lower the flow rate to decrease the build-up speed of
the 3D structure and prevent wet fibers and beads. In general, a
flow rate too high can result in the formation of beads, non-
uniform fibers, secondary fiber morphologies (e.g. spider nets),
droplets and wet fiber-deposition due to the larger initial electro-
spinning jet and decreased whipping motion [47,93-95]. This
observation is true for all three polymers and the flowrate has to
be tuned from 5 mL.h�1 to 3 mL.h�1 for PVP and down to 1 mL.
h�1 for PS and PAN. The direct consequence of this adjustment is
the lower production rate, going from the optimized ~
750 ± 10 mg.h�1 to ~ 160 ± 4 mg.h�1 and from ~ 338 ± 10 mg.h�1

to ~ 218 ± 7 mg.h�1 for PS and PAN respectively. The fibers diam-
eter is also reduced with a lower flowrate, going from 0.85 ± 0.02
lm to 0.54 ± 0.01 lm, from 0.74 ± 0.01 lm to 0.65 ± 0.01 lm
and from 1.04 ± 0.02 lm to 0.66 ± 0.01 lm for PS, PAN and PVP,
respectively. This decreasing trend goes in line with previous stud-
ies [47,96,97]. The photographs and SEM micrographs of the 3D
structures electrospun with a single-needle setup are shown in
Fig. 12. The PS structure has the shape of a pillar, 4.4 ± 0.1 cm in
height and 1.4 ± 0.1 cm in average thickness. The PAN and PVP
structures both have the shape of a cone, PAN with a height of 2.
Fig. 12. 3D structures obtained using the single-needle electrospinning setup. Where (a.
3D PAN, and (c.1) photograph and (c.2) SEM of 3D PVP.

12
1 ± 0.1 cm, a base thickness of 8.5 ± 0.1 cm and a top thickness
of 3.1 ± 0.1 cm, and PVP with a height of 1.7 ± 0.1 cm, a base thick-
ness of 2.8 ± 0.1 cm and a top thickness of 0.7 ± 0.1 cm. The dimen-
sions of the 3D structures obtained using the conventional
electrospinning setup are, in all cases, smaller than the ones elec-
trospun with the 3D electrospinning technique, as shown in Fig. 3.

With a nozzle-free electrospinning setup, 3D build-up was
observed only for low collector rotation speed. The current setup
allows for steady speed as low as 30 RPM. At this speed, only speci-
fic areas in the rotating collector’s surface can achieve a 3D build-
up and the overall height of the produced 3D structure is relatively
short, being lower than 1 cm compared to the 4 cm obtained using
the 3D electrospinning method. With a non-rotating drum, the 3D
build-up is more uniform and covers the central area of the drum.
By moving the deposition area of the drum every two minutes, it is
possible to electrospin the 3D structure all around the drum and
build a thick electrospun cylinder. For both PS and PAN, as seen
in Fig. 13, the maximum height of the 3D structure is about
2.5 cm. The reason why the highest 3D build-up is achieved with
a non-rotating drum could be related to the additional mechanical
forces induced by a rotating cylinder. Previous studies have shown
these forces pull the fibers towards the cylinder [98-100]. In hind-
sight, this is similar to how using a high-rotating speed drum col-
lector favors the alignment of the electrospun fibers. The most
widely accepted explanation to this phenomenon is that the high
1) Photograph and (a.2) SEM of 3D PS structures, (b.1) photograph and (b.2) SEM of



Fig. 13. 3D structures obtained using the nozzle-free electrospinning device. Where, (a) High FPS camera photograph, (b.1) and (b.2) Photograph and c) SEM pictures of 3D PS.
(d), (e.1), (e.2) and (f) are photographs of the 3D PAN structures.
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rotating speed of the drum causes additional drawing and stretch-
ing of the fibers [101-103]. Preventing rotation of the collecting
drum would thus minimize the forces subjected to the electrospun
fibers. The fibers diameter size ranged between 3.62 ± 0.14 lm and
2.45 ± 0.09 lm for PS and PAN, respectively, which is larger than
the 3D structures produced using the single-needle setup. Using
a rotating drum can yield bigger fibers diameter and wider size dis-
tribution. This is due to the non-desirable evaporation of the sol-
vent in the bath, which leads to higher solution viscosity and
thus increasing the diameter of the electrospun fibers [104,105].
Electrospinning of PVP using the needleless setup was not feasible
for a similar reason. The high open surface of the setup favors evap-
oration of the PVP/MeOH solution before stable formation of the
Taylor cones.

A major drawback of these two devices, when used to develop
3D configurations, is their poor control over the shape of the elec-
trospun 3D structure as they lack the ability to move in a con-
trolled pattern the deposition area of the electrospun fibers.
4. Conclusion

Electrospinning of 3D structures made of PS, PAN and PVP was
achieved within 10 min in a single step. The height of the 3D struc-
tures ranged between 1 and 4 cm. All electrospun 3D structures
exhibit long shelf-life; however, only the PS structures have good
shape recovery against compression. This is because of the charge
retention of the PAN fibers, which makes them attractive to the
weight and skew the compression test, and the adhesive properties
of PVP. While several acids and bases can be used to initiate the 3D
build-up, it is still difficult to quantitatively explain the formation
13
mechanism of the 3D structure. This study does go in-depth with
several factors that could have induced the 3D build-up. There
was no significant change of solution viscosity before and after
the insertion of the additive causing the 3D build-up. Likewise,
no strong interactions between the polymer and the additive were
identified. No additional crystal phases were detected in the 3D
polymer structure. Finally, while there is a substantial increase of
conductivity after adding the acid or base additive, it is not directly
related to the 3D build-up during electrospinning. Fully under-
standing the 3D build-up mechanism of 3D electrospinning could
help to shape the final structure. For now, electrodes were used
to steer the electrospinning jet or control the deposition area. Only
guiding electrodes can mold the electrospun 3D structure. Base
and steering electrodes hinder the whipping motion of the electro-
spun jet and lead to poor drying. While most of these studies were
conducted using a custom 3D electrospinning device, it was shown
that it is possible to obtain 3D build-up by using standard electro-
spinning and a nozzle-free electrospinning setup, at the cost of
lacking the precise shaping of the 3D structures. This does, how-
ever, open up the possibility of manufacturing 3D electrospun
structures on a commercial scale. 3D structures have promising
applications in oil adsorption, energy storage or bioengineering
as scaffolds for cell culture. In the future, more shapes of guiding
electrodes should be used to further enhance the shaping of the
3D electrospun structures. It could be interesting to minimize as
much as possible the wall resolution of 3D electrospinning.
Another option would be to tune the temperature and humidity
of the electrospinning chamber, to force a faster evaporation of
the electrospun jet and solidification of the polymer. With fast
solidification, it might be possible to draw 3D structures in a sim-
ilar fashion to melt electrospinning.
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