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Nozzle-Pressurized Gyration: A Novel Fiber Manufacturing
Process

Yanqi Dai, Jubair Ahmed, Angelo Delbusso, and Mohan Edirisinghe*

An innovative development of pressurized gyration is presented,
incorporating a directional nozzle system. Thus, nozzle-pressurized gyration is
used to prepare polymeric fibers. In this work, three different polymeric fibers
(polycaprolactone, polyvinylpyrrolidone, and polyethylene oxide)
manufactured by the original pressurized gyration and nozzle-pressurized
gyration are compared. Under the same processing parameters (working
pressure, rotational speed, and collection distance), nozzle-pressurized
gyration is proved to be a highly efficient spinning technology for uniform and
uniaxially oriented fiber products. The effects of the spinning vessel geometry
on the morphology and alignment of gyrospun fibers are elucidated. This
work also reveals the relationship between fiber morphology and collection
distance in nozzle-pressurized gyration. Varying the collection distance
provides a useful approach to the synthesis of uniform fibers with anisotropic
arrangement.

1. Introduction

Polymeric fibers have been widely used in biomedical applica-
tions, for example, sustained release systems for drug delivery,
functional scaffolds especially in tissue engineering and antibac-
terial bandages for wound healing, due to their unique structural
characteristics and inherent properties.[1–4] Especially during the
SARS-CoV-2 pandemic, fibers with very small diameter have be-
come one of promising candidates for medical protective equip-
ment, face masks, protective suits, etc. Fine fibers act as the effec-
tive filter media for microorganisms (bacteria, viruses and fungi)
due to their large surface area to volume ratio, microscopic pores
and specific porosity. The unique surface effects of nanofibers
show excellent anti-microbial properties through collision or cap-
ture with tiny particles (micro- or nanoscale).[5]
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Although the research on fiber manufac-
turing technologies has been progressing
for hundreds of years, it is still a topic
which draws very significant attention in in-
dustrial and academic circles.[6] These ef-
forts have been mainly focused on the re-
duction of fiber size and the increase of
fiber yield. Ultrafine fibers with the diam-
eter smaller than 100 nm have been fab-
ricated by facile methods.[7–9] As the qual-
ity and quantity of polymeric fibers have in-
creased to a satisfactory degree, much at-
tention has been paid to the customization
of fiber structures and functions. Through
technological innovation and parameter op-
timization, polymeric fibers with uniform,
beaded, hollow, core-sheath, and porous
structures have been successfully prepared
in laboratories.[10–14]

Theoretically, an ideal uniform fiber means that there is no
variation in the fiber diameter along the fiber length of indi-
vidual fiber strands.[15] Compared with beaded fibers, uniform
fibers show superior mechanical properties. Many reports have
demonstrated that the presence of beads and defects on fibers
considerably reduces the cohesion between fibers, resulting
in lower Young’s modulus, tensile strength, and elongation at
break.[16–18] In addition, seeding cells on highly aligned fiber
scaffolds tends to be more effective than that on randomly
oriented fiber scaffolds, in order to achieve cell orientation con-
trol in tissue engineering.[17,19,20] This is related to the regular
and defined orientation architecture of the natural extracellular
matrix (ECM) found in tissues and organs.[21] The studies
from Ottosson et al. and Norzain and Lin have shown that the
anisotropic orientation of fibers has significant impacts on cell
adhesion mechanisms and promotes elongation and migration
of fibroblasts along the fiber direction.[22–24] The results suggest
that the aligned fiber scaffold is a highly promising candidate
for biomedical applications.

Electrospinning is one of the most widely used fiber fabri-
cation technologies. It overcomes the surface tension of poly-
mer solutions in a high-voltage electric field, forming randomly
arranged fibers.[25] To obtain uniform and uniaxially oriented
fibers, researches were focused on the optimization of spinning
parameters, needle design and complex components of the col-
lector used in electrospinning.[26–34] However, the inherent limi-
tations of electrospinning remain, such as high energy consump-
tion, low productivity, and limited options of electrospinning con-
ductive solutions.[35–37]

To solve the challenges faced by electrospinning, nonelec-
tric field-driven spinning technologies have gradually attracted
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attention and are recognized as highly efficient fiber making
strategies.[37–40] Pressurized gyration (PG), proposed in 2013, is
a spinning technology that combines centrifugal force and solu-
tion blowing for mass production of fibers.[41] The original PG
setup has a perforated cylindrical vessel connected to an electri-
cal motor and a gas inlet.[42] When the vessel rotates at a certain
speed, the loaded liquid forms a vortex at the bottom of the vessel.
The liquid moves to the side walls of the vessel. The liquid–gas in-
terface is parabolic.[43] When the centrifugal force is able to over-
come the surface tension of the liquid, the liquid is ejected from
the vessel orifices. Moreover, a surface tension gradient occurs
at the liquid–gas interface, resulting in a Marangoni stress tan-
gential to the liquid–gas interface.[44] The stress carries the fluid
toward the tip of the droplet.[41] The droplets leaving the vessel
are continuously stretched and elongated under the action of in-
ertia, surface tension and pressure differential, forming liquid
jets.[45] During this process, the solvent evaporates and dry poly-
mer fibers are produced.[46,47] In PG, the high-pressure nitrogen
stream affects the surface profile of the fluid, the time required
for the process, and the fiber diameter.[43] This is due to the ki-
netic energy of the gas flow, which increases the velocity of the
polymer fluid and creates a large pressure differential in the ves-
sel, leading to the greater initial velocity and acceleration of the
polymer fluid, as it flows through the orifices. In addition, the
gas pressure facilitates the jet elongation, producing fibers with
a smaller diameter. PG is an encouraging innovation in polymer
forming, which has been reported to successfully manufacture
homogeneous fibers, core-sheath fibers, drug-loaded fibers, en-
capsulated nanoparticles and other nanopolymer materials with
specific morphology.[1,41,45,48–52]

In this work, we report a novel nozzle-PG setup for the first
time. It effectively improves the uniformity and orientation of
produced fiber products. In nozzle-PG, the nozzles direct the
polymer solution flow when it’s ejected. We compare the differ-
ences in the morphology and alignment of fibers produced by PG
and nozzle-PG to demonstrate the potential of nozzle-PG in pro-
ducing uniform and highly aligned fibers. To study the optimal
spinning parameters for the manufacture of desired fibers, this
work also reveals the effects of working pressure and collection
distance on the fiber morphology obtained in nozzle-PG.

2. Experimental Section

2.1. Materials

Polycaprolactone (PCL, Mw ≈ 80 000 g mol−1, CAS: 24980-41-
4), polyvinylpyrrolidone (PVP, Mw ≈ 1 300 000, CAS: 9003-39-8),
and polyethylene oxide (PEO, Mw ≈ 200 000, CAS: 25322-68-3)
were obtained from Sigma-Aldrich (Gillingham, UK). The sol-
vents used: ethanol absolute (CAS: 64-17-5) was purchased from
VWR Chemicals (Strasbourg, France) and chloroform (CAS: 67-
66-3) was purchased from Sigma-Aldrich (Gillingham, UK). All
chemicals were of analytical grade and were used as received.

2.2. Preparation and Characterization of Polymer Solutions

PCL pellets were dissolved in chloroform and stirred magneti-
cally at ambient temperature (≈20 °C) for 24 h to obtain a homo-
geneous 15% (w/v) PCL solution. 15% (w/v) PVP solution and

Table 1. Polymer type, concentration, solvent, surface tension, and viscos-
ity of the three solutions at ambient temperature.

Polymer %
(w/v)

Solvent Surface Tension
[mN m−1]

Viscosity
[mPa s]

PCL 15 Chloroform 32.7 ± 0.3 2065.0 ± 35.8

PVP 15 Ethanol 24.6 ± 0.2 751.8 ± 6.1

PEO 15 Distilled water 58.1 ± 0.4 2144.3 ± 74.9

15% (w/v) PEO solution were prepared by dissolving PVP pow-
ders and PEO powders in ethanol and distilled water, respectively,
and processing under the same conditions. The surface tension
and viscosity of the three polymer solutions were characterized
using a calibrated Kruss Tensiometer and a Brookfield Viscosity-
meter, respectively. The characteristics of polymer solutions used
in this study are summarized in Table 1.

2.3. Design of Spinning Vessels

The experimental setups for fiber forming used in this study are
original PG and nozzle-PG. Figure 1a shows that the gas inlet and
an electrical motor were connected to an aluminum gyrospin-
ning vessel with equal-distanced 24 orifices in the original PG
setup. The diameter of the orifices is 0.5 mm. For the nozzle-PG
setup, the vessel is equipped with four equally spaced nozzles
with the inner diameter of 0.5 mm and the length of 5 mm (Fig-
ure 1b). The orifices and the nozzles are placed 15 mm upward
from the vessel base. The gyrospinning vessels of PG and nozzle-
PG have the identical height and internal diameter (cylindrical
vessel, 35 mm × 60 mm).

2.4. Manufacturing Polymer Fibers

According to previous reports,[41,51] for an individual spinning ex-
periment, 3 mL of the same polymer solution was loaded into the
chambers in PG and nozzle-PG for spinning under the specific
working pressure and collection distance. Each round of spin-
ning was performed at 13 000 rpm under the same ambient tem-
perature (≈20 °C) and relative humidity (≈50%). The spinning
parameters of all fiber samples are listed in Tables 2 and 3.

2.5. Fiber Characterization

The fibers were imaged using a Hitachi S3400N Scanning Elec-
tron Microscope (SEM, Japan). All samples were coated with gold
using a Quorum Q150R ES sputtering machine (UK) for 150 s
to minimize charging effects before imaging. ImageJ (software)
was used to measure the fiber diameter. For each fiber sample, a
total of 300 measurements were obtained. To better indicate fiber
uniformity, diameter was measured at 10 points along the length
of each single fiber randomly picked. This was repeated on 30 dif-
ferent fibers for each fiber sample. The mean and the standard
deviation of fiber diameter were calculated. The mean value re-
flects the size of fibers. The value of standard deviation can be
used as an indicator of fiber uniformity, reflecting not only the
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Figure 1. Schematic diagrams and actual pictures of a) original PG setup with 24 orifices and b) nozzle-PG setup with 4 external nozzles.

Table 2. Spinning parameters of fiber samples processed by PG and nozzle-
PG with the collection distance of 100 mm.

Polymer Fiber production method Working pressure [MPa]

PCL PG 0.1, 0.2, 0.3

Nozzle-PG 0.1, 0.2, 0.3

PVP PG 0.1, 0.2, 0.3

Nozzle-PG 0.1, 0.2, 0.3

PEO PG 0.1, 0.2, 0.3

Nozzle-PG 0.1, 0.2, 0.3

Table 3. Spinning parameters of fiber samples collected at different dis-
tances in nozzle-PG.

Polymer Working pressure [MPa] Collection distance [mm]

PCL 0.1 70, 100, 130

PVP 0.1 70, 100, 130

PEO 0.1 70, 100, 130

uniformity of an individual fiber, but also the variation of diam-
eter between different fibers. The fiber diameter frequency dis-
tributions were obtained by OriginPro (software). OrientationJ
(ImageJ plugin) was used to construct the distribution of fiber
orientation and calculate the directional coherence coefficient of
fibers. The coherence coefficient is an index between 0 and 1. A
directional coherence coefficient close to 1 indicates a high fiber
orientation.[53]

3. Results and Discussion

3.1. Fiber Diameter and Morphology

It can be clearly seen that under the same solution system and
spinning parameters, nozzle-PG produced a PCL fiber mat with-

out beads, while the PCL fibers obtained from original PG were
randomly arranged with large beads (Figure 2a,d). From the in-
set in Figure 2d, we can see that the nozzle-PG produced PCL
fibers with smooth and more uniform morphology. On the con-
trary, PG-processed PCL fibers were nonuniform (Figure 2a). The
fiber diameter distribution graphs (Figure 2b,e) illustrate that
PCL fibers obtained from nozzle-PG had smaller fiber diame-
ter and narrower diameter distribution than those obtained from
PG, with the mean of 2.4 μm and the standard deviation of 1.2
μm. PG-produced PCL fibers have a diameter of 3.9 ± 2.4 μm. In
addition, PCL fibers obtained by nozzle-PG had a larger orienta-
tion coherence (0.58) than that of PG fibers (0.36), indicating the
better alignment of PCL fibers obtained from nozzle-PG.

Similar results were obtained from the spinning under 0.2 and
0.3 MPa pressures. PCL fiber mats fabricated by PG were ran-
domly arranged with the presence of some thicker fibers and
large beads (Figures 3a and 4a). While nozzle-PG produced PCL
fibers with more aligned orientation and less beads (Figures 3d
and 4d). The PCL fibers had the diameter of 2.8 ± 2.8 μm at 0.2
MPa for PG and 2.1 ± 1.1 μm at 0.2 MPa for nozzle-PG, suggest-
ing that nozzle-PG enabled the manufacture of thinner and more
uniform fibers. The orientation coherency coefficient of fibers
produced by 0.2 MPa nozzle-PG (0.46) is closer to 1 than that
of PG (0.20), indicating its higher alignment.[54] Similar results
can also be acquired from the spinning under 0.3 MPa working
pressure (Figure 4). These results show that even under differ-
ent working pressures, nozzle-PG always produced thinner and
more uniform PCL fibers with aligned arrangement than those
obtained from original PG. These effects can be explained by the
stability of spinning jets. Although the polymer solution under-
goes a similar trajectory after moving out of the vessel in nozzle
gyrospinning and nozzle-free gyrospinning, including jet neck-
ing, whipping, and formation of an anti-S shape jet path, the di-
rection of the jet ejection and the flow state of the polymer so-
lution are different.[55,56] In PG, the gas outflow path from the
orifices is jet-like (Figure 5a).[57] In addition, turbulence occurs
due to the chaotic change in pressure when the polymer fluid
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Figure 2. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PCL fibers produced by a–c) PG and d–f) nozzle-PG
under 0.1 MPa working pressure. The insets show the high-magnification (×500) SEM images of fibers.

Figure 3. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PCL fibers produced by a–c) PG and d–f) nozzle-PG
under 0.2 MPa working pressure. The insets show the high-magnification (×600) SEM images of fibers.

is ejected through the orifices.[58] This means that the polymer
jets may be formed with a certain angle to the central axis of the
orifice and have different initial jet diameters (Figure 5b).[59] It
explains the lower alignment and uniformity of PG fiber prod-
ucts. However, when the fluid flows through the nozzles, it is
subjected to the centrifugal force (Fcent), the static pressure (Fp),
the viscous force (F

𝜏
), and the surface tension (Fs) parallel to the

axis of the nozzle, which help it move along the length of the
nozzle (Figure 5c).[56] Moreover, directing the liquid by nozzles

helps to stabilize the flow state of the polymer flow and form sta-
ble spinning jets.[60] Finally, the polymer jets leave the nozzle in
a more stable flow state and tend to move along the nozzle axis
under the action of inertia, thereby improving the alignment and
uniformity of fibers.

Through the comparison of Figures 2–4, the influence of work-
ing pressure on the morphology and alignment of PCL fibers
can be deduced. The alignment and uniformity of PCL fibers de-
creased with the increase of working pressure. Meanwhile, the
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Figure 4. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PCL fibers produced by a–c) PG and d–f) nozzle-PG
under 0.3 MPa working pressure. The insets show the high-magnification (×1000) SEM images of fibers.

Figure 5. Diagrammatic representation of a) the gas flows through the orifice; b) the liquid flow ejected from orifices in PG; c) the liquid flow ejected
from nozzles in nozzle-PG.

fiber diameter decreased accordingly from 3.9 to 1.5 μm in PG,
from 2.4 to 1.3 μm in nozzle-PG. A higher working pressure is
generally preferred in PG to produce finer fibers, while it signifi-
cantly affects the fiber alignment and the presence of beads. This
is due to the high pressure which helps to overcome the surface
tension of the polymer solution loaded in the chamber to form
a spinning jet with a smaller diameter, thereby generating finer
fibers.[61] However, the gas flow enhances the instability of the
spinning jets, resulting in the formation of beads and the low
alignment of fibers.

The same experiment was carried out at 15% (w/v)
PVP/ethanol. The results are shown in Figures S1–S3 (Sup-
porting Information). Figure S1a,d shows the SEM images of

PVP fibers processed by PG and nozzle-PG at 0.1 MPa working
pressure, respectively. PG produced a PVP fiber mat contained
large beads. In contrast, the PVP fiber mat synthesized by nozzle-
PG only had some small beads. The effects of vessel geometry
played a key role in the fiber diameter value. PVP fibers with the
diameter of 2.9 ± 1.2 μm were manufactured at 0.1 MPa with PG,
while nozzle-PG under the same working pressure generated
finer and more uniform fibers with a diameter of 1.8 ± 0.7 μm. In
addition, PVP fibers processed by nozzle-PG also showed better
fiber alignment with a larger orientation coherency coefficient
(0.36) than that of PG (0.29) at the same pressure.

These encouraging results are also replicated in the 0.2 MPa
0.3 MPa spinning of the PVP/ethanol solution (Figures S2 and
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Figure 6. a) Production rate of PCL, PVP, and PEO fibers manufactured by PG and nozzle-PG under 0.1 MPa pressure. The deposition of solidified
polymers in b) PG and c) nozzle-PG setup.

S3, Supporting Information). Nozzle-PG always produced finer
and more aligned PVP fibers with less and smaller beads, even
if working pressure changed. Although the higher pressure led
to finer PVP fibers, it generated fiber mats with larger beads in
nozzle-PG. The PVP fibers produced by PG and nozzle-PG un-
der 0.3 MPa had an orientation coherency coefficient of only 0.16
and 0.19, respectively, which are ≪ 1 (perfectly correlated). Thus,
increasing working pressure can be counterproductive in the pro-
duction of unidirectional fibers.

In addition to the polymers dissolved in organic solvents, the
effect of vessel geometry on the spinning of water-soluble poly-
mer PEO was also studied (Figures S4–S6, Supporting Informa-
tion). Using nozzle-PG, we produced PEO nanofibers (172 ± 67
nm) with “ideal” morphology—smooth, uniform, and of better
alignment than the PEO nanofibers obtained by PG (198 ± 102
nm) under 0.3 MPa working pressuring, as shown in Figure S6
(Supporting Information). In addition, no beads were observed
in PEO nanofibers fabricated by nozzle-PG. The nozzle-PG pro-
cessed PEO nanofibers also had the narrower distributions of
fiber orientation (Figures S4f, S5f, and S6f, Supporting Informa-
tion) than those of PEO nanofibers produced by PG (Figures S4c,
S5c, and S6c, Supporting Information), indicating their higher
fiber alignment. PG processes work better with water-based sol-
vent polymer systems. This is because the application of pressure
does not accelerate evaporation of solvent as much, if a more

volatile solvent was used. Evaporation can affect fiber diameter
distribution.

3.2. Fiber Production Rate

The spinning efficiency of the two gyration techniques was com-
pared and shown in Figure 6. The original nozzle-free PG has
a similar fiber productivity to nozzle-PG. Under the same pro-
cessing parameters, PG produced 21.5 g of PCL fibers per hour.
The output of nozzle-PG was 17.5 g h−1. In addition, nozzle-PG
reached almost the same production rate of PVP fibers as PG
(≈24 g h−1). PG and nozzle-PG produced PEO nanofibers with
similar yield but lower efficiency, 3.5 and 3.8 g h−1, respectively.
Although the production rate of PEO nanofibers is lower than
that of PCL and PVP in PG and nozzle-PG, it is still at least an
order of magnitude higher than that of nanofibers obtained by
electrospinning, which was only 0.01–0.1 g h−1 in single-needle
electrospinning.[62] The lower yield in water soluble polymer PEO
may be an artifact of its fine diameter (˂500 nm) (Figures S4–S6,
Supporting Information). Thus, the collection of fibers generated
was much more difficult and is envisage overcoming this prob-
lem in future work. From the error bars in Figure 6a, we can also
see that nozzle-PG had a more stable fiber production rate, while
the production rate of PG varied in each separate spinning. While
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Figure 7. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PCL fibers collected at a–c) 70 mm and d–f) 130 mm
in 0.1 MPa nozzle-PG. The insets show the high-magnification (×1000) SEM images of fibers. The results of PCL fibers collected at 100 mm distance are
shown in Figure 2d–f.

Figure 8. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PVP fibers collected at a–c) 70 mm and d–f) 130 mm
in 0.1 MPa nozzle-PG. The insets show the high-magnification (×2000) SEM images of fibers. The results of PVP fibers collected at 100 mm distance
are shown in Figure S1d–f (Supporting Information).

PG has more liquid channels (24 orifices) than nozzle-PG (4 noz-
zles), enabling the formation of more spinning jets at the same
time, PG did not provide higher fiber productivity. This is due
to the solution loss in PG. As the instability of solution flow oc-
curs in PG, polymer solution is likely to aggregate and deposit at
orifices instead of forming fibers (Figure 6b), which significantly
reduced the quantity of fiber products. This problem can be over-
come in nozzle-PG with the stable spinning jets directed by the
nozzles.

3.3. Effects of Collection Distance on Fiber Morphology

The significant effects of collection distance on fiber morphol-
ogy are presented in the SEM images of Figures 7–9. When the
collection distance was 130 mm, randomly oriented PCL fibers
with large beads and small diameter (1.3 ± 0.9 μm) were col-
lected. Thicker PCL fibers were collected at 70 mm distance (2.7
± 1.4 μm). The collection distance of 100 mm led to the best PCL
fibers with pronounced fiber morphology and alignment (2.4 ±
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Figure 9. SEM images, fiber diameter distribution graphs, and orientation distribution graphs of PEO fibers collected at a–c) 70 mm and d–f) 130 mm
in 0.1 MPa nozzle-PG. The insets show the high-magnification (×2500) SEM images of fibers. The results of PEO fibers collected at 100 mm distance
are shown in Figure S4d–f (Supporting Information).

1.2 μm) (Figure 2d–f). It has been known that the spinning jet in
gyrospinning undergoes stretching before reaching the collector,
during which the diameter of jet decreases monotonously with
the increase of movement distance.[55] Thus, it can be expected
that collection distance has significant effects on fiber diameter.
The polymer jet cannot be stretched sufficiently at smaller col-
lection distances, forming short and thicker fibers. Conversely,
when the collection distance is too long, it will cause jet rupture
and fibers fail to deposit on the collector.[63,64] In addition, collec-
tion distance determines solvent evaporation, thus affecting the
morphology of fibers. This effect may lead to different results for
different polymer solution systems with different solution char-
acteristics.

Similar results were obtained from the 0.1 MPa nozzle-PG of
PVP at different collection distances. PVP fibers with different
orientation were collected at 70, 100, and 130 mm collection dis-
tances, with the diameters of 2.1 ± 0.7, 1.8 ± 0.7, and 1.3 ± 0.9
μm. With the increase of collection distance, the standard de-
viation of fiber diameter had a slight increase, suggesting that
the PVP fibers became less uniform at a longer collection dis-
tance. The result also shows that a longer collection distance is
likely to produce finer PVP fibers with lower alignment. The 130
mm collection distance generated randomly arranged PVP fibers
(Figure 8d), with an orientation coherency coefficient of 0.23.
While the PVP fibers collected at 70 and 100 mm distance showed
anisotropy with narrower orientation distributions (Figure 8c and
Figure S1f, Supporting Information) and higher orientation co-
herency coefficients (0.42 and 0.36, respectively).

From Figures 7 and 8, it can be seen that some small beads pre-
sented as a by-product of the spinning process. The formation of
beads can be the result of multiple factors, among which poly-
mer molecular weight and polymer chain entanglement are the
important ones.[10,41,65] Molecular weight that does not provide

sufficient chain entanglement results in the formation of beads.
For a given molecular weight, the degree of chain entanglement
increases with the increase of polymer concentration.[48] Thus,
a high polymer concentration helps the production of smooth
and uniform fibers, while a low concentration generally promotes
bead formation.[41] The bead formation is also related to cen-
trifugal force. Beads are produced when centrifugal force is in-
sufficient to overcome surface tension and elongate the jet be-
fore it reaches the collector.[66] This is the main reason for the
beaded structure in fibers generated at a low rotational speed. In
PG and nozzle-PG, the applying of high-pressure gas flow can
enhance the instability of the flow state of the polymer jet, pro-
moting the formation of beads.[10,55] The collection distance also
affects bead formation. At a short collection distance, the solvent
is not able to evaporate fully and solvent droplets remain on the
fiber chains. These solvent droplets can prevent proper mixing
of the polymer within the drying jet, resulting in the formation
of beads.[45] When the collection distance is too high, excessive
stretching causes jet rupture.[67] Thus, the polymer jets break up
into small droplets. These droplets eventually deposit on the col-
lector, creating polymer beads on fibers.

However, the results show some differences for water-soluble
polymer PEO. As shown in Figure 9d, the PEO nanofibers
collected at 130 mm distance not only showed the smallest
diameter and greatest uniformity (243 ± 87 nm) than PEO
nanofibers collected at 70 mm distance (406 ± 124 nm) and
100 mm distance (273 ± 72 nm), but also had aligned arrange-
ment. Different from PCL and PVP fibers, increasing collection
distance produced better PEO nanofibers with unidirectional
arrangement in nozzle-PG, since it is more difficult for pure
water to fully evaporate compared with organic solvents.[68] The
spinning jets experience air resistance when travelling in air, dur-
ing which the solvent undergoes forced convective mass transfer
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on the jet surface.[69] Subsequently, the solvent evaporates to
form dry fibers. The time required for this process increases
as solvent volatility decreases. Thus, for aqueous solvents with
lower volatility, a longer collection distance is desired to ensure
the complete drying of fibers. In addition, it will extend the jet
elongation to significantly reduce the fiber diameter, especially
for polymers with high flexibility and high ductility such as PEO.

4. Conclusions

This work demonstrated that nozzle-PG has great potential
to produce uniform fibers with smaller diameter and better
alignment than original nozzle-free PG, without decreasing the
fiber production rate. This very significant result held for dif-
ferent polymer solution systems (15% PCL/chloroform, 15%
PVP/ethanol and 15% PEO/water), as well as different working
pressures (0.1, 0.2, and 0.3 MPa).

In addition, this work revealed the effects of collection distance
on the fiber morphology in nozzle-PG. For PCL and PVP dis-
solved in organic solvents, uniform fibers with small diameter
and aligned arrangement were obtained at the 100 mm collection
distance. For water soluble polymer, the 130 mm collection dis-
tance gave the best PEO nanofiber morphology and alignment,
compared to the collection distances of 70 and 100 mm.

Overall, this study showed the tremendous prospects of
nozzle-PG in mass production of fibers. Nozzle-PG achieves the
efficient formation of uniform fibers with excellent alignment
via a simple one-step method. These fibers have great prospects
in multiple fields. It is well known that the presence of beads
is a main reason of poor mechanical behavior of fibers. Uni-
form fibers can be used in high-efficiency filtration membranes,
face masks and protective clothing due to their large specific sur-
face area, narrow pore size and excellent mechanical properties.
Aligned fibers produced by nozzle-PG have superior potential
as scaffolds for tissue engineering. The parallel orientation in
aligned fibers is similar to that of natural tissues (cornea, heart,
nerve, skeletal muscle, etc.), which facilitates cell adhesion, mi-
gration, and proliferation. Aligned fibers that have large tensile
modulus and high breaking strength are desirable for tissue engi-
neering scaffolds. Furthermore, highly uniaxially oriented fibers
can control electrodiffusion, which are promising candidates for
the production of more precise biosensors. This technology can
achieve the controllability of fiber morphology and orientation
by changing spinning parameters. We hope to expand the scope
and variety of gyrospinning vessels and to increase the num-
ber of nozzles for nozzle-PG in future research. The key aim is
to achieve even higher fiber productivity. Together with original
nozzle-free PG and its sister technologies, nozzle-PG adds value
to polymeric fiber mass production strategies, with the potential
of fiber customization for specific applications.
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