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Polymeric nanofibers are a fascinating class of material that has been widely used in a myriad 
of applications, including fiber reinforced composites, protective clothing, and chemical 
sensors. Here, the science of the combined application of external pressure, controlled infu-
sion of polymer solution and gyration, which allows mass production of uniform polymeric 
nanofibers in a single step, is uncovered. Using poly(ethylene oxide) as an example this study 
shows the use of this novel method to fabricate polymeric nanofibers and nanofibrous mats 
under different combinations of processing parameters such as working pressure (1 × 105 
to 3 × 105 Pa), rotational speed (10 000–36 000 rpm), infusion rate (500–5000 µL min−1), and 
fiber collection distance (4–15 cm). The morphologies of the 
nanofibers are characterized using scanning electron micros-
copy and anisotropy of alignment of fiber is studied using 2D 
fast Fourier transform analysis. A correlation between the 
product morphology and the processing parameters is estab-
lished. The produced fibers are in a range of 50–850 nm at an 
orifice-to-collector distance of 10 cm. The results indicate that 
the pressure coupled infusion gyration (PCIG) offers a facile 
way for forming nanofibers and nanofiber assemblies.
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1. Introduction

The production of nanofibers has recently garnered much 
attention due to their unique features including large 
surface area-to-volume ratio and superior mechanical 
properties, which renders them captivating in poten-
tial applications like catalyst supports, tissue engineered 
scaffolds, and functional group delivery vehicles (e.g., 

for drugs).[1–16] The superior features of a well-aligned 
structure of fibers compared to nonwoven (randomly 
arranged) fibers makes them an optimal candidate in 
applications such as composite reinforcements, basement 
for differentiation of peripheral nerves and tendon cells, 
and other applications which require a particular orien-
tation.[17–20] Despite the surge of interest in nanofibers, 
major challenges still restrict their implementation due to 
lack of a high production rate.

Until recently, template synthesis related processes,[20] 
molecular self-assembly,[21] and electrospinning[22–25] 
have been used as the most common methods used to fab-
ricate ultrafine fibers, with the latter being the most pop-
ular technique. Despite the versatility of the electrospin-
ning method, its utilization is strikingly limited by signif-
icant challenges including: (1) increased cost and safety 
concern induced by application of high-voltage electric 
fields; (2) limited selection of materials due to sensitivity 
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to solution electrical conductivity; (3) random orientation 
of obtained fibers; (4) commercial viability hampered by 
its low production rate. Although a scheme of nozzle-free 
electrospinning as well as multiple spinning setups[22]  
have been implemented to improve the fiber production 
yield, these strategies further increase the production 
cost of this technique.

Recently, some techniques that utilize centrifugal 
force to produce fibers on a large scale have attracted 
a great deal of interest. These methods jet out polymer 
solution or melt using a high velocity air stream to pro-
duce nanofiber. For example, centrifugal  rotary spin-
ning,[26,27] force spinning,[28] pressurized gyration,[3,29–31] 
and infusion gyration[32] are shown to be effective ways 
to eliminate the aforementioned limitations encoun-
tered by electrospinning. These methods make uniaxi-
ally aligned 3D fibrous bundles from solutions or melt 
in a cylindrical spinneret by utilizing centrifugal force  
reliably, consistently, and cost-effectively. Our previous 
studies demonstrated that pressurized gyration and infu-
sion gyration are simple methods largely independent of 
materials properties from which various products can be 
effectively produced, for example, fibers with nanoparti-
cles,[33] microbubbles,[31] especially well-aligned biopolymer 
nanofibers[34] and hybrid products[32] (with functional 
groups, e.g., peptide, nanoparticles) in a very short  
time. Pressureless gyration and centrifugal spinning are 
able to produce fibers consistently with an induced solu-
tion flow, but usually only generate uniform fibers in the 
range of sub-micrometer to micrometer scale.

In this work, we invent and investigate a comple-
mentary spinning process, a pressure coupled infusion 
gyration (PCIG) spinning system to produce nanofibers 
with diameters ranging from 60 to 850 nm with a high 
yield. Poly(ethylene oxide) (PEO) is a well-known basic 
polymer with good mechanical properties and good bio-
compatibility, and is used as an example to demonstrate 
the characterization of this new process. Thus, we inves-
tigated the feasibility of producing PEO nanofibers by 
utilizing the newly developed facile system. In PCIG, the 
spinnability of a polymer solution is highly affected by its 
rheological properties, especially the chain entanglement 
in the polymer solution. The dimensions and the homo-
geneity of nanofibers are controlled by the polymer solu-
tion properties. Furthermore, the size, distribution, and 
morphology of nanofibers are governed by the processing 
parameters. Hence, orifice-to-collector distance, rota-
tional speed, working pressure, and infusion rate were 
varied and their effects were evaluated together with pol-
ymer concentration. The resultant nanofiber morphology 
was characterized using field emission scanning electron 
microscopy (FE-SEM); a quantitative measurement of ani-
sotropy of produced fiber alignment was performed by 
2D fast Fourier transform (2D FFT) analysis as a function 

of spinning conditions. Various concentrations of PEO 
polymer solutions were used, and they were spun based 
on implementing 144 different combinations of key pro-
cessing parameters available in the PCIG process in order 
to study the effects on fiber morphology.

2. Experimental Section

2.1. Materials

PEO with a molecular weight (Mw) of 2 × 105 g mol−1 purchased 
from Sigma-Aldrich (Poole, UK) was used as-received and deion-
ized water was selected as the solvent. It has a relatively slow 
evaporation rate compared to other volatile solvents such as 
ethanol. Five different weight percentages (3, 5, 10, 15, and 
21 wt%) of PEO were dissolved in deionized water. These five 
solutions were magnetically stirred at the ambient tempera-
ture (25 °C) for 24 h to obtain homogeneous solutions before 
processing. For comparative purposes, the concentrations of 
PEO chosen in this work are similar to a previous work on the 

pressurized gyration[3] and infusion gyration.[32] The viscosities 
of the six solutions were measured at 21 °C with a Brookfield 
DV-III ultraprogrammable rheometer (Brookfield Viscometers 
Ltd., Harlow, UK), the apparent shear rate spanned the range 
0.013–26.4 s−1.

2.2. Pressure Coupled Infusion Gyration

PCIG system (see Figure 1) used in this work consists of a rotational 
vessel—60 mm in diameter and 40 mm in height. The vessel was 
equipped with 20 orifices equidistantly located on the wall of the 
vessel at the same height, and each ≈0.5 mm in diameter. Nanofib-
er’s geometry and cross section can be affected by the features of 
vessel and orifices (geometry and size), which could be custom-
ized. The vessel is driven by a DC motor which connects at the top 
of the vessel, and it could provide various rotating speeds up to 
36 000 rpm. The applied pressure (up to 3 × 105 Pa) was provided 
by a nitrogen cylinder connected to the bottom of the vessel. A 
syringe pump connected by a plastic tube via a T-junction to the 
bottom of the vessel is used to control polymer solution flow (up to 
5000 µL min−1) and continuously feeds into the vessel during pro-
cessing. A stationary copper mesh served as the collector. It was 
placed around the vessel and helps convenient collection of fibers. 
During rotational spinning, PCIG effectively utilizes high speed 
rotation of the vessel to extrude several solution jets parallely out 
from orifices that are located on the vessel surface.

PCIG utilizes continuously injected solution flow and high 
rotational speed which allows effective use of materials and 
quick fiber generation, and at increased flow rates can dramati-
cally improve the yield of fiber production. The vessel is powered 
by a DC motor and the rotational speed was controlled in this 
study in the range from 10 000 to 36 000 rpm by a speed control 
panel. A syringe pump (Harvard Apparatus Ltd., Edenbridge, UK) 
with a 10 mL syringe was used to feed a polymer solution into the 
vessel simultaneously during rotation, and the injection flow rate 
was set at six different values (500, 1000, 2000, 3000, 4000, and 
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5000 µL min−1) to investigate different scenarios. A circular copper 
mesh collector that surrounds the rotational vessel and was cen-
trally placed (Figure 1), was used to collect fibers ejected from 
the orifices of the vessel. After collection, the fibers were covered, 
dried, and stored. The distance between the orifices and the cir-
cular collector was adjusted between 4 and 15 cm. PEO nanofibers 
with controlled morphology were produced by selective 
combinations between different processing parameters, including 
polymer concentration, rotational speed, applied pressure, infu-
sion (flow) rate of material (polymer solution) into the vessel, 
and the distance at which the nanofibers (product) is collected. In 
order to investigate how the working parameters of PCIG affect 
the fiber morphology and to study the comparative performance 
with previous gyration methods, all polymer solutions were spun 
at the ambient conditions of 25 °C and 38.5% relative humidity.

Monochrome videos (12 bit) that show PCIG in action are 
included in the Supporting Information. These videos were 
recorded by a Photron Version SA1.1 high speed camera, with the 
help of a powerful light-emitting diode (LED) floodlight. Both low 
and high magnifications were used, and the recording frame rate 
was set at 54 000 fps. Video S0 (Supporting Information) illus-
trates the process.

2.3. Fiber Characterization

The morphology of produced nanofibers was characterized using 
field-emission scanning electron microscopy (JEOL JSM6310F). 
Samples were sputtered with gold-palladium using a sputter 
machine (Quorum Q 150R ES) for 120 s before examination. Both 
low and high-magnification images were taken at randomly 
selected positions (≈10) within each sample. By using IMAGE J 
software, the average fiber diameter was determined based on 
the mean value of ≈100 measurements analyzed from different 
locations per sample. The fibers were not perfectly uniform along 
the length in some instances, however as the number of meas-
urements were high this does cause a dramatic influence on the 

results. The Gaussian distribution was plotted and fitted based 
on the measurement results.

2.4. 2D Fast Fourier Transform Analysis

Anisotropic alignment of nanofibers characterized by scanning 
electron microscopy was assessed using 2D FFT analysis. Before 
this analysis, uncompressed scanning electron microscope (SEM) 
images at the most suitable magnification were used in the quest 
to preserve quality, and were cropped (512 × 512 pixels dimen-
sion), and de-speckled where necessary. The 2D FFT analysis con-
verts the information of spatial domain into a mathematically 
defined frequency distribution that maps the rate of change of 
pixel intensity across the original data image.[35,36] This output 
image also contains quantitative information (grayscale pixels 
that are distributed in a pattern) concerning the degree of fiber 
orientation in the data image. Thereafter, the resultant grayscale 
pixels distribution was used to measure pixel intensity across 
360° by applying radial summation using the Oval Profile Plot 
Plug-in (William O’Connell) of Image J software.[37,38] Normali-
zation of images selected from the original radial summation 
data set was carried out. The plots of a line graph according to 
the summed pixel intensity at each related acquired angle were 
obtained at the normalized FFT alignment with the acquisition 
degree. The line graph shows the relative distribution of the area 
of interest along angles of acquisition. The degree of alignment 
in these plots is reported by the height and shape of the peak.

3. Results and Discussion

3.1. Solution Viscosity

The formation and morphology of produced fiber is 
affected by the fluid properties, for example, viscosity of 
solution, which can be typically adjusted by manipulating 
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Figure 1.  Schematic diagram illustrating pressure coupled infusion gyration equipment used in this work.
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polymer concentration, molecular properties (structure 
and weight), and temperature, selectively. The flow curves 
(Figure 2) indicate the obvious shear thinning effects in the 
viscosity measurements for the prepared polymer solu-
tions. Table 1 gives the details of the fitted power law of  
( η γ= −1K n ) to the viscosity–shear rate data shown in 
Figure 2, where η is the measured apparent viscosity, γ  is 
shear rate, and K and n are constants. The associated coef-
ficients of multiple linear regressions (R2 ≈ 1) indicated 
high multilinear dependencies between measured viscosi-
ties and shear rates, and the dimensionless flow behavior 
index n elucidates obvious shear thinning effects for more 
viscous solutions, for example, 21 wt%. The zero shear vis-
cosity of solutions increased from 500 to 89 500 mPa s as 
the polymer concentration increased from 3 to 21 wt%.

3.1.1. Effects of Infusion Rate

In pressure coupled infusion gyration, a hydrostatic pres-
sure exists at the orifices, which is constant for a fixed 

flow rate, a fixed working pressure, and the rotational 
speed. The hydrostatic pressure will be enhanced with the 
increase in infusion rate. However, the hydrostatic force is 
much smaller when compared to the governing centrif-
ugal force. Hence, the process of formation of nanofibers 
could be simply explained as a balance between surface 
tension force of polymer solutions and external forces 
(gravitational force and centrifugal force). During the 
spinning action, initially a steady and continuous pol-
ymer solution flow is constantly injected from the bottom 
of rotational vessel using a syringe pump (Figure 1). Then, 
the Marangoni effects due to a gradient of surface ten-
sion force across the liquid–air interface of the polymer 
drop emerging from the vessel orifices occurs. This leads 
to mass transfer of solution to the tip of the drop which 
forms the polymer jet.[3] This jet further elongates due to 
the centrifugal force and the pressure difference at the 
orifice. Finally, solvent evaporation takes place, thus in 
turn the ejected polymer jet thins and solidifies to form 
nanofibers.
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Figure 2.  Flow curves of apparent viscosity–shear rate for the PEO solutions used in this work.

Table 1.  Fitted power law for apparent viscosities in Figure 2.

Polymer concentration [wt%] Trend line equation R2 n

3 y = 49.351x−0.44 0.9 0.56

5 y = 111.61x−0.40 0.8 0.60

10 y = 676.68x−0.34 0.8 0.66

15 y = 2498.5x−0.26 0.9 0.74

21 y = 18109x−0.24 0.9 0.76
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The combined effect of working pressure, rotational 
speed, and infusion rates on fiber size were correlated 
and are presented in Figure 3a,b. It was experimentally 
observed that the 3 wt% solution could not be spun into 
fibers and therefore produced droplets during spinning. 
The critical polymer concentration and chain entangle-
ment is of crucial importance.[39–41] The critical polymer 
concentration for chain entanglement for our PEO can 
be estimated using the intrinsic viscosity of our PEO[25] 
and its estimation for PEO using the method of Barnes  
et al.,[42] and is ≈0.7 wt%. Although this approximate 

value is <3%, it is the closest to the 
critical polymer concentration value 
and this is probably why no fibers are 
obtained. For 5–21 wt% solutions, fibers 
were generated and the fiber diameter 
increased with the increase of concen-
tration at fixed infusion rate, working 
pressure, and rotational speed. How-
ever, the increase of shear viscosity 
(Figure 2) helps in the interlocking and 
movement of polymer chains and how 
these features control jet formation and 
results in the evolution of fibers in gyra-
tory forming is explained in our pre-
vious work.[43]

Figure 4a–l shows the scanning 
electron microscopy images and size 
distributions of spun fibers using 
5 and 21 wt% solutions subjected 
to 36 000 rpm and 1 × 105 Pa. It is seen 
that, in general, wider size distributions 
are obtained at lower infusion rates. The 
polydispersity is 42%, 33%, 31%, 48%, 
32%, and 30% for 5 wt% solution at 500–
5000 µL min−1 flow rate. For the 21 wt% 
solution, a polydispersity of 53%, 45%, 
42%, 50%, 45%, and 24% is found for 
500–5000 µL min−1 flow rate. The mean 
fiber size ranged from 108 to 885 nm for 
the 5–21 wt% solutions at six different 
infusion rates studied. The average fiber 
diameters are listed in Table 2. At fixed 
(1 × 105 Pa) pressure and 36 000 rpm 
rotational speed, increasing the infu-
sion rate showed a trend of increasing 
average fiber size. This is attributed to 
the volume and mass of polymer solu-
tion that is being transferred across 
the orifice which is governed by infu-
sion rate, hence thicker polymer jets 
were formed (Video S1, Supporting 
Information) at a higher infusion 

rate (5000 µL min−1), compared with 2000 µL min−1, for  
10 wt% solution at 1 × 105 Pa and 36 000 rpm. Moreover, 
the higher polymer concentration which, on the other 
hand, hinders the evaporation of solution, causes a larger 
transfer rate of solution across the vessel orifices. Thus, a 
higher flow rate leads to a lower relaxation time/evapora-
tion during stretching of polymer jet before collection.[32] 
This resulted in formation of coarser fibers. Surprisingly, 
a drop of average fiber diameter was observed at the flow 
rate of 3000 µL min−1 for all solutions, and it subsequently 
increased when increasing the infusion rate further. It is 
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Figure 3.  Combined effects of infusion rate and a) pressure and b) rotational speed on 
mean fiber diameter.
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Figure 4.  SEM images and fiber diameter distributions of PEO fibers produced at 500–5000 µL min−1 (exact relevant value indicated as 
shown), 36 000 rpm and 1 × 105 Pa: a–f) 5 and g–l) 21 wt%.
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believed that, this is due to a balance of volume of solu-
tion transfer through the vessel orifice operating in com-
petition with other working parameters such as infusion 
rate and working pressure.

3.1.2. Effects of Working Pressure

The influence of pressure applied during gyration in 
generating different fiber morphologies was studied 
by fixing the rotational speed at 36 000 rpm and con-
ducting experiments at 1 × 105, 2 × 105, and 3 × 105 Pa for 

5–21 wt% solutions (Table 3). It is evident that, in gen-
eral, a narrow distribution of fiber diameter is achieved 
at higher working pressures. The fiber size distributions 
in Figure 5a–f give polydispersities of 31%, 29%, and 43% 
for 10 wt% solution at 1000, 2000, and 3000 µL min−1 flow 
rate and 1 × 105 Pa pressure. It also shows polydispersity 
of 36%, 34%, and 40% for 3 × 105 Pa pressure for the same 
range of infusion rate. Table 3 shows the product geom-
etry for the four different solutions at various pressures 
and flow rates. The shaded areas in Tables 3–5 indicate 
that droplet (black) and bead-on-string structures (gray) 
were formed during experiments. At any fixed polymer 
concentration, by increasing the pressure, a trend of 
reduction in the fiber diameter was observed. This is due 
to the introduced gas stream which enhances the com-
bined shearing force (consisting of centrifugal force and 
blowing) against the surface tension force in the elonga-
tional flow of polymer jets,[3] and therefore reduces the 
diameters of the ejected polymer jets at the orifices of 
vessel, which helps to promote thinner fiber formation 
(Video S2, Supporting Information). Solvent evapora-
tion can be enhanced by blowing which affects the rela-
tive speed of gas flow on the liquid–air interface in the 
polymer drops and solvent diffusion across polymer drops 
to the surface, thus contributing to fiber formation.

Macromol. Mater. Eng. 2017,  ,  1600564

Table 2.  Average fiber diameter (nm) at different infusion rates, 
1 × 105 Pa pressure and 36 000 rpm rotational speed.

Polymer concentration 
[wt%]

Flow rate [µL min−1]

5 10 15 21

500 108 112 326 438

1000 118 130 357 637

2000 142 164 360 795

3000 114 116 331 538

4000 158 178 422 859

5000 177 206 473 885

Table 3.  Average fiber diameter (nm) obtained at different pressures, for various infusion rates, and 36 000 rpm rotational speed. The shaded 
areas indicate that droplet (black) and bead-on-string structures (gray) were formed.

Polymer concentration [wt%]

Flow rate [µL min−1]

5 10 15 21 Working pressure [Pa]

500 108 112 326 438 1 × 105

81 108 209 268 2 × 105

68 92 105 121 3 × 105

1000 118 130 357 637 1 × 105

87 114 222 291 2 × 105

73 97 117 236 3 × 105

2000 142 164 360 795 1 × 105

97 129 227 324 2 × 105

90 114 127 276 3 × 105

3000 114 116 331 538 1 × 105

83 109 203 275 2 × 105

71 87 111 124 3 × 105

4000 158 178 422 859 1 × 105

159 242 336 2 × 105

130 139 294 3 × 105

5000 177 206 473 885 1 × 105

250 347 2 × 105

332 3 × 105
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For 2 × 105 Pa pressure, the 5 wt% solution gave uni-
form fibers at flow rates of 500–3000 µL min−1, and a 
bead-on-string structure was formed when the flow rate 
was increased to 4000 and 5000 µL min−1 (Figure 6a,b). 
The size of beads spanned a range of dimensions, which 
gave 58–201 and 157–350 nm in width and 64–202 
and 173–370 nm in length, respectively. When the 
working pressure was increased to 3 × 105 Pa, the bead-
on-string formation was enhanced at the flow rate of 
4000 µL min−1, that is, larger beads size and wider size 
range of beads were obtained. There was no product to 
collect except droplets at a flow rate of 5000 µL min−1. 
The same trend was also found with the 10 wt% solu-
tion. Figure 6d shows that coarser fibers were formed 
at flow rate of 3000 µL min−1 and 2 × 105 Pa pressure. 
Figure 6e,g shows the fibers obtained at 4000 µL min−1 
and working pressure of 2 × 105 to 3 × 105 Pa, respectively. 

Bead-on-string structure was formed rather than drop-
lets at 5000 µL min−1 with a pressure of 2 × 105 and 3 × 
105 Pa. The range of bead width is 167–371, 192–373, 
and 201–400, 217–471 nm in length, for pressure of 2 
× 105 and 3 × 105 Pa, respectively. During the spinning 
action, the introduction of gas enhances the instability 
of polymer jets at the jetting orifices which helps to pro-
mote beads formation. It also facilitates solvent evapora-
tion which takes place in the radial direction of jets. The 
results also indicate that the polymer concentration has 
significant influence on the as-spun fiber morphology, 
that is, the increased polymer viscosity plays a role of 
stabilizing polymer jets against the action of centrifugal 
force and dynamic solution blowing, hence promoting 
larger bead size and fiber diameter. The morphology of 
beads for 15 wt% solution at 5000 µL min−1, 3 × 105 Pa 
shows a spindle-like shape compared to the spherical 
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(b) (e)

(c)  (f)

(a) (d)

 1 µm 1 µm

1 µm 1 µm

 1 µm 1 µm

Figure 5.  SEM images and diameter distributions of the products for 10 wt% PEO solution at a–c) 1 × 105 and d–f) 3 × 105 Pa, 1000, 2000, 
and 3000 µL min−1, 36 000 rpm.
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beads generated at 5 and 10 wt% solutions. The bead 
size also increased, which gave 152–368 nm width and 
226–565 nm length. When the polymer concentration 
is continuously increased, bead formation finally dis-
appeared as observed with the 21 wt% solution. This 
can be attributed to the higher polymer concentration 
which hinders solvent evaporation, hence it leads to rel-
atively longer relaxation time/evaporation time during 
stretching. In addition, there are large size differences 
between some of the adjacent beads as formed in several 
SEM images in this study, for example, Figure 6h. It occurs 
because of the stretching phenomenon caused by the 
instability and elastic recoil takes place at the neck region 
formed between bead and fiber. It is probably a balance 
between inertia, capillarity, and viscoelasticity of the pol-
ymer solution.[44–47]

Compared with typical pressurized gyration[3] (Table 4 
and Figure 3a) the fiber produced using PCIG was much 
thinner. This is because the dynamic fluid flow can be reg-
ulated by infusion rate of solution when flowing across 
orifice during spinning, hence the material input could 
be effectively used and obtaining the desired product 
morphology be achieved by balancing different combi-
nations of processing parameters with solvent evapora-
tion. Although less obvious, the results in Figure 3b also 
indicate an enhanced thinning effect due to the result of 
a higher shear force provided by gas blowing, when com-
pared with infusion gyration. Full details of comparison 
of produced fiber size are shown in Table 5. Infusion 
also has the advantage of preventing the loss of prefilled 
material during initial acceleration in order to reach the 
desired rotating speed.

3.1.3. Effects of Rotational Speed

Similar to pressurized gyration, the basic governing forces 
in PCIG spinning consist of centrifugal force and dynamic 
fluid flow. The combination of solution blowing and cen-
trifugal force against the surface tension force leads to 
deformation of polymer droplets and thus enables fiber 
formation from the vessel orifices. In general, this defor-
mation will be enhanced by higher centrifugal force pro-
vided by a higher rotational speed. The normal stresses in 
contrast to shear stresses in non-Newtonian fluid exist, 
and causes the stresses to act in the same direction as 
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Figure 6.  Fibers and bead-on-string structures produced at 
36 000 rpm speed: a,b) bead-on-string structure from 5 wt% solu-
tion at 2 × 105 Pa pressure, 4000–5000 µL min−1 flow rate; c) bead-
on-string structure from 5 wt% solution at 3 × 105 Pa pressure, 

4000 µL min−1 flow rate; d,e) coarser fiber from 10 wt% solution 
at 2 × 105 Pa pressure, 3000–4000 µL min−1 flow rate; f,h) bead-
on-string structure from 10 wt% solution at 2 × 105 and 3 × 105 
pressure, 5000 µL min−1 flow rate; g) coarser fiber from 10 wt% 
solution at 3 × 105 Pa pressure, 4000 µL min−1 flow rate; i) uni-
form fiber from 15 wt% solution at 3 × 105 Pa pressure, 4000 µL 
min−1 flow rate; j) bead-on-string structure from 15 wt% solution 
at 3 × 105 Pa pressure, 5000 µL min−1 flow rate.
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the deformation plane.[3] Thus, the stretched polymer jets 
will be accelerated by the centrifugal force and further 
enhanced by gas blowing.

The change in rotation speed during spinning deter-
mines the final fiber diameter. The viscosity of solution 
can vary during spinning due to a temperature gradient 
which can occur through the polymer jets during the 
solvent evaporation. Mahalingam and Edirisinghe[3] 
have indicated that the time constant of shearing forces 
applied on polymer jets during pressurized gyration will 
be decreased with increasing rotation speed. In addi-
tion, the time constant of shearing forces governs the 
responses of polymer chains, that is, higher the time con-
stant the longer the viscous response of polymer solu-
tion, and vice versa. Hence, a minimum rotation speed 
that could result in enough viscous solution response 
enables the generation of nanofibers at lower polymer 
concentrations.

To identify the correlation between the fiber mor-
phology and rotational speed, the 5–21 wt% solutions 
were spun at a fixed working pressure of 2 × 105 Pa 

and the rotational speed and infusion rate were varied. 
A definite relationship between polymer concentra-
tion, rotational speed, infusion rate, and fiber diameter 
is clearly seen in Table 5. For comparison, the results 
obtained at 36 000 rpm rotational speed and 2 × 105 Pa 
pressure is also listed here. On the whole, increasing 
rotational speed accelerates stretching of polymer jets, 
this decreases the diameters of the polymer jets at 
the orifices of vessel and thinner fibers are obtained 
(Figure 7a–f and Video S3, Supporting Information). 
The 15 wt% solution gave 276 and 260 nm in diameter 
at 10 000 and 24 000 rpm at the same infusion rate of 
500 µL min−1, and 399 and 376 nm in diameter at 10 000 
and 24 000 rpm at an infusion rate of 5000 µL min−1. 
It is clearly seen that, overall, a narrower size distribu-
tion is obtained at a higher rotational speed. For the 
15 wt% solution, for fixed 2 × 105 Pa pressure, the poly-
dispersity is 40%, 37%, and 47% for a lower rotational 
speed (10 000 rpm) and flow rate values of 1000, 2000, 
and 3000 µL min−1; the polydispersity is 36%, 34%, and 
45% for a higher rotational speed (36 000 rpm) with the 

Table 4.  Comparison of results (nm) of pressure coupled infusion gyration and typical pressurized gyration. The black shaded areas indicate 
that droplets were formed.

Polymer concentration [wt%]

Flow rate [µL min−1]

5 5 (PG)a) 15 15 (PG) 21 21 (PG) WPb) [Pa] RSc) [rpm]

500 108 210 326 518 438 970 1 × 105 36 000

81 175 209 250 268 400 2 × 105 36 000

68 106 105 135 121 141 3 × 105 36 000

131 260 560 302 600 2 × 105 24 000

276 303 692 2 × 105 10 000

1000 118 357 637 1 × 105 36 000

87 222 291 2 × 105 36 000

73 117 236 3 × 105 36 000

164 286 303 2 × 105 24 000

314 327 2 × 105 10 000

2000 142 360 795 1 × 105 36 000

97 227 324 2 × 105 36 000

90 127 276 3 × 105 36 000

223 291 309 2 × 105 24 000

315 333 2 × 105 10 000

3000 114 331 538 1 × 105 36 000

83 203 275 2 × 105 36 000

71 111 124 3 × 105 36 000

160 297 2 × 105 24 000

213 314 2 × 105 10 000

a)PG = pressurized gyration; b)WP = working pressure; c)RS = rotational speed.
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same range of flow rates. It is noteworthy that, 5 wt% 
solution is not spinnable using a typical pressurized 
gyration method at pressure of 2 × 105 Pa and rotational 
speed of ≤24 000 rpm. However, this new process ena-
bles gyratory spinning of these and this is also true for 
the 15 wt% solution processed at a pressure of 2 × 105 Pa 
and a rotational speed of 10 000 rpm. This is due to reg-
ulated mass transfer of polymer solution through the 
orifice by controlled infusion.

3.1.4. Analysis of Fiber Anisotropy

FFT analysis of SEM images was used to characterize the 
scaffold anisotropy and degrees of fiber alignment. It is 
possible to assess the impact of various processing param-
eters on the product morphology by FFT to assign a relative 
alignment number to a spun matrix. FFT is a rapid method 
for assessing fiber alignment in tissue-engineering mate-
rials.[36] In this analysis, the degree of fiber alignment in 
a line chart is represented by the height and shape of the 
peak compiled statistics from FFT graph (Figure 8). The 
more uniformly orientated fibers will offer a more spindle-
like shape in a frequency graph that could be related with 
the overall orientation of fibers in the original SEM images. 

The sharper peaks, that is, the detected pixel intensities in 
the frequency graph, for example, Figure 8c, are in a single 
direction. The more randomly orientated fibers will pro-
vide circular shape at the center of the plotted frequency 
graph, and broader peaks with relative lower amplitude.[36] 
The broader peaks with low amplitude were caused by 
background noise, and the distinct pointed peaks at single 
specific values were induced by edge effects in most case, 
which can be removed manually. PCIG products spun from 
a starting concentration of 10 wt% exhibit overt evidence 
of alignment at any infusion rate, rotational speed, and 
gyration pressure and thus give rise to bead-on-string 
structures or fibers.

Statistical analysis indicates that fibers produced 
from 10 and 15 wt% solutions at fixed rotational 
speed (36 000 rpm) showed uniform fiber alignment 
and smooth surface roughness (Figures 5 and 7). Both 
peak height and width of curves represent the rela-
tive degree of fiber alignment, and the position of 
peak shows the principle axis of fiber orientation in 
the related SEM images. In Figure 8a–h, higher peaks 
were obtained at higher infusion rates. The 10 wt% 
gave 0.17–2.20 units of alignment, and the 15 wt%  
gave 1.60–3.02 units of alignment when increasing the 

Table 5.  Average fiber diameters (nm) obtained at different rotational speeds and infusion rates, in all cases pressure was 2 × 105 Pa. The 
shaded areas indicate that droplet (black) and bead-on-string structures (gray) were formed.

Polymer concentration [wt%]

Flow rate [µL min−1]

5 10 10 (IG at 0 pressure)a) 15 21 RSb) [rpm]

500 147 276 303 10 000

131 140 260 302 24 000

81 108 117 209 268 36 000

1000 212 314 327 10 000

164 192 286 303 24 000

87 114 161 222 291 36 000

2000 – 266 315 333 10 000

223 231 291 309 24 000

97 129 170 227 324 36 000

3000 – 213 278 314 10 000

– 160 269 297 24 000

83 109 132 203 275 36 000

4000 – – 365 370 10 000

– 292 344 358 24 000

159 190 242 336 36 000

5000 – – 399 466 10 000

– – 376 448 24 000

216 250 347 36 000

a)IG = infusion gyration; b)RS = rotational speed.
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infusion rate from 2000 to 5000 µL min−1 at a fixed rota-
tional speed and a pressure of 1 × 105 Pa. In addition, 
loose alignments were obtained at 3000 µL min−1 for both 
solutions (Figure 8b,f,j). This is because the fiber mat con-
sists of thicker fibers and was more stable so that it could 
retain the structures during transit and before reaching 
the collector. Wide and shoulder-like peaks with almost 
same amplitude can be induced (Figure 8j), and indicates 
part of the fibers deviated from the overall orientation 
of the fiber mat. Comparing the subpeaks brought by 
background information and noise, the relative broader 
subpeaks in Figure 8i can be attributed to the random 
elements. For instance, the beads formed in 15 wt% in the 
original SEM image are shown in the frequency of pixel 
intensity which could be assigned to any angle within 
360°.[48]

Width of FFT alignment peaks for fibers prepared from the 
10 and 15 wt% solutions sequentially decreased as a function 
of infusion rate and rotational speed, however it increased 
as a function of working pressure. In contrast, broader 
peaks and relative lower alignment values (1.35–2.07) can 
be assigned to fibers produced at 0.3 MPa (Figure 8i–l).  

Furthermore, the fibers generated from the 10 wt% PEO solu-
tion were relatively loosely aligned compared with the fibers 
produced from the 15 wt% solution. This may be attributed 
to the higher viscosity of 15 wt% solution which is relatively 
easier to spin compared to the 10 wt%.

3.1.5. Effect of Collection Distance

In PCIG, determining the appropriate distance for fiber 
collection is based on the type of collector, the required 
diameter of spiral trajectory of polymer jets, and the 
duration of solvent evaporation. The travelling time of 
polymer jets is solely decided by orifice-to-collector dis-
tance. For any type of spinning dope, a selective min-
imum critical distance between the orifice and collector 
is related to the critical time of the solvent evaporation. 
If the orifice-to-collector distance is relatively short, the 
fiber will not be elongated enough before reaching the 
collector. This will result in thicker fibers. On the other 
hand, the effect of collection distance on fiber mor-
phology can have a negligible effect, if it is beyond the 
critical value, as explained before.

Figure 7.  SEM images and diameter distributions of the products for 15 wt% PEO solution at 2 × 105 Pa, 1000, 2000, and 3000 µL min−1, and 
different rotational speed: a–c) 10 000 and d–f) 36 000 rpm.
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Figure 9a–e shows SEM images and size distributions of 
nanofibers spun at different orifice-to-collector distances: 
4, 5, 7, 10, and 15 cm, with a 5000 µL min−1 infusion rate, 
rotational speed of 36 000 rpm, and 0.1 MPa working 
pressure. The results here indicate that wider diameter 

distributions of fibers were obtained at lower collection 
distances, for example, 4 and 5 cm; the polydispersity 
index is 33% and 31% for a collection distance 4–5 cm; 
the polydispersity is 29%, 25%, and 29% for 7–10 cm. In 
Figure 9a, it is clearly seen that the morphology of 21 wt% 

Figure 8.  2D FFT alignment analysis of fibers: a–d) 10 wt% solution, e–h) 15 wt% solution at 2000, 3000, 4000, and 5000 µL min−1 infusion 
rate, 36 000 rpm rotational speed, and 1 × 105 Pa; i–l) 15 wt% solution at 0.3 MPa, the same range of infusion rate and the rotational speed 
as in (e)–(h).
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PEO solution at 4 cm collection distance shows severely 
agglomerated fibers (1118 nm) to form joint blocks. This 
is due to the process generating a polymeric web in very 
short duration and insufficient solvent evaporation of 
polymer jets before they reach the collector leading to 
accumulation of fibers in the vicinity. This phenomenon 
was slightly improved at 5 cm, the density of “joined 
fibers” decreased and the averaged fiber diameter was 
1088 nm.

When increasing the distance to 7 and 10 cm, the 
product morphology was improved, finer fibers without 
joined blocks were obtained (Figure 9c,d and Video S4 of 
Supporting Information). The produced fiber diameter 
at 7 and 10 cm was measured and found to have a neg-
ligible difference, that is, 898 and 900 nm, respectively. 
When continuously increasing the orifice-to-collector 
distance to 15 cm, the average fiber diameter exhibits 

insignificant change (888 nm at 15 cm). This elucidates 
that there is a need to have a minimum collection dis-
tance in the pressure coupled infusion gyration method 
to allow sufficient solvent evaporation in the polymer 
jets. The results show that the solvent has been suffi-
ciently evaporated at 7 cm orifice-to-collector distance, 
and further evaporation of solvent of polymer jet is 
attributed to the extension of collector distance to 10 and 
15 cm. When compared with other processing param-
eters, the effect of orifice-to-collector distance above 
7 cm had a minimal effect on the product morphology. 
With the 21 wt% PEO solution decreasing the distance to 
3 cm was attempted, but there was no product to collect 
except polymer droplets.

The production yield of fibers of PCIG will depend on 
the interaction of the three process control parameters—
rotational speed, pressure, and flow rate. Our previous 

Figure 9.  Fibers of 21 wt% solution obtained at 5000 µL min−1 flow rate, 36 000 rpm speed, 1 × 105 Pa pressure and collection distance of  
a) 4, b) 5, c) 7, d) 10, and e) 15 cm.
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work[3,32] has indicated how the yield will vary when pres-
sure and flow rate were independently varied at a rotation 
speed. In particular, with infusion gyration[32] where flow 
rate was varied, significant improvement in yield was not 
seen until a flow rate of 5000 µL min−1. Many phenomena 
take place in the vessel prior to the ejection of fibers from 
the orifices. Previous work on pressurized gyration3 and 
our ongoing research suggest that fibers are generated by 
the breakup of a blob of polymer at the orifice. Also, rota-
tion can involve the formation of a vortex in the vessel 
and evaporation of solvent leading to a more concentrated 
polymer solution from which fibers evolve. Thus, the flow 
may not be continuous with respect to the initial polymer 
solution fed into the vessel. The above-mentioned sce-
narios are being investigated in our laboratory at present.

4. Conclusions

An effective and simple PCIG system has been developed 
to produce polymeric fibers. Using a PEO–water system we 
demonstrate that fibers in the range of 60–850 nm can be 
mass produced. Compared with other existing spinning 
methods, it is inexpensive, easy to be deployed, and has 
relatively lower requirements for properties of spinning 
dope. It inherits the benefits from typical pressurized gyra-
tion and infusion gyration, that is, it is applicable for mass 
production of highly well-aligned fibers along the radial 
direction of the spinning vessel, offering fibers with better 
geometry and it also extends spinnable scope for dilute 
solutions, for example, 5 wt% using selective combina-
tions of parameters. The effects of processing parameters 
(infusion rate, working pressure, rotational speed, and col-
lection distance) and solution concentration on product 
morphology were studied in detail. At fixed rotational 
speed and pressure, fiber diameter increased with increase 
in infusion rate.

When increasing working pressure, increasing infu-
sion rate, and fixed rotational speed, droplets and bead-
on-string structure appeared in the products of 5–15 wt% 
solutions, and this demonstrated that the enhanced 
pressure and infusion rate will affect the balance of 
polymer transfer across the vessel orifices in spinning 
to promote droplets and bead formation. At fixed pres-
sure, fixed infusion rate, and changing rotational speed, 
the obtained fiber diameter shows a trend of increase 
as rotational speed decrease, and this is due to the cen-
trifugal force being proportional to rotational speed. The 
orifice-to-collector distance directly affects the produced 
fiber morphology, as well as a minimum critical collection 
distance (7 cm in the present work) existed that favored 
obtaining desirable morphology and this value tends 
to be less influential once this critical value is exceeded. 
The method allows the product morphology to be 

substantially controlled by different combinations of the 
above-mentioned processing parameters. It is anticipated 
that the simplicity and versatility of this method could 
make it another potential way to produce nanofibers in 
high volume and cost effectively.
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