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Abstract

Processing parameters effects on the morphology such as fiber diameter and its uniformity of electrospun polymer nanofibers was
investigated. A processing map summarized effects of solutions properties and processing conditions on the electrospun nanofiber
morphology was obtained. Polymer concentration, its molecular weight, electrical conductivity of solvents were found as dominant
parameters to control the morphology. Based on the systematic parameter study, electrospun PLLA fibers as small as 9 nm were successfully

produced.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning is one of the processing techniques to
spin polymer fibers with diameter in nanometer scale. This
technique, invented in 1934, makes use of an electrical field
that is applied across a polymer solution and a collector
plate, to force a polymer solution jet out from a small hole
[1]. As the solution jet travels, the solvent evaporates and
leaves behind a charged polymer fiber, which is elongated
by an electrical force and attracted to the collecting plate
with an opposing or zero polarity. Till date, many polymers
have been successfully electrospun into nanofibers and
electrospun polymer nanofibers with diameter as small as
5 nm have been reported in the literature [2]. However, the
detailed approach for the achievement was not presented
clearly and there still has been a difficulty in electrospinning
such ultra-fine nanometer scale polymer fibers. Due to the
unusually high porosity in their nanometer scale architec-
ture and large surface area, these ultra-fine polymer
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nanofibers are of commercial interest, and they are regarded
as favorable candidates for many applications such as
filtration membrane, tissue engineering scaffolds and
protective clothing [3]. As particular interests have been
addressed in the tissue engineering, great efforts have been
made to study electrospinning of biodegradable polymers
[4-11].

It has been found that morphology such as fiber diameter
and its uniformity of the electrospun polymer fibers are
dependent on many processing parameters. These par-
ameters can be divided into three groups as shown in
Table 1. Numerous reports studying the effects of these
parameters (solution properties [4,12], processing con-
ditions [12-14], ambient conditions [14]) have been
reported and each of the parameters has been found to
affect the morphology of the electrospun fibers. Under
certain condition, not only uniform fibers but also beads-like
formed fibers can be produced by electrospinning. Although
the parameters of the electrospinning process have been
well analyzed in each of polymers these information has
been inadequate enough to support the electrospinning of
ultra-fine nanometer scale polymer fibers. A more system-
atic parametric study is hence required to investigate. In
this paper, the solution properties and processing conditions
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Table 1
Processing parameters in electrospinning

Solution properties Viscosity®

Polymer concentration®
Molecular weight of polymer®
Electrical conductivity®
Elasticity

Surface tension

Applied voltage®

Distance from needle to collector
Volume feed rate®

Needle diameter

Temperature

Humidity

Atmospheric pressure

Processing conditions

Ambient conditions

# Processing parameters studied in this paper.

effects on the morphology of electrospun nanofibers were
studied to produce ultra-fine polymer fibers without beads.

2. Experimental

The polymers used in the study were poly(L-lactid-co-
caprolactone) (P(LLA-CL)) (70/30 wt%) with molecular
weight (M,,) of 150,000 g/mol, and poly(L-lactid acid)
(PLLA) with M, of 100,000 and 300,000 g/mol. These
polymers were dissolved in a few types of solvents, i.e.
dichloromethane (DCM), N,N-dimethylformamide (DMF)
and pyridine, with different mixture ratio, at room
temperature and atmospheric pressure (Table 2).

The electrical conductivities of the solvents were
measured using a conductivity meter (ES-12, Horiba). The
viscosities of the polymer solution used in the experiments
had also been obtained using a strain controlled rheometer
(ARES 100 Force Rebalanced Transducer, Rheometric
Scientific).

For the electrospinning process, polymer solution was
placed into the syringe with the needle with inner diameter
of 0.21 mm. Randomly oriented nanofibers were electro-
spun by applying the voltage of 10-25kV to the needle
using a high voltage supplier (gamma high voltage research).
The grounded plate collector was located at distance from
10 to 15 cm and the polymer solution was loaded at feed rate

Table 2
Electrical conductivity and viscosity of solvents

from 0.1 to 1.5 ml/h by a syringe pump (Fisher Scientific
Pte. Ltd).

All electrospun fibers collected were stored in vacuum
for at least 24 h to ensure that the solvents were completely
vaporized. Finally, in order to determine the morphology of
the electrospun fibers, the nanofibers were observed under
scanning electron microscope (SEM; JSM-5800LV, JEOL)
and transmission electron microscopy (TEM; JEM-2010F
FasTEM, JEOL).

3. Results and discussion
3.1. Polymer solution properties

3.1.1. Polymer concentration effect

Five series of polymer solutions with different concen-
tration of PLLA dissolved in DCM/pyridine were prepared
as shown in Table 3. Electrospinning results (Fig. 1) showed
that the diameter of the electrospun fibers dramatically
decreased with decreasing polymer concentration. A
minimum polymer concentration to electrospin an uniform
fibers was found to be 1.0 wt% and beaded fibers were
formed with further decreased polymer concentration.
Surface tension effects could be dominant with decreased
polymer concentration/solution viscosity and beaded fibers
were consequently produced. Hence, despite the capability
to shrink the size of the fibers by decreasing the polymer
concentration, this success of obtaining finer fibers was
compromised by the change of the fiber uniformity.

3.1.2. Molecular weight effect

PLLA with different molecular weights were used in this
study, i.e. M,: 100,000 and 300,000 g/mol. Each of the
polymers was dissolved in the pure DCM to determine the
minimum concentration to electrospin fibers without beads.
Experimental results (Fig. 2) showed that non-uniform
fibers were formed more easily with low molecular weight
of PLLA (LM-PLLA) than the other. Beads were first
observed from LM-PLLA solution at a minimum concen-
tration of 9 wt%, and the diameter of the beaded fibers in a
straight portion, not beads portion was 400+ 50 nm. While

Solvents Mixture ratio of Electrical conduc- Dielectric constant ~ Vapour pressure Boiling point (°C) Viscosity (mPa s)
solvents (Wt%) tivity (uS/cm) (at 20 °C) (kPa)
DCM - 0.0 (at 22.4 °C) 9.1 47.4* 40" 0.45
DCM/DMF 70/30 1.7 (at 17.4 °C) - - - 0.64
DMF - 2.3 (at 17.3°C) 36.7 0.492* 153* 0.92%
DCM/pyridine 80/20 7.2 (at 22.3 °C) - - - -
50/50 13.1 (at 22.2°C) - - - 0.65
40/60 13.8 (at 22.1 °C) - - - -
20/80 13.2 (at 22.2°C) - - - -
Pyridine - 4.4 (at 22.8 °C) 12.5 2.0* 115% 0.95%

% Obtained from Ref. [19-21].
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Table 3
PLLA polymer solutions used for processing studies

Polymer  Polymer Solvents Mixture ration of
concentration (wt%) solvent (wWt%)
PLLA 1.25 DCM/pyridine ~ 40/60
1.75 40/60
2.5 50/50
35 50/50
4.0 50/50

with similar diameter, high molecular weight of PLLA
(HM-PLLA) solution, at 4.5 wt% in a concentration, was
able to produce beads free uniform fibers. In addition, when
HM-PLLA was electrospun at a lower polymer concen-
tration of 3.5 wt%, finer uniform nanofibers with diameter
of 322 nm were successfully produced.

Molecular weight of the polymer reflects the number of
entanglements of polymer chains in a solution, thus solution
viscosity. Hence, even when polymer concentration is low,
HM-PLLA can maintain enough number of entanglements
of the polymer chains, thus sufficient level of solution
viscosity to produce a uniform jet during electrospinning
and restrain effects of surface tension, which plays a
significant role in beads formation on electrospun nanofi-
bers. In summary, polymer molecular weight played an
important role in determining the minimum polymer
concentration to electrospin fine polymer fibers.

3.1.3. Solvent electrical conductivity effect

For polymer solutions to study effects of solvent
electrical conductivity on morphology of electrospun fibers,
DCM was used as a main solvent for dissolving P(LLA-CL).
DMF or pyridine was also added to increase the
conductivity of the polymer solution. Three solvents with
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Fig. 1. Polymer concentration effects on the diameter of the electrospun
PLLA (M: 300 K) fibers.

different electrical conductivities were used to prepare
P(LLA-CL) solution at a fixed polymer concentration of
10 wt%, i.e. DCM with 0.0 uS/cm at 22.4 °C, DCM/DMF
(70/30 wt%) with 1.7 pS/cm at 17.4 °C, and DCM/pyridine
(50/50 wt%) with 13.1 uS/cm at 22.2 °C (Table 4).

A comparison of the diameter of the electrospun fibers
with the electrical conductivity of the solutions was shown
in Fig. 3. There was a significant drop in the diameter of the
electrospun polymer fibers when the electrical conductivity
of the solution increased. Beads were also observed from
solution 1 and this might be due to low conductivity of the
solution, which results in insufficient elongation of a jet by
electrical force to produce uniform fiber. The beads can be
removed using high molecular weight of the polymer.
Electrospun polymer nanofibers with the smallest fiber
diameter were obtained from solution 3 with the highest
electrical conductivity. This interprets that the drop in the
size of the fibers was due to the increased electrical
conductivity.

To further study conductivity effects, solutions consist of
DCM with different ratio of pyridine were prepared
(Table 2). Although electrical conductivity increased with
an increase of pyridine content, it was saturated when the
pyridine ratio is above 50 wt%.

Generally, an electrical conductivity of a solution reflects
a charge density on a jet thus elongation level of a jet by an
electrical force. Therefore, under the same applied voltage
and spinning distance, a solution with a higher electrical
conductivity may cause higher elongation of a jet along its
axis and thus electrospinning fibers with smaller diameter.

3.2. Processing conditions

Parameters for processing condition include the voltage
and volume feed rate applied during electrospinning. These
parameters effects on the morphology of the electrospun
fibers were summarized below.

3.2.1. Voltage effect

It was already reported that a diameter of electrospun
fibers was not significantly affected by an applied voltage
[11,14-18]. In this study, in order to confirm the past
studies, HM-PLLA solutions was electrospun with two
different levels of applied voltage, i.e. minimum and
maximum voltage levels to produce a single jet without
clogging or splitting. Morphology of electrospun fibers
resulted from a single jet, not multiple jets were

Table 4
P(LLA-CL) polymer solutions used for processing studies

Polymer Polymer Solvents Mixture ratio
concentration of solvents
(Wt%) (Wt%)
Solution 1 P(LLA-CL) 10 DCM -
Solution 2 DCM/DMF 70/30
Solution 3 DCM/pyridine  50/50
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Fig. 2. Molecular weight effects on the morphology of the electrospun PLLA fibers.

investigated. Too high voltage is not favorable in this study
as it causes multiple jets, which would provide smaller
diameter of electrospun fibers, but non-uniform fiber
diameter. Fig. 4 clearly shows the trend of voltage effects
on morphology of electrospun nanofibers observed using
same HM-PLLA solutions used to study polymer concen-
tration effects (Table 3). It was observed that the diameter of
the electrospun fibers was not dramatically changed with
varied applied voltage. This voltage effects was particularly

diminished when the polymer concentration was low.
According to past works, higher voltage was reported to
induce not only larger diameter but also smaller diameter.
Applied voltage may affect some factors such as mass of
polymer fed out from a tip of needle, elongation level of a
jet by an electrical force, morphology of a jet (a single or
multiple jets), etc. A balance among these factors may
determine a final diameter of electrospun fibers. It is also
noted that beaded fibers have been found to be electrospun
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Fig. 3. Solution conductivity effects on the diameter of the electrospun
P(LLA-CL) (70/30 wt%) fibers.

with too high level of applied voltage. Although voltage
effects show different tendencies, the voltage did not show a
significant role in controlling the fiber morphology.

3.2.2. Volume feed rate effect

A similar trend was observed for the effect of volume
feed rate on the morphology of electrospun fibers. For the
same polymer used, Fig. 5 shows that the diameter of the
electrospun HM-PLLA fibers was not significantly changed
with varied volume feed rate. The influence due to the
volume feed rate also diminished when the polymer
concentration is low.
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Fig. 4. Applied voltage effects on the diameter of the PLLA (M,: 300 K)
fibers electrospun from solutions with different polymer concentration.

According to parameter studies presented above,
polymer concentration, its molecular weight and electrical
conductivity of solvents were found to play a significant role
in controlling the morphology of the electrospun nanofibers
while the voltage and the feed rate were less effective
compared to those parameters. Therefore, it can be noted
that the morphology of the electrospun nanofibers is
primarily affected by polymer concentration, its molecular
weight and electrical conductivity of solvents (primary
parameters), followed by the voltage and the feed rate
(secondary parameters).

3.3. Processing map

Based on the processing parameter studies, all the
parameters effects on the morphology of the electrospun
nanofibers were summarized in a processing map (Fig. 6).
Suitable level of processing parameters must be optimized
to electrospin polymers into nanofibers with desired
morphology and the parameters levels are dependent on
properties of polymers and solvents used in each of
electrospinning process. Understanding of the concept
how each of processing parameter affect the morphology
of the electrospun nanofibers is essential. All the parameters
have been divided into two groups; i.e. one with parameters
which affect the mass of polymer fed out from a tip of
needle, and the other with parameters which affect an
electrical force during electrospinning. Polymer concen-
tration, applied voltage and volume feed rate were
considered to affect the mass of polymer. Polymer
concentration and feed rate directly reflect to the mass of
polymer. Increased polymer concentration and feed rate
tend to bring more mass of polymer into the polymer jet. It is
noteworthy that the minimum polymer concentration to
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Fig. 5. Volume feed rate effects on the diameter of the PLLA (M,,: 300 K)
fibers electrospun from solutions with different polymer concentration.
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electrospin uniform fibers was determined by the molecular
weight of polymer. High molecular weight of polymer
provides enough level of solution viscosity to produce a
uniform jet during electrospinning even when polymer
concentration is relatively low. Applied voltage reflects to
force to pull a solution out from the needle hence higher
applied voltage causes more solution coming out. On the
other hand, it was considered that solution electrical
conductivity and applied voltage affect a charge density
thus an electrical force, which acts to elongate a jet during
electrospinning. Hence, higher solution electrical conduc-
tivity and applied voltage increase the jet elongation.
Therefore, it is summarized that electrospun fibers with
smaller diameter can be produced with lower polymer
concentration, feed rate and applied voltage when the effects
of mass of polymer dominates to determine the final
diameter of electrospun fibers, while smaller diameter of
fibers can be electrospun with higher solution electrical
conductivity and applied voltage when the effects of the jet
elongation is dominant. For both cases, non-uniformed/
beaded fibers were found if the parameters were either too
high or too low. In fact, applied voltage affects both the
polymer mass and the jet elongation, however, the effects is
not as dominant as the other parameters for controlling the
morphology of electrospun fibers. It must be noted that
polymer concentration, molecular weight and solution
electrical conductivity play a primal role in determining
the morphology of electrospun fibers. Polymer fibers with
smaller diameter can be electrospun with higher electrical
conductivity of solution and lower polymer concentration
which can be further decreased by higher molecular weight
of polymer.

Beaded / non-
uniform fibers

»

Beaded / non-

Uniform fibers uniform fibers

(b) Mass of polymer

Primary paramefer

(a) Jet elongation | an electrical force
Primary parameter

+ Electrical conductivity of solvents + Polymer concentration

Secondary parameter Secondary parameters

+ Applied voltage + Applied voltage

+ Volume feed rate |

Fiber diameter

|, SRR

Processing parameters

Fig. 6. Processing map obtained based on the systematic parameter study:
(a) jet elongation/an electrical force (affected by electrical conductivity of
solvents, applied voltage), (b) mass of polymer (affected by polymer
concentration, applied voltage, volume feed rate).

3.4. Finest polymer fiber achieved

With the target of electrospinning ultra-fine polymer
fibers, all the parameters studied in this paper were
optimized in a systematic manner on the basis of the
processing map shown in the previous section. As a start,

(a)

(b)

Fig. 7. TEM image of ultra-fine PLLA fibers: (a) at lower magnification, (b)
at higher magnification.
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HM-PLLA, which can achieve the minimum polymer
concentration, was selected and dissolved in solvents with
high electrical conductivity which results in a high charge
density, thus high elongation of a jet by an electrical force.
DCM was used as a main solvent to prepare the polymer
solution, and pyridine was added at a proportion to increase
the overall conductivity of the solution, giving an overall
proportion of DCM/pyridine (20/80 wt%) which allows
polymer to dissolve completely and shows maximum range
of electrically conductivity (Table 2). The minimum
concentration of the polymer to produce a fine solution jet
and uniform fibers was then determined at a low
concentration of 1 wt%. Finally, when combined with the
best processing parameters to electrospin this solution: i.e.
smallest available metal needle of inner diameter of
0.21 mm; low volume feed rate of 0.1 ml/h; applied voltage
of 10 kV and spinning distance of 100 mm, excellent results
were achieved. Ultra-fine polymer fiber as small as 9 nm in
diameter was observed under TEM (Fig. 7). The average
diameter of these fibers was 19+ 6 nm.

4. Conclusion

Effects of processing parameters for the polymer solution
properties and processing condition on the morphology, i.e.
fiber diameter and its uniformity, of electrospun polymer
fibers were studied in this paper. As the results, the
processing map was obtained, and the polymer concen-
tration, its molecular weight and the solution’s electrical
conductivity, were found as dominant parameters to control
the morphology of electrospun polymer fibers. Based on the
systematic parametric study, polymer nanofibers as small as
9nm in diameter had been successfully produced. This
paper has shown the possibility and ease of controlling the
morphology of the electrospun polymer fibers.
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