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Concept of minimum electrospinning voltage (MEV) in electrospinning of PAN–DMF
system: effect of distance
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(Received 5 March 2012; final version received 13 June 2012)

Minimum electrospinning voltage (MEV), in a needle–ground plate configuration, is defined as the needle voltage
at which the maximum conversion of the polymer dope into nanofibers is achieved in electrospinning. MEV is
unique for a set of electrospinning parameters for a given polymer dope and the square of the MEV is directly
proportional to the rate of surface formation of the nanofibers in the electrospinning process. In this study, the
effect of needle to collector distance on MEV and nanofiber morphology was investigated. The diameter of the
nanofibers was found to be primarily dependent on the dope properties and independent of electrospinning process
parameters. However, the slope of the plot between (MEV)2 and surface formation rate was found to increase with
increasing needle to collector distance signifying that the resistance in electrospinning increases linearly with the
distance.
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Introduction

Electrospinning has been recognized as an efficient
technique for making fibers in nanometer to submi-
cron diameter range by means of charging the poly-
meric fluid with high voltage. The process due to its
simplicity has been explored for spinning fibers from
a large number of polymers (Mataram, Ismail, Abdul-
lah, Ng, & Matsuura, 2011). In the last decade, signif-
icant progress has been made in this process and
resultant nanostructures have been exploited for a
wide range of applications (Huang, Zhang, Kotaki, &
Ramakrishna, 2003). It has been observed that the
fiber morphology is controlled by the experimental
parameters as well as the properties of spinning poly-
mer solution or melt. Over the past few years, several
researchers have investigated the various parameters
affecting the morphology and diameter of electrospun
fibers (Ali & El-Hamid, 2006; Gu, Ren, & Vancso,
2005; Lingaiah, Shivakumar, Sadler, & Sharpe, 2006).
However, conflicting results have been reported for
the effect of spinning distance (needle to collector dis-
tance) on the fiber diameter.

It is often assumed that higher distances in elec-
trospinning yield fibers with finer diameter as it allows
more time for the extruded polymer to undergo
stretching (Ali & El-Hamid, 2006; Dhakate, Gupta,

Chaudhari, Tawale, & Mathur, 2011; Saiyasombat &
Maensiri, 2008). On the contrary, it was reported that
there is no obvious effect of distance on diameter of
fibers, although the occurrence of beads like defects
disappeared on increasing the distance to 25 cm
(Jiang, Zhao, & Zhu, 2007). Ojha has also reported
that when the distance between the tip and grounded
plate increased, more uniform and beadless nanofiber
was obtained in case of electrospinning Nylon 6
(Ojha, Afshari, Kotek, & Gorga, 2008). However, Ki
observed that droplet formation increased with
increase in distance (Ki et al., 2005). Heikkila showed
with experimental data and theoretical model that the
distance between the electrodes determines the overall
nature of the electric field, as the change in distance
changed the shape of the electric field. The change in
electric field caused by change in distance cannot be
compensated by change in voltage. However, finer
nanofiber diameter could be achieved with stronger
electric fields, which can only be reached at shorter
distances (Heikkila, Soderlund, Uusimaki, Kettunen,
& Harlin, 2007). Working with Polyacrylonitrile–N,
N′-Dimethylformamide (PAN–DMF) system, Gomes
et al. concluded that the distance between needle and
collector determines the way the fibers arrive on the
collector plate. They also reported that the diameter
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decreased with increasing distance up to 8 cm as the
fibers were collected wet, and did not have sufficient
time to dry within the spinline (Gomes et al., 2007).

Liu et al. found that flow rate and needle to tip
distance did not affect the diameters of PAN nanofi-
bers strongly. This was probably due to two opposing
factors. An increase in needle to collector distance
decreased the electrostatic force acting on the fibers,
thus tending to increase the diameter. However, a
higher time to stretch allows the fiber to attain smaller
diameter (Liu & Adanur, 2010). The effect of distance
has been studied from a different viewpoint by Fang,
where it was reported that the fiber stretching that
took place in the electrospinning zone was unevenly
distributed. This was brought out by a series of exper-
iments using immersion precipitation of PAN in etha-
nol, and analyzing the morphological evolution. The
initial stage of whipping instability filament thinning
took place and later it mainly concentrated on the
bead sections leading to improved uniformity of the
resultant fibers (Fang, Wang, Niu, Lin, & Wang,
2010).

During our study on the effect of process parame-
ters on electrospinning of PAN nanofibers, it was
found that the there is a minimum electrospinning
voltage (MEV) where maximum conversion of poly-
mer solution into nanofibers took place (Basu, Agra-
wal, & Jassal, 2010). When electrospinning is carried
out at this voltage, the diameter of the nanofibers is
independent of the flow rate of the polymer. The
MEV can be defined in terms of surface formation
rate (S) as the voltage, where the relation:
S / (MEV)2 is satisfied. Experiments conducted at
MEV revealed that the effect of flow rate on diameter
is not significant. The effect of electrospinning process
parameters like flow rate, concentration, and charging
combination of needle and/or collector on diameter
has been recently reported by us (Basu et al., 2010).
However, the study was conducted at a fixed needle
and the collector distance of 20 cm. The distance
between the needle and the collector has an influence
on the flight time of the electrospinning jet and the
electric field distribution. These factors along with the
manner of charging (by adjusting either positive nee-
dle voltage (NV) or negative collector voltage (CV) or
by combination of two) may affect the morphology of
the nanoweb. As discussed above, there are differing
views about the effect of spinning distance on the
diameter of the fiber. Therefore, in the work reported
here, the concept of MEV has been extended to under-
stand the effect of varying needle to collector dis-
tances for electrospinning of PAN in DMF system. An
attempt was made to investigate the effect of distance
on MEV, its effect on the relative contribution of

needle and collector voltages on attaining MEV, and
its effect on the fiber diameter under varying condi-
tions of dope concentration and flow rate.

Experimental

Fiber grade commercial acrylic terpolymer, with aver-
age Mw of 75,000, obtained from Pasupati Acrylon
Ltd., India, was used for the experiments. The terpoly-
mer had about 8% methyl acrylate and 1% 2-acrylami-
do 2-propane sulfonate as comonomers in addition to
acrylonitrile. Laboratory grade reagent N,N-dimethyl-
formamide (DMF) was used as a solvent.

The terpolymer was dissolved in DMF to obtain
homogeneous spinning dope of concentrations in the
range of 8–14% (w/w). A vertical electrospinning
setup was used for all experiments. The electrospin-
ning was carried out using an infusion syringe pump
KDS 100 from KD Scientific with a flat tip needle
(internal diameter = 0.6mm) as the spinning head and
40 kV dual polarity high voltage power supply, Model:
DES40PN from Gamma HV. The syringe pump was
used to control the flow rate, while the high voltage
supply was used to charge the needle and the collec-
tor, as needed. A 30 cm diameter circular steel plate of
1mm thickness was used as collector, which was con-
nected to the high voltage supply. The dope was
pushed out of the syringe at a fixed rate in the range
from 0.1 to 2ml/h for different experiments. The poly-
mer droplet was charged by conduction by connecting
the needle with the positive high voltage supply. It
was also charged by induction by connecting the col-
lector with the high voltage of opposite polarity (i.e.
negatively charged). In the experiments, polymer dope
droplet was thus charged by a combination of conduc-
tive and inductive charging. The distance from the tip
of the needle to the collector varied from 5 to 30 cm.
The temperature and relative humidity were main-
tained at 25°C, 50% RH for all experiments. Both the
needle and collector voltage were independently
controlled.

The MEV was determined for a given set of con-
ditions, when electrospinning took place continuously,
i.e. without break and without dripping. The detailed
process of ascertaining the MEV has been reported
earlier (Basu et al., 2010). All experiments reported
were carried out by satisfying the MEV condition.

The diameter of the nanofibers was measured using
nanoweb samples collected after electrospinning
0.05ml of polymer dope under a particular set of
experimental conditions. The nanowebs were dried
under vacuum for 2 h and coated with silver and
imaged using scanning electron microscopy (SEM),
Model: Steroscan 360 from Cambridge Instruments
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UK and Quanta 200F from FEI. The SEM micrographs
were then analyzed for diameter using software Image
J from Research Service Branch, National Institute of
Health, USA. Fifty fibers were randomly chosen from
each quadrant of the SEM image and their diameters
were determined. The mean and standard deviation of
the 200 readings were calculated for each sample.

Results and discussion

The needle to collector distance is considered as an
important parameter in electrospinning. It is often
assumed that higher distances in electrospinning yield
fibers with finer diameter as it allows more time for
the extruded polymer to undergo stretching (Ali &
El-Hamid, 2006; Dhakate et al., 2011; Saiyasombat &
Maensiri, 2008). Also, distance may affect the spread
of the nanofibers, thereby, affecting the areal density
of the nanowebs.

As discussed earlier, the MEV is the minimum
voltage required to charge the polymer to an extent,
where it undergoes complete stretching or splitting, so
that the surface formation rate is proportional to the
square of the MEV. With increase in needle to collec-
tor distance, the MEV is expected to increase as the
effective electric field at any point in the spinning
zone is expected to decrease. The effect of distance on
MEV with a grounded collector is shown in Figure 1.
The MEV can be seen to be increasing from 4 kV at
5 cm to 10.4 kV at 25 cm for 14wt% PAN solution
pumped at 0.1ml/h flow rate. Similarly, an increase in
MEV could be observed from 12 to 20.8 kV with
increase in distance from 5 to 25 cm, respectively, for
10wt% PAN at 1.0ml/h. More voltage was required
to induce the same amount of charge on the extruded
polymer by the charged needle at larger distance. It
was interesting to note that the increase in voltage

with increase in distance was not proportional. The
MEV for 14wt% PAN at 1.0ml/h flow rate increased
by 3.2 kV when the distance was increased from 5 to
10 cm, while it increased by only 2 kV when the dis-
tance was increased from 10 to 15 cm. Thus, MEV vs.
distance curve tends to flatten with increasing dis-
tance. This nonlinearity was more prominent at higher
flow rates. The nonlinearity of the change in MEV
with distance indicated that the electric field does not
decrease linearly with the increasing distance. This
observation was in line with the observations reported
by Fang et al. (2010).

The effect of changing needle to collector distance
on nanofibers diameter is shown in Figure 2. The
average diameter of 12wt% PAN remained nearly
same at about 210 nm from 5 to 30 cm at 1ml/h flow
rate. Similarly, for 8wt% PAN solution, the average
diameter remained at about 95 nm for all distances.
The standard error at 95% confidence level is plotted
in Figure 2 as error bar. The changes in nanofiber
diameters were not significant at 95% confidence
level. The SEM images of the nanofibers electrospun
from 12wt% PAN dope at 1ml/h, collected at dis-
tances of 5, 10, 15, 20, 25, and 30 cm from the needle
are shown in Figure 3(a)–(f), respectively. From the
SEM micrographs, it can be seen that the diameter of
the nanofibers does not change for different needle to
collector distances. Similar studies at other concentra-
tions and flow rates also show that there is no signifi-
cant change in nanofiber diameter on increasing
distance from 5 to 30 cm. From these observations, it
may be inferred that the PAN nanofibers attain the
same diameter irrespective of the needle to collector
distance (i.e. in the range of 5–30 cm) when electro-
spun from the same polymer dope concentration. This
is probably because the extruded polymer gets charged

Figure 1. Effect of distance on MEV for 0.1 and 1ml/h
flow rate; 10, 12, and 14% PAN concentration.

Figure 2. Effect of needle to collector distance on fiber
diameter for 1ml/h flow rate; 8 and 12% PAN
concentration.
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to the same extent irrespective of the distance when
spinning is carried out at MEV. This results in poly-
mer jet undergoing complete stretching/splitting within
the first 5 cm of its flight towards the collector and the
structure freezes before depositing on the collector.

The positive NV and negative CV were separately
controlled to study their contribution in achieving the
MEV at a given distance. In our earlier study (Basu
et al., 2010), it was observed that the MEV could be
reached by adjusting either the NV or CV or by

Figure 3. Micrographs of nanowebs obtained on electrospinning 12% PAN for 1ml/h flow rate at needle to collector distance
of (a) 5 cm, (b) 10 cm, (c) 15 cm, (d) 20 cm, (e) 25 cm, and (f) 30 cm.

Figure 4. Dependence of needle and collector voltage for 8, 10, 12, and 14% PAN concentration and 0.2ml/h flow rate at
needle to collector distance of (a) 25 cm, (b) 20 cm, (c) 15 cm, and (d) 10 cm.
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combination of the two (Basu et al., 2010). NV had
much stronger effect on achieving MEV, while contri-
bution of CV was significantly lower. It was observed
that there is a definite relationship between NV and
CV for a given distance of spinning. This may be rep-
resented as:

MEV ¼ NV� (slope value)� CV: (1)

At a needle to collector distance of 20 cm, the slope
of NV vs. CV was 0.4. In this study, the experiments
were conducted to find the relationship between NV
and CV for different needle to collector distances.
Figure 4(a)–(d) shows the plot of NV vs. CV, while
maintaining MEV condition at varying needle to col-
lector distances from 10 to 25 cm. Figure 4(a) shows
the NV against CV plot at 0.2ml/h flow rate for 25 cm
distance for 8, 10, 12, and 14wt% PAN dope concen-
trations. To maintain the MEV, NV required was
11.2 kV at zero CV while NV was zero at �32 kV CV
for 12wt% PAN at 0.2ml/h. This resulted in a slope
value of 0.35. The slopes of CV vs. NV for all other
concentrations were also found to be 0.35 at collector
to needle distance of 25 cm. Similar curves with same
slope were obtained when the flow rates were varied
from 0.1 to 5ml/h. Figure 4(b)–(d) shows the relation-
ship of NV and CV at a distance of 20, 15, and 10 cm
at a flow rate of 0.2ml/h and polymer concentration
of 8–14wt%, respectively. The slopes of the straight
lines were found to be 0.4 for 20 cm, 0.5 for 15 cm,
and 0.6 for 10 cm.

It is interesting to note that change in polymer
concentration or flow rate had no effect on the slope
of the NV vs. CV, while the MEV condition of spin-
ning were maintained. From this, it may be inferred
that the slope of NV vs. CV is dependent only on the
geometry of the system, and is independent of the

dope properties or the other electrospinning parame-
ters for PAN–DMF system.

The MEV2 was plotted against the calculated sur-
face formation rates (S) for different needle to collec-
tor distances and is shown in Figure 5. It can be seen
from the figure that the MEV2 is directly proportional
to the surface formation rate (S). However, the trend
lines show distinctly different slopes for different nee-
dle to collector distances. It can be observed that the
slope of the straight lines increases from 0.434 for
5 cm to 2.49 for 30 cm spinning distance.

In our earlier study, we had suggested that in an
electrospinning system, electrical power (PE), which is
used to perform the mechanical work per unit time
(PM) can be related as follows:

PM ¼ g� PE (2)

where

PM ¼ FT � S (3)

and

PE ¼ C � (MEV)2: (4)

Therefore,

S ¼ gC
FT

� �
� (MEV)2 (5)

where S is the rate of surface area formation, η is effi-
ciency of conversion of electrical to mechanical
power, C is constant for a system, and FT is the total
cohesive force per unit distance of the system
comprising of rheological and surface tension forces
(Basu et al., 2010).

Figure 6 shows the plot of (gC=FT)
�1 (i.e. slope

of MEV2 vs. S) against the spinning distance, which

Figure 5. Plot of square of MEV against surface formation
rate at varying distance of 5, 10, 15, 20, and 25 cm.

Figure 6. Plot of (gC=FT)
�1 against needle to collector

distance.
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yields a straight line. FT and η are likely to be
constants for a given system. FT is dependent on dope
properties, while η, the efficiency of conversion, is
likely to be dependent upon the type of electrospin-
ning system and/or atmospheric parameters. Therefore,
the constant C may be termed as a reciprocal of resis-
tance (R) of the system. In such a case, we can
replace C in the above equation by 1/R. The resistance
(R) of the system is expected to vary linearly with the
distance. Therefore, the final relationship between
MEV and S may be written as:

(MEV)2

R
¼ g�1 � S � FT: (6)

The factors that would influence η are still not
clear. Efficiency of conversion (η) may depend upon
the leakage of current to the atmosphere (which may
consequently depend upon atmospheric conditions) or
to the electrospinning setup, which may include the
method and position of charging the polymer fluid, the
type of spinneret used, and/or the collector employed.

Conclusions

The concept of MEV was extended to varying needle
to collector distance (also called spinning distance).
The MEV was found to increase with increasing dis-
tance, though nonlinearly. It was also observed that
there is a definite relationship between the needle and
the collector voltage in maintaining the MEV condi-
tion. The results were used to further define the rela-
tionship between MEV2 and rate of surface formation
(S). Based on the observation in the current study and
the results obtained in the previous study (Basu et al.,
2010), it may be concluded that though there is a sig-
nificant change in the MEV, the diameter of the nanof-
ibers is independent of the spinning process
parameters such as NV, collector voltage, flow rate,
and the distance between the needle and the collector.
The diameter was found to be primarily dependent
upon dope properties.
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