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Abstract
The production of regular and bead-free electrospun polymeric fibres requires an adequate 
combination of different parameters applied in the experimental setup viz. voltage for  elec-
trodeposition, viscosity of the solution, density of the polymeric support, the distance be-
tween electrodes and the geometry of the spinneret. Determination of the physical balance 
of forces on the droplet during fibre production was explored and provides relevant theo-
retical information about  the surface tension and radius of polymeric fibres. Based on these 
predictions, we  prepared polymeric electropun fibres of poly (vinyl alcohol), poly (vinyl 
pyrrolidone) and Eudragit® L100 in order to analyse non-conventional physical proper-
ties of experimental systems such as droplet stiffness and their influence on the diameter of 
resulting fibres.
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neous fibres of Eudragit® L100 for con-
trolled release of drugs represents a new 
and promising area to be explored.  

A theoretical study of electrospinning 
processes was reported by Zeleny [26 - 
28] in the form of an analysis of electri-
cal discharge from liquid points. These 
studies were continued by Taylor [29], 
Drozin [30], Baumgarten [31] and Doshi 
& Reneker [20]. 

Recently  theoretical studies on electro-
deposition have been carried out by dif-
ferent groups. Gañán [32, 33] proposed 
a 1D model of the equilibrium of an 
electrified jet applied in the transition 
between the Taylor´s cone and linear 
segment of the fluidic jet under electri-
cal forces. Hohman et al. [34, 35] studied 
the stability of fluidic jets under the influ-
ence of an electrical field and concluded 
that instability in the scattering zone is 
a  consequence of interaction between 
the surface charge density of the jets and 
the external electric field.  In addition, 
the effect of temperature on the descrip-
tion of the  movement of the fluid was 
considered in [36] from an adaptation of 
Maxwell’s and Navier-Stokes equations. 
Reneker et al. [37-42] proposed an inter-
esting model which provides a complete 
description of four different regions dur-
ing the electrospinning process (illustrat-
ed in the Figure 1).

Based on these studies, Reneker & Yarin 
[43] reported that polymeric chain re-
laxation affects the stretching in the lin-
ear segment region, where a flux with 
a  stretching rate of 20 s–1 is controlled 

n	 Introduction
The production of fibrilar structures rep-
resents an important strategy for the de-
velopment of more efficient 1-D compos-
ites, with potential application as photo-
catalysts [1, 2], solar cell devices [3 - 5], 
artificial muscles and tissue [6 - 9], bacte-
ricidal agent [10, 11], drug delivery sys-
tems [12, 13] and so on [14 - 16]. The de-
velopment of 1-D structures introduces 
an additional advantage for improvement 
in the typical surface to volume ratio.

Electrospinning is a simple and low cost 
technique based on the use of charged 
droplets that draw very fine (typically on 
a micro/nano scale) fibres from a liquid. 
The development of this technique has 
a rich and long history, including cen-
turies of discoveries and applications 
[17]. Firstly it was patented by John F. 
Cooley in 1900 [18], improved by An-
ton Formhals (1934) [19] and recently 
explored by Doshi and Reneker [20] in 
the production of nanofibres of differ-
ent polymeric templates (even large and 
complex molecules) such as poly(vinyl 
pyrrolidone) - PVP [21], poly(latic acid) 
[22] and poly(vinyl alcohol) - PVA [23]. 
Particularly PVA and PVP are promising 
candidates for different applications due 
to their unique properties such as swell-
ing in aqueous solution. On the other 
hand, anionic copolymers of methacrylic 
acid and methyl methacrylate (Eudragit® 
L100) developed by Evonik Industries 
have been extensively explored as enteric 
polymers [24, 25], in which the solubil-
ity depends on the pH of the media. In 
this direction, the production of homoge-
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by the effects of the electric potential and 
stretching tension. 

In spite of a wide number of studies on  
electrospinning, a generalisation of the 
influence of surface tension (controlled 
by additives such as surfactants) on the 
overall processes of electrodeposition re-
mains an important topic for analysis and 
application in industry.

In this direction, we  studied fundamental 
physical equations applied to a droplet 
under an intense electric field (during the 
electrospinning process), which allows 
the development of a simple mathemati-
cal function that relates the diameter of 
fibre with surface tension to the droplet. 
The resulting relationship was checked 
for three different experimental systems 
viz. PVA, PVP and Eudragit® L100. 

n	 Experimental
Eudragit® L100 (EDGT) (Evonik In-
dustries, Germany), poly(vinyl alcohol) 
(Aldrich, USA), poly(vinyl pyrrolidone) 
(Aldrich, USA) and non-ionic surfactant 
triton X-100 (TX-100) (Aldrich, USA) 
were used as received.. PVA hydrogel 
was prepared from an inclusion of 4 g of 
PVA in 50 ml of milli-Q water in a thermal 
bath for 3 hours at 80 °C until complete 
dispersion of the  polymer. An alcoholic 
solution of polyvinyl pyrrolidone (PVP) 
was prepared from a mixture of 1.3 g of 
PVP in 2.53 ml of ethyl alcohol at 25 °C 
until complete dispersion of the polymer.

1.4 g of EDGT was dispersed in 7 ml of 
ethylic alcohol. The resulting solution 
was vigorously stirred for 10 minutes 
until complete dispersion of the polymer. 
Electrospun PVA nanofibres were pre-
pared at a relative concentration of 0, 1, 
2, 5, 8 and 11% of TX-100 (in wt), while 
fibres of EDGT and PVP nanofibres were 
prepared using 0, 2, 5, 8, 11 and 15% of 
TX-100 (in wt).

The surface tension was measured at 
25  °C using a standard drop-weight 
method [44,45]. A variable amount of 
surfactant (TX-100) was added to the hy-
drogel solution, and maintained under 
fixed pressure in a flux of 166 µl min-1 in 
the absence of  an external electric field 
(this parameter represents the optimised 
condition established in our experimental 
setup, allowing the best configuration for 
continuous fibre production) [46].

The capillary is a metal cylinder compart-
ment with a uniform diameter of 0.7 mm 
with a planar interface (the orifice at 
the  extremity of the spinneret is cut in 
a parallel plane with a grounded target - 
as schematically drawn in  Figure 1).

An electrical excitation from a high volt-
age source (15 kV) is established between 
the needle and  grounded target (sepa-
rated by 10 cm). As a result, the sample 
holder (a metallic flat surface attached to 
the surface of a grounded target plane) 
collects the ejected fibres, carried out for 
5 minutes.

Statistical data treatment was performed 
using the software Minitab 14 (statistics 
package) and ImageJ (a public-domain 
image processing and analysis program 
developed at the U.S. National Institute 
of Health (NIH)) [47 - 50], and SEM im-
ages were acquired using  microscopy - 
Hitachi TM1000 (Japan).

For data analysis, we  examined three 
independent microscopies of resulting 
fibres for each relative concentration of 
PVA/TX-100, EDGT/TX-100 and PVP/
TX-100. We  considered images in which 
at least 30 different fibres were registered 
since DeHoff and Rhines [51] established 
that normal distribution is expected if at 
least 30 individual measurements are 
available, as chosen in the present work.

From these images we determined the 
average fibre diameter (𝑑̅) and corre-
sponding standard deviation (𝑠𝑑� ) for 
each of the 9 samples. The Kolmogo-
rov-Smirnov (KS) hypothesis [52] with 
a significance (α) of 0.05 was estimated 
in order to identify the normal diameter 
distribution. 

The media of fibre diameter (d = 2r) 
for each concentration of TX-100 was 
estimated from average data (𝑑̅, 𝑠𝑑�  
and n), and given by value intervals 
( 𝑑̅ − 𝑡(𝛼2 ,𝑛−1)

𝑠𝑑�
𝑛�

; 𝑑̅ + 𝑡(𝛼2 ,𝑛−1)
𝑠𝑑�
𝑛�

) with
Student’s t distribution (α = 0.05 and n − 1  
degrees of freedom) using a 95% confi-
dence interval [53, 54]. 

n	 Results and discussion
Theoretical background
The resulting forces on the surface of 
the droplet during polymeric ejection are 
the electrical force, weight and force due 
to the surface tension contribution, ac-
cording Equation 1: 

(𝐹𝐸  + 𝑃)−  𝐹𝑆 = 𝑚𝑎⃗      (1)

𝐹𝐸  is the electrical force, 𝐹𝑆  the surface 
force on the droplet, given by Fs = 2pRg, 
(R is the radius of the droplet and g 
the surface tension of polymeric solution 
at the interface of air/end of needle);  
m represents the mass of the droplet  
(P = mg), P the corresponding weight, 
g the acceleration of gravity, and 𝑎⃗ is 

Figure 1. a) Schematic representation of different regions during electrospinning proce-
dure, b) detail of linear segment for fibre formation.
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Table 1. Statistical data: p-value of Kolmogorov-Smirnov normality test and confidence 
interval (dmin; dmax) for diameter (d) of PVA, PVP and EDGT fibres as a function of TX-100 
concentration: * p-value > 0.05: normal distribution.

TX-100, 
wt %

PVA fibres PVP fibres Eudragit®L100 fibres
p-value dmin; dmax, nm p-value dmin; dmax, µm p-value dmin; dmax, µm

0 < 0.01 915.70; 1072.51 > 0.15* 10.15; 11.26 > 0.15* 8.05; 9.19
1

> 0.15*
632.80; 695.40 - - - -

2 453.23; 525.77 > 0.15* 6.52; 7.36

> 0.15*

4.96; 5.64
5 375.43; 444.97 0.121* 4.16; 4.76 3.29; 3.92
8 0.113* 295.45; 333.35 > 0.15* 2.90; 3.41 3.29; 3.92
11 > 0.15* 261.90; 295.90 < 0.01 1.97; 2.65 3.09; 3.65
15 - - 0.095* 1.92; 2.25 2.89; 3.43

the resulting acceleration of the  jet in 
the direction to the grounded target. 
The  direct relationship between 
the current and the droplet radius is given 
by: 

I = JA = rmpr2              (2)

J is the current density, A the cross sec-
tion area of the ejected fibre (A = πr2)  (as 
illustrated in Figure 1), r  the radius of re-
sulting fibre, ρ  the charge density, and µ  
the velocity of ejected fibre in the direc-
tion of the target. Based on Equation 2, it 
is possible to write parameter r in terms 
of current, according Equation 3:

                     (3)

By application of the first derivative in 
terms of time in Equation 3:

            
(4)

According Equation 3, we can use that 
r is proportional to 𝜇−1

2⁄ . As a conse-
quence, 

              (5)

After the integration of Equation 5: 

                   (6)

According Equation 6, we can write 
the  acceleration in terms of the radius 
of the droplet. After substitution in 
Equation 1: 

    (7),

In terms of surface tension (γ = FS/2πR), 
we can rewrite  Equation 7 as:

 (8)

The overall dependence of diameter d  
(d = 2r) of the resulting fibre versus 
the surface tension can be described by 
a typical function 

𝑑(𝛾) =
𝑘

𝑘1 − 𝛾�                (9)

with  and 𝑘1 =
𝐹𝐸 + 𝑚𝑔

2𝜋𝑅
. 

k1 can be physically interpreted as a char-
acteristic constant of the droplet stiffness 
given in N/m (corresponding physical 
unity). High values of k1 are assigned to 
materials in which a high external elec-
tric field affects minimally the structure 
of the droplet during electrospinning, 
allowing the uniform ejection of fibres 
with a sharp distribution of the diam-
eter. In this direction, k1 can be used as 
an indication of the degree of elasticity of 
the droplet as a response to the external 
electric field.

Application of a physical model to 
experimental electrospun fibres’ 
results
The experimental data relationship be-
tween the surface tension and fibre di-
ameter for electrospun fibres of PVA is 
provided by the images in  Figure 2. As 
we can see, beads are dispersed in the na-
nofibres of neat PVA. These defects are 
provoked by fast droplet deposition on 
the target. Beads are minimised in the re-
sulting net with adequate control of sur-
face tension on the droplet. Recently we 
have published a study in which TX-100 
is applied in the minimisation of beads 
on a polymeric net of PVA [46]. Results 
indicated that the number of beads is 
strongly affected by a reduction in the 
surface tension of the polymeric solu-

tion due to the  progressive inclusion of 
TX-100. Associated with the production 
of regular fibres (low concentration of 
beads), surfactant addition strongly af-
fects the average diameter of fibres, pro-
viding variation from 994 nm to 278 nm.

The influence of TX-100 on the pro-
duction of PVP fibres (data and im-
ages shown in  Figure 3, see page 26) 
indicates a reduction in the diameter of 
electrospun fibres from 10 µm to 2 µm. 
A negligible concentration of beads is 
verified in the complete range of samples 
analysed.

The dependence of the diameter of fibres 
of EDGT with TX-100 concentration 
is shown in  Figure 4, see page 27, in 
which it is possible to verify a reduction 
in the diameter of fibres from 8.62 µm to 
3.16 µm.

Complementary statistical data viz. the p-
value of the Kolmogorov-Smirnov nor-
mality test [52] and the confidence in-
terval for the average  diameters (d) of 
samples PVA, PVP and EDGT are sum-
marised in  Table 1.

If organized in the same plot, corre-
sponding data of the resulting PVA fibre 
diameter versus surface tension (shown 
in  Figure 5, see page 28) follow Equa-
tion 9. Corresponding fitting data values 
are indicated in the inset of Figure 5. As 
we can see, fitting parameters showed 
that the droplet stiffness of PVA (param-
eter k1 in the Equation 9) is 81.8 N/m. 

The relationship between the experimen-
tal data and the best parameters for the fit-
ting of fibres based on PVP are shown in 
t Figure 6, see page 28.  The value of k1 
for PVP is 76.4 N/m.

The dependence of the diameter of fibres 
with a surface tension of Eudragit® L100 
- based fibres (Figure 7, see page 28) 
gives a value of 40 N/m to k1. 

Overall results indicate that progressive 
inclusion of the surfactant on the poly-
meric solution reduces  surface tension 
on the droplet. As a result, the reduction 
in the surface tension strongly affects 
the rate of deposition due to the changes 
in the balance of forces during electro-
deposition. A relative concentration of 
11% of TX-100 reduces by 70% the di-
ameter of fibres of PVA, while 15% of 
TX-100 reduces by 80% that of resulting 
fibres of PVP and 63% of that of EDGT 
fibres. Qualitative data are in agreement 
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with results reported by Ramakrishna et 
al. [55] which indicated that the diam-
eter d of fibres is proportional to that of 
the droplet at the tip of the needle (2R). 

As regards the surface tension affect-
ing the size of the droplet at the tip of 

the needle, we can verify that the rela-
tive concentration of surfactant af-
fects Equation 1: the reduction in 
the  diameter of the droplet decreases 
the weight and, consequently, the den-
sity of the  charge at the extremity of 
the droplet. The electrospinning pro-

cess is established with the ejection of 
fibres at a specific rate and instability 
induced by a regular flux of beads is 
minimised. As a result, a reduction in 
the diameter of fibres is accomplished 
by the minimal dispersion of beads in 
the resulting net. 
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Figure 2. Distribution of  PVA fibre diameters (d) at different relative concentrations of TX-100; a) 0%, b) 1% c) 2%, d) 5%, e) 8%, f) 11%.
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a reduction in the diameter of resulting 
fibres. 

The droplet’s stiffness can be explored 
as an important parameter applied in 
the estimation of the potential of poly-
meric templates for application in fibre 
production with minimal dispersion and 

By comparison of values, we can verify 
that k1PVA > k1PVP > k1EDGT, which is in 
agreement with the inverse order of the 
diameter of resulting fibres: dPVA < dPVP 
< dEDGT; is an indication that elevation 
in the mechanical resistance of the drop-
let to external excitation contributes to 

In this direction, the use of parameter 
K1 in comparison with  measurement 
of the diameter of the droplet intro-
duces advantages for quantification of 
the influence of the size and stiffness of 
the droplet on the diameter of resulting 
fibres. 

Figure 3. Distribution of PVP fibre diameters (d) at different relative concentrations of TX-100; a) 0%, b) 2% c) 5%, d) 8%, e) 11%, f) 15%.
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progressive reduction in the diameter of 
ejected fibres.

n	 Conclusions
The production of electrospun fibres with 
a controlled diameter and minimal distri-
bution of imperfections (beads) presents 
a strong dependence with surface ten-
sion on the droplet (disposed at the tip of 

needle). A first principle model that de-
scribes the resulting force on the needle 
was explored in order to predict the influ-
ence of the surface tension of the droplet 
on the diameter of resulting fibres, and 
reasonable agreement with experimental 
data was obtained. 

According to the model, droplet stiff-
ness (parameter k1) – as a substitution for 

conventional measurement of the droplet 
diameter - can be conveniently explored 
as a direct measurement of the spinnabil-
ity potential of specific hydrogel. It rep-
resents an intrinsic property of material 
which reflects the instability of the drop-
let under the influence of an external 
electric field. 
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Figure 4.  Distribution of Eduragit® L100 fibre diameters (d) at different relative concentrations of TX-100.; a) 0%, b) 2% c) 5%, d) 8%, 
e) 11%, f) 15%.
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