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Abstract
The paper presents a new way for producing fibrous mats with aligned micro- and nano-
fibres by electrospinning technique using a fast rotating filter basket of a properly adapted 
commercial centrifugal juicer as the collecting electrode. This method was used to ob-
tain the fibrous materials from polylactide (PLA) and polyvinyl alcohol (PVA) with dif-
ferent degrees of fibres aligned depending on the linear velocity of the rotating substrate.  
The highest degree of the fibre alignment, measured by the planar orientation factor, with 
a value of 0.8 - 0.9, was obtained at the linear speeds of the rotating substrate in the range 
of 22 - 36 m/s. Using the gravimetric method, the velocity of fibre formation during elec-
trospinning was tested under different conditions, i.e. at the immobile substrate as well as 
rapidly rotating, reaching values ranging from 4 to 200 m/s. The investigations suggest that 
electrospinning of the fibres on the rapidly rotating substrate is not only a modification of 
their receiving, but also significantly changes the nature of the fibre formation in this spin-
ning technique.
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proper growth of young tissue. At the 
same time, the technique of electrospin-
ning has emerged as an interesting way 
of arranging nano- and micro-fibres ac-
cording to different patterns on micro-
and macroscopic levels. This direction 
will no doubt be further developed and 
should bring many innovative solutions. 
One of the particularly important forms 
of organization of fibres in scaffolds is 
their common orientation. This is due to 
the fact that many tissues, such as nerve, 
skeletal and cardiac muscle, tendons, lig-
aments, and blood vessels, contain cells 
oriented in a highly aligned arrangement. 
In recent years, electrospun fibrous sub-
strates of this arrangement have been 
used in many studies to investigate the 
interaction, reproduction and migration 
of living cells [14 - 17].

In the past ten years, many attempts have 
been undertaken to modify electrospin-
ning systems in order to receive fibres 
ordered in one direction. Due to the ar-
rangement and types of electrodes, these 
modifications can be divided into two 
main groups: 

A – Stationary; many different configura-
tions of electrodes [18 - 21]

B – Mobile;
1) With a rotating drum, e.g. [22, 23]
2) With a rotating drum and addi-

tional electrodes, e.g. [24, 25]
3) With a rotating thin wheel, e.g. 

[26, 27] 
4) With a rotating multiframe, e.g. 

[3]
5) When combining in yarn, e.g.  

[28 - 30]. 

etc.. Above all, they are biomedical ma-
terials, which have seen a lot of review 
work, for example electrospun nanofi-
bres for regenerative medicine [4], tis-
sue engineering and drug-delivery [5, 6],  
and electrospinning approaches towards 
scaffold engineering [7]. Much informa-
tion on the use of electrospinning tech-
niques and appropriate materials for bio-
medical applications can also be found in 
numerous articles [8 - 10]. The technique 
of electrospinning of fibrous materials 
using the most commonly encountered 
device based on a medical syringe and 
a needle is inefficient. This yield can be 
improved by using more advanced tech-
nical solutions, such as [11, 12]. It also 
happens that the fibrous materials ob-
tained through electrospinning have un-
favourable properties, as the consolida-
tion depends on the diameter and shape 
of fibres. In many cases, these properties 
can be improved by using simple meth-
ods [13]. However, in general, meeting 
the high requirements of fibrous biomed-
ical materials needs not only the use of 
suitable polymers, but also the achieve-
ment of appropriate structures (multi-
layer, with aligned fibres, patterned, po-
rous, etc.) and often require carrying out 
a specific biochemical and/or mechanical 
treatment (modification of post-electro-
spun materials) [14, 15]. This follows on 
from the basic features observed during 
the propagation of the cells on different 
substrates, where the migration is most 
likely along the direction of chemical, 
structural and mechanical properties of 
such substrates. Obtaining appropriate 
architecture of scaffolds in two or three 
dimensions appears to be the key for the 

n	 Introduction
The development of electrospinning 
technique [1, 2] as a method of obtaining 
fibrous materials with micro-and nanofi-
bres has shown usefulness for many ap-
plications in the last twenty years. In this 
method, a drop of polymer solution or 
melt is strongly deformed and stretched 
longitudinally by the action of an electro-
static field forming a fibre with a degree 
of stretch dating back thousands of times. 
Over the course of fibre formation, the 
stream of spinning solution quickly re-
leases the volatile solvent and solidifies, 
which is the result of lowering the tem-
perature in the case of melt solidification. 
The electrospun fibres are usually ar-
ranged randomly on the receiver substrate 
forming a non-woven fabric with varying 
degrees of consolidation. If the fibres are 
so thin that their diameters are expressed 
on a nanometric scale, the material pro-
duced reaches a particularly large free 
surface, also having pores of nanometre 
size. The ability to use this technique with 
natural polymers and their derivatives, as 
well as synthetic polymers and different 
additives, makes manufactured materials 
attractive both technically and biologi-
cally. Currently, a few directions of appli-
cation can be seen [2, 3], including medi-
cal prosthesis, filtration and protective 
materials, sensors, electronics and optics, 
composites reinforced with nanofibres, 
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Each of these methods has advantages 
and disadvantages, which are presented 
in more detail in a previous review [31]. 
Probably the highest degree of ordering 
of fibres is obtained in devices such as in 
group A, where the electrodes are fixed 
in place and properly shaped. In practice, 
if a small sheet of paper with a slit cut 
to denote the first fibres is put into the 
electrospinning field, the predominant 
direction of their arrangement is perpen-
dicular to the slit. In this way, a sample 
of single micro- or nanofibres can be pre-
pared for further research, as is the case 
in our laboratory. However, this feature is 
maintained only at the initial stage of re-
ceiving fibres when the rising fibrous mat 
is still very thin. Further, with increasing 
thickness of the mat, the arrangement of 
the fibres reaches the standard chaotic 
character. Moreover, placing samples of 
other materials between the collecting 
electrodes in order to cover them with a 
layer of oriented fibres usually distorts 
the electrostatic field and makes it dif-
ficult to achieve good results. However, 
this method is interesting and deserves 
further study; in particular, as the reason 
for the appearance of fibre orientation 
has been paid little attention here [32].

Technical solutions contained in group B 
are based on forcing the parallel stack-
ing of the fibres by snatching them in 
the direction of a fast-moving surface of 
the receiver. More precisely, this is the 
case for B1 and B3. Type B2 solutions 
are more complex, since they contain 
additional electrodes modifying the elec-
trostatic field, as in group A. In turn, the 
methods of type B5 (and also B4) relate 
to the orientation of many fibres when 
they are mechanically combined into a 
beam in the form of yarn from the state 
of a random pile formed during electro-
spinning. Hence, the linear speeds of 
the moving parts in this method are usu-
ally not large. For example, in [28] the 
linear take-up speed was 5.79 m/hour (a 
yarn consisted of 100 fibres), and also 
[29] used a motorised take-up roller 
with a linear take-up speed of 0.05 m/s 
(a yarn consisted of 3720 fibres). How-
ever, the yarn was received much faster 
in [30], because the rate was from 0.9 
to 14.9 m/s. Rotating equipment for the 
collection of the aligned fibres during 
electrospinning (method B, 1 - 3), used 
by different researchers, reached linear 
speeds of 1.4 m/s [22] and 11 m/s [27] up 
to 22 m/s [26], and they observed that the 
use of higher speeds gave a higher degree 
of ordering of the fibres. On the other 

Standard research techniques 
n	 The rotational speed of the mov-

able element in the receiving device 
for aligned fibres (filter basket) was 
measured using a non-contact device 
‘ZYLKOMAT I’ (Gossen’s, Germa-
ny).

n	 The thermal properties of the electro-
spun fibres from PLA were studied us-
ing a differential scanning calorimeter 
DSC ‘Diamond’ equipped with Pyris 
software, Perkin-Elmer (USA).

n	 The studies by scanning electron mi-
croscopy (SEM) for electrospun fi-
brous samples, after being gold sput-
ter-coated, were performed using an 
electron microscope (Quanta 200, Fei 
Co., USA), equipped with the compu-
ter program, analySIS Docu (USA).

Gravimetric method for assessing  
the speed of electrospinning
The assessment of electrospinning speed 
by gravimetric methods can be easily 
performed, but the fulfilment of many as-
sumptions can be embarrassing and lead 
to significantly reduced accuracy. If the 
fibres, electrospun from a single capil-
lary, have a stable circular cross-section, 
characterised by a homogeneous super-
molecular structure, and the stream of the 
spinning solution is not separated during 
stretching in the electrostatic field, mak-
ing this the source of a single fibre, then 
the average value of the linear electros-
pinning speed can be obtained from the 
following Equation 1:
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where:
∆l/∆t and ∆m/∆t – the average speed of 

electrospinning in m/s and of the  
growth of weight of the received fi-
bres in kg/s, respectively;

ρ - an apparent density of the fibres kg/m3;
d - mean diameter of the fibres m;
π - constant, 3.14;
if a spinneret with N capillaries was used 

for electrospinning, the result must  
be divided by N;

if the stream of the spinning solution 
stretched during electrospinning was 
divided into M parts, the result must 
be divided by M

Using Equation 1 on the data obtained 
by us previously for electrospinning of 
PVA fibres [11], it can be estimated that 
in the sample where the average diameter 
was 0.53 µm, the speed of electrospin-
ning was 60 m/s. However, in other tri-

hand, already at a linear speed 45 m/min 
(0.75 m/s) scattering of the fibres outside 
the receiving device was observed [23], 
probably as a result of air movement, 
or centrifugal force. It can also be ex-
pected that, if the substrate is moving too 
fast, the fibres will finally break. Such a 
case was seen at the breaking of single 
nanofibres during yarn receiving [30] 
and indirectly in the form of the multi-
ple necking of nanofibres by too rapidly 
rotating the accumulating wheel [33]. It 
may seem obvious that the degree of ori-
entation of received fibres is  not only the 
result of the linear speed of the receiv-
ing device, but also the speed achieved 
by these fibres at the moment just before 
reaching the substrate, and more pre-
cisely, the mutual relationship between 
them. However, verification of this re-
lationship is now hindered, because the 
velocity of electrospinning has not been 
systematically studied. According to the 
data found, measurements using fluores-
cent particles, found speeds at the initial 
stage of stretching of the spinning solu-
tion jet during electrospinning of 1 - 2.5 
m/s [34] and 0.5 - 5 m/s [35]. Hence, one 
can only conclude that, at a later stage of 
the process, these speeds had to be much 
higher. Indeed, the average linear speed 
while collecting electrospun fibres, as 
estimated by the gravimetric method in 
[29], had a value of 186 m/s. 

The aim of the present work is to investi-
gate the possibilities of obtaining nanofi-
brous mats with aligned fibres from the 
use of a new system based on the rapidly 
rotating substrate in order to reduce the 
disadvantages described above. Studies 
refer also to the velocity of fibre forma-
tion in the final stage of electrospinning 
while collecting fibres on both mobile 
and immobile substrates, which should 
expand the limited knowledge on the 
subject.

n	 Materials and methods
Electrospinning solutions
Two types of spinning solutions were 
prepared for electrospinning trials: 
6  wt% polylactide (PLA) (Cargill,  
Mw = 98,000 g/mol) in a mixture of chlo-
roform/dimethyl sulphoxide (DMSO) 
at a weight ratio of 90/10 and 10 wt% 
polyvinyl alcohol (PVA) (POCH SA,  
Mw = 72,000 g/mol) in distilled water. 
More details about these solutions can be 
found in our previous works [11, 36].
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als, where the PVA fibres had an average 
diameter of 0.23 µm, the electrospinning 
speed could be much higher. Of course, 
these results and the earlier cited values 
are credible only on the assumption that 
only one fibre is formed from one capil-
lary, which is not always easy to deter-
mine. 

Electrospinning technique  
for collecting aligned fibres based  
on the use of the inner surface  
of the rotating cone 
As noted earlier, obtaining fibrous ma-
terials with aligned fibres by the electro-
spinning technique using a fast-rotating 
device causes the problem of maintaining 

the collected fibres on the surface. This 
problem increases in the case of cover-
ings with aligned fibres, as larger sam-
ples of other materials allows many more 
fibres to be thrown out from the surface 
of the rotating element. Also, it must be 
added that the good results obtained for 
aligned fibres on the edge of the rotating 
disc [26, 27] apply only to very narrow 
samples, and the use of this method for 
additional items to be installed in such a 
way would be problematic. It now seems 
that, at least in part, these problems can 
be solved using the inner surface of a 
rapidly rotating cone. In particular, vari-
ous commercial centrifugal juicers (pro-
duced for households) containing a rap-
idly rotating filter basket, which is well 
balanced, respectively-bearing and made ​​
of metal, with significant chemical resist-
ance, can be adapted for this purpose. 
The principle of this form of collection 
of fibres during electrospinning is shown 
in Figure 1. 

In the currently presented method, the 
centrifugal force significantly increases 
the emphasis of the sample on the inner 
lateral surface of the rotating filter bas-
ket, and thus increases the friction force, 
which significantly limits the possibility 
of ejecting the sample from the device, 
as shown in Figure 1. In the previously 
described methods for collection, aligned 
fibres used the outer surfaces of the rotat-
ing components, where the balancing of 
centrifugal force was a problem. Obvi-
ously some drawbacks can also be found 
in this new system, such as the possibil-
ity of the occurrence of air turbulence at 
high speeds, hindering a high degree of 
alignment of the fibres being obtained. 
The second drawback is the inconstancy 
of the linear speed of the substrate. The 
linear speed of the sample, V, during ro-
tation of the filter basket, depends on its 
location on the surface and, measured in 
m/s, is given by the Equation 2: 

frV ⋅⋅⋅= π2               (2)

where: 
r - radius of rotation measured by the dis-

tance of the sample from the axis of 
rotation of the filter basket in m;

f - frequency of the filter basket rotation 
(revolutions per second) in 1/s;

π - constant, 3.14

Thus, at large sample sizes, the degree 
of alignment of fibres on its surface may 
not be homogeneous. On the other hand, 
a situation where the occurrence of such 

Figure 1.Experimental set-up of the electrospinning system to obtain fibrous material with 
aligned nanofibre structure. This device is also suitable for coating samples of other ma-
terials. The scheme was determined: Sa - sample of a material for cover with electrospun 
layer of fibres, attached to the inner cone surface of the rapidly spinning  metal filter basket. 
The basket is electrically grounded, S - medical syringe with the spinning liquid  and metal 
needle powered with a high electric potential, HV - high voltage supply. With respect to the 
centrifugal force, Fc, acting on the sample, was shown the vector diagram of its distribution 
on two force components: the pressure of the sample, Fp = Fc × sin α, on the basket surface 
and the force of throw the sample outside of the basket, Fout = Fc × cos α, where α is the 
angle of inclination of the side surface of the basket to its base. 

Figure 2. A - final design of the device for electrospinning of aligned fibrous mats ready 
to work, after placing it in an enclosure; B - the filter basket after electrospinning; C - a 
resulting fibrous mat sample; D - SEM image of standard PP non-woven cover with aligned 
PEO nanofibres.

A B

C

D
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a gradient with regard to the arrangement 
of fibres could be beneficial cannot be 
excluded. The occurrence of a shield-
ing effect of the electrostatic field inside 
the filter basket can also be expected if 
its shape is inappropriate, i.e. there will 
be a relatively small diameter and a large 
depth (Faraday shield). As a result, the 
electrospun fibres cannot be deposited at 
the bottom of such a filter basket. In our 
study we observed no such effect. 

To build the device for receiving aligned 
fibres by electrospinning, a commercial 
centrifugal juicer (type 377 produced 
by Zelmer, Poland) was used. The filter 
basket in this device is characterised by 
the inlet diameter of about 110 mm and 
the inclination angle of the conical lat-
eral surface, α (Figure 1), of approxi-
mately 55°. An adaptation of the juicer 
to the needs of electrospinning consisted 
mainly of the electrical connection be-
tween the metal parts of the basket and 
the metal drive axle, which was electri-
cally grounded with the help of a sliding 
connection. In order to control the rota-
tional speed of an electric motor, the de-
vice was combined with the power grid 
by the autotransformer. This solution 
reduces the engine power at lower volt-
ages, but it is not important for the cur-
rent application. The resulting relation 
between the rotational speed of the filter 
basket and the voltage of the power sup-
ply was determined experimentally using 
a non-contact instrument for measuring 
the rotational speed. The obtained data 
show that this speed grows linearly with 
supply voltage, with a small error, reach-
ing more than 12,000 r.p.m. at a standard 
voltage of 230 V in the power grid.  The 
final design of the device, after placing it 
in an enclosure, is shown in Figure 2.A.  

n	Results and discussion
Electrospinning speed for the 
standard chaotic fibre production
Measurements of the speed of electro-
spinning at standard chaotic collection 
were performed ​​for fibres from PLA and 
PVA using the gravimetric method. Dur-
ing electrospinning using a single needle 
(size 0.8 × 40 mm, pressure of extru-
sion of spinning solution in the range of  
0 - 392 Pa (4 cm H2O)) the applied 
voltage was 20 - 25 kV at a distance of  
20 - 25 cm between the tip of the nee-
dle and the flat aluminium foil, which 
was used as the collecting electrode. The 
received fibre mass was obtained as the 

difference in weight of aluminium foil 
before and after an exposure period of 
1 hour. To determine the average diam-
eter of the electrospun fibres, the samples 
of obtained fibrous mats were examined 
by SEM. Examples of SEM images of 
the surface, along with the histograms 
of measured fibre diameters, are shown 
in Figure 3. Based on the results ob-
tained for the fibre diameters, and tak-
ing into account the fact that 0.0483 g 
of the PLA fibres, and 0.0303 g of PVA 
fibres were obtained during the one-hour 
exposure and, after adoption, that the ap-
parent density of both types of fibres is 
approximately the same (1250 kg/m3), 
the average linear speeds of electrospin-
ning of the fibres can be calculated us-

ing Equation 1. The speed for the PLA 
fibres is 4.1 m/s, and for the PVA fibres 
is 66.2 m/s. It should be noted that the 
PLA fibres are porous, as shown in the 
SEM image of their surface, in Figure 
4. In turn, the DSC test performed on a 
sample of freshly electrospun PLA fibres, 
Figure 4, testifies to their low crystallin-
ity, because the difference of their enthal-
pies of melting and cold crystallisation is 
as low as 8.5 J/g; hence, almost the en-
tire crystalline phase was formed during 
heating of the sample in the calorimeter. 
Therefore, the above adopted density of 
the PLA microfibres corresponds to the 
amorphous state. However, in the case of 
PVA nanofibres, similar DSC determina-
tions were not performed, since this poly-

Figure 3. SEM images of the electrospun fibrous mats and fibre diameter histograms for: 
PLA - top, PVA - bottom.

Tg = 52.9 °C

Tcc = 91.3 °C

Tm = 152.6 °C

DHm = 25.8 J/g

DHcc = 17.3 J/g

A B

Figure 4.  A - SEM image of the electrospun PLA fibres with visible pores. B - DSC curve of 
the PLA fibres at the first heating at a rate of 20 K/min.
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mer is atactic and does not melt. These 
two features of the electrospun PLA fi-
bres, and especially their porosity, make 
it accepted that the apparent density is 
overvalued to a certain extent for them, 
and thus the calculated speed of electro-
spinning should be higher. On the other 
hand, the fibres contain a lot of thicken-

ings, which are not included in the esti-
mation of their average diameter. In addi-
tion, fibre diameter in Equation 1 occurs 
in the square, which further increases the 
impact of the latter feature on reduction 
of the calculated speed. Finally, it ap-
pears that the impact of these factors can 
be largely abolished and the estimated 

speed of electrospinning of the PLA fi-
bres is not burdened with too much error. 

Electrospinning of aligned fibres
The electrospinning tests of fibrous mats 
with aligned fibres, using a rotating filter 
basket of a juicer, were carried out ​​for the 
solutions of PLA and PVA. The device 

Figure 7. SEM images of the surface of electrospun fibrous materials from PVA  collected in a rotating filter basket, from D in Figure 5, at 
different linear velocity: VD1 – 3.7 m/s, VD2 –  10.7 m/s, VD3- 17.7 m/s and VD4 – 32.6 m/s. 

Figure 6. SEM images of the surface of the electrospun fibrous materials from PLA collected in a rotating filter basket, from D in Figure 5, 
at different linear velocities: VD1 – 3.7 m/s, VD2 – 17.7 m/s, VD3- 32.6 m/s and VD4 – 44.6 m/s. 

Figure 5. SEM images of the surface of the electrospun fibrous materials (PVA) collected in various locations, A - D, of the filter basket 
rotating with velocity of  5860 r.p.m. Linear velocity of the sampling locations were as follows: VA – 0 m/s, VB – 9.2 m/s, VC – 17.2 m/s and 
VD – 32.6 m/s.

D1 D2 D3 D4

D1 D2 D3 D4

A B C D

Filter basket
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was set so that the needle was at a height 
of 20 cm above the basket in a middle 
position between its centre and the edge 
of its side, as shown in Figure 1. Electro-
spinning was usually conducted for about 
40 min at a voltage of 20 kV. Other elec-
trospinning parameters were the same as 
in the case of standard chaotic fibre re-
ceiving. In Figures 2.B and 2.C, pictures 
of the filter basket when the resulting 
electrospun fibrous material is removed 
and a sample of this material are shown, 
respectively. Additionally, an SEM im-
age of the sample of standard non-woven 
polypropylene (PP) coated with aligned 
poly(ethylene oxide) (PEO) nanofibres 
is shown in Figure 2.D, as an example 
of the possibility of using this device for 
the surface modification of textile ma-
terials by nanofibrous coatings. During 
electrospinning, the linear speed at the 
selected location on the surface of a rotat-
ing  filter basket increases linearly with 
the increase of its distance from the axis 
of rotation (Equation 2) and it can be 
expected that this will have a significant 
effect on the ordering of the fibres dur-
ing collection. The relevant studies were 

carried out for electrospinning of PVA 
fibres at the filter basket rotational speed 
of 5860 r.p.m. In Figure 5, SEM images 
of fibrous samples taken from different 
places on the filter basket characterised 
by the linear velocity from 0 to 32.6 m/s 
are shown. The researches show that the 
electrospinning of PVA fibres by such a 
modified technique allows a noticeable 
alignment of the fibres at a linear veloc-
ity of receiving order of 20 m/s, and a sat-
isfactory alignment at a velocity slightly 
above 30 m/s. These velocities are at least 
two times smaller than previously deter-
mined for the electrospinning of PVA fi-
bres with chaotic collecting (66.2 m/s). If 
we assume that the final position of the 
fibres on the filter basket surface is a re-
sult of submission of their chaotic motion 
during formation in an electrostatic field 
and the rotation of the substrate, such a 
clear alignment of these fibres at these 
linear velocities should not be expected 
to occur. To examine the impact of the 
speed of fibre formation in electrospin-
ning on the level of their alignment on 
the surface of the rotating filter basket, 
appropriate tests were performed for so-

lutions of PLA and PVA, for which the 
speeds of electrospinning may vary by at 
least ten-fold. At the same time, the tests 
were performed at a wide range of ro-
tating velocities of the filter basket. The 
results of SEM studies of the samples of 
fibres from PLA and PVA, taken from the 
same point in the basket, marked in Fig-
ure 5.D, are shown respectively in Fig-
ures 6 and 7. The process of progressive 
orientation of the fibres with increasing 
linear velocity of the rotating substrate, 
which is noticeable in the images, can be 
described quantitatively. However, due 
to difficulties in the precise determina-
tion of the direction of the linear velocity 
of the substrate during the observation of 
SEM, it was decided to refer a single fi-
bre’s orientation to the direction of a des-
ignated arithmetic average of the angles 
for the entire population of fibres visible 
in the photograph. For this purpose, after 
measuring all of the angles for the pop-
ulation of fibres in the photo, the mean 
value was subtracted from each of them. 
Statistical results of the orientation of the 
fibres from PLA and PVA for different 
linear speeds of the substrate are shown 

Figure 8. Normalised histograms of the orientation angle - α, of the electrospun; a) PLA and b) PVA fibres at different linear velocities of 
the rotating substrate.

a) b)

Figure 9. Planar orientation factor of the PLA and PVA fibres 
against the linear velocity of the rotating substrate.

Figure 10. Electrospinning speed and average PVA fibre diameter 
as a function of the linear velocity of the rotating substrate.
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in Figure 8, respectively, in the form of 
histograms. To facilitate opportunities to 
compare, histograms were drawn after 
normalising the count frequency of fibres 
oriented in a specified angular range, fi%, 
according to the Equation 3:  

%100
%

×=
∑

i
i

i
i f

ff              (3)

where:

%100% =∑
i

if

fi – number of fibres in the range of ± 10° 
around the angle αi  from  the set {-100°; 
…; -20°; 0°; +20°; …; +100°}.  

In the case of normal distribution, all his-
tograms would be symmetrical with re-
spect to the value of αi = 0°, and the nor-
malised frequency, fi%, should fall within 
the range of ± 90°. However, in practice, 
the events on the individual fibres cannot 
be missed, whose positions are close to 
the perpendicular in the most likely di-
rection for the population of fibres visible 
in the photograph. In this case, a certain 
asymmetry in the distribution of events 
can occur, where the average and most 
probable angle will not overlap. Events 
beyond the angular range of ± 90° can be 
then observed, but always only on one 
side of the distribution. Such situations 
occur for example in Figure  8, respec-
tively, at linear velocities of 17.7 m/s and 
10.7 m/s (also 32,6 m/s). To assess the 
degree of fibre alignment in the fibrous 
materials obtained, the single-numerical 
estimator was also used, which allows 
plotting function relationships. For this 
purpose, the flat orientation factor, fp, 
was used here [37], calculated by the 
Equation 4: 

1cos2 −×= αpf
                

(4)

where:
αcos  - arithmetic mean of the cosines 

of the angles of fibre orientation of the 
population. The α angles, as previously, 
were referenced to their arithmetic mean.

The planar orientation factor fp, Equa-
tion 4, expresses the state of fibre orien-
tation distribution in 2D; in cases where 
the fibre orientation is isotropic, the pla-
nar orientation factor value is fp = 0, in 
cases of being in only one-direction (ani-
sotropy), the value is fp = 1, and when it is 
arranged in a rotation direction of 90° for 
the direction of fp = 1, then it is fp = −1. It 
should be noted that a similar function of 
orientation known as Hermans factor was 

developed for uniaxial orientation, but it 
is not applicable here; its’ possible use 
leads to incorrect results. The resulting 
alignment degree of the PLA and PVA 
fibres, depending on the linear speed of 
the substrate, is shown in Figure 9. It 
seems that comparison of the degree of 
the alignments of the PLA and PVA fi-
bres based on organoleptic assessment of 
the SEM images and analytical results is 
consistent and leads to the conclusion that 
the state of the fibre orientation increases 
with the speed of the linear substrate, but 
only to a certain value, above which it 
begins to decrease. As shown in Figure 
10, as outlined above, these relations are 
well described by quadratic functions. 
According to these approximations, the 
best alignment for PLA fibres, with an 
fp value of 0.80, was obtained at linear 
velocity of 36.5 m/s, and for PVA fibres, 
with an fp factor of 0.90, at 21.8 m/s. 
These figures confirm the previous obser-
vations of a lack of influence of the speed 
of fibre formation observed in electro-
spinning with a chaotic method of fibre 
collection on the conditions at which the 
fibres are aligning. Therefore, the speed 
of electrospinning of PVA fibres was 
measured when collecting on a rotating 
filter basket, using the method according 
to the Equation 1. These results together 
with measured mean values ​​of diameters 
of these fibres are shown in Figure 10. 
The relationships shown here indicate a 
three-fold increase in the velocity of fibre 
formation during electrospinning on the 
rotating substrate relative to the system 
when the substrate is fixed, and a simul-
taneous one and a half times reduction of 
the diameter of the fibres. Hence, it must 
be concluded that electrospinning of the 
fibres on the rapidly rotating substrate 
is not just another form of collection of 
these fibres, but significantly changes the 
nature of the fibre formation in this spin-
ning technique. 

n	Conclusions
The paper presents a new way for pro-
ducing fibrous mats with aligned micro- 
and nano-fibres using an electrospinning 
technique with a fast rotating filter basket 
of a properly adapted commercial cen-
trifugal juicer as the collecting electrode. 
This method allowed the fibrous mate-
rials from PLA and PVA to be obtained 
with different degrees of fibre alignment 
dependent on the linear velocity of the 
rotating substrate. The highest degrees 
of the fibre alignment, measured by the 

planar orientation factor, with a value of  
0.8 - 0.9, were obtained at linear speeds 
of the rotating substrate in the range of 
22 - 36 m/s. By using the gravimetric 
method, the velocity of fibre electrospin-
ning was tested under different condi-
tions. When the receiving substrate was 
immobile, the velocity of electrospinning 
was 4.1 m/s for PLA fibres and 66.2 m/s 
for PVA fibres, but this velocity exceeded 
200 m/s for PVA fibres. The investiga-
tions suggest that electrospinning of the 
fibres on the rapidly rotating substrate is 
not only a modification of obtaining fi-
bres, but significantly changes the nature 
of the fibre formation in this spinning 
technique. When using the device, over 
100 cm2 of mat with aligned fibres can 
be obtained at once. Moreover, during 
this electrospinning a beneficial system 
of forces acting on the produced fibrous 
material arises, which allows the layer of 
aligned fibres to cover other materials at-
tached to the rotating substrate. 
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