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Abstract

In the present study, the influence of electrical parameters of the pulsed electrospinning process,
such as electrical voltage, frequency of the pulses and pulse duration on the structure of the
nonwovens obtained was determined for the first time. It was found that all the parameters
studied strongly influence the average diameter of the fibres obtained, and that the pulsed
electrospinning process carried out under specific conditions makes it possible to obtain, among
other things, bimodal nonwovens. In addition, a 23 factorial design was used to determine how
the selected electrical parameters of the pulsed electrospinning process affect the structure of
the resulting electrospun mats. It was shown, among other things, that by appropriately selecting
the parameters of the electrospinning process, the thickness of the fibres can be controlled,
resulting in nonwovens with the desired morphology.
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1. INTRODUCTION

Electrospinning is a simple and effective technique that allows the production of polymer
fibres. Over the past few decades, a staggering number of fibrous materials have been developed

for applications including filtration, enzyme immobilisation, controlled drug release systems,
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tissue engineering and the manufacture of dressings [1,2]. An extremely large number of
polymers, both natural (chitosan, collagen, gelatine) and synthetic (polyvinylpyrrolidone,
poly(lactic acid), polyacrylonitrile, poly(ethylene oxide), poly(acrylic acid), polyacrylamide
and poly(vinyl alcohol)), are used to produce fibres [3,4].

In the electrospinning process, the polymer is pumped into a spinning nozzle to which a
strong electric field is applied. This results in the distribution of electrical charges on the surface
of the polymer jet leaving the spinning nozzle. One electrode, with a positive potential, is
connected to the nozzle with the polymer solution, the other, with a negative potential, to a
grounded collector. When the electrical voltage increases, the semicircular surface of the
polymer at the exit of the nozzle elongates to form a characteristic conical shape called a Taylor
cone. A further increase in electrical voltage, up to a critical value, causes the Coulombic forces,
responsible for the repulsion of opposing charges, to overcome the surface tension forces of the
polimer jet. The discharged polymer solution beam is ejected from the nozzle tip towards the
collector. Meanwhile, the solvent is evaporated and fibres are collected on the grounded
collector [5-7].

The parameters affecting the formation of fibres during the electrospinning process and
their morphology can be divided into two main groups: (1) the physicochemical properties of
the polymer solution, such as viscosity, conductivity, surface tension, which depend on the
molecular weight of the polymer, the type of solvent and the concentration of the polymer
solution; (2) the parameters of the electrospinning process, such as the electrical voltage, the
flow rate of the polymer solution, the distance between the spinning nozzle and the collector
and the environmental parameters (temperature, humidity, airflow in the chamber) [1,5,8].
Understanding how each parameter affects the product obtained by electrospinning is crucial to

achieving the desired result.



As is well known, the electrical voltage influences the electrical force that stretches the
polymer jet into the finest fibre and thus affects the diameter of the fibers and morphology of
the nonwovens. It is widely accepted that electrical voltage is one of the most important
parameters determining the morphology and diameter of the fibres obtained by electrospinning
process. Direct-current voltage (DCV) is commonly used in the electrospinning process [9-11],
while pulsed voltage (PV) is used much less frequently [12-15]. In the second process variant,
an electrical voltage is applied to the nozzle in the form of pulses of a preset frequency and
pulse duration. The use of pulsed voltage (PV) in the electrospinning process therefore provides
an additional opportunity to control parameters such as the frequency of the pulses and the pulse
duration, which can significantly affect the morphologies of the nonwovens obtained.

In one of the first papers on the use of pulsed voltage (PV) in the electrospinning process,
Li et al. [12] reported the effects of electrical voltage, polyvinylpyrrolidone (PVP) solution flow
rate, frequency and pulsed electric field duty cycle on the average diameter and diameter
distribution of electrospun fibres. Among other things, it was found that the effect of frequency
on fibre diameter was not significant. Furthermore, the use of PV allowed thinner fibres to be
obtained. In turn, Mirek et al. in their work [15] demonstrated that the type of electric voltage
applied in the process influences the structure of the electrospun mats produced. The
electrospinning process of polyvinylpyrrolidone (PVP) and polylactide (PLA) solutions was
carried out using direct-current voltage (DCV) and pulsed voltage (PV) of selected frequencies
(20, 50 and 100 Hz) and a pulse duration of 5 ms. The parameter that had the strongest effect
on the structure of the fibre mats was frequency of the pulses. In addition, the authors found
that the use of pulsed voltage (PV) provided, among other things, better stability in the
electrospinning process and allowed a greater variety in the structures of electrospun mats.

For a very long time it was thought that the ideal nonwoven fabric consisted of smooth and

homogeneous fibers with a relatively narrow distribution of average fiber diameters. In recent



years, it has been proven that the production of nonwoven fabrics with bimodal and multimodal
structures, as well as those containing spheroidal elements in the structure (e.g., bead-on-string
nonwoven fabrics) open up new possibilities for biomedical engineering applications, among
others [16-22]. Hence, it seems necessary to determine how changing the electrical parameters
of the pulsed electrospinning process will affect the morphology of the resulting nonwovens.

Earlier work found, among other things, that: the diameter of the fibre without beads
depends mainly on the electrical voltage, while the electrical voltage was a factor with a
secondary effect on fibre and bead size [23]; the morphological and mechanical properties of
the obtained nonwovens show a clear correlation with the applied voltage [24]; the morphology
of the nonwovens produced is influenced by both the waveform (square, sine, triangle) and the
frequency of the alternating current (AC) high-voltage signal applied [25]. As a result,
nonwovens containing smooth fibres and those having beads, spindles and/or helical fibres in
their structure were obtained [25]. Moreover, it has been proven that higher frequencies favour
the formation of thicker fibres [25].

The aim of this study was to determine the influence of all electrical parameters, such as
electrical voltage (U), frequency of the pulses (f) and pulse duration (z), on the pulsed
electrospinning process and the structure of the nonwovens obtained. A polyvinylpyrrolidone
(PVP) solution was electrospinning using a pulse voltage (PV) with a set frequency in the range
10-100 Hz and a pulse duration in the range 1-9 ms. In addition, a factorial design was used to
determine how the selected electrical parameters of the electrospinning process affect the
structure of the resulting electrospun mats. Factorial design is widely used to study the effects
of experimental factors and the interactions between these factors, that is, how the effect of one
factor changes with the level of the other factors in the response. The advantages of factorial
design are the relatively low cost, the much smaller number of experiments and the increased

ability to assess interactions between variables [26,27].



Only a few papers used factor analysis to evaluate the properties of the solution used for
electrospinning and the effect of the process parameters on the morphology of the nonwovens
produced [23, 28-31] However, the authors' conclusions are clear: factor analysis is a useful tool
for designing fibre mats with the desired structure and properties to meet the requirements of
various applications, i.e. drug delivery, dressings or tissue engineering. The 23 full factorial
design has previously been successfully applied by Korycka et al. [23], among others, to
determine the relationship between factors, i.e. polyvinylpyrrolidone (PVP) solution flow rate,
solution viscosity and electrical voltage, and the diameter of homogeneous and bead-on-string
fibres produced by the electrospinning process. In our work, we will determine for the first time
the relationship between electrical parameters and the morphology of electrospun mats from an

alcoholic polyvinylpyrrolidone (PVP) solution.

2. EXPERIMENTAL
Materials

Polyvinylpyrrolidone (PVP, M,,=1300 kDa) was purchased from Sigma-Aldrich. PVP
solution (17% concentration) was prepared by dissolving the polymer in 96% (w/w) ethanol

purchased from Polmos. The solution viscosity at 25 °C was 1.047 Pa-s.
Electrospinning setup

The electrospinning process was carried out using the setup shown in Figure 1. The system
consisted of: a high-voltage pulse generator, an infusion pump connected by a drain to a steel
nozzle (inner/outer diameter = 0.63/0.9 mm) and a grounded circular aluminum collector
(thickness = 0.12 mm, diameter = 100 mm) placed at a distance of 15 cm from the nozzle tip.
The polymer solution was delivered to the nozzle at a flow rate of 0.9 mi/h. The electrospinning

proces was carried out using varying values of electric voltage (U), frequency of the pulses (f)



and pulse duration (z). Electrical voltages of 8 kV and 15 kV were used. Electrical pulses were
delivered with a frequency in the range of 10-100 Hz (changing in 10 Hz increments) and a
duration in the range of 1-9 ms (changing in 1 ms increments). The resulting product was
deposited on the collector for 3 min. All experiments were conducted at 25 °C. The ambient

humidity did not exceed 40%.
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Figure 1: Scheme of the electrospinning process setup with an operation diagram of the pulsed voltage

(PV) supply (blue line).
Morphology of electrospun mats

The morphology of the obtained polymer electrospun mats was characterized by two
parameters: the size of the average fiber diameter D and the uniformity of the fibers in terms of
their diameter. Both parameters were determined based on scanning electron microscopy (SEM,
Hitachi TM-1000) images. Before SEM images were taken, a thin layer of gold (about 10 nm)

was sputtered onto each sample of the electrospun mats. Using the computer software provided



with the microscope, the diameters of 50 randomly selected fibers obtained by electrospinning
the PVP solution under different electrical conditions of the process were measured. From the
values obtained, the average diameters for each fiber (D), standard deviation (£SD) and

coefficient of variation (CV) were calculated. CV was calculated based on the formula: CV =

2. 100%.
D
Factorial design

The direct influence of process factors and the possible effects of their interaction can be
predicted using the factor design method. The effects of selected electrical parameters of the
electrospinning process (such as electrical voltage (U), frequency of the pulses (f) and pulse
duration (z)) on the formation and morphology of the produced fibers were investigated using
a factorial design.

In this method, in order to set up a two-level factor plan, it is necessary to define the
experimental domain. Each factor is assigned a high (+) and low (-) level. The complete model
system includes all combinations of extreme settings of experimental factors. A model with k
factors consists of 2% experimental runs. For the case with three experimental factors, the
response surface model is as follows:

3 3
=ag+ a;x; + z z A;jXiXj + A123X1X2X3
i=1 i=1j= (1)

where: y — the response; ao, ai, aij, and awz — the coefficients; xi, X2, X3, Xi, and xj - the
experimental factors. The constant term ao corresponds to the response value when all

parameters are at the center point at an average level (x1 = x2 = x3 = 0).

The coefficients (a) are determined by the coded values of the factors (high factor level is +1

and low factor level is —1). For three factors, the experimental system takes the form of a matrix:
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To calculate the ai—aijx coefficients, the X matrix is expanded with column | for the constant

expression, and columns for all possible factor interactions in the model as:

Experiment 1 Xy Xy X3 X{'Xy XXz Xp'Xz Xi'Xy'X3]
1 +1 -1 -1 -1 +1 +1 +1 -1
2 +1 -1 -1 +1 +1 -1 -1 +1
3 +1 -1 +1 -1 -1 +1 -1 +1
4 +1 -1 +1 +1 -1 -1 +1 -1 3
5 +1 +1 -1 -1 -1 -1 +1 +1
6 +1 +1 -1 +1 -1 +1 -1 -1
7 +1 +1 +1 -1 +1 -1 -1 -1
8 +1 +1 +1 +1 +1 +1 +1 +1

Consequently, the experimental series can be summarized by means of the matrix relation:
y=X-A 4)

which in the described case corresponds to:

Y11 +1 -1 -1 -1 +1 +1 +1 -—17 [ Qo ]
V2 +1 -1 -1 +1 +1 -1 -1 +1 a
V3 +1 -1 41 -1 -1 +1 -1 +1 a
Va +1 -1 +1 +1 -1 -1 +1 -1 | a3 (5)
Vs +1 +1 -1 -1 -1 -1 +1 +1 a2
Ve +1 +1 -1 +1 -1 +1 -1 -1 a3
V7 +1 +1 +1 -1 +1 -1 -1 -1 | Qs
Vel L+1 +1 +1 +1 +1 +1 +1 +11 Lag23d

And finally, the coefficients are determined by solving Eq. 6 using the least squares method:

A=XT-x)"1.xT.y (6)

where: A — set of the coefficients, X — transposed matrix and y — response.

The absolute value of a given coefficient a determines the influence of the analyzed model

factor on the response. It is assumed that the higher the value of the coefficient, the stronger the



relationship between the given factor and the response. In turn, the nature of this relationship is
indicated by the sign of the coefficient: a positive coefficient means that the value of the
response increases as the value of the factor increases, while a negative coefficient means that

the relationship is inversely proportional.
Selection of proces factors for the factorial design

Conducting a 22 full factorial analysis requires the selection of experimental variants for the
electrospinning process carried out under extreme conditions. The process parameters are
shown in Table 1. The high (maximum) and low (minimum) levels of process factors (U, f, 7)
were assigned values of +1 and -1, respectively. f=30 Hz was chosen as the low frequency level,

as below this frequency value fibre electrodeposition does not occur.

Table 1: Process variables selected for the 23 factorial analysis for fiber diameter in fibrous mats

Parameter Low level (-1) High level (+1)
U — electrical voltage 8 kV 15 kV

f — frequency of the pulses 30 Hz 100 Hz

7 — pulse duration 1ms 9ms

3. RESULTS AND DISCUSSION

Effect of electrical parameters on the diameters of the obtained fibers

A series of experiments were conducted to establish the relationship between the electrical
parameters of the electrospinning proces (U, f ,z) and the diameter of the fibres (D) obtained.
The process was carried out using high voltages of 8 kV and 15 kV. Figures 2 and 3 show the
dependence of average fibre diameters on frequency of the pulses (30-100 Hz) (A) and

dependence of average fibre diameters on pulse duration (1-10 ms) (B).



Analysis of Figure 2A makes it possible to divide the curves showing the dependence of the
average diameters of the fibres obtained on the frequency (f) into two main groups. The first
group includes the curves when 7=1-2 ms and 5-10 ms for which the fibre thickness varies
slightly (by 15-20%) depending on the set frequency. When 7z=1-2 ms is used, the values of the
average diameters of the fibres obtained range from about 1 to 1.6 pm for f in the range 30-90
Hz. Only at =100 Hz is a drastic change observed in the diameter of the fibres obtained (D is
then about 3 pum). On the other hand, when 7=5-10 ms is used, the values of the average
diameters of the fibres obtained range from approx. 2.5 to 3 um for f over the entire range
investigated. It should be noted that a clearly distinct group are the curves when =3-4 ms, as
the values of the average diameters of the fibres obtained fall within a wide range (from approx.

1 to more than 3 pum).
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Figure 2: Dependence of average fibre diameters (D) on: (A) frequency of the pulses (30-100 Hz) and

(B) pulse duration (1-10 ms) for a process conducted at U=8 kV.

Overall, the analysis of Figure 2B confirms that the mean fibre diameters change over a
wide range of set frequency of the pulses (30-100 Hz) and pulse duration (1-9 ms). For f=30-
90 Hz, a step increase in mean fibre diameters is observed, and the critical pulse duration 7 at
which a drastic change in fibre diameters occurs is 4-5 ms. This increase is almost threefold in

most cases, and the value of D varies over a wide range from about 1 to about 3 pum. The

10



situation is completely different when the process is run at f=100 Hz: then the average diameter
of the fibres formed is about 3 um regardless of the set 7. These results prove that an appropriate
choice of f and = while applying an electric voltage of 8 kV results in fibres with the desired
diameter. From the analysis of the morphology of the nonwovens obtained by electrospinning
at an electrical voltage of 8 kV, it can be concluded that working in lower frequency ranges and
at lower pulse durations allows nonwovens of very different thicknesses to be obtained.
According to available literature data, the diameters of microspheres obtained by
electrospraying a polymer solution using pulsed voltage (PV) strongly depend on the set
frequency and pulse duration. However, they show the opposite effect to that observed in this
study with the application of an electrical voltage of the order of 8 kV. The authors of previous
work observed a decrease in D with increasing f and 7 [32,33]. These differences between
previous studies and those described in this paper are probably due to the different physico-

chemical properties of the polymer solutions used for electrospinning/electrospraying.

The situation is different when the system is operated at higher electrical voltages (Figure
3). Under conditions of U=15 kV, the average diameters of the fibres formed during the
electrospinning process are also in the range of approximately 1 to 3 um but decrease with
increasing frequency in the system (Figure 3A) (the exception being fibres obtained at z=1 ms

— black curve).
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Figure 3: Dependence of average fibre diameters (D) on: (A) frequency of the pulses (30-100 Hz) and

(B) pulse duration (1-10 ms) for a process conducted at U=15 kV.

As mentioned above, similar effects are observed in the classic electrospray method [32,33]. In
addition, in a study by Mirek et al. [15], the application of an electrical voltage of U=15 kV and
a frequency of the pulses of f=100 Hz also led to the electrospinning of an 8% PVP solution to
produce fibres with diameters more than twice as small as when electrospinning at f=20 Hz. An
analysis of Figure 3A shows that the greatest changes in D values are observed when f=30-50
Hz is applied. In other cases, the changes in average fibre diameters shown in the curves are of
the order of approximately 20-40% (Figure 4B) and somewhat resemble the curve obtained
when U=8 kV and f=100 Hz (Figure 3B; gray star marker), indicating that at high frequencies,
even a large increase in the charge delivered to the system does not cause a drastic change in D
values. It should also be noted that the decrease in mean fibre diameter at very high frequencies
and high pulse durations confirms the parallel formation of a finer fibre fraction and the

formation of fibres characterised by a bimodal fibre distribution (Figure 5C).

Conventional single-needle electrospinning usually obtains nonwovens with monomodal
fibre distributions (one fibre population of very similar thickness in the structure) covering both
the nano- and micro-scale. However, there are several literature reports [16,17,19-22] on
obtaining nonwovens with bi- and multimodal fibre distributions obtained by both single-needle
and multi-needle electrospinning. Such nonwovens are characterised by the presence of two or
more fibre populations of very different thickness in the structure. In recent years, nonwovens
with bi- and multimodal structures have been proven to have broad application prospects in
biomedicine and other fields [16,17].

As mentioned earlier, fibre formation by electrospinning was only possible with a charge at
pulse frequencies in the range 30-100 Hz. The lack of fibre formation from the PVP solution at

pulse frequencies in the range 10-20 Hz was probably due to insufficient charge delivered to

12



the capillary nozzle. Depending on the electrical parameters (U, f, 7) of the process, nonwoven
fabrics with different morphologies were obtained.

Figures 4 and 5 show SEM images of selected electrospun fibre mats obtained under
specific process conditions, histograms and estimated coefficients of variation (CV %) values.
SEM images and fibre diameter distribution histograms were taken for nonwovens obtained
during the electrospinning process carried out at electrical voltages of 8 kV or 15 kV, pulse
frequencies in the range of 30-100 Hz and pulse durations in the range of 1-10 ms. The examples
presented (Figures 4-5) show nonwovens with different fibre diameter distribution. Taking into
account the histograms, three basic types of nonwovens were distinguished: monomodal
(Figure 4 and 5A), characterized by a low CV value and a single pick in the histogram, quasi-
bimodal (Figure 5B), characterised by CV value between 30 and 50% and two combined peaks
per histogram CV and bimodal (Figure 5C) with a high CV value and two well-separated peaks

in the histogram.
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Figure 4: Morphology and distribution of fibre diameters in electrospun mats produced at electrical
voltage (U)=8 kV, frequency of the pulses (f)=90 Hz and pulse duration (z)=7 ms. Normal distribution

(solid line on the graph).
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Figure 5: Morphology and distribution of fibre diameters in electrospun mats at electrical voltage
U=15kV and at different frequency of the pulses (f) and pulse duration (t) values. Types of nonwovens
obtained: monomodal (A), quasi-bimodal (B) and bimodal (C). Normal distribution (solid line on the

graphs).

In all examined cases, mats with smooth fibres were produced and differences were only
observed in the diameters of these fibres. When the system was operated at an electrical voltage
of 8 kV and over the entire range of f (30-100 Hz) and z (1-9 ms), mainly electrospun mats with
amonomodal distribution of fibres diameter were obtained (Figure 4). The CV values estimated
for a sample of each non-woven mat obtained under the specified conditions do not exceed 20%
in most cases. In contrast, when the system was operated at 15 kV the application of different
electrospinning process conditions (f =30-100 Hz, £ =1-9 ms) led to electrospun mats with both
monomodal, quasi-bimodal and bimodal distribution of fibres diameter in the electrospun mats
(Figure 5). The SEM images and histograms obtained confirm a clear tendency for a parallel
fraction of much thinner fibres to form when pulse frequencies above 60 Hz are applied (quasi-
bimodal and bimodal fibres form). In the case of nonwovens with a bimodal distribution of
fibers diameter, two clear fractions of fibers with diameters in the range of 0.25-1.25 um and
above 1.25 pum can be identified. It has also been estimated that for a bimodal distribution of
mean diameters, the CV values are high and in the range of 40-65%. Table 2 illustrates the
dependence of the type of nonwoven obtained on the conditions under which the
electrospinning process was carried out. We can see that the electrical parameters (f and 7)

strongly affect the morphology of the nonwovens obtained. In general, we can expect to obtain
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bi- and quasi-bimodal fibres at frequencies in the range 50-70 Hz, but only at high pulse
durations. On the other hand, at f in the range 80-100 Hz and 1 in the range 2-9 ms we obtain
mainly bimodal fibres (Table 2). Hence, the conclusion is that a very large amount of charge

delivered to the system results in the appearance of an additional fraction of fine fibres.

Table 2: Process conditions for obtaining monomodal, quasi-bimodal and bimodal electrospun mats at

U=15 kV
15 kv Pulse duration [ms]
1[2]3]4[s5[6]7[8]9

—T10

T |20

g | 30

S |40

2 [ 50

% | 60

3| 70

c

s [ 80

g |90

" 100

[ ] no product [ ] monomodal [ ] quasi-bimodal ~ [] bimodal

As mentioned earlier, in recent years, the preparation of nonwovens with bimodal fibre
diameter distribution (both by needle-free electrospinning and by single- and multi-needle
methods) has been of interest to many researchers. Recent reports speak of submicrofibrous
membranes with bimodal distribution, developed by Quan et al. [16] which exhibited excellent
breaking strength and elastic modulus. A little early, Zhao et al. [20] designed structured low-
resistance fibre filters made of bimodal fibres and demonstrated that cleanable nanofibre
membranes are able to rapidly transfer moisture and effectively capture harmful PM2.5
particles. In turn, Mei et al. [21] constructed fibre membranes with a bimodal structure using
conventional single-needle electrospinning. Such nonwoven membranes showed high filtration

efficiency, low pressure drop, and higher quality factors compared to monomodal nonwoven

16



membranes [21]. Bimodal structures have broad prospects not only for filtration materials and
fibre scaffolds, but also for applications in biomedicine and other fields. Rad et al. [19]
fabricated a porous PCl/zein/gum arabic nanofibre scaffold with a bimodal diameter
distribution. Such scaffolds exhibited high hydrophilic properties, favourable porosity
(approximately 80%) and adequate tensile strength which determines their high potential for
application in skin tissue engineering. In another study by Soliman et al. [22] constructed
multiscale three-dimensional scaffolds with controlled bimodal decomposition, which offers
significant improvements over conventional monomodal scaffolds in terms of both mechanical
and biological performance. Such a novel scaffold exhibited better stiffness and strength
compared to conventional scaffolds, and also had a more open pore structure, which increased

cell motility and survival.

Factorial analysis

As mentioned earlier, the main objective of the present work was to investigate the influence
of the electrical parameters of the process, such as electrical voltage (U), frequency of the pulses
(f) and pulse duration (z), on the morphology of the resulting electrospun mats. The variants of
the experiments along with the results obtained (average fiber diameter, D) are shown in Table

3.

Table 3: Experimental variants for a 23 factorial design including the average diameter of the obtained

fibers (D). SD is the standard deviation.

No. U [kV] f [Hz] 7 [ms] D [um] £SD [um]
1 8 30 1 0.91 0.31
2 8 30 9 2.64 0.44
3 8 100 1 3.36 0.88
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15

15

15

15

100

30

30

100

100

2.86

1.04

2.42

1.83

1.58

0.66

0.40

0.30

0.46

0.66

The relationship between the parameters of the electrospinning process and the average

diameter of the fibres formed can be expressed using equation 7:

D=ay+ay-U+as-f+a;-t+ays - Uf +ay;-Ut+ap-fT

+ays - UfT

(7)

where: ay — ayr; — the model coefficients , U, f, T — the process factors (electrical voltage,

frequency of the pulses, pulse duration), D — the response (average fiber diameter).

In order to determine the model coefficients, a design matrix was prepared assigning +1 values

to the high levels of process factors and —1 values to low ones (Table 4).

Table 4: Design matrix of a 22 factorial design

No. U[kV] f[HZ] 7 [ms]
1 8(-1) 30(-1) 1(-1)
2 8(-1) 30(-1)  9(+1)
3 8(-1) 100(+1)  1(-1)
4 8(-1) 100(+1)  9(+1)
5 15(+1) 30(-1)  1(-1)
6 15(+1)  30(-1)  9(+1)
7 15(+1) 100 (+1)  1(-1)
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8 15 (+1) 100 (+1) 9 (+1)

The model matrix X (Table 5) was then constructed by adding column | to the design matrix

corresponding to the constant term a, in equation 7.

Table 5: Model matrix of a 22 factorial design

No. I U f T uf Ut fr Uft
1 +1 -1 -1 -1 +1 +1 +1 -1
2 +1 -1 -1 +1 +1 -1 -1 +1
3 +1 -1 +1 -1 -1 +1 -1 +1
4 +1 -1 +1 +1 -1 -1 +1 -1
5 +1 +1 -1 -1 -1 -1 +1 +1
6 +1 +1 -1 +1 -1 +1 -1 -1
7 +1 +1 +1 -1 +1 -1 -1 -1
8 +1 +1 +1 +1 +1 +1 +1 +1

The determined values of the a, — ay ¢, parameters are shown in Table 6.

Table 6: The model coefficiens determining the impact of electrical voltage (U), frequency of the

pulses (f) and pulse duration () on the average fiber diameter (D)

Qg ay ar ar Ays ayz Ary ayfe

208 -0.363 0.328 0.295 -0.340 -0.013 -0.483 0.075

After inserting the values obtained into equation 7, the model equation (eg. 8) describing the

relationship between the electrical parameters and the mean diameter of the fibres was obtained.
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D=2.08-0.363U +0.328f+ 0.2957 — 0.340Uf — 0.013Ut — 0.483f7

8
+0.075Uft

Based on the model coefficients obtained (Table 6), the electrical voltage (U), frequency of
the pulses (f) and pulse duration (z) were found to have comparable effects on the mean values
of fibre diameters (D). Positive coefficients a; and a, indicate that the variables D, f, 7 are
directly proportional and that the mean value of fibre diameter (D) increases with increasing f
and z. In contrast, the negative coefficient a; confirms that the variables D and U are inversely
proportional, with the mean value of the fibre diameter decreasing as U increases. Furthermore,
of the other model coefficients collected in Table 6 (ay s, ayr, arr, ayge), Only the variable D
and the product of U, f, z are also directly proportional, as confirmed by the positive coefficient
ays.- However, the change in fiber diameter (D) is most affected by the product of f and z, as
evidenced by the highest value of the coefficient a;, of 0.483.

Based on Eq. 8, 3D plots were generated (Figures 6, 8 and 10), which allow a
comprehensive description of the interplay between the electrical parameters and the diameters
of the fibres obtained. In addition, the diagrams drawn up are intended to help find the
conditions under which fibres of the expected diameter and morphology can be obtained.

Figure 6 shows the effect of pulse duration (z) and electrical voltage (U) on the diameter of

the fibres produced (D) at minimum (30 Hz) and maximum (100 Hz) frequency (f).
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Figure 6: Response surface plots presenting the dependence of the diameter of the obtained fibers (D)
on the pulse duration (1) and the electrical voltage (U) for (A) minimum frequency of the pulses (f=-1,

30 Hz) and (B) maximum frequency of the pulses (f=1, 100 Hz).

For frequencies at low levels (30 Hz) (Figure 6A), the pulse duration (z) affects the diameter
of the fibres obtained to a much greater extent than the electrical voltage (U), and changing ¢
from low to high values (from 1 ms to 9 ms) increases D from approximately 0.75 um to 1.75
pm. Furthermore, changing U from a low value to a high value (from 8 kV to 15 kV) causes
only a small change in the thickness of the fibres obtained (from 1.75 to 2.0 um). The situation
is quite opposite for the maximum frequency (100 Hz) (Figure 6B). The electrical voltage then
affects the diameters of the resulting fibers, and the D values change: in the case of 8 kV
electrical operation, the average fibre diameters are above 2.0 um, while in the case of 15 kV
electrical operation, the D values are equal to approximately 1.25 um. In contrast, the pulse
duration (z) in this case has no effect on the thickness of the fibres produced.

The results obtained from the 23 full factorial design correspond very well with those
obtained experimentally (Figure 7). For f at low level (30 Hz) and =5-9 ms, the effect of
electrical voltage (U) on D is negligible (Figure 7A). Differences in the thickness of the fibers

produced at 8 and 15 kV are visible only for =2-4 ms. In the case of f at high level (100 Hz)
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on the other hand, the fibres obtained at high electrical voltage (15 kV) are about half as thin as

those obtained at lower electrical voltage (8kV) (Figure 7B).
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Figure 7: The effect of electrical voltage (U) on the average fiber diameters obtained by electrospinning

depending on the frequency of the pulses: (A) 30 Hz, (B) 100 Hz used in the electrospinning process.

Figure 8 shows the effect of frequency (f) and pulse duration (z) on the diameter of the fibres
produced (D) at minimum (8 kV) and maximum (15 kV) electrical voltage (U).
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Figure 8: Response surface plots presenting the dependence of the diameter of the obtained fibers (D)
on the frequency of the pulses (f) and the pulse duration (t) for (A) minimum electrical voltage (U=-1,

8 kV) and (B) maximum electrical voltage (U=1, 15 kV).
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For an electrical voltage (U) at a low level (8 kV) (Figure 8A), the pulse duration (z) affects
the fibre diameter much more than the frequency (f). A change in f (from 30 Hz to 100 Hz)
causes little change in the value of D (2.5-2.72 pm). However, a change in z (from 1 ms to 9
ms) causes the diameter to increase gradually from low values (about 1 um) to high values (2.75
pm). This confirms that, by operating only on the pulse duration, fibres of the desired thickness
can be easily obtained. Interestingly, for electrical voltage at high levels (15 kV), the fibre
diameters decrease (from 2.25 to 1.5 pm) with increasing frequency (f) and increase (from 1 to
2 um) with increasing pulse duration (Figure 8B). In this case, there is also a specific range of
coefficients (light green area in Figure 8B) in which even small changes in their values do not
result in changes in the value of the average fibre diameter.

Figure 9 shows the effect of frequency (f) and electrical voltage (U) on the diameter of the
fibres produced (D) at minimum (1 ms) and maximum (9 ms) pulse duration (7).

A =1ms B =9 ms

Fiber diameter D [pm]
)
W
f=]

Tiber diameter D [um]

Figure 9: Response surface plots presenting the dependence of the diameter of the obtained fibers (D)
on the frequency of the pulses (f) and the electrical voltage (U) for (A) minimum pulse duration (z=-1,

1 ms) and (B) maximum pulse duration (z=1, 9 ms).

For pulse durations (z) at a low level (1 ms) (Figure 9A) the largest changes in diameter were
observed. The increase in average fibre diameter (from 0.75 to even more than 3 um) is directly

proportional to the increasing value of the frequency in the process carried out. At the same
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time, the relationship between the average fibre diameter and the electrical voltage is inversely
proportional (the higher the voltage, the thinner the fibres obtained). In addition, it is important
to highlight the fact that, with z at a low level (1 ms), both electrical parameters (f and U) affect
the size of the polymer fibre. Thus, valuable information from the factor analysis is that the
greatest possibility of controlling the electrospinning process to obtain the desired product is
observed at z=1 ms. On the other hand, for z at a high level (9 ms), the thickness of the fibre
depends only on changes in the electrical voltage (U) (Figure 9B) but the range of changes in
diameter is incomparably smaller than for z=1 ms.

Similar effects were observed when analysing the results obtained experimentally (Figure
10). For pulse durations at a low level (1 ms), the electrical voltage has a large effect on the D
of the fibres obtained. The application of U=15 kV leads to thicker fibres (with the exception
of fibres obtained at f=100 Hz) (Figure 10A). On the other hand, for pulse durations at a high
level (9 ms), the application of a high electrical voltage (15 kV) leads to thinner fibres than
when a lower electrical voltage (8 kV) is applied (Figure 10B), especially for pulse frequencies
above 60 Hz. At lower f (below 60 Hz), the average diameters of the fibres obtained at 8 kV

and 15 kV are similar (Figure 10B).
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Figure 10: The effect of electrical voltage (U) on the average fiber diameters obtained by

electrospinning depending on the pulse duration: (A) 1 ms, (B) 9 ms used in the process.
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In this work, factor analysis was also applied to determine the effect of the electrical
parameters of the process, in this case only the pulse frequency (f) and pulse duration (z), on
the standard deviation estimated for the average fibre diameters obtained from the
electrospinning process. The experimental variants, together with the results obtained (standard

deviation, SD) are shown in Table 7.

Table 7: Experimental variants for a 22 factorial design with the obtained mean standard deviation (SD)

No.  U[KV] f[HZ] t[ms] D [pm] +SD [um]
5 15 40 1 1.59 0.41
6 15 40 9 3.01 0.26
7 15 70 1 2.26 0.57
8 15 70 9 1.42 0.74

The effect of the electrospinning process parameters (in this case only f and z) on the standard

deviation (SD) for the mean fibre diameters can be expressed by equation 9:

SD=ag+as-f+a,-1+ap-ft 9)

where: ar — ag, — the model coefficients, f, 7 — the process factors (frequency of the pulses,

pulse duration), SD — the response (standard deviation).

To determine the model coefficients as above, a design matrix was prepared, assigning high

levels of process factors a value of +1 and low levels a value of -1 (Table 8).

Table 8: Design matrix of a 22 factorial design

No. f[Hz] 7 [ms]
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1 40(-1)  1(=1)

2 40 (-1)  9(+1)
3 0(+1) 1(=1)
4 70(+1)  9(+1)

The model matrix X (Table 9) was then constructed by adding column | to the design matrix

corresponding to the constant term a, in equation 9.

Table 9: Model matrix of a 22 factorial design

No. | f T fr
1 +1 -1 -1 +1
2 +1 -1 +1 -1
3 +1 +1 -1 -1
4 +1 +1 +1 +1

The determined values of the a, — a¢, parameters are shown in Table 10.

Table 10: The model coefficiens determining the impact of frequency of the pulses (f) and pulse

duration (t) on the standard deviation (SD)

QAo ar a; Qrr

0.50 0.16 0.01 0.08

After inserting the values obtained into equation 9, the model equation (eq. 10) describing the

relationship between the electrical parameters and the standard deviation.

SD =0.50+0.16f + 0.017t + 0.08f7 (10)
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Based on the model coefficients obtained (Table 10), it was found that the standard deviation
(SD) of the mean values of the fibre diameters obtained is most influenced by the frequency of

the pulses (f). Of much lesser importance is the pulse duration (z).
Conclusion

In this study, an attempt was made for the first time to determine how the electrical
parameters of the pulsed electrospinning process: electrical voltage (U), frequency of the pulses
(f) and pulse duration (z), affect the morphology of the nonwovens manufactured. The results
obtained and their detailed analysis allowed a general conclusion to be drawn: all the studied
electrical parameters of the electrospinning process of 17% polyvinylpyrrolidone (PVP)
solution strongly influence the average diameter (D) of the fibres obtained. It was found that
the electrospinning process carried out at an electrical voltage of 8 kV leads to nonwovens with
a monomodal fibre distribution. Under these conditions and using lower pulse durations (z<5
ms), it was possible to obtain fibres with different diameters (from 1 to more than 3 um), while
using higher pulse durations (z>5 ms) produced coarse fibres (D=approx. 3 um). Furthermore,
the electrospinning process carried out under an electrical voltage of 15 kV, with frequency of
the pulses (f) in the range of 30-50 Hz and pulse durations (z) above 2 ms, leads to fibres with
average diameters of approx. 2.5-3 um. In contrast, when f=80-100 Hz the average diameters
of the fibres obtained are about 1.5 um. In addition, the application of an electrical voltage of
15 kV and such high frequency of the pulses (80-100 Hz), we observe the coexistence of a
fraction of finer and thicker fibres. According to the available literature, such nonwovens with
a bimodal fibre distribution may have a number of interesting applications.

In the second part of the study, a 2° factorial design was used to determine how the selected
electrical parameters of the electrospinning process affect the structure of the obtained

electrospun mats. Among other things, it was shown that, by appropriately selecting the
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electrical process parameters (U, f, 7), it is possible to control the thickness of the fibres obtained
and, consequently, to obtain nonwovens with the desired morphology. Furthermore, the results
obtained experimentally corresponded very well with the relationships established by means of
a 22 factorial design. Thus, it was confirmed that it is not necessary to carry out multiple tests
in order to find a nonwoven with a suitable morphology. Factor analysis proves itself as a useful
tool for the design of electrospinning processes.
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