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Abstract

In this research, a fully lab made and low-cost electrospinning nanofibers are
designed and manufactured. Different operation parameters are studied and
carried out such as applied high voltage, the gap between collector and syringe
pump, as well as the diameter and the feeding rate of the syringe pump. The
feeding rate through the needle of syringe pump is designed to be varied between
0.01mL/min and 6mL/min. In addition, the high voltage supply is varied from
1kVDC to 30 kVDC by changing the input VDC from 1V to 30 V at 26 kHz.
Finally, the gap was adjusted between syringe pump and the collector. The
nanofibers formation was obtained via using proper parameters: the feeding rate
value of 0.07 mL/min, the gap width value of 11 cm and high tension was 14
kVDC. However, bead’s structure was obtained at the values higher than
0.07mL/min which indicates that nanofibers could be formed in the system based
on the selected parameters. This project opens the way to low-cost high-
performance lab made electrospinning as compared with commercial
electrospinning nanofibers systems.

Keywords: Electrospinning system, High voltage, Lab made electrospinning,
Nanofibers, Polymeric.
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1. Introduction

Electrospinning is one of the most modern and remarkable simple technique that
produces the superfine polymeric fibers using composites, ceramics as well as
polymer materials. Nowadays, many different types of polymers naturally and
synthetically have been tested successfully using electrospinning method [1]. The
first time of describing the electrostatic force which refers to electrospinning
scenario return to Anton Formhals. At the period time (1934-1944), Formhals has
been publishing a lot of patents that illustrated the experiment steps of using
electrostatic force for producing ultra-thin polymer fibers [2].

Recently, electrospinning has become more popular due to increase the interest
of nanoscale properties and technologies [3]. In term of flexibility and simplicity,
electrospinning process consider one of the best methods of generating nanofibers
comparing to the other techniques, such as melt spinning, extrusion melding, etc.
[4]. This electrospinning technique utilized to generate a nanofiber from 3 nm
dimeter up to 5 um [5]. In the last decade, electrospinning technique has been used
in manufacturing fiber materials for several applications, for example, wound
healing, and drug delivery, hard and soft tissue engineering scaffolds as well [6].

In recent years, many electrospinning researches have been published in
different aspects. Manufacturing processes of nanofiber, dimeter adjustable
processing of polymer fiber as well as fibers characteristics and its applications [7-
20]. Obviously, different scenarios have been used for modifying the process of
electrospinning, via a variety procedure of controlling the nanofibers composition,
parameters of operation as well as designing setup.

In term of formation nanofibers, different techniques have been used such as
self-assembly [21], phase separation [22], template synthesis [23], nanofiber
seeding [24], and electrospinning [25]. A low cost and creative electrospinning
technique put it in front of the other techniques of producing continuous polymer
nanofibers [26]. KATO Tech, eSpin Technologies and NanoTechnics companies
adopted the electrospinning method focusing on its advantages. Furthermore, the
company of the Freudenberg and Donaldson have been relied on an electrospinning
process in their production line of air filtration [27]. However, in several
companies, there are various devices that are characterized by simple features, but
the price of the devices is high expensive such as (TN-NFES-3) model, (BS-
35PCL-20-ESW) model and (TN-MSK-NFES-3) model [28].

The procedure of manufacturing polymer fibers or filament consists of two
electrodes that generate an electric field in a cellulose acetate solution. The first
electrode plunged in the solution while the other one placed on the grounded
collector. When the metal pushed out from a little hole of a spinneret, the polymer
fibers were accumulated by collector as a result of evaporated a charged cellulose
acetate solution [29].

Figure 1 illustrates the schematic of electrospinning setup [30]. Baumgarten has
been manufactured electrospinning device formed acrylic fibers between 0.05 to
1.1 microns dimeters range. The needle flow rate was modified in order to suspend
the solution flow rate with the same size of droplet. The capillary tube was provided
with high voltage power supply while the fibers were gathering on rotating collector
with specific distance [31].
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Fig. 1. The schematic of electrospinning setup.

In this research, a full design of electrospinning system and the technique will be
studied theoretically and practically according to number of parameters include
system and process affect the nanofiber size, shapes and morphology fibrous mat are
carried out and investigated. The system composed of a polymer solution, syringe
pump, applied electric field and conducting collector. The rest of this article as
follow: Section 2; describes the steps of the research proposed methodology and
material used. The result will present in Section 3. Article conclusion and shed light
on furthermore directions that should be used by other researchers described in
Section 4.

2. Material and Methods
2.1. Material

A (PVP K-30) vinyl pyrrolidone as poly material with 40,000 MW purchased from
Sigma-Aldrich (St. Louis, MO, USA.). A colourless Ethanol used as solvent for P\VP
with 99.9% purity was purchased from Fluka Co. As well as a nanoparticle of silver
(Ag NPs) that manufacturing by USA with particles size of around 50 to 80 nm and
weigh percentage of 0.1 wt% was added to P\VP/Ethanol solution followed by mixing
final solution using magnetic stirrer [32].

2.2. Methods

2.2.1. Electrospinning system

The setup of a typical electrospinning process is representing by three main parts
as shown in Fig. 1. A syringe pump to feed the polymer solution, high voltage
electric field to generate electrostatic force and a conducting collector to collect the
resultant fibers. This could be made either non-woven or aligned form fibrous mat,
depending on types of collectors [4]. The process starts as an electric charges feed
to the polymer solution through the needle. The inducted charges will cause the
instability of the droplet of the polymer solution. At the same time, a produced force
will be generated from the mutual repulsion of charges, which is opposed to the
surface tension. This force causes the polymer solution to flow in the direction of
the electric field [18, 33]. Consequently, the nanofibers appear as a conical form
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(Taylor cone) on the collector which it is kept within a certain distance. The result
is some nanofibers of fibers formation with small diameter [18].

2.2.2. Electrospinning parameters

There are various factors can affect the processing of the electrospinning system,
such as the device parameters, the solution and the environmental parameters. For
the device, applied electric field, flow rate and distance between needle and
collector are all need to be adjusted before processing. While for the solution, the
viscosity, polymer connection and solution conductivity are the main parameters
that need to be care of. Lastly, humidity and temperature are related to the
environmental parameters, and they have direct effects to the produced nanofibers.
Table 1 explains electrospinning and environmental parameters [3].

Table 1. Electrospinning and environmental parameters and their effect.

Process Effect
Parameter
Flow Rate e The fibre’s diameter and flow rate are directly

proportional to each other.
Electrical Nanofibers formed as beads at very high voltage.
Voltage e  The relationship between voltage and the diameter of
nanofiber was unclear

Needle to e Asuitable distance is important to get dried nanofiber.
Collector e  The beading was observed at very close distance or too
Distance far.

Collector e  Metal collectors produce smoother fibers.

composition e  Porous collectors produce porous fibers.

and geometry o  Rotating metal collectors produce aligned fibers.
Ambient e Smaller diameter of fibers formed when the

parameters temperature increasing.
e The increase in humidity leads to appearance some
circular pores on the fiber

As Taylor explained, the electric field that used in the process of the
electrospinning and identified a threshold or critical voltage at which the suitable
electrostatic force that overcomes the surface tension. As shown in equation (1) [34]:

2
142=4’Z—2*{1n%—§}(0.117nrR) (1)

where V.: The critical voltage, H: The distance between the tip- targets, L: The
length of the capillary, R: The radius of the capillary, I": The surface tension of the
polymeric solution.

2.2.3. Electrospinning manufacturing setup

The proposed system involves hardware and software components. The elements
have been selected in term of cost-effectiveness, usability, availability and ease of
programming metrics. Figure 2 shows a block diagram of the proposed
electrospinning system components. Figure 3 shows the flowchart of
electrospinning process and explains how the device is working.
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Fig. 2. Block diagram of electrospinning system.
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Fig. 3. Flowchart of electrospinning process.
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Hardware Components: The Arduino board (ATmega2560) is employed as a
central controller of the proposed system. The input parameters can be controlled
either by using touch screen or a Bluetooth mobile application. Two stepper motors
were used, one of them to control the flow rate of syringe pump, the other one used
to control the gap width between sliding collector and the syringe pump. The DC
motor used for rotating the cylinder collector. Finally, the DHT sensor provides the
humidity and temperature readings to meet the environment requirements before
the electrospinning process. The overall cost of these hardware components is
about 300 US dollar as shown in the Table 2 including the price of each item.

Table 2. Hardware components cost.

Item cost
Arduino (ATmega2560) 30%
Stepper motor + Driver 120%
Touch screen 50%
DC motor + Driver 50%
DHI sensor 10%$
Bluetooth HC-05 20%
Wires 20%
Overall components cost 300%

Figure 4 shows the circuit control. RemoteXY and Nexion Editor used as a
software program for building mobile phone program and graphical control
program of touching screen as a control unit.

Bluetooth
_HCO5 i
Motor Priver

Touch
- Screen
Afduino Mega
D i '
DC Motor
Stepper

Mottr 2_

Fig. 4. Circuit control of the electrospinning device by Fritzing program.

There are two modes to work on this device. First, using Bluetooth mode to
control it and reading the humidity percentage and temperature degree remotely in
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order to avoid the high voltage effects. From the point view of the safety and health,
Bluetooth mode prevents infection when touching the device by different users. In
addition, the application can be installed in many smart phones that means there
are many control units. However, the second mode is using the touch screen which
is a fixed control unit. This mode makes the users closer to the high voltage source
which is hazardous and risky.

Figures 5 (a) and (b) show the final design of the proposed electrospinning device
with 75x40x60 cm dimension of aluminium box including three main components:

Fig. 5. (a) 3D model of Electrospinning system,
(b) Final Design of Electrospinning system.

A-  Syringe pump compose of a syringe with a metal needle connected to high
voltage (20-30 kvDC). The flow rate of the solution throughout the syringe
controlled by a stepper motor via microcontroller by (TB6600) driver. Figure 6
illustrates the 3D model of the syringe pump unit.

Fig. 6. 3D model of syringe pump.

The equation below explains how to convert the volume with time (ml/minute
or ml/hour) to speed (steps /revolution) of stepper motor as shown in Eq. (2):
steps

speed (—) =VXNXC 2)

minute
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where N: Number of revolutions per millilitre(revolution/ml), C: One cycle of
stepper motor(step/revolution), V: Volume in millilitre(ml/minute).

B- Collector: this part is connected to the negative part of high voltage and
designed in the form of an aluminium plate and rotated cylinder. The collector
mounted with stepper motor in term of adjusting the distance between collector and
the syringe pump via microcontroller by (A4988) driver. Figure 7 shows the
cylindrical collector placed on slider to control the distance by the microcontroller.

Fig. 7. 3D model of cylinder collector.

C- High voltage power supply has been designed to provide a high output DC
voltage with a low current. The specifications of the power supply are Output
voltage range: 1-30 kVDC, Maximum output current: 20 mA, input voltage: 220 -
250 VAC, input current: 2 amperes, the average power of the device: 40-60 watts.
Figure 8 shows a multi-stage of the high voltage power supply.

oEE
==

Fig. 8. High voltage power supply stages.

Stage One: (Step-down Transformer): In this step, the main power supply is
stepped down to nearly 42V. Here, the core is made of primary and secondary of-
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type plates. Where the primary has 1000 turns of copper wire (30 SWG thickens), the
secondary contains of 200 turns of insulated copper wires (28 SWG thickness).

Stage Two: (Voltage Regulator Circuit): the output of this part represents the main
power supply of the flyback transformer. This circuit produces three different lines with
5V, 12V and the third line is varied between 1 to 30 dc volt through a potentiometer.

Stage Three: (Flyback-transformer driver circuit): This circuit considered as a
driver of the flyback transformer. It generates a pulse signal (square-wave), high
frequency output (20 - 45 kHz) for the flyback transformer using an 1C-555. A low
drain-source resistance of an IRF-540 transistor is used and connected to the heavy-
side of driver.

Stage Four: (Flyback-transformer): The main feature of this transformer is that it
can store energy for a certain amount of time in addition to it is availability to transfer
energy to the secondary core. In one cycle, it works as a pure inductor, while it works
as a pure transformer in the other cycle. An air gap in the ferrite core gives the
transformer this unique behaviour. The air gap enlarges the reluctance of the core and
hence the stored magnetic energy will be increased too. Finally, this transformer works
at high frequencies, have a small size and gives low output power (high output voltages
with low currents). All these features are the main reason to use this transformer for the
electrospinning device. Figure 9 shows the power supply of applied high voltage.

- ;. D cwm.
|~ ~

Fig. 9. High voltage power supply where (a) shows the printed PCB
circuit and (b) the modelled circuit by Proteus Simulator Software.

3. Result and Discussion

First of all, the high-tension supply was tested in the Electronic lab to get the
optimum voltage value which is very important to create uniform nanofibers. Three
different frequencies were measured as shown in Fig. 10. The 26 kHz was the
optimal frequency to produce the varied output high voltage from 1kV to 30 kV by
changing the input DC signal from 1V to 30V. As compared to other frequency
values which show rapid fluctuation in the range from 15 VDC to 20 VDC.
However, a sharp increase is observed at a higher value above 25 VDC.
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Fig. 10. Measure output of a high voltage power supply in
different value of DC input with fixed AC input (square wave).

Secondly, the changing flow rate of the polymer in the syringe pump by stepper
motor led to creating different size and shape in nanofibers formation as shown in
the Table 3. It has been noticed that the generating nanofiber is beads when
increasing the flow rate, while it has small diameter when the flow rate decreases.

Table 3. Flow rate and nanofibers formatted.

Flow rate (mL/min) Nanofibers formed

>0.1 Beads

=0.07 Nanofibers

<0.07 Nanofibers with small diameter

Finally, the high voltage power supply was wired to electrospinning system;
applying 14 kV DC voltage, flow rate 0.07 mL/min and 11 cm distance between
the needle and collector with used 4gm from PVP dissolve in 100 mL of ethanol.
Figure 11 shows type of polymer used, and nanofiber generated.

./

)
*"J q-fpom’
' NP4 g
¢ (|
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Fig. 11. PVP/Ag solution: (a) as prepared, (b) Camera
Photo of PVP/Ag nanofibers on the Aluminium foil.

The Size and morphology structural properties were studied using Scanning
electron microscope (SEM) as shown in Fig. 12(a) to (e). A (100 nm to 200 nm)
dimeter range of nanofiber was obtained during the electrospinning process.

The proposed system has several findings, and the best finding was by applying
voltage (V) 14 kVDC, flow rate,(FR) 0.07 ml/min and 11 cm distance(D) between

Journal of Engineering Science and Technology June 2021, Vol. 16(3)



Designing and Manufacturing of Low Cost Fully Lab Made Electrospinning 2149

the needle and collector. The present of beads and (islands) related to the present
of Ag nanoparticles which decreases the viscosity of PVP base polymer and
forming pore’s structure which influence the fiber shape and structure. The Ag
nanoparticles appear in well in the electrospun composited fibbers. The PVP
promoted the nucleation of Ag nanoparticles because of their aggregation. We
suggest using (ultra-sonic sonication) and different weigh precent of Ag
nanoparticles to prevent the aggregation and present of beads within the fiber
structure. More work needed to optimize the structure of PVP/Ag nanofiber to
enhance the nanofiber shape and diameter.

In summarize the size and shape of the nanofibers clearly depending on the DC
power supply, the amount of flow rate and the distance between the needle of
syringe pump and the collector. Furthermore, it is a low cost fully lab made
electrospinning nanofibers system. The total estimation cost of all components is
around 300 US dollar while the commercial electrospinning devices average cost
is around 10,000 US dollar available online [28].

Fig. 12. SEM Images of (a) pure PVP nanofiber at (FR=0.07,V=14 KV, D=11cm)
(b) and (c) pure PVP nanofiber at (FR=0.1,V=14 KV, D=11 cm). (d) and
(e) PVP/Ag nanofiber with beads at magnification of 5 um and 1 um.
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4, Conclusion

A low cost, high performance lab made electrospinning had been designed and
manufactured using Bluetooth and touch screen techniques. It has been noticed that
the advantages of using Bluetooth rather than manually control (touch screen) was
more safe, healthy, simple and flexible. The morphology of the electrospinning
nanofibers was meaningfully affected by different factors such as the applied voltage,
distance of tip-to-collector and flow rate. A nanofiber at an applied 14 kVDC, flow
rate 0.07 ml/min and 11 cm distance between collector and needle had obtained. It
was observed that the manufactured electrospinning system have a few limitations.
One of the determinations is that the proposed system has a voltage limited of 30
kVDC. Furthermore, the nano-fiber was collected randomly on the collector. For
future work, the power supply will be developed to 50 kVDC and there is also a
concept of how to produce 3D scaffolds.
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