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Abstract. In this research study, a photo-electrospinning device was designed and manufactured to produce nanofibres
(NFs) by using an optical polymerization method. For this purpose, an electrospinning machine was designed and optimized.
Various parameters such as voltage, speed of collector and distance were investigated on the uniformity and diameter of
polycaprolactone fibres. Therefore, a Taguchi experimental design was used to optimize the diameter of the fibres. Nine
experiments were conducted using scanning electron microscopy to study the surface morphology of the obtained fibres.
The best conditions for producing NFs include: voltage = 15 V, speed of collector = 600 rpm and distance = 20 cm.
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1. Introduction
Most common synthesis methods for fabrication of nanofibres (NFs) are template method [1], anodizing process [2],
vapour growth [3,4], phase separation [5] and electrospinning [6,7]. Among these methods, electrospinning method
can generate NFs with diameters ranging from micrometres to nanometres [8,9]. This technology has attracted
much attention recently due to its advantages such as
simple, easy, low cost, capable of controlling morphology of fibres and easily scalable [10–12]. In addition,
the produced microfibres or NFs have high porosity with
a small pore size and a large surface area to volume
ratio [13–15]. NFs have been applied widely in filtration,
wound dressing, energy storage, protein separation, immobilization, drug delivery, and as sensors, adsorbents and
composites [16]. Recently, many kinds of materials have
been reported for producing fibres by using electrospinning. Among them, synthetic polycaprolactone (PCL) is
a polymer approved by the Food and Drug Administration (FDA). It has special features such as biodegradability, biocompatibility, chemical stability, thermal stability,
good mechanical properties, tissue-compatible nature and
permeability [17,18]. PCL is a semi-crystalline polymer,
which has applications in the biomedical field, diffusioncontrolled delivery systems, tissue engineering and manufacturing of fibrous scaffolds with micro- and nano-fibrous
structures [19]. Also, PCL is used in human clinical applications such as surgical sutures, and in some implantable
devices [20].
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UV-induced photopolymerization has many benefits such
as inexpensive, fast reaction rate as well as no need of sophisticated equipment. Also, photopolymerization does not damage
the base material. Therefore, it has attracted a lot of attention.
Different attempts have been made to combine photopolymerization technology with the electrospinning process [21,22].
For example, the method for in situ cross-linking during
electrospinning was reported by Gupta et al [23]. In addition, some biocompatible tissue scaffolds were developed by
adding UV-curable monomers to the spinning solution and
photo-cross-linking was carried out during electrospinning
[24]. In this study, a novel combination of electrospinning
and UV photopolymerization led to fabrication of core–shell
NFs. Photoinitiators were bonded on the surface of the PLC
core fibres by using a UV photopolymerization method in the
electrospinning process.
In the present study, a photo-electrospinning device is
constructed and machine parameters are modelled with an
experimental design method. The diameter of fibres of PCL
polymers has been investigated using a Taguchi design
method for producing NFs of high quality and performance of
NFs. For this aim, three factors, including voltage, the distance
of the syringe to the collector and speed of collector were studied. Characterization of the produced NFs was evaluated by
scanning electron microscopy (SEM). Furthermore, analysis
of variance (ANOVA) was used to determine the percentage
of the contribution of factors such as voltage, distance and
speed of collector. Finally, partial least squares (PLS) technique as a multivariate calibration method was used to predict
the diameter of the obtained fibres.
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Table 1.

Matrix design of L9 by the Taguchi method.

Number

Voltage (kV)

Speed of
collector (rpm)

Distance
(cm)

15
15
15
19
19
19
22
22
22

300
450
600
300
450
600
300
450
600

13
17
20
17
20
13
20
13
17

1
2
3
4
5
6
7
8
9

2. Experimental
2.1 Instruments and software
The morphologies of the synthesized particles were analysed by SEM (Seron Technology AIS-2100) using photoelectrospinning single head and double head. Minitab 17,
Matlab 2015a (Ver. 8.6) and Microsoft Excel 2013 were used
for Taguchi design, writing the PLS program and calculations,
respectively.
2.2 Chemicals and reagents
High purity PCL, chloroform and dimethylformamide (DMF)
as solvents were purchased from Merck.
2.3 Taguchi design of PCL nanoparticles
To model laboratory and instrumental parameters as well as
measurement of the diameter of the fibres by Taguchi experimental design, a number of experiments were carried out
based on three factors: voltage, distance of the syringe to the
collector and speed of collector. These experiments were carried out by examining the three factors in three different levels
with an L9 array. The studied parameters, their levels and the
experimental designs are summarized in table 1.

syringe and electrospinning was performed according to the
conditions given in table 1. The tests were carried out individually based on the table. All experiments were performed at
room temperature for 2 h. The diameter of the syringe and the
rate of injection were 0.4 mm and 0.5 ml h−1 , respectively.

3. Results and discussion
3.1 Design and manufacture of the device
In the design and fabrication of the device, the parts which
had a high resistance to high temperatures and high voltages
were used. As the transfer of these factors to other parts of the
device causes noise and disruption, the performance of the
device becomes a hindrance. This electrospinning device has
a high precision in the injection compared to other machines
so that 0.1 ml of the solution can be injected over a week. In
fact, it has a precision equal to microlitre (µl) per h.
In terms of speed of the collector, the machine can rotate
from 0 to 3,000 rpm. The distance of the syringe to the collector was determined to be in the range of 0–30 cm. Of
course, the distance of 13 cm is optimal for most polymers
and the formed fibres have uniformity and appropriate diameter. The voltage power supply was completely isolated to
prevent transmission of any noise to other electronic components. Voltage of the device can be changed from 0 to 30 kV,
which can also be upgraded to 100 kV.
Furthermore, this device is equipped with UV light; as a
result, it has the ability to produce core–shell NFs through
photopolymerization reactions. For the fabrication of such
NFs, high-power mercury lamps of 100 watts were used.
In addition, engines with high power and precision were
selected so that speed and movement can be completely controllable.
In contrast, the microcontroller used has the ability to
transmit data at a high speed and high volume that plays
an important role in speeding up the device’s performance.

2.4 Design and manufacture of the apparatus
First, a number of external samples of the device were investigated. Then, the original model was designed for more
accurate research. Electronic circuits and mechanical parts
of the machine are precise and simple. In addition, it is easily
available in the market.
2.5 Preparation of sample for production of PCL NFs
A total of 1.2 g of PCL was dissolved in a mixture of chloroform and DMF in a 4:1 ratio. Then, it was placed on a
stirrer at 20°C and 150 rpm for 2 h. After 2 h, a clear PCL
solution was obtained. The solution was drawn into a 5 ml
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Figure 1. Constructed device.
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Table 2.

Predicted diameter values of NFs by the Taguchi model.

Number

Voltage (kV)

Speed of
collector (rpm)

Distance
(cm)

Diameter of
NFs (nm)

Predicted diameter of
NFs by Taguchi model

15
15
15
19
19
19
22
22
22

300
450
600
300
450
600
300
450
600

13
17
20
17
20
13
20
13
17

466.66
306.66
143.33
550.00
476.66
286.66
400.00
476.66
246.66

442.588
348.141
125.921
532.591
452.588
328.141
441.481
459.251
222.588

1
2
3
4
5
6
7
8
9
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observed, the third experiment was able to produce the best
NFs (figure 4).
3.4 Signal-to-noise (S/N) ratio analysis

Figure 2. Predicted values vs. actual values of the Taguchi model.

It should be noted that this device is home-made, and polymer components are used to reduce noise and intruder factors.
The constructed device is shown in figure 1.
3.2 Optimization of Taguchi design
To implement this method, three variables at three different
levels were investigated to measure the diameter of NFs. The
proposed steps for the Taguchi design include designing systems, designing of parameters and designing of tolerance. In
this study, the designed device parameters include voltage,
the distance of the syringe to the collector and speed of collector. The predicted values for the diameter of NFs using the
Taguchi method is shown in table 2. The regression diagram
of the predicted values vs. actual values for Taguchi design
is shown in figure 2. The results indicate that the performed
experiments are highly accurate because the regression coefficient (R 2 ) is close to one.

First, the data of diameter of fibres, which were measured by
the SEM, were transferred to the Excel program. Then, the
graph of S/N ratio was plotted using Minitab software. Diagrams of S/N ratio related to the voltage, speed of collector
and distance are plotted separately in figure 5. The ‘smaller
is better’ method is used. The graph shows that the higher the
S/N ratio, the better optimum conditions are obtained. At an
optimum distance (20 cm), the signal-to-noise ratio is high
and fibres with a smaller diameter were obtained. Also, to
complete the results of the signal-to-noise ratio method, the
effect of each variable on the diameter of fibres was investigated, as shown in figure 6. Compared to figure 5, voltage
= 15 V, speed = 600 rpm and distance = 20 cm have the
greatest effect on the diameter of fibres and also reduce the
diameter of the fibres. Furthermore, among these three factors, the speed of the collector is the most important factor in
reducing the diameter of fibres, which is more effective than
other variables.
3.5 ANOVA test
ANOVA was used to determine the percentage of the contribution of each factor. With respect to the percentage of each
variable, it was found that the speed of collector with 70.9% is
the most important factor affecting the diameter of the fibres
as shown in table 3. The total contribution of the parameters
was 94.5% and the remaining 5.5% of contribution could be
attributed to other parameters such as rate of injection that
was not mentioned in the Taguchi model.
3.6 Partial least squares method

3.3 Characterization of the NFs by SEM method
Figure 3 shows the SEM images of the obtained NFs from
experiments 1–9 using the Taguchi method. As can be

PLS is a popular multivariate regression method for modelling. The PLS can be used successfully to make regression
models between a prediction block and a response vector [25].
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Figure 3. SEM images of NFs related to experiments 1–9 of the Taguchi method.

The PLS predicts a series of response variables from a series of
predictor variables through the means of latent variables [26].
The X and Y data matrices (equation (1)) are recommended
for n input and m output variables, as well as for N data
points:
⎤
⎡
Y11
X 11 · · · X 1n
⎥
⎢
⎢ .. . .
.
.
X =⎣ .
. .. ⎦ , Y = ⎣ ..
X N1 · · · X Nn
YN 1
⎡

⎤
· · · Y1m
. . .. ⎥
. . ⎦,
· · · YN m

(1)

where the variables and observation points are indicated by
the columns and rows, respectively. As shown in equations
(2 and 3), decomposition of X and Y is carried out using the
PLS method:
X = T P T + E,

(2)

where the scores of X and the loadings of X are indicated
using the columns of T and the columns of P, respectively:
Y = U Q T + G.

(3)
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Figure 4. SEM images of NFs related to the third test of the Taguchi method.

Figure 5. Signal-to-noise ratio chart of voltage, speed of collector and distance.

The columns of U and Q display the y-scores and y-loadings,
respectively. Also, the leftover from Y is shown by G matrix.
Here, T and U matrices are used instead of X and Y matrices
for regression. Hence, PLS uses the latent variables named
x-scores and y-scores for regression [27].
In this study, the obtained diameter of the fibres from
the nine tests was investigated by the PLS method. To estimate the optimum number of components in this method, the
cross-validation method (k-fold cross-validation) was used to

evaluate the mean square error prediction (MSEP) and the
MSEP vs. the number of components was plotted. The number of components with the least error was selected as the
optimal component. It can be observed that the MSEP of PLS
with the optimal number of components equal to 1 was 0.673
(figure 7). Figure 8 presents the predicted values vs. actual
values. The value of the correlation coefficient is close to 1.
Therefore, the intensity of the linear relationship between the
predicted diameter of NFs and the actual diameter is strong

159

Page 6 of 7

Bull. Mater. Sci.

(2020) 43:159

Figure 6. Effect of each variable on the diameter of fibres.

Figure 8. Predicted values vs. actual values using the PLS model.

Figure 7. MSEP vs. number of components.

and the prediction of the diameter of fibres was suitable by
this method.
Table 3. Results of ANOVA test towards the contribution of each variable.

Voltage
Speed
Distance
Total

df

SS

MS

2
2
2

26,240
101,382
7,454
142,885

13,120
50,691
3,727

The contribution of each
parameter (%)
18.3644189
70.9535641
5.21678273
94.5347657

SS, sum of squares; df, degree of freedom; MS, mean square.

4. Conclusion
In this study, we built an electrospinning machine for fabrication of fibres in the nanoscale. PCL was used as a polymer with
special properties for the production of NFs. NFs were successfully fabricated with high uniformity and small diameter
by adjusting the parameters of the device. Also, the electrospinning technique is cheaper, easier, useful and more efficient
than the other methods for producing NFs.
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