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Abstract Currently, the only widely available tool for controlling the SARS-CoV-2 pandemic is

nonpharmacological interventions (NPIs). Coronavirus aerosols are around 0.3–2 mm in diameter

(0.9 m in mass). The present study used artificial intelligence such as gene expression programming

(GEP) and genetic algorithms (GA) were used to predict and optimize the diameter of Nylon-6,6

nanofibers via electrospinning for protection against coronavirus. It is suggested that using the con-

trolled experimental conditions such as concentration of nylon-6,6 (16% wt/v), applied voltage

(26 kV), working distance (18 cm) and injection rate (0.2 mL/h) have resulted the diameter of

nylon-6,6 nanofibers about 55.8 nm. Coronavirus face masks could use the obtained diameter

and electrostatic interaction between viral particles and naofibers as active layers.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In personal protection, facial masking, respirator and ventila-

tor care, an unprecedented concern is being caused by the
recent new coronavirus pandemic (COVID-19), for adequate
airborne protection [1,2]. More than 2.7 million people in
210 countries around the world were infected with over

180,000 dead in the four months since the outbreak began in
mid-December 2019. These staggering statistics are still rising
exponentially and far exceed the number the 2003 SARS coro-
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navirus outbreak, which resulted in 8098 reports of 774 deaths
over an eight-month period [3].

Coronavirus is 60–140 nm in size, with nanospikes measur-

ing 9–12 nm in height on its spherical viral capsid/envelope [4].
SARS (Severe acute respiratory syndrome) and MERS (middle
East respiratory syndrome) are also a member of the coron-

avirus family. SARS virus is approximately 81 ± 11 nm in size
[5,6] with at least 15 spikes [5]. The spherical form of MERs is
118–136 nm in diameter and has a surface area of 16–21 nm.

The spikes of the virus appear as a corona wrapped around
the virus, hence the name coronavirus, under the scanning elec-
tron microscope [4]. The spikes of the virus (largely protein)
serve as anchors to the carrier and host cells of the virus. Some

viruses have more spikes than others, such as coronaviruses.
The famous Influenza virus, with a majority of 120 nm and
a spikes that are not visible, affects a significant number of

people and causes many deaths in the flu season [7]. Influenza
A, one of the influenzas, is 100 nm in size [8]. All such viruses
can be aerosolized as they can be attached by the infected per-

son to fine aerosols (solid particle or droplet), however the
coronavirus is better equipped with prominents to anchor its
carriers and its host cells during transport. They can be trans-

mitted during flight to environmental aerosols after the air is
transmitted. Microbes within droplet nuclei (particles 5 m in
diameter) remains in the air for long periods of time and are
transmitted greater than 1 m in droplet transmission. Air pol-

lution is similar, since the finer the particles are, the longer they
are suspended in the air and the more they can travel. The min-
imum size of the coronavirus is about 60 nm. Face coverings

are thought to reduce aerosol transmission for people standing
or sitting next to or behind the coughing or sneezing [9].
According to recent review by Tabatabaeizadeh, there is a link

between wearing a face mask and lowering COVID-19 levels
[10]. Many physicians have used the elastomeric face mask,
which is commonly used in industry, with an extremely low

failure rate against coronavirus [11].
Gas masks with asbestos fibre as a filter material first

appeared during World War I. The United States developed
glass fibre filter materials and issued patents in 1940. Fiber fil-

ter materials advanced rapidly from the 1950s to the 1970s,
and high-efficiency air filters (HEPA) with glass fibres as filter
materials appeared and were used for room air purification

[12]. High-efficiency filters made of ultrafine glass fibres with
optimized diameter below 0.3 mm are being used to further
improve filtration performance, and the filtration efficiency

of particles greater than or equal to 0.3 m reaches 99.998%.
Following that, Japan developed an ultra-high efficiency filter,
with a filtration efficiency of 0.1 m particles reaching as high as
99.9955%. By using an electrostatic mechanism, the ultrathin

PMAA (poly(methacrylic acid)) hydrogel obtained can retain
its cationic antimicrobial property [13]. With the emergence
and development of new industries, such as electronics, aero-

space, precision instruments, which require a high degree of
indoor air cleanliness, micron level fiber filter materials have
failed to meet the requirements of filtration accuracy [14]. It

is an inevitable trend for the development of filter materials
to use nano-sized fibers in the structure of filter materials.
Combining antiviral and filtration properties increases the

mask’s durability and reliability, reducing the risk of cross-
infection [15]. A flexible immunosensor based on a high density
conductive nanowire array, a miniaturized impedance circuit,
and wireless communication units were embedded in an intel-
ligent face mask developed by Xue and coworkers [16]. In
addition, the sub-100 nm size and the gap between neighbour-
ing nanowires make it easier for virus particles to be locked in

by the nanowire arrays, improving detection efficiency. There
are many methods to prepare nanofiber filter materials, such
as drawing, template synthesis, separation of different phases,

self-assembly, and electrospinning [17–20]. However, electro-
spinning is the simplest way to prepare nanofibers [21].

By changing the process parameters during manufacturing,

electrospinning is a cost-effective technique for fabricating
nanofibers with desired properties. The fiber quality and the
diameter are affected by both on solution properties such as
viscosity, surface tension and also electrospinning process

parameters [22]. Electrospun nanofibers can be used in a vari-
ety of applications such as sensors, membranes, wound dress-
ings, drug delivery, and tissue engineering [23–26]. The control

of the size and morphology of electrospun nanofibers is an
inevitable approach to achieving the desired mechanical, elec-
trical, optical and biomedical properties. Zhang et al. have

investigated the effect of solution and process parameters on
filtration efficiency in nylon-6,6 [27]. Wu and Dzenis [28] have
demonstrated that a changing of the radius of nanofibers could

alter the behaviour of true axial nanofibers stress against the
axial tensile strain. Due to the nano-effect, He and coworkers
[29] have reported that electrospun nanofibers having less than
100 nm in diameters reveal unusual tensile strength, surface

reactivity and excellent electrical and thermal conductivity.
The one-factor-by-a-time approach to recognising relation-
ships between electrospinning parameters and size/morphol-

ogy is not only time consuming but probably also inefficient,
due to the high level of complexity of the electrospinning pro-
cess [30,31]. As a result, many studies have examined the

effects of process parameters on the size and morphology of
the nanofibers produced using statistical techniques [32–36].
With a pressure drop of less than 30 Pa, Leung and Sun have

developed a facemask that captures 90% of COVID-19 at
100 nm [37].

Genetic programming (GP), a robust soft computing tech-
nique, is advantageous because it develops the model without

assuming the prior form of the existing relationship [38]. Gene
expression programming (GEP) is an extension of GP, which
has the advantage of being able to represent the output with

simplified mathematical equations that are suitable for practi-
cal application and have a higher prediction accuracy in the
fields of materials and biomaterials [39].

The GEP simulation was used for determine the diameter
of nanofibers in the previous study [40]. In this paper, we have
focused to develop the GEP model for the prediction of elec-
trospun nylon-6,6 fiber diameter as a function of concentra-

tion, voltage, distance and rate. Afterward, genetic
algorithms (GAs) were used to optimize these electrospinning
parameters to have user defined nano fiber diameter. Flow-

chart of this study is depicted in Fig. 1.

2. Materials and methods

2.1. Experimental

HiTek Power Company (UK) provided a power supply with
positive polarity, a voltage range of 1–50 kV, and a maximum
amperage of 2 mA and controlling the throughput of the poly-



Fig. 1 Flowchart of this study.
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mer solution was done with a Stoelting Co. (USA) microsy-

ringe pump. As fibre collectors, aluminium foils (40*60 cm)
were used. The polymer solution reservoir and nozzle for elec-
trospinning were used in plastic syringes equipped with metal

needles. The polymer solution in the syringe was charged using
one electrode from the power supply.

Nylon 6,6 solutions were electrospun from syringes
mounted on a syringe pump, which provided different flow

rates. Technical grade of nylon 6,6 (MW = 17000) was dis-
solved in synthetic grade of formic acid (Merck Chemical
Co.) to a concentration of 20–30 w/v %. In all the cases, the

nylon 6,6 solution was electrospun from a syringe needle
charged to 15–22.5 kV. The distance (d) for electrospinning
was 10–20 cm.

2.2. Characterization

The average diameter of the gold-sputtered electrospun nano-

fibers was determined using scanning electron microscopy
(ZEISS DSM 960A, Oberkochen, Germany), and the distribu-
tion was obtained by measuring about 100 random nanofibers.

2.3. Data collection

The electrospun has a number of operational parameters that
can be adjusted and have an impact on the final results. The

operational parameters used are tabulated in Table 1. There
are 102 data points taken for present investigation and these
data points were used by other researchers [41–45]. A common

way to show the distribution and outliers of input data is to
use a box plot (Fig. 2) [46].
Table 1 Experimental ranges.

Concentration (C)

(% wt/v)

Voltage (V)

kV)

Di

(cm

16–25 17–26 8–1
In order to improve the accuracy and performance of mod-

elling techniques, independent input data is required. A com-
mon method for determining the magnitude and direction of
practical parameter relationships is bivariate correlation anal-

ysis. The accuracy of proposed models was greatly reduced by
high negative or positive correlation coefficients between pairs,
which enhanced the evolved challenges in understanding the
effect of input dimensionless data on the nanofiber diameter

of nylon 6,6 as a response [47,48]. The correlation coefficients
are shown in Table 2.

If the input data is interactive, the multicollinearity between

practical parameters must be determined with the principal
component analysis (PCA) of the input parameters. PCA pro-
vides the possibility of dimension reduction by transferring

from a multi-dimensional space to a lower dimension space.
These uncorrelated variables named in new space named prin-
ciple component [49–51]. The Kaiser Mayer Olkin (KMO) fac-

tor [36] should be estimated at the Eq. (1) threshold to ensure
PCA possibilities [52].

KMO ¼
PP

r2ijPP
r2ij þ

PP
a2ij

ð1Þ

In which, aij and rij are the practical correlation coefficient
of i and j variables and the correlation coefficient, respectively.
When the KMO factor is less than 0.7, the relationship

between the practical parameters is erroneous, and the data
is unsuitable for PCA analysis [53]. In this study, the KMO
factor is estimated to be 0.568. In the simulation procedure,

all 102 data were used and according to Table 4, 71 data were
selected as train and 31 data were selected as tests.
stance (D)

)

Rate (R)

(mL/h)

Diameter

(nm)

8 0.2–1.5 70–238



Fig. 2 Boxplot of practical parameters in electrospun nanofiber

diameter of Nylon 6,6. Fig. 3 A typically GEP flowchart.

Fig. 4 Typical representation of ET for Eq. (2).
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2.4. Gene expression programming (GEP)

Genetic programming (GP) is an enhanced version of genetic
algorithm (GA) that proposed by Koza [54]. To overcome
the disadvantageous of GA and GP algorithms, a new popula-

tionbased evolutionary algorithm, named gene expression pro-
gramming (GEP), was introduced by Ferreira [55,56]. Inherent
ability of GEP to illustrate an equation by consideration of

independent practical parameters as input to estimate the pre-
defined output with acceptance accuracy distinguish GEP
respect to the other modeling approaches [57].

The terminal set, termination condition, fitness function,

control parameters, and function set are the main components
of GEP [54]. Fig. 3 illustrates a typically GEP flowchart.
Accordingly, the main portion of GEP is belonging to the

genetic operators [58,59]. Since, the operators of genetic oper-
ates at level of chromosome, enhanced the simplicity of genetic
diversity creation. It was necessary to note that, GEP has a

multi-gene nature and consequently each chromosomes includ-
ing of one or more genes illustrates a mathematical function
[58]. There are various methods for the representation of
GEP output including Karva language (i.e. is the gene lan-

guage), expression tree (ET) and mathematical function
[60,61].

log að Þ þ 2þ bð Þ � c� að Þð Þð Þ �
ffiffiffiffiffiffiffiffi
b=8

p� �
ð2Þ

The most common methodology for illustrating GEP-
generated solution population is the expressive tree (ET).
The typical ET for Eq. (2) is illustrated in Fig. 4 [62].
Table 2 Correlation coefficients among the electrospun nanofiber d

Parameter Concentration

(% wt/v)

Concentration (% wt/v) 1.000

Voltage (kV) 0.130

Distance (cm) 0.016

Rate (mL/h) �0.058
GEP is performed in five major steps:

I. Selection of fitness function (Fi) as Eq. (3) [63]:

Fi ¼
XKt

j¼1

R� C i;jð Þ � Tj

�� ��� � ð3Þ
Where, R determined as selection range, C(i,j) defined as the
value returned by chromosome i by employment of the fitness
iameter of Nylon 6,6.

Voltage

(kV)

Distance

(cm)

Rate

(mL/h)

0.130 0.016 �0.058

1.000 0.000 0.128

0.000 1.000 �0.127

0.128 �0.127 1.000
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function and Tj is defined as the target value corresponding to

the fitness function j. If for all j cases, the precision i.e., |C(i,

j) � Tj| was less or equal to 0.01, then Fi = Fmax = Kt � M.
In this study, M supposed to 100 and consequently

Fmax = 1000. In this way, the system capable to find the opti-
mal solution for itself [28–29].

II. Selection of

a. terminals (S);
b. set of functions (F) to generate the chromosomes, as

‘‘F” = (Concentration (C), Voltage (V), Distance

(D) and Rate (R));
c. arithmetic operators (+, �, *, /) and
d. mathematical functions as Exp, Log, Ln, Abs, X [2],

X [3], X [4], Sin, Cos and etc. Table 3 typically
abbreviates some of trials for GEP modeling.

III. Selection of the chromosomal architecture using deter-

mination of the genes number, chromosome and contin-
ued using enhancement of head length one after another
within every runs. Simultaneously, by consideration of

performance as criteria the testing and training process,
were monitored.

IV. Selection of the linking function

V. Determination of genetic operators as:
Tabl

Func

F1

F2

F3

F4

F5

F6

F7
a) Mutation
This operator has the highest efficient operator within the
length of chromosome with intrinsic modification power.
Mutation is able to change the terminal or function each other

in the head and convert the terminal to each other in the tail.

b) Inversion

This operator is activated within the head of chromosomes
and able to reverse a fragment with the length of 1–3.

c) Transposition

This operator including three types as insertion sequence

(IS) transposition, (i.e., responsible for the transportation of
a fragment or terminal from one position to its own head or
other genes), root insertion sequence (RIS) transposition

(i.e., responsible for the transportation of a fragment with its
own function from first position to the changes root), gene
transposition (i.e., responsible to transport the operators of

all genes to the beginning of the chromosomes [61,64].
e 3 List of function sets.

tion set Functions

þ;�;�; ~A�;Exp;Ln;x2; 1=x; sin andcos
þ;�;�; ~A�;Exp;Ln;x2andsin
þ;�; ~A�;Log; sin andcos
þ; ~A�; sin andcos
þ;�;Exp;Ln; x2andtan

þ;�;�; ~A�;Exp;Ln;x2; 1=x;x 1=3ð Þandarctan
þ;�;Exp;LOG; x2;x3; sin andcos
Table 4 shows the range of GEP parameters for proposed
models in this study. GeneXproTools 5.0 software, i.e., a pow-
erful application, was employed to model the relation between

the practical parameters of electrospunnning and diameter
nanofiber of Nylon 6,6. This study tried to predict the diameter
nanofiber prepared via electrospunnning method using of GEP

approach. Hence, the practical parameters, i.e., C, V, R and D
were selected as inputs and the diameter nanofiber selected as
output (Table 1). Among 102 experimentally collected sets, 71

sets were randomly selected as training set for GEP modeling
and the remaining data set were employed as testing to con-
struct the GEP models for prediction.

2.5. Genetic algorithm

Genetic algorithms are a class of numerical optimizers which
are especially useful for the resolving of complex problems,

both nonlinear and nonconvex [35,65,66]. Fig. 5 depicts a flow-
chart of the entire GA algorithm process for all controllers.

3. Results and discussion

The root-mean-square-error (RMSE), mean absolute percent-
age deviation (MAPD) and root relative square error (RRSE)

are among these criteria. The numerical value of the squared
regression (R2), which is another parameter for estimating
the model’s accuracy, is also used to analyze the consistency

of predicted and experimental results. The following equations
yield the errors and regression value:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

XN
1

yp � ya
� �2

vuut ð4Þ

MAPE ¼ 1

N

XN
1

ya � yp
�� ��

ya
� 100

 !
ð5Þ

RRSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

i ti � pið Þ2P
i ti � 1

n

� �P
iti

� �2
vuut ð6Þ

R2 ¼ 1�
Pn

i¼1 ya � yp
� �2

Pn
i¼1 ya � y2a
� �2 ð7Þ
Table 4 Parameters for GEP models.

Parameter Value

Chromosomes (P1) 30, 35 and 40

Head size (P2) 8, 9 and 10

Genes (P3) 3, 4 and 5

Linking function (P4) Multiplication (�Þ and Addition (+)

Function set F1, F2, F3, F4, F5, F6 and F7

Mutation rate 0.0026

Inversion rate 0.01

Constants per gene 10

Training sample 71

Testing sample 31

Fitness function RRSE



Fig. 5 A typical GA flowchart.
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The ya is the actual value, yp is the predicted value and N is

the total number of datasets. Higher R2 and lower RMSE,

RRSE, and MAPE values suggest a more precise approxima-
tion, which is the purpose of the evaluation. Summary of the
statistics of the six GEP models is given in Table 5.

As concerned with the statistical results in Table 5, the
seven GEP models in training and testing phases yield R2 that
is greater than 0.8625. The largest R2 was obtained by the Gep-
7 model as 0.9149 and 0.8921, respectively for the training and

testing phases of the model. It is observed that the correlations
between training and testing in most of the GEP models are
not significantly different from each other.

For each of the six GEP-based models, R2 is illustrated in
Fig. 6(a). The R2 in the highest state (0.9149) is associated with
the GEP-7 model, while the R2 in the minimum state is 0.8625

for the GEP-6 model, as seen in this figure for a training mode.
In testing mode as shown in Fig. 6, the highest value of R2

(0.8921) is related to the models GEP-7, while the lowest one
Table 5 The statistical performances of the GEP models in error a

No. P1 P2 P3 P4 Function set Trai

R2

Gep-1 30 8 3 þ F1 0.906

Gep-2 30 8 3 þ F2 0.897

Gep-3 35 9 4 + F3 0.894

Gep-4 40 10 3 � F4 0.888

Gep-5 30 10 5 þ F5 0.896

Gep-6 40 8 4 + F6 0.862

Gep-7 35 10 4 � F7 0.914
(0.6173) was reported for the GEP-6 model. In general, all of
the seven GEP models are accurate in predicting diameter of
Nylon 6,6 nanofiber, however, model GEP-7is preferable to

another model. In the same Fig. 6(b) for training mode of
the RMSE in maximum state 0.0784 is the GEP-2 model and
the minimum state is 0.0572 is related to the models GEP-7,

it’s the lowest of RMSE and in the testing mode, the maximum
state 0.1429 GEP-2 model and the minimum state is 0.1118
GEP-7 model. Therefore, as shown in Fig. 6(c) the RRSE in

the maximum state is 0.3712 for GEP-6 and minimum state
is 0.2921 for GEP-7 model for training mode and maximum
state is 0.6296 for GEP-6 and minimum state is 0.3984 for
GEP-7 model for the testing mode.

Another major step is to choose the optimum setting
parameters (i.e. number of chromosomes; gene head size, num-
ber of gene and linking function) for the best GEP model.

For this purpose, first, for GEP-7 change the number of
chromosomes in two mode of linking function: multiplication
and addition.

As seen in Table 6 and Fig. 6, the best of number of chro-
mosome is 30 that obtain higher R2 and lower RMSE and
RRSE with linking function of addition.

For G-4 change the head size in two mode of linking func-
tion: multiplication and addition to obtain optimum head size
in this study.

According to Table 7 and Fig. 7 above, the best structure of

the GEP model is a G-4 model with head size 4.
It is concluded from tables and figures above that the best

model in this study is M-8 with number of chromosomes 30,

head size 10 and number of genes 4 with addition as Linking
function.

The formulas extracted from the M-8 to predict the diame-

ter of Nylon 6,6 nanofiber have been presented in Eq. (8).
Expression tree (ET) of the M-8 model is also provided in
Fig. 8. (you can download this function from https://github.-

com/users/Malih9068/projects/1#card-57817375)

Diameter ¼ sin sin sin sin exp 4:5ð Þð Þð Þð Þð Þ
þ sin sin sin sin sin cos cos D3

� �� V
� �� �� �� �� �� �

þ cos cos cos 0:4ð Þ þ 2CþDð Þð Þ3 � C� Vð Þ3
� �

þ cos �1:1ð Þ þ C3 þ V� Rð Þ þ �1:1� Rð Þ� �3 � C3 � C
� �� �

ð8Þ
By consideration of the amount of Nylon 6,6 nanofiber

diameter by electrospunning parameter with four factors,
namely the polymer concentration (% wt/v), the applied volt-

age (kV), the working distance (cm), and the rate of injection
nd R2.

ning Testing

RMSE RRSE R2 RMSE RRSE

1 0.0603 0.3080 0.6849 0.1281 0.5816

3 0.0784 0.3204 0.7878 0.1429 0.5188

5 0.0636 0.3248 0.6490 0.1384 0.6279

5 0.0696 0.3554 0.8648 0.1235 0.5602

0 0.0632 0.3226 0.6681 0.1340 0.6084

5 0.0727 0.3712 0.6173 0.1387 0.6296

9 0.0572 0.2921 0.8921 0.1118 0.3984

https://github.com/users/Malih9068/projects/1%23card-57817375
https://github.com/users/Malih9068/projects/1%23card-57817375


Fig. 6 The comparison of validation GEP models criteria (a) R2,

(b) RMSE and (c) RRSE values for training and testing datasets.
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(mL/h), were considered as input variables of the GEP model

M-8 and the average of the nanofibers diameter was chosen as
the output. Table 8 can be used to check this model.
Table 6 Change in number of chromosomes for GEP-7 model upo

mode.

No. P1 P2 P3 P4 Training

R2

G-1 30 10 4 � 0.9009

G-2 (Gep-7) 35 10 4 � 0.9149

G-3 40 10 4 � 0.9100

G-4 30 10 4 + 0.9219

G-5 35 10 4 + 0.8608

G-6 40 10 4 + 0.9163
According to Table 8, GEP model is the best predict for
diameter but for using this nanofiber for filter layer in the
mask, diameter of nanofiber should affect the COVID-19

diameter. What’s more, nanofiber should have least than
60 nm diameter tounresponsive COVID-19 in the inner layer.

In this study, using the GA model for find the minimum

diameter of Nylon 6,6 model so add GEP model M-8 in the
GA tools in the Matlab [67]. The GA was used with a single
point crossover and roulette wheel selection. A fitness function

is used to prepare each individual (i.e., the output of GEP
model M-8). Optimization studies assessing the GA perfor-
mance for construction design showed that the population
should be small and that the rate of mutation should be low

[68]. The following are the GA settings for a mixed-integer
problem used in this study:

� Population size: max (min(10* number of variables,
100),40),

� Creation function: default (Constraint dependent),

� Fitness scaling: default (Rank scale),
� Selection function: default (Stochastic uniform),
� Elite count: 0.05*max (min(10* number of variables,

100),40),
� Crossover fraction: default (0.8),
� Mutation/Crossover function: default (Constraint
dependent),

� Migration direction: forward (fraction: 0.2 interval: 20 by
default),

� Constrain parameters: default (Augmented Lagrangian),

� Stopping criteria: (Generations: 100* number of variables,
stall generations:50.

To follow GA models, four factors were considered as
input variables of the GA method in this work to study the
effect of working distance and injection rate on the nanofibers

diameter, namely the polymer concentration (16% wt/v), the
applied voltage (26 kV), the working distance (18 cm), and
the injection rate (0.2 mL/h), and the average of the nanofibers
diameter was 55.8 nm. High-directional nanofibers are formed

when the voltage is 26 kV, and the fiber surface is smooth with
a spider-like structure. The spider-like network connects the
main fibers, and its formation is mainly attributable to hydro-

gen bonding. The average diameter of the fibres increased as
the applied voltage increased. Nanofiber diameters are smaller
when the concentration and voltage are higher. When the dis-

tance between the nanofibers is reduced and the injection
velocity is increased, the nanofiber diameter gets bigger. Elec-
n criteria R2, RMSE and RRSE in multiplication and addition

Testing

RMSE RRSE R2 RMSE RRSE

0.0617 0.3151 0.7166 0.1443 0.5547

0.0572 0.2921 0.8921 0.1118 0.3984

0.0590 0.3012 0.6662 0.1351 0.6133

0.0447 0.2794 0.8967 0.1116 0.3597

0.0733 0.3743 0.6657 0.1320 0.5993

0.0569 0.2904 0.7921 0.1303 0.5913



Table 7 Change in head size for G-4 model upon criteria R2, RMSE and RRSE in multiplication and addition mode.

No. P1 P2 P3 P4 Training Testing

R2 RMSE RRSE R2 RMSE RRSE

M-1 30 8 3 + 0.8878 0.0656 0.3352 0.6718 0.1350 0.6128

M-2 30 8 4 + 0.9029 0.0610 0.3116 0.6985 0.1254 0.5692

M-3 30 8 5 + 0.9056 0.0617 0.3071 0.7516 0.1211 0.5496

M-4 30 9 3 + 0.8935 0.0641 0.3274 0.7405 0.1206 0.5475

M-5 30 9 4 + 0.8907 0.0647 0.3305 0.6808 0.1318 0.5981

M-6 30 9 5 + 0.8919 0.0644 0.3288 0.6680 0.1313 0.5958

M-7 30 10 3 + 0.8928 0.0641 0.3273 0.6829 0.1293 0.5868

M-8(G-4) 30 10 4 + 0.9219 0.0447 0.2794 0.8967 0.1116 0.3597

M-9 30 10 5 + 0.9028 0.0610 0.3117 0.7450 0.1180 0.5358

Fig. 7 Change in head size for G-4 model upon criteria R2,

RMSE and RRSE in multiplication and addition mode.
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trospun Nylon-6,6 nanofibers may have antiviral activity due
to their porous structure and electrostatic interactions. Nanos-

tructured surfaces with nanopillar-like architecture, such as
those found on dragonfly (cicada) wings or gecko skins, are
being studied in depth in order to produce biomimetic nanos-

tructured antimicrobial surfaces [69]. Traditional antimicrobial
strategies may be replaced by these nano-morphologies, which
do not require the use of drugs or chemicals.

According to some studies, the diameter of nanofibers and
the working distance have a direct relationship [70]. This is due
to a decrease in electrostatic field strength, which causes the
fibers to stretch less [71,72]. A typical SEM image of the pre-

pared samples is shown in Fig. 9. The histogram of the size dis-
tribution of nanofibers with an average diameter of
100 ± 25 nm was determined. The results of scanning electron

microscopy (SEM) revealed a fibrous structure similar to a spi-
der web and no noticeable bead in the samples. Electrospin-
ning spider webs can increase the specific surface area of a

membrane and improve surface activity, as well as increase
the porous structure, promote electrolyte transport, reduce
impedance, and improve electrochemical properties. ASTM
standards were used to test the particulate filtration efficiency

of the newly developed nanofibrous membrane mask, which
was found to be 98.6%.

The porosity of prepared membrane can be obtained using

following Eq. (10):

Porosity %ð Þ ¼ ww � wdð Þq�1V�1 � 100% ð10Þ
In this Eq, wd and ww are weight of membrane in dry and

wet, respectivety Also, q shows density of formic acid, and V is
geometric volume of membrane. According to results obtained

from Eq. (10), the porosity of electrospun nylon-6,6 nanofibers
was 84.3%.

As a result of these findings, researchers concluded that the
nanofibrous membrane can be used as a powerful airborne fil-

ter against coronaviruses without compromising its filtering
efficiency.

4. Conclusion

In this experiment, nylon-6,6 nanofibers as protector against
coronavirus is successfully prepared by electrospinning tech-

nology. The prediction andoptimization for the diameter of
electrospun Nylon-6,6 nanofiber as a function of rate, voltage,
distance, and concentration using artificial intelligence such as



Fig. 8 Expression tree (ET) of the M-8 model.

Table 8 Effect of concentration, voltage, distance and rate on observed and predicted diameter.

Concentration (C)

(% wt/v)

Voltage (V)

kV)

Distance (D)

cm)

Rate (R)

mL/h)

Observed diameter

nm)

Predicted diameter

(nm)

Error

16.000 26.000 13.000 1.500 70.400 70.397 0.003

16.000 26.000 8.000 0.600 78.701 78.688 0.013

Fig. 9 SEM image of nylon-6,6 nanofibers for facemasks.
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GEP and GAs. At electospinning voltage of 26 kV, nanofibers

with are formed, and the fiber surface is smooth with a spider-
like structure. The electrospinning method produces nylon-6,6
nanofiber webs with a high specific surface area and a porosity
of up to 80%. It could be used as active layers in COVID-19

face masks.
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