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Face coverings such as a face mask are one of the important preventive measures amidst the COVID-19 pandemic, by limiting
exhaled particles and reducing expiratory droplet spread. Adding a filter to face masks may offer extra protection against the
virus. Nevertheless, there remains a significant concern where thicker, tightly woven materials of masks may reduce the ability
to breathe comfortably, due to inadequate moisture management properties of woven fabric in existing disposable surgical face
masks. Therefore, the study on the properties of air permeability, water vapor permeability, and flexural rigidity of a face mask
fabric is highly essential. This study is aimed at analyzing the potential application of electrospun nanofibers fabricated from
electrospinning technique, as filter inserts in commercial surgical face masks. The function of electrospun nanofiber filter (NF)
inserted in commercial surgical face masks was introduced in the study. The results indicated the significant reduction in air
permeability and water vapor permeability along with the additional usage of electrospun NF within the surgical face masks,
due to the smaller fiber size and interspaces in the filter layer as analyzed from FESEM analysis. The percentage of air
permeability value was slightly decreased by 15.9%, from 339.5 to 285.5 mm/s, whereas the value of flexural rigidity of surgical
face masks with and without electrospun NF insert is 0.1358 and 0.1207 mg/cm, respectively. Hence, the NF inserts are
recommended as the potential core component in a face mask.

1. Introduction

Coronavirus disease 2019 (COVID-19) is described as an ill-
ness that originated from a novel coronavirus known as
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) [1]. This coronavirus outbreak denoted as their first
case of pneumonia of unknown cause was reported to the
World Health Organization (WHO) China Country Office
in December 2019 from Wuhan City, Hubei Province, China
[2-3]. As of October 2020, there have been over 42 million
cases of COVID-19 worldwide and more than 205 countries
have been impacted by the disease [4]. As the society con-

tinues to adapt to life amidst the pandemic, there are few
preventive measures against COVID-19 being suggested by
the WHO and the United States Centres for Disease Control
and Prevention as such the practice of self-quarantine, social
distancing, and personal hygiene. Aside from the above-
mentioned preventive measures, the WHO has now advised
the general public to wear a face covering such as face masks
in public spaces, if necessary [5]. The outspread of respira-
tory illnesses are principally caused by droplets expelled
from the nose and mouth. Therefore, by covering these body
parts, face masks will significantly reduce the spreading of
respiratory disease at its source [6].
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FIGURE 1: Preparation of electrospun nanofiber filter insert.

The common and widely used face masks by the citizens
to minimize their exposure to crowds are commercial surgi-
cal face masks [7-9]. In general, these existing surgical face
masks are made out of three-ply construction nonwoven
polypropylene (PP) fabric created from a melt blowing pro-
cess, with a fine inner mesh of submicron polymeric fibers
that functions as a filter in the middle layer of a face mask
structure [10, 11]. These fabric structures can affect the com-
fort properties of the face mask. Air permeability and water
vapor permeability are two parameters associated with the
comfort properties of textile materials. According to Yang
et al. [12], wearing a face mask promotes heat stress, sweat-
ing, and discomfort in hot and humid weather. Therefore,
identifying the air and water vapor permeability is essential
for face mask materials. Aside from air and water vapor per-
meability, the flexural rigidity of the face mask also has an
impact on the wearer’s comfort. In textiles, materials with
randomly oriented fibers have high rigidity, resulting in poor
comfort properties to the wearer [13-14]. The face mask
material is a nonwoven fabric constructed with randomly
oriented fibers. Hence, research on the flexural rigidity of
the face mask materials is requiredl. More recently, the
interest in adding a filter to face masks has been expanded.
Wang et al. [15] reported that developing a comfort mask

with improved filtration requires a combination of different
types of matrix material. By studying the bending behavior,
the properties of fabrics such as comfort and handling can
be understood. The use of electrospun nanofibers made by
electrospinning has been investigated in the current study.
Electrospinning is a technique to produce nanosize range
of interconnected fibrous materials, which are potentially
to be applied as mask fabric. On that basis, this study
attempts to fabricate nanosized electrospun fibers generated
from electrospinning that are able to control the air perme-
ability throughout the mask’s fabric. The incorporation of
filter inserts made up of electrospun nanofibers hypotheti-
cally will provide superior properties over melt-blown fibers
such as small pore diameter, large surface area per mass
ratio, and good flexibility. The scope of this study relates to
the performance of electrospun nanofibers as a mask filtra-
tion insert by examining the water vapor permeability, air
permeability, and flexural rigidity of the face masks.

2. Materials and Methods

2.1. Procedure for Electrospinning. Polyvinyl acid (PVA),
molecular weight (Mw) 125,000g/mol, 99% hydrolyzed
(Sigma-Aldrich) was selected as the material used to produce
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F1Gure 2: FESEM images showing the fiber structure of different layers in a surgical mask at different magnifications: (a, ¢, e) 100x, (b, d, f)
500x, (g) 1000x, and (h) 5000x.

electrospun nanofiber filter insert due to their excellent gas  plastic syringe equipped with a 0.4mm internal diameter
permeability, flexibility, and thermal characteristic [16-17].  blunt needle, with a needle-collector distance of 10cm,
The prepared 10 wt% PVA solution was then loaded into a  attached to a high voltage power supply and the ground
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FIGURE 3: (a) Water vapor transmission rate (WVTR) and (b) air permeability of a surgical face mask with and without electrospun
nanofiber (NF) inserts. The WVTR error bars were neglected due to a low value.

connected collector as in Figure 1. A high voltage value of
15kV was applied to the tip of the needle to create voltage
differences between the needle and a ground collector. A
syringe pump was used to deliver the polymer solution from
a syringe to the needle at a fixed rate of 0.5ml/hr. The
electrospinning setup was described elsewhere [18-20].

2.2. Morphology Observation. The surface morphology of the
fabricated electrospun PVA nanofiber membrane was charac-
terized using FESEM (Carl Zeiss, Supra 40vp) operated at an
accelerating voltage of 10kV. Nanofiber specimens were
gold-coated using a sputter coater (Sputter Coater 108; Cres-
sington Scientific Instruments) prior to FESEM analysis. A
total of 50 fiber diameter measurements were taken randomly
from FESEM images and measured using an image analysis
software (Image J, National Institutes of Health, USA).

2.3. Preparation of Electrospun Nanofiber Filter Insert Face
Mask. A simple and straightforward method to assemble an
electrospun nanofiber (NF) filter insert into a surgical face
mask was prepared according to Tebyetekerwa et al. [7].
Firstly, a small opening slot was created in the middle layer
of the face mask., which can fit a NF filter. A rectangular mem-
brane of NF filter of dimensions 2cm x 5cm and thickness
1.0 mm was inserted into an opening slot created on the com-
mercial surgical face mask (INAFAS brand, three-ply dispos-
able surgical face mask, Henso Medical (Hangzhou) Co.,
Ltd). Figure 1 shows the procedure to assemble an NF filter
insert into a face mask.

2.4. Measurement of Flexural Rigidity, Air Permeability, and
Water Vapour Permeability. The flexural rigidity test was
conducted using the SDL Stiffness Tester. The flexural rigid-
ity of both face mask fabric and electrospun nanofibers by
applying the equation:

B=WC, (1)

where B is the flexural rigidity, W is the weight of the
fabric per area, and C is the bending length [11].

The study of air permeability analysis was determined
using Air Tronic (3240, area 20cm” at 125 Pa, Mesdan Lab,
Italy) to measure airflow rates of face mask and electrospun
nanofibers. An air flow of 101/min was selected for an air
permeability test.

The determination of water vapor permeability of electro-
spun nanofibers was performed using the upright cup method
principle using the SDL Atlas M21 Water Vapor Permeability
Tester, as per instructed in the ASTM E96. The water vapor
transmission rate (WVTR) or water vapor permeability was
calculated as

AW
WVTIR = ANA mgh™'cm™, (2)

where AW/At is the amount of water loss (milligram) per
unit time (hour) of moisture transfer and A is the evaporation
exposure which are in cm® [21].

3. Results and Discussion

3.1. Morphological Analysis of Filtered Face Masks. Figure 2
depicts FESEM images of each layer in the surgical face mask
structure, showing distinctive differences in the morphological
fiber structure in terms of size and interspace porosity.
According to the FESEM images, the first and third layers
(outer and inner layer) of the surgical face mask were about
12-13 ?m in diameter with a random orientation network of
fibers. The interspaces between the fibers are about 1-2 ?m.
According to Liu et al. [22], the bigger airborne particle can
get trapped by the interspace porosity of these layers through
a static charge attraction or surface tension of droplets. The
diameter of the second layer (middle layer) was in between 1
and 3 ?m with an uneven fiber size distribution. The interspace
distance between the fibers is about 700-900 nm. Due to the
smaller fiber size and interspaces in the filter layer, the
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efficiency of membrane filtration will be increased as any air
impurities with a diameter smaller than 1?m will not be able
to penetrate through the filter. On the other hand, FESEM
images show that the electrospun nanofibers (NF insert) were
about 150-300 nm with uniform fiber diameter distribution.
Therefore, it is suggested that any air impurities larger than
400 nm will be effectively blocked by the NF filter insert. The
NF insert provides an additional layer of membrane filtration
as the incoming air need to pass through the fiber network
providing numerous collision opportunities to trap air impu-
rities. This finding has been supported by Tebyetekerwa
et al. [7] which indicated that the high porosity and surface
area of the electrospun nanofibers might have contributed to
the improvement of the breathing and filterability properties
of a face mask.

3.2. Permeability and Flexural Rigidity Properties of Filtered
Face Masks. In this study, the flexural rigidity of surgical face
masks with and without NF insert is 0.1358 and 0.1207 mg/
cm, respectively. The greater value of the flexural rigidity of
surgical face masks with NF insert indicates that the fabric
stiffness is slightly increased. The increment in the fabric stiff-
ness indicates that the surgical face mask with NF insert has
less bending elasticity resulted in the increase of fabric density
[11]. This statement is also supported by the study conducted
by Yiiksekkaya et al. [23]. The authors state that increasing
flexural rigidity leads to the more rigid fabric material [23].

Results on the permeability properties showed that sur-
gical face masks with NF insert have significantly lowered
the value of water vapor transmission rate (WVTR) and
air permeability (Figure 3). The WVTR of surgical face
masks with NF insert was found to be at the highest in the
first hour as the moisture permeated rapidly. As more mois-
ture replaces the air in the pores, the moisture permeates
more slowly and eventually reaches a steady state until
slightly dropped in between 2 and 6 hours. The decrease in
WVTR is attributed to high moisture content due to the
filled interfacial gap. A similar trend was observed as in the
surgical face mask without a NF insert. On the other hand,
the results of air permeability were also complementing the
existing data of water vapor transmission rate. In compari-
son to the surgical face mask with NF insert, the percentage
of air permeability value was decreased by 15.9%, from 339.5
to 285.5 mm/s. The results suggested that the addition of NF
inserts has increased the barrier to air permeability, increas-
ing the performance of masks in controlling the air perme-
ability of the face mask fabric.

4. Conclusions

Face masks are principally designed to aid reduce the wearer’s
respiratory exposure to airborne contaminants. The applica-
tion of an inserted filter made up of the electrospun nanofi-
bers, in between the layers of face masks, hypothetically aims
to block the airborne particles passing through the fabric and
improve the filtration capacity without reducing the wearer’s
comfort. In this work, we have studied the flexural rigidity,
water vapor permeability and air permeability provided by
electrospun nanofiber (NF) insert as an active filter layer in

commercial surgical face masks. The outcome of this study
showed that the barrier to both water vapor and air permeabil-
ity of filtered face masks is increased with the use of NF insert,
thus increasing its air filtration capacity. The permeability
properties of the mask were improved as the size of the fibers
decreased. The evaluation of fabric stiffness of surgical face
mask fabric upon the addition of NF inserts suggested the
slight increase of the flexural rigidity, approximately
0.0151 mg/cm. The additional NF filter inserts, however, do
not drastically affect the comfort of the wearer. Nevertheless,
this preliminary study still required further attention on other
key factors in assessing mask comfort, such as determining the
thermal conductivity, breathing resistance, and filtration effi-
ciency of micron and submicron particles, accordingly. We
believe the development in respiratory protective equipment
will be rising to provide essential protection from airborne
threats under the current pandemic.
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