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Abstract

The emergence of a pandemic affecting the respiratory system has resulted in a significant demand for face masks. Masks
have always been mentioned as an effective tool against environmental threats. This includes the use of double masks by large
sections of the public, as can be seen during the current global spread of COVID-19. However, there is limited knowledge
available on the performance of the various commonly available double face masks used. In this study, we have compared the
performance of single and double face configurations. Three types of 3-ply face mask (FM), three types of fabric face mask
(CM) and nine configurations of these face masks were investigated based on morphology, filtration efficiencies, breathing
resistance and carbon dioxide (CO5) content. The filtration efficiencies of the double face masks are enhanced when combined
with a fabric mask, and were found to improve by 500% compared to those of a fabric mask. The lowest breathing resistance
among the double masking was observed in the combination of FM1 and fabric face masks. From the results, it was found
that all combinations of double face mask are suitable to use since the measurements indicate that the breathing resistance
and CO; contents are still lower than the acceptable value set by the Malaysian Standard (MS 2323:2010) and European
Standard (EN 149:2001 + A1:2009). The performance of double masks is comparable with that of N95 respirators. The
double masking combination can be used as an alternative method to reduce inhalation exposure to airborne contaminants.
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1 Introduction

Coronavirus’s emergence and quickly spread around the
world has resulted in a large epidemic and pandemic [1].
As a result, many countries have implemented numerous
non-pharmaceutical solutions such as lockdowns, social dis-
tancing, and educational institution closures [2, 3]. Despite
the ongoing global vaccination efforts against SARS-CoV-
2, the public is recommended to maintain the use of face
masks as the primary method of transmission control [4-6].
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The face mask is critical in preventing transmission of coron-
avirus (SARS-CoV-2) infections. It has been found that face
masks are useful in reducing the spread of the virus infection.
Moreover, face masks can filter droplets containing the virus
[7-9].

Various types of masks are being used by the public. These
include 3-ply face masks, fabric masks, N95 masks, med-
ical masks, and activated carbon masks [7, 10, 11]. It is
observed that the 3-ply face mask is the most widely used
mask in the COVID-19 pandemic. There are three layers in a
3-ply face mask (Fig. 1), where each layer has its own func-
tion. These layers are commonly composed of non-woven
made from polypropylene (PP) fibres, known as the cover
layer (outer layer), filter layer (middle layer) and shell layer
(inner layer). The outer layer repels water and other liquids,
while the middle melt-blown material layer serves as a fil-
ter, and the innermost layer’s material absorbs moisture from
the user’s breath. The outer and innermost layers are spun-
bond non-woven or hot-air non-woven with a fibre diameter
of 15-40 pm. The middle layer consists of melt-blown non-
woven fabric with a diameter of 0.5-10 pwm [12]. The size
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Fig. 1 Three layers in the 3-ply face mask, a outer layer, b middle layer
and c inner layer

of the particulate that can be trapped is determined by the
thickness of the fibres, the gaps between them, and the num-
ber of layers present [13]. On the other hand, fabric masks
are preferred for use due to the low cost and can be used
repeatedly. The use of a fabric mask will also reduce the non-
biodegradable waste from the widespread use of disposable
3-ply face masks. However, the type of fabric used, number
of layers and frequency of washings influence the efficacy of
the barrier against droplets [14].

The N95 respirator is a particulate-filtering facepiece res-
pirator that fits the US National Institute for Occupational
Safety and Health (NIOSH) N95 classification of air fil-
tration, in the sense that it filters at least 95% of airborne
particles. N95 respirators, named for their ability to filter 95%
or more of tiny 0.3-jwm particles, are the mainstay of protec-
tion against airborne pathogens [15]. There are also several
varieties of N95 respirators, such as surgical N95 respira-
tors, which are more efficient than ordinary N95 respirators.
From the inside to the outside, the N95 respirator is made up
of three structural components: an inner layer, a filter layer,
and an outer layer. In fact, the N95 respirator is a type of
respiratory mask, which offers more protection than a 3-ply
face mask and fabric mask. This is because it filters out both
large and small particles when the wearer inhales. Since N95
respirators have been in short supply during the COVID-19
pandemic, they have been reserved for health care providers.

Recently, several variants of the new coronavirus have
emerged throughout the world. Some of these variants can
spread more easily between individuals. Based on the recent
recommendation by the Centres for Disease Control and Pre-
vention (CDC), some people opt to wear two face masks at a
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time to increase the overall filtration efficiency. According to
scientists, layering up an additional layer of the mask not only
offers strengthened protection but also helps lower infectivity
and transmission by effectively curbing the pathogen from
collecting. It can also do a better job in reducing the con-
tagiousness of any infection [16, 17]. CDC refers to double
masking as putting on a 3-ply face mask underneath a cloth
mask that has multiple layers of fabric [18]. In other words,
the double masking configuration is when the wearer layers
one mask on top of another. Many types of masks do not fit
perfectly on the wearer’s face. In fact, wearers have probably
noticed that they can feel the air escaping through the sides
of the face mask when they breathe in and out. This imper-
fect seal not only allows respiratory droplets containing the
virus to escape from the face mask but can also allow them to
penetrate inside the mask. When people are wearing double
masks, the outer mask can apply gentle pressure to the edges
of the inner mask. When this happens, the inner mask fits
more closely against the skin and creates a better seal.

A summary of various research with filtration efficien-
cies with different layers of face masks is given in Table
1. Based on the previous works, lower filtration efficien-
cies were found in cotton face masks with a single layer.
On the other hand, the performance of filtration efficien-
cies improves with the double layer face mask. Based on the
findings by a study from Virginia Tech in Blacksburg, Vir-
ginia, it was estimated that the combination of a cloth mask
and a medical procedure mask could achieve a better fit and
reduce the wearer’s exposure by > 90%, specifically when a
cloth mask is put over a medical procedure mask [4]. Mean-
while, CDC also conducted several experiments on medical
procedure masks and cloth masks in January 2021. The com-
bination of a cloth mask covering a medical procedure mask
(double mask) blocked 85.4% of the cough particles with a
standard deviation of 2.4 [1]. Double masking seems to be
logical and can provide better protection to the wearer.

Although considerable research has been devoted to the
filtration efficiency of single masks, rather less attention has
been paid to the performance of double masking with a 3-
ply face mask and fabric mask. A thorough literature review
indicated that limited studies have reported on the perfor-
mance of the double masking related to filtration efficiency,
breathing resistance and CO; content tests. The purpose of
this investigation is to compare the performance of a single
face mask and double masking configuration in terms of the
filtration efficiency, breathing resistance and CO, content.
The results are compared among single and double masking
configurations and the N95 respirator, which is established as
having a higher efficiency performance. The derived results
will give a scientific background on the improvement in the
face mask protection to prevent COVID-19 infection.
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Table 1 Summary of recent research on filtration efficiency for different layer of face mask

Sr. no Mask type Material Layers Filtration efficiency (%) Reference
Commercial 3-ply mask Polypropylene filter layer Single 76 £ 22 [13]
2 3-ply face mask modified into Polypropylene and Halyard Single layer 70.08 £+ 0.48 [17]
respirators Quickcheck H300 Double layer 86.60 & 1.91
Triple layer 93.84 + 0.37
3 Fabric mask Quilter’s cotton (80 TPI), Single 9+13 [18]
Double 38+ 11
Cotton (600 TPI), Single 79 £ 23
Double 82+ 19
Natural silk Single 54£8
Double 65 £+ 10
Quadruple 865
4 Nanofibrous filters Polyvinylidene fluoride (PVDF) Single >95.7 [19]
electrospun filter
5 NO5 respirator Polypropylene filter layer Single 94.4 [20]

Fig.2 Types of a—c 3-ply face
mask (FM) and d—f fabric face
mask (CM) used in the present
study

(d) CMl1

2 Methodology
2.1 Face Mask

In the study, three 3-ply face mask models and three 3-
ply fabric face masks were used and labelled as FM and
CM, respectively (refer to Fig. 2). The combination of the
three types of FM and three types of CM produced nine
configurations of double masks which have been tested
in this study; FM1CM1, FM1CM2, FM1CM3, FM2CM1,
FM2CM2, FM2CM3, FM3CM1, FM3CM2, and FM3CM3.

(e) CM2 (f) CM3

2.2 Characterisation Methods

Four characterisation methods were used to evaluate the per-
formance of the single and double face masks: face mask
morphology, filtration efficiency, breathing resistance, and
carbon dioxide content.

2.2.1 Face Mask Morphology

The surface morphology of the layers in the 3-ply face mask
and fabric face mask was analysed using scanning electron
microscopy (SEM), with a Hitachi TM3000 tabletop. The
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Fig.3 Automated Filter Tester (TSI® Model 8130)

distribution of fibres in the face mask layers was observed
from the microstructure.

2.2.2 Filtration Efficiency

The particle filtration efficiency was measured using the pen-
etration tester (as shown in Fig. 3). A TSI® Model 8130
Automated Filter Tester that is capable of efficiency mea-
surements of up to 99.999% was utilised to measure the
particle filtration efficiency. The NaClI aerosol airflow was
set at approximately 28.3 L per minute (L/min). The effec-
tiveness of the following mask configurations to block the
aerosols and the average were reported.

2.2.3 Breathing Resistance

The breathing resistance test according to the EN149:2002
+ A1:2009 standard was used to identify the performance
of single and double face masks. A continuous inhalation
flow of 30 L/min was used. The mask under test was fitted
to a Breathing Resistance Machine (Sheffield dummy head)
(shown in Fig. 4) and it was connected to a pump. Air was
continuously inhaled and the breathing resistance was mea-
sured as an average of over 10 s at the mouth opening of
the dummy head. According to the EN149:2002 + A1:2009
standard, the maximum permitted breathing resistance value
is 0.7 mbar.

@ Springer

Fig. 4 Breathing Resistance Machine

2.2.4 Carbon Dioxide Content Analyser

Carbon dioxide content was measured using the CO, Con-
tents Analyser (Fig. 5). The apparatus consists essentially
of a breathing machine with solenoid valves controlled by
the breathing machine, a connector, a CO, flowmeter, and
a CO, analyser. The carbon dioxide content of the inhaled
air is measured and recorded continuously. The test was per-
formed until a constant carbon dioxide content in the inhaled
air was achieved. The carbon dioxide content of the inhaled
air (dead space) should not exceed an average of 1.0% (by
volume).

3 Results and Discussion
3.1 Morphology of the Face Mask

Figure 6 shows the morphology of the outer, middle, and
inner 3-ply face mask layers, which are composed of non-
woven fibres. Based on the figure, it is observed that the
fibre structure of the outer and inner layers is similar. Fibre
diameters in the range of 20.4 to 21.5 wm were used for
these two layers, and the arrangement is less dense compared
to the middle layer (Fig. 6b). The middle layer consists of
finer fibre with diameters of 2.6 to 3.0 wm. The presence of
three layers, with the middle layer having a dense structure
and small pores, shows that the 3-ply face mask is efficient
in blocking the particulate matter. The morphology of the
cotton fabric face mask is shown in Fig. 6d. The yarn sizes
used to produce the fabric face mask are bigger than those of
the fibres present in the three layers for the 3-ply face mask.
This leads to large gaps between the warp and weft yarns. The
arrangement of the yarns is totally different if compared with
the randomly arranged microfibre in the nonwoven fibres in
the 3-ply layers.
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Fig.5 a Testing on CO» content
for double face mask and b CO,
Contents Analyzer

Fig.6 SEM images of 3-ply face
mask layers a outer, b middle,

¢ inner, and d fabric face mask
layer (magnification of 150x)

3.2 Filtration Efficiencies

Measurement of the filtration efficiencies was carried out
to investigate the effect of different mask types and double
masking, and the results are shown in Fig. 7. Among the
single face mask tests, the 3-ply face mask was found to
have vastly superior filtration efficiencies in the range of 87—
95.6% as compared to the fabric mask, which was in the
range of only 7.5-14.26%. This could be due to the big size
of the voids existing in the woven structure of the fabric face
mask, which provided less of a barrier to the aerosol particles.

The randomly arranged nonwoven fibres present in the three
layers of the 3-ply mask provide excellent filtration compared
to the fabric mask.

The variation in the filtration efficiencies of the fabric face
mask could be due to the differences in the tightness of the
weave, which depends on the threads per inch of the fab-
ric used for making the mask [22]. The result from single
masking demonstrates that the fabric mask provides very lit-
tle or no protection, especially in places where there is a high
risk of infection. The combination of a fabric mask with a
3-ply mask in the double mask tests indicates a significant
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Fig. 7 Filtration efficiencies for various single and double face mask with a FM1 constant b FM2 constant ¢ FM3 constant

500% improvement in filtration efficiencies. The reason for
the improvement can be attributed to the better fit and com-
pactness obtained after using the combination of the two face
masks [10, 23]. The maximum filtration efficiency of 95.65%
was obtained by double masking using FM2CM3, which is
similar to that of the N95 respirator and shows that double
masking is the easiest and low-cost alternative for medical
professionals where there is a shortage of N95 respirators.

3.3 Breathing Resistance

Breathing resistance is the measure of comfort properties,
which affect the inhalation and exhalation of the wearer. The
breathing resistance, which is measured by the pressure drop,
is an important parameter that influences the filtration effi-
ciency [24]. An increase in breathing resistance results in
a greater physical effort to breathe through the face mask.
In other words, the wearer’s lungs have to work harder in
the breathing process. In order to keep the breathing resis-
tance as low as possible, the face mask must be air-permeable
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on the one hand while still filtering particles on the other
hand. Figure 8 shows the breathing resistance for single and
different combinations of double face masks. The breath-
ing resistance value shown by the N95 face mask is used
as a comparison. As expected, the breathing resistance was
found to be much higher for double masking as compared to
the single mask, which indicates a tighter and leak-free fit in
double masking.

Among the double masking variants, the lowest breathing
resistance is observed in the combination of FM1 and fabric
face masks (CM1, CM2, and CM3). This indicates that this
combination is suitable and provides better breathing comfort
for the wearer compared to the other FM2 and FM3 double
maskings. The highest breathing resistance was found in the
FM3 double masking, for example, FM3CM2, FM3CM3 and
FM3CM, with breathing resistance values of 0.20, 0.19 and
0.17, respectively. A constant breathing resistance of 0.17
was found for all combinations of FM2 double masking,
which demonstrated that the combination of different 3-ply
face masks and fabric face masks does not have a significant
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Fig. 8 Breathing Resistance for single and different combination of double face masks a FM1 constant b FM2 constant ¢ FM3 constant

effect on the breathing resistance. The breathing resistance
test is congruent with the previous report by Vrielink and
Meijer [25], in which they showed that increasing the number
of layers will lead to an increase in the differential pressure.
The values of breathing resistance less than 0.2 mbar shown
by the double masks (Fig. 8) are comparable with the value
measured for the N95 face mask.

As for breathing resistance, all of the double masks are at
a tolerable level, where the results are comparable with the
Malaysian Standard MS 2323:2010 and European Standard
EN 149:2001 + A1:2009. According to both standards, the
breathing resistance should not exceed 0.7 mbar. In this case,
wearers will not have difficulty in breathing or feel suffocated
when applying double masking. Besides, these findings are
in line with the findings from a study conducted in previous
work [26].

3.4 Carbon Dioxide Content

The carbon dioxide (CO;) content is crucial in defining the
comfort properties of the mask. The accumulated CO; has
a detrimental effect on the wearer, especially in health care
settings where the health professionals have to wear masks
for prolonged periods. An ideal mask should release the CO»
gas exhaled by the wearer, but most of the mask accumulates
the CO, gas, which is further inhaled by the wearer, causing
severe headaches, fatigue, and loss of content [27]. The CO,
content of various masks with double masking combinations
was found and is plotted in Fig. 9. For the single mask test,
the lowest CO, content of 0.48 was found in a fabric mask
(CM1), whereas the highest of 0.61was found for a 3-ply
mask (FM1).

The fabric mask was found to retain less of the CO,, which
could be due to the larger voids present between the weft
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and warp weave as compared to the compact packing of ran-
domly arranged fibres in the case of the nonwoven filter layers
present in 3-ply masks. The testing performed with double
masking was found to retain a higher CO; content, which
was expected due to the presence of more barriers, which do
not allow passage for exhaled air to leave in the atmosphere.
Among all the results for double masking, the combinations
of FM1CM1 and FM2CM!1 produced the lowest CO, content
(0.58%), which indicates that these combinations are good to
reduce the accumulation of CO;. The CO; content of these
double masking combinations was lower compared to that of
NO95, which showed a CO; content of 0.68%. However, the
highest CO; content of 0.89% was obtained by the combina-
tion of FM3CM3, which is the result of the tight fit and higher
barrier created by the combination of the two masks. Based
on the results, it is found that all combinations of double face

@ Springer

masks are acceptable, as the CO; content is still lower than
the maximum CO; content, which is 1.0%. The results on
carbon dioxide content shown by double face masks are at a
tolerable level, < 0.90%. According to the Malaysian Stan-
dard MS 2323:2010 and European Standard EN 149:2001 +
A1:2009, the maximum permitted average for CO, content
is no more than 1.0%. Although a significant increase in CO3
contents is noted routinely with just one face mask, the levels
still remain within the standard limits.

4 Conclusions
In this work, the performance of single and double face

masks relating to their filtration efficiency, carbon dioxide
(CO») content, and breathing resistance is evaluated. From
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the results, double masking will substantially reduce wear-
ers’ exposure as the filtration efficiency was found to improve
by 500%. The data indicate that the combination of a 3-
ply face mask and fabric face mask increases the filtration
effectiveness and is comparable with that of N95 respira-
tors. The filtration efficiency of double masking was found
to increase, which could be due to the tight fit and greater bar-
rier compared to single masks. The CO; content of the double
masking combinations is lower compared to that of N95, and
they show a CO, content of 0.68%. All combinations of dou-
ble face masks are suitable since the measurements indicate
that the breathing resistance and CO; contents are still lower
than the required value set by the Malaysian Standard MS
2323:2010 and European Standard EN 149:2001 4 A1:2009.
Double masking is an efficient option to reduce the spread
of the virus infection. The performance is comparable with
that of the N95 respirators that are commonly used by health
workers.
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