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ABSTRACT: Cloth masks can be an alternative to medical masks
during pandemics. Recent studies have examined the performance
of fabrics under various conditions; however, the performance
against violent respiratory events such as human sneezes is yet to
be explored. Accordingly, we present a comprehensive exper-
imental study using sneezes by a healthy adult and a tailored image-
based flow measurement diagnostic system evaluating all
dimensions of protection of commonly available fabrics and their
layered combinations: the respiratory droplet blocking efficiency,
water resistance, and breathing resistance. Our results reveal that a
well-designed cloth mask can outperform a three-layered surgical
mask for such violent respiratory events. Specifically, increasing the
number of layers significantly increases the droplet blocking
efficiency, on average by ∼20 times per additional fabric layer. A minimum of three layers is necessary to resemble the droplet
blocking performance of surgical masks, and a combination of cotton/linen (hydrophilic inner layer)−blends (middle layer)−
polyester/nylon (hydrophobic outer layer) exhibited the best performance among overall indicators tested. In an optimum three-
layered design, the average thread count should be greater than 200, and the porosity should be less than 2%. Furthermore, machine
washing at 60 °C did not significantly impact the performance of cloth masks. These findings inform the design of high-performing
homemade cloth masks.
KEYWORDS: cloth mask, face masks, respiratory protection, fabrics, droplet blocking, sneeze, water resistance, PPE

1. INTRODUCTION

The major mode of transmission of pathogens, including the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-
CoV-2), is through respiratory droplets and aerosols generated
during speaking, coughing, and sneezing.1,2 Pathogen-laden
droplets and aerosols play a significant role in transmission of
infection.3−5 Recent evidence suggests that droplets can travel
up to 8 m horizontally;6,7 therefore, face masks are a critical
intervention that can be used to protect healthy people and
prevent the spread of virus-laden droplets from sick individuals
(source control).8−13 During the COVID-19 pandemic, more
than 75% of the world’s population have been given official
guidelines on wearing a mask in public settings.14 However,
due to the worldwide shortages of medical masks and
respirators, the use of homemade cloth masks has been
proposed as an alternative. The US Centers for Disease
Control and Prevention (CDC) and the World Health
Organization (WHO) also recommend the use of homemade
cloth masks.9,15 However, there is insufficient evidence on the
performance of commonly accessible fabrics for the optimal
design of cloth masks, especially based on the capacity of
blocking human-generated respiratory droplets.

To date, a few well-documented experimental studies have
evaluated the performance of common fabrics for designing
cloth masks.14,16−31 However, most of these studies used
pressure-driven artificially generated aerosols and droplets, and
there is limited knowledge on the effectiveness of fabrics
against human-generated respiratory droplets. Moreover, the
size and velocity distributions of droplets together with the
viscoelasticity of the respiratory fluid are different from the
artificially generated aerosols.20 Additionally, relative humidity
and exhalation temperature in real scenarios are different from
the conditions produced by artificial systems, making it
essential to study the efficacy of various fabrics against
human-generated respiratory emissions. Note that only three
studies have assessed the filtration using human-generated
respiratory droplets; however, these were limited to breathing,
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speaking, and coughing only.22,26,27 Until recently, no study
has evaluated the performance of cloth masks based on the
most violent respiratory eventhuman sneeze. Since sneezing
generates more than 100 times the droplets expelled by any
other respiratory event,32 it is essential to consider events such
as human sneezes for a comprehensive evaluation of cloth
masks. This study aims to address, for the first time, the
minimum number of fabric layers, the fabric composition, and
combinations necessary for optimum protection from airborne
pathogens. Additionally, the fluid resistance of fabrics, which is
very important for determining the optimal position (outer,
middle, and inner layers) of fabrics in a cloth mask, has been
explored by only one study.20 Instead, most studies focus on
filtration only. Moreover, there is minimal information on the
impact of washing, which is essential for reusing cloth masks,
on the performance of the fabrics used in cloth masks.
Accordingly, to address the aforementioned knowledge gaps,

we present a comprehensive study evaluating the respiratory
droplet blocking efficiency using sneezes by a healthy adult and
an image-based flow measurement diagnostic system. Addi-
tionally, to provide an optimum design of a cloth mask, we
used sessile drop measurements for water resistance, and
airflow resistance measurements for breathability. Finally, we
also assessed the effect of washing, which is essential for
reusing cloth masks, on the droplet blocking efficiency of
various fabrics.

2. MATERIALS AND METHODS
2.1. Fabric Characterization and Measurement of Water

Resistance. To provide a comprehensive database for the efficacy of
various materials, 17 different commonly available fabrics, such as
cotton, polyester, nylon, linen, silk, and blends having different
properties plus a commonly available standard three-layered surgical
mask (Bao Thach), were tested. We note that each cloth mask
configuration (single-, double-, and triple-layer) was prepared by
modifying the CDC recommended quick cut no-sew method (Figure
S1).
To test the microstructure, thread count, and porosity, field-

emission scanning electron microscopy (FE-SEM; FEI Nova Nano-
SEM 230) was used to examine the microscopic structures of fabrics
and pores. Fabric samples were coated with 5 nm Cr and 30 nm Pt
using a sputter coater (Leica ACE600) before capturing the images in
the backscatter mode (accelerating voltage 15 kV, spot size 3.5).
Thread count and measurement of porosity were done using SEM
images.
The water resistance was measured by the change in the contact

angle of the water droplet over time utilizing a drop shape analyzer
(DSA25 -KRÜSS GmbH, Hamburg). The sessile drop measurement

was done at room temperature, where the drop volume and dropping
rate were 2 μL and 0.16 mL/min, respectively. The schematic
representation of the experimental setup for measuring water
resistance is shown in Figure 1a.

2.2. Visualization of the Droplet/Aerosol Blocking Capacity.
To test the capability of a fabric to block the spread of respiratory
droplets, face masks made from different fabrics were tested against
sneezes by a healthy adult (30 years of age). Before the study, written
informed consent was taken from the subject. Ethical approval for this
study was obtained from the University of New South Wales Human
Research Ethics Committee (HC180830). We tested for sneezing,
which has been documented to generate a large magnitude of
droplets/aerosols relative to other activities such as speaking and
coughing.33 The sneezes were induced by stimulating the mucus
membrane of the nasal cavity using tissue paper. For sneezing while
wearing a face mask, the subject removed the tissue paper from the
nasal cavity and adjusted the mask in position just before the onset of
the sneeze (Movie S1). High-speed videos of droplets expelled while
wearing different face masks were captured at a resolution of 1920 ×
1440 pixels. To capture the videos, an LED-based light source was
used along with a spherical lens to adjust the divergence of the light
beam. The light was positioned in a forward scatter arrangement, and
videos were captured at an exposure of 1000 μs. With this setup, we
obtained high-speed video frames with a resolution of 135 μm/pixel.
These frames were first preprocessed using the following steps.

2.2.1. Noise Reduction, Calibration, and Distortion Removal. To
remove the noise from the captured video first, a background
subtraction operation was performed, and then, histogram equal-
ization was performed on all of the frames. The frames were calibrated
using a custom calibration target with 2 mm calibration dots and a dot
spacing of 5 mm. An image of the calibration target was captured
before capturing the high-speed video, and a transform was created to
convert pixel space data to real space. The transform was then used to
remove the distortion and to calibrate the images.32

2.2.2. Stabilizing the Movement of the Head and Facial Contour
Detection. To analyze all of the different frames for droplet spread, it
was essential to stabilize the movement of the head during the sneeze.
This was performed by applying a two-axis stabilization to the head of
the subject. More details of this procedure can be found in our recent
study.32 Detection of the facial contour is essential to measure the
droplet blocking capability of the face masks at a fixed distance from
the mouth. This was performed by preprocessing every image in the
sequence using pixel intensity manipulation to accentuate the edge,
and then, a two-dimensional (2D) convolution was performed to find
the gradient in horizontal and vertical directions.34 Once gradients
were obtained, each row of pixels in an image was scanned for
intensity variation to determine the edge of the face. The process was
repeated for all of the frames in the captured video. The information
of edge location for all of the frames was used to determine the
location of the mouth for the image sequence.

Figure 1. Schematic representation of the experimental setup for (a) the measurement of water resistance and (b) breathing resistance.
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2.3. Evaluation of the Impact of Washing. To assess the
reusability, the droplet blocking efficiency of the fabrics was also
checked after two cycles of 15 min washing in a washing machine at
60 °C using a commonly available detergent.9

2.4. Breathing Resistance and Fit Testing. Breathing resistance
(pressure drop) was measured using a SIGMA airflow resistance
meter (Mecanum, S/N:1060-19, Canada) at an operating pressure of
40 psi. The fabrics were cut into circular shapes to fit into the sample
holder of the airflow resistance meter. The schematic representation
of the experimental setup for the measurement of breathing resistance
is shown in Figure 1b. Qualitative fit testing of the mask samples was
done using a 3M FT-30 fit test apparatus (bitter-denatonium
benzoate).

3. RESULTS AND DISCUSSION
3.1. Fabric Characterization. Understanding the material,

structure, and other properties of fabrics is essential to evaluate
their impact on filtration efficiency.14 Our samples include
various types of cotton (C1−C5), polyester (P1, P2), nylon
(N1, N2), silk (S1), linen (L1), towel cloth (T1), and blends
(B1−B5) of different compositions and properties. Addition-
ally, a surgical mask was used to compare with the fabric
samples. The composition, weight, thread count, and porosity
of the fabric samples are given in Table 1. SEM images are

shown in Figure 2, and Figure S2 represents the microscopic
structures, weaving patterns, compactness, and pores of the
fabric samples. The digital photographs of the samples are
shown in Figure S3.
Fabrics had various weights, ranging from 40 to 380 g/m2.

The thread counts and porosity were found to be in the ranges
of 110−280 threads per inch (TPI) and 1.2−30%, respectively.
Most of the fabric samples had a porosity of between 1 and

10%. High thread count, fineness of the weave, and low
porosity of the fabrics are important for filtration because
droplets can pass through the pores, and interfiber spaces.20

However, among the cotton samples, C1 (poplin) and C2
(sateen) had the highest thread count (215 TPI and 230 TPI,
respectively), and hence, the lowest porosity (both ∼1.5%).
Between the polyesters, P1 had a higher weight (106 GSM)
and lower porosity (∼5%), whereas P2 had a higher thread
(280 TPI) count and tight weave. The weight, thread count,
and porosity of nylon N1 were found to be 60 GSM, 120 TPI,
and ∼1.6%, respectively, which are better than the sample N2.
Among the blends, B1 had the lowest porosity (∼1.2%) with
moderate weight (125 GSM). Although B4 had a higher thread
count than B1, its porosity was very high (∼15%). The thread
counts and porosity of L1 and S1 were 110 TPI, ∼7% and 260
TPI, ∼10%, respectively. T1 (towel cloth) was very thick and
hence weighed 380 GSM. Note that the thread counts and
porosity measurement of the towel and the outer layer of the
surgical mask were not calculated because of their bulky
nature, random overlapping network, and pleating of fibers.

3.2. Water Resistance. It is well established that
respiratory droplets are water-based.35 Hence, the water
resistance of a fabric filter medium is critical to preventing
undesirable attachment and absorption of pathogen-laden
droplets and aerosols. Specifically, the water resistance of fabric
is correlated with droplet blocking efficiency.20 Fabrics with a
high water resistance are capable of building a static charge and
thus improving the filtration.18 Water resistance is very
important in determining the position (outer, middle, and
inner layers) of the fabrics in a mask. Outer layer fabrics should
be hydrophobic to protect the inner layers from being
contaminated by infectious fluid droplets.36 On the other
hand, the inner layer should be hydrophilic to readily absorb
the expelled fluids and reduce humidity for the wearer.13,37

The surface chemistry of the fabrics determines the hydrophilic
or hydrophobic nature.18 We assessed the water resistance of
the fabric samples by measuring the variation of water contact
angles over time at the junction of the drop contour and the
fabric surface. The experimental setup and the results are
shown in Figures 1a and 3. To this end, we captured real sessile
drop images at the junction of the drop contour and the fabric
surface, which are shown in Figure 4.
Our results revealed that the pure cotton samples (C1−C5),

which is one of the most common choices for making
homemade cloth masks, showed very rapid water-absorbing
capacity.16 Specifically, the water droplets were absorbed
within 1−10 s. This rapid absorption is associated with a large
number of hydroxyl groups on the cotton surface and the
capillary action.38 Linen (L1) and silk (S1) also showed high
hydrophilicity because their polymeric structure is mainly
composed of cellulose and amino acid monomers, respectively,
having negatively charged functional groups.39,40 On the other
hand, polypropylene (the outer layer of a surgical mask, M),
nylon (N1, N2), and polyester (P1) showed very high water
resistance. In all of the cases, the water droplets were not
absorbed even after 300 s (5 min). After 5 min, the average
contact angles of M, P1, and N1 were found to be 128, 119,
and 118°, respectively. Polypropylene is more hydrophobic
than nylon and polyester because it has only a hydrocarbon
chain.18 However, P2 showed a higher water absorption, which
likely due to the fact that the fabric has gone through
hydrophilic surface modification.41,42 The results showed that
the blends B3 (95% cotton), B4 (70% cotton, 30% silk), and

Table 1. ID, Composition, GSM, Thread Per Inch (TPI),
and Porosity of Different Fabric Samples Used in the Study

sample
IDs

fabric
composition

weight
(g/m2)

threads
per inch

porosity
(%) remarks

C1 100% cotton 120 GSM 215 ∼1.5 poplin
C2 100% cotton 100 GSM 230 ∼1.8 sateen
C3 100% cotton 45 GSM 160 ∼30 voile
C4 100% cotton 170 GSM 170 ∼3 T-shirt

cloth
C5 100% cotton 140 GSM 140 ∼8
P1 100% polyester 106 GSM 205 ∼5
P2 100% polyester 78 GSM 280 ∼8 sateen

chiffon
B1 64% cotton, 33%

polyester, 3%
spandex

125 GSM 215 ∼1.2

B2 65% polyester,
35% cotton

180 GSM 170 ∼8

B3 95% cotton, 5%
spandex

155 GSM 200 ∼7.5

B4 70% cotton, 30%
silk

40 GSM 260 ∼15

B5 60% linen, 40%
cotton

125 GSM 130 ∼8.5

N1 100% nylon 80 GSM 220 ∼1.6
N2 100% nylon 50 GSM 150 ∼15
L1 100% linen 165 GSM 110 ∼7
S1 100% silk 60 GSM 260 ∼10
T1 95% cotton, 5%

nylon
380 GSM towel

cloth
M 100%

polypropylene
surgical
mask
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B5 (60% linen, 40% cotton) had a lower water resistance
property than B1 (64% cotton, 33% polyester, 3% spandex)
and B2 (65% polyester, 35% cotton) because of their
composition. As cotton, silk, and linen all are very hydrophilic,
B3, B4, and B5 showed low water resistance. On the other
hand, the presence of hydrophobic polyester made B1 and B2
more water resistant than the other blends. Due to the
presence of 5% nylon, T1 (towel cloth) exhibited some degree
of hydrophobic nature, with the water droplets absorbed after
30 s.
3.3. Droplet Blocking Capability of a Single-Layered

Cloth Mask. To assess the efficiency of each cloth mask under
a strong respiratory exhalation, a sneeze (while wearing a
mask) was captured by a high-speed camera. The setup used to
capture high-speed videos of sneezing is depicted in Figure 5a.
The high-speed video was analyzed by a tailored image-based
flow measurement diagnostic system, which is described in
Section 2.32

To assess the number of droplets expelled and the spread of
these droplets, the mean intensity of all of the vertical pixels at
different distances from the mouth of the subject for each
frame in the high-speed video was examined across the whole
duration of a sneeze (Figure S4). To quantify the droplet/
aerosol blocking capability of the face covering, the average
intensity (I) computed for a 2D area (1 cm wide rectangle)

among all of the frames for the duration of the sneeze at a fixed
distance of 2 cm from the subject was chosen (dashed
rectangle in Figure 7). This eliminated the effect of erroneous
data in close proximity to the mouth of the subject, and in
doing so, this metric provides a simple yet quantifiable relative
measure of the number of droplets, where a larger number of
droplets corresponds to a higher magnitude of the parameter I.
The results of the droplet blocking capability of the single-
layered fabrics are shown in Figure 6a. Note that a normalized
value of I is used in the figures for a better comparison of
fabrics and their combinations. The value ranges from 0 to 1,
with 0 being the best and 1 being the worst fabric/combination
in terms of droplet blocking capacity. For closer inspection,
Figures 7 and S5 show the frames at 100 ms after the onset of a
sneeze for all of the cases of single-layered fabrics. These
frames show the light scattered by the droplets leaking through
the single-layered face mask. It should be noted that before
performing the experiments to ensure consistency between
sneezes by the volunteer, a set of multiple independent sneezes
without any face mask was first captured. We found that the
variation in the average intensity between different sneezes by
the subject was <4% (Figure 5b), which implies that the
number of droplets expelled from different sneezes is mostly
consistent for this volunteer.

Figure 2. Field-emission scanning electron microscopy (FE-SEM) images of various fabric samples showing the microscopic structures and pores
(a−q). The white bars at the bottom right corner correspond to 200 μm. (r) Top layer of the surgical mask.
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Droplets and aerosols are captured by the fabrics mainly by
diffusion (aerosols with Brownian motions), interception
(small droplets within one droplet radius of the fabrics),
impaction (droplets >5 μm, leaving streamline due to high
inertia), and electrostatic interaction (negatively charge
droplets attracted by positively charged fabrics).43−45 Besides
these, the magnitude of captured droplets is dependent on the
complex interplay among the chemistry of fabric materials,
porosity, thread count, weight per unit, and weaving.14 Our
results reveal that the droplet blocking efficiency of the cotton
samples is in the following order: C1 > C4 > C2 > C5 > C3.
C1 showed the highest filtration efficiency maybe because of
the lowest porosity (∼1.5%) and tight weave with higher
thread counts (215 TPI) than those of C3, C4, and C5.
Although C4 (T-shirt cloth) has higher porosity (∼3%) than
C2 (∼1.8%), it demonstrated higher efficiency, possibly due to
higher weight (170 g/m2) than C2 (100 g/m2). Similarly, in
the case of polyester, owing to the lower porosity and higher
weight, P1 showed more efficiency than P2. In the case of
blends (B1−B5), B1 and B2 having cotton and polyester in
their composition (a mixture of hydrophilic and hydrophobic)
showed better performance than other blends having cotton,
silk, and linen (all are hydrophilic). This is likely caused due to
more challenging disruption of the surface tension of
hydrophobic fabrics by the droplets than that for hydrophilic
fabrics.20 B1 exhibited the lowest porosity, while B2 had the
highest weight/unit. Between nylon samples, it is evident that
N1 has a higher droplet blocking capacity due to a
combination of its compact structure and lower porosity,
higher thread counts, and weight than N2. However, as a class
of hydrophilic fabric linen, L1 (∼7% porosity, 110 TPI, and

165 GSM) exhibited much better efficiency than silk, S1
(∼10% porosity, 160 TPI, and 60 GSM), which is close to the
efficiency of C1. Towel cloth (T1) was very thick and bulky
(380 GSM); hence, it was observed to be very effective in
blocking droplets; however, it was found to be very
uncomfortable to wear as a mask.
The results reveal that lower porosity, water resistance, and

higher weight/unit have a positive impact on droplet blocking
efficiency, which is consistent with other related studies.16,20

When droplets attempt to squeeze through smaller pores of
fabrics, they need more energy than to pass through large pores
due to the higher surface tension barrier with the interfacial
energies of the water droplet, air, and the fabric.20 Viscous
stresses in the fluid droplets are also higher.

3.4. Droplet Blocking Capability of Multilayered
Cloth Masks. From our comprehensive testing of single-
layered fabrics, we selected the five best fabrics based on the
performances of both water resistance and droplet blocking
efficiency. As mentioned earlier, for designing an effective cloth
mask, both hydrophilic (for the inner layer) and hydrophobic
(for outer layer/middle layer) fabrics are required. Therefore,
we selected two hydrophilic fabrics (cotton, C1, and linen, L1),
two hydrophobic (polyester, P1, and nylon, N1), and one
blend (B1). Using the selected 5 fabrics, we made 15 different
combinations of 2-layered cloth masks and 15 of 3-layered
masks (summarized in Table S1). We evaluated the droplet/
aerosol blocking efficiency of all 30 different combinations. A
high-speed visualization of droplet blocking efficiency with the
fluctuation of the average intensity for one representative
scenario for each layer is provided in Movie S2. Droplet
blocking efficiency of two-layered combinations and three-

Figure 3. Water resistance property of various fabrics measured by variation of water contact angles with time at the junction of the drop contour
and the fabric surface. (a) Cotton fabrics, (b) polyester and nylon fabrics, (c) fabric blends, and (d) others (silk fabric, linen fabric, towel cloth, and
a surgical mask).
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layered combinations and blocking efficiency as a function of
the number of layers are shown in Figures 6b,c and 8,
respectively. The corresponding images of the blocking
efficiency of multilayer fabrics are shown in Figures 7, S6,
and S7.
From the results, it can be observed that increasing the

number of layers increases the droplet blocking capability,
which is consistent with the results of other studies16−18 but
now quantified through detailed droplet imaging. For two-
layered combinations, the average intensity values measured at
2 cm from the mouth of the subject indicate that a

combination of cotton and blend (C1−B1), cotton and
nylon (C1−N1), two layers of the blend (B1−B1), blend and
nylon (B1−N1), or two layers of cotton (C1−C1) performed
better than other combinations. The low porosity values of C1,
B1, and N1 can explain these performances. Most of the blend
combinations showed good performance. This is due to the
collective influence of both mechanical and electrostatic
filtrations in blends, which makes it better filter media than
pure fabrics.16 Although nylon has similar porosity, two-layered
nylon (N1−N1) did not perform as well, which implies that

Figure 4. Real sessile drop images at the junction of the drop contour and the fabric surface. The figure shows the water resistance property of all of
the different fabric samples over time. The scale bar at the top right corner of the images corresponds to 0.5 mm.

Figure 5. (a) Schematic of the setup used to capture high-speed videos of sneezing. (b) Variation of the average intensity with the distance from
the mouth for five different sneezes from the subject.
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the presence of a hydrophilic fabric is important when selecting
fabrics for face mask design.
In the case of three-layered combinations, all of the

combinations were comparable in blocking the droplets and
provided a strong degree of blockage for all combinations. In
particular, the combination of cotton−blend−polyester (P1−
C1−B1) and linen−blend−nylon (B1−N1−L1) performed
the best. Average intensity values of these combinations
indicated a negligible number of droplets leaking from the
masks. To capture the overall trend of the results, a function of
the number of layers, Figure 8 presents all of the results with
the vertical axis representing the normalized average intensity
as a logarithmic scale. This reveals an approximate improve-
ment of more than 20-fold in the average droplet blocking
capability per additional layer. There are several factors
responsible for the significant increase in droplet blocking

capacity. In particular, when multiple layers are used, the
effective porosity for droplet penetration reduces substantially
due to pore misalignment, which also leads to high droplet
blocking efficiency.20 Interlayer friction of fabrics also may
contribute as it generates static charge in the hydrophobic
fabrics.16,18 The charged fabrics can attract the freshly
generated charged droplets/aerosols, thus increasing the
filtration efficiency.46 Dissipation of energy and loss of
momentum of the sneeze droplets while passing through
each layer are other possible reasons for the increase in the
blocking efficiency.20 We note that the three-ply surgical mask
performed worse than all three-layered fabric combinations,
which can also be observed visually in Figure S7. Nevertheless,
it still provided a very good degree of protection compared to
single-layered or two-layered options.

Figure 6. Droplet blocking capability of (a) single-layered face masks, (b) two-layered face masks, and (c) three-layered face masks quantified
through image analysis of droplets expelled in sneezes.
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3.5. Droplet Blocking Efficiency of the Selected
Fabrics After Washing. In a pandemic where there is an
acute scarcity of face masks, people may need to decontami-
nate and reuse cloth masks. Washing is the most common and
feasible way to decontaminate a homemade cloth mask and is
essential after every use. Ideally, the fabrics should retain their
filtration properties after washing. Accordingly, we tested and
quantified the droplet blocking efficiency of the selected fabrics
after two cycles of 15 min washing in a machine at 60 °C.
From Figure 9, it can be observed that there was no significant
change in the performance of the fabrics other than cotton
(C1) and polyester (P1). The increase in performances of C1
and P1 can be explained by the temperature (60 °C) and
mechanical agitation in the washing machine, which causes
consolidation and shrinkage of the fabric and decreases the

porosity and tightens the weave. Note that the droplet blocking
efficiency was tested only after two washes, and the results may
differ for multiple washing cycles.

3.6. Breathing Resistance and Fit. In the present work,
breathing resistance is quantified as the air pressure drops
across a filter medium. Specifically, a lower pressure drop
indicates good breathability and comfort. Hence, it is very
important to keep the pressure drop as low as possible while
still maintaining the required filtration efficiency.36 According
to the US National Institute for Occupational Safety and
Health (NIOSH), the initial exhalation and breathing
resistance of a surgical mask/respirator at an airflow rate of
85 L/min should not exceed the limits of 25 and 35 mm Hg,
respectively.36 We investigated the pressure drop of all our
single-layered, two-layered, and three-layered combinations,

Figure 7. Selected frames from the high-speed video for single-layered, two-layered, and three-layered face masks at 100 ms after the onset of a
sneeze. The red dashed rectangle shows the 2D area (∼2 cm from the mouth) where intensity is measured.
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and the results are presented in Figure 10 (see also Tables S2
and S3).
Among the single-layered samples, B1 performed the worst

with a pressure drop of 5.56 mm Hg, and L1 performed the
best with a pressure drop of 0.72 mm Hg. This could be
explained by the higher porosity in L1 and B1 having the
lowest porosity among all of the samples. Similar trends can be
observed among two-layered and three-layered combinations,
where B1−B1 and B1−B1−B1 showed the maximum pressure
drop, while L1−L1 and L1−L1−L1 showed the least value. It
is worth noting that all of the samples are within the lower
pressure drop limit of 25 mm Hg at 85 L/min, as

recommended by NIOSH.36 Hence, any of the combinations
based on the droplet blocking capacity and water resistance
properties can be chosen as the optimum combination for an
effective homemade cloth mask.
We performed the qualitative fit testing of all of the three-

layered combinations and the surgical mask. The digital
photograph of fit testing is shown in Figure S8. None of these
combinations and the surgical mask have passed the fit testing.
This is because, unlike respirators (such as N95), the
construction and design of cloth masks and surgical masks
are not intended to tightly fit the face. They are used to
prevent respiratory droplets and bodily fluid splashes from
reaching the mouth and the nose of the wearer and help reduce
and/or control at the source the spread of respiratory droplets
from the person wearing the mask. However, some studies
recommend nylon stocking over the cloth mask or using a
mask brace made of rubber bands to improve the fit.36 Detailed
further studies are necessary to improve the fit of cloth and
surgical masks.

3.7. Comparative Evaluation of Three-Layered Cloth
Masks. As the three-layered combinations performed similarly
to the surgical mask in terms of droplet blocking efficiency, all
the three-layered combinations are visually assessed against
each other based on the droplet blocking efficiency, breathing
resistance, and contact angle ratio in Figure 11 to evaluate the
relative performance and to help the society navigate their
choices on making homemade cloth masks. Here, the “contact
angle ratio” is the ratio of the contact angle of the water
droplets on the outer-layer fabric surface and the inner-layer
fabric surface. For the proper selection of fabrics for cloth

Figure 8. Droplet blocking efficiency as a function of the number of layers, and the vertical axis shows the logarithmic scale to highlight >20-fold
improvement for each additional layer.

Figure 9. Impact of washing and reusing masks on the droplet
blocking capability of fabrics used for making various combinations of
two and three-layers.

Figure 10. Pressure drop (mm of Hg) at 85 L/min across single-layered and different combinations of two-layered and three-layered cloth masks.
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masks, the contact angle of both the outer and inner layers is
equally important. Outer-layer fabrics should be water-resistant
(higher contact angle) to protect the inner layers from being
contaminated by infectious fluid droplets. On the other hand,
the inner layer should be water-absorbing (low contact angle)
to readily absorb the expelled fluids and reduce humidity for
the wearer. A higher magnitude of the contact angle ratio
corresponds to a higher water resistance capacity of the outer-
layer fabric when compared to the inner layer. As the inner
layer should be less water-resistant (lower contact angle) and
the outer layer should be more water-resistant (higher contact
angle), a higher ratio corresponds to a better combination.
Among all of the tested scenarios, combinations of P1−C1−B1
and B1−N1−L1 showed the best results in terms of droplet
blocking efficiency, whereas L1−L1−L1 and P1−P1−P1
showed the least breathing resistance. On the other hand,
P1−C1−B1, B1−N1−L1, and P1−C1−B1 showed a higher
contact angle ratio. However, if we take all of the parameters
into consideration, then P1−C1−B1 is the best choice.

4. CONCLUSIONS

Homemade cloth masks have become critical during the
COVID-19 pandemic due to shortages of disposable medical
masks and respirators; hence, it is essential to address the
research gaps around the optimal design of cloth masks such as
the lack of information about violent respiratory events such as
a human sneeze. To address this, here we present a
comprehensive study testing the respiratory droplet blocking
efficiency (generated during a human sneeze), water resistance,
washability, and breathability of different layers and combina-
tions of fabrics to design an effective cloth mask. Results from
our image-based analysis reveal that a cloth mask should be
made of at least three layers (inner layercotton/linen,
middle layerblends of polyester−cotton, and outer layer
polyester/nylon). In the three-layered combinations, the
average thread count should be >200, and the porosity should
be as low as possible (<2%). Based on these findings, our
recommended design is schematically depicted in Figure S9.
We found that increasing the number of layers and the use

of fabric blends significantly enhances the sneeze droplet
blocking efficiency. On average, the droplet blocking efficiency
improved by ∼20 times per additional fabric layer. A minimum

of three layers is necessary for a cloth mask to resemble the
droplet blocking performance of the surgical mask while not
exceeding the threshold of breathing resistance suggested by
NIOSHin fact, some of the three-layered cloth masks
outperformed a three-layered surgical mask. Among all of the
tested scenarios, combinations of cotton (inner layer)−blends
(middle layer)−polyester (outer layer), and linen (inner
layer)−blends (middle layer)−nylon (outer layer) showed
the best results in terms of droplet blocking efficiency. Our
study also revealed that there is no substantial change in the
performance of the fabrics after two cycles of machine washing,
which indicates that a cloth mask can be safely washed for
decontamination and reused without affecting the droplet
blocking performance at least for a few washing cycles. These
results and visualizations47 will assist people in preparing
effective homemade cloth masks during the ongoing COVID-
19 pandemic and future epidemics. Moreover, the quantitative
measures provide valuable information on the efficiency of
droplets spread through masks in general. Facial fit is also an
important determinant of the effectiveness of masks, but cloth
and surgical masks are not designed to fit, which may reduce
their effectiveness. We note that the present study assesses the
respiratory droplet blocking performance of different cloth
masks based on sneezes from a single healthy adult. Future
studies with larger sample size and different age groups are
planned to explore this further.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomaterials.1c00368.

Illustration of making of a cloth mask; SEM images of
the fabrics; digital photographs of the fabric samples;
plots of average intensity variation at different horizontal
locations from the mouth of the subject; frames from the
high-speed video for different single-layered face masks,
two-layered face masks, and three-layered face masks;
digital photographs of qualitative fit testing; illustration
of our recommendation on material combinations and
layers for designing an effective cloth mask; table of the
position of fabrics for two- and three-layered combina-
tions; table of the pressure drops across different layers

Figure 11. Comparative evaluation of different three-layered combinations based on the droplet blocking efficiency, breathing resistance, and
contact angle ratio. The contact angle ratio is the ratio of the contact angle of the water droplets on the outer-layer fabric surface and the inner-layer
fabric surface. A high magnitude of this ratio corresponds to a better combination for water resistance.
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and combinations of the cloth mask and the surgical
mask; and mean airflow resistivity of different layers and
combinations of the cloth mask (PDF)

High-speed visualization of the method used for
inducing a sneeze wearing a face mask (Movie S1)
(MP4)

High-speed visualization of the droplet blocking
efficiency with the corresponding average intensity for
one scenario for each one-layered, two-layered, and
three-layered combinations (Movie S2) (MP4)
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