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Objectives: Face masks are an important component of personal protection equipment employed in
preventing the spread of diseases such as COVID-19. As the supply of mass-produced masks has
decreased, the use of homemade masks has become more prevalent. It is important to quantify the
effectiveness of different types of materials to provide useful information, which should be considered
for homemade masks.
Methods: Filtration effects of different types of common materials were studied by measuring the aerosol
droplet concentrations in the upstream and downstream regions. Flow-field characteristics of
surrounding regions of tested materials were investigated using a laser-diagnostics technique, i.e.,
particle image velocimetry. The pressure difference across the tested materials was measured.
Results: Measured aerosol concentrations indicated a breakup of large-size particles into smaller
particles. Tested materials had higher filtration efficiency for large particles. Single-layer materials were
less efficient, but they had a low pressure-drop. Multilayer materials could produce greater filtering
efficiency with an increased pressure drop, which is an indicator of comfort level and breathability. The
obtained flow-fields indicated a flow disruption downstream of the tested materials as the velocity
magnitude noticeably decreased.
Conclusions: The obtained results provide an insight into flow-field characteristics and filtration
efficiency of different types of household materials commonly used for homemade masks. This study
allows comparison with mass-produced masks under consistent test conditions while employing several
well-established techniques.
© 2020 The Author(s). Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
Thisis an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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Introduction hospitals, buildings, and train stations, with a high risk of being

exposed to the respiratory virus. Many studies have attempted to

The use of face masks has been widely accepted as the first
personal protection during the COVID-19 pandemic because the
transmission of the respiratory virus is mainly via human laden
fluid particles, i.e., aerosols and droplets (Konda et al., 2020; Mittal
et al., 2020; Kutter et al., 2018; Stelzer-Braid et al., 2009; Milton
et al., 2013). In addition to maintaining a social distance and
constantly washing hands with soap, wearing personal face masks
can provide an immediate solution to individuals who may live
and/or work in areas such as public offices, supermarkets,
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University, College Station, Texas 77843, USA.
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characterize respiratory aerosol droplet characteristics such as
density, velocity, and size distributions (Wells, 1934; Duguid, 1946;
Wells, 1955; Morawska et al., 2009; Xie et al., 2009; Han et al.,
2013; Bourouiba et al., 2014; Scharfman et al., 2016; Asadi et al.,
2019). Measured droplet sizes can vary a few orders of magnitude,
i.e, 0(0.1) to 0(1000) wm (Mittal et al., 2020). While large size
droplets may settle before evaporating and deposit on surrounding
surfaces, small and medium-sized droplets evaporate and form
droplet nuclei that may stay airborne or be suspended for many
hours.

The filtration of aerosol droplets using a face mask is governed
by these basic mechanisms: impaction, gravity sedimentation,
interception, diffusion, and electrostatic attraction (Hinds, 1999;
Vincent, 2007; Konda et al., 2020; Mittal et al, 2020). The
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contribution of each mechanism to the filtration effects of a face
mask depends on the materials used, aerosol droplet sizes, and the
relative conditions (temperature, humidity, and air velocity) of the
considered areas. For aerosol droplets ranging from ~ 1 pm-10
pm, sedimentation, impaction, and interception mechanisms are
more important (Rostami, 2009). For small particles as droplet-
nuclei-sized particles, i.e., less than 1 pm, diffusion by Brownian
motion and interception of particles by the filter fibers are the
dominant mechanisms (Konda et al., 2020). Electrostatic attraction
is important to catch the nanometer-sized particles, which can
penetrate through the holes in the material structures.

The droplet nuclei may have a significant travel distance
depending on the ambient air currents and indoor environments
and the cabins of transportation vehicles (Bourouiba et al., 2014).
In these spaces, the presence of circulation flows by ventilation
systems, the open/close mechanisms of doors, and their effects on
the airborne transmission of the respiratory virus are important
and should be carefully considered (Tang et al., 2006; Li et al., 2007;
Craven and Settles, 2006; Maclntyre et al., 2008; Licina et al., 2014;
Offeddua et al., 2016). Personal face masks can be considered as
physical barriers; using face masks in public areas could retard the
transmission of respiratory infections (Barasheed et al., 2016;
Mittal et al., 2020). The increase in demand and reduction in
supplies of commercial masks have brought the option of do-it-
yourself (DIY) or homemade masks to be a practical and feasible
solution. Homemade masks usually consist of various household
materials such as synthetic and natural cloths (non-woven fabric
and cotton), microfiber cloths, and households filtering materials,
for example, HVAC filters, coffee filters, and vacuum bags
(Chughtai et al., 2014; Konda et al., 2020). It is essential to acquire
a proper understanding of the effects of commonly used materials
for DIY face masks such as the filtration efficiency and the effects of
face masks in surrounding flow-fields.

The focus of the present study is to investigate the aerosol
filtration efficiency of common household materials and their
effects on flow characteristics in the surrounding flow regions. The
flow field characteristics in the upstream and downstream regions
of tested materials are obtained using a laser-diagnostics approach,
i.e.,, the particle image velocimetry (PIV) technique. This study
utilized an isokinetic sampling probe to collect a small volume of
aerosol droplets for analysis. Note that the velocity chosen in this
study was within the range of airflow velocities that are commonly
found in indoor public areas, such as homes, offices, supermarkets,
airplanes, trains, and buses, where the air flows are circulated by
ventilation systems. Characterizing the effectiveness of respiratory
masks with respect to the airborne transmission by the air flows
within these areas is important. The conditions tested in this study
are different compared to coughing or regular breathing such that

the air velocity generated by a cough versus regular breathing is
not continuous. The maximum velocities of human breathing and
coughing could be approximately 10 m/s and 16 m/s, respectively.
Recent experimental, numerical, and modeling studies can be
found in Busco et al. (2020) for the dynamics of human sneezing
and asymptomatic respiratory virus transmission, and in Dbouk
and Drikakis (20204, b) for the penetration and travel distances of
airborne droplets through a face mask.

Materials, experimental facility, and measurement techniques

We studied the filtration efficiency of common household
materials, such as cotton, non-woven fabric (fabric 1), microfiber
cloth, HVAC filter, shower curtain, vacuum bag, and coffee filter,
made up as either a single-layer, two-layers, or three-layers, and
compared them to a commercial surgical mask and an R95 mask
(see Table 1).

Figure 1 shows an overview of the experimental apparatus that
was constructed to study the effects of materials on flow behavior.
The apparatus had a cross-sectional area of 7.62 x 7.62 cm? and a
total length of 182.88 cm. It was divided into three equal sections;
each had a 60.96 cm length, connected using flanges. The test
materials were placed in between the second and the third
sections. A volumetric air flow rate of 300 LPM, measured by a
rotameter, was maintained for all the measurements. The resulting
air velocity in the upstream region of the tested materials was 0.86
m/s, which is within the range of air velocity inside public areas,
such as offices and buildings, generated by a ventilation system.
Differential pressures (AP) across the tested materials, indicating
the comfort level and breathability of a person when putting on the
face masks, were measured using a Dwyer manometer with a
reading accuracy of 0.02 inch of water (~4.97 Pa).

To generate the liquid aerosol droplets, a six jet-atomizer (TSI
Model 9306) was used to aerosolize the Di-Ethyl-Hexyl-Sebacat
(DEHS) fluid. The generated liquid droplets had a mean diameter of
1 wm and a density of 910 kg/m>. The aerosol droplet size and
density are chosen to represent the common properties of airborne
particles that are often considered more harmful than larger-size
particles because of their ability to penetrate human bronchi and
lungs (Shakya et al., 2017). To acquire the aerodynamic flow fields
in the upstream and downstream regions of the tested materials,
two-dimensional two-component (2D2C) PIV measurements were
performed. The 2D2C PIV system consisted of a 20 W continuous
laser with a green wavelength of 527 nm and a high-speed CMOS
Phantom M310 camera. For each flow measurement of the tested
materials, the camera operated in a single-frame mode and
captured a sequence of 8341 images of 1280 x 1280 pixels at a
frequency of 500 Hz. The collection of PIV experimental images

Table 1

Averaged filtration efficiency and pressure differences of single-layer and multi-layer materials tested in this study.
Materials Averaged Filtration Efficiency AP (Pa)
Cotton (Original /| Washed) 87% | 85% 74.7
Non-woven Fabric (Fabric 1) (Original /| Washed) 83% | 79% 29.9
Micro Fiber Cloth (Original / Washed) 83% | 83% 44.8
HVAC Filter 74.7% 64.8
Shower Curtain 74.4% 64.7
Vacuum Bag 95.2% 478.2
Surgical Mask 81.4% 378.6
Mask R95 (Original / Washed) 99% | 96% 169.4
Cotton — Cotton 91% 296.4
Cotton - HVAC 90% 211.7
Cotton - Fabric 1 91% 214.2
Cotton - Coffee Filter 91% 473
Cotton - Coffee Filter - Cotton 92% 548

Cotton - Coffee Filter — Fabric 1

91% 403.5
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Figure 1. Experimental setup to measure the flow-fields, aerosol droplet concentrations, and pressure difference across the materials.

was processed using in-house codes (Eckstein and Vlachos, 2009;
Nguyen et al., 2017; Nguyen and Hassan, 2017; Nguyen et al.,
2018a; Nguyen et al., 2018b; Nguyen et al., 2019a; Nguyen et al.,
2019b; Nguyen et al., 2019¢; Nguyen et al., 2020). The estimated
overall uncertainty of the PIV processing code was approximately
0.1 pixels, yielding less than 1% of the mean centerline velocity of
the upstream region.

The particle concentrations at the upstream and downstream
locations of the tested materials were measured utilizing an
isokinetic sampling probe, which collected a small volume of
aerosol droplets for flow analysis. The spatial distances from the
tested materials to the upstream and downstream sampling
locations of OPS were 520 mm and 470 mm, respectively. For each
tested material, ten experimental runs to obtain particle concen-
trations were performed for each sampling location; each run was
recorded with a duration of 1 minute.

A high magnification imaging system was utilized to capture
images of tested materials’ surfaces. The imaging system consisted
of an 8-MP CCD camera (Imperx B3320) with a maximum
resolution of 2458 x 3312 pixels, and a 12X zoom lens with a 3-
mm fine focus (ThorLabs MVL12 x 3Z). The scaling factor between
image pixel to physical dimension (wm) is 8:10. High-resolution
images taken on the surfaces of tested materials are provided in
Figure 2.

Results and discussions
Results from flow-field measurements

Figure 3 illustrates the normalized mean velocity fields
obtained from PIV measurements for the upstream and down-
stream regions of the tested materials. Results corresponding to
the case without materials, named the based case, are also
included in Figure 3. Velocity vectors are the normalized
horizontal, U/Uy, and vertical, V /Uy, velocity components, while
the color represents the normalized velocity magnitude,

|U|/Un = VU? + V?/Un. Here, U, is selected as the mean
centerline velocity at the location (x,y) = (-30, 38.1) mm.
Flow-fields in the upstream region of the tested materials are
similar to that of the based case, while flow patterns in the
downstream region are altered and different among the tested
materials. Also, color maps of the normalized velocity magnitude
|U|/Um depict significant reductions in the downstream region.

Notably, the downstream region of the tested mask R95 has a very
small velocity magnitude.

Figure 4 compares the probability distributions of normalized
velocity magnitudes extracted from the upstream and down-
stream regions. In these plots, the normalized velocity magnitudes
|U|/Um are distributed in the 20 bins ranging from O to 1 with an
equal bin width of 0.05. The probability distributions computed for
the upstream region of tested materials are almost similar to that
of the base case, while the probability distributions obtained for
the downstream region of tested materials are different compared
to the base case. Probability distributions in Figure 4 confirmed the
significant reduction of velocity magnitude in the downstream
region observed in Figure 3 of the mean velocity fields.

Results from aerosol droplet concentration measurements

In this section, results obtained from measurements of aerosol
droplet concentrations and pressure differences across the tested
materials are presented. The filtration efficiency per aerosol
droplet size, FEp,, is defined as

Cup, — Cap,

FEp, = —4P—4b (1)
u,D;

where D; is the aerosol diameter at bin ith, Cup,, and Cyp, are the

concentrations measured at the upstream and downstream
locations, respectively. If the computed filtration efficiency was
below 0, i.e., when C,p, < Cyp,, the negative FE values were
removed from the result presentations and further calculations.
The averaged filtration efficiency is computed using the filtration
efficiency weighted by the mass of aerosol droplets of various bins.
It is expressed as

FED,- - Mp,

> mp,

where mp, is the mass of aerosol droplet computed for bin ith,
Figure 5 shows the results of aerosol droplet concentrations
measured at the upstream, C,, and downstream, C,4, locations of
the tested materials as a function of particle sizes. Results were
obtained at the flow rate of 300 LPM and for different types of
materials, including single-layer, two-layers, and combined multi-
layers of various materials. Table 1 summarizes the averaged
filtration efficiency and measured pressure differences between

FEqe = (2)
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Figure 2. High-resolution images of tested materials, i.e., cotton, fabric 1, microfiber, coffee filter, HVAC filter, shower curtain, and vacuum bag. Images of commercial surgical
mask (three layers) and R95 mask (five layers) are also included. Scale bar shown is 500 wm and the size of images presented is 2.5 x 2.5 mm?.

the upstream and downstream locations for various materials
tested in this study. In Figure 5, aerosol concentrations measured
by the OPS at the upstream location of tested materials showed
high values for aerosol sizes ranging from 1 pwm to 4.7 pm. This
range of aerosol droplet diameters matched well with the

performance characteristics provided by the manufacturer for
the aerosol droplet generator used in this study.

For all tested materials, within the aerosol sizes from 1 wm to
4.7 wm, the measured aerosol concentrations at the downstream
location were reduced, indicating the filtration effects of the
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Figure 3. Results from flow-field measurements in the upstream and downstream regions of the test section for various materials. Presented results are normalized mean in-
plane velocity vector fields, U/Um and V/Um, and color contours of normalized mean velocity magnitude, |U|/Um.

studied materials. For the concentration measurements of aerosol
sizes smaller than 0.7 pm, Figure 5 shows that aerosol concen-
trations increased and mainly distributed within the aerosol sizes
ranging from 0.38 pwm to 0.52 pm. Such observations could be
explained by the fact that when aerosol droplets with large
diameters impinged onto the front side of tested materials, they
broke into smaller droplets and passed through the layer. In this
circumstance, characteristics of aerosol droplets, such as sizes and
concentrations, measured at the downstream location, will depend
on the porosity of tested materials. Among the tested materials as a
single layer, the cotton, fabric 1, and microfiber cloth have nearly
similar concentrations of aerosol droplets larger than 1 pwm
measured at the downstream location. Figure 5, it was found that
the filtration effects of tested materials increased as combined
layers increased, when compared to the filtration effects of single-
layer materials.

Figure 6 depicts the filtration efficiency of various materials
that were tested as a single layer, i.e., cotton, fabric 1, microfiber,
HVAC filter, and shower curtain, and as multiple layers, i.e., vacuum

bag, surgical mask, mask R95, cotton-cotton, cotton-fabric 1,
cotton-HVAC filter, cotton-coffee filter, cotton-coffee filter-cotton,
and cotton-coffee filter-fabric 1. In Figure 6, the computed filtration
efficiency FEp, is presented per aerosol droplet size D; ranging
from 1 pum to 4.67 pm. In comparisons of filtration efficiency
computed for materials tested as a single layer, it can be seen that
the shower curtain and HVAC filter had lower efficiency for all
aerosol droplets sizes and their averaged filtration efficiency was
74.4% and 74.7%, respectively. Cotton, fabric 1, and microfiber had
their filtration efficiency greater than 92% for aerosol droplets with
sizes from 2.42 pm and higher, and the averaged filtration
efficiency was 87%, 83%, and 83%, respectively. Figure 6 (bottom)
shows that the use of multilayer materials combining cotton, fabric
1, HVAC filter, and coffee filter improved the filtration efficiency for
all aerosol droplet sizes. Moreover, as can be observed in Table 1,
the averaged filtration efficiency of the combined multilayer
materials increased from 4% to 15% when compared to those of the
single-layer materials. It is important to note that at the aerosol
droplet size of 2.42 pm, all the tested multilayer materials had
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Figure 4. Probability distributions of normalized velocity magnitude extracted from the (a) upstream and (b) downstream regions of the base case (no material) and tested
materials, including cotton, fabric 1, micro fiber, mask R95, HVAC filter, shower curtain, surgical mask, and vacuum bag.

their filtration efficiency greater than 95%. Results presented in
Figure 6 and Table 1 also included the filtration efficiency
computed for the commercial surgical mask with three layers
and an R95 mask with five layers. It is observed that surgical masks
had lower filtration efficiency than the cotton-cotton at droplet
sizes of 1 wm and 1.25 pm. However, for aerosol droplets with
sizes greater than 2.42 m, the filtration efficiency of the surgical
mask increased significantly to greater than 95%. The tested R95
mask had very high filtration efficiency for all the aerosol droplet
sizes, i.e., 93.4% at 1 wm and greater than 95% for droplet sizes
larger than 1.25 pm. The averaged filtration efficiency of the
surgical mask and R95 mask was 81.4% and 99%, respectively.

The measured pressure differences across the tested materials
provided in Table 1 could be used as an indicator for the level of
comfort and breathability when the materials are used for face
masks. For the single-layer materials, non-woven fabric 1 had the
smallest pressure difference (29.9 Pa) due to its porous structure,
while cotton had the highest pressure drop of 74.7 Pa. Pressure
differences of the two-layer materials increased approximately
three to four times higher than those of the single-layer ones. It is
interesting to see that the tested vacuum bag (two layers) also had
a significant averaged filtration efficiency of 95.2%. However, its
pressure difference of 478 Pa is significant compared to other two-
layer materials, indicating the low-level of comfort and
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Figure 5. Aerosol concentrations measured at the upstream, Cu, and downstream, Cd, locations of the tested materials as a function of aerosol sizes and at the flow rate of 300

LPM. Each bin shows the particle concentration averaged over ten trials.

breathability if used as a face mask. The combinations of a cotton-
HVAC filter and cotton-fabric 1 had the smallest pressure
difference of 211.7 Pa and 214.2 Pa, respectively, and similar
averaged filtration efficiency. Results presented in Table 1 indicate
that the use of cotton-coffee filter material had an averaged
filtration efficiency of 91% but a high-pressure difference of 473 Pa,
i.e., more than two times greater than that of cotton-fabric 1. The
filtration effects of single-layer materials, i.e., cotton, fabric 1, and
microfiber, were also tested after they were washed using a washer
for 20 min. The same process of concentration measurements at
the upstream and downstream locations was performed on the
washed materials. Results shown in Table 1 indicate that the
averaged filtration efficiency of cotton, fabric 1, and microfiber
reduced around 2%-4% after being washed in a washer.

Among the three-layer materials tested in this study, the cotton-
coffee filter-cotton, and cotton-coffee filter-fabric 1 had their
filtration efficiency higher than 90%. Although the surgical mask
had an averaged filtration efficiency of 81.4%, its pressure difference
of 378.6 Pawas the smallest one among all three-layer materials. The
tested R95 mask (five layers) had a pressure difference of 169.4 Pa,
which was even lower than those of the two-layer materials. This
could be explained by the fact that the five layers of the R95 mask
were porous, yielding small pressure drop values.

Summary

The focus of this study was to investigate the filtration effects of
various materials that are commonly available in households and
stores and have been considered for DIY or homemade respiratory
masks. The filtration efficiency of single-layer and multilayer
materials were characterized for aerosol particles ranging from 0.3
pm to 6 pm; this range is within that of the aerosol-based virus
transmission. Also, the flow-field characteristics in the upstream
and downstream regions of the tested materials were experimen-
tally acquired to visualize the effects of materials on the flow.

It was found that the flow-fields in the downstream region were
altered by the presence of the tested materials, such that the
velocity magnitude was significantly reduced. The probability
distributions of velocity magnitudes computed for the upstream
region of the tested materials were almost similar to that of the
base case, i.e., flow-fields experimentally obtained without the
tested materials. On the other hand, the probability distributions of
velocity magnitudes computed for the downstream region were
different from the base case, confirming the velocity reduction
observed in the velocity flow fields.

All tested materials provided filtration effects to aerosol
droplets within the size from 1 to
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Figure 6. Filtration efficiency of tested materials, including (top) single-layer and (bottom) multiple layers, at a flow rate of 300 LPM.

4.7 pm. As well, the results indicated that large-size aerosol
droplets that impinged on the tested materials, broke into smaller
droplets, and passed through the layer. Single-layer materials,
cotton, fabric 1, and microfiber cloth had similar filtration
efficiency. Shower curtain and HVAC filter had lower efficiency
for all aerosol droplets sizes, and their averaged filtration efficiency
was 74.4% and 74.7%, respectively. When the materials were made
of multiple layers, combining cotton, fabric 1, HVAC filter, and a
coffee filter, the acquired results of filtration efficiency were found
to improve for all aerosol droplet sizes. Moreover, it was found that
the averaged filtration efficiency of the combined multilayer
materials increased from 4% to 15% when compared to that of the
single-layer materials. All tested multilayer materials had a
filtration efficiency greater than 95% at the aerosol droplet size
of 2.42 pm.

The pressure differences across the tested materials were also
reported and can be considered for the level of comfort and
breathability for homemade masks. It was found that as a single-
layer material, non-woven fabric 1 had the smallest pressure
difference because of its porous structure. Two-layer materials had
three to four times higher pressure differences than single-layer
ones. The tested two-layer materials of a cotton-HVAC filter and
cotton fabric 1 had the smallest pressure differences, and similar
averaged filtration efficiency of 90%. The three-layer materials, i.e.,
cotton-coffee filter-cotton and cotton-coffee filter-fabric 1, had a
filtration efficiency higher than 90%. However, their pressure
differences were found to be two to 2.5 times higher than those of

two-layer materials. The tested R95 mask with five layers had a
pressure difference lower than those of the two-layer materials
because it was made from porous layers.
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