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Abstract
During the COVID-19 pandemic, the increase in demand for protective equipment caused a global shortage and homemade 
barrier face coverings were recommended as alternatives. However, filtration performances of homemade face coverings 
have not been fully evaluated. Test methods in the ASTM standard (F3502-21) were used to evaluate filtration efficiencies 
(FE) and breathability (pressure drop, Δp) of face coverings and home fabric materials commonly used during the pandemic. 
Submicron particulates FE was measured by particle transmission through face covering samples using a Condensation 
Particle Counter equipped with differential mobility analyzer and electronic manometer. Flow resistance of 0.1 μm-diameter 
fluorescent nanoparticles in droplets was determined by measuring fluorescence intensity of residual collected at the reverse 
side of samples. The size-dependent FE (3–94%) and Δp (0.8–72  mmH2O) varied considerably among fabrics. Of the 16 
mask types, 31.25% and 81.25% met the minimum FE and breathability standards in the ASTM F3502-21, respectively. 
Overall performance (qF) was highest for velcro masks (max qF = 3.36, min qF = 2.80) and lowest for Dutch wax print fabrics 
(max qF = 0.12, min qF = 0.03). Most of the samples resisted the flow of 0.1 µm-diameter nanoparticles in droplets. Low 
flow resistance was observed in bandana, neck gaiter, t-shirt I, tank top and bedspread fabrics. GSM and fabric finishing 
seems to affect performance. Low performances can be improved by selecting optimum-performance fabrics in the design 
and manufacture of barrier face coverings.

Article Highlights

• Face coverings protect both the wearer and others against severe acute respiratory diseases.
• Shortage of personal protective equipment resulted in the use of homemade face coverings.
• Standardized test revealed filtration efficiency and breathability that varied among fabric samples.
• Tested materials and multiple layers are recommended for use in alternative face coverings production.
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Introduction

The outbreak of the COVID-19 pandemic has significantly 
impacted the social interactions, economy, culture, and 
health of billions of people around the globe (Gopalan and 

Misra 2020; Mofijur et al. 2021). During the outbreak, wide-
spread lockdowns, physical and social distancing (Drewnick 
et al. 2021; Marroquin et al. 2020), travel restrictions (Beck 
and Hensher 2020), and wearing of face coverings (Ayodeji 
and Ramkumar 2021; Zhang et al. 2020) were the major 
mitigation measures to protect public health. The wearing 
of face coverings followed recommendations from the World 
Health Organization and the United States Centers for Dis-
ease Control (CDC) that barrier face coverings protect both 
the wearer and others from infection through exposure to 
droplets and aerosols carrying infectious virus (CDC 2020a; 
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b; WHO 2020a, b). According to Johnson et al. (2011), 
humans emit respiratory droplets with three distinct size dis-
tribution modes of 1.6, 2.5 and 145 μm when they speak and 
1.6, 1.7 and 123 μm (median diameters) when they cough.

The use of face coverings has become prevalent globally 
in response to the COVID-19 pandemic, because SARS-
CoV-2 can be transmitted via respiratory droplets (National 
Academies of Sciences, Engineering, and Medicine 2020; 
WHO 2020b). The use of barrier face coverings is also an 
anticipated public response in the face of future pandem-
ics related to severe acute respiratory syndromes (Konda 
et al. 2020) just as it was used in the past (Syed et al. 2003). 
The resulting increase in demand for protective face masks 
during the COVID-19 pandemic has caused a severe global 
shortage. Because aerosols and droplets can be removed by 
the fibers of fabrics through a series of filtration mecha-
nisms, homemade or purchased cloth face coverings were, 
therefore, recommended as alternatives in situations, where 
face masks are not available (CDC 2020b; Kwong et al. 
2021).

Through the mechanisms of inertia impaction, gravita-
tional sedimentation, interception, diffusion, and electro-
static attraction, materials can remove airborne particles by 
filtration (Hinds 1999; Vincent 2007). Larger sized aerosols 
(1–10 μm) are more effectively removed by impaction and 
interception, smaller sized particles (< 0.1 μm) are more 
effectively removed via diffusion by Brownian motion 
(Friedlander 2000), and gravitational forces are the major 
influence on the much larger droplets (Konda et al. 2020). 
Nanometer-sized aerosols are predominantly removed by 
electrostatic interaction (Konda et al. 2020). The major 
components of facemasks are the ability of their materials 
to achieve a high filtration efficiency (FE) of particulates 
and droplet flow resistance, while sufficient breathability and 
comfort is sustained (Hao et al. 2020; Kähler and Hain 2020; 
Kwong et al. 2021; Zhao et al. 2020). The ease of breathing 
through a barrier face covering is typically measured by the 
pressure differential (or pressure drop, Δp) between the two 
sides of the face covering as air flows through it (Kwong 
et al. 2021) especially when measured at a rate similar to that 
of a normal breathing range of 3.3 − 27.2 cm/s (Jones and 
Rempel 2021). Higher Δp is an indication that it is harder 
to breathe through a fabric or face covering, while lower Δp 
indicates that the mask is more breathable.

While non-medical and homemade barrier face cover-
ings have been widely used during the COVID-19 pandemic 
(Aydin et al. 2020; Hao et al. 2021; Joo et al. 2021), their 
filtration performances have not been fully evaluated and 
documented (CDC 2020b; Hao et al. 2020; Liu and Zhao 
2021). The ability of a barrier face covering to protect the 
wearers and others is dependent on both the mask materials 
and design (Kwong et al. 2021). As reviewed by Kwong 
et al. (2021), a number of recently published studies have 

evaluated the FE and breathability of various face cover-
ings and homemade face covering fabrics. It was highlighted 
that the major limitations of these studies include inadequate 
description of fabric materials evaluated in the studies, ina-
bility to replicate experiments, the use of unstandardized 
methodologies, and wide variability in key parameters, such 
as type of particles, volumetric flow (face velocity), and area 
of material under test. These have created uncertainties in 
the choice of materials for homemade barrier face coverings 
(Kwong et al. 2021). Therefore, the collection of empirical 
data sets on the performance of non-medical face covering 
materials is urgently needed to guide mitigation strategies 
in situations when medical supplies are limited or unavail-
able (Hao et al. 2020).

In addition, different filtration rating systems have been 
developed to evaluate filtration performances for different 
particle size ranges. These systems include microparticle 
performance rating (MPR, designed by 3 M), minimum 
efficiency reporting value (MERV, designed by the Ameri-
can Society of Heating, Refrigerating and Air-Conditioning 
Engineers), and filter performance rating (FPR, by the Home 
Depot). These ratings are not designed for homemade face-
masks (Hao et al. 2020). In addition, specialized equipment 
recommended by the National Institute for Occupational 
Safety and Health (NIOSH) for certification and FE test-
ing may not be affordable to the manufacturers of home-
made face coverings (Kwong et al. 2021). In February 2021, 
American Society for Testing and Materials (ASTM) stand-
ard (F3502-21) was approved and primarily introduced in 
response to the COVID-19 pandemic. It was intended to 
help ensure that barrier face coverings meet the requirements 
of source control of expelled droplets and aerosols by indi-
vidual wearers. It is also to ensure a degree of particulate 
filtration to minimize the amount of inhaled particulate mat-
ter (ASTM 2021). The standard specified area of sample to 
be tested, face velocity, flow rate, FE performance range, 
breathability range, test temperature, and relative humidity, 
among others.

This represents the first study that utilizes standardized 
methods to evaluate home fabrics as alternative materials for 
barrier face coverings. The objectives of the current study 
are (1) to characterize and evaluate the performances (FE, 
Δp, and qF) of commonly used barrier face coverings and 
household fabrics for face coverings and (2) to provide data 
sets that guide the selection of materials for the production 
of homemade barrier face coverings. These objectives were 
accomplished by utilizing the test methods in the recent 
ASTM Standard (F3502-21: Specification for Barrier Face 
Coverings).
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Materials and Methods

Reagents, Microspheres, and Barrier Face Coverings

Reagents used are provided in supplementary information. 
Six commonly used barrier face covering were purchased 
from open markets. They were fashion face masks, bandana, 
velcro mask (with inner activated carbon filters), cotton face 
covering, neck gaiter and surgical masks. Ten samples of 
common house fabrics were sourced from households, and 
they include denim/jean, polo-style shirt, t-shirt I and II 
(different material compositions), collared shirt, tank top, 
towel, bedspread, pillowcase, and Dutch wax print fabric. 
Both N95 and R95 masks have FE of at least 95% but R95 
masks (3 M-8247) were used as reference in the current 
study because of their additional characteristic of oil resist-
ance (CDC 1996). Samples images are provided in Supple-
mentary Fig. 1.

Fabric Characterization

Samples were numbered 1–16. To quantify fabric density 
(grams per square meter—GSM), rectangular or square 
samples were cut from each sample and weighted using a 
precision laboratory weighing scale. Area was calculated 
from the dimension (L × B,  m2). GSM was then computed 
for each sample. Material composition of fabric samples 
(cotton, polyester, spandex, polypropylene contents) were 
recorded from fabric manufacturers’ labels. Samples were 
visually inspected to determine construction style (woven, 
knitted or piled). For the already-made face coverings that 
were purchased, number of plies was determined by count-
ing observed layers after cutting.

Particulates Generation and Challenge

Submicron particulate sizes included in the study were 0.03, 
0.04, 0.05, 0.06, 0.08, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, and 
0.40 µm-diameter. Particle size selection was to mimic the 
size range of SARS-CoV-2 virus (0.07–0.10 µm-diameter, 
Aydin et al. 2020). Selection was also based on previously 
reported tested size ranges, size distribution of SARS-CoV-
2-laden aerosols (Konda et al. 2020; Liu et al. 2020), and 
guide for filter certification (CDC 1996; Kwong et al. 2021). 
Test methods in the ASTM Standard (F3502-21) were used 
to test particle-size dependent FE and breathability with only 
two exceptions. Samples are required to be pre-conditioned 
at 85 ± 5% relative humidity and 38 ± 2.5 °C for 25 ± 1 h. 
Omitting these two requirements is supported for products 
not designed to meet NIOSH certification as previously dis-
cussed by Cho et al. (2011). Area under test for each sample 

was 50  cm2 with a constant face velocity of 10 ± 0.5 cm/s 
and flow rate of 32 ± 0.5 l/min as specified in the ASTM 
Standard.

Previously described experimental methods (Cho et al. 
2011; Drewnick et al. 2021; Hao et al. 2021) were slightly 
modified. In the present study, Dioctyl Phthalate (DOP) oil 
was used to generate the submicron particles (Cho et al. 
2011). Briefly, FE of samples was determined by measur-
ing particle transmission through each sample with a TSI 
 Certitest® Automated Filter Tester (Model 3160) using 
two Condensation Particle Counters (CPC Model 3771) 
equipped with a differential mobility analyzer (DMA, model 
308,100) and an aerosol neutralizer (model 3077) with a 
Krypton—85 source. DOP oil was used to generate aerosol 
particles (d = 0.03–0.4 µm) using DOP atomizers, electro-
static classifier (Model 3080), and a silica gel desiccant as 
air supply dryer. Air flow was controlled by a vacuum pump 
and an adjustable valve and measured by a mass flowmeter 
(l/min) (Model 4043).

The DMA was used to generate poly-disperse aerosols 
of the desired diameter which were then passed through 
another neutralizer. After dilution (Aerosol Diluter, Model 
3302) with particle-free air and mixing, the generated aero-
sol particulates pass through the sample in a sample holder 
plate (7.98 cm—diameter, 50.01  cm2—area). The first CPC 
measured upstream aerosol concentration, while the sec-
ond measured the concentration downstream of the sample 
holder. As part of quality assurance/quality control (QA/QC) 
protocol, a TSI Green Line Paper (HE—1071) of a known 
particle penetration and efficiency at a specific pressure was 
tested in every 3 sample runs (n = 6) to monitor analytical 
accuracy. A Schematic presentation of the CPC setup is 
shown in Supplementary Fig. 2. An electronic manometer 
(Model 220, all TSI Inc.) measured Δp across the two sur-
faces of the samples. Pressure measurement accuracy was 
0.15% of reading.

Filtration Efficiency, Pressure Differentiation 
and Performance

As previously described by Li et al. (2018) and Hao et al. 
(2021), size-resolved number-based FE (ηN) was computed 
using the following equation:

where No and Ni are the measured downstream and upstream 
concentrations of aerosol at the filter holder. FE for each 
sample was computed and presented as percentages (%) and 
standard deviation (± SD) or standard error (± SE). GSM 
was used in analyses as an indicator for FE and Δp, because 
it correlates with material thickness (Hao et al. 2021). Spear-
man rank correlation (rs) analysis was performed to evaluate 

(1)�N = 1−No∕Ni,
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the relationship between GSM and FE/Δp. The overall per-
formance of a barrier face covering is a function of its FE 
and breathability (Δp). A good barrier face cover should 
have a combined higher FE and lower Δp. Therefore, the 
present study used Eq. (2) (Drewnick et al. 2021; Hao et al. 
2021) to evaluate the overall performance (qF) of each face 
covering material:

where P is penetration efficiency (= 1 – FE) and Δp is the 
pressure differential (in kPa) across the samples. Higher 
qF values indicate an overall higher filtration performance. 
Relative performance (Rp) of samples was computed by 
finding the ratio of qF for samples and the qF for R95 using 
the following equation:

Latex Beads Challenge and Droplet Resistance

Experimental setup previously described by Aydin et al. 
(2020) was slightly modified to evaluate droplet resistance of 
samples. Detailed description is provided in supplementary 
information. Briefly, a solution containing red fluorescent 
nanoparticles in deionized water was prepared. To challenge 
the barrier face covering samples, a mist sprayer was used 
to generate and discharge 200 ± 20 µL droplets of the chal-
lenge solution at 0.7 cm distance from the samples to mimic 
the closeness of nostril/mouth of wearer to the inner surface 
of face coverings. A petri dish was covered with a sample 
cut-out and attached to the rim of the dish using a rubber 
band. After discharging the droplets and impaction, nano-
beads that penetrated the sample were collected in the petri 
dish and recovered in 100 µL water. Flow was determined by 
measuring fluorescence of beads in the 100 µL mix. As part 
of QA/QC protocol, 100 µL of the challenge solution was 
serially diluted to determine dilution factor. In addition, per-
centage recoveries of 2.5, 5.0 and 20 µL challenge solution 
were computed using Eq. (4). Percentage flow of fluorescent 
nanoparticles was determined using Eq. (5).

Percentage recovery was computed using Eq. (4). Per-
centage flow of fluorescent nanoparticles was determined 
using Eq. (5):

where IA and IB are fluorescent intensities in Batch A and 
B, respectively:

where Isample is fluorescence intensity in 100 µL from the 
recovered 200 µL incident challenge solution, Isolution is 

(2)qF = ln (1∕P)∕Δp,

(3)Rp = qF(s)∕qF(R95).

(4)Percentage recovery (%) = (IA∕IB) × 100,

(5)Flow (%) =
(

ISample∕Isolution
)

× DF × 100,

fluorescent intensity in 100 µL of the challenge solution, 
and DF is dilution factor.

Statistical Analyses

Each mask types and fabrics were replicated five times 
(n = 5) for all the experiments. Statistical analyses were per-
formed with Statgrahpics (v. 19.2.01) and IBM SPSS (v. 27). 
Tables and charts (with error bars) were constructed using 
Microsoft Excel (2010). Results were presented as arithme-
tic mean (± SD or ± SE).

Results and Discussion

Size‑Dependent Filtration Efficiency

A detailed description of the samples included in the pre-
sent study, including fabric characterization and grams per 
square meter (GSM-g/m2), is provided in Supplementary 
Table (S. Table) 1a and b. The size-dependent FE of each 
barrier face covering, and double-layer home fabric material 
are presented in S. Table 2. The use of barrier face cover-
ings in future SARS-related pandemics remains a possibility 
(Konda et al. 2020), and the size of the causative viruses var-
ies widely (Abdelrahman et al. 2020). In addition, research 
results have indicated that different material samples a have 
different particle FE as a function of particle diameter (Joo 
et al. 2021) as noticeable in the current study (Fig. 1a, b). For 
most samples, FE was higher for particle size 0.03–0.08 µm. 
Particle size 0.1 µm has a distinctively higher FE before a 
slight reduction with increasing particle size. Particle size 
0.3 µm-D is within the most penetrating particle size (MPPS, 
low FE) range.

For particle size 0.06 µm-d, the lowest FE was recorded 
for pillowcase fabric (7.14%), bandana face covering 
(11.48%), and tank top fabric (13.30%), while denim 
(84.00%), velcro mask (81.88%), and surgical mask 
(75.46%) were the highest. For particle size 0.1 µm-d, pil-
lowcase (17.05%), tank top (22.56%), and t-shirt II (24.84%) 
have the lowest FE, while velcro mask (82.34%), surgical 
mask (81.53%), and denim fabric (79.36%) have the high-
est. Except for denim, polo-style fabric (only at 0.03 µm-D), 
collared shirt (only at 0.03–0.04 µm-D), and towel (only at 
0.03–0.10 µm-D), all home fabric samples showed particle 
FE lower than 45% in the entire particle size range. It is 
noteworthy that bandana and neck gaiter showed FE lower 
than 30% in the entire size range (S. Table 2). FE across the 
entire size range were compared with ASTM (F3502-21) 
values of < 20% for lower performance and > 50% for higher 
performance barrier face coverings. R95 (3 M) masks were 
included as reference for performance comparison. Results 
are presented in Fig. 2a–e. Of all the ready-made barrier 
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face covering samples included in the present study, 68.75% 
have at least one size-dependent FE that is less than 20%, 
while 81.25% have at least one FE that is less than 50%. 
All home fabric samples have FE below 50%, except col-
lared shirt (only at 0.03 µm-D) and denim (all sizes). Simi-
lar results were documented by Drewnick et al. (2021) for 
0.03–0.25 µm diameter particles at both lower (5.3 cm/s) 
and higher (12.9 cm/s) face velocities. Double-layer neck 
gaiter and bandana have FE below 30% for all particle sizes 
(S. Table 2).

In the present study, statistically significant (p < 0.05) 
positive correlation was observed between GSM and FE 
(Table 1), that is, the higher the density of the tested samples, 

the higher is the FE. The observed relationship is also size-
dependent, because FE progressively decrease with increas-
ing particulate diameter (S. Table 2). The relationship was 
supported by research outcome reported by Joo et al. (2021) 
that observed higher filtration performance for material sam-
ples with higher density. For home fabrics, towel (430.89 g/
m2), denim (407.74 g/m2), and polo-style shirt (210.69 g/
m2) have higher density with size-dependent FE range of 
28.20–70.17%, 65.23–93.88% and 14.82–48.84%, respec-
tively. On the other hand, Dutch wax print fabric (94.57 g/
m2), t-shirt I (116.66 g/m2), and bedspread (118.07 g/m2) 
are fabric samples with lower density and respective lower 
FE range of 9.26–28.79%, 8.09–33.84%, and 3.11–25.00%. 

Fig. 1  Size-dependent FE of 
barrier face coverings and home 
fabric samples. a Represents 
FE for already-made commonly 
used masks, and b represents 
FE for common household 
fabrics
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Fig. 2  Radar plots showing average FE of face coverings (n = 5) 
compared with the ASTM standard (F3502-21) across the entire size 
range. The green area represents the FE category for very high-per-
formance (≥ 80%) masks, the yellow and orange areas represent mid-
performance (20–80%) masks, while the red area represents masks 
with low performance (≤ 20%). Keys: D diameter (µm), FFM fashion 

mask, BND bandana, VLC velcro mask, CFM cotton mask, NGT neck 
gaiter, SRM surgical mask, JN jean/denim fabric, POL polo-style shirt 
fabric, TSH t-shirt I, CSH collared shirt, TNK tank top, TWL towel, 
BSD bedspread, PLW pillowcase, TSH-2 t-shirt II, DWP Dutch wax 
print, R95 3  M R95 mask, JNP-1P single layer jean/denim fabric, 
TWL-1P single layer towel
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Fiber contents or knitted/woven characterization appeared 
not to impact FE. Although the increase in FE with increas-
ing GSM can be translated to increasing the number of lay-
ers to achieve higher FE performance, the impact on breatha-
bility deserves attention.

Breathability of Samples

Pressure differentiation values and patterns were very simi-
lar within face covering samples regardless of particulate 
size. Only minor variations were observed (S. Table 3). 
Therefore, only 0.03, 0.06, and 0.1 (µm-D) were selected 
for face coverings’ breathability comparisons among sam-
ples (Fig. 3). Other size-sample comparisons are given in S. 
Fig. 3. The need for alternative materials for use in barrier 
face coverings is unprecedented. Acceptable material must 
be effective in slowing the spread of respiratory diseases 
by adequately filtering respiratory droplets and aerosols 
that might contain causative viruses yet providing sufficient 
breathability. In the present study, breathability is observed 
to decrease (increasing Δp) with increasing FE. An optimal 
high-performance face covering must have high FE, high 
breathability (low Δp), and be washable without perfor-
mance compromise (Bagheri et al. 2021).

The highest breathability was observed for tank top 
(0.781–0.801  mmH2O), t-shirt I (1.039–1.055  mmH2O), 
and bandana (1.447–1.464  mmH2O), while the lowest was 
noticed in denim (71.425–71.604  mmH2O), Dutch wax 
print fabrics (21.613–21.659  mmH2O), and cotton face 
coverings (15.857–15.905  mmH2O). The high breathabil-
ity observed in the present study may be explained by the 
generally low FE. Pressure differentiations (Δp) across 
the entire size range were also compared with the ASTM 

Standard values of > 15  mmH2O for lower performance 
and < 5  mmH2O for higher performance barrier face cover-
ings. The majority of the samples in the present study are 
breathable and have the high-performance Δp range sug-
gested in the ASTM Standard (Fig. 3). Of all the total 16 
different samples included in the study, only collared shirt 
(5.56–5.59  mmH2O), Dutch wax print fabric (21.61–21.66 
 mmH2O), fashion (10.63–10.66  mmH2O), and cotton face 
coverings (15.86–15.91  mmH2O) have Δp in the low-per-
formance category.

The comparatively high Δp in Dutch wax prints may be 
due to the resins and dyes used in their production. The 
inter-fiber spaces of barrier face coverings are the pores 
that allow the passage of some particles including air. 
This is a key distinction in aerosol filtration models that 
establish what passes through or gets captured via direct 
impaction, diffusion, or interception. The waxes, paints or 
dye used on face covering samples can block many of the 
inter-fiber spaces thus increasing Δp, because transmission 
energy is inversely proportional to pore sizes (Aydin et al. 
2020). Particle size does not seem to impact breathability 
(S. Table 3). The similarity observed in the correlation 
may be due to the small variation in breathability within 
each sample despite increasing particle size. The correla-
tion between GSM and Δp is presented in Table 1.

Table 1  Correlation between FE/Δp and GSM

*Significant at p < 0.05

Size (µm) FE Δp

p value rs p value rs

0.03 0.017* 0.596 0.121 0.342
0.040 0.024* 0.564 0.134 0.375
0.050 0.021* 0.578 0.134 0.375
0.060 0.024* 0.564 0.179 0.336
0.080 0.027* 0.554 0.179 0.336
0.100 0.027* 0.554 0.179 0.336
0.150 0.030* 0.542 0.179 0.336
0.200 0.020* 0.581 0.179 0.336
0.250 0.027* 0.554 0.179 0.336
0.300 0.027* 0.552 0.179 0.336
0.350 0.025* 0.559 0.179 0.336
0.400 0.032* 0.537 0.179 0.336

Fig. 3  Size-dependent breathability of barrier face coverings and 
home fabric samples. Horizontal dotted line represents the ASTM 
standard (F3502-21) threshold (≤ 15  mmH2O) for a low-performance 
face covering (≤  5mmH2O for high performance)
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Nanobeads Flow Resistance and Overall 
Performance Evaluation

The experimental average percentage recoveries of nano-
beads in 2.5, 5.0 and 20.0 µL challenge solution were 
87.93%, 81.26% and 99.18%, respectively. The DF was 
1.97 (± 0.056) and average fluorescence of  Isolution was 
13,371.30 (± 465.46). The percentage flow of latex beads 
was estimated from fluorescence intensity and presented 
in Table 2. Most of the tested samples resisted the flow of 
nanobead-containing droplets except bandana, neck gaiter 
masks, t-shirt I, tank top, and bedspread fabrics. The highest 
flow was recorded for tank top (1.12%) and the lowest was 
recorded for bedspread (0.05%). No specific flow pattern 
could be attributed to the fabric characteristics (thickness, 
density, weave type or material composition). As suggested 
by Aydin et al. (2020), the most likely explanation could be 
sample porosity. The backside illumination intensity method 
described by Aydin et al. (2020) can be used to evaluate the 
porosity of fabric samples used at alternative barrier face 
coverings. It should be noted that the flow-through fabrics 
were among the samples with the highest particle penetra-
tion (100 – FE) and highest breathability (lower Δp). Par-
ticle penetration ranges of bandana, neck gaiter, t-shirt I, 
tank top and bedspread were 74.98–95.84%, 70.55–90.38%, 
66.16–91.92%, 77.45–93.48%, and 75.00–96.39%, respec-
tively, while Δp were 1.45–1.46  mmH2O, 2.84–2.86 
 mmH2O, 1.04–1.06  mmH2O, 0.78–0.80  mmH2O, and 
2.38–2.41  mmH2O, respectively. These are among the low-
est FE and Δp documented in the current study.

In the present study, the velocity of incident droplets 
ranged from 239.35 to 6252.29 cm/s measured within 1 cm 
from the nozzle of the bottle. The median velocity of tracked 
droplets ranged from 1007.58 to 1689.94 cm/s. The experi-
mental set up mimicked a real-life sneezing scenario and 
how barrier face coverings can resist the flow of ejected 
droplets. The maximum droplet velocity of a typical sneeze 
was previously documented to range from 1200 to 1500 cm/s 
with varying droplet numbers (Bahl et al. 2020). The nano-
bead experiment was performed with respective number of 
layers of materials in already-made masks as sold and one 

layer of home fabric samples. However, homemade fabrics 
are usually sewn using two layers. Therefore, the experi-
ments were repeated only for the flow-through fabrics using 
two layers and no flow of nanobeads were recorded. It is 
important to note that it required two layers of neck gaiter 
and bandana samples to resist the flow of 0.1 µm nanobeads 
carried by droplets at 239.35 to 6252.29 cm/s. In general, 
the results of the present study indicated that the droplet 
blocking efficiency of most samples were high for single lay-
ers and no flow was observed for multiple-layered samples. 
The results are like the ones reported by Aydin et al. (2020) 
which indicated that the median droplet blocking efficiency 
of home fabrics was more than 70%, and at 2–3 layers, drop-
let blocking efficiency of home fabrics were comparable to 
that of medical face masks.

The statistically significant (p < 0.05) correlation between 
FE and breathability has been indicated by the results of the 
current study (Table 3) as supported by other studies (Kähler 
and Hain, 2020; Hao et al. 2020; Zhao et al. 2020; Bagheri 
et al. 2021). Since the relationships between FE and breatha-
bility were inverse, to determine the samples with an opti-
mum performance, the overall performance (qF) of barrier 
face covering samples were estimated. This was achieved by 
combining both the FE and Δp using Eq. (2) that have been 
formulated to estimate the quality of filter samples by con-
sidering both parameters simultaneously. The qF of samples 
are provided in Table 4 and S. Table 4. Relative performance 
of samples to R95 masks is presented in Fig. 4a–d.

Dutch wax print (0.034), pillowcase (0.067), and bed-
spread (0.098) fabrics and fashion face covering (0.100) 
were samples with the lowest qF values. Velcro mask (3.362) 
with inner filter, surgical masks (3.494), t-shirt I (2.958) and 
tank top (2.418) fabrics were samples with the highest qF. 
The range of qF values for R95 mask was 12.334–13.374. 
In the current study, using the FE and Δp values sug-
gested in the ASTM standard, qF for low-performance and 

Table 2  Fluorescence intensity (with standard deviation, SD) and the 
percentage flow of nanobeads estimated from fluorescence intensity 
of flow-through incident nanobead-containing droplets

Samples ISample SD Flow (%)

2. Bandana 109.25 26.29 0.817
5. Neck gaiter 61.25 19.00 0.458
9. T-shirt (I) 108.75 41.47 0.813
11. Tank top 150.00 67.10 1.122
13. Bedspread 6.25 5.12 0.047

Table 3  Correlation between FE 
and breathability

*Significant at p < 0.05

D- µm rs p value

0.030 0.527 0.035*
0.040 0.569 0.023*
0.050 0.574 0.022*
0.060 0.532 0.033*
0.080 0.529 0.034*
0.100 0.566 0.024*
0.150 0.527 0.035*
0.200 0.552 0.027*
0.250 0.586 0.019*
0.300 0.507 0.042*
0.350 0.505 0.043*
0.400 0.605 0.016*
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high-performance barrier face coverings were estimated as 
0.112 and 1.040, respectively. Twenty-five percent (25%) of 
the samples have at least one qF value below the value cat-
egorized as low at any of the particle sizes examined. Only 
12.5% of the samples have a qF range that is higher than 
the qF value for high performance barrier face coverings 
across all particle sizes. Surgical and velcro masks ranked 
higher among common already-made masks. For particle 
size 0.03–0.10, t-shirt I, towel, tank top and Polo-style fab-
rics ranked higher among home fabrics for alternative face 
masks. Size-dependent performances were generally lower 
for particle size 0.15–0.40 and were similar in pattern to the 
sizes reported by Dhanraj et al. (2021). Many were below 
the qF value for a high-performance face covering (Table 4). 
Relative performance of samples with R95 mask is given 
in Fig. 4.

The high overall performance of R95, surgical and velcro 
masks are directly related to their higher FE and lower Δp. 
Similar performances at submicron and supermicron aerosol 
sizes have been reported (Liu and Zhao 2021). Size-depend-
ent FE of samples were further highlighted when relative 
performances of samples were estimated against R95 masks. 
It should be noted that relative performances were lower at 
MPPS (Fig. 4c, d).

Conclusion

The question in the present study was whether commonly 
sold face coverings and those made from home fabrics used 
during the COVID-19 pandemic can both effectively block 
submicron particles and sustain sufficient breathability. 

Because either can be the case for a particular sample, we 
evaluated overall performances using a mathematically for-
mulated equation that simultaneously incorporates filtration 
efficiency and breathability. It was found that most samples 
have low size-dependent pressure differentiation (high 
breathability) and filtration efficiencies. Some samples have 
low droplet flow resistance but at double layers, all sam-
ples resisted the flow of nanoparticle-laden droplets. Most 
samples were at the lower spectrum provided in the ASTM 
standard. Only a few samples have overall performances 
ranges that were above the higher spectrum in the standard. 
It was observed that the efficiency and breathability varied 
considerably among fabrics.

The results indicated that increasing the number of fabric 
layers significantly increases the blocking efficiency of sam-
ples. A multi-layered fabric will increase the likelihood that 
pores of the separate layers are not aligned thereby decreas-
ing porosity and penetration. Since increasing efficiency may 
compromise breathability, the selection of fabric materials 
with optimum or high performance is important for effective 
protection against respiratory infection through droplets and 
aerosols. Fabric characteristics (especially GSM, thickness) 
and finishing (waxing, dye, etc.) could be a significant fac-
tor in determining which fabric sample will be suitable to 
produce homemade face coverings. Samples containing sig-
nificantly high degree of finishing should be avoided, if pos-
sible because of pores blockage which will increase filtration 
efficiency but reduce breathability and comfortability. The 
complexity in the design of and finishing on fabric samples 
made extrapolation to other fabric types difficult. It is rec-
ommended that each fabric sample get evaluated before use 
as a barrier face coverings or only tested samples should be 

Table 4  Density (GSM), FE and 
pressure differentiation (Δp) 
ranges of samples and their 
overall performance

Samples GSM (g/m2) FE (%) Δp  (mmH2O qF

1. Fashion face mask 298.33 13.27–38.14 10.63–10.66 0.100–0.338
2. Bandana 135.15 4.16–25.02 1.45–1.46 0.198–1.337
3. Velcro mask 304.49 79.44–84.95 4.23–4.25 2.798–3.362
4. Cotton face covering 430.11 28.22–75.76 15.86–15.91 0.157–0.668
5. Neck gaiter 202.53 9.62–29.45 2.84–2.86 0.266–0.918
6. Surgical mask 64.91 74.21–85.74 4.11–4.18 2.466–3.494
7. Jean/denim 407.74 65.23–93.88 71.43–71.60 0.111–0.293
8. Polo-style shirt 210.69 14.82–48.84 2.36–2.37 0.510–2.133
9. T-shirt I 116.66 8.09–33.84 1.04–1.06 0.602–2.958
10. Collared shirt 169.94 17.18–54.75 5.56–5.59 0.254–1.066
11. Tank top 189.15 6.52–22.56 0.78–0.80 0.638–2.418
12. Towel 430.89 28.20–70.17 4.67–4.70 0.530–1.940
13. Bedspread 118.07 3.11–25.00 2.38–2.41 0.098–0.900
14. Pillowcase 128.94 2.55–17.05 2.85–2.88 0.067–0.490
15. T-shirt II 161.69 6.61–27.10 2.79–2.80 0.183–0.848
16. Dutch wax print 94.57 9.26–28.79 21.61–21.66 0.034–0.118
17. R95 mask 544.90 99.89–99.94 4.12–4.16 12.334–13.374
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utilized. Future studies should focus on the standardization 
of outward leakages of barrier face coverings.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41742- 021- 00390-6.
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