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ABSTRACT
The COVID-19 pandemic has shown that much of the world, including the United States, is illprepared for the material demands of a global crisis. In response to this shortage of Personal
Protective Equipment (PPE), we have conducted filtration efficiency and pressure drop testing of
a range of common materials used for constructing do-it-yourself masks, including an allergen
filter, a vacuum bag, a heavy-duty tool wipe, and a standard cotton bandana, as well as a standard
3-ply surgical mask, a medical drape and an industrially available composite filter material. Sizeresolved percent penetration of each material by particles with diameters ranging from 25 to
500 nm was measured at three face velocities (0.72 cm s–1, 4.30 cm s–1, 13.0 cm s–1). The allergen
filter performed best, only allowing the penetration of 5% ± 3% of the 300 nm particles through
the material at a face velocity of 13.0 cm s–1, comparable to human breathing during heavy
physical work. In comparison, the surgical mask and the cotton bandana allowed 39 ± 1% and
51% ± 1% of the 300 nm particles to pass through at the same face velocity, respectively.
According to the calculated filter quality, the best choices for mask construction are the allergen
filter, industrial composite filter, and the vacuum bag. Structure and morphology of the materials
were characterized by scanning electron microscopy (SEM), image analysis, and thickness
measurements to investigate physical characteristics which improve filtration. This study shows
that certain household and commercially available materials and combinations can be used in
the construction of highly effective face masks.
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1 INTRODUCTION
A cumulative total exceeding 29 million cases of COVID-19 were confirmed in the United States
by the middle of March 2021, and over 530,000 of these infected individuals have died (WHO, 2021).
COVID-19 is caused by a novel coronavirus, SARS-CoV-2. In order to limit the spread of this disease,
the World Health Organization (WHO) and the United States Center for Disease Control (CDC)
have recommended the usage of face masks when in public (NCIRD, 2020). Unfortunately, the
average citizen is hard-pressed to find adequate masks, or to decide which materials will be the
most effective in protecting them from the virus. Conflicting statements about the efficacy of
cloth face coverings from various organizations and levels of government have led to confusion
among the general public about the benefits of wearing these alternative protective items and
the relative performance of various materials available for mask construction.
The diameter of SARS-CoV-2 has a mean value of approximately 100 nm and a range of 60 to
140 nm (Zhu et al., 2020). While respiratory infections may be transmitted through airborne particles,
droplets, and direct contact, airborne particles with diameters below 5000 nm are considered
the primary route for the transmission (Wells, 1955). While the relative significance of various
routes of its transmission are unknown (Han et al., 2020; Wang and Du, 2020), there is evidence
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that SARS-CoV-2 is transmitted via by both airborne droplets and aerosols with diameters < 5000 nm
(Allen and Marr, 2020). In one report (Morawska et al., 2009), the submicron diameter aerosols
(800 ± 80 nm) accounted for 69–73% of particles generated by normal speech, 85–95% of
particles generated by whispering, 86% of particles generated by breathing at a natural pace, and
84% of particles generated by coughing. Another study found that a significant fraction of
particles generated by coughing have diameters in the 350–1000 nm range (Lindsley et al., 2010).
Stadnytskyi 2020 determined that the initial diameter range of droplets generated through loud
speech was 12,000 to 21,000 nm, though these droplets quickly dehydrate in the air, resulting in
an average dehydrated droplet diameter of approximately 4000 nm. Further, one minute of loud
speech from an individual infected with SARS-CoV-2 may generate at least 1000 virus-containing
aerosols or droplets, which remain airborne for over eight minutes (Stadnytskyi et al., 2020).
A study of two hospitals in Wuhan found that SARS-CoV-2 is present in both submicron (250–
1000 nm) and supermicron (> 1000 nm) aerosol (Liu et al., 2020). Submicron particles are capable
of remaining airborne for some time due to their low settling velocities (Wang and Du, 2020). For
example, an aerosol particle with a diameter of 100 nm will take over 83 hours to fall 1 m through
the air in the absence of other forces, while a 300 nm droplet will require approximately half as much
time, 43 hours, to fall the same distance (Wells, 1934). It should be noted that these calculations
do not take particle evaporation into account, which is influenced by the composition of the droplet
as well as ambient temperature and humidity. It has been observed that SARS-CoV-2 present in
submicron aerosol particles can remain viable, and therefore infectious, for periods longer than
three hours (van Doremalen et al., 2020). One study found that the virus remains infective even
when aged in aerosol form for over twelve hours, and thus aerosol transmission may be an
important pathway for transport of SARS-CoV-2 (Fears et al., 2020). An additional complication
to the problem of respiratory protection is the observation that viral RNA from SARS-CoV-2 may
be shed through sputum after an infected individual’s symptoms are alleviated. Post-symptomatic
and asymptomatic individuals are therefore capable of producing submicron, airborne, virus-laden
aerosol particles (Wölfel et al., 2020).
Classical filtration theory describes the manner in which the characteristics of filters, including
fiber diameter, packing density, and filter thickness, as well as characteristics of the challenge aerosol
such as particle diameter, shape, electrical charge, and the flow rate of the airstream passing through
the filter influence filter efficiency (Stevens and Moyer, 1989). The particle diameter for which
maximum penetration is observed for a filter material at a specific face velocity is known as the
most penetrating particle size, or MPPS. Face velocity is defined as the linear velocity (cm s–1) of
air or particles through a medium. Face velocity is calculated by dividing the flow rate through
the medium (here, a filter) by the surface area through which it passes (here, the filter material)
(Rengasamy et al., 2010).
According to classical filtration theory, particles with smaller diameters are more effectively
collected through Brownian diffusion, and particles with larger diameters are more effectively
collected through impaction and interception (Alderman et al., 2008; Raynor et al., 2011). It
follows that the estimated MPPS for airborne particles is approximately 100–300 nm (intermediate
diameters) for passage through fibrous filters. Another consideration is that, as face velocity
increases, the ability of aerosol particles to penetrate through the material increases (Stevens
and Moyer, 1989; Eninger et al., 2008b) and the MPPS decreases (Eninger et al., 2008a; Huang et
al., 2013). Face velocities that occur during inhalation and exhalation differ between individuals,
and for the same individual during different activities (Anderson et al., 2006; Yuasa et al., 2015).
Velocities consistent with breathing during moderate or strenuous activity may result in the
decrease of MPPS to < 100 nm (Eninger et al., 2008a).
It is also necessary to assess the “breathability” of the material used for face mask construction,
determined by the measured drop in pressure across the filter material. A filter that adequately
attenuates particle concentration for a face velocity relevant to inhalation and exhalation is of
little use if it provides such a high resistance to flow that the wearer must effectively breathe around
the mask, rather than through it. This resistance to flow is quantified through the measurement
of the pressure drop across the mask material.
The performance of a filter material can be assessed through a metric, filter quality, which takes
both percent penetration and pressure drop into account. Filter quality, qf, is calculated using Eq. (1):
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(1)

where C is the percent of particle concentration that penetrates the filter material and ∆p is the
drop in pressure across the filter material (Brown, 1993). Comparisons of filter quality are considered
more informative than comparisons of particle penetration alone since both concentration and
pressure drop are taken into account. However, there are caveats in using filter quality to assess
mask performance. Filter quality depends, in part, on the pressure drop across the filter material.
This pressure drop tends to increase as face velocity increases. Face velocity will depend on
dimensions of an individual mask, which can easily vary as much as 100% from one mask design
to the next. Even when the mask dimensions are known, true face velocity is likely to be highest
near the mouth and nose, and lower elsewhere on the mask, and this is not taken into account
in filter quality calculations. In addition, filter quality does not account for how well a mask fits on
one’s face, or leakage which can occur around the edges of a mask. The importance of mask fit
cannot be overstated as this is the only way to ensure that air inhaled is passing through the filter
material versus going around it. In workplaces where masks are required, improper fit is considered
an occupational safety hazard. Therefore, the Occupational Safety and Health Administration
(OSHA), which establishes requirements for employers to follow to ensure employee safety, has
delineated specific testing protocols for employers to ensure employees are wearing masks with
an appropriate fit (OSHA, 2004).
According to the U.S. National Institute of Occupational Safety and Health (NIOSH) standard
procedure NIOSH 42 CFR 84.180, filter materials which block the penetration of at least 95% of
the 300 nm diameter particles in an airstream are designated N95 materials. N95 respirators are
considered the universal standard for PPE providing protection against particulate pollution.
There is conflicting evidence on the ability of surgical masks to protect against inhalation of
aerosol particles and droplets containing SARS-CoV-2. Some studies have found that surgical
masks do not provide protection that is consistent with that of respiratory protection devices
(Bałazy et al., 2006; Oberg and Brosseau, 2008; van der Sande et al., 2008), while another study
found that use of surgical face masks significantly reduced the detection of SARS-CoV-2 RNA in
aerosol particles, and somewhat reduced the detection of SARS-CoV-2 RNA in respiratory droplets
(Leung et al., 2020).
A study on the efficacy of various materials in filtering the bacterium Bacillus atrophaeus (950–
1250 nm diameter) and the virus, bacteriophage MS2 (diameter 23 nm) found that three-layer
surgical masks and vacuum cleaner bags allowed 4–6% penetration of the bacteria and 10–14%
by the bacteriophage. The penetration observed for various cloth materials was 17–42% for the
bacteria and 28–51% for the bacteriophage (Davies et al., 2013). These results agree with those
in another study which showed that cloth masks made from tea towels provided roughly half the
protection of three-layer surgical masks against the inhalation of particles with diameters 20–
1000 nm (van der Sande et al., 2008).
A number of studies have investigated particle penetration through various cloth materials
(Rengasamy et al., 2010; Davies et al., 2013; Jung et al., 2014; Shakya et al., 2017; Hao et al., 2020;
Konda et al., 2020; Lustig et al., 2020; Zangmeister et al., 2020; Zhao et al., 2020). One study
found that masks made from cloth exhibited penetration levels between 40% and 90% when
challenged with NaCl aerosol particles with diameters in the 20-1000 nm range, and thus only
provided marginal protection against inhaled infectious agents at face velocities of 5.5 cm s–1 and
16.5 cm s–1 (Rengasamy et al., 2010). These face velocities are somewhat higher than those
consistent with light physical activity and the NIOSH N95 respirator certification test, respectively
(Rengasamy et al., 2017). It should also be noted that little change in percent penetration was
observed when the face velocity was increased from 5.5 cm s–1 to 16.5 cm s–1 in this study. A
recently published evaluation of cloth face coverings made from household materials reported
percent penetrations of ≥ 70% for various cotton, silk, nylon, and polyester fabrics using aerosol
particles with 75 ± 20 nm count median diameter and an aerosol flow rate typical of normal
human breathing (face velocity unknown) (Zhao et al., 2020). Another study (Konda et al., 2020),
which employed a face velocity of 9.89 cm s–1, found that the percent penetration for particles
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with diameters 10–1000 nm was relatively high (40–95%) for one layer of 80 threads-per-inch
cotton, but lower for one layer of 600 threads-per-inch cotton (5–35%), one layer of chiffon (10–
45%), and four layers of natural silk (5–20%), and moderate for one layer of natural silk (30–60%)
and rather variable for one layer of cotton-polyester flannel (10–75%).
The effect of adding additional layers to a single layer material has not been studied systematically.
Konda et al. (2020) found that combinations of 600 threads-per-inch cotton with two layers of
natural silk, two layers of chiffon, and one layer of cotton-polyester flannel decreased the percent
penetration to 0–5%, 0–10%, and 0–20% respectively. However, the study reports that the N95
respirator allowed up to 30% of the particles to penetrate the filter. This result is in disagreement
with the stated performance of N95 material according to the standard testing procedure for
N95 certification (NIOSH, 2019). In contrast to the results from Konda et al. (2020), another study
found that increasing the number of layers of cotton and gauze handkerchiefs from one to four
had negligible effect on percent penetration (consistently > 96% for both materials), though this
did increase the pressure drop through the material, which in turns decreases filter quality (Jung
et al., 2014). This study also demonstrated that fabric face masks made from woven cotton fabric
do not perform as well as four-layer surgical masks (with penetration of 77% ± 27% and 59% ±
37%, respectively). However, face masks made from nonwoven materials (materials which
consist of bonded, layered fibers of varying length) outperformed the same four-layer surgical
masks (penetration 45% ± 9%). To summarize the results of these studies, the best materials for
mask construction consisted of combinations of materials (four layers of silk, or cotton layered
with other fabrics). The poorest choices were single layers of cotton, gauze, t-shirts, and scarves.
An additional consideration in mask performance is the fit of various mask designs to the face.
A study that compared three cloth face masks to N95 respirators found that one mask characterized
by a conical or tetrahedral shape that included an exhalation valve performed similarly (5–20%
penetration) to an N95 respirator (5–15% penetration) in removing 30–2500 nm polystyrene
latex aerosol particles. The two other cloth masks, which were rectangular in shape and did not
include exhalation valves, did not perform as well (15–85% penetration for 30–2500 nm polystyrene
latex aerosol particles) (Shakya et al., 2017).
Due to a shortage of suitable personal protective equipment during the pandemic, the CDC
recommends making masks from cotton material, which most people will have at home in some
form. A recent study has predicted that if as few as 50% of the population wears face masks when
in public, and even if those face masks are only 50% effective, the rate at which SARS-CoV-2
spreads could be reduced by over 95% (Howard et al., 2020). Another study agrees that when
50% of the population wear masks, the spread is significantly reduced, and further reports that if 80%
of the population wear masks, negligible transmission would occur (Yan et al., 2019). Therefore,
face masks that provide protection against both the inhalation and exhalation of submicron
aerosols and bare airborne viruses as well as supermicron droplets that may contain the virus are
recommended. The goal of this study is to test a wide variety of commonly available candidate
materials in order to determine which filter materials provide adequate protection across a range
of particle diameters at representative inhalation flow rates observed for various levels of physical
activity. Similar studies have been conducted on DIY masks. However, many have focused on various
cloth masks (Rengasamy et al., 2010; Davies et al., 2013; Jung et al., 2014; Shakya et al., 2017;
Konda et al., 2020; Zhao et al., 2020) in comparison to N95. Our study includes household, medical,
and new industrial filter material options, and provided detailed structural and morphological
characterizations, in an attempt to determine relevant structure-filtration relationships.

2 METHODS
2.1 Filter Efficiency

The filter efficiency of candidate materials for use in face masks and respirators was determined
based on the percentage of particles sampled which passed through the material. Size-resolved
measurements were conducted over the diameter range of 25–500 nm. While the size range of
virus-laden aerosols is uncertain, emphasis has been placed on two particle diameters, 100 nm and
300 nm. The 300 nm particle diameter is significant because the standard NIOSH N95 certification
specifically requires that 95% of the aerosol particles with a mass mean aerodynamic diameter
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of 300 nm in air be removed by a filter (NIOSH, 1995). However, 300 nm may not be the most
penetrating particle size or the most important size to consider in the case of SARS-CoV-2. For
comparison, 100 nm results are included since 100 nm is similar to the mean diameter of the
SARS-CoV-2 virus (Zhu et al., 2020). In addition, pressure drop and filter quality are measured in
this study. Finally, the biocompatibility of the chosen materials, though beyond the scope of our
measurements, is discussed below.
An initial survey of the filtration efficiency of many common materials was conducted using
the experimental set-up shown in Fig. 1(a). The selected materials included items widely available
in the home, as well as common medical supplies. In addition, an industrial composite material
(NxN Nano, Style NP097) which has been used in industry and recently made available to the public
for use during the coronavirus pandemic was included. This material was specifically engineered
for masks. It is a three-layer composite material of polypropylene Spunbond, thermoplastic
polyurethane nanofiber and polyethylene terephthalate Spunlace. Finally, for comparison, a N95
respirator (3M, Model 8200/07023) was used as a standard.
To determine the percent penetration of particles through a potential mask material, a 5 cm
diameter circle of the material was placed in a filter holder with a filtration area of 13.8 cm2
(Millipore In-Line Filter Holder, Catalogue Number XX4304700) and secured in place by an o-ring.
Next, the filter holder was wrapped with parafilm in order to prevent leakage. In some cases,
multiple layers of material were used (as reported in Table 1), to represent the way in which the
given material would be worn or implemented in a DIY mask or respirator. For example, two layers
(a)

(b)

Fig. 1. Experimental setup for studying the effectiveness of filter materials to use for masks. (a) The instrument setup used in
the initial survey is shown. The initial survey employed one condensation particle counter (TSI 3786), which was used to
alternately measure the concentration of particles without and with the filter material in place. (b)The remaining experiments
employed two condensation particle counters in order to simultaneously measure the concentration of aerosol particles with
and without the filter material in line.
Aerosol and Air Quality Research | https://aaqr.org

5 of 22

Volume 21 | Issue 8 | 200633

Special Issue on COVID-19 Aerosol Drivers, Impacts and Mitigation (XVI)

ORIGINAL RESEARCH
https://doi.org/10.4209/aaqr.200633

Table 1. Percent penetration of aerosol particles at face velocity = 0.72 cm s–1.
Filter Material

Manufacturer and Other Details

3M particle respirator (N95)a
Allergen filter a

3M Model 8200/07023
3M Filtrete Premium Allergen and Ultrafine Particles, D
Filter Size, True HEPA, Model #1150099, 1 layer
Vacuum bag a
Vacuum bag, Great Value “Eureka” style RR bag, 1 layer
Surgical mask a
Unigard FluidBloq surgical mask
Bandana, 2 layers a
Levi’s Men’s printed cotton bandana, red, 2 layers
Heavy-duty tool wipe a
Sellars ToolBox Z700, 1 layer
Industrial composite filter a
NxN Nano, Style NP097 (MERV16)
Suzhou particle respirator (N95) Suzhou Sanical Protective N95, P/N: MS 8265
HVAC filter
3M Filtrete 1900, MERV 13, HVAC Filter, 4 layers
Engine filter
FRAM EXTRA GUARD, 2x Engine protection, CA 9895,
1 layer
Bra cup
Bra cup, Wire-free Ultra Soft Blissful Benefits by
Warner’s, Style RM1691W, color TW/white, 1 layer
Weed barrier
Sta-Green Ultimate WeedBarrier Level 3 Landscaping
Fabric, 1 layer
Shower curtain
Shower curtain, water-repellant, embossed, 100%
polyester, 1 layer
Cotton pillowcase
California Design Den, 100% Extra Long Staple Cotton,
600 thread count sateen weave pillowcase, 2 layers
Microfiber pillowcase
1800 thread count ultra microfiber pillowcase, Estate
Blue, 2 layers
Coffee filter
Walmart Great Value white coffee filter basket, 1 layer
Surgical drape
1 layer
2 layers
a
Test aerosol was composed of NaCl.

100 nm Percent
Penetration
0±0
0±0

300 nm Percent
Penetration
0±0
0±0

0±0
2±0
55 ± 5
29 ± 1
0±0
<1
<1
13

0±0
23 ± 1
84 ± 3
53 ± 5
4±2
<1
<1
18

6

17

5

45

8

45

11

44

21

61

39
2
1

75
36
17

of cotton bandana were tested, because a bandana is typically folded in half and tied at the back
of an individual’s head. The concentration of aerosol particles over a range of mean diameters
(10, 25, 50, 100, 200, 300, 400, and 500 nm) was determined in the absence and presence of each
filter sample material.
To test the percent penetration of aerosols of a specific mobility diameter through the filter
material, aerosol samples were generated from a 0.05 wt% salt solution using an atomizer (TSI
Model 3076 Constant Output Atomizer) supplied with gaseous N2 (Eninger et al., 2008a). In the
initial survey (NH4)2SO4, was used due to availability. The subsequent measurements were
conducted with sodium chloride (NaCl) to match the particle composition employed by NIOSH
for certification tests for N95 respirators (NIOSH, 2019). It has been previously demonstrated
that inert aerosols, such as these two salts, are appropriate analogues for viruses in the testing
of filter materials when it is not possible or advisable to atomize viruses (Eninger et al., 2008).
Additionally, data was collected for the N95 respirators using NaCl and (NH4)2SO4 in order to
compare penetration by each salt. It was found that the percent penetration of each through the
N95 respirator agreed within 5% across the particle diameter range 25–500 nm. Therefore, the
use of the two salts for atomizing solutions does not introduce additional uncertainties into the
experimental results.
The aerosol sample flow leaving the atomizer was maintained at a flow rate of 1.0 ± 0.1 L min–1
by drawing off excess flow using a flowmeter (Omega, FL-2000 Series) and pump (Gast, Model
DOA-V722-AA). The sample was directed through a diffusion dryer (TSI Model 3062 Diffusion
Dryer) containing dried silica gel desiccant and to a differential mobility analyzer (DMA, TSI Series
3080 Electrostatic Classifier) to produce a near monodisperse flow of aerosol of the chosen mobility
diameter. The mobility diameter was controlled by selecting the voltage on the DMA charge column
to determine which size aerosol exited the DMA. Following data collection, a correction algorithm
was applied within the GRIMM software to correct for inaccurate sizing of multiple charged
Aerosol and Air Quality Research | https://aaqr.org
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particles (He and Dhaniyala, 2013). Throughout the experiment, the DMA sample and sheath flow
rates were maintained at constant flows of 1.0 ± 0.1 min–1 and 5.0 min–1, respectively. Next, the
aerosol flow was sent through conductive tubing to a condensation particle counter (CPC, TSI Model
3786 Ultrafine Water-based Condensation Particle Counter) to determine the total concentration
of aerosols in the selected size. Data was collected until the particle concentration was stable for
several minutes. After the size-specific concentration was measured, flow leaving the DMA was
redirected to pass through the sample holder containing the mask material of interest and to the
CPC, to determine the concentration of aerosols passing through the filter. Once again, the CPC
concentration was allowed to stabilize, and the concentration of aerosols penetrating the filter
was determined. The condensation particle counter operated at a constant flow rate of 0.6 L min–1
(10 cm3 s–1), which was maintained throughout all experiments, resulting in a face velocity of
0.72 cm s–1 through the filter material (surface area 13.8 cm2). The last sixty seconds of each data
collection period were averaged in order to determine the mean particle concentration with and
without the filter sample material in place for each particle diameter. Then, the percent penetration
C was determined for each filter material, as shown in Eq. (2),
=
C

NPfilter
1
× 100%
NPno1 filter

(2)

where NPfilter
is the concentration of aerosol particles measured by the TSI water CPC with the
1
filter material in place, and NPno1 filter is the concentration of aerosol particles measured by the
TSI water CPC without the filter material in place.
While the conditions in the initial survey were different from those used in the NIOSH 95 test,
notably at a lower face velocity of 0.72 cm s–1 compared to 9.3 cm s–1, this low flow testing
provided a rapid method for evaluating whether or not the mask materials removed 95% as a
benchmark for identifying promising candidates for additional testing.
The results of the survey for 100 and 300 nm aerosol particles are summarized in Table 1.
Except where noted in the table, all aerosol samples were generated from an ammonium sulfate
((NH4)2SO4) solution. Two air filter materials (3M Filtrete 1900 and 3M Filtrete Premium Allergen
and Ultrafine Particles) performed similarly to the N95 masks (Suzhou Sanical Protective and 3M
Particulate respirator) with percent penetration ≤ 1% for both 100 and 300 nm aerosol particles.
Additionally, the vacuum bag performed very well, with 1% penetration for 100 nm aerosol
particles and 6% penetration for 300 nm aerosol particles. In contrast, surgical masks exhibited
higher percent penetration (4% for 100 nm aerosol particles, 28% for 300 nm aerosol particles),
and the percent penetration for coffee filters was even higher (39% for 100 nm aerosol particles,
75% for 300 nm aerosol particles). Out of the fabrics included in this survey, the weed barrier
provided the best protection against 100 nm aerosol particles (5% penetration), followed by the
bra cup (6% penetration), though neither of these materials provided adequate protection
against 300 nm aerosol particles (45% and 17% penetration, respectively). The double-layered
bandana, a common material for homemade or improvised face masks, allowed for the penetration
of 28% of 100 nm aerosol particles and 72% of 300 nm aerosol particles. The microfiber pillowcase,
with 1800 threads per inch, slightly outperformed the bandana (21% for 100 nm aerosol particles,
61% for 300 nm aerosol particles) but underperformed compared to the cotton pillowcase, with
600 threads per inch (11% for 100 nm aerosol particles, 44% for 300 nm aerosol particles).
At the initial low face velocity, eight of the seventeen samples failed to limit the percent penetration
of 100 nm particles to 5% or less. When the particle diameter was increased to 300 nm, twelve of the
eighteen samples failed. Following the initial low face velocity survey, we made minor changes to
our experimental setup to conduct measurements at higher (and therefore more relevant) face
velocities. Changes are indicated in Fig. 1(b). Higher flow rates were achieved by adding a dilution
flow line using filtered room air upstream of the mixing chamber and a Gast pump controlled by a
flow meter and mass flow controller downstream of the sample material. Subsequent measurements
were performed at face velocities of 0.72 cm s–1, 4.30 cm s–1, and 13.0 cm s–1.
The middle and highest face velocities were chosen to correspond with average breathing flow
rates during light physical work (30.3 ± 6.2 L min–1) and heavy physical work (72.3 ± 22.9 L min–1),
respectively (Anderson et al., 2006). Mask surface areas observed in other studies range from
Aerosol and Air Quality Research | https://aaqr.org
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150 cm2 to 250 cm2 (Ramirez and O'Shaughnessy, 2017; Schilling et al., 2020). Simulated results
show that the face velocity varies across the surface of filters such that only part of the surface
area of the filter experiences a nonzero face velocity (Sachinidou et al., 2017). Therefore, the area
of the face mask that the wearer breathes through was assumed to be 100 cm2 for the purpose of
conversion from breathing flow rate to test velocity. This area results in face velocities of 5.1 ±
1.0 cm s–1 for breathing during light physical work and 12.1 ± 3.8 cm s–1 for breathing during
heavy physical work. Face mask filtration area will likely vary between individuals due to differences
in facial geometry, just as breathing flow rates will vary due to differences in physiology such as
gender (Janssen et al., 2005). It should be noted that breathing face velocity may be higher or
lower than estimated for various levels of physical work in this manuscript based on interpersonal
differences and levels of activity.
The two CPCs used in this study do not report identical particle concentration when sampling
from room air, polydisperse single-component aerosol, or monodisperse single-component aerosol,
due to differences in internal working fluid (water and butanol) and other instrument parameters.
Additionally, the two CPCs were placed at different points in the experimental setup, which could
lead to differences in the concentrations measured by the two instruments even if they were
identical models. To account for any variations in the concentrations measured by the TSI waterbased CPC and the GRIMM butanol CPC due to differences in instrument performance or particle
losses through the respective sample lines, the instruments were cross-calibrated. Three blank
runs in which the filter holder was in place, but empty, were performed for each face velocity.
The particle concentrations measured by the TSI water-based CPC and the GRIMM butanol CPC
were averaged across the three runs. A correction factor CF was determined for each particle
diameter and face velocity according to Eq. (3).
CF =

NP 1,blank
NP 2,blank

(3)

where NP1,blank is the concentration of aerosol particles measured by the TSI water-based CPC
during the blank runs, NP2,blank is the concentration of aerosol particles measured by the Grimm
butanol CPC during the blank runs (supplemental Fig. S1). The correction factors were generally
less than unity for aerosol particle diameters > 50 nm, and greater than unity for aerosol particle
diameters < 50 nm. This may be due to the undercounting of small particles by the water-based
CPC.
The correction factor CF was subsequently used to determine the percent penetration for the
sample runs as shown in Eq. (4):
=
C

NP 1
× 100%
CF NP 2

(4)

where NP1 is the concentration of aerosol particles measured by the TSI water-based CPC and NP2
is the corresponding concentration of aerosol particles measured by the Grimm butanol-based
CPC during sample runs. The experiments conducted at the three face velocities utilized a smaller
number of tested filter materials than the initial survey, including only those which performed
relatively well in the initial survey, plus bandanas and three-layer surgical masks due to widespread
usage (Table 2).

2.2 Pressure Drop and Filter Quality

Pressure drop across the filter is also a factor must also be measured in order to determine the
quality of the filter material qf, as shown in Eq. (1). The pressure drop ∆p was determined using
Eq. (5)
∆p = pup – pdown

(5)

where pup is the pressure in the line upstream from the filter holder, and pdown is the pressure
downstream from the filter holder, in mm H2O.
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Table 2. Percent penetration of aerosol particles at face velocity = 13.0 cm s–1.
Filter Material

Manufacturer and Other Details

3M particle respirator (N95) 3M Model 8200/07023
Allergen filter
3M Filtrete Premium Allergen and Ultrafine Particles, D
Filter Size, True HEPA, Model #1150099, 1 layer
Vacuum bag
Vacuum bag, Great Value “Eureka” style RR bag, 1 layer
Surgical mask
Unigard FluidBloq surgical mask
Bandana, 2 layers
Levi’s Men’s printed cotton bandana (red), 2 layers
Heavy-duty tool wipe
Sellars ToolBox Z700, 1 layer
Industrial composite filter
NxN Nano, Style NP097 (MERV16)

100 nm Percent
Penetration
1±1
2±3

300 nm Percent
Penetration
3±3
5±3

34 ± 12
55 ± 3
85 ± 1
50 ± 1
20 ± 5

31 ± 5
39 ± 1
51 ± 1
26 ± 1
11 ± 1

2.3 Structure and Morphology

The structural and morphological properties of each of the filter materials were examined
using scanning electron microscopy (SEM) and an ASTM International approved thickness gauge.
Taken together, these measurements provide characterization of the samples, which in most
cases, are well-known household materials but are whose structural properties are rarely
considered. Secondly, if structural characteristics of the most successful filters can be identified,
it may be possible to extrapolate any structure-filter capacity relationships observed to additional
materials. For each filter material, the basic structure (woven vs. nonwoven) thickness, mean
diameter of fibers, the estimated pore area on each filter and ratio of pore area to total filter
area were determined and summarized in Table 3.
The SEM images were obtained with a TESCAN VEGA3 thermionic emission SEM system at the
on-campus Microscopy & Imaging Center at Texas A&M University. Several of the materials were
constructed of multiple layers of materials. In these cases, the layers were separated and analyzed
individually. The side of each layer facing incoming unfiltered air was selected to be imaged.
Following SEM image collection, ImageJ analysis software was used to measure the fiber
diameter and projected pore area. The diameters of ten fibers were measured for each layer in
each sample, and corresponding average diameter and standard deviation were calculated. Some
individual layers consist of multiple types of fibers with different diameters, and each type of
fiber was measured separately.
A semi-quantitative assessment of 3D porosity can be obtained by analyzing high resolution
2D SEM images to determine the projects pore area (Pentyala et al., 2018; Yang et al., 2020; Zou
et al., 2020). The projected pore areas were measured using ImageJ software. For each sample,
the color threshold values were manually adjusted to best distinguish between pores identifiable
as darker areas in the image with either no visible fiber or minimal stray fibers and filter material.
Automated ImageJ box counting was then used to measure the area of all the pores in the SEM
image. The projected pore area ratio is calculated by dividing the pore area by the total imaging
area. The error of the 2d projected pore ratio is calculated by calculating standard deviation from
pore ratio measured on 4 SEM images of a typical sample, and we assume measurement on every
sample share the same error.
The thickness of each filter material was measured with a Mitutoyo 547-500S Digital Thickness
Gauge which meets ASTM standards. For consistency, the thickness gauge measures thickness
under a constant applied measuring force of 1.5 N. The thickness of each sub-layer of each sample
was measured separately 10 times, with which an average and a standard deviation were taken.

3 RESULTS AND DISCUSSION
The variation of percent penetration with face velocity is shown for 100 nm particles in Fig. 2(a)
and 300 nm particles in Fig. 2(b). The percent penetration of 100 nm particles increased with face
velocity for most of the materials, whereas the percentage of 300 nm particles penetrating the
material decreased with face velocity or followed no trend, depending on the material. According
to classic filtration theory, the dominant filtration process for 100 nm particles is through diffusion by
Brownian motion. Increased velocities reduce the time available for diffusion, which in turn
Aerosol and Air Quality Research | https://aaqr.org
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Table 3. Fabric micro-structure and morphology.
Filter Material
3M particle respirator (N95)
Allergen filter
Vacuum bag
Surgical mask
Bandana, 2 layers
Heavy-duty tool wipe
Industrial composite filter
Suzhou particle respirator (N95)

HVAC filter
Engine filter
Bra cup
Weed barrier
Shower curtain
Cotton pillowcase
Microfiber pillowcase
Coffee filter
Surgical drape

Type
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Non-woven
Woven
Woven
Non-woven
Non-woven
Woven
Woven
Non-woven
Non-woven
Non-woven

Thickness (mm)
0.68 ± 0.11
0.30 ± 0.03
0.52 ± 0.08
0.33 ± 0.02
0.43 ± 0.02
0.14 ± 0.01
0.18 ± 0.01
0.14 ± 0.02
0.14 ± 0.01
0.20 ± 0.03
0.27 ± 0.01
0.25 ± 0.01
0.25 ± 0.01
0.24 ± 0.01
0.24 ± 0.01
0.35 ± 0.04
0.38 ± 0.02
0.73 ± 0.11
0.34 ± 0.01
0.15 ± 0.01
0.48 ± 0.05
0.67 ± 0.08
0.31 ± 0.01
2.60 ± 0.20
0.47 ± 0.02
0.22 ± 0.00
0.26 ± 0.00
0.21 ± 0.00
0.08 ± 0.00
0.34 ± 0.01
0.36 ± 0.02

Fiber size (µm)
26.32 ± 1.41
1.04 ± 0.02
22.18 ± 0.77
1.44 ± 0.15
37.56 ± 1.80
2.90 ± 0.37
46.97 ± 3.59
25.56 ± 2.27
1.56 ± 0.26
22.96 ± 1.56
270.48 ± 23.45
20.60 ± 3.99
22.53 ± 1.87
16.63 ± 0.60
17.25 ± 1.45
16.13 ± 0.86
23.16 ± 0.86
20.28 ± 1.75
5.89 ± 0.48
20.64 ± 1.14
15.48 ± 1.16
33.74 ± 13.82
8.22 ± 0.61
8.94 ± 0.50
29.89 ± 1.78
12.21 ± 1.68
17.41 ± 2.56
12.97 ± 2.12
30.67 ± 13.79
15.77 ± 0.65
18.45 ± 2.41

Filter Pore Area (cm2)
1.54 ± 0.54
1.04 ± 0.54
1.38 ± 0.54
0.87 ± 0.54
1.25 ± 0.54
0.90 ± 0.54
2.56 ± 0.54
4.12 ± 0.54
3.34 ± 0.54
2.66 ± 0.54
1.12 ± 0.54
0.26 ± 0.54
0.26 ± 0.54
1.58 ± 0.54
1.44 ± 0.54
2.99 ± 0.54
0.92 ± 0.54
0.22 ± 0.54
0.44 ± 0.54
1.75 ± 0.54
0.34 ± 0.54
0.50 ± 0.54
0.91 ± 0.54
1.84 ± 0.54
0.87 ± 0.54
0.37 ± 0.54
0.55 ± 0.54
0.51 ± 0.54
0.32 ± 0.54
0.31 ± 0.54
0.31 ± 0.54

Pore Ratio
0.11 ± 0.04
0.08 ± 0.04
0.10 ± 0.04
0.06 ± 0.04
0.09 ± 0.04
0.07 ± 0.04
0.19 ± 0.04
0.30 ± 0.04
0.24 ± 0.04
0.19 ± 0.04
0.08 ± 0.04
0.02 ± 0.04
0.02 ± 0.04
0.11 ± 0.04
0.10 ± 0.04
0.22 ± 0.04
0.07 ± 0.04
0.02 ± 0.04
0.03 ± 0.04
0.13 ± 0.04
0.02 ± 0.04
0.04 ± 0.04
0.07 ± 0.04
0.13 ± 0.04
0.06 ± 0.04
0.03 ± 0.04
0.04 ± 0.04
0.04 ± 0.04
0.02 ± 0.04
0.02 ± 0.04
0.05 ± 0.04

Fig. 2. Percent penetration as a function of face velocity for (a) 100 nm and (b) 300 nm NaCl aerosol particles.
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decreases the fraction of particles which can penetrate the filter through diffusion. For 300 nm
aerosol particles, diffusion remains significant, but deposition due to impaction and interception
(which increase with velocity) are greater. An increase in percent penetration with face velocity
results from a decrease in collection due to diffusion, without a concomitant increase in collection
due to impaction or interception. Collection by diffusion is most efficient for smaller aerosol
particles (and for lower face velocity), while collection by impaction and interception is more
efficient for larger aerosol particles (and for higher face velocity) (Huang et al., 2013). As a result,
some of the materials may preferentially remove particles by one mechanism or another due to
their structures and morphologies. For example, as shown in Figs. 3(b) and 3(c), the surgical mask
and the heavy-duty tool wipe collect larger particles with approximately the same level of
efficiency, but the surgical mask is more effective in capturing smaller particles than the heavyduty tool wipe.
Percent penetration as a function of particle diameter over the range 25–500 nm is reported
in Fig. 3, as the mean (and standard deviation) of the three replicates for each filter material and
face velocity. For reference, the 100 nm and 300 nm data at the highest face velocity (13.0 cm s–1)
are also summarized in Table 2. A standard threshold for percent penetration was set to 5%,
which is the same standard that is used in N95 certification. Here, this standard is used across
the range of face velocities employed due to the fact that different standards have not been
established for individual face velocities. Unfortunately, the only filter materials for which 25–
500 nm particle penetration did not exceed 5% at the highest face velocity were the N95 respirator
and the allergen filter. Considering 300 nm particles at the highest face velocity, the N95 material
allows passage of 3% of particles. The next best material was the allergen filter which allowed 5%
penetration of 300 nm particles, followed by the industrial composite filter which allowed 11%
penetration of 300 nm particles. The surgical mask failed to meet the ≤ 5% threshold at 4.30 cm s–1
for particles with diameter greater than 75 nm and failed for all diameters at 13.0 cm s–1. This is in
agreement with another study which found that surgical masks do not provide adequate protection
from the inhalation of submicron aerosol particles (MacIntyre and Chughtai, 2015). The weakest

Fig. 3. Percent penetration as a function of particle size at a face velocities of 0.72 cm s–1,
4.30 cm s–1, and 13.0 cm s–1 are shown in (a), (b) and (c), respectively. The dashed lines indicate
5% penetration. Markers have been added to the data points for the first three materials in an
effort to show that overlapping results for these materials.
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performance was observed for the bandana, which allowed 51% penetration of 300 nm and 85%
penetration of the 100 nm at the highest face velocity. These results compare well with Zhao et
al. (2020), which found ≥ 70% percent penetration for various cotton, silk, nylon, and polyester
fabrics. In contrast, Konda et al. (2020) found < 35% penetration for a single layer of 600 TPI cotton,
45–60% penetration for a single layer of silk, and 45–75% penetration for a single layer of flannel.
According to a study on cough-generated aerosol particles, 4000–8000 particles with diameters
350–500 nm may be generated from a single cough from an individual infected with influenza
(Lindsley et al., 2010). This study indicates that it is important to limit the inhalation of the two largest
diameters in our study. Interestingly, the percent of 400 and 500 nm particles that penetrated all
but two of the filter sampler materials (N95 respirator, allergen filter) is higher at the face velocity
representative of light or moderate work (4.3 cm s–1) than at the higher face velocity used here
to represent a higher degree of physical exertion (13.0 cm s–1). This suggests that the “alternative”
materials provide better protection against 400–500 nm aerosol particles if one’s activity level is
increased.
The pressure drops across each filter material (in mm H2O) for each face velocity are shown in
Fig. 4. For all materials tested, pressure drop increases with face velocity, and the relationship
between the two is approximately linear. Additionally, pressure drop varies greatly with material.
It should be noted that NIOSH certification testing 42 CFR 84.180 requires pressure drops across
candidate materials to not exceed 35 mm H2O via inhalation or 25 mm H2O via exhalation at a
face velocity of 9.3 cm s–1 (NIOSH, 1995; Rengasamy et al., 2017). The pressure drops measured
for each material at 4.30 cm s–1 (the face velocity that corresponds with breathing during light
physical work) fell in the range 0–14 mm H2O. While the highest face velocity tested is greater
than that in the NIOSH testing, it was included here as it represents breathing during heavy
physical work. it is unfortunately that all of the candidate materials exceed the pressure drop limit
of 35 mm H2O at this face velocity which represents breathing during many activities. Therefore,
a person who is resting or performing light physical work will be wearing an adequate mask.
Unfortunately for a person engaging in heavier physical work, the pressure drop exceeds the
NIOSH limit for all materials tested.
The filter quality values of each filter material (in mm H2O–1) for each face velocity are shown
in Fig. 5. According to an interim guidance released by the WHO on June 5, 2020, the minimum
recommended filter quality for a face mask is approximately 0.03 mm H2O–1 (WHO, 2020). This

Fig. 4. Pressure drop across each filter material is shown. The dashed line indicates the maximum
pressure drop allowed in NIOSH testing, 25 mm H2O, based on human breath during exhalation.
The blue shaded region indicates the face velocities observed during light physical work and the red
shaded region indicates the face velocities observed during heavy physical work, according to the
breathing flow rates given in Anderson et al. (2006) and assuming a filtration area of 100 cm2.
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Fig. 5. Filter quality of each sample for a face velocity of 0.72 cm s–1, 4.30 cm s–1, and 13.0 cm s–1
are shown in (a), (b), and (c), respectively. The dashed line represents the minimum filter quality
recommended by an interim guidance published by the WHO on June 5, 2020 (reference number
WHO/2019-nCov/IPC_Masks/2020.4).
threshold is met or exceeded by all candidate materials and particle diameters at 4.3 cm s–1, and
by the N95 respirator, the allergen filter, and the industrial composite filter for all particle diameters
at 13.0 cm s–1. The vacuum bag only falls short for 200 nm aerosol particles, while the surgical
mask fails to meet this threshold for 75–300 nm aerosol particles. The heavy-duty tool wipe and
the bandana only meet or exceed the minimum filter quality for aerosol particles with diameters
greater than or equal to 400 nm. A recently-published study (Hao et al., 2020) determined the filter
qualities of an N95 respirator (0.06 mm H2O–1), a vacuum bag (0.03 mm H2O–1), household air
filters (0.04–0.07 mm H2O–1), a surgical mask (0.03 mm H2O–1), and a bandana (0.004 mm H2O–1),
which compare well with the filter qualities determined in our study for the breathing-relevant
face velocities 4.30 cm s–1 and 13.0 cm s–1.
Ranking the materials by filter quality, at the highest face velocity the most effective material
is the N95 respirator, followed by the allergen filter, the industrial composite filter, the vacuum
bag, the surgical mask, and the heavy-duty tool wipe in descending order. The bandana is the least
effective option, even though two layers of the fabric were used in each sample. Interestingly,
the ranking of materials for mask construction varies if the materials are ranked according to
percent penetration or filter quality. For example, the bandana is ranked seventh in percent
penetration at 4.3 cm s–1, but it is ranked sixth according to filter quality because its pressure
drop is lower than the heavy-duty tool wipe. At 13.0 cm s–1, however, the bandana is ranked
seventh in both percent penetration and filter quality.
Filter quality also varies with particle diameter for each filter material and face velocity. At the
highest face velocity in this study, 13.0 cm s–1, the filter quality of the N95 respirator and allergen
filter decreases with particle diameter, while the filter quality of the remaining samples is lowest
at 100–200 nm, and increases for particle diameters > 200 nm. In practice, many of the test
materials would not be used independently, but rather would be installed as a layer within a face
mask. To represent two layers of cotton which would be used to make a simple mask, two layers
of cotton bandana were added to one layer of the allergen filter, the vacuum bag, and the heavyduty tool wipe. The percent penetration for each of these combinations at 13.0 cm s–1 is shown
in Fig. 6(a), and the N95 particulate respirator results from above are included as a reference.
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The percent of particles that penetrated through each combination varied from 0% ± 1% to 6% ±
6% for the bandana and allergen filter, 1% ± 1% to 42% ± 2% for the bandana and vacuum filter,
and 20% ± 1% to 67% ± 1% for the bandana and heavy-duty tool wipe across the aerosol particle
diameters studied. The percent penetration through the combination of the bandana and
allergen filter is similar to that observed for combinations of fabrics in Konda et al. (2020), though
the percent penetration for the other two combinations in our study are much higher. The other
two combinations, in which the vacuum bag and the heavy-duty tool wipe were combined with
two layers of bandana, allowed greater particle penetration than observed for the layered materials
by Konda et al. (2020).
The pressure drop across each combination was also measured as shown in Fig. 6(b). Each
combination was then compared with the performance of the allergen filter, vacuum bag, or heavyduty tool wipe on its own in terms of percent penetration and pressure drop (Figs. 6(c) and 6(d)
respectively). Percent penetration through the allergen filter decreased for 50–300 nm particles
(by –49% ± 169% to –82% ± 168%). The large uncertainty in the decrease in percent penetration
through the allergen filter is due to the low percent penetration, and therefore high ratio of
uncertainty to the measured value, before and after the addition of the cotton bandana material.
Percent penetration through the heavy-duty tool wipe decreased for 25–300 nm particles (by
–4% ± 3% to –16%±7%). Within the uncertainty in the measurements, the penetration of 25, 400,
and 500 nm particles through the allergen filter, 25–500 nm particles through the vacuum bag,
and 400 and 500 nm particles through the heavy-duty tool wipe, were unchanged.

Fig. 6. (a) The percent of particles that penetrated each filter/bandana combination at face velocity
13.0 cm s–1 are shown. The percent penetration for the N95 particulate respirator from Fig. 3(c) is
shown as a reference. The gray dashed line indicates the 5% penetration cutoff for N95 certification.
(b) The pressure drops across each filter/bandana combination are shown (AF B = one layer of
allergen filter and two layers of bandana, VB B = one layer of vacuum bag and two layers of bandana,
and HDTW B = one layer of heavy-duty tool wipe and two layers of bandana). The black dashed
indicates the maximum pressure drop allowed in NIOSH testing, 25 mm H2O, based on human
breath during exhalation. (c) The percent change in penetration percent, relative to the filter
material without the two layers of bandana, was calculated for each filter/bandana combination.
(d) The percent change in pressure drop, relative to the filter material without the two layers of
bandana, was calculated for each filter/bandana combination.
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The observed pressure drop for the allergen filter and the vacuum bag also increased when
combined with two layers of cotton, 7.0 and 7.6 mm H2O, respectively. The resulting pressure drops
across each filter/bandana combination are higher than the maximum allowed pressure drop for
N95 certification, 25 mm H2O. In summary, in some cases the combination of filter materials with
two layers of cotton fabric improved their ability to filter particles, though this improvement was
offset by the increases in pressure drop for some of the samples. The filter quality of the allergen
filter somewhat increased for particle diameters 75–300 nm (9% ± 40% to 26% ± 35%), and somewhat
decreased for particle diameters 25 nm (–27% ± 10%), 50 nm (–2% ± 31%), 400 nm (–20% ± 34%),
and 500 nm (–32% ± 34%), though the uncertainty in these measurements is high enough to
show that these changes were not significant. The addition of the two layers of cotton bandana
to the vacuum bag resulted in filter quality changes of –12% ± 7% to 34% ± 56%. Filter quality
generally increased for the heavy-duty tool wipe, with increases of 10% ± 3% to 22% ± 3% for
25–200 nm particles and negligible change or small decreases for 300–500 nm particles. In contrast
to recently published studies, samples utilizing mixed materials did not exhibit a significant
difference in the measured percent penetration when compared to the product of the individual
percent penetration for the components. The percent penetration decreased monotonically, and
the pressure drop across the filter material increased monotonically, with the number of cloth
layers for a lightweight flannel (Zangmeister et al., 2020), suggesting that multilayered cloth masks
may offer increased protection from nanometer-sized aerosol with a minimum percent penetration
dictated by breathability (i.e., pressure drop). Another recent study found that some combinations of
fabrics (denim, quilting cotton fabric, terry cloth, and flannel) and polypropylene nonwoven
fabric offered protection against particle transmission that was equivalent to or better than N95
masks, though other combinations offered poorer protection than N95 masks (Lustig et al., 2020).
Similarly, one of the three combinations tested in the current study approached the percent
penetration through an N95 particulate respirator (the combination of one layer of allergen filter
and two layers of bandana, while the percent penetration through the other two combinations
was significantly higher.
In order to understand how the differences in the filtration properties of the materials arose
from their physical structures, each material was studied via scanning electron microscopy (SEM).
SEM images showing the morphology and distribution of pores in the seven representative filter
materials are shown in Fig. 7, and images for all additional tested materials are shown in the
supplemental Figs. S1 and S2. Results are summarized in Table 3. Reported errors in fiber diameter,
pore area and the ratio of pore area to total material area, are determined from the standard
deviation of measurements on 4 SEM images for each sample. For samples that contained more
than 1 layer, the structural characteristics of each layer are reported independently.
Six of the materials (N95 particulate respirator, allergen filter, vacuum bag, surgical mask,
industrial composite filter, and heavy-duty tool wipe) were composed of 2-3 layers of non-woven
materials and the final material (bandana) was composed of one woven fabric layer. Three of the
materials which only contained non-woven layers N95 particulate respirator, allergen filter,
industrial composite filter) were the strongest performers in terms of percent penetration and
filter quality throughout the study, followed by the vacuum bag. The surgical mask did not perform
as strongly as the other three materials which were composed of only non-woven layers, though
this may have resulted from its lower thickness compared to the N95 particulate respirator,
allergen filter, and industrial composite filter. Percent penetration through the vacuum bag (which
was composed of two non-woven layers) was greater than that for the industrial composite filter,
but lower than that for the surgical mask, at the breathing-relevant face velocities. The weakest
performer in the study, with the highest percent penetration and low filter quality, was the only
woven material (bandana), followed by a composite of two non-woven layers (heavy-duty tool wipe).
Thickness and fiber diameter also influence the percent penetration of particles through, and
the pressure drop across, the filter material. In a previous study of engineered nanomaterials
used for face mask construction, thicker mask materials resulted in reduced maximum flowrate
and increased pressure drop (El-Atab et al., 2020). This conflicts with the results of the current
study, in which no relationship between material thickness and pressure drop was observed.
Another recent study found that percent penetration was positively correlated with fiber
diameter and negatively correlated with fiber thickness (Bian et al., 2020). The three materials
with the greatest thickness (N95 particulate respirator 1.5 mm, industrial composite filter 0.83 mm,
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allergen filter 0.75 mm) were associated with the lowest measured percent penetration values,
while the highest percent penetration was observed for the thinnest material (bandana, 0.27 mm).
However, the vacuum bag was only slightly thicker (0.32 mm) but it outperformed the surgical
mask (0.58 mm) and the heavy-duty tool wipe (0.50 mm) as well as the bandana. Comparisons of
fiber diameter are complicated due to the variation in fiber diameter of the layers in each material.
The thinnest fibers (< 5 µm) are found in non-woven layers in the N95 particulate respirator (1.04 µm),
allergen filter (1.44 µm), vacuum bag (2.90 µm), and surgical mask (1.56 µm). While the N95
particulate respirator and the allergen filter were among the strongest performers in this study,
the vacuum bag and the surgical mask only performed moderately well. The industrial composite

Fig. 7. (a) SEM images of first four filter materials are shown. Magnification for each image is approximately 50 ± 5X. For materials
composed of multiple layers, an image of each layer is included.
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Fig. 7. (b) SEM images of last 3 filter materials are shown. Magnification for each image is approximately 50 ± 5X. For materials
composed of multiple layers, an image of each layer is included.
filter, which was only surpassed by the N95 particulate filter and the allergen filter, did not
contain fibers with diameter < 15 µm in any of its three layers. The heavy-duty tool wipe was also
composed of layers with thicker fiber diameter (20.60 µm and 22.53 µm). The bandana, associated
with the highest percent penetration values, contained the thickest fibers of any of the materials
in this study (270.48 µm). However, it has already been noted that the bandana only contained
one layer of woven fabric, and that the thickness of the bandana was lower than that of the other
materials, and therefore it cannot be determined that the larger fiber diameter in the bandana
was the cause for its high percent penetration. Pore area was not found to correlate with percent
penetration or pressure drop through the filter materials. These results are in contrast with previous
findings that larger pore sizes are correlated with lower pressure drops (El-Atab et al., 2020).
The biocompatibility of filter material candidates is also a consideration in DIY mask design. A
mask material is considered biocompatible if its use does not result in additional health risks due
to cytotoxicity, carcinogenicity, reproductive toxicity, or skin irritation (CEN, 2009). Such health
risks arise due to direct contact with the wearer’s face and the inhalation of gases, fibers, or other
particles from the material(s) in the face mask. The U.S. FDA follows the International Standard
ISO 10993 for determining biocompatibility of medical devices, including respirators and medical
masks (FDA, 2016). Table 4 summarizes the biocompatibility rating of the materials assessed in
this study. The only filter materials for which biocompatibility have been confirmed is the N95
particulate respirator and the industrial composite filter. Surprisingly, it has been demonstrated
that surgical masks do not always meet the criteria for biocompatibility (Sipahl et al., 2018).
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Table 4. Construction, pressure drop, and biocompatibility of filter materials.
Filter Material
3M particle respirator (N95)
Allergen filter
Vacuum bag
Surgical mask

Pressure drop (mm H2O) for 4.30 and 13.0 cm s–1
3a, 7a
14a, 49
14a, 42
7a, 49

Biocompatibility
Confirmed biocompatible
Potentially biocompatible
Potentially biocompatible
Some confirmed biocompatible, some
confirmed incompatible
Bandana, 2 layers
7a, 35
Potentially biocompatible
Heavy duty tool wipe
7a, 42
Potentially biocompatible
Industrial composite filter
4a, 40
Confirmed biocompatible
a
Materials for which the pressure drop did not exceed the maximum allowed during exhalation for N95 certification (25 mm
H2O) (NIOSH, 2015).

4 CONCLUSIONS
The filtration performance of a range of filter materials was assessed at three face velocities
for the purpose of finding strong candidates for DIY face mask construction. Each material studied
reduced the percentage of aerosol particles with diameters 25–500 nm. However, only the allergen
filter and the N95 respirator met the threshold criteria of allowing ≤ 5% of particles to penetrate
at each of the three face velocities employed. The next best results were obtained for the vacuum
bag and the industrial composite filter, with percent penetrations of ≤ 34% and ≤ 24% under
conditions of light work, and ≤ 45% and ≤ 19% under conditions of heavy work for 25–500 nm
aerosol particles. Notably, the vacuum bag and the industrial composite filter each outperformed
the surgical mask, with penetrations of ≤ 57% under light work and ≤ 61% under heavy work for
25–500 nm aerosol particles. The double-layered bandana was the least effective filtration
material.
We also report filter qualities in this study, which takes the pressure drop across each filter
material into account. All materials met the minimum filter quality of 0.03 mm H2O–1 recommended
by the WHO as of June 2020 at the face velocity that corresponds with light physical work,
4.3 cm s–1. The materials with the highest filter qualities at the highest face velocity were the N95
respirator and the allergen filter, followed by the industrial composite filter for 25–500 nm
aerosol particles, all of which exceed the minimum recommended filter quality. Lower filter
qualities were observed for the vacuum bag, which failed to meet the recommended minimum
filter quality for 300 nm aerosol particles, and the surgical mask, which only met the minimum
recommended filter quality for the smallest and largest particle diameters. The lowest filter
quality values at this face velocity were observed for the two-layered bandana and the heavyduty tool wipe, and neither of these materials met the recommended minimum filter quality for
aerosol particles with diameters less than or equal to 300 nm.
The effect of layering filter material between two layers of a standard cotton bandana was also
determined. Decreases in the percent penetration of 100 nm particles were observed when the
allergen filter and vacuum bag were combined with the cotton bandana (–82% ± 168% and –7% ±
37% respectively), but these decreases were not significant in comparison with their uncertainties.
The addition of the two layers of cotton bandana to one layer of the heavy-duty tool wipe did
result in a significant decrease in percent penetration of 100 nm aerosol particles of –8% ± 1%.
These results indicate that layering may decrease the percent penetration of aerosol particles
through materials which perform poorly when used alone, but may not significantly enhance the
protection provided by more effective filter materials. Unfortunately, improvements observed in
percent penetration may be offset by increases in pressure drop due to the added layers.
According to our analysis of the filter material structure and morphology, the thicker materials
and materials composed of non-woven layers were generally more effective in reducing the percent
penetration of aerosol particles. These guidelines can be used for the selection of additional
candidate filter materials if their structural properties are known. However, additional information
in needed on structure-filter quality relationships, and the filtration efficiency of additional
candidate materials should be tested prior to implementation in face masks.
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The materials that showed the most promise for DIY mask construction were two household
materials (an allergen filter and a vacuum bag) and an industrial composite filter (which is available
in bulk quantities) based on percent penetration, pressure drop, and filter quality. Notably, each
of these outperformed surgical masks widely used by patients and medical staff. In addition, the
industrial composite filter has previously been tested for biocompatibility, and is suitable for face
mask materials, whereas the biocompatibility of the allergen filter and vacuum bag are unknown.
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