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Abstract

During the current SARS-CoV-2 pandemic there is unprecedented demand for personal
protective equipment (PPE), especially N95 respirators and surgical masks. The ability of
SARS-CoV-2 to be transmitted via respiratory droplets from asymptomatic individuals has
necessitated increased usage of both N95 respirators in the healthcare setting and masks
(both surgical and homemade) in public spaces. These precautions rely on two fundamental
principles of transmission prevention: particle filtration and droplet containment. The former
is the focus of NIOSH N95 testing guidelines, and the latter is an FDA guideline for respira-
tors and surgical masks. While studies have investigated droplet containment to provide
guidance for homemade mask production, limited work has been done to characterize the
filtration efficiency (FE) of materials used in home mask making. In this work, we demon-
strate the low-cost (<$300) conversion of standard equipment used to fit-test respirators in
hospital and industrial settings into a setup that measures quantitative FEs of materials
based on NIOSH N95 guidelines, and subsequently measure FEs of materials found in
healthcare and consumer spaces. These materials demonstrate significant variability in fil-
tration characteristics, even for visually similar materials. We demonstrate a FE of 96.49%
and pressure drop of 25.4 mmH,0 for a double-layer of sterilization wrap used in surgical
suites and a FE of 90.37% for a combination of consumer-grade materials. The excellent fil-
tration characteristics of the former demonstrate potential utility for emergent situations
when N95 respirators are not available, while those of the latter demonstrate that a high FE
can be achieved using publicly available materials.

Introduction

The COVID-19 pandemic has created a surge in demand for personal protective equipment
(PPE), most notably N95 respirators and surgical masks. While the virus is still being charac-
terized, there exists uncertainty and conflicting recommendations from national and
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international agencies regarding airborne and droplet transmission and the appropriate PPE
for different levels of contact in the healthcare setting [1-4]. Furthermore, there is ongoing
academic discourse about the definition of terms such as ‘droplet’, ‘droplet nuclei’, and ‘aero-
sol’ for purposes of respiratory and aerosol transmission [5-7]. While much of this is beyond
the scope of this article, it is important to recognize the distinction between respirators (such
as the N95) and masks. While a respirator is designed to protect the wearer from inhalation of
particles and aerosols that may be infectious or otherwise harmful, a mask is used for situations
where droplet protection is sufficient [8]. Current CDC guidance calls for the use of respirators
and medical facemasks in healthcare settings with respiratory protection programs and the use
of face coverings for all individuals in public settings [1].

Increased demand for respirators has put significant stress on the supply chain with many
reports of healthcare professionals (HCPs) forced to work without appropriate PPE [9-11].
Rapid responses by regulatory bodies have tried to keep up with demand by broadening cate-
gories of respirators approved for healthcare settings, providing emergency use authorizations
of sterilization techniques, and creating guidelines for reuse of previously disposable faceplate
respirators [12-14]. Contingency recommendations for HCP prioritization are laid out in
CDC guidance [1]. We propose that, during instances of N95 shortage, it may be possible to
construct a respirator that is more effective than a surgical mask using materials available in
healthcare settings. The main barrier to designing such a respirator, however, is the lack of
data on material properties that would make them suitable for this use.

Similarly, when the CDC recommended face coverings for public use in March 2020,
Americans began a nationwide effort to produce cloth masks at home to preserve supplies of
medical-grade PPE for healthcare workers, largely without data to inform their design or mate-
rial selection [15]. The national, state-level, and local guidance for public mask donning is pri-
marily to prevent the spread of the wearer’s own droplets (containment strategy), and typically
endorse a range of do-it-yourself (DIY) mask construction techniques and materials [8]. From
a public health standpoint, prevention of disease transmission is the primary goal, similar to
that in the healthcare setting.

Three components determine the effectiveness of a face covering for transmission preven-
tion: (1) the “fit factor,” which measures how well the mask seals to the face, (2) the filtration
efficiency (FE), a material’s intrinsic ability to filter out particles in the air, and (3) the fluid
resistance, a material’s ability to prevent penetration of fluids at pressures found in the human
body. Medical respirators must meet metrics for all three, while surgical masks need only meet
the latter two, with a lower threshold for filtration efficiency [16]. Though no standards cur-
rently exist for DIY masks, the same metrics are appropriate for comparative effectiveness.
Other work has made inroads on mask fit and fluid resistance, but there is still substantial
need for quantitative FE data to inform DIY mask construction [17-19]. The recent resurgence
of universal mask usage globally has renewed interest in quantitative measurements and com-
parisons of materials for their design [20, 21].

In the United States, the National Institute for Occupational Safety and Health (NIOSH) is
the premier agency that verifies filtration capabilities of respirators using specially designed
equipment that can assess fit and filtration [8, 22]. Unfortunately, labs with such specialized
equipment are in high demand, with wait times of up to a month [23]. The increase in demand
for these measurements is a direct reflection of their importance for quantitative benchmark-
ing of filtration efficiency to assess strategies for identifying new sources, reusing existing mod-
els, and different sterilization techniques to extend existing respirator supplies. Much of the
work to date has focused on sterilization of respirators for subsequent reuse. While a few stud-
ies have been completed and submitted to preprint servers after waiting for data from extant
labs [24-29], a number of other preprints [30, 31] and publications [32-34] have developed
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apparatuses to measure filtration efficiency as best they can independently. There is significant
heterogeneity in these setups; some are built with assistance from labs which study aerosols,
others with equipment found on hand. These studies typically look for a decrease in measured
filtration efficiency (or surrogate endpoint) and use non-inferiority as an endpoint.

The identification of alternative materials and/or combinations thereof is a more challeng-
ing proposition and requires a more rigorous setup as there is not a built-in baseline for rela-
tive comparison. As might be expected, less work has been published thus far, likely a
reflection of this challenge. Frequently cited studies looking at common household textiles
from 2013 and 2010 demonstrate the variation present in sometimes similar-appearing fabrics
[35, 36]. When paired with recent studies looking at differences in droplet penetration and
fluid resistance [17, 37, 38], suggesting more accessible techniques may provide further oppor-
tunities for material analysis. During the current pandemic, though, de novo development of
filtration efficiency measurement setups has been limited largely to national labs [39, 40].

With so many potential avenues for research into alternative materials, sterilization, reuse,
and even fabrication for respirators, let alone the design and filtration properties of masks,
there is significant need for an easily-accessible setup for filtration efficiency measurement as
an enabling tool for further research on many of these fronts. Here we describe a setup that
uses a standard quantitative respirator fit test machine augmented with low-cost hardware
(<$300) to measure the FE of materials using methods modeled after NIOSH guidelines. We
obtain the FE and pressure drop (Ap) of 11 hospital-grade and 10 consumer-grade materials,
and, based on their performance, identify the most promising materials for homemade masks
when commercial N95 respirators are unavailable.

Methods
Testing setup

The test setup was developed based on NIOSH testing procedure TEB-APR-STP-0059, which
is used to evaluate the FE of N95 respirators [22, 41]. In this procedure, air containing aerosol-
ized NaCl particles is pumped through the test sample material at 85 Lpm. Particle concentra-
tion is measured upstream and downstream of the filter using photometers and the FE is
calculated as the percentage of particles blocked by the respirator. This test is done using an
Automated Filter Tester (TSI 8130 Shoreview, MN) [41].

Our test setup replicates this measurement using a particle generator and respirator fit tes-
ter, which are often available in hospitals and occupational safety organizations that perform
quantitative fit testing (Fig 1) [42]. A particle generator (TSI 8026 Shoreview, MN) generates
aerosolized NaCl particles with a median diameter of 0.04 microns and geometric standard
deviation (GSD) of 2.2 in a chamber (plastic storage bin) to provide a steady-state supply of
particles at sufficient concentration (>4000 particles/ cm?) [43]. While the NIOSH test uses
NaCl aerosol with a median diameter of 0.075 micron and GSD of less than 1.86, the smaller
particles generated in this setup provide a suitable measurement of FE since they are within
the typical maximally penetrant range of particle size for N95 respirators (.03-.06 microns)
[36, 41].

An air-tight material sample mount is formed using two stainless steel 3” to 1.5” bowl
reducers, a gasket with tri-clamp sanitary fittings, and 1.5" tri-clamp to 3/8" hose barbed adapt-
ers at each end for connection to rubber hose. Airflow is provided by the hospital’s house vac-
uum supply. Flow is controlled and measured by an inline flowmeter. Testing was performed
at 25 Lpm unless otherwise noted. The sample area exposed to flow is 41.7 cm* NIOSH testing
is performed on entire respirators, which have variable surface areas that are typically around
150 cm?® [16]. At 25 Lpm, these samples experience linear flow velocities equal to or greater
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Fig 1. Filtration efficiency measurement setup. Diagram of filtration efficiency measurement setup, design utilizing hospital fit testing apparatus, particle
generator, and house vacuum supply augmented with low-cost hardware.

https://doi.org/10.1371/journal.pone.0240499.g001

than that experienced by a full respirator at 85 Lpm, making this an appropriate flow rate to
approximate the NIOSH methodology given our smaller sample surface area.

Particle concentration is measured using a PortaCount Respirator Fit Tester (TSI 8038,
Shoreview, MN) capable of detecting particles between 0.02 and 1 micron. When used for fit-
factor testing, the sample inlet is attached to a respirator to sample air the user breathes inside
the respirator, while the ambient inlet samples the air outside the respirator. The instrument
alternates measuring particle concentrations from the sample and ambient lines at a rate of 1.0

PLOS ONE | https://doi.org/10.1371/journal.pone.0240499  October 13, 2020 4/13


https://doi.org/10.1371/journal.pone.0240499.g001
https://doi.org/10.1371/journal.pone.0240499

PLOS ONE

Measurement of filtration efficiencies using modified respirator fit tester setup

Lpm and calculates the fit factor as the ratio of the two. Our setup uses T fittings to connect
the ambient inlet immediately upstream of the sample housing to the sample inlet immedi-
ately downstream. One-way flow valves at each inlet protect the instrument from possible
suction from the house vacuum. The PortaCount is connected to a computer running FitPro
+ software, which enables manual control of the active inlet and real-time monitoring of par-
ticle concentration. Since the software does not provide continuous particle concentration
data logging, we developed a MATLAB script to record the “Real Time Display” module and
record each reading using optical character recognition. For FE testing, upstream concentra-
tion is measured for one minute, followed by downstream concentration measurements for
two minutes and upstream concentration measurement for one additional minute. During
the switchover from upstream to downstream measurement, there is a break in data collec-
tion followed by a ramp up period as sampling restarts. The datapoints corresponding to the
break and ramp up periods are manually cropped out during analysis. The upstream and
down particle concentrations are averaged over the collection time, and the FE is calculated
using

average downstream concentration
FE= (1-— - x 100
average upstream concentration

Replicate measurements are performed on separate material samples. FE measurements are
reported as the mean FE of replicate measurements with standard deviations.

All components upstream of particle sampling are connected by anti-static hosing to mini-
mize particle loss due to static adhesion. To characterize the particle source behavior and parti-
cle loss between sampling points, we run triplicate tests without filtration. There was no
statistically significant difference between the measured particle concentration upstream or
downstream of the filter housing. Average particle loss was 1.75% + 2.32.

Air flow resistance testing is an additional requirement of respirator approval to demon-
strate the respirator does not overly inhibit breathing. To do this, we install a pressure differen-
tial gauge across the sample housing. The pressure difference (Ap) at the testing flow rate is
first measured without sample material, which is subtracted from material sample pressure dif-
ferentiation measurements to account for Ap caused by the hardware. All Aps were measured
at 25 Lpm unless otherwise noted. A list of parts and equipment used in the setup is provided
in S1 Table.

Sample material preparation

This study tests sample materials available in the hospital (healthcare-grade) and those accessi-
ble to the public (consumer-grade). The consumer-grade materials were selected due to
reported usage in online mask-making tutorials or similarity to component textiles from com-
mercial N95 respirators, such as nonwoven polypropylene (NWPP) [8]. Hospital grade materi-
als were chosen by surveying medical catalogs and the hospital inventory. Materials were
chosen based on their resemblance to the materials used in respirators or surgical masks. We
also aimed to identify materials used for filtration, as personal protection equipment, or as
splash or fluid barriers for equipment.

Samples are cut to 91 mm circles to fit in the housing. Materials with a filtration efficiency
greater than 40% are tested twice more using two additional samples. Since masks are rarely
made of a single layer of material, combinations of materials are also tested. Combinations
were similarly selected based on found online mask-making tutorials [44-46]. A complete list
of tested materials is provided in S2 Table.
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Filtration Efficiency

Statistical methods

Tests for significance were performed using a two sample t-test with p value of 0.05 using
MATAB software. FE data are presented as the average of replicate FE measurements, with
standard deviation included for materials with at least three replicates. Whiskers on boxplots
indicate maximum and minimum FE measurements for each material.

Results

Samples prepared from 3M 1870 and 1860 N95 respirators demonstrated FE of 99.43% + 0.18
and 98.89% respectively (Fig 2), providing validation that the setup can identify N95-certified
materials. A National Personal Protective Technology Laboratory (NPPTL) study reported fil-
tration efficiencies of 99.63% and 98.47% respectively for these two N95 models [47]. Further-
more, a recalled N95 respirator (HY8510, Tronex) had a measured FE of 92.85%. An NPPTL
study reported a filtration efficiency between 82.8 and 94% for this model across 20 measure-
ments, with the mean filtration efficiency being 91.09% [48]. The consistency of our measure-
ments to those reported elsewhere serve to validate the accuracy of this set up. Further, the
difference in measurements of approved and recalled N95s demonstrates an ability to discern
between even high-performance materials.

The FE for consumer grade materials ranged from 35 and 53%. Two materials (coffee filter
and cotton cloth) measured notably lower while the vacuum bag performed much better with
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Table 1. Filtration efficiencies and pressure drops of material combinations.

Materials FE (%) Ap (mmH,O0)
H500/H500 96.49 25.40
H500/H100 93.87 12.70
Smart-Fab/Vacuum Bag/Smart-Fab 90.37 10.16
Cotton/Vacuum Bag/Cotton 83.38 15.24
3x Smart-Fab 79.92 7.62
Smart-Fab/Paper Towel /Smart-Fab 73.53 10.16
3x Shopping Bag 59.75 6.35
Cotton/Paper Towel/Cotton 34.76 10.16
2x Cotton 14.90 6.35

https://doi.org/10.1371/journal.pone.0240499.t001

a FE of 82% +2.06. The FE of medical grade materials were more linearly distributed between
30 to 86%. The most effective medical-grade material was heavyweight sterilization wrap
(H500, Halyard) with a FE of 87%=1.76).

No single material tested measured at the N95 FE level of 95%. Multilayered combinations
of materials were also tested (Table 1). A sample consisting of three layers of NWPP art fabric
(Smart-Fab Inc.) achieved a FE of 80%. While increasing the number of layers may produce a
greater FE, it also increases manufacturing difficulty and decreases breathability. Notably a FE
of 96%, which exceeds the threshold for an N95 certification, was achieved with two layers of
heavyweight sterilization wrap. While the lightweight sterilization wrap (H100, Halyard) FE
differed from that of the heavyweight wrap by 7.8%, a combination of lightweight and heavy-
weight achieved a FE of nearly 94%. These results suggest that the FE of material combinations
cannot be predicted by simple additive or multiplicative relationships.

Filtration efficiencies (FE) and pressure drops (Ap) of combination samples of two to three
layers of material.

Pressure drop results are provided in Table 2. At 25 Lpm, the maximum measured Ap for
the N95 respirator samples was 10.16 mmH,0. Most materials had a maximum measured Ap
equal to or less than this value. The remaining materials had measured maximum Ap values of
12.7 mmH,0. Combination material Ap results are provided in Table 2. All measured Ap val-
ues were below the maximum NIOSH-allowed resistance for respirators, 35 mmH,O (42 CFR
84.180). These data suggest than all tested materials have a suitably low air flow resistance.
Because NIOSH testing is completed at a challenge flowrate of 85 Lpm, additional air flow
resistance testing on respirator candidate materials in their assembled respirator form may be
necessary, though pressure drops less than that of the N95 respirators suggest that many mate-
rials would pass such testing.

Discussion

In this study, we develop a setup that approximates the FE and airflow resistance testing
requirements established by NIOSH, providing an approximate measurement of filtration
properties when industry-grade testing is not available. It creates a steady quantity and distri-
bution of particles, with negligible loss between the ambient and filtered sampling ports and
provides flow velocities equivalent to those used in NIOSH testing, with simultaneous mea-
surement of Ap and FE.

The measured filtration efficiencies of two N95 respirators were found to match those
reported by a recent NIOSH publication looking at performance of stockpiled respirators [47].
The FE of the 3M 1870 was measured at 99.43% + .18, and that of the 3M 1860 was measured
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Table 2. Measured pressure drops for single layers of tested materials.

Material Flowrate (Lpm) Ap (mmH,0)
N95 10 2.54
25 10.16
40 6.35
60 22.86
H500 25 22.86
Vacuum Bag 12.7
H100 10.16
Abdominal Pad 10.16
Surgical Mask 6.35
Sterilization Box Filter 12.7
HVAC Filter 0
Pediatric Drape 12.7
Bair Cover 10.16
Smart Fab 12.7
Interfacing 2.54
Lawn Fabric 10.16
Shopping Bag 10.16
Paper Towel 7.62
Pillowcase 12.7
T shirt 12.7
Chux 7.62
Shoe Cover 6.35
Cotton 6.35
Chemex 12.7
Mayo Stand Cover 10.16

Measured pressure drops (Ap) for single layers of tested materials at the listed flowrate in liter per minute (Lpm).

https://doi.org/10.1371/journal.pone.0240499.t002

at 98.89%, which correlate well with NIOSH measured 99.63% and 98.75%, respectively (statis-
tical comparison not possible with graphical NIOSH data) [47]. These data suggest that our
setup provides a robust replication of NIOSH test standards. Furthermore, a recalled N95
from Tronex was measured at a FE of 92.95%, which can be compared with NIOSH measured
FEs of 71-85% [48]. This comparison is challenging since these masks do not have printed
manufacture dates or shelf lives and NIOSH results were from a single lot with unknown stor-
age duration and conditions [48]. Additionally, our test sample intentionally minimized the
presence of seams present in our smaller cross-sectional sample area, possibly contributing to
a better observed performance. Similarly, the measured filtration efficiency of surgical masks,
74.36 +4.54% correspond to values reported elsewhere [16]. With individual institutions
sourcing respirators from a myriad of domestic, international, donated and stockpiled sources,
the ability to perform in-house FE testing of received materials could create increased confi-
dence in the performance of materials without the expense or delay of official confirmatory
testing from a national lab particularly against a backdrop of some emergently-approved respi-
rators being recalled by the FDA after in-house testing [49].

The samples tested represent a variety of both healthcare-grade and consumer-grade mate-
rials. While not exhaustive, they demonstrate a range of filtration efficiencies and show that it
is difficult to predict filtration performance using visual inspection. Several NWPP materials
(Smart-Fab, lawn fabric, reusable shopping bag, interfacing) appear nearly identical but have
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FEs from 38% to 49%. Conversely, the abdominal pad and sterilization box filter perform simi-
larly despite their dramatic difference in thickness.

During an emergent shortage of N95 respirators sterilization wrap offers a promising
alternative for makeshift or handmade N95 respirators in healthcare settings. Two layers of
sterilization wrap achieve filtration of 96.49% of test particles, demonstrating potential for
use in constructing an N95 alternative. As most respirators and surgical masks are con-
structed from at least 3 layers of material, this two-layer combination is a promising possibil-
ity for further investigation, even if an additional barrier layer is needed for droplet
protection. Other work tests materials for droplet permeability, and several individuals and
institutions are developing sewing or heat-sealing patterns for mask fabrication that can
achieve an air-tight fit [17]. This study provides needed insight on appropriate material selec-
tion for use in such designs.

Mask wearing in public spaces has evolved from a recommendation to requirement in com-
munities across the country, leading to a myriad of homemade masks constructed largely with-
out consideration for FE or droplet containment [50]. While recent studies have provided data
on droplet protection in homemade masks [17] FE measurements may be cost-prohibitive and
require equipment that is in short supply. Studies show that the main benefit of masks is not in
protecting the wearer but from preventing the wearer from transmitting infectious respiratory
material [35]. This is because of limitations to current masks, which are rarely airtight and
often designed for convenience and comfort rather than their proven ability to stop disease
transmission. If mask materials are selected for FE and droplet containment properties, they
may provide benefit to the wearer beyond source control even if they do not achieve FEs as
high as 95% [51].

Limitations

A known limitation of the presented setup when compared to the NISOH specifications is the
smaller cross-sectional area of filter tested. This was a practical limitation of our experimental
work, as we wanted to measure samples of N95 respirators used in our hospital. The minimum
dimension of the 1070+ respirator is approximately 76 mm, so we selected this size of sanitary
fitting for our sample mount. Related to this deviation from NIOSH guidelines, we completed
all FE testing at a flow rate of 25 Lpm to keep the linear face velocity the same as the NIOSH
testing setup, as our sample cross sectional area was approximately 28% that of commercial
respirators [16].

Another limitation of our setup is the lack of charge neutralization. NIOSH regulations
specify that NaCl aerosols should be neutralized prior to filtration. Neutralization is typically
performed with equipment containing radioactive isotopes, such as Polonium 210, and cost
hundreds of dollars. While particle neutralization can decrease overall filter efficiency in a
material-dependent manner, these effects are most significant at larger particle sizes and
higher charges. Studies show minimal decrease in FE with uncharged particles when compared
to charged particles [52, 53]. Taken together, this suggests that our study may overestimate FE,
though the error is likely small given the consistency of our measurements with those reported
elsewhere for surgical masks and respirators.

Lastly, this study focuses on the FEs of mask materials without addressing fit. Our results
show that certain material combinations can achieve >95% FE, but studies have shown that
even a minimal compromise in the seal can cause a significant loss in filtration capability [54-
56]. Further studies are needed to assess which home-made mask designs can achieve an
appropriate seal.
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Conclusions

In this work we demonstrate that alternative mask materials can be used in combination to
achieve filtration efficiencies that approach those of N95 respirators. When rapid in-house
testing of material filtration is needed, hospitals with quantitative fit-testing equipment can
create a setup that approximates NIOSH testing standards using <$300 of additional equip-
ment. The setup presented demonstrated filtration efficiency measurements of respirators
nearly identical to those measured by NIOSH during the current pandemic and produced
measurements of other materials similar to those reported elsewhere in the literature. Mea-
surement of healthcare and consumer materials demonstrates that there is wide variation in
filtration properties that may not be apparent on visual inspection. During the current SARS-
2-CoV pandemic, the rapid increase in PPE usage demonstrates the importance of under-
standing intrinsic material properties to inform emergent fabrication of face coverings in both
healthcare and consumer settings. Hospitals and other occupational safety organizations may
already have the equipment on-hand to provide quantitative measurements of material filtra-
tion efficiencies as a beneficial service to their community in times of need.

Supporting information

S1 Table. Parts and equipment used in test setup. Full list of and details on equipment and
parts used in measurement set up.
(DOCX)

$2 Table. Material details and results. Complete list of and details of materials tested, and fil-
tration efficiency and pressure drop results.
(DOCX)

S1 File. Complete filtration efficiency results. Individual filtration efficiency measurement
data. Mean and standard deviation upstream and downstream data describe the particle con-
centration data measured across the time spans described in methods.

(XLSX)

Acknowledgments

The authors wish to express appreciation to Joseph V. Puthussery for expertise related to test
setup design, and to Dr. Blair Rowitz for assistance in facilitating testing facility access and
institutional support at Carle Foundation Hospital.

Author Contributions

Conceptualization: Elizabeth V. Woodburn, Ian C. Berg.

Data curation: Ian C. Berg.

Formal analysis: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg, Valerie Chen.
Funding acquisition: Elizabeth V. Woodburn, Valerie Chen.

Investigation: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg, Valerie Chen.
Methodology: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg, Valerie Chen.
Project administration: Kenneth D. Long, Elizabeth V. Woodburn, Valerie Chen.
Resources: Kenneth D. Long, Elizabeth V. Woodburn, Valerie Chen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0240499  October 13, 2020 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240499.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240499.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0240499.s003
https://doi.org/10.1371/journal.pone.0240499

PLOS ONE

Measurement of filtration efficiencies using modified respirator fit tester setup

Software: Ian C. Berg.

Supervision: William S. Scott.

Validation: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg.

Visualization: Ian C. Berg.

Writing - original draft: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg, Valerie

Chen.

Writing - review & editing: Kenneth D. Long, Elizabeth V. Woodburn, Ian C. Berg, Valerie

Chen, William S. Scott.

References

1.

10.

11.

12

13.

14.

15.

16.

Interim Infection Prevention and Control Recommendations for Patients with Suspected or Confirmed
Coronavirus Disease 2019 (COVID-19) in Healthcare Settings [Internet]. 2020. https://www.cdc.gov/
coronavirus/2019-ncov/hcp/infection-control-recommendations.htmi

Modes of transmission of virus causing COVID-19: implications for IPC precaution recommendations
[Internet]. 2020 [cited 2020 Jun 3]. https://www.who.int/news-room/commentaries/detail/modes-of-
transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations

Interim guidelines for the clinical management of COVID-19 in adults [Internet]. [cited 2020 Jun 3].
https://www.asid.net.au/documents/item/1873

Baka A, Cencirelli O, Finch E, Karki T, Kinross P, Plachouras D, et al. Infection prevention and control
and preparedness for COVID-19 in healthcare settings—third update [Internet]. 2020 [cited 2020 Jun
3]. https://www.ecdc.europa.eu/en/publications-data/infection-prevention-and-control-and-
preparedness-covid-19-healthcare-settings

Larson EL, Liverman CT, editors. Using PPE: Individual and Organizational issues. In: Preventing
Transmission of Pandemic Influenza and Other Viral Respiratory Diseases: Personal Protective Equip-
ment for Healthcare Personnel: Update 2010. Washington, DC: The National Academies Press; 2011.
p. 113-32.

Tellier R, Li Y, Cowling BJ, Tang JW. Recognition of aerosol transmission of infectious agents: A com-
mentary [Internet]. Vol. 19, BMC Infectious Diseases. BioMed Central Ltd.; 2019 [cited 2020 Jun 2]. p.
101. Available from: https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-019-3707-y

Mittal R, Ni R, Seo JH. The flow physics of COVID-19. J Fluid Mech. 2020; 894:F2.

Bailar JCI, Burke Donald S, Brosseau Lisa M, Cohen Howard J, Gallagher E. John, Gensheimer Kath-
leen F, et al., editors. Reusability of facemasks during an influenza pandemic: Facing the flu. Washing-
ton, DC: National Academies Press; 2006. 1-92 p.

Parshley L. N95 mask shortage forces health workers to disregard infection control. Vox [Internet].
2020 [cited 2020 May 28]; Available from: https://www.vox.com/2020/4/3/21206726/coronavirus-
masks-n95-hospitals-health-care-doctors-ppe-shortage

McCormick E. Tests, masks, beds: health workers grapple with shortages as coronavirus crisis grows.
The Guardian [Internet]. 2020 Mar 18 [cited 2020 May 28]; Available from: https://www.theguardian.
com/world/2020/mar/18/healthcare-workers-coronavirus-masks-beds-tests

Livingston E, Desai A, Berkwits M. Sourcing Personal Protective Equipment during the COVID-19 Pan-
demic. JAMA—J Am Med Assoc. 2020; 323(19):1912—4.

Hilton DM. Imported, Non-NIOSH-Approved Disposable Filtering Facepiece Respirators Letter of Autho-
rization [Internet]. US Food & Drug Administration; 2020. https://www.fda.gov/media/136403/download

Personal Protective Equipment EUAs [Internet]. [cited 2020 Jun 6]. https://www.fda.gov/medical-
devices/emergency-situations-medical-devices/emergency-use-authorizations#covid19ppe

CDC—Recommended Guidance for Extended Use and Limited Reuse of N95 Filtering Facepiece Res-
pirators in Healthcare Settings [Internet]. [cited 2020 Jun 6]. https://www.cdc.gov/niosh/topics/
hcwcontrols/recommendedguidanceextuse.html

Recommendation Regarding the Use of Cloth Face Coverings, Especially in Areas of Significant Com-
munity-Based Transmission [Internet]. [cited 2020 Jun 6]. https://www.cdc.gov/coronavirus/2019-ncov/
prevent-getting-sick/cloth-face-cover.html

Rengasamy S, Shaffer R, Williams B, Smit S. A comparison of facemask and respirator filtration test
methods. J Occup Environ Hyg [Internet]. 2017; 14(2):92—103. Available from: https://doi.org/10.1080/
15459624.2016.1225157 PMID: 27540979

PLOS ONE | https://doi.org/10.1371/journal.pone.0240499  October 13, 2020 11/13


https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/infection-control-recommendations.html
https://www.who.int/news-room/commentaries/detail/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.who.int/news-room/commentaries/detail/modes-of-transmission-of-virus-causing-covid-19-implications-for-ipc-precaution-recommendations
https://www.asid.net.au/documents/item/1873
https://www.ecdc.europa.eu/en/publications-data/infection-prevention-and-control-and-preparedness-covid-19-healthcare-settings
https://www.ecdc.europa.eu/en/publications-data/infection-prevention-and-control-and-preparedness-covid-19-healthcare-settings
https://bmcinfectdis.biomedcentral.com/articles/10.1186/s12879-019-3707-y
https://www.vox.com/2020/4/3/21206726/coronavirus-masks-n95-hospitals-health-care-doctors-ppe-shortage
https://www.vox.com/2020/4/3/21206726/coronavirus-masks-n95-hospitals-health-care-doctors-ppe-shortage
https://www.theguardian.com/world/2020/mar/18/healthcare-workers-coronavirus-masks-beds-tests
https://www.theguardian.com/world/2020/mar/18/healthcare-workers-coronavirus-masks-beds-tests
https://www.fda.gov/media/136403/download
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations#covid19ppe
https://www.fda.gov/medical-devices/emergency-situations-medical-devices/emergency-use-authorizations#covid19ppe
https://www.cdc.gov/niosh/topics/hcwcontrols/recommendedguidanceextuse.html
https://www.cdc.gov/niosh/topics/hcwcontrols/recommendedguidanceextuse.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/cloth-face-cover.html
https://www.cdc.gov/coronavirus/2019-ncov/prevent-getting-sick/cloth-face-cover.html
https://doi.org/10.1080/15459624.2016.1225157
https://doi.org/10.1080/15459624.2016.1225157
http://www.ncbi.nlm.nih.gov/pubmed/27540979
https://doi.org/10.1371/journal.pone.0240499

PLOS ONE

Measurement of filtration efficiencies using modified respirator fit tester setup

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Aydin O, Emon B, Cheng S, Hong L, Chamorro LP, Saif MTA. Performance of fabrics for home-made
masks against the spread of COVID-19 through droplets: A quantitative mechanistic study. Extrem
Mech Lett [Internet]. 2020 Oct 24 [cited 2020 Jun 4]; 40:100924. Available from: https://linkinghub.
elsevier.com/retrieve/pii/S2352431620301802

Wilson AM, Abney SE, King MF, Weir MH, Lépez-Garcia M, Sexton JD, et al. COVID-19 and use of
non-traditional masks: how do various materials compare in reducing the risk of infection for mask wear-
ers? [Internet]. Vol. 105, Journal of Hospital Infection. W.B. Saunders Ltd; 2020 [cited 2020 Sep 7]. p.
640-2. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264937/

Fischer EP, Fischer MC, Grass D, Henrion |, Warren WS, Westman E. Low-cost measurement of face
mask efficacy for filtering expelled droplets during speech. Sci Adv [Internet]. 2020 Sep 1 [cited 2020
Sep 7]; 6(36):eabd3083. Available from: http://advances.sciencemag.org/ https://doi.org/10.1126/
sciadv.abd3083 PMID: 32917603

Leung NHL, Chu DKW, Shiu EYC, Chan KH, McDevitt JJ, Hau BJP, et al. Respiratory virus shedding in
exhaled breath and efficacy of face masks. Nat Med. 2020 May; 26(5):676—80. https://doi.org/10.1038/
s41591-020-0843-2 PMID: 32371934

Li T, Liu Y, Li M, Qian X, Dai SY. Mask or no mask for COVID-19: A public health and market study. Tha-
vorn K, editor. PLoS One. 2020 Aug; 15(8):e0237691. https://doi.org/10.1371/journal.pone.0237691
PMID: 32797067

Memorandum of Understanding Between the Food & Drug Administration/Center for Devices & Radio-
logical Health and the Centers For Disease Control & Prevention/National Institute for Occupational
Safety & Health/National Personal Protective Technology Labora [Internet]. MOU 225-18-006. 2017.
https://www.fda.gov/about-fda/domestic-mous/mou-225-18-006

Ni F. A Sotera Health company Sponsor: Viral Filtration Efficiency (VFE) at an Increased Challenge
Level Final Report Challenge Level MRS Test Monitor Results 30 LPM-12.6 cm” [Internet]. 2020 [cited
2020 Jun 8]. www.nelsonlabs.com.

Manning EP, Stephens MD, Patel S, Dufresne S, Silver B, Gerbarg P, et al. Disinfection of N95 Respira-
tors with Ozone. medRxiv. 2020 Jun;(203):2020.05.28.20097402.

Lensky YD, Mazenc E, Ranard D, Vilim M, Prakash M, Brooks B, et al. Heat-based Decontamination of
N95 Masks Using a Commercial Laundry Dryer. medRxiv [Internet]. 2020 Jul 24 [cited 2020 Sep
71;2020.07.22.20160283. Available from: http://medrxiv.org/content/early/2020/07/24/2020.07.22.
20160283.abstract

John AR, Raju S, Cadnum JL, Lee K, McClellan P, Akkus O, et al. Scalable In-hospital Decontamination
of N95 Filtering Facepiece Respirator with a Peracetic Acid Room Disinfection System. medRxiv. 2020
May;2020.04.24.20073973.

Oral E, Wannomae KK, Connolly R, Gardecki J, Leung HM, Muratoglu O, et al. Vapor H 2 O 2 steriliza-
tion as a decontamination method for the reuse of N95 respirators in the COVID-19 emergency. medR-
xiv. 2020 Jun;2020.04.11.20062026.

Cramer A, Plana D, Yang HL, Carmack M, Tian E, Sinha MS, et al. Analysis of SteraMist ionized hydro-
gen peroxide technology in the sterilization of N95 respirators and other PPE: a quality improvement
study. medRxiv Prepr Serv Heal Sci. 2020;

Daeschler SC, Manson N, Joachim K, Chin AWH, Chan K, Chen PZ, et al. Thermal Disinfection Inacti-
vates SARS-CoV-2 in N95 Respirators while Maintaining Their Protective Function. medRxiv. 2020
Jul;2020.05.25.20112615.

Wigginton KR, Arts PJ, Clack H, Fitzsimmons WJ, Gamba M, Harrison KR, et al. Validation of N95 filter-
ing facepiece respirator decontamination methods available at a large university hospital. medRxiv.
2020 Apr;2020.04.28.20084038.

Dave N, Pascavis KS, Patterson JM, Wallace DW, Chowdhury A, Abbaszadegan M, et al. Characteriza-
tion of a novel, low-cost, scalable vaporized hydrogen peroxide system for sterilization of N95 respira-
tors and other COVID-19 related personal protective equipment. medRxiv. 2020
Jun;2020.06.24.20139436.

Ou Q, Pei C, ChanKim S, Abell E, Pui DYH. Evaluation of decontamination methods for commercial
and alternative respirator and mask materials—view from filtration aspect. J Aerosol Sci. 2020 Dec;
150:105609. https://doi.org/10.1016/j.jaerosci.2020.105609 PMID: 32834104

Cramer A, Tian E, Galanek M, Lamere E, Li J, Gupta R, et al. Assessment of the Qualitative Fit Test
and Quantitative Single-Pass Filtration Efficiency of Disposable N95 Masks Following Gamma Irradia-
tion. JAMA Netw open. 2020 May; 3(5):€209961. https://doi.org/10.1001/jamanetworkopen.2020.9961
PMID: 32453381

Cai C, Floyd EL. Effects of Sterilization With Hydrogen Peroxide and Chlorine Dioxide on the Filtration
Efficiency of N95, KN95, and Surgical Face Masks. JAMA Netw open. 2020 Jun; 3(6):e2012099.
https://doi.org/10.1001/jamanetworkopen.2020.12099 PMID: 32539149

PLOS ONE | https://doi.org/10.1371/journal.pone.0240499  October 13, 2020 12/13


https://linkinghub.elsevier.com/retrieve/pii/S2352431620301802
https://linkinghub.elsevier.com/retrieve/pii/S2352431620301802
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264937/
http://advances.sciencemag.org/
https://doi.org/10.1126/sciadv.abd3083
https://doi.org/10.1126/sciadv.abd3083
http://www.ncbi.nlm.nih.gov/pubmed/32917603
https://doi.org/10.1038/s41591-020-0843-2
https://doi.org/10.1038/s41591-020-0843-2
http://www.ncbi.nlm.nih.gov/pubmed/32371934
https://doi.org/10.1371/journal.pone.0237691
http://www.ncbi.nlm.nih.gov/pubmed/32797067
https://www.fda.gov/about-fda/domestic-mous/mou-225-18-006
http://www.nelsonlabs.com
http://medrxiv.org/content/early/2020/07/24/2020.07.22.20160283.abstract
http://medrxiv.org/content/early/2020/07/24/2020.07.22.20160283.abstract
https://doi.org/10.1016/j.jaerosci.2020.105609
http://www.ncbi.nlm.nih.gov/pubmed/32834104
https://doi.org/10.1001/jamanetworkopen.2020.9961
http://www.ncbi.nlm.nih.gov/pubmed/32453381
https://doi.org/10.1001/jamanetworkopen.2020.12099
http://www.ncbi.nlm.nih.gov/pubmed/32539149
https://doi.org/10.1371/journal.pone.0240499

PLOS ONE

Measurement of filtration efficiencies using modified respirator fit tester setup

35.

36.

37.

38.

39.

40.

M.

42,

43.

44,

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Davies A, Thompson K-A, Giri K, Kafatos G, Walker J, Bennett A. Testing the Efficacy of Homemade
Masks: Would They Protect in an Influenza Pandemic? Disaster Med Public Health Prep. 2013 Aug; 7
(4):413-8. https://doi.org/10.1017/dmp.2013.43 PMID: 24229526

Rengasamy S, Eimer B, Shaffer RE. Simple respiratory protection—Evaluation of the filtration perfor-
mance of cloth masks and common fabric materials against 201000 nm size particles. Ann Occup
Hyg. 2010; 54(7):789-98. https://doi.org/10.1093/annhyg/meq044 PMID: 20584862

Wilson AM, Abney SE, King MF, Weir MH, Lépez-Garcia M, Sexton JD, et al. COVID-19 and use of
non-traditional masks: how do various materials compare in reducing the risk of infection for mask wear-
ers? Vol. 105, Journal of Hospital Infection. W.B. Saunders Ltd; 2020. p. 640-2.

Fischer EP, Fischer MC, Grass D, Henrion |, Warren WS. Supplementary Materials for speech. Sci
Adv. 2020 Sep; 3083(August):eabd3083.

Zangmeister CD, Radney JG, Vicenzi EP, Weaver JL. Filtration Efficiencies of Nanoscale Aerosol by
Cloth Mask Materials Used to Slow the Spread of SARS-CoV-2.

Nemer M, Grillet A, Sanchez A, Emmer K. Alternative Materials for Mask Construction by the Public.
Albuquerque, NM, and Livermore, CA (United States); 2020 Jul.

NIOSH. Determination of particulate filter efficiency level for N95 series filters against solid particulates
for non-powered, air-purifying respirators standard testing procedure TEB-APR-STP-0059 [Internet].
2019 [cited 2020 Jun 1]. https://www.cdc.gov/niosh/npptl/stps/pdfs/TEB-APR-STP-0059-508.pdf

Hospital Respiratory Protection Program Toolkit Resources for Respirator Program Administrators
[Internet]. 2015 [cited 2020 May 31]. https://www.osha.gov/Publications/OSHA3767.pdf

TSI Incorporated. Particle Generator Model 8026 Specification Sheet [Internet]. 2012 [cited 2020 Jun
1]. www.tsi.com

Ma T, Shutler N. A Sewing Pattern for Fabric Face Mask. New York Times [Internet]. 2020 Mar 31 [cited
2020 Jun 5]; Available from: https://www.nytimes.com/article/how-to-make-face-mask-coronavirus.
html

HK Mask Manual [Internet]. HKMask. 2020 [cited 2020 Jun 5]. https://diymask.site/

Songer J. Surge—MakerMask [Internet]. Maker Mask. 2020 [cited 2020 Jun 5]. https://makermask.org/
masks/surge/

Greenawald LA, Moore SM, Yorio PL. PPE CASE Personal Protective Equipment Conformity Assess-
ment Studies and Evaluations Inhalation and Exhalation Resistance and Filtration Performance of
Stockpiled Air-Purifying Respirators: Overall Performance of Nearly 4,000 Respirators Sampled from
Ten [Internet]. 2020 [cited 2020 Jun 8]. https://www.cdc.gov/niosh/npptl/ppecase/pdfs/PPE-CASE-
Aggregated-Stockpile-Study-03252020-508.pdf

NPPTL COVID-19 Response: Beyond Shelf Life/Stockpiled Respirator Assessment [Internet]. [cited
2020 Jun 8]. https://www.cdc.gov/niosh/npptl/respirators/testing/results/MTT-2020-116.1_
ShelfLifeTesting_Tronex_HY8510_TestReport_Redacted-508.pdf

Duling AZ. Respirator Models Removed from Appendix A [Internet]. 2020 [cited 2020 Jun 8]. Available
from: https://www.fda.gov/media/137928/download

ChenV, Long K, Woodburn EV. When weighing universal precautions, filtration efficiency is not univer-
sal. J Hosp Infect [Internet]. 2020 Jul; 105(3):412—3. Available from: https:/linkinghub.elsevier.com/
retrieve/pii/S0195670120302073

Dato VM, Hostler D, Hahn ME. Simple respiratory mask. Emerg Infect Dis. 2006; 12(6):1033—4. https:/
doi.org/10.3201/eid1206.051468 PMID: 16752475

Sanchez AL, Hubbard JA, Dellinger JG, Servantes BL. Experimental Study of Electrostatic Aerosol Fil-
tration at Moderate Filter Face Velocity. Aerosol Sci Technol [Internet]. 2013 Jun 14 [cited 2020 May
29]; 47(6):606—15. Available from: http://www.tandfonline.com/doi/full/10.1080/02786826.2013.778384

Forsyth B, Liu BYH, Romay FJ. Particle Charge Distribution Measurement for Commonly Generated
Laboratory Aerosols. Aerosol Sci Technol [Internet]. 1998 Jan [cited 2020 May 29]; 28(6):489-501.
Available from: http://www.tandfonline.com/doi/abs/10.1080/02786829808965540

Konda A, Prakash A, Moss GA, Schmoldt M, Grant GD, Guha S. Aerosol Filtration Efficiency of Com-
mon Fabrics Used in Respiratory Cloth Masks. ACS Nano [Internet]. 2020 May 26 [cited 2020 Jun 1];
14(5):6339—47. Available from: https://pubs.acs.org/doi/10.1021/acsnano.0c03252

Oberg T, Brosseau LM. Surgical mask filter and fit performance. Am J Infect Control [Internet]. 2008
May; 36(4):276—82. Available from: https:/linkinghub.elsevier.com/retrieve/pii/S0196655307007742

Sandaradura |, Goeman E, Pontivivo G, Fine E, Gray H, Kerr S, et al. A close shave? Performance of
P2/N95 respirators in healthcare workers with facial hair: results of the BEARDS (BEnchmarking Ade-
quate Respiratory DefenceS) study. J Hosp Infect [Internet]. 2020; 104(4):529-33. Available from:
https://doi.org/10.1016/}.jhin.2020.01.006 PMID: 31978416

PLOS ONE | https://doi.org/10.1371/journal.pone.0240499  October 13, 2020 13/13


https://doi.org/10.1017/dmp.2013.43
http://www.ncbi.nlm.nih.gov/pubmed/24229526
https://doi.org/10.1093/annhyg/meq044
http://www.ncbi.nlm.nih.gov/pubmed/20584862
https://www.cdc.gov/niosh/npptl/stps/pdfs/TEB-APR-STP-0059-508.pdf
https://www.osha.gov/Publications/OSHA3767.pdf
http://www.tsi.com
https://www.nytimes.com/article/how-to-make-face-mask-coronavirus.html
https://www.nytimes.com/article/how-to-make-face-mask-coronavirus.html
https://diymask.site/
https://makermask.org/masks/surge/
https://makermask.org/masks/surge/
https://www.cdc.gov/niosh/npptl/ppecase/pdfs/PPE-CASE-Aggregated-Stockpile-Study-03252020-508.pdf
https://www.cdc.gov/niosh/npptl/ppecase/pdfs/PPE-CASE-Aggregated-Stockpile-Study-03252020-508.pdf
https://www.cdc.gov/niosh/npptl/respirators/testing/results/MTT-2020-116.1_ShelfLifeTesting_Tronex_HY8510_TestReport_Redacted-508.pdf
https://www.cdc.gov/niosh/npptl/respirators/testing/results/MTT-2020-116.1_ShelfLifeTesting_Tronex_HY8510_TestReport_Redacted-508.pdf
https://www.fda.gov/media/137928/download
https://linkinghub.elsevier.com/retrieve/pii/S0195670120302073
https://linkinghub.elsevier.com/retrieve/pii/S0195670120302073
https://doi.org/10.3201/eid1206.051468
https://doi.org/10.3201/eid1206.051468
http://www.ncbi.nlm.nih.gov/pubmed/16752475
http://www.tandfonline.com/doi/full/10.1080/02786826.2013.778384
http://www.tandfonline.com/doi/abs/10.1080/02786829808965540
https://pubs.acs.org/doi/10.1021/acsnano.0c03252
https://linkinghub.elsevier.com/retrieve/pii/S0196655307007742
https://doi.org/10.1016/j.jhin.2020.01.006
http://www.ncbi.nlm.nih.gov/pubmed/31978416
https://doi.org/10.1371/journal.pone.0240499

