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Abstract

Face coverings are a key component of preventive health measure strategies to mitigate
the spread of respiratory ilinesses. In this study five groups of masks were investigated that
are of particular relevance to the SARS-CoV-2 pandemic: re-usable, fabric two-layer and
multi-layer masks, disposable procedure/surgical masks, KN95 and N95 filtering facepiece
respirators. Experimental work focussed on the particle penetration through mask materials
as a function of particle diameter, and the total inward leakage protection performance of
the mask system. Geometric mean fabric protection factors varied from 1.78 to 144.5 for the
fabric two-layer and KN95 materials, corresponding to overall filtration efficiencies of 43.8%
and 99.3% using a flow rate of 17 L/min, equivalent to a breathing expiration rate for a per-
son in a sedentary or standing position conversing with another individual. Geometric mean
total inward leakage protection factors for the 2-layer, multi-layer and procedure masks
were <2.3, while 6.2 was achieved for the KN95 masks. The highest values were measured
for the N95 group at 165.7. Mask performance is dominated by face seal leakage. Despite
the additional filtering layers added to cloth masks, and the higher filtration efficiency of the
materials used in disposable procedure and KN95 masks, the total inward leakage protec-
tion factor was only marginally improved. N95 FFRs were the only mask group investigated
that provided not only high filtration efficiency but high total inward leakage protection, and
remain the best option to protect individuals from exposure to aerosol in high risk settings.
The Mask Quality Factor and total inward leakage performance are very useful to determine
the best options for masking. However, it is highly recommended that testing is undertaken
on prospective products, or guidance is sought from impartial authorities, to confirm they
meet any implied standards.

1 Introduction

Face coverings (masks) are being used in many jurisdictions around the world as a preventa-
tive health measure (PHM) to mitigate the spread of the severe acute respiratory syndrome
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coronavirus 2 (SARS-CoV-2). On 11 March 2020 the World Health Organization (WHO)
declared that a global pandemic was underway caused by SARS-CoV-2 [1].

The implementation of masking policies [2] is not without controversy. Some studies have
made recommendations not to wear homemade face masks as a method of reducing transmis-
sion of infection from aerosols because of their limited effectiveness compared to proven filter-
ing facepiece respirators, and potential misunderstanding of their performance, possibly
promoting a false sense of safety [3, 4]. However, Worby et al. [5] makes the point that
although face masks may have a limited protective effect, they can reduce total infections and
deaths, and can delay the peak time of an epidemic. On purely physical grounds, mask use has
merit. The literature is replete with examples showing that normal physiological respiratory
activities such as sneezing, coughing, talking and even breathing, expel particles into the local
environment where individuals socialise and work [6-11]. Related investigations have shown
that the majority of particles and their evaporated nuclei generated through human expiration
activities have sizes varying from 0.05 to 500 pm [12-16]. Particles in exhaled breath are typi-
cally <4 pm with a median 0.7 to 1.0 um [17]. Dynamic respiratory events may project particu-
lates well in excess of 2 m [18-21], which is also supported by physical modelling
investigations [15, 22-25]. Particles of all sizes will be subject to evaporation leading to rapidly
diminishing diameters and volumes [24, 26], and as diameters decrease, the settling time
becomes longer [27]; from Stokes Law a 50 um diameter particle will take ~20 s to settle 1.625
m in still air compared to ~41.6 h for a 0.5 um diameter particle. The cut-off between aerosol
and droplet may be an arguable point and it certainly lacks consensus. Various groups put it at
5 um, 10 pm and 100 pm [28-30], but it is not particularly relevant in the context of potential
inhalation exposure. There seems little doubt, when taking into account macro air movements
related to heating and ventilation, convection, people activity, and even more localised radia-
tive warming due to equipment, the human body and sunshine through windows, a large frac-
tion of respiratory generated particles will be entrained and suspended in air currents and may
potentially travel significant distances over time [31-34]. This may certainly add to the air-
borne viral load in situations where influenza (e.g. COVID-19) symptomatic individuals are
shedding virus.

There is little direct evidence for the transmission of SARS-CoV-2 by any specific route
[35]. Fennelly [36] comments that the logic that transmission within close proximity presup-
poses respiratory disease spread by droplets is fallacious, and he correctly points out that small
particle aerosol are typically in the highest concentration in close interactions with others. Sev-
eral research groups have demonstrated that SARS-CoV-2 remains viable in aerosol 1 to 3 um
diameter for periods of ~3 to 16 hours [37, 38]. With the progression of the pandemic there is
a growing body of literature that supports airborne transmission of SARS-CoV-2 playing an
increasingly important role in the spread of the disease [29, 39-44]. Numerous earlier studies
have established that aerosol expelled during normal respiratory activities can contain infec-
tious influenza virus [42, 45-54]. It stands to reason that covering one’s mouth and nose with
a face covering of any type will, at the very least, reduce the number of particulates expelled by
the wearer and lessen the exposure to particulates produced by others. The construct that
masks play a dual role, protecting the external environment from an individual and the indi-
vidual from the external environment, has been discussed previously [45, 55, 56]. However, to
be wholly effective and provide wearers and others an appropriate level of protection against
an aerosol hazard, a mask must restrict particulates from entering the inside cavity next to the
face, and filter particulates from both the inhalational and exhalational air stream. To achieve
improved mask performance will depend significantly on the face covering design, in particu-
lar the face seal, and incorporating materials used in their construction that exploit all mecha-
nisms of filtration [57].
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Masks that have been in use during the SARS-CoV-2 pandemic can be broadly categorized
into five groups; i) re-purposed apparel such as scarfs, neck warmers, bandanas, etc., ii) simple
fabric masks of one or two layers, iii) fabric masks with an included layer specifically to aug-
ment filtration efficiency, iv) disposable procedure/surgical masks of the kind used in health
care settings, and v) certified filtering facepiece respirators (FFR), such as FFP2, KN95 and
N95 masks. N95 FER are employed as personal protective equipment (PPE) and they provide a
high level of protection for filtering facepiece masks that cover only the nose and mouth (as
opposed to full and half-face respirators constructed from elastomeric materials) [3, 58-74].
NO95 FFRs are certified under the National Institute for Occupational Safety and Health
(NIOSH) [75]. They must limit the mass penetration of non-oil-based particulates to <5%,
and they must provide a fit factor (FF) >100 when quantitatively fit to individuals; a quantita-
tive fit test (QNFT) only measures inward leakage at the face seal. Measured protection factors
(PFs) of N95 FFRs when worn in the workplace have been shown to give considerably lower
protection [58, 59], and both the Canadian Standards Association (CSA) and the US Occupa-
tional Safety and Health Association (OSHA) have given these respirators an assigned protec-
tion factor (APF) of 10 [76, 77]. For disposable procedure/surgical masks and reusable fabric
face coverings, there is no requirement to provide a specific level of protection performance,
whether for filtration efficiency or inward leakage. Although just recently, new protection stan-
dards for barrier face coverings (BFCs) have been developed by the American Society of Test-
ing Material (ASTM) [78]. The standard was primarily established in response to the global
COVID-19 pandemic to address a product that is neither a medical face mask per ASTM Spec-
ification F2100 [79] for providing source control, nor a respirator for providing inhalation
protection as defined by regulatory requirements specified in the United States under 42 CFR
Part 84 [80]. This specification is intended to establish a US national standard for a BFC, iden-
tifying how the device should perform in terms of source control/protection, comfort, and re-
use potential.

The ability of materials used in homemade face coverings to remove particulates is
completely dependent on the characteristics of the fabric, such as the weave type and fiber
structure [4, 62, 81], as well as number of fabric layers. Materials used in disposable procedure/
surgical masks afford better filtration than homemade masks but typically are substantially less
efficient than N95 FFR materials [45, 56, 68]. In comparison to N95 FFRs, and given the
absence of any type of face seal, masks made from common apparel fabrics and procedure/sur-
gical masks afford only minimal protection levels. Inward leakage due to gaps in the fit has
been demonstrated to play a critical role in the ability of a mask or respirator to protect against
exposure to particulates [4, 59, 82-84]. To our knowledge, there have been two studies that
have measured the total inward leakage on a variety of surgical and procedure masks [55, 59],
and currently only one study that has measured the TIL for home-made masks made of cloth
materials with testing performed on only one volunteer [85]. The present study provides a
more comprehensive, side-by-side assessment of mask material filtration performance and the
TIL of particulates into masks when worn by well-trained individuals.

In this study we investigate five groups of masks of particular relevance to the SARS-CoV-2
pandemic: N95 FFRs, KN95 masks, disposable procedure/surgical masks, and reusable, fabric
two-layer and multi-layer masks. Filtration testing of mask materials is normally performed at
standard test flow rates of either 28 L/min, to match the flow rate used in ASTM filtration test
methods [78, 86, 87], or 85 L/min, to match the flow rate used by NIOSH for N95 respirator
filtration testing [80]. However, these flow rates are significantly higher than a representative
breathing expiration rate for a person in a sedentary or standing position conversing with
another individual (i.e., 17 L/min) [88]. We have assessed the filtration efficiency of the mask
material at this lower flow rate, and to the best of our knowledge no other paper has performed
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filtration testing at this representative breathing expiration rate. It is reasonable to assume that
penetrated particle distributions containing larger particles are likely to carry more virus.
Importantly, notwithstanding differences in viral load concentration, an inhalational exposure
to any number of virions will be heavily dependent on the particle penetration profile of the
mask and the shape and size range of the particle distribution. We demonstrate that there is a
dramatic range in the potential for exposure to virus entrained in aerosol depending on the fil-
tration efficiency of the mask material, the aerosol challenge distribution and the viral load
concentration. Total inward leakage can play an important role in the ability of face coverings
to reduce exposure to aerosol, and may in fact be more imperative than the efficiency of the fil-
tering material used in a mask. To gain a better understanding of this relationship, the total
inward leakage protection performance of the five face covering groups, worn by a cross-sec-
tion of both males and females with a wide distribution of facial sizes, was also investigated in
this study. This affords a direct comparison between face covering protection performance
and filtration efficiency for key categories of masks of importance to the broader mask user
community, including the general public.

2 Materials and methods
2.1 Test items

This study investigated five groups of masks of particular relevance to the SARS-CoV-2 pan-
demic: N95 FFRs, KN95 masks, disposable procedure/surgical masks, and reusable, fabric 2-
and multi-layer masks. Each mask group included variants similar in style and function: for
example, the multi-layer mask group consisted of masks constructed from an inner (next to
skin) fabric layer, an outer (facing the environment) fabric layer and a middle layer specifically
to augment the filtration efficiency of the material system. Fig 1 shows select masks from the
fives groups tested. Additional photographs are provided in S1 Appendix, including a table (S9
Table in S1 Appendix) that lists the make/model and manufacturer, source of all the mask
materials tested, and the type of test (filtration efficiency (FE), total inward leakage (TIL) and/
or QNFT) performed on each type of mask material used in the study.

2.1.1 Fabric 2-layer and multi-layer masks. The fabric 2-layer mask group included five
variations constructed from quilt batting, cotton, nylon, polyester and silk. The multi-layer
mask group included seven variants all constructed with a cotton inner and outer layer but dif-
ferent middle filter layer. The latter included: furnace filter (3M™ Filtrete furnace filter, Merv
13), quilt batting, electret filter membrane, disposable procedure mask, non-woven polypro-
pylene shopping bag material and two types of non-woven polypropylene craft material
(smart-fab™).

2.1.2 Procedure/Surgical masks. The procedure/surgical mask group included six dispos-
able face coverings of the type typically used in hospital/clinical settings and many commercial
establishments; Model PG4-1200 PrimaGard (PG4-1200), Model PG4-1273 PrimaGard Level
3 Barrier (PG4-1273), Model PG4-2001 PrimaGard Surgical Mask Level 1 Barrier, Tie, (PG4-
2001) and PrimaGard Level 1 Barrier (PG4-2331), all obtained from priMED Medical Prod-
ucts Inc. (Edmonton, Canada); Model 836185 Disposable Face Mask (Henan Liwei), Henan
Liwei Biological Pharmaceutical Co. Ltd, and; Vanch Disposable Medical Face Mask
(V-DMEM), 2020 Beifa Group Co. Ltd., Ningbo China.

2.1.3 KN95 masks and N95 filtering facepiece respirators. The KN95 mask group
includes two models: MedSup Canada KN95 Protective Face Mask (MedSup Canada) and the
TAIDAKANG KN95 Protective mask (TAIDAKANG). Both masks were certified to the Chi-
nese standard GB2626-2006 (equivalent to a FE > 95% and a TIL < 8%) [89].
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Fig 1. (a) Disposable procedure mask: Henan Liwei Biological Pharmaceutical Co. Ltd; (b) Multi-layer mask: four
layered system comprised of two layers of quilt batting between an outer and inner layer of cotton; (c) Non-woven
polypropylene ‘craft’ material (manufactured by smart-fab®); (d) “N95-like” electret filter membrane material
(purchased from Amazon.ca) used as the middle filter layer, as part of a multi-layer mask; (e) 2-Layer mask: quilt
batting/cotton mask; (f) KN95 mask: MedSup Canada Protective Face Mask, and; (g) N95 FFR: 3M™ model 9210.

https://doi.org/10.1371/journal.pone.0258191.g001

The N95 FFR group included seven models: 3M™ model 1870 (fold style); Halyard Health,
model FLUIDSHIELD 2 N95 (duck bill fold style); North Safety Products model 7130N95
(cup style); Gerson model 2130 N95 Respirator, Louis M. Gerson Co., (rectangular cup style);
3M™ model 8110s (cup style, size small); 3M™ model 9210 (fold style). All masks were certified
to the US NIOSH FER standard [80]. The FFRs were chosen specifically for their differences in
form and manufacturer, providing variability in respirator fit and filtration.

2.2 Evaluation of aerosol penetration through mask fabrics

The experimental aerosol swatch penetration set-up is shown in Fig 2. Located within the mix-
ing chamber are two aerosol generators (TSI Model 8026, Shoreview, USA) and three fans posi-
tioned to maintain a steady uniform aerosol concentration of inert sodium chloride (NaCl)
particles between 45,000-60,000 particles/cm”, permitting a reliable measurement of filtration
efficiency of greater than 99.99%. A scanning mobility particle sizer (SMPS) spectrometer (TSI
model 3080 with long differential mobility analyzer TSI model 3081 and ultrafine condensation
particle counter TSI model 3776) was used to measure aerosol over a mobility particle size
range 0.023-0.67 um, and an aerodynamic particle sizer (APS) spectrometer (TSI model 3321)
was used to measure aerosol over an aerodynamic size range 0.5-5 pm. The aerosol distribution
in the mixing chamber was polydisperse, extending over the range from ~0.023 pm to ~5 um,
with a count median mobility particle diameter of 0.076 um (geometric standard deviation of
1.86) corresponding to a count median aerodynamic particle diameter of 0.131 um (geometric
standard deviation 1.75), respectively. The use of NaCl particles as a challenge aerosol, and its
associated size distribution, has been shown to be an appropriate simulant to represent size
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Fig 2. Schematic of aerosol swatch penetration set-up. A polydisperse NaCl aerosol is generated in the mixing chamber
and pulled through the charge neutralizer and swatch test rig using a regenerative blower. Air flow is regulated using the
flow meter. Aerosol concentration, upstream and downstream, is measured with the SMPS/APS as shown.

https://doi.org/10.1371/journal.pone.0258191.9002

ranges of both bacteria and viruses [3, 59]. Balazy et al. [90] has shown similar penetration of
MS2 virus and sodium chloride particles through N95 FFRs and surgical masks. Moreover, the
use of NaCl aerosol is an accepted challenge medium for filtration testing of N95 FFRs by [75]
to quantify and qualify the performance of respirators.

The aerosol size distribution, concentration, relative humidity (RH) and temperature
((25+5°Cand 30 + 10% RH) were measured to be in compliance with US Code of Federal
Regulations [80] as referenced by [75], and ASTM ([78] for filtration testing of N95 FFRs and
BECs, respectively. Aerosol from the mixing chamber is drawn through a charge neutralizer
(TSI Model 3054) in compliance with US CFR [80], neutralizing the surface charge on the par-
ticles to a Boltzmann equilibrium state, and then drawn through the fabric in the sample
holder. A regenerative blower (GAST model R1102K-01), needle valve and digital flow meter
(TSI Model 5330-2) were used to adjust the flow rate and a t-valve to adjust the concentration
between upstream and downstream. The fabric sample holder consisted of a central housing
in two parts joined by a clamp to hold the material sample in place with no leaks. The holder
allowed for an exposed sample area of 58.1 cm”. Face coverings were tested at a flow rate of 17
L/min to simulate an expiratory flow rate for a person at rest with a minute volume between 9
and 11 L/min (inspiration to expiration ratio of 1:1.5) [88, 91]. The corresponding face velocity
was 4.87 cm/s. The N95 FFRs, due to their variable three dimensional form, had face velocities
from 1.10 to 6.69 cm/s. The three dimensional form of the KN95 masks resulted in a face
velocity of 2.01 cm/s. The inhalation pressure drop (AP) across the face covering materials was
measured with an Ashcroft CXLdp Pressure transducer (Part# CX4MB21015IWL-XRH and
CX4MB210P25IWL-XRH) to determine inhalation breathing resistance.

2.2.1 Calculation of aerosol penetration through mask fabrics. The aerosol penetration
through the face covering materials was determined by measuring the aerosol concentration
upstream and downstream of the material in the sample holder, and calculated according to
the following formula

e

P(%)lFE(l(C“C_Cd))xl()O (1)
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where P,, C, and C, are the penetration, concentration upstream and concentration down-
stream per particle bin, respectively, and FE is the filtration efficiency. Measurement of the
upstream and downstream concentrations was accomplished through a series of manually
operated valves to direct the upstream and downstream flow through the SMPS and APS as
required. Up to four upstream and downstream measurements were repeated on each mask
material. An example of the variability for repeat measurements, adjusting for small changes
in the challenge concentration, is provided in S1 Fig in S1 Appendix. Mobility particle diame-
ter data obtained from the SMPS was converted to aerodynamic diameter and combined with
the APS aerodynamic particle size data. Aerodynamic diameter finds wide application in aero-
sol technology as it standardizes a particle on shape (a sphere) and density (1g/ cm?). The con-
version of mobility to aerodynamic diameter is referenced by Baron et al. [92], with the
equation provided in S1 Appendix. All particle diameters referenced in our study will be in
aerodynamic diameter. In the region where the SMPS and APS aerodynamic particle diameter
overlapped (0.582 pm to 0.682 um), a one to one average was used. The mean representative
penetration for each mask group was determined from the ratio of the average of the down-
stream measurements to the average of the upstream measurements. The final composite aero-
dynamic diameter distribution reported here extends over the size range 0.027 um to 5.0 pm,
as very few particles >5 um were measured. For some tests, the maximum upper range of the
particle size distribution was ~3.5 um, as there was not always sufficient concentration of
larger particles to reliably measure penetration of higher particle size bins.

2.2.2 Calculation of mask fabric protection factor. For all mask materials within each
mask group we determine an overall, harmonic mean fabric protection factor (FPF) value by
first taking the reciprocal of the mean number penetration for each particle diameter in the
distribution, converting to a PF, and then calculate a harmonic mean FPF according to

n
FPF), = iL (2)
PF;

i=1

where PF, = P, P, is the mean number penetration, i is the specific particle bin and n the

total number of bins spanning the particle distribution measurement. The harmonic mean
FPF is a very useful approach to describe the overall protection performance of a fabric against
the entire particle distribution. It gives greater emphasis on the contribution of lower PF values
in a sample group, more so than large PF values, particularly larger outliers. It is routinely used
by the US OSHA, NIOSH and CSA for calculating overall protection and fit factors in respira-
tory protection standards [75, 76, 93, 94]. A geometric mean FPF was then calculated from the
FPF measurements of all the masks materials within each mask group.

2.3 Evaluation of mask total inward leakage

This test measured the total inward leakage (TIL) of aerosol into the facial cavity of a mask
worn by a test subject. It represents the combined penetration of aerosol though gaps where
the mask contacts the face, as well as the fraction that penetrates through the filtering material
used in the construction of the mask. The same aerosol particle size distribution and concen-
tration was used for the TIL mask measurements as was used for the aerosol penetration
swatch test. Our TIL test incorporated seven activities involving head/face/body movements,
each 30 s in duration, as reccommended by the CSA for a quantitative fit test [76]. The TIL mea-
surements were obtained with the TSI PortaCount model 8038 and using custom software
(Royal Military College of Canada, Kingston). To measure the aerosol concentration inside the
face covering/FFR a rivet-style sampling probe (TSI Model 8025-N95Adaptor Kit) was
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Fig 3. Total inward leakage test being performed on the 3M™ model 9210 N95 FFR. The Sampling probe for the TSI
Portacount 8038 is shown to be connected to the respirator by use of a sampling probe supplied by TSI. The operator is
shown to be wearing a loose-fitted PAPR and nitrile gloves as a health and safety precaution from working in close
proximity to the test volunteers during the COVID-19 pandemic.

https://doi.org/10.1371/journal.pone.0258191.9003

inserted through the material at a location between the mouth and nose of the subject and con-
nected to the PortaCount via tubing. The external aerosol was sampled from a separate line
connected to the instrument approximately 10 cm in front of the individuals face. Fig 3 shows
the setup for performing the total inward leakage measurement.

A pool of eleven subjects were recruited for this test from Defence Research and Develop-
ment Canada (DRDC) Suffield Research Centre (Ralston, Canada) and were chosen based on
obtaining a cross-section of both males and females, with a wide distribution of age, height
and weight. Based on the bivariate panel described by [95] for facial size distribution, five sub-
jects were of smaller facial sizes, four were of medium facial sizes, and two were larger facial
sizes. All subjects were knowledgeable, trained face covering/FRR users, and were successfully
quantitatively fit tested to FFRs (fit factor >100) using the TSI PortaCount model 8038 accord-
ing to CSA [76]. This study was undertaken internal to Defence Research and Development
Canada (DRDC), an agency within the Canadian Department of National Defence. Only the
scientific research employees of this organization were involved in the study. As such, it was
deemed an internal DRDC research project and organizational policy did not require an ethics
review. Informed consent was obtained for the total inward leakage tests.

3 Results
3.1 Particulate penetration through mask fabrics

Values for the Fabric Protection Factor, Quality Factor, face velocity, inhalation pressure drop,
and number penetration as a function of aerodynamic particle diameter, for each mask tested
in all five mask groups in this study are provided in S1 Table and S2-S6 Figs in S1 Appendix.
3.1.1 Fabric 2-layer masks. Many different fabrics are being considered for reusable face
coverings. Common apparel materials that individuals may have available include cotton,
nylon, polyester, silk, and quilt batting. Fig 4 presents penetration, based on mean number
count, as a function of aerodynamic particle diameter for five fabrics, each consisting of two
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Fig 4. Mean penetration profile as a function of aerodynamic particle diameter for the material of five fabric masks comprised
of 2 layers. Note, the penetration range is 0 to 100%. Materials included quilt batting, cotton, nylon, polyester and silk.

https://doi.org/10.1371/journal.pone.0258191.9004

layers. Additional detail is provided in Table 1. The maximum mean penetration for the five
fabrics was 91.9% at a particle size of 0.809 um. The geometric mean FPF for the fabric 2-layer
group was determined to be 1.78 with a geometric standard deviation (GSdev) of 1.22, corre-
sponding to an overall particle penetration for these materials of ~56%. Inhalation pressure
drop across the fabrics depended on the tightness of the weave (air permeability) and ranged
from 22.6 Pa for two layers of quilt batting to 375.7 Pa for two layers of nylon. Face velocity
was 4.87 cm/s.

3.1.2 Multi-layer masks. Aerosol penetration was measured through reusable, multi-layer
masks incorporating an internal layer specifically to augment their overall filtration efficiency.
Material systems included: cotton/electret furnace filter/cotton, cotton/procedure mask/cot-
ton, cotton/electret filter membrane/cotton, cotton/quilt batting/cotton, cotton/polypropylene
shopping bag/cotton, cotton/polypropylene craft 1/cotton and cotton/polypropylene craft 2/
cotton. The addition of the third layer was evaluated solely for its impact on mask filtration
efficiency, and further consideration of other physical/chemical properties may be warranted
for general mask use. The maximum mean penetration for this group was 45.2% at a particle
size of 0.37 um. The geometric mean FPF for the multi-layer group was determined to be 3.61
(GSdev 1.57), corresponding to an overall particle penetration for these materials of ~28%

(Fig 5 and Table 1). Notably, the penetration through the multi-layer systems that included
polypropylene filtering material was markedly higher than the other four systems investigated
(see S3 Fig in S1 Appendix). Excluding the polypropylene filtering material systems the FPF
was higher, 6.25 (GSdev 1.18), resulting in a lower overall particle penetration of ~16%. Inhala-
tion pressure drop across the multi-layer fabric systems ranged from 31.4 Pa for the cotton/
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Table 1. Maximum penetration, geometric mean FPF, percent overall penetration, inhalation pressure drop and face velocity for the five mask groups: Fabric
2-layer, multi-layer, disposable procedure, KN95 and N95 FFRs.

Mask Type % Max penetration (MPPS pum) | Geomean FPF (GSdev) | % Overall Penetration | Inhalation pressure drop (Pa) | Face velocity (cm/s)
Fabric 2-layer masks 91.9 (0.809) 1.78 (1.22) ~56 22.6 to 375.7 4.87
Multi-layer masks 45.2 (0.37) 3.61 (1.57) ~28 31.4t0 60.8 4.87
Disposable procedure 26.4 (0.058) 9.73 (1.17) ~10 21.6 to 50.0 4.87

masks

KN95 masks 2.28 (0.123) 144.5 (1.71) ~0.7 37.3t067.7 2.01

N95 FFRs 3.41 (0.076) 69.8 (2.23) ~1.4 45.5to 56.4 1.10 to 6.69

MMPS = Maximum penetrating particle size; Geomean = geometric mean; GSdev = geometric standard deviation.

https://doi.org/10.1371/journal.pone.0258191.t001

polypropylene craft 2/cotton to 60.8 Pa for the cotton/procedure mask/cotton system. Face
velocity was 4.87 cm/s.

3.1.3 Disposable procedure/surgical masks. There are many manufacturers of disposable
procedure masks and most manufacturers offer numerous models. In this study we investi-
gated disposable procedure/surgical masks distributed/manufactured by three different com-
panies as well as three additional models from one of the companies, for a total of six
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Fig 5. Mean penetration profile as a function of aerodynamic particle diameter for the material of seven fabric masks with an internal
layer to augment filtration. Note, the penetration range is 0 to 100%. Multi-layer material systems included: i) cotton/electret furnace filter/
cotton, ii) cotton/procedure mask/cotton, iii) cotton/electret filter membrane/cotton, iv) cotton/quilt batting/cotton, v) cotton/polypropylene
shopping bag/cotton, vi) cotton/polypropylene craft 1/cotton, and vii) cotton/polypropylene craft 2/cotton.

https://doi.org/10.1371/journal.pone.0258191.9005
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Fig 6. Mean penetration profile as a function of aerodynamic particle diameter for the filter material of six disposable procedure masks. Note, the
penetration range is 0 to 100%. The bump in the penetration data between the particle range 0.5 to 0.67 pm is related to averaging the SMPS and APS
measurements.

https://doi.org/10.1371/journal.pone.0258191.9006

disposable procedure masks. The maximum mean penetration was 26.4% at a particle size of
0.058 um (Fig 6). The geometric mean FPF for the disposable procedure/surgical mask group
was determined to be 9.73 (GSdev 1.17), corresponding to an overall particle penetration for
these materials of 10.3%. Inhalation pressure drop across the procedure masks ranged from
21.6 Pa to 50.0 Pa. Face velocity was 4.87 cm/s.

3.1.4 KN95 mask. Similar to procedure masks, there are numerous types of KN95 masks
available. We investigated two of the more common brands. KN95 masks have not been
designed to meet NIOSH N95 FFR certification [75] requirements: they are typically certified
to a Chinese standard (i.e., country of origin) and have comparable filtration efficiency to N95
FFRs but a total inward leakage requirement of < 8%, equivalent to a FF of < 12.5 [89]. The
maximum mean penetration for this group was 2.28% at a particle size of 0.123 um. The geo-
metric mean FPF for the KN95 mask group was determined to be 144.5 (GSdev 1.71), corre-
sponding to an overall particle penetration for these materials of ~0.70% (Fig 7 and Table 1).
Inhalation pressure drop for the two KN95 mask materials varied from 37.3 Pa to 67.7 Pa. Face
velocity was 2.01 cm/s.

3.1.5N95 FFR. The filtration performance of any filtering material for use in a N95 FFR
must meet the requirements of US CFR [80], as referenced by NIOSH [75], and the mass pene-
tration of non-oil-based particulates cannot exceed 5% at a flow rate of 85 L/min. All N95
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Fig 7. Mean penetration profile as a function of aerodynamic particle diameter for the filter material of two KN95 masks (five
replicates each). Note, the penetration range is 0 to 20%.

https://doi.org/10.1371/journal.pone.0258191.9007

FFRs in our study met this requirement. The mean number count penetration as a function of
aerodynamic particle diameter for five N95 FFR filtering materials is shown in Fig 8. Our
results are similar to other filtration studies that have used a SMPS to measure aerosol penetra-
tion [60]. The mean maximum penetration for the five N95 FFRs was 3.41% at a particle size
0f 0.076 um. The geometric mean FPF for the N95 FFR group was determined to be 69.8
(GSdev 2.23), corresponding to an overall particle penetration for these materials of ~1.4%.
Inhalation pressure drop and face velocity ranged from 45.5 to 56.4 Pa and 1.10 to 6.69 cm/s
respectively. As expected, these values are less than when N95 FFRs are tested at 85 L/min
according to N95 FER filtration testing standards [80].

3.2 Mask total inward leakage performance

Total inward leakage protection level tests were completed on a range of representative masks
for each mask group. Fabric 2-layer masks included those made from cotton (two variants,
eight replicates each), silk (five replicates), and quilt batting/cotton (five replicates). Multi-
layer masks included those made from cotton/electret furnace filter/cotton (five replicates),
cotton/quilt batting/cotton (five replicates), cotton/PM 2.5 filter/cotton (five replicates) and a
nylon multi-laminate (five replicates). The latter two multi-layer mask types were included
because they afforded filtration efficiency on par with filtering materials used in N95 FFRs, but
had much higher inhalation pressure drops (110 Pa and 261 Pa respectively). Masks with the
polypropylene filtering material were not made and evaluated because the filtration efficiency
of these multi-layer material systems had been shown to be poor and leakage through gaps was
known to dominate the protection level. Two masks from the disposable procedure/surgical
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Fig 8. Mean penetration profile as a function of aerodynamic particle diameter for the filter material of five N95 FFRs (three replicates each). Note, the
penetration range is 0 to 20%.
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mask group were evaluated, the PrimaGard Level 1 Barrier PG4-2331 with ties (five replicates),
and Model 836185 Disposable Face Mask with ear loops (eight replicates). For the KN95 mask
group, both masks were evaluated; MedSup Canada (7 replicates) and the TAIDAKANG (7
replicates). The N95 FFR group is represented by the 3M 9210 for total inward leakage (eight
replicates), as the maximum penetration was one of the lowest (~1.6%) at the smallest particle
diameter 0.043 um. Five N95 FFRs including Halyard PFR 95, 3M 9210, North Safety 7130,
Gerson 2130 and 3M 8210 (overall total of 30 replicates) were considered for the QNFT fit
factor.

Fig 9 presents a box and whisker plot of the geometric mean total inward leakage protection
factor (TILPF) for each mask group and compares these values with the geometric mean FPF
determined for materials that the masks in these groups may be constructed from. Also shown
for comparison is the N95 FFR quantitative fit factor, which is a measure of the penetration at
the face seal only. The geometric mean TILPF for the fabric 2-layer mask, fabric multi-layer
mask, disposable procedure mask and KN95 mask groups was 1.42, 1.78, 2.26 and 6.20 respec-
tively, corresponding to a total inward leakage penetration of 70%, 56.5%, 44.2% and 16.1%.
Comparatively, the geometric mean TILPF for the N95 FFR mask was 165.7 (total inward leak-
age penetration of 0.60%). A statistical comparison was completed on the TILPF and FPF
results. TILPF data is derived from a log-normal distribution therefore values were first
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Fig 9. Protection performance results for the five mask groups; fabric 2-layer masks (2-L), multi-layer masks
(M-L), disposable procedure masks (PMs), KN95 masks and N95 FFRs. TILPF—total inward leakage protection
factor. FPF—fabric protection factor (overall protection of fabric material against entire particle size distribution). FF
—fit factor (total inward leakage measured through face seal only (by QNFT). Sample sizes: n = 8 to 26 for TILPF;

n = 6 to 20 for FPF; and; n = 30 for FF. The geometric mean is shown by the square marker.

https://doi.org/10.1371/journal.pone.0258191.9009

converted to total inward leakage penetration (1/TILPF). The mean inward leakage penetra-
tion data for the five groups were assessed for normality and passed at P = 0.05 (Shapiro-Wilk
normality test). A one-way analysis of variance (ANOVA) pair-wise means comparison with
the Bonholm Test was performed on the different mask groups and the results are provided in
S1 Appendix. Statistical analysis confirmed that the N95 FFRs provided a significantly higher
TILPF compared to the KN95 masks, and in turn, the KN95 masks provided a higher level of
protection compared to the other mask groups.

The geometric mean FPF for the fabric 2-layer mask, multi-layer mask, disposable proce-
dure/surgical mask, KN95 mask and N95 FFR groups was 1.78, 3.61, 9.73, 144.5 and 69.8
respectively. The mean fabric penetration (1/FPF) data for the five mask groups were assessed
for normality and the multi-layer mask group and the KN95 mask group failed at P = 0.05
(Shapiro-Wilk normality test). Accordingly, a non-parametric Kruskal-Wallis ANOVA with
the Dunn’s Test was performed on the different mask groups and the results are provided in
S1 Appendix. Statistical analysis confirmed that there was no significant difference in the filtra-
tion efficiencies between the N95s and KN95s mask group, and the filtration efficiencies for
the KN95 and N95 respirators were significantly higher than the procedure mask group. In
turn, the filtration efficiency of the procedure mask group was significantly higher than the
fabric 2-layer and multi-layer group, and there was no significant difference in the filtration
efficiencies between the fabric 2-layer and multi-layer group.
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Comparatively, the higher TILPF for the N95 FFR group, by a factor of 27 to 117, is directly
related to their design and certification, which requires that they fit and seal to the face better,
more sizes are available for wearers to choose from, and the wearers are generally trained in
their use. The geometric mean N95 FFR FF results (~644) shown in Fig 9, which only measure
inward leakage at the face seal, further underline the exceptional performance that can be
achieved with materials and face piece designs engineered for filtration efficiency and fit. The
FF measured here is equivalent to a face seal efficiency of 99.84%.

The reason the N95 FFR TILPF is higher than the N95 FPF is likely due to the lower air
flow through the N95 FFRs when conducting the total inward leakage test (resting breathing
rate assumed to be 10 to 13 L/min [91] as compared to the nominal flow rate of 17 L/min for
the aerosol swatch penetration tests. Protection levels obtained for individual fabric masks and
disposable procedure masks compared to the N95 FER are provided in S1 Table in S1 Appen-
dix. Filter penetration (1/FPF), TILPF and total inward penetration data for each of the mask
groups are provided in S2-54 Tables in S1 Appendix, respectively.

4 Discussion

Our study has clearly shown that there is a variation in the level of particle penetration through
materials used in the construction of masks. Furthermore, our evaluation of the TILPF on
masks actually worn by trained users demonstrated that mask fit with an effective face seal is
far more important to reducing total inward leakage and protecting the wearer than the filtra-
tion efficiency of the material used in the construction of the mask. Adding additional filtering
layers to cloth mask concepts did not improve the total inward leakage performance, nor did
single higher filtration efficiency materials in procedure masks. We also highlight the same
trend for KN95 masks: although material filtration efficiencies were on par with N95 FFR
materials, the TILPF were substantially lower and did not meet the required TILPF level as cer-
tified for KN95 respirators when tested against our volunteer sample size.

4.1 Particulate penetration through mask fabrics

Filtration efficiencies of fabrics that may be incorporated into reusable cloth masks reported in
the literature are highly variable. Zangmeister et al. [62] found minimum filtration efficiencies
were <32% (penetration >68%) for a wide range of fabrics. These authors make the point that
filtration efficiency is a complex interplay between fibre type, mass and how the fabric is made
(weave, melt blown, or bonded). A systematic investigation by Drewnick et al. [81] of 44 fab-
rics observed filtration efficiencies varying from ~10% to ~80% (penetration from 20% to
90%). Rengasamy’s et al. [96] study saw filtration efficiencies for fabrics/materials from 10-
60%. Shakya et al. [97] noted filtration efficiencies for fabrics from 40% to 80% (penetration
from 20% to 80%). Hill et al.’s [4] study also demonstrated that homemade face coverings pro-
vided as-worn filtration efficiencies of 15-40% (fabric protection factors of 1.18 to 1.67). A
recent study by Konda et al. [98] looked at the aerosol filtration efficiency of common fabrics
used in homemade cloth masks using a particle size distribution from 0.01 um to 6 pm, and
the authors make several points in a response to the editor [99] that increasing mask area to
improve protection will lead to diminishing returns because of the tendency for more gaps to
occur where the mask contacts the face, and focusing on cloth filtration properties alone may
be of limited use when gaps provide alternate penetration routes. Accordingly, the broad range
of filtration efficiencies highlighted in the literature agrees well with our findings for fabric 2-
and multi-layer masks.

The maximum mean penetration for the materials in each mask group varied from 91.9%
through the fabric 2-layer group to as low as 2.28% through the KN95 mask group (see Figs 4-
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8). The geometric mean FPF of common apparel materials used in 2-layer mask was 1.78
(GSdev 0.54). The geometric mean FPF for the multi-layer mask group was higher at 3.61
(GSdev 2.58), as expected with the addition of a third filtering layer, but more variable reflect-
ing the differences in filtration efficiency of the layers considered in this study. Indeed, the
range in filtration efficiency could be far greater in multi-layer masks employed by the public
than we observed due to the many options that could be considered for a third filtering layer.
Opverall particle penetration through these two mask groups was 56.3% for the fabric 2-layer
mask materials and 28% for the multi-layer mask materials.

Disposable procedure mask materials provide higher filtration efficiency, affording a geo-
metric mean FPF of 9.73 (GSdev 1.60), corresponding to 10% penetration. Davies et al. [3]
measured the filtration efficiency of a surgical mask at 90%-95%, similar to our results. Not
surprisingly, filtering materials used in N95 FFRs and KN95 masks were superior to the filter-
ing materials used in the other mask groups with a geometric mean FPF of 69.8 (GSdev 2.23)
and 144.5 (GSdev 1.71) respectively, reducing aerosol penetration over the entire particle dis-
tribution to 1.4% and 0.7%. Thus, these mask types with high filtration efficiency materials are
on average ~45 to 80 times more effective at removing particulates from an air stream than the
fabric 2-layer materials and ~8 to 15 times more effective than the disposable procedure mask
materials.

4.1.1 Penetrated particle number and pathogen exposure. The number of viable SARS--
CoV-2 to cause infection via an inhalational exposure is not presently known. In the following
we discuss the potential pathogen exposure related to the particle penetration through the
mask materials investigated here. The KN95 mask material is excluded because it has a filtra-
tion efficiency similar to the N95 FFR. The number of penetrated particles was converted to
penetrated particle volume to facilitate an estimate of the potential number of virions in an
exposure, assuming various viral concentration loadings. Simulated Gaussian distributions,
representing an external respiratory aerosol challenge, were defined with the following num-
ber mean (median) particle diameters (0.3, 0.5, 1.0, 2.0 and 3.0 pm), and standard deviation of
0.7 (equivalent to a geometric standard deviation of 2.0) (S7 Fig in S1 Appendix). Each distri-
bution contained a total of 20,000 particles. This is consistent with Asadi et al.’s [9] experimen-
tally measured distribution for rate of particle generation speaking at a moderate volume,
which for an extended size distribution comparable to ours (0.03 um to 4.97 pm), would
equate to ~19.6 particles/s. We infer that particles are dehydrated nuclei at their equilibrium
state and that the concentration of virus entrained in a particle is dependent on the volume of
the particle, but constrained by a maximum face centred cubic packing arrangement (74%).

Our analysis confirmed that the number of potential penetrated virion decreased as the fil-
tration efficiency improved. For each mask group the lowest virion penetration occurred for
the particle diameter 0.3 um whilst the highest virion penetration occurred at different diame-
ters: 3 um for the fabric 2-layer mask, 2 um for the multi-layer mask, 3 pm for the disposable
procedure mask and 1 um for the N95 FFR. A synopsis of the results is provided in Table 2
showing the percent reduction in penetrated virion for each mask group compared to the fab-
ric 2-layer mask for various particle diameters at two different viral concentrations. A more
comprehensive treatment of the data is provided in S1 Appendix (see also S8 Fig and S6-S9
Tables in S1 Appendix).

There is a substantial range in the estimated number of virion entrained in the particle vol-
ume that could potentially penetrate the four mask groups. The pathogen inhalation hazard
that these represent is clearly dependent on, and increases, as the filtration efficiency of the
material decreases, and it generally increases as the number mean particle diameter of the chal-
lenge aerosol distribution increases. The implication is that for masks like the fabric 2-layer
mask, which may let high numbers of larger particles penetrate, the potential number of
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Table 2. Percent reduction in penetrated virion for each mask group compared to the fabric 2-layer mask: Results for 0.3 um particle diameter at a viral concentra-
tion of 0.01%, and results for the particle diameter associated with the maximum virion penetration at 1.0% concentration.

Mask type Viral concentration (0.01%) Viral concentration (1%)
Mask Number mean Number Percent reduction in Number mean Number Percent reduction in
Material particle diameter | penetrated penetrated virion compared | particle diameter | penetrated penetrated virion compared
FPF (um) virion to fabric 2-layer mask group | (um) virion to fabric 2-layer mask group

Fabric 1.8 0.3 168.3 - 3 899,630.1 -

2-layer

Multi- 3.6 0.3 68.3 59 2 62,086.1 93

layer

Procedure 9.7 0.3 6.72 96 3 4,415.9 99.5

N95 FFR 69.8 0.3 1.4 99.2 1 474.4 99.95

https://doi.org/10.1371/journal.pone.0258191.t002

penetrated virion may also be high. We do not suggest that our estimate of the numbers of
penetrating virion be taken as absolute. Our assumption of a direct dependence of the number
of virion in a particle on the volume of a particle has not been verified, but given the broad
range in particle size (sub-micron and larger) reported to occur in respiratory events, there
seems to be no a priori reason for virus to be preferentially entrained in any size particle, and
one might expect that rapid evaporation of particles following emission may lead to a concen-
tration of virion in smaller diameter particles. This analysis clearly elucidates the importance
of materials having high filtration efficiency to remove aerosol large enough to entrain discrete
virion.

4.2 Mask total inward leakage protection factors

Aerosol present in the environment of the size range investigated here can readily pass through
even small gaps of millimeter size, which may not be immediately evident to the eyes, but nev-
ertheless represent openings on the order of one thousand times larger than the aerosol. Larger
gaps are unhindered channels for aerosol to penetrate inside the face covering and potentially
be inhaled.

4.2.1 2-layer, multi-layer and disposable procedure mask group. Our study highlights
that the average TILPF performance of 2-layer, multi-layer and disposable procedure masks
worn by trained users is <2.5, with the 2-layer cloth mask having a mean of only 1.4. We
found a difference of the means for the TILPF between the fabric 2-layer (1.42) and disposable
procedure mask group (2.26), although not the multi-layer group (1.77), but the improvement
was small at best, and it is not possible to know whether such a difference was due to the filtra-
tion efficiency or the obvious difference in design between the mask groups. Most notably, the
higher FPF for the disposable procedure mask group by a factor of 2.7-5.4, had minimal
impact on the TILPF measured for this group. Overall the mask protection efficiencies are
<60%. The primary reason that such low TILPFs were observed is that all masks of this general
design do not seal to the face, leaving gaps through which particulates may readily penetrate.
At these levels of performance, individuals wearing a fabric 2-layer mask would be exposed to
70% of aerosol in the environment whilst those wearing a disposable procedure mask 44%. Lee
et al. [59] found that the overall geometric mean PFs of three models of surgical procedure
masks selected at random from a larger group of nine models, was 2.4, which was nine times
lower than the protection factors determined for N95 FFRs. Similarly, a recent study by Sick-
bert-Bennett et al. [84] showed PF results where they evaluated multiple brands of surgical and
procedure face masks on one test subject, obtaining mean values of 3.5 and 1.6 respectively.
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4.2.2 KN95 mask group. KN95 masks, which ostensibly are of higher quality given their
external standard rating, including higher filtration efficiency, afforded a TILPF performance
of 6.2 (overall particle penetration of 16.1%). However, this is a factor of 27 lower than the
TILPF measured for the N95 FER group. It is particularly evident that the high filtration effi-
ciency of the KN95 mask materials (FPF = 144.5; 14.9 times higher than the disposable proce-
dure mask group) do not appreciably augment the achievable TILPF. Thus, although our
results show that the KN95 mask group provides a higher TILPF relative to the disposable pro-
cedure mask group, it may be difficult to achieve an effective face seal with KN95 masks on the
same level as a N95 FFR. A recent study by Hill et al. [4] showed that qualitatively fitting a
KN95 and N95 FFR to a headform resulted in a FFR efficiency of only ~40%, but when the
KN95 FER was sealed to the headform with adhesive, the efficiency increased to 96.7%.

Although the KN95 respirators are supposed to be certified to a total inward leakage
requirement of < 8% [89] (equivalent to a TILPF of >12.5), both KN95 respirators in this
study measured ~16% penetration (i.e., a geometric mean TILPF of ~6.2). Moreover, both
KNO95 respirators were not able to achieve the stated inward leakage protection requirement
for any of the seven volunteers tested. The lower than expected inward leakage protection may
be due to differences in facial anthropometrics of the volunteers tested in another country as
compared to the volunteers tested in our study, or as manufactured, they may not actually
meet the requirement (as noted by the CDC for some KN95 models that do not meet filtration
efficiency requirements [100]). Although the inward leakage protection was lower than
expected for the KN95s, they still provided protection 3 to 4 times higher than the other mask
groups (excluding the N95 respirators).

4.2.3 N95 FFR group. As expected, in terms of mask performance for total inward leak-
age, the N95 FFR group significantly outperformed the other mask groups with a geometric
mean TILPF of 165.7. This corresponds to an overall FFR (mask) particle penetration of 0.6%
(mask protection efficiency of 99.4%), and may reduce an individual’s exposure to aerosol to
<1% of the amount present in the environment. Substantially higher protective performance
was achievable with the N95 FFR group because, in this instance, i) each wearer was quantita-
tively fitted according to CSA [76] to obtain a PF >100 prior to the total inward leakage test
being conducted, and ii) the design of a N95 FFR provides for a more effective face seal. The
geometric mean for the quantitative fit tests, which only measured leakage at the face seal, was
a factor of 3.9 higher than the TILPF, at 644. Accordingly, a well-fitted N95 FFR worn by a
competent, knowledgeable user can achieve a face seal efficiency of 99.84%, reducing inward
leakage at the mask-skin interface by as much as a factor of ~27 to ~118 when compared to
KN95 masks and fabric 2-layer masks respectively.

4.3 Mask quality factor assessment

Pressure drop may be a property that helps contribute to masking compliance, in that a mask
that is easier to breathe through feels more comfortable and less burdensome. The Quality Fac-
tor (QF) is commonly used to compare the performance of materials used to filter particulates
under similar experimental conditions [62-81];

_ —In(1 — FE/100)

QF AP

(3)
where FE is the filtration efficiency and 1-FE equates to 1/FPF (from our experimental mea-
surements), and AP is the measured inhalational pressure drop (Pa). Fig 10 provides a compar-
ative box and whisker plot of the QF values for the fabric 2-layer, multi-layer, disposable
procedure/surgical mask and KN95 mask groups. The QF data for the four groups were

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 18/27


https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

Quality Factor (Pa™)

0.14 — | | 25%~75%

i I 10%~90%

— Median Line

012 = o Mean
0.10 - )
0.08 4 |
0.06 +
0.04 4 T -
0.02 4
0.00 L

2-Layer Multi-Layer DPM KN95

Fig 10. QF values for the fabric 2-layer, multi-layer, disposable procedure/surgical and KN95 mask groups. As the face velocities
used in filtration testing for the N95 FFR group were dissimilar to the other three mask groups, their QF values were not plotted for
comparison in this figure. DPM = disposable procedure mask.

https://doi.org/10.1371/journal.pone.0258191.9010

assessed for normality and passed at P = 0.05 (Shapiro-Wilk normality test). An ANOVA pair-
wise means comparison (Tukey test) determined that there was a significant difference of the
mean QF between the fabric 2-layer and multi-layer mask groups and both the disposable pro-
cedure mask group and the KN95 mask group at the P = 0.05 level. There was also a significant
difference of the mean QF between the disposable procedure mask group and the KN95 mask
group at the P = 0.05 level. However, there was no significant difference of the means between
the fabric 2-layer and multi-layer mask groups. It is evident that cloth masks, whether 2-layer
or multi-layer, due to high particulate penetration, have a significantly lower Quality Factor
than the disposable procedure mask group and the KN95 mask group. Although the pressure
drop across the KN95 mask materials is somewhat higher than the procedure mask materials
the substantially higher FPF of the KN95 in our case, results in a higher QF.

4.4 Preventive health measure guidance

Given that fabric and disposable procedure masks are, by simplest definition, a piece of mate-
rial held in position over the nose and mouth, it may be stated reasonably confidently that an
overall total inward leakage protection level of 1.5 to 2.5 is likely the upper level of performance
that can be anticipated from basic designs of this nature. Limitations of effectiveness notwith-
standing, it may be argued that the alternative of no one wearing a mask is considerably less
desirable; some level of respiratory protection is better than none and a mask with a protection
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factor of 2 will reduce the level of aerosol a wearer is exposed to by 50%. Studies have shown
that materials with higher filtration efficiency may reduce the outward emission of particles
produced during respiratory activities through masks [63]. Accordingly, the level of respira-
tory protection improves further under conditions where everyone wears a mask. A review
article by Kwong et al. [101] has summarized a wide range of studies to provide guidance for
both the public to select the best materials for face masks, and for future researchers to rigor-
ously evaluate and report on mask material testing.

We suggest that there are preferred options for mask materials other than common apparel
fabrics in 2-layers. Furthermore, the range of options for incorporating a third filtering layer
are numerous, and filtration efficiencies may be highly variable. Thus, multi-layer masks may
provide little additional filtration above that of a 2-layer mask unless specifically tested. The
multi-layer masks we investigated incorporating a polypropylene fabric layer were indistin-
guishable in terms of penetration from fabric 2-layer masks. Integrating a PM 2.5 filter element
into a multi-layer mask may provide a filtration efficiency on par to materials used in N95
FFRs. Although not included for brevity, we measured FPFs for multi-layer masks with a PM
2.5 filter insert of ~71. However, the TILPF for masks with these inserts was only 1.8, similar
in performance to the fabric 2-layer masks, thus they afforded no additional protection at the
system level (Fig 9). Moreover, fabric masks with a PM 2.5 filter insert were found to have an
inhalation pressure drop a factor of three higher than disposable procedure masks (see S1
Table in S1 Appendix), resulting in a markedly lower QF of 0.04, and more in line with the
other multi-layer masks, despite their significantly higher filtration efficiency. In addition, a
higher pressure drop may also be partially responsible for mask leakage; at least during exhala-
tion. Materials used in commercially available disposable procedure masks generally have a
higher filtration efficiency than the fabric 2-layer and multi-layer mask groups. We highlight
that the disposable procedure/surgical mask group offers higher filtration efficiency and lower
pressure drop, resulting in a higher QF (see Fig 10). Although this type of mask offers little
additional total inward leakage protection over cloth masks, improving the filtration efficiency
against particles >0.1 pm in exhaled respiratory air will reduce the penetrating particle volume
and potential viral concentration therein from concentrating in the environment where people
gather. Accordingly, these masks are a good choice for widespread masking guidance due to
their improved performance, commercial availability and low cost.

The use of “N95-like” masks approved under standards from other countries [89], such as
the KN95 protective masks evaluated here, are also an option for masking use in the general
public. We found that the KN95 mask performance of the group that we investigated was supe-
rior to the disposable procedure mask group both in terms of TILPF (factor of 2.7 higher) and
particularly the FPF (factor of 14.9 higher), with the only shortcoming being the low TILPF
compared to the N95 FFR group. The mean mask Quality Factor was statistically higher than
the disposable procedure mask group.

It is nonetheless, important to point out that the performance of other models of KN95
masks has been found to be inconsistent, making it difficult to know whether a given product
actually meets the specifications of the standard to which it was supposedly manufactured. The
two KN95 masks that we investigated in this study met the Chinese standard GB2626-2006 for
filtration performance. However, our research group consists of knowledgeable, trained users
and evaluators of masks/respirators with access to state of the art measurement instrumenta-
tion and peer reviewed studies. In a summary of filtration results made available by CDC on
59 models of KN95 masks against the KN95 filtration standard (China GB2626-2006) [100],
they found that 37% provided a filtration efficiency above 95%, 29% had a filtration efficiency
below 95% and 34% of the models had some masks within each assessment that were above
and some below 95%. The study also showed filtration variability within each model varied
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from as low as 0.09% to as high as 77.50%. Users who do not understand the limitations of face
masks should refer to impartial organizations such as the CDC for advice on purchasing respi-
rators from other countries, where information on the filtration performance of non-NIOSH
approved respirator models is provided [102], along with advice to the consumers on purchas-
ing respirators from other countries such as the KN95s [103].

As one would expect, N95 FERs, given their certification requirements, were shown to have
particle penetration <2% and the highest level of inward leakage protection, the latter far
exceeding that of the cloth, procedure and KN95 mask groups. Accordingly, they remain the
best option to protect individuals from exposure to aerosol in high risk settings, and the envi-
ronment from individuals possibly shedding infectious virus in their respiratory aerosol. Kah-
ler and Hain [104] suggest that it is very important to differentiate between mouth-and-nose
covers, surgical masks and particle filtering respirators, because they vary substantially in their
fundamental protection properties. They stress that to achieve effective self-protection in a
virus-contaminated environment, masks with particle filtering properties (FFP2/KN95/N95)
are absolutely necessary.

5 Conclusion

In this study we have reported on the fabric filtration efficiency and total inward leakage pro-
tection factor for five groups of masks of relevance to the SARS-CoV-2 pandemic: reusable,
fabric two- and three-layer masks, disposable procedure/surgical masks, KN95 masks and N95
FFRs. Our study has clearly shown that there is a variation in the level of particle penetration
through materials used in the construction of masks. This is a function of the physical charac-
teristics of the filtering layer, including porosity, fibre type, fabric/membrane structure, as well
as electrostatic properties. The variation may be substantial within masks of the same type and
even more pronounced when comparing across masks of different technologies. Cloth materi-
als in general have the highest particle penetration. Adding two or more layers may reduce the
amount of penetration but the different material options for a third filtering layer may actually
increase the possible variation in expected performance. Thus, multi-layer masks may provide
little additional filtration above that of a 2-layer mask unless specifically tested. Materials used
in disposable procedure masks afford a higher level of protection against particle penetration.
KN95 and N95 FFR materials provide the highest degree of filtering performance, in line with
their specification standards. However it is important to point out that the filtration perfor-
mance of other models of KN95 masks has been found to be inconsistent and not meet the
specifications of the standard to which it was supposedly manufactured. Thus, it is recom-
mended that consumers obtain information from the CDC on the filtration performance of a
specific model of KN95 mask before purchasing.

Of particular note from this study is the evidence demonstrating that mask fit with an effec-
tive face seal is far more important to reducing total inward leakage and protecting the wearer
than the filtration efficiency of the material used in the construction of the mask. Adding addi-
tional filtering layers to cloth mask concepts did not improve the total inward leakage perfor-
mance. Moreover, despite the considerably higher filtration efficiency of the materials employed
in the disposable procedure mask group, the total inward leakage protection factor for these
types was only marginally improved. Although KN95 masks provided TIL protection ~3 times
greater than the disposable procedure masks, it was still ~27 times lower than the TIL protection
provided by N95 FFRs. Face seal leakage plays a dominant role in how effective a mask is pro-
tecting a wearer from inhalation of aerosol and N95 FFRs were the only mask group investigated
that provided not only high filtration efficiency but high total inward leakage protection, and
remain the best option to protect individuals from exposure to aerosol in high risk settings.
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The Mask Quality Factor and total inward leakage performance are very useful to deter-
mine the best options for masking. However, it is highly recommended that testing is under-
taken on prospective products, or guidance is sought from impartial authorities, to confirm
they meet any implied standards.

Supporting information

S1 Appendix.
(DOCX)

Acknowledgments

The authors thank Dr. Y. Lacroix MD, Dr. C. Willis PhD and Dr. A. Vallerand PhD for review-
ing the manuscript and providing very helpful suggestions. The authors also would like to
thank J4 Med Mat, CF Health Services Group and the National Research Council of Canada,
METRO-M36, for providing N95 respirators, Liz Duncan for making the homemade cloth
masks, the Royal Canadian Mounted Police for providing a TSI PortaCount 8038, Cheryl Jen-
sen and Amber Stark for technical support to the study, the test subjects from DRDC Sulffield
Research Centre for their dedication and time, and Canadian Forces Base Suffield G4 Stores
for the tent structure employed as the aerosol mixing chamber.

Author Contributions

Conceptualization: Scott Duncan, Paul Bodurtha.

Formal analysis: Scott Duncan, Paul Bodurtha, Syed Naqvi.
Investigation: Scott Duncan.

Methodology: Scott Duncan, Paul Bodurtha, Syed Naqvi.
Supervision: Scott Duncan.

Writing - original draft: Scott Duncan.

Writing - review & editing: Scott Duncan, Paul Bodurtha, Syed Naqvi.

References

1.  WHO. WHO Director-General’s opening remarks at the media briefing on COVID-19-11 March 2020.
World Health Organization. 2020 Mar- [cited 2021 Apr 23]. https://www.who.int/director-general/
speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19—11-
march-2020

2.  WHO. Advice on the use of masks in the context of COVID-19: interim guidance, 5 June 2020. World
Health Organization. 2020 Jun- [cited 2021 Apr 23]. https://apps.who.int/iris/handle/10665/332293

3. Davies A, Thompson KA, Giri K, Kafatos G, Walker J, Bennet A. Testing the Efficacy of Homemade
Masks: Would They Protect in an Influenza Pandemic? Disaster Med Public Health Prep. 2013 Aug; 7
(4), 413-418. https://doi.org/10.1017/dmp.2013.43 PMID: 24229526

4. Hill CH, Hull MS, MacCuspie RI. Testing of commercial masks and respirators and cotton mask insert
materials using SARS-CoV-2 virion-sized particulates: comparison of ideal aerosol filtration efficiency
versus fitted filtration efficiency. Nano Lett. 2020 Sep; Published online: acs.nanolett.0c0.182. https://
doi.org/10.1021/acs.nanolett.0c03182 PMID: 32986441

5. Worby C, Chang H-H. Face mask use in the general population and optimal resource allocation during
the COVID-19 pandemic. Nat Commun. 2020 Aug; 11(1): 4049. https://doi.org/10.1038/s41467-020-
17922-x PMID: 32792562

6. HanZ, Weng W, Huang Q. Characterizations of particle size distribution of the droplets exhaled by
sneeze. J R Soc Interface. 2013 Nov; 10(88): 20130560 https://doi.org/10.1098/rsif.2013.0560 PMID:
24026469

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 22/27


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258191.s001
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://apps.who.int/iris/handle/10665/332293
https://doi.org/10.1017/dmp.2013.43
http://www.ncbi.nlm.nih.gov/pubmed/24229526
https://doi.org/10.1021/acs.nanolett.0c03182
https://doi.org/10.1021/acs.nanolett.0c03182
http://www.ncbi.nlm.nih.gov/pubmed/32986441
https://doi.org/10.1038/s41467-020-17922-x
https://doi.org/10.1038/s41467-020-17922-x
http://www.ncbi.nlm.nih.gov/pubmed/32792562
https://doi.org/10.1098/rsif.2013.0560
http://www.ncbi.nlm.nih.gov/pubmed/24026469
https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Hersen G, Stéphane M, Robine E, Géhin E, Corbet S, Vabert A, et al. Impact of Health on Particle Size
of Exhaled Respiratory Aerosols: Case-control Study. Clean (Weinh). 2008 July; 36(7): 572-577.
https://doi.org/10.1002/clen.200700189 PMID: 32313583

Loudon R, Roberts RM. Droplet Expulsion from the Respiratory TRACT. Am Rev Respir Dis. 1967
Mar; 95(3): 435-442. PMID: 6018703

Asadi S, Wexler A, Cappa C, Barreda S, Bouvier N, & Ristenpart W. Aerosol emission and superemis-
sion during human speech increase with voice loudness. Nature; 2019 Feb. 9 p. Report No.: 2348.
https://doi.org/10.1038/s41598-019-38808-z PMID: 30787335

Yang S, Lee G, Chen CM, Wu C-C, Yo K-P. The Size and Concentration of Droplets Generated by
Coughing in Human Subjects. (484—494, Ed.) J Aerosol Med. 2007; 20(4): 484—496. https://doi.org/
10.1089/jam.2007.0610 PMID: 18158720

Johnson G, Morawska L. The Mechanism of Breath Aerosol Formation. Journal of Aerosol Medicine
and Pulmonary Drug Delivery. 2009 Sep; 22(3): 229-237. https://doi.org/10.1089/jamp.2008.0720
PMID: 19415984

Papineni RS, Rosenthal FS. The size distribution of droplets in the exhaled breath of healthy human sub-
jects. J Aerosol Med. 1997; 10(2): 105-116. https://doi.org/10.1089/jam.1997.10.105 PMID: 10168531

Morawska L, Johnson G, Ristovski R, Hargreaves M, Mengersen K, Corbett S, et al. Size distribution
and sites of origin of droplets expelled from the human respiratory tract during expiratory activities. J
Aerosol Sci. 2009 Mar; 40(3): 256—269.

LiuY, Ning Z, Chen'Y, Guo M, Liu Y, Gali NK, et al. Aerodynamic analysis of SARS-CoV-2 in two
Wouhan hospitals. Nature. 2020 Apr; 582: 557—-560. https://doi.org/10.1038/s41586-020-2271-3
PMID: 32340022

Wei J, Li Y. Enhanced spread of expiratory droplets by turbulence in a cough jet. Building and Environ-
ment. 2015 Nov; 93(2): 86—96.

Gralton J, Tovey E, McLaws ML, Rawlinson WD. The role of particle size in aerosolised pathogen
transmission: a review. J Infect. 2011 Jan; 62(1): 1-13. https://doi.org/10.1016/.jinf.2010.11.010
PMID: 21094184

Bake B, Larsson P, Ljungkvist G, Olin A-C. Exhaled particles and small airways. Repir Res. 2019 Jan;
20(8). https://doi.org/10.1186/s12931-019-0970-9 PMID: 30634967

Bourouiba L. Turbulent Gas Clouds and Respiratory Pathogen Emissions Potential Implications for
Reducing Transmission of Covid-19. JAMA. 2020 Mar; 323(18): 1837—1938. https://doi.org/10.1001/
jama.2020.4756 PMID: 32215590

Bourouiba L, Dehandscheowercker E, Bush J. Violent expiratory events: on coughing and sneezing. J.
Fluid Mech. 2014 Mar; 745: 537-563.

Bourouiba L. Images in Clinical Medicine. A Sneeze. N Engl J Med. 2016 Aug; 375(8): e15. hitps://doi.
org/10.1056/NEJMicm1501197 PMID: 27557321

Scharfman B, Techet A, Bush J, Bourouiba L. Visualization of sneeze ejecta: steps of fluid fragmenta-
tion leading to respiratory droplets. Exp Fluids. 2016 Jan; 57(2): 24. https://doi.org/10.1007/s00348-
015-2078-4 PMID: 32214638

Zhu S, Kato S, Yang JH. Study on transport characteristics of saliva droplets produced by coughing in
a calm indoor environment. Building and Environment. 2006; 41(12): 1691-1702.

Xie X, Li'Y, Chwang A, Ho P, Seto W. How far droplets can move in indoor environments—revisiting
the Wells evaporation-falling curve. Indoor Air. 2007 Jun; 17(3): 211-225. https://doi.org/10.1111/j.
1600-0668.2007.00469.x PMID: 17542834

Parienta D, Morawska L, Johnson G, Ristovski ZD, Hargreaves M, Mengersen K, et al. Theoretical
analysis of the motion and evaporation of exhaled respiratory droplets of mixed composition. Journal
of Aerosol Science. 2011 Jan; 42(1): 1-10.

Lee J, Yoo D, Ryu S,Ham S, Lee K, Yeo M, et al. (). Quantity, Size Distribution, and Characteristics of
Cough-generated Aerosol Produced by Patients with an Upper Respiratory Tract Infection. Aerosol Air
Qual. Res. 2019 Apr; 19(4): 840-853.

Netz R. Mechanisms of Airborne Infection via Evaporating and Sedimenting Droplets Produced by
Speaking. J Phys Chem B. 2020 Aug; 124(33): 7093-7101. https://doi.org/10.1021/acs.jpch.0c05229
PMID: 32668904

Vuorinen V, Aarnio M, Alava M, Alopaeus V, Atanasova N, Auvinen M, et al. Modelling aerosol trans-
port and virus exposure with numerical simulations in relation to SARS-CoV-2 transmission by inhala-
tion indoors. Safety Science. 2020 Oct; 130: 104866. https://doi.org/10.1016/j.ssci.2020.104866
PMID: 32834511

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 23/27


https://doi.org/10.1002/clen.200700189
http://www.ncbi.nlm.nih.gov/pubmed/32313583
http://www.ncbi.nlm.nih.gov/pubmed/6018703
https://doi.org/10.1038/s41598-019-38808-z
http://www.ncbi.nlm.nih.gov/pubmed/30787335
https://doi.org/10.1089/jam.2007.0610
https://doi.org/10.1089/jam.2007.0610
http://www.ncbi.nlm.nih.gov/pubmed/18158720
https://doi.org/10.1089/jamp.2008.0720
http://www.ncbi.nlm.nih.gov/pubmed/19415984
https://doi.org/10.1089/jam.1997.10.105
http://www.ncbi.nlm.nih.gov/pubmed/10168531
https://doi.org/10.1038/s41586-020-2271-3
http://www.ncbi.nlm.nih.gov/pubmed/32340022
https://doi.org/10.1016/j.jinf.2010.11.010
http://www.ncbi.nlm.nih.gov/pubmed/21094184
https://doi.org/10.1186/s12931-019-0970-9
http://www.ncbi.nlm.nih.gov/pubmed/30634967
https://doi.org/10.1001/jama.2020.4756
https://doi.org/10.1001/jama.2020.4756
http://www.ncbi.nlm.nih.gov/pubmed/32215590
https://doi.org/10.1056/NEJMicm1501197
https://doi.org/10.1056/NEJMicm1501197
http://www.ncbi.nlm.nih.gov/pubmed/27557321
https://doi.org/10.1007/s00348-015-2078-4
https://doi.org/10.1007/s00348-015-2078-4
http://www.ncbi.nlm.nih.gov/pubmed/32214638
https://doi.org/10.1111/j.1600-0668.2007.00469.x
https://doi.org/10.1111/j.1600-0668.2007.00469.x
http://www.ncbi.nlm.nih.gov/pubmed/17542834
https://doi.org/10.1021/acs.jpcb.0c05229
http://www.ncbi.nlm.nih.gov/pubmed/32668904
https://doi.org/10.1016/j.ssci.2020.104866
http://www.ncbi.nlm.nih.gov/pubmed/32834511
https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

WHO. Infection prevention and control of epidemic-and pandemic-prone acute respiratory infections in
health care. World Health Organization. 2014 Apr- [cited 2021 Apr 23]. https://apps.who.int/iris/
bitstream/handle/10665/112656/9789241507134_eng.pdf

Tellier R. Review of Aerosol Transmission of Influenza A virus. Emerg Infect Dis. 2006 Nov; 12(11):
1657-1662. PMID: 17283614

Prather KA, Marr LC, Schoole RT, McDiarmid MA, Wilson ME, Milton DK. Airbourne transmission of
SARS-CoV-2. Science. 2020 Oct; 370(6514): 303-304.

Bjorn E, Nielsen P. Dispersal of exhaled air and personal exposure in displacement ventilated rooms.
Indoor Air. 2002 Sept; 3(12): 147—-64. https://doi.org/10.1034/j.1600-0668.2002.08126.x PMID:
12244745

Licina D, Melikov A, Pantelic J, Sekhar C, Tham KW. Human convection flow in spaces with and with-
out ventilation: personal exposure to floor-released particles and cough-released droplets. Indoor Air.
2015 Dec; 25(6): 672—82. https://doi.org/10.1111/ina.12177 PMID: 25515610

Licina D, Melikov A, Sekhar C, Tham KW. Human convective boundary layer and its interaction with
room ventilation flow. Indoor Air. 2014 Apr; 25(1): 21-35. https://doi.org/10.1111/ina.12120 PMID:
24750235

Thatcher T, Kai A, Moreno-Jackson R, Sextro RG, Nazaroff WW. Effects of room furnishings and air
speed on particle deposition rates indoors. Atmospheric Environment. 2002 Apr; 36(11): 1811-1819.

Tang JW, Bahnfleth WP, Bluyssen PM, Buonanno G, Jimenez JL, Kunitski J, et al. Dismantling myths
on the airborne transmission of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2). J
Hosp Infect. 2021 Apr; 110: 89-96.

Fennelly KP. Particle sizes of infectious aerosols: implications for infection control. Lancet Respir Med.
2020 Jul; 8(9): 914-925. https://doi.org/10.1016/S2213-2600(20)30323-4 PMID: 32717211

Fears A, Klimstra W, Duprex P, Hartman A, Weaver SC, Plante KS, et al. Persistence of Severe Acute
Respiratory Syndrome Coronavirus 2 in Aerosol Suspensions. Emerg Infect Dis. 2020 Sep; 26(9):
2168-2171.

Smither S, Eastaugh L, Findlay J, Level M. Experimental aerosol survival of SARS-CoV-2 in artificial
saliva and tissue culture media at medium and high humidity. Emerg Microbes Infect. 2020 Dec; 9(1):
1415-1417. https://doi.org/10.1080/22221751.2020.1777906 PMID: 32496967

Zhang R, Li Y, Zhang A, Wang Y, Molina M. Identifying airborne transmission as the dominant route
for the spread of COVID-19. Proc Natl Acad Sci USA. 2020 Jun; 117(26): 14857-14863. https://doi.
0rg/10.1073/pnas.2009637117 PMID: 32527856

Anderson E, Turnham P, Griffin JR, Clarke C. Consideration of the Aerosol Transmission for COVID-
19 and Public Health. Risk Anal. 2020 May; 40(5), 902-907. https://doi.org/10.1111/risa.13500 PMID:
32356927

Prather K, Wang C, Schooley R. Reducing transmission of SARS-CoV-2. Science. 2020 Jun; 368
(6498): 1422—1424. hitps://doi.org/10.1126/science.abc6197 PMID: 32461212

Lednicky J, Lauzardo M, Fan H, Jutla A, Tilly TB, Ganwar M, et al. Viable SARS-CoV-2 in the air of a
hospital room with COVID-19 patients. Int J Infect Dis. 2020 Nov; 100: 476—482. https://doi.org/10.
1016/}.ijid.2020.09.025 PMID: 32949774

Morawska L, Cao J. Airborne transmission of SARS-CoV-2: The world should face the reality. Environ
Int. 2020 Jun; 139: 105730. https://doi.org/10.1016/j.envint.2020.105730 PMID: 32294574

Morawska L, Milton D. It is time to address airborne transmission of coronavirus disease 2019 (COVID-
19). Clin Infect Dis. 2020 Dec; 71(9): 2311-2313. https://doi.org/10.1093/cid/ciaa939 PMID: 32628269

Milton D, Fabian M, Cowling B, Grantham ML, McDevitt JJ. Influenza Virus Aerosols in Human
Exhaled Breath: Particle Size, Culturability, and Effect of Surgical Masks. PLoS Pathogens. 2013 Mar;
9(3): €1003205. https://doi.org/10.1371/journal.ppat. 1003205 PMID: 23505369

Lindsley W, Blachere F, Beezhold D, Thewlis RE, Noorbakhsh B, Othumpagat S, et al. Viable Influ-
enza A Virus in Airborne Particles Expelled during Coughs vs. Exhalations. Influenza Other Respir
Viruses. 2016 Mar; 10(5): 404—413. https://doi.org/10.1111/irv.12390 PMID: 26991074

Lindsley W, Blachere F, Davis K, Pearce TA, Fisher MA, Khakoo R, et al. Distribution of airborne influ-
enza virus and respiratory syncytial virus in an urgent care medical clinic. Clin Infect Dis. 2020 Mar; 50
(5): 693—698.

Lindsley W, Blachere F, Thewlis R, Vishnu A, Davis KA, Cao G, et al. Measurements of airborne influ-
enza virus in aerosol particles from human coughs. PLoS One. 2010 Nov; 5(11): e15100. https://doi.
org/10.1371/journal.pone.0015100 PMID: 21152051

Yan J, Grantham M, Pantelic J, Mesquita J, Albert B, Liu F, et al. Infectious virus in exhaled breath of
symptomatic seasonal influenza cases from a college community. PNAS. 2018 Jan; 115(5): 1081—
1086. https://doi.org/10.1073/pnas.1716561115 PMID: 29348203

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 24/27


https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf
https://apps.who.int/iris/bitstream/handle/10665/112656/9789241507134_eng.pdf
http://www.ncbi.nlm.nih.gov/pubmed/17283614
https://doi.org/10.1034/j.1600-0668.2002.08126.x
http://www.ncbi.nlm.nih.gov/pubmed/12244745
https://doi.org/10.1111/ina.12177
http://www.ncbi.nlm.nih.gov/pubmed/25515610
https://doi.org/10.1111/ina.12120
http://www.ncbi.nlm.nih.gov/pubmed/24750235
https://doi.org/10.1016/S2213-2600%2820%2930323-4
http://www.ncbi.nlm.nih.gov/pubmed/32717211
https://doi.org/10.1080/22221751.2020.1777906
http://www.ncbi.nlm.nih.gov/pubmed/32496967
https://doi.org/10.1073/pnas.2009637117
https://doi.org/10.1073/pnas.2009637117
http://www.ncbi.nlm.nih.gov/pubmed/32527856
https://doi.org/10.1111/risa.13500
http://www.ncbi.nlm.nih.gov/pubmed/32356927
https://doi.org/10.1126/science.abc6197
http://www.ncbi.nlm.nih.gov/pubmed/32461212
https://doi.org/10.1016/j.ijid.2020.09.025
https://doi.org/10.1016/j.ijid.2020.09.025
http://www.ncbi.nlm.nih.gov/pubmed/32949774
https://doi.org/10.1016/j.envint.2020.105730
http://www.ncbi.nlm.nih.gov/pubmed/32294574
https://doi.org/10.1093/cid/ciaa939
http://www.ncbi.nlm.nih.gov/pubmed/32628269
https://doi.org/10.1371/journal.ppat.1003205
http://www.ncbi.nlm.nih.gov/pubmed/23505369
https://doi.org/10.1111/irv.12390
http://www.ncbi.nlm.nih.gov/pubmed/26991074
https://doi.org/10.1371/journal.pone.0015100
https://doi.org/10.1371/journal.pone.0015100
http://www.ncbi.nlm.nih.gov/pubmed/21152051
https://doi.org/10.1073/pnas.1716561115
http://www.ncbi.nlm.nih.gov/pubmed/29348203
https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Yang W, Elankumaran S, Marr L. Concentrations and size distributions of airborne influenza A viruses
measured indoors at a health centre, a day-care centre and on aeroplanes. J R Soc Interface. 2011
Aug; 8(61): 1176—1184. https://doi.org/10.1098/rsif.2010.0686 PMID: 21300628

Stelzer-Braid S, Oliver B, Blazey A, Argent E, Newsome T, Rawlinson W, et al. Exhalation of respira-
tory viruses by breathing, coughing, and talking. J Meg Virol. 2009 Sep; 81(9): 1674—1679.

Fabian P, McDevitt JJ, DeHaan W, Rita FP, Benjamin CJ, Chan KH, et al. Influenza Virus in Human
Exhaled Breath: An Observational Study. PLoS One. 2008 Jul; 3(7): €2691. https://doi.org/10.1371/
journal.pone.0002691 PMID: 18628983

Fabian P, McDevitt JJ, Lee WM, Houseman EA, Milton DK. An optimized method to detect influenza
virus and human rhinovirus from exhaled breath and the airborne environment. J Environ Monit. 2009
Feb; 11(2): 314-317. https://doi.org/10.1039/b813520g PMID: 19212587

Huynh K, Oliver B, Stelzer S, Rawlinson W, Tovey E. A new method for sampling and detection of
exhaled respiratory virus aerosols. Clin Infect Dis. 2008 Jan; 46(1): 93-95. https://doi.org/10.1086/
523000 PMID: 18171219

van der Sande M, Teunis P, Sabel R. Professional and Home-Made Face Masks Reduce Exposure to
Respiratory Infections among the General Population. PLoS ONE. 2008 Jul; 3(7): €2618. https://doi.
org/10.1371/journal.pone.0002618 PMID: 18612429

Leung NH, Chu DK, Shiu EY, Chan K-H, McDevitt JJ, Benien JP, et al. Respiratory virus shedding in
exhaled breath and efficacy of face masks. Nat Med. 2020 Apr; 26(5): 676—680. https://doi.org/10.
1038/s41591-020-0843-2 PMID: 32371934

Tcharkhtchi A, Abbasnezhad N, Seydani Z, Zirak N, Farzaneh S, Shirinbayan M. An overview of filtra-
tion efficiency through the masks: Mechanisms of the aerosols penetration. Bioact Mater. 2020 Aug; 6
(1): 106—122. https://doi.org/10.1016/j.bioactmat.2020.08.002 PMID: 32817918

Duncan S, Bodurtha P, Dickson E, Bourgeois C, Jensen C, Naqvi S. The impact of extreme reuse and
extended wear conditions on protection provided by a surgical-style N95 filtering facepiece respirator.
J Occup Environ Hyg. 2020 Nov-Dec; 17(11-12): 546-559. https://doi.org/10.1080/15459624.2020.
1829633 PMID: 33166226

Lee SA, Grinshpun S, & Reponen T. Respiratory performance offered by N95 respirators and surgical
masks: human subject evaluation with NaCl aerosol representing bacterial and viral particle size range.
Ann Occup Hyg. 2008 Apr; 52(3): 177—-185. https://doi.org/10.1093/annhyg/men005 PMID: 18326870

Rengasamy S, Miller A, Eimer B. Evaluation of the Filtration Performance of NIOSH-Approved N95 Fil-
tering Facepiece Respirators by Photometric and Number-Based Test Methods. J Occup Environ
Hyg. 2011 Jan; 8(1): 23-30. https://doi.org/10.1080/15459624.2010.515556 PMID: 21154105

Zhao M, Liao L, Xiao W, Yu X, Wang H, Wang Q, et al. Household Materials Selection for Homemade
Cloth Face Coverings and Their Filtration Efficiency Enhancement with Triboelectric Charging. Nano
Lett. 2020 Jul; 20(7): 5544-5552. https://doi.org/10.1021/acs.nanolett.0c02211 PMID: 32484683

Zangmeister CD, Radney J, Vicenzi E, Weaver JL. Filtration Efficiencies of Nanoscale Aerosol by
Cloth Mask Materials Used to Slow the Spread of SARS-CoV-2. ACS Nano. 2020 Jun; 14(7): 9188—
9200. https://doi.org/10.1021/acsnano.0c05025 PMID: 32584542

Asadi S, Cappa C, Barreda S, Wexler A, Bouvier N, Ristenpart W. Efficacy of masks and face cover-
ings in controlling outward aerosol particle emission from expiratory activities. Nature; 2020 Oct. 10 p.
Report No.: 15665. https://doi.org/10.1038/s41598-020-72798-7 PMID: 32973285

Duling M, Lawrence R, Slaven J, Coffey C. Simulated workplace protection factors for half-facepiece
respiratory protective devices. J Occup Environ Hyg. 2007 June; 4(6): 420—431. https://doi.org/10.
1080/15459620701346925 PMID: 17474032

Elmashae Y, Grinshpun SA, Reponen T, Yermakov M, Riddle R. Performance of two respiratory pro-
tective devices used by home-attending health care workers (a pilot study). J Occup Environ Hyg.
2017 Sep; 14(3): 145—-149.

Gao S, Keohler RH, Yermakov M, Grinshpun SA. Performance of facepiece respirators and surgical
masks against surgical smoke: simulated workplace protection factor study. Ann Occup Hyg. 2016
Jun; 60(5): 608—618. https://doi.org/10.1093/annhyg/mew006 PMID: 26929204

Gawn J, Clayton M, Makison C, Crook B. Evaluating the protection afforded by surgical masks against
influenza bioaerosols. Derbyshire: Health and Safety Laboratory. 2008- [cited 2021 Apr 23]. https:/
www.hse.gov.uk/research/rrpdf/rr619.pdf

Booth M, Clayton M, Crook B, Gawn JM. Effectiveness of surgical masks against influenza bioaero-
sols. J Hosp Infect. 2020 Apr; 84(1): 22—26.

Loeb M, Dafoe N, Mahony J, Michael J, Sarabia A, Glavin V, et al. Surgical mask vs N95 respirator for
preventing influenza among health care workers: a randomized trial. JAMA. 2009 Nov; 302(17),
1865-1871. https://doi.org/10.1001/jama.2009.1466 PMID: 19797474

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 25/27


https://doi.org/10.1098/rsif.2010.0686
http://www.ncbi.nlm.nih.gov/pubmed/21300628
https://doi.org/10.1371/journal.pone.0002691
https://doi.org/10.1371/journal.pone.0002691
http://www.ncbi.nlm.nih.gov/pubmed/18628983
https://doi.org/10.1039/b813520g
http://www.ncbi.nlm.nih.gov/pubmed/19212587
https://doi.org/10.1086/523000
https://doi.org/10.1086/523000
http://www.ncbi.nlm.nih.gov/pubmed/18171219
https://doi.org/10.1371/journal.pone.0002618
https://doi.org/10.1371/journal.pone.0002618
http://www.ncbi.nlm.nih.gov/pubmed/18612429
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/10.1016/j.bioactmat.2020.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32817918
https://doi.org/10.1080/15459624.2020.1829633
https://doi.org/10.1080/15459624.2020.1829633
http://www.ncbi.nlm.nih.gov/pubmed/33166226
https://doi.org/10.1093/annhyg/men005
http://www.ncbi.nlm.nih.gov/pubmed/18326870
https://doi.org/10.1080/15459624.2010.515556
http://www.ncbi.nlm.nih.gov/pubmed/21154105
https://doi.org/10.1021/acs.nanolett.0c02211
http://www.ncbi.nlm.nih.gov/pubmed/32484683
https://doi.org/10.1021/acsnano.0c05025
http://www.ncbi.nlm.nih.gov/pubmed/32584542
https://doi.org/10.1038/s41598-020-72798-7
http://www.ncbi.nlm.nih.gov/pubmed/32973285
https://doi.org/10.1080/15459620701346925
https://doi.org/10.1080/15459620701346925
http://www.ncbi.nlm.nih.gov/pubmed/17474032
https://doi.org/10.1093/annhyg/mew006
http://www.ncbi.nlm.nih.gov/pubmed/26929204
https://www.hse.gov.uk/research/rrpdf/rr619.pdf
https://www.hse.gov.uk/research/rrpdf/rr619.pdf
https://doi.org/10.1001/jama.2009.1466
http://www.ncbi.nlm.nih.gov/pubmed/19797474
https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Radonovich LJ, Simberkoff MS, Bessesen MT, Brown AC, Cummings DAT, Gaydos CA, et al. N95
respirators vs medical masks for preventing influenza among health care personnel: A randomized
clinical tiral. JAMA. 2019 Sep; 322(9): 824—833. https://doi.org/10.1001/jama.2019.11645 PMID:
31479137

Coffey C, Lawrence R, Cambell D, Zhuang Z, Calvert C, Jensen P. Fitting characteristics of eighteen
N95 filtering-facepiece respirators. Journal of Occupational and Environmental Hygiene. 2004 Apr; 1
(4), 262—-271. https://doi.org/10.1080/15459620490433799 PMID: 15204866

Maclintyre CR, Wang Q, Chauchemez S, Seale H, Dwyer DE, Yang P, et al. A cluster randomized clini-
cal trial comparing fit-tested and non-fit-tested N95 respirators to medical masks to prevent respiratory
virus infection in health care workers. Influenza Other Respir Viruses. 2011 May; 5(3): 170-179.
https://doi.org/10.1111/j.1750-2659.2011.00198.x PMID: 21477136

Macintyre CR, Wang Q, Seale H, Yang P, Shi W, Gao Z, et al. A Randomized Clinical Trial of Three
Options for N95 Respirators and Medical Masks in Health Workder. Am J Repir Crit Care Med. 2013
May; 187(9): 960-966.

Jung H, KimJK, Lee S, Lee J, Kim J, Tsai P, et al. Comparison of filtration efficiency and pressure drop
in anti-yellow sand masks, quarantine masks, medical masks, general masks, and handkerchiefs.
Aerosol Air Qual. Res. 2014 Apr; 14(3): 991-1002.

NIOSH. Determination of Particulate Filter Efficiency Level for N95 Series Filters Against Solid Particu-
lates For Non-Powered, Air Purifying Respirators Standard Testing Procedure (STP). 2019 Dec- [cited
2021 Apr 21]. https://www.cdc.gov/niosh/npptl/stps/pdfs/TEB-APR-STP-0059-508.pdf

Canadian Standards Association (CSA). Selection, use and care of respirators. CSA. 2018 Sep- CAN/
CSA Z94.4-18.

US Occupational Safety and Health Administration (US OSHA). Assigned Protection Factors for the
Revised Respiratory Protection Standard. US OSHA. 2009; OSHA 3352-02. [cited 2021 Apr 23].
https://www.osha.gov/sites/default/files/publications/3352-APF-respirators.pdf.

ASTM International. Standard Specification for Barrier Face Coverings. US Standard, F3502-21. 2021.

ASTM international. Standard Specifications for Performance of Materials used in Medical Face
Masks. US Standard, F2100-19. 2019.

US Code of Federal Regulations (CFR). US CFR. 2017. 42 CFR Part 84 —Approval of Respiratory Pro-
tective Devices. [cited 2021 Apr 23]. https://www.govinfo.gov/app/details/CFR-2012-title42-vol1/CFR-
2012-title42-vol1-part84/summary.

Drewnick F, Pikmann J, Fachinger F, Moormann L, Sprang F, Borrmann S. Aerosol filtration efficiency
of household materials for homemade face masks: Influence of material properties, particle size, parti-
cle electrical charge, face velocity, and leaks. Aerosol Sci Technol. 2020 Oct; 55(1): 63-79.

Grinshpun SA, Haruta H, Enringer RM, Reponen T, McKay RT, Lee S-A. Performance of an N95 filter-
ing facepiece particulate respirator and a surgical mask during human breathing: two pathways for par-
ticle penetration. J Occup Environ Hyg. 2009 Oct; 6(10): 593—603. https://doi.org/10.1080/
15459620903120086 PMID: 19598054

Qian Y, Willeke K, Grinshpun, Donelly J, Coffey CC. Performance of N95 respirators: filtration effi-
ciency for airborne microbial and inert particles. Am Ind Hyg Assoc J. 1998 Feb; 59(2): 128—132.
https://doi.org/10.1080/15428119891010389 PMID: 9487666

Sickbert-Bennett E, Samet J, Clapp P, Chen H, Berntsen J, Zeman KL, et al. Filtration Efficiency of
Hospital Face Mask Alternatives Available for Use During the COVID-19 Pandemic. JAMA Intern Med.
2020 Aug; 180(12): 1607—-1612. https://doi.org/10.1001/jamainternmed.2020.4221 PMID: 32780113

Clapp PW, Sickbert-Bennet EE, Samet J. Evaluation of cloth masks and modified procedure masks as
personal protective equipment for the public during the COVID-19 pandemic. JAMA Internal Medicine.
2020 Dec; 181(4): 463—-469.

ASTM International. Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE) of
Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus aureus. US Standard
F2101-19.2019.

ASTM International. Standard Test Method for Determining the Initial Efficiency of Materials Used in
Medical Face Masks to Penetration by Particulates Using Latex Spheres. US Standard F2299/
F2299M-03. 2017.

Silverman L, Lee G, Plotkin T, Sawyers LA and Yancey AR. Air flow measurements on human subjects
with and without respiratory resistance at several work rates. Archives of Industrial Hygiene and Occu-
pational Medicine. 1951; 3:461. PMID: 14829078

3M. Comparison of FFP2, KN95, and N95 Filtering Facepiece Respirator Classes. 2021. [cited 2021
April 23]. https://multimedia.3m.com/mws/media/17915000/comparison-ffp2-kn95-n95-filtering-
facepiece-respirator-classes-tb.pdf.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 26/27


https://doi.org/10.1001/jama.2019.11645
http://www.ncbi.nlm.nih.gov/pubmed/31479137
https://doi.org/10.1080/15459620490433799
http://www.ncbi.nlm.nih.gov/pubmed/15204866
https://doi.org/10.1111/j.1750-2659.2011.00198.x
http://www.ncbi.nlm.nih.gov/pubmed/21477136
https://www.cdc.gov/niosh/npptl/stps/pdfs/TEB-APR-STP-0059-508.pdf
https://www.osha.gov/sites/default/files/publications/3352-APF-respirators.pdf
https://www.govinfo.gov/app/details/CFR-2012-title42-vol1/CFR-2012-title42-vol1-part84/summary
https://www.govinfo.gov/app/details/CFR-2012-title42-vol1/CFR-2012-title42-vol1-part84/summary
https://doi.org/10.1080/15459620903120086
https://doi.org/10.1080/15459620903120086
http://www.ncbi.nlm.nih.gov/pubmed/19598054
https://doi.org/10.1080/15428119891010389
http://www.ncbi.nlm.nih.gov/pubmed/9487666
https://doi.org/10.1001/jamainternmed.2020.4221
http://www.ncbi.nlm.nih.gov/pubmed/32780113
http://www.ncbi.nlm.nih.gov/pubmed/14829078
https://multimedia.3m.com/mws/media/1791500O/comparison-ffp2-kn95-n95-filtering-facepiece-respirator-classes-tb.pdf
https://multimedia.3m.com/mws/media/1791500O/comparison-ffp2-kn95-n95-filtering-facepiece-respirator-classes-tb.pdf
https://doi.org/10.1371/journal.pone.0258191

PLOS ONE

Face coverings and filtering facepiece respirators: Filtration and total inward leakage protection

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Balazy A, Toivola M, Adhikari A, Sivasubramani SK, Reponen T, Grinshpun SA. Do N95 respirators
provide 95% protection level against airborne viruses, and how adequate are surgical masks? Am J
Infect Control. 2006 Mar; 32(2): 51-57.

International Organization For Standardization (ISO). Respiratory Protective Devices—Human Fac-
tors—Part 1: Metabolic rates and respiratory flow rates. ISO. 2015. ISO/TS 16976—1.

Baron PA. Aerosol Measurement: Principles, Techniques, and Applications. 2nd ed. John Wiley &
Sons Inc; 2002, 1132 p.

US Code of Federal Regulations (CFR). 29 CFR 1910.134 Appendix A—Fit Testing Procedures (Man-
datory). US Code of Federal Regulations (CFR). 2004. [cited 2021 Apr 23]. https://www.osha.gov/
laws-regs/regulations/standardnumber/1910/1910.134AppA.

Canadian Standards Association (CSA). Protection of first responders from chemical, biological, radio-
logical, and nuclear (CBRN) events. CSA. 2011 Mar- CAN/CGSB/CSA Z1610-11(R16).

Zhuang Z, Bradtmiller B, Shaffer R. New respirator fit test panels representing the current U.S. civilian
work force. J Occup Environ Hyg. 2007 Sept; 4(9): 647—659. https://doi.org/10.1080/
15459620701497538 PMID: 17613722

Rengasamy S, Eimer B, Shaffer R. Simple Respiratory Protection-Evaluation of the Filtration Perfor-
mance of Cloth Masks and Common Fabric Materials Against 20—1000 nm Size Particles. Ann Occup
Hyg. 2010 Jun; 54(7): 789-798. https://doi.org/10.1093/annhyg/meq044 PMID: 20584862

Shakya KM, Noyes A, Kallin R, Peltier RE. Evaluating the efficacy of cloth facemasks in reducing par-
ticulate matter exposure. J Expo Sci Environ Epidemiol. 2017 May; 27(3): 352—357. https://doi.org/10.
1038/jes.2016.42 PMID: 27531371

Konda A, Prakash A, Moss G, and et al. Aerosol Filtration Efficiency of Common Fabrics Used in
Respiratory Cloth Masks. ACS Nano, 2020; 14(5), 6339—6347. https://doi.org/10.1021/acsnano.
0c03252 PMID: 32329337

Konda A, Prakash A, Moss G, Schmoldt M, Grant G, and Guha S. Response to Letters to the Editor on
Aerosol Filtration Efficiency of Common Fabrics Used in Respiratory Cloth Masks: Revised and
Expanded Results. ACS Nano. 2020; 14, 10764-10770. https://doi.org/10.1021/acsnano.0c04897
PMID: 32961640

CDC (2020). PPE CASE—TFiltration Efficiency Performance of Non-NIOSH-Approved International
Respiratory Protective Devices: Phase One. NPPTL Report Number P2020-0112, https://www.cdc.
gov/niosh/npptl/ppecase/PPE-CASE-P2020-0112.html-. Content source: NIOSH; Page last reviewed
Aug 18, 2020, accessed June 27, 2021

Kwong LH, Wilson R, Kumar S et al. Review of the Breathability and Filtration Efficiency of Common
Household Materials for Face Masks. ACS Nano 2021, 15, 5904—5924. https://doi.org/10.1021/
acsnano.0c10146 PMID: 33822580

CDC (2021). NPPTL Respirator Assessments to Support the COVID-19 Response. https://www.cdc.
gov/niosh/npptl/respirators/testing/NonNIOSHresults.html. The National Personal Protective Technol-
ogy Laboratory (NPPTL). Content source: NIOSH; Page last reviewed June 4, 2021, accessed Sep-
tember 10, 2021.

CDC (2020). Factors to Consider When Planning to Purchase Respirators from Another Country:
Including KN95 Respirators from China. COVID-19. (https://www.cdc.gov/coronavirus/2019-ncov/hcp/
ppe-strategy/international-respirator-purchase.html. Content source: National Center for Immunization
and Respiratory Diseases, (NCIRD), Division of Viral Diseases; Last Updated May 15, 2020, accessed
September 10, 2021.

Kahler CJ and Hain R. Fundamental protective mechanisms of face masks against droplet infections.
J Aero Sci, 148, 2020, 105617. https://doi.org/10.1016/j.jaerosci.2020.105617 PMID: 32834103

PLOS ONE | https://doi.org/10.1371/journal.pone.0258191 October 6, 2021 27/27


https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.134AppA
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.134AppA
https://doi.org/10.1080/15459620701497538
https://doi.org/10.1080/15459620701497538
http://www.ncbi.nlm.nih.gov/pubmed/17613722
https://doi.org/10.1093/annhyg/meq044
http://www.ncbi.nlm.nih.gov/pubmed/20584862
https://doi.org/10.1038/jes.2016.42
https://doi.org/10.1038/jes.2016.42
http://www.ncbi.nlm.nih.gov/pubmed/27531371
https://doi.org/10.1021/acsnano.0c03252
https://doi.org/10.1021/acsnano.0c03252
http://www.ncbi.nlm.nih.gov/pubmed/32329337
https://doi.org/10.1021/acsnano.0c04897
http://www.ncbi.nlm.nih.gov/pubmed/32961640
https://www.cdc.gov/niosh/npptl/ppecase/PPE-CASE-P2020-0112.html-
https://www.cdc.gov/niosh/npptl/ppecase/PPE-CASE-P2020-0112.html-
https://doi.org/10.1021/acsnano.0c10146
https://doi.org/10.1021/acsnano.0c10146
http://www.ncbi.nlm.nih.gov/pubmed/33822580
https://www.cdc.gov/niosh/npptl/respirators/testing/NonNIOSHresults.html
https://www.cdc.gov/niosh/npptl/respirators/testing/NonNIOSHresults.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/ppe-strategy/international-respirator-purchase.html
https://www.cdc.gov/coronavirus/2019-ncov/hcp/ppe-strategy/international-respirator-purchase.html
https://doi.org/10.1016/j.jaerosci.2020.105617
http://www.ncbi.nlm.nih.gov/pubmed/32834103
https://doi.org/10.1371/journal.pone.0258191

