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ABSTRACT
In the COVID–19 pandemic, billions are wearing face masks, in both health care settings
and in public. Which type of mask we should wear in what situation, is therefore important.
There are three basic types: cotton, surgical, and respirators (e.g., FFP2, N95 and similar). All
are essentially air filters worn on the face. Air filtration is relatively well understood, how-
ever, we have almost no direct evidence on the relative role played by aerosol particles of
differing sizes in disease transmission. But if the virus concentration is assumed independent
of aerosol particle size, then most virus will be in particles � 1 mm. We develop a model
that predicts surgical masks are effective at reducing the risk of airborne transmission
because the filtering material most surgical masks use is highly effective at filtering particles
with diameters � 1 mm. However, surgical masks are significantly less effective than masks
of FFP2, N95 and similar standards, mostly due to the poor fit of surgical masks. Earlier
work found that � 30% of the air bypasses a surgical mask and is not filtered. This high-
lights the fact that standards for surgical masks do not specify how well the mask should
fit, and so are not adequate for protection against COVID-19.
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1. Introduction

The COVID-19 pandemic has brought critically
neglected areas of infection control onto the global stage
(Dancer 2020). Most notably this includes the risk of air-
borne transmission and the strategies required to miti-
gate it (Morawska and Cao 2020). The airborne route
involves transmission of viral material through aerosols,
and is the dominant transmission route for SARS-CoV-2
(Prather et al. 2020a). Respiratory aerosol particles vary
in diameter from �0.1 to 100mm (Bar-On et al. 2020;
Prather et al. 2020b). Given this broad size range, we
can expect their potency as disease vectors and the
effectiveness of interventions to be size-dependent.

Face coverings are mandated (or strongly encouraged)
around the world in healthcare settings and public spaces
(Masks4All 2020; YouGov 2020). The current evidence
suggests that they reduce airborne transmission of SARS-
CoV-2 (Greenhalgh et al. 2020; DELVE Initiative 2020;
Howard et al. 2021). An important question concerns
what kind of mask should be worn in each situation?

Different levels of protection are required in healthcare
settings than out in the wider community, and require-
ments will further depend on the particular circumstan-
ces. For example, Jones et al. (2021a) found that
healthcare workers in critical care had lower than average
infection rates, suggesting that other healthcare workers
may be underprotected. There are essentially three types
of face coverings: (i) fabric or cloth coverings, (ii) surgi-
cal masks, and (iii) respirators (e.g., N95/KN95/FFP2 or
similar). Here we use ‘mask’ and ‘face covering’ inter-
changeably to refer to any of these. There are also masks
designed to be resistant to oil aerosols, and to be splash
resistant. We do not consider these here.

Here, we explore the aerosol size-dependent factors
affecting mask effectiveness in aerosol particles
�10 mm in diameter.

1.1. Aerosol dynamics and transmission

Much work has focused on how far aerosols are trans-
mitted, with a particular focus on establishing guidelines
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for physical distancing. Multiple studies have examined
the transport of respired aerosols in still air (Xie et al.
2007; Bourouiba et al. 2014; Liu et al. 2017; Bazant and
Bush 2020), and other studies have explored the effect
that masks have on exhalation plumes (Tang et al. 2009;
Dbouk and Drikakis 2020; Viola et al. 2021; Li et al.
2021). Aerosol particle size is a crucial factor affecting
their distance traveled, but the focus in such studies is
typically on the striking dynamical change that occurs
for coarse aerosol particles with diameters in the range
�10 to 100mm. With these large particles, fragmentation
as they pass through masks is a particular concern
(Bourouiba et al. 2014; Scharfman et al. 2016; Mittal
et al. 2020; Poon et al. 2020; Fischer et al. 2020; Sharma
et al. 2021).

However, finer aerosol particles may be disease vec-
tors. Fine respiratory particles arise from within the
lower respiratory tract (Johnson et al. 2011), where
SARS-CoV-2 pathogenesis is known to occur (Jin
et al. 2020; Kanimozhi et al. 2021). Viral RNA has
been found in aerosol particles smaller than �10 mm,
though finding viable virus titers seems to depend on
particle size (Santarpia et al. 2021). One hamster study
found that the majority of virus was contained in
aerosol particles smaller than 5mm (Hawks et al.
2021). These fine particles have such long persistence
times (Vuorinen et al., 2020) that how far they travel
in plumes is less important than factors such as mask-
ing and air ventilation in indoor environments, where
filtration is size-dependent.

A widespread model for airborne transmission in
indoor environments is the Wells-Riley equation
(Riley et al. 1978; Gammaitoni and Nucci 1997),
which has been adapted to assess the risk of infection
with SARS-CoV-2 (Jimenez et al. 2020; Buonanno
et al. 2020; Dai and Zhao 2020). This model considers
the limit where air in a room is well-mixed, i.e.,
ignoring any currents or expiratory jets, while still
considering such factors as air ventilation, particle
deposition rates, and the rate of release of so-called
infection quanta into the room. An infection quantum
is a theoretical airborne dose expected to infect 63%
of susceptible people. Transmission risk in these mod-
els is highly dependent on the rate q at which an
infected person releases these quanta. Given the multi-
tude of factors involved in airborne transmission, bio-
logical and otherwise, there is large uncertainty in q
for the new SARS-CoV-2 pathogen (Buonanno et al.
2020; Dai and Zhao 2020). One novel study examined
the effect that distance, ventilation and masks have on
infection risk by performing CFD simulations on a
realistic 3d representation of a classroom (Foster and

Kinzel 2021), finding reasonable overall agreement with
Wells-Riley modeling despite significant deviations.

Particle size-dependence is incorporated into the
Wells-Riley models (and its derivatives) through the
particle deposition rates and the q factor, whereas
mask effectiveness has been incorporated solely as a
dilution parameter as in, e.g., Dai and Zhao (2020).
Masks are in effect assumed to act solely by modifying
the other parameters, creating an effective ventilation
rate and an effective q (Dai and Zhao 2020). The
complex interplay between mask effectiveness and bio-
logical factors such as aerosol production and viral
load, and how this varies with particle size, has not
yet been incorporated into these models.

1.2. Mask standards

A mask is nothing more or less than an air filter worn
on the face. Various governments have introduced min-
imum standards for masks. Here, we will briefly outline
two European and two American standards.

For each type of face covering there are different
standards. Most fabric coverings are not made to a
standard. However, ASTM International recently
introduced a ‘barrier face covering standard’ F3502
(ASTM International 2021a). This specifies filtration
in terms of a polydisperse aerosol of sodium chloride
crystals with sizes around 100 nm, but does not spe-
cify how well the mask must fit the face to avoid air
leaking around the edges of the mask.

For surgical masks, standards typically only cover
the filtration of the material the masks is made from.
While for respirators, the standards cover both the fil-
tration efficiency of the material and how well it actu-
ally performs while worn: the standards therefore
specify the quality of the mask fit (European
Committee for Standardization 2019a; U.S. Public
Health Service 1995). As an example, we can look at the
European standard EN 149—‘Filtering Halfmasks to
protect against particles’, for a filtering facepiece respir-
ator (FFP) standard. This has three levels with increas-
ingly stringent requirements: FFP1, 2 and 3. The FFP2
standard requires (simply speaking) (European
Committee for Standardization 2019a):

1. The filtering material must filter out at least 94%
by mass of a test aerosol.

2. The average filtration of test subjects wearing the
mask (while performing standard tasks) must be
at least 92% of the mass of the test aerosol.
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The test aerosol for European standards of filtering
facepiece respirator (FFP), is specified by the
European standard EN 13274-7 (European Committee
for Standardization 2019a). A convenient aerosol of
sodium chloride crystals is used where ‘the number
median of the particle size distribution is between a
diameter of 60 and 100 nm, with a geometric standard
deviation between 2.0 and 3.00 (European Committee
for Standardization 2019a; Zoller et al. 2021). The
fraction filtered is assessed by measuring the mass of
sodium, i.e., the mass (rather than number) fraction
filtered is assessed.

Note that the USA N95 standard uses light scatter-
ing from aerosol particles to measure filtration. The
aerosol specification, is also slightly different (U.S.
Public Health Service 1995). Thus, although the USA
and European methods are similar, the filtration num-
bers are not exactly comparable.

The European standard for surgical masks is EN
14683—‘Medical face masks—Requirements and test
methods’ (European Committee for Standardization
2019b). The only filtration requirement is that the mater-
ial of the mask should filter an aerosol of particles con-
taining the bacterium Staphylococcus aureus. The bacterial
filtration efficiency (BFE) of the mask material is the frac-
tional reduction in the number of colony forming units
(CFUs) when the aerosol is passed through the material.
For a Type II mask under this standard, the BFE must
achieve a CFU reduction of at least 98%. The aerosol is
required to have a mean diameter of 360:3 mm
(European Committee for Standardization 2019b), and
specifies a cascade impactor be used to measure droplet
size. Note that the standard does not specify what the dis-
tribution of droplet sizes is, but it does specify that the
droplets are formed immediately before the mask, allow-
ing little time for evaporation (European Committee for
Standardization 2019b). So we assume the droplets do
not have time to dry out. There is no test of fit to the
face, so no requirement that a surgical mask fits well
with few gaps for air to bypass the mask.

Another standard for masks is the F2100 standard
of ASTM International (ASTM International 2021b).
This has similar BFE requirements to the European
Type II standard but in addition uses a test aerosol of
0:1 mm latex spheres. For example, the Level 3 stand-
ard F2100 standard requires that these particles must
filter out with at least 98% efficiency. This is in add-
ition to a BFE of at least 98%. So the requirements on
the filtration properties are more stringent than for
the Type II standard. However, there is still no test of
fit in this standard (ASTM International 2021b).

Note that standards such as FFP2 (and N95) are
designed to specify a minimum protection to all dan-
gerous aerosols, not just droplets we breathe out that
may contain a virus. So for example, they may also be
worn when airborne asbestos is present. While the
standards for surgical masks are aimed at reducing
the amount of bacteria breathed out, for a wearer in
an environment such as an operating theater, that
must be kept as sterile as possible.

1.3. Focus of this work

While there is much literature on filtration, the details
of how the size-dependent effectiveness of masks
affect airborne transmission is less well understood.
There has been a vigorous debate on the role of par-
ticle size on transmission (Tellier 2009; Asadi et al.
2019; Vuorinen et al. 2020; Bourouiba 2020). But this
has focused on the size-dependent dynamics of par-
ticles in the air we breathe, rather than the competing
effects that aerosol particle size has on the viral dose
versus the protection offered by a face covering.

Here we focus on the latter, and we aim to show the
relative importance of mask fit and viral load on total
protection. We quantify the most important factors in
mask protection by incorporating available data from
the literature into a single-unified model describing:

1. How filtration depends on aerosol particle size.
Section 2 is largely review where we outline filtra-
tion for a general audience.

2. The size distribution of deposited (fine) aerosol
particles �10 mm in diameter, encompassing both
evaporation of exhaled aerosols before inhalation
and the probability that these are deposited in the
respiratory tract upon inhalation.

3. How the viral load in the exhaler’s respiratory
fluid affects the size distribution of deposited viral
aerosol particles.

4. Finally, the expected overall reduction in depos-
ited viral aerosol particles from mask interven-
tions under the combination of these effects.

Note that we are interested in the overall protection
offered to a community rather than just an individual;
we therefore explore the effect of masking the exhaler
(“source control”) in addition to the inhaler.

We find that the final protection offered varies sig-
nificantly depending on the mask material (including
the number of layers in the cloth masks), the face seal
and the degree of viral shedding. The first factor has
been reasonably well-explored during the pandemic
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(Zangmeister et al. 2020; Konda et al. 2020a; Lustig
et al. 2020; Hao et al. 2020), but the latter two factors
have been underappreciated in our opinion. A poorly
fitted mask will offer limited protection, as aerosol
particles can bypass the mask material(Freitag et al.
2020; Duncan et al. 2020). Finally, we show that the
amount of viable virus prevented from being inhaled
by a susceptible individual depends on the size distri-
bution of respiratory particles and the viral load of
the exhaler.

2. Masks are personal air filters

Masks are air filters, and how these work and how
efficient they are at filtering out particles of differing
sizes are reasonably well understood (Robinson et al.
2021; Wang and Otani 2013). Coarser aerosol particles
with diameter � 1 mm, which are more capable of
containing significant viral doses (cf. section 3.3), are
more easily filtered; finer particles �0.1 to 1 mm by
contrast are transported around the fiber by the gas
flow. We illustrate this schematically in Figure 1a.

We show experimental measurements for the filter-
ing efficiency in medical-grade respirators from the
literature in Figure 1b. Respirators are specialist mate-
rials typically composed of electret fibers; these fibers
carry considerable electrostatic charge (Chen et al.
1993; Kravtsov et al. 2000) which increases the effi-
ciency in the 0.1 to 1 mm regime. These charges
diminish over time which will decrease the filtration

efficiency. The results for the base fabric (squares) are
for its uncharged state, and thus suggest a lower
bound on the respirator’s efficiency after repeat use.

In Figure 1c we have plotted both measurements of
surgical mask filtering efficiency (symbols) and theor-
etical calculations (curves). The theoretical calculations
involved following the trajectories of particles inserted
into the gas flow around fibers, described elsewhere
(Robinson et al. 2021) and in the Supplementary
Material (SM). The efficiency is plotted as a function
of the particle diameter, because the particle size
ultimately determines how hard or easy it is to filter
out. Our model and the measurements of Zangmeister
et al. (2020) agree on the same basic facts:

� Filtering efficiency is essentially 100% for particles
� 3 mm in diameter or larger.

� However, filtering efficiency is low (3060 to %) in
the range 0.1 to 1 mm.

These predictions make quantitative the picture we
laid out in the preceding paragraph and Figure 1a.
Both surgical and cotton masks are thus only partially
effective at filtering out sub-micrometre aerosol par-
ticles. However, their efficiency rapidly increases as
the size increases beyond a micrometre, so masks are
generally highly effective in this regime. Note that
there is considerable variation in mask quality, reflect-
ing the many available standards. The “dental masks”
A and C of Oberg and Brosseau (2008) (shown in

Figure 1. Variation in mask filtration efficiency with incoming particle size. (a) Diagram of capture of viral particles by a fiber
within a mask. Larger particles are more easily captured because they are less mobile; smaller aerosol particles by contrast are
transported around the fiber by the gas flow. Larger particles can also carry more virions, and submicron aerosol particles are
unlikely to contain even a single virion (cf. text). The filtration efficiency of perfectly fitting (b) N95/FFP2 masks, (c) surgical masks,
and (d) cloth masks formed from 4 identical plain-woven cotton layers are shown as a function of particle size. We show experi-
mental measurements from Zangmeister et al. (2020); Oberg and Brosseau (2008) (points) and predictions from our model (lines)
which does not use fitting parameters and is described elsewhere (Robinson et al. 2021). The shaded envelopes around the lines
in (c)–(d) show the uncertainty in the model predictions, obtained by propagating uncertainties in the geometric parameters given
in Zangmeister et al. (2020). We set the velocity of the gas through the mask to 6.3 cm s� 1 in our calculations for comparison
with data from Zangmeister et al. (2020).
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Figure 1 for reference) do not pass any mask standard
(not even the less stringent BFE test at 3 mm) making
them of very poor quality. Conversely, most of the
surgical masks tested in Oberg and Brosseau (2008);
Duncan et al. (2020) outperform the predictions of
our theoretical profile and Zangmeister et al. (2020).

For reference, SARS-CoV-2 is approximately 0:1 mm
in diameter (Bar-On et al. 2020), so any particle larger
than this can potentially carry a virus. However, in the
next section we will argue that only particles larger than
� 1 mm are likely to contain any virus in the majority
of cases; thus filtration efficiency in this regime is suffi-
cient to significantly reduce transmission.

Surgical masks are meshes of fibers (cf. Figure 2b),
whereas cloth face coverings are typically more
ordered (e.g., woven fabric in Figure 2a). In Figure 1d
we compare measurements and model predictions for
the material of two masks formed from 4 layers of
plain-woven cotton fabrics Zangmeister et al. (2020).
There is considerable variation, but for the best fabric
the behavior is more-or-less identical to surgical
masks; this is broadly in agreement with the findings
of Zangmeister et al. (2020); Konda et al. (2020a);
Lustig et al. (2020); Wang (2020) and demonstrates
that reusable cloth masks can be suitable replacements
for disposable surgical masks.

Returning to the mechanism, we briefly discuss the
physics underlying this behavior (more details can be
found in Robinson et al. (2021)). Masks are funda-
mentally arrays of fibers, see Figure 2, so air must
flow around and between these fibers. Particles a frac-
tion of a micrometre in size have very little inertia

and so tend to follow the air flow through the mask
faithfully avoiding the fibers. However, the particle
inertia varies with its mass, i.e., the cube of its diam-
eter (its volume). This means it rapidly increases with
diameter. Beyond around 1 mm in diameter the par-
ticles have too much inertia to follow the air as it
twists in between the fibers, and so they impact onto
the fibers. On microscopic lengthscales most surfaces
are attractive, so colliding particles will stick and
remain on the fibers (Robinson et al. 2021). Because
of this basic physics, the filtering efficiency of particles
larger than �3 mm is likely to be limited only by the
leakage of air around the mask. For the intermediate
range 1 to 3 mm the exact behavior will depend on the
details of the material, but the rapid rise in filtration
efficiency with particle size is a robust feature
(Robinson et al. 2021). Finally, we note that the filtra-
tion efficiency increases for capture of the smallest
aerosol particles (�0:3 mm) in Figures 1b and c where
capture is enhanced by Brownian motion. We have
not focused on this mechanism because such small
particles are highly unlikely to carry significant doses
of virus.

3. Size distribution of fine respiratory aerosol
particles involved in airborne transmission

To assess the effect of mask wearing we need to know
which respiratory aerosol particles are likely to carry sig-
nificant doses of virus. We thus need to know the size
distribution of particles on exhalation and inhalation,
and how concentrated the (viable) virus is in aerosols
produced by shedding in an infected individual.

3.1. Size distribution of bioaerosol particles

We need the size distribution of particles on inhal-
ation and exhalation. The former are obtained from
the latter through knowledge of the evaporation kinet-
ics, so we begin with exhaled particles.

Expiratory particles can be meaningfully catego-
rized by their site of origin in the respiratory system.
Larger particles are more likely to be deposited in the
respiratory tract (Zhang et al. 2012; Cheng 2014;
Chalvatzaki et al. 2020; Guo et al. 2020), so a large
aerosol particle originating deep in the respiratory
tract would immediately deposit and be unlikely to
escape; therefore as a rule, smaller exhaled aerosol
particles emerge from lower in the respiratory tract.
The majority of aerosol particles (and droplets) pro-
duced in the oral cavity vary in size from �10 to
1000 mm (Johnson et al. 2011), whereas particles

Figure 2. Fabrics are broadly categorized as knitted (not
shown), woven or non-woven. (a) Woven fabrics formed by
intersecting perpendicular yarns (the “warp” and “weft”). (b)
Nonwoven fabrics are formed by entangling fibers through
other means, resulting in less ordered arrangements. Scanning
electron microscope images of example fabrics show scalebars
of (a) 100mm and (b) 50mm.
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produced in the Larynx and the lower respiratory
tract are seen in the range �0.1 to 10mm (Morawska
et al. 2009; Johnson et al. 2011; Asadi et al. 2019;
Gregson et al. 2021). The former presumably contain
the majority of virus because volume scales as the
diameter cubed1, but the latter will be our focus for
reasons laid out in the introduction.

Fluid particles immediately begin to evaporate
upon exhalation (Xie et al. 2007; Liu et al. 2017) and
aerosol particles smaller than �10 mm will reach
their dessicated steady states (which we will refer to as
“nuclei”) in less than 1 s (Nicas et al. 2005). We take
parameterisations of the measured size distributions
(i.e., uncorrected for evaporation) reported in Johnson
et al. (2011); Gregson et al. (2021) as the unperturbed

(by masking) inhaled distribution pð0Þin in our calcula-
tions. Their hydrated state would be around a factor of
�3 larger on exhalation, allowing for coverings to filter
aerosol particles more effectively at the source (Liu et al.
2017; Robinson et al. 2021). We therefore write the dis-
tribution of exhaled particle diameters D as

pexðDÞ ’ pð0Þin ð3DÞ: (1)

We show the size distributions expected on inhal-
ation and exhalation in Figure 3. We see that the big-
ger aerosol particles on exhalation more strongly
overlap with the region where surgical masks filter
effectively (without mask leakage). In the same figure
we also show the size distribution of FFP2 test aero-
sols2, which are much finer on average. NB: we work
in log-space for D (in mm), so these distributions are
probability densities where pfin, exg d ln ðD=mm) are
the infinitesimal probabilities. pfin, exgðDÞ therefore
have no units.

3.2. Perturbation of inhaled aerosol distribution
by masks

We write /fex, ing as the penetration through the mask
(i.e., the fraction of particles let through) on exhalation/
inhalation. We account for mask leakage a by setting

/ðD; aÞ ¼ aþ ð1� aÞ/ðD; a ¼ 0Þ (2)

and we assume mask leakage to be independent of
particle size D. We obtain /ðD; a ¼ 0Þ by subtracting
the theoretical mask filtration shown in Figure 1c
from 1. Setting a¼ 1 on inhalation or exhalation
effectively removes the respective mask within this
model. Mask leakage varies considerably, especially for
surgical masks (Duncan et al. 2020). Estimates of a
vary from around �20 to 30% in Hossain et al.
(2020); Grinshpun et al. (2009) to as high as �40 to
50% in masks with artificial leaks(Rengasamy et al.
2014). In general we expect a to be greater on exhal-
ation than inhalation, because breathing affects the
face seal, and therefore to vary with, e.g., breathing
pattern (Grinshpun et al. 2009). For simplicity, we
neglect these effects and keep a as a constant. Initially
we develop our model assuming a¼ 0, before we con-
sider the impact of leakage a > 0 later in section 4;
for our current purposes it is enough to say that leak-
age effects are included in the definition of (2).

Accounting for masks, the inhaled size distribution
becomes

pinðDÞ ’ /inðDÞ/exð3DÞ
1� Rin

pð0Þin ðDÞ, (3a)

where the total (number) fraction of inhaled particles
removed by the masks is

Figure 3. Aerosol distributions relevant to masking: respiratory
aerosols and the test aerosol used in FFP2 standards testing.
We show the theoretical filtration profile of the surgical mask
in Figure 1c for reference. Aerosol particles are coarser on
exhalation (solid) than inhalation (dashed) because of evapor-
ation, and so the exhaled size distribution overlaps more
strongly with the region where masks filter effectively (dotted
line and blue shaded region). The test aerosol (dash-dotted)
contains primarily finer particles than are generally found in
respiratory aerosols.

1The concentration of viable virus may be lower in oral-mode droplets: in
influenza it is a factor of 10 smaller (Milton et al. 2013), however even
accounting for this a factor of 10 increase in diameter increases the
expected number of virions by � 100:

2The FFP2 standard (European Committee for Standardization 2019a)
specifies the test aerosol has a (number) median diameter between 0.06
to 0.10 mm with a geometric standard deviation between 2.0 to 3.0. We
therefore model the FFP2 test aerosol size distribution as a log-normal
with a median of 0.08 mm and a geometric standard deviation of 2.5.
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Rin ’ 1�
ð1
0
/inðDÞ/exð3DÞ pð0Þin ðDÞ d ln

D
lm

� �
:

(3b)

In Table 1 we show the results for the fraction of
respiratory aerosol particles removed by a perfectly fit-
ting (i.e., a¼ 0) surgical mask assuming the theoretical
filtration profile of Figure 1c. We also show the results
for an FFP2 test aerosol for reference, which involves
finer particles and so underpredicts the mask efficacy if
one is really only interested in the respiratory aerosols.

The official FFP2 test measures effectiveness by mass
(rather than number) weighting (European Committee

for Standardization 2019a). Weighting pð0Þin by D3 in (3)
gives the aerosol mass distribution, which may be more
relevant for estimating inhaled viral dose, and the frac-
tion of aerosol particles removed by mass. Mass weight-
ing preferences larger particles and improves the
fraction removed in Table 1, though this improvement
is less pronounced for the FFP2 test aerosol because
these coincide with the window where masks are poor
filters. An FFP2 test would fail this surgical mask which
only filters 65.1% by mass, even though it would filter
�99% of the fine particles exhaled during speech or
coughing (with perfect face seal).

3.3. Accounting for biological factors: Viral load
and deposition

For an aerosol particle to be a possible disease vector
it must (i) contain at least one (viable) virion, and (ii)
deposit in the respiratory tract upon inhalation. We
will model these two effects and show how they shift
the relevant part of the inhaled size distribution to
coarser aerosol particles, which has positive implica-
tions for practical mask effectiveness.

Testing for SARS-CoV-2 is primarily performed by
detecting the presence of viral RNA in respiratory
fluid using reverse-transcriptase polymerase chain

reaction (RT-PCR). The distribution of concentrations
of viral RNA, the viral load, using this technique has
been reported in Jones et al. (2021b); Jacot et al.
(2020) which we show in Figure 4a. The distribution
is extremely broad, spanning around 10–12 orders of
magnitude: patients in the upper tail of the distribu-
tion (the “superreplicators”) may be a factor in super-
spreading events. Finally, we note that there is ample
time for evaporation between sample collection and
testing in these studies so we assume these concentra-
tions to refer to the dessicated states (the nuclei).

Table 1. Expected efficacy of perfectly fitting surgical masks at
removing aerosol particles with various size distributions. We
assume the theoretical filtration profile for the surgical masks
shown in Figure 1c. In practice, mask leakage would reduce
the fraction removed. These numbers are expected to be simi-
lar for (perfectly fitting) multi-layered cloth masks (cf.
Figure 1d).

Fraction removed by mask

Aerosol particles By number By mass

Normal speech (inhalation) 48.3% 87.5%
Normal speech (exhalation) 86.3% 99.3%
Voluntary cough (inhalation) 56.2% 82.5%
Voluntary cough (exhalation) 94.7% 99.3%
FFP2 test aerosol 58.5% 65.1%

Figure 4. Histograms of key properties of expiratory particles,
i.e., normalized so that the area under the curves gives the
relative frequency. (a) Distributions of SARS-CoV-2 viral loads in
testing from RT-PCR in two studies (Jones et al. 2021b; Jacot
et al. 2020) (points) and our bimodal fits for calculating per-
centiles (lines). Note the large distribution, and the presence of
a tail of patients with extraordinarily large viral loads (shaded
purple) corresponding to so-called “superreplicators”. (b)–(c)
Aerosol distributions for virus-laden particles exhaled during
speech and voluntary coughing under viral loads typical of the
top 25th percentile in (a). We show the distributions of inhaled
aerosols that contain at least one virus (solid lines) and those
that bypass a perfectly fitting surgical mask worn by the inhaler
(dashed lines); the latter are unnormalized to show the effect
of filtering. We calculate the former distributions using data
from Gregson et al. (2021); Johnson et al. (2011) to character-
ize the exhaled aerosol particles in healthy patients.
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Viral load typically peaks around the onset of
symptoms (Zou et al. 2020) which is also the most
contagious stage of disease progression (Anderson
et al. 2020); we thus expect viral loads from the upper
half of the distributions in Figure 4a to be most relevant
to disease transmission. The actual number of viable
virus, as measured from viral plaque assays, in aerosol
vs the RT-PCR result is typically only one part in 102 to
104 (Milton et al. 2013; Fears et al. 2020). We can thus
take the upper limit of (naso-oral) viral loads as 108 to

1010 ml�1 instead of 1010 to 1012 ml�1:

These RT-PCR studies primarily involved testing
naso- and oropharyngeal samples, which are presum-
ably diluted by saliva and other fluids. Fluids from the
lower respiratory tract may be more concentrated
with virus, especially when viral replication occurs
there in advanced stages of the disease. Viral loads

larger than 108 to 1010 ml�1 may therefore be rele-
vant to airborne transmission We will find that factor-
ing in viral load changes mask effectiveness in a sharp
step function, and so any variation in viral load
through the respiratory tract is less important than
where it is most concentrated. As data on viral con-
centration in the lower respiratory tract is lacking, we

can only discuss this possibility without factoring in
the difference quantitatively.

The probability that an aerosol particle contains at
least one virus depends on its volume and the viral
load. By combining this information we can estimate
the fraction of particles at any specific size that con-
tains the virus, and thus the variation in the relative
number of particles that contain the virus across the
size distribution.

The average number of virions hnvi in a particle is
(assuming homogeneity) simply its volume times the
viral load v of the respiratory fluid. This yields

hnvi ¼ v
pD3

6
:

assuming spherical particles. Assuming the Poisson
distribution, the probability that a particle of this size
contains at least one virion is

PinðvjDÞ ¼ 1� e�hnvi:

This describes a step function in D and v with neg-

ligible probability for D�1 lm and v�108 ml�1:

PinðvjDÞ is only �4% for D ¼ 1 lm and v ¼
108 ml�1, and rapidly diminishes further with
decreasing D or v. Applying Bayes’ theorem gives the
size distribution of aerosol particles containing at least
one virus as

pinðDjvÞ / PinðvjDÞ pinðDÞ, (4)

with a proportionality constant to ensure the distribu-
tion is normalized. The quantity pinðDÞ is the distribu-
tion of all inhaled aerosol particles (i.e., viral or
otherwise) in the presence of masking, i.e., (3), that
we considered in section 3.2. In Figures 4b and c we
show the resulting distributions produced in speech
and coughing. For the moderately large viral load of

108 ml�1 the majority of viral aerosol particles are
distributed in the micron regime � 1 lm: Only for

extremely large viral loads of 1010 ml�1 do the sub-
micron aerosol particles begin to contain significant
numbers of virus.

Our formalism focuses on the number distribution
of aerosol particles, but it gives the mass distribution
in the limit of small viral loads. In this limit we find

PinðvjDÞ ¼ hnvi þ Oðv2Þ,
and so (4) becomes

pinðDjvÞ / D3 pinðDÞ þ Oðv2Þ, (5)

i.e., we obtain a mass-weighted inhaled distribution.
This is the appropriate weight function for calculating
the inhaled mass (or dose), and so we can estimate

Figure 5. Effect of deposition on the size distribution of aero-
sol particles received in the respiratory tract of the inhaler.
Fine aerosol particles with diameters �0.1 to 1mm are unlikely
to deposit in the respiratory tract, shifting the effective aerosol
particle size distribution of concern to coarser particles. (a)
Probability of deposition Pdep at various sites in the respiratory
tract, showing experimental data (points) from Chalvatzaki
et al. (2020) and our quadratic interpolation (lines). (b)
Probability density for inhaled bioaerosol particles from
Gregson et al. (2021); Johnson et al. (2011) (solid lines), and
the probability density of those aerosol particles which actually
deposit in the respiratory tract (dashed lines) after conditioning
on data in (a).
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the reduction in viral dose from masking as the small
v result in our model, e.g., in (3).

As the second biological effect, we consider only those
aerosol particles which would actually deposit in the
respiratory tract. We show the probability of aerosol par-
ticles being deposited in the respiratory tract Pdep, using
the data from Chalvatzaki et al. (2020), in Figure 5a. We
simply take Pdep as the total probability shown in Figure
5a, ignoring the site of deposition; we note however that
the deposition site is potentially important in determin-
ing the severity of potential infection and so the model
could be extended with further information on site-
dependent risk. Most of the fine aerosol particles �0.1 to
1mm are simply re-exhaled after inhalation(Chalvatzaki
et al. 2020), which we can build into our model.
Applying Bayes’ theorem again, we obtain the size distri-
bution of inhaled aerosol particles that deposit in the
respiratory tract as

pdepðDÞ / PdepðDÞ pinðDÞ, (6)

with a proportionality constant to ensure the distribu-
tion is normalized. This effect shifts the size distribution
to coarser aerosol particles, as shown in Figure 5b.

To summarize this section, there is considerable bio-
logical variation in how the virus is shed. Assuming the
virus concentration depends only on the site of origin in
the respiratory tract, then this concentration becomes
independent of size for the fine aerosol particles. On
physical grounds, we then expect the vast majority of
the finest aerosol particles �1 lm to be empty of virus
and/or to not actually deposit in the respiratory tract.
These fine particles are therefore only expected to carry
concerning doses in a small minority (�5%) of infected
individuals who shed orders-of-magnitude more virus
than average. Similar conclusions were recently reached
by Freitag et al. (2020).

4. Overall mask effectiveness

To gauge overall mask effectiveness in preventing air-
borne transmission, we modify the (number) fraction
of droplets removed (3) to focus on just those relevant
to disease transmission. That is, those aerosol particles
that (i) contain at least one virion and (ii) deposit in
the respiratory tract of the inhaler. We presented
those calculations in section 3.3 and show their effects
on the particle size distribution in Figures 4 and 5.

Accounting for these effects, the aerosol particle
size distribution of concern becomes

pdepðDjvÞ ’ /inðDÞ/exð3DÞ
1� Rvec

PdepðDÞPinðvjDÞ
1� Rdep, v

pð0Þin ðDÞ,

(7a)

where the total (number) fraction of vector particles
(i.e., viral aerosol particles that deposit) removed by
the masks is

Rvec ’ 1�
ð1
0

�
/inðDÞ/exð3DÞ pð0Þin ðDÞ
PdepðDÞPinðvjDÞ

1� Rdep, v

�
d ln

D
lm

� �
,

(7b)

and the (number) fraction of inhaled particles ignored
because they do not deposit or contain virus is

Rdep, v ¼ 1�
ð1
0
PdepðDÞPinðvjDÞ pð0Þin ðDÞ d ln

D
lm

� �
:

(7c)

Figure 6 shows the net result of mask effectiveness
Rvec against viral load under various masking scen-
arios. In all scenarios the (number) fraction removed
is seen to be a step function in decreasing mask effect-

iveness as (viable) viral loads vary over �107–1011

ml�1: Masks are more effective with smaller viral
loads because the virus-laden aerosol particles are
larger, as we saw in Figures 4b and c). In all cases this
effect is further enhanced by the low-likelihood of
deposition in the respiratory tract, accounting for
which shifts the relevant size distribution to coarser
aerosol particles and enhances mask effectiveness.

As the effect of viral loads is seen as a step func-
tion, we plot the resulting range of values (i.e., Rvec at
small and large v) against mask leakage in Figure 7.
In all scenarios, masking the exhaler is better than
masking the inhaler, because particles are larger on
exhalation and thus easier to filter; however, masking
both is optimal. Increasing mask leakage generally has
a strongly negative performance effect, especially on
inhalation. For mask leakage a, the best possible mask
performance is ð1� aÞRvecða ¼ 0Þ when one person is
masked and ð1� a2ÞRvecða ¼ 0Þ when both are
masked; these theoretical values are shown as dashed
lines in Figure 7. However, Figures 6 and 7 show that
practical mask performance may be worse after con-
sidering the interplay of filtration with biological
effects, especially when only the inhaler is masked.
This is because large viral loads increase the risk of
transmission by submicron aerosol particles where
mask filtration is poor.

While we have focused on number fraction, the
low viral load limit yields the expected result for the
reduction in mass fraction (see discussion around
(5)). The mass fraction reduction estimates the reduc-
tion in viral dose transmitted. Masks perform best in
this limit, because coarser particles carry more mass.
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The upper limit of the envelopes in Figure 7 shows
that in terms of viral dose reduction, masking almost
performs as well as the ideal results (dashed curves)
under conditions where the exhaler or both are
masked. If disease transmission depends on dose
alone, then the filtration profile of the surgical mask
in Figure 1c is essentially perfect and the only limita-
tions are (i) individual mask leakage and (ii) popula-
tion adherence to mask wearing.

5. Discussion

We have seen that mask effectiveness crucially
depends on the size of aerosol particles which act as
disease vectors, even for fine particles �10 lm in

diameter. At smaller viral loads, the virus-laden aero-
sol particles are coarser making masks more effective;
conversely, at large viral loads submicron particles can
carry virus which coincides with the size regime
where mask materials have their poorest filtration
properties. The available data from Jones et al.
(2021b); Jacot et al. (2020) indicates that such large
viral loads are extremely rare in the oral-naso fluid of
SARS-CoV-2 patients, which would suggest that the
coarser aerosol particles � 1 mm are more important
for disease vectors, and that masks would perform bet-
ter in practice than, e.g., an FFP2 test would predict.
However, we are unaware of any data on viral loads
in fluid taken from deeper in the respiratory tract,
where it may be more concentrated, and so submicron
particles remain potential transmission vectors.
Considering this key unknown, we are only able to set
upper and lower bounds on the (number) fraction of
viral aerosol particles removed.

Taken together, our calculations suggest that mask
effectiveness depends more on mask leakage than it
does on the other variables. Considering effectiveness
for normal speech Figure 7a, we find that the surgical
mask of Zangmeister et al. (2020) with 50% mask
leakage would only filter 62 to 73% of vectors (by
number) when worn by both. The upper limit

Figure 7. Effect of mask leakage on (number) fraction of vec-
tor aerosol particles (see text and Figure 6) removed for two
exhalation modes. The filled envelopes indicate the range of
expected values from varying viral load as in Figure 6. The
upper limits are equivalent to the mass fraction (i.e., depositing
viral dose) removed. We show the expected performance for
perfect filtration media (dashed lines) for two masks (black)
and one mask (orange). We assume: (i) a surgical mask with
the theoretical filtration profile of Figure 1c, (ii) the bioaerosol
particle size distributions shown in Figures 4b and c, and (iii)
the deposition probabilities of Figure 5a.Figure 6. Number fraction of viral aerosol particles (i.e., those

containing at least one virus) from an infected exhaler that are
prevented from being deposited into the respiratory tract of
the inhaler, considered where (a) only the inhaler is masked,
(b) only the exhaler is masked and (c) both are masked. The
upper limits at small viral loads correspond to the mass frac-
tion (i.e., the depositing viral dose) removed. In all three scen-
arios the effect of constant mask leakage is examined, and we
assume: (i) a surgical mask with the theoretical filtration profile
of Figure 1c, (ii) the bioaerosol particle size distributions shown
in Figures 4b and c, and (iii) the deposition probabilities of
Figure 5a. Biological variation affects the practical mask effect-
iveness, but the effect of mask leakage predominates.
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(corresponding to low viral loads) is already close to
the best possible performance of 75% obtainable
through perfect filtration. Improving the mask mater-
ial is therefore insignificant compared to the benefit
of improving the fit: keeping the material the same,
but reducing leakage to 5% would yield mask per-
formances of 92 to 99%. In a similar vein, ensuring
both inhaler and exhaler are masked will outperform
any gains in mask filtration when leakage is assumed;
the lower limit of 62% at large viral loads already
exceeds the theoretical best performance of a single
mask of 50% at 50% leakage.

These findings have implications for surgical and
fabric mask standards. As discussed, the FFP2 test
samples the submicrometer size regime which may
not always be relevant for airborne transmission and
thus may be too stringent as a test. Conversely, the
BFE test used for medical face masks featuring 3 mm
aerosol particles may be too large and also sampling
the region where mask material properties are likely
to be poor; this may be too relaxed as a test.
Moreover, no standards for surgical and fabric masks
include tests for fit, even though we have seen this to
be a crucial limiting factor in their effectiveness at
curbing disease transmission.

Finally, we note that our model is subject to the
following limitations:

� We only consider the number of aerosol particles,
i.e., we are agnostic to the dose delivered or the
dose-response. Our model is very conservative in this
sense: weighting the size-distributions by particle vol-
ume to capture dose would increase the predicted
effectiveness by selecting coarser particles which
masks are better at filtering. A consequence of this
modeling choice is that mask effectiveness is a step
function in the viral load. Focusing instead on dose
would improve the expected mask effectiveness, and
in fact corresponds to the upper limit of effectiveness
in our model (see discussion around (5)). Our
stricter model allows for disease transmission to
involve a kinetics depending on the number of virus-
carrying particles received. Even with our conserva-
tive estimate, Figure 7 shows that the filtration profile
of surgical masks in Zangmeister et al. (2020) is
likely ‘good enough’ to achieve almost ideal perform-
ance in practice is suggestive that (i) mask leakage
and (ii) universal masking are more important fac-
tors than material properties.

� We assumed mask leakage to be independent of
particle size. This would be straightforward to
improve this by making a dependent on D in (2).

� We lack data on the viral loads in the lower respira-
tory tract. As a consequence we can only provide
upper and lower bounds on mask effectiveness.

� Our mask effectiveness Rvec measures the reduction
in exposure to potential disease vectors relative to
when no masks are worn. As viral load increases,
the absolute dose received (and thus the risk of
transmission) increases even after Rvec has reached
its plateau value (cf. Figure 6).

� We have not focused on coarse aerosol particles
� 10 mm which have much shorter sedimentation
times. Mask filtration is essentially perfect for these
particles so other factors related to masking are
more important such as the way masks deflect and
remove momentum from expiratory jets (Tang
et al. 2009, 2011).

� We have assumed a constant flow velocity of 6.3 cm
s� 1 through our masks to match Zangmeister et al.
(2020). This neglects changes in flow velocity during
tidal breathing, which will in turn be affected by the
breathing pattern (and factors such as physical activ-
ity) which has a complex effect on mask perform-
ance (Grinshpun et al. 2009). For simplicity we have
neglected this, but an interesting extension of our
model could consider the integrated effectiveness
with variable flow velocity.

6. Conclusion

We have presented a model for practical mask per-
formance, as measured by the (number) fraction of
potential disease vectors removed. Our model com-
bines a mask’s material filtration and leakage with
three biological factors: (i) the distribution of respired
aerosol particles, (ii) the viral load of the exhaler and
(iii) the probability of deposition in the respiratory
tract of the inhaler. We found that masks do protect
the wearer, but perform best as source control; in any
case, masking both exhaler and inhaler is best. But not
all masks are the same. A mask meeting a Personal
Protective Equipment (PPE) standard such as the
European FFP2 standard should filter out at least 92%
of the virus. The standard specifies 92% filtration for
a test aerosol that is smaller and harder to filter than
the droplet sizes we expect to be most dangerous.

A surgical mask meeting the European Type II
standard may be made of material which filters sig-
nificantly less of the virus. For example, we predict
that the material of one of the surgical masks studied
by Zangmeister and coworkers (Zangmeister et al.
2020), on inhalation filters 88% of the mass of speech
droplets, see Table 1. The material of an FFP2 or
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similar mask will filter out close to 100%. But the big-
ger problem with surgical mask standards is that they
do not specify fit, and so many surgical masks fit
poorly. Grinshpun and coworkers (Grinshpun et al.
2009) found that approximately 30% of the air
bypassed the material of the surgical mask they tested.
With this poor a fit, the filtration is only 0:7� 88% ¼
62%: This is enough to reduce transmission, but is
inferior to an FFP2 mask. Respirators offer both
superior fit and superior filtration of smaller aerosol
particles, and so replacing surgical masks with FFP2,
N95, or similar respirators will increase the protection
of both healthcare workers and the public.

Following the emergence of more infectious variants
of SARS-CoV-2, some policy makers have mandated the
wearing of respirators in public spaces (Deutsche Welle
2021). As a complementary approach, policy makers
could pursue a strategy of improving the quality of
masks worn in community settings. Practical guidance
on reducing leakage would therefore be required to pur-
sue this strategy. For example, Duncan et al. (2020)
found that surgical masks sealed via tie straps offered
better face sealage than ear loops. The filtration proper-
ties of fabric can be poor (Konda et al. 2020b; de Anda
et al. 2022), but their fit can be better than that of surgi-
cal masks (Duncan et al. 2020) and they can in principle
be tailored to the wearer. There are no standards for
fabric masks apart from the recent F3502 standard
(ASTM International 2021a), which does not set a
standard for mask fit. Washable cloth masks have the
additional advantage of being more environmentally
friendly than surgical masks and respirators, which are
made from plastic fibers.

Surgical mask standards like the European Type II
standard (EN 14683) are not adequate for a COVID-19.
There is no requirement on mask fit, and filtration per-
formance of the material is measured at the too-large
diameter of 3 lm: The standard could be made fit for
purpose by specifying filtration as worn, as in the FFP2
standard, and measuring filtration at particle sizes
around 1 lm or smaller. Alternatively, surgical mask
standards could be removed entirely, leaving only FFP2
and similar standards. In either case, changing the
standard could drive up the protection offerered by
masks, and so reduce COVID-19 transmission.

Transmission of respiratory viruses is complex and
poorly understood, so more data is needed. We need
either direct data on transmission rates as a function
of conditions, with and without masks, and a much
better idea of the infectivity of aerosolised virus
including the required dose for infection. Both of
these will be challenging but both are possible. The

basic physics of filtration tells us about how capture
varies with aerosol particle size, and so once we have
this data we can easily update our estimates of the
protection offered by masks.

It now seems well established that with SARS-CoV-2
some infected people have viral loads thousands or mil-
lions of times higher than others (Jones et al. 2021b;
Jacot et al. 2020). Thus a 50% reduction in dose due to
mask wearing corresponds to very different absolute
reductions in dose from infected people with high and
low viral loads. As typically the viral load of an infec-
tious person will not be known, other forms of interven-
tions are warranted in addition to masking.
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