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Face Masks Provide High Outward Protection Despite Peripheral Leakage:
Insights from a Reduced-Order Model of Face Mask Aerodynamics
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A reduced-order model of face mask aerodynamics and aerosol filtration is introduced. This model incorporates existing
empirical data on filtration efficiency for different types of face masks, as well as the size distribution of exhaled aerosol
particles. By considering realistic peripheral gap profiles, our model estimates both the extent of peripheral leakage and
the fitted filtration efficiency of face masks in terms of outward protection. Simulations employing realistic peripheral
gap profiles reveal that for surgical masks, 80% or more of the total exhaled airflow could leak through the mask
periphery, even when the average peripheral gap measures only 0.65 mm. However, the majority of exhaled aerosol
particles do not follow the flow path through the peripheral gaps, but instead, impact directly on the mask fabric. As
a result, these face masks can filter out approximately 70% of the exhaled particles despite the significant peripheral
leakage. To validate our model, we compare its predictions with experimental data, and we find a reasonable agreement
in estimating the outward protection provided by surgical masks. This validation underscores the reliability of our model
in assessing the efficacy of surgical masks. Moreover, leveraging the insights gained from our model, we explore the
impact of mask usage on the transmission of respiratory viruses within communities. By considering various scenarios,

we can assess the potential reduction in viral spread achieved through widespread mask adoption.

. INTRODUCTION

Face masks emerged as a simple yet important tool for help-
ing contain the spread of the SARS-CoV-2 virus during the
COVID-19 pandemic, and the coming years have observed
continued usage of face masks among the public as well as in
healthcare settings'™. Several studies have shown that face
mask usage among the public is an effective strategy to miti-
gate transmission of pathogens that are responsible for a variety
of respiratory illnesses such as the common cold, influenza,
COVID-19, and others*®8. Proper selection and usage of a
face mask, however, remains a challenge due to the complex
factors that can impact the effectiveness of face masks®. This
effectiveness is a function of the fabric/material used in the
mask, the peripheral gaps due to the mask-face fit, the aerosol
particle sizes in consideration, and the flow features associated
with the particular respiratory activity (breathing, coughing,
sneezing, etc.) being considered. The cost and ease of use are
also important factors for the public to select a mask which
may be worn over extended periods of time. Tools that can
quantify and assess the effectiveness of face masks would be
quite useful not only in the selection of appropriate face masks,
but also in designing more effective face masks.

A. Airborne Transmission of Respiratory Viruses

The airborne transmission of viruses such as SARS-CoV-
2 and influenza occurs when virus-laden respiratory aerosol
particles exhaled by an infected person during activities such

as coughing, sneezing, talking and even breathing, are inhaled
by a susceptible person. The aerosol particles that contribute
to this mode of transmission have a size smaller than about 5
jim; they can suspend in the air for hours and can be entrained
into the inhalation current of a person'®!'!. This airborne
transmission route plays an essential role in the rapid spread
of respiratory diseases like COVID-19 and is hard to detect
and prevent'>!3. Thus, the key outward protective function of
a face mask is to filter out as many of these particles before
they are released into the ambient air surrounding the infected
person.

While sneezing and coughing are generally associated with
the generation of large quantities of expelled aerosol particles,
and the spread of respiratory viruses is generally attributed
to these expiratory events, SARS-CoV-2 is unique in this re-
spect since infected people can emit virus-laden aerosol par-
ticles before the appearance of symptoms such as sneezing
and coughing'?. Thus, expulsion of aerosol particles dur-
ing breathing has played an important role in the COVID-19
pandemic'*. Consequently, understanding and quantifying the
ability of face masks to trap the exhaled particles during nor-
mal breathing is particularly important, and this forms the
motivation of the current study.

B. Outward Fitted Filtration Efficiency (oFFE) of Face Masks

When particles penetrate the fabric of a mask, they are col-
lected by the fabric via several mechanisms: particle diffusion,
particle-fiber interception, impaction, and electrostatic depo-
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sition caused by a charge difference’. Many recent studies

have provided evidence that face mask usage among the pub-
lic has been effective in reducing the transmission and spread
of the SARS-CoV-2 virus*®. Quantifying the effectiveness of
a face mask, however, continues to be a challenge primarily
due to the inevitable peripheral leakage®. Moreover, as men-
tioned in Mittal, Ni, and Seo!?, this leakage is typically larger
during exhalation (outward protection) than inhalation (inward
protection), which becomes a bigger issue for the outward pro-
tection of face masks. Hui e al.!” investigated the exhaled flow
behaviors associated with coughing with and without masks
and found that none of the commonly worn masks (e.g., N95,
surgical and cloth masks) can entirely prevent the peripheral
leakage. Other studies that have visualized the peripheral leak-
age and the jets emanating from the peripheral gaps'®~'® found
that all tested masks experience leakage during normal breath-
ing, especially from the top edge of the masks. The studies
also stated that both the mask fabric and the mask-face fit
play a critical role in determining the face mask effectiveness.
Particularly interesting results were described by Drewnick et
al.'” for homemade face masks; they found that a leakage with
a total area between 0.5% and 2% of the mask area is typical,
and this leads to a decline in the mask filtration efficiency (FE)
to a value between 50% and 67%.

Nevertheless, most certification standards of face masks
only require manufacturers to test and provide the minimum
filtration efficiency (FEmin) at the most penetrating particle size
(MPPS) as a representation of the mask performance without
taking account of the peripheral leakage and the respiratory
activities'>2!. This testing regime is driven primarily by the
fact that most face masks are certified for protection against
environmental pollutants, and therefore the focus is almost
exclusively on the inward protection. Moreover, FE measure-
ments of different mask fabrics can vary widely according to
different references®'~23, which creates additional uncertainty
in using this metric. Therefore, it is improper to solely use
the fabric FE to represent the face mask effectiveness. Fitted
filtration efficiency (FFE) is a better alternative metric used to
quantify the filtration efficiency of masks when worn (or fitted
on the face) by a person*, but most of relevant studies are
focused on inward protection offered by face masks, not the
outward protection we are interested in. In the current study,
we estimate the outward fitted filtration efficiency (oFFE) of
face masks using a model that includes key factors such as
the FE variance against different particle diameters D, the pe-
ripheral leakage and the aerosol particle adherence to airflow.
Detailed modeling of oFFE will be discussed in Section II.

C. Modeling Human Exhalation with Face Masks

Computational modeling of human respiration with a face
mask has the potential to quantify the face mask effectiveness
without carrying out experiments for each face mask and mask-
face combination. Several previous studies have attempted to
establish fully resolved three-dimensional computational fluid
dynamic (CFD) models of face masks. Lei et al.?® synthe-
sized a finite-element CFD model to examine the peripheral

leakage locations and strength between different head forms
and an N95 mask and showed that leakage usually occurs at the
nose (40%) and the cheeks (26% on each side). A computa-
tional model of human respiration with a face mask developed
by Dbouk and Drikakis?® employed a multiphase CED model
in a fully coupled Eulerian-Lagrangian framework. Dbouk
and Drikakis?® suggested that the criteria used to evaluate
the face mask effectiveness should be modified to incorporate
the effects from droplet penetration and the fluid dynamics of
mask peripheral leakage. More recently, Solano er al.”’ have
demonstrated the capabilities of a new computational model
that simulates the deployment of face masks on a variety of
synthesized faces, which was combined with a particle disper-
sion model to predict the effectiveness of face masks.

Despite continued efforts to model the human respiration
with a face mask®, a simple and effective reduced-order face
mask model considering the peripheral leakage, different mask
fabrics, and various mask-face combinations is missing. Un-
like the above fully resolved three-dimensional face mask
model, reduced-order computational models have the advan-
tage of rapidly performing thousands of simulations with var-
ious face masks and mask-face combinations. Such models
could serve as a rapid designing and analyzing tool for the face
mask industry as well as for certification organizations.

The objectives of the current study are to: (a) develop a
reduced-order computational model of face mask aerodynam-
ics during exhalation, taking into account both the peripheral
leakage and varying mask fabrics/materials, (b) examine the
combined effect of peripheral gap sizes and mask fabric prop-
erties on the peripheral leakage, and (c) predict the outward
fitted filtration efficiency (oFFE) of a large variety of face
masks that are typically worn by the public.

Il. MATERIALS AND METHODS
A. Evaluation of Outward Fitted Filtration Efficiency (oFFE)

In Fig. 1, we present a schematic of aerosol particle dy-
namics and flow behaviors during human exhalation with a
face mask. The effectiveness of face masks is commonly
quantified by measuring the filtration efficiency (FE) over a
relevant range of particle diameters (D) without any periph-
eral leakage. Within the context of the schematic in Fig. 1,
FE(D) = Ng/(Ng + Np), and FE is a strong function of the
particle diameter D. The minimum value of this filtration
efficiency (FEpin), which usually occurs for diameters D of
about 0.3 pm, is often used as the single parameter to define
the effectiveness of a face mask. For instance, various public
health organizations and regulatory agencies around the world
have set definitions and standards for the performance of face
masks!®2!. While these might differ in specific details, over-
all, there are three main face mask categories: fitted facepiece
(FFP) masks (which includes N95 masks), surgical or medical
procedure masks, and cloth masks. FFP masks are further
categorized into FFP1, FFP2, and FFP3 masks based on their
FEmin, and the FE i, of them are prescribed as 80%, 94%, and
99%, respectively.
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FIG. 1: Schematic of aerosol particle dynamics and critical
parameters: a schematic of aerosol particle dynamics is pre-
sented for human exhalation with a face mask. Beside it are
critical parameters that are related to the oFFE evaluation. N,
Np, and Np, are the number of particles filtered by the mask
fabric, penetrating through the mask fabric, and leaking via
the peripheral gaps, respectively. Qc, Om, and Q are the vol-
ume flow rates of exhalation, mask penetration, and peripheral
leakage, respectively. n represents the leakage ratio defined
by the flow rates, and oFFE is the outward fitted filtration effi-
ciency.

However, FE i, at MPPS is a poor indicator of the actual
face mask effectiveness since firstly, it underestimates the net
filtration of aerosol particles by the face mask over the range
of particle diameters relevant to airborne transmission (which
ranges from 0.1 to about 10 pm), and secondly, it does not
account for the peripheral leakage (see Mittal, Breuer and Seo?,
and references therein). This has motivated the introduction
of outward fitted filtration efficiency (oFFE), a metric which
corresponds to the outward filtration efficiency of a face mask
when it is worn by a person?®2°. The key difference between
FE and oFFE is due to the aerosol particles that leak through
the gaps that appear between the periphery of the mask and the
face when the mask is worn by a person®*3!. With reference to
the schematic in Fig. 1, oFFE = Ng/(Ng+ Np+ Ny). However,
as pointed out by Mittal, Breuer, and Seo?, estimation of this
particle leakage N is highly nontrivial since it depends not
only on the filtration efficiency of the mask fabric but also on
the leakage ratio given by n = Q4/Q., where Q. is the total
volume flow rate from the nose (or mouth) during exhalation
and Qy is the volume flow rate through the peripheral gaps.
This leakage ratio itself depends on the mask type, the mask-
face fit and the total volume flow rate Qe, i.e.,

n = n(mask, fit, Q). (1

If we suppose that the leakage ratio is available via simula-
tions or experiments, a simple but naive estimation of oFFE
would be obtained by assuming that all the aerosol parti-
cles follow the airflow and therefore the particle leakage ratio
NL/(Ng + Np + Np) (different from oFFE) is exactly equal to
the leakage ratio n7 defined by the volume flow rates. With this
assumption, oFFE = FE(1 — n). However, as pointed out by
Mittal, Breuer, and Seo’, only the small particles are expected
to follow the airflow, and respiratory aerosol, especially dur-
ing exhalation, could contain large droplets that will not follow

the airflow. Thus, the above estimation of oFFE should be ad-
justed to account for the fraction of particles that do not adhere
to the airflow.

Following Mittal, Breuer, and Seo’, the dependency of
oFFE on the aerosol particle adherence to airflow is modeled
via the introduction of an airflow adherence ratio o-, which
represents the fraction of particles that adhere to the airflow.
This parameter is expected to be a function of the particle
Stokes number given by Stk = p,DU/18u, where p;, is the
density of particle, U is the exhaled flow velocity at the nose
or mouth, and y is the air dynamic viscosity. Assuming that
the number of exhaled aerosol particles are proportional to the
flow rate Q., we can separate the exhaled particles into a frac-
tion proportional to oQ, that follow the airflow and a fraction
(1 — 0)Q. that do not (see Fig. 2). Among the particles that
follow the airflow, a fraction proportional to no-Q. will escape
with the peripheral leakage flow, and the remaining, propor-
tional to (1 — 7)o Q., will go along with the mask-penetrating
flow and be filtered according to the FE of the mask fabric.
The large particles expelled from the nose/mouth will not fol-
low the airflow and, given the directivity of the exhaled jet
(see Fig. 2), their inertia will carry them towards the mask
fabric. These particles that have a total number proportional
to (1 —o0)Q. will also be filtered by the mask according to the
FE of the fabric. Thus, the probability (Pg) of a particle of
diameter D being filtered by the mask is equal to

Pp(D,mask, fit) = FE(D) x o(Stk) x (1 —n)
+ FE(D) x [1 — o(Stk)] ?2)
= FE(D) [l -o(Stk)n].

FIG. 2: Schematic of exhaled airflow from nose and parti-
cle behaviors based on airflow adherence ratio o: yellow
(small) particles with o = 100% adhere to the airflow, whereas
green (large) particles with oo = 0% do not.

Given that the exhaled aerosol contains particles with a
range of diameters, the oFFE for a given distribution of particle
diameters can then be estimated as

D
OFFE:/ Pr(D)Pg(D)dD
Do 3)
D,
:/ FE(D) [1 - o (Stk)] Pe(D)dD,
D

0
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FIG. 3: Measured FE, and constructed FE(D) functions for mask fabrics: (a) Experimental data of FE,;, at MPPS
are adopted from Zangmeister et al.3? for all studied mask fabrics. The x-axis is the fabric air resistance Ci. Four fabrics are
highlighted by different markers in the figure, which will be used as examples for the constructed FE(D) functions in (b). The
fabric names and corresponding markers are displayed in the legend. The names for the fabrics in this study are consistent with
those used in Zangmeister et al. 32 unless otherwise stated; (b) Constructed FE(D) functions from 0.1 to 10 jum are shown for four
selected mask fabrics. The colored markers represent the measured FE of the fabrics covering from 111 to 825 nm, and the solid
and dashed curves display the FE interpolation and extrapolation results by regression covering from 111 to 553 nm and from
553 nm to 10um, respectively. The selected fabrics are also reported in the legend; (c) Validation of the FE extrapolating method
presented in (b) is shown here. The same method is now applied to the experimental FE data set in Drewnick et al.!” covering
from 30 nm to 10 pm and measured at a flow velocity of 12.9 cm/s. Exponential functions are fitted to the FE data points at
D = 250,500 nm and then extended to 10 pm where FE is set to 100%. The markers in the figure represent the measured FE
data. The solid curves connect the experimental data from 30 nm to 500 nm, while the dashed curves depict the extrapolated FE
functions from 500 nm to 10 um. Fabric names shown in the legend are consistent with those used in Drewnick et al.'7, each
of which has been assigned a distinct marker shape and color. For more details about the validation, readers are referred to the
Supplementary Sec. S-1.

where Pg(D) is the probability density function (PDF) of B. Face Mask Filtration Efficiency (FE)
aerosol particle diameter associated with the particular exha-
lation event under consideration (breathing, sneezing, cough-

ing, etc.), and Dy and D; are the lower and upper limits of
relevant particle diameter, respectively. Thus, determination
of the oFFE for a mask for outward protection during breath-
ing requires estimates of FE(D), n(mask, fit, Q.), o (Stk), and
Pg (D). The following subsections address each of these esti-
mates.

The expression for oFFE in Eq. 3 requires FE as a function
of particle diameter D and for this, we employ the comprehen-
sive experimental FE data from Zangmeister ez al.3 for various
mask fabrics. The FE,;, data at the MPPS of all the fabrics are
presented against Cy in Fig. 3a, where Cy is the corresponding
air resistance of each fabric, the definition and details of which
will be discussed in Sec. IIC 1. As depicted in the figure, for
a single FEni, value around 20%, extremely large variation
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of Ci values could be observed, showing a weak correlation
between FE,;, and Cx. This weak correlation could be ex-
plained by the fact that those FE;, values were measured at
the MPPS of each fabric, which usually lies in the range from
around 0.1 to 0.5 ym?®33, Within this range of particle size,
the interception and impaction mechanisms do not primarily
contribute to the mask fabrics’ filtration of aerosol particles.
Rather, the Brownian diffusion mechanism may play a more
significant role in trapping these small particles”>*. However,
the air resistance Cy, originating from the fabric’s permeabil-
ity, is largely associated with the interception and impaction
mechanisms rather than the Brownian diffusion mechanism.
Therefore, only a weak correlation between FE;, and Cy can
be observed from Fig. 3a.

Studies have demonstrated that exhaled aerosol particles that
carry the pathogens predominantly consist of small particles
(D < 51um)!%!! and the largest D of particles that can suspend
in still air for 5 seconds and be inhaled by a person withina 1 to
2-meter distance from the emitter is 100 pm'!. In light of this,
the lower and upper limits for particle diameter in the present
study, denoted as D¢ and D1, are set at 100 nm and 10 pm,
respectively, where the lower limit corresponds to the size of
SARS-CoV-2 virus** and the upper limit s a typical maximum
diameter generated under normal breathing conditions®.

The measurements of Zangmeister et al.’?, however, do
not extend particle diameters beyond 825 nm. To construct
FE(D) functions from Dy to D, we therefore use regression
to interpolate the FE data within the measured range from 100
to 553 nm and extrapolate for larger particle diameters from
553 nm to 10 pm. The interpolation over the experimental FE
data employs rational polynomials as the candidate function,
while for the extrapolation, we employ exponential functions
which are consistent with established analytical derivations of
FE for fibrous media®*%. Since all the face masks in the data
set of Zangmeister et al.> have a pore size smaller than 10
pm, we set FE at 10 pm equal to 100%. Fig. 3b displays the
constructed FE(D) functions for four selected mask fabrics
and the interpolations provide fits with R2 > 0.9.

Further validation of the FE extrapolating method has been
carried out by applying the same exponential function to a
different data set'” which contains experimentally measured
FE data up to D = 10 um but only for a few mask fabrics.
Fig. 3c shows the validation results for the FE data of four fab-
rics measured at an airflow velocity of 12.9 cm/s. Very good
agreements (R? > 0.9) are observed between the extrapolated
dashed curves and experimental data, which convinces us that
the extrapolation method proposed can substantially capture
the FE variation at large particle diameters and provide rea-
sonable estimation of FE values. More details of this validation
process are included in Supplementary Sec. S-1. Furthermore,
the shape of the constructed functions displayed in Fig. 3b and
3c follows the general pattern of the FE(D) functions of fi-
brous media shown in the references3>3%37. These functional
fits to the FE are used in the evaluation of oFFE later.

C. Peripheral Leakage Ratio (;7)

Determination of the peripheral leakage from a mask in-
volves two elements: (a) quantification of the gap sizes around
the periphery of a mask, and (b) a method to compute the flow
rates from the gaps given a mask and the profile of the periph-
eral gap sizes. Both elements are described in this section.

1. Aerodynamic Models for Exhaled Flow with Face Masks
and Peripheral Gaps

(a) Realistic (b) Simplified

FIG. 4: Schematic of human exhalation with a face mask

The physical process of exhalation is depicted schematically
in Fig. 4. The exhaled flow coming out of the nose and/or
mouth impinges on the face mask. Some of this flow pene-
trates the mask fabric, while the rest leaks from the peripheral
gaps. In Fig. 4a and 4b, Q. is the exhaled volume flow rate, and
Om and Q, represent the flow rates penetrating the mask fab-
ric and leaking through the peripheral gaps, respectively. AP
measures the pressure difference across the face mask from
inside (Piy) to outside (Poy). These symbols will be used
consistently throughout this paper. The current reduced-order
model is inspired by the model of Peri¢ and Peri¢®® and is
schematically shown in Fig. 4b. In the current model, exhala-
tion associated with breathing is modeled as a time-invariant
flow, and therefore, the details of the flow inside the mask are
mostly neglected to simplify the modeling process. We note
that this assumption is reasonable for breathing, but might not
be so for highly transitory exhaled activities such as coughing
and sneezing. For those activities, due to the high exhaling
velocity up to about 10 m/s*°, the Reynolds number of the
flow can reach around O(10%), resulting in a more complex
flow inside the mask. As a result, the pressure could also have
large spatial variation inside the mask and around the mask
periphery. These factors could therefore result in highly unex-
pected flow behaviors that cannot be substantially captured by
the model shown in Fig. 4b because it has already neglected
the flow details inside the mask. Furthermore, with such a
high flow velocity, the movement of the face mask caused by
the exhaling jet cannot be ignored'?. This movement could
lead to significant changes in the peripheral gap sizes and thus
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in the prediction of peripheral leakage. However, in the cur-
rent model, the face masks are assumed to be static. Thus,
extension of the current model for events such as coughing
and sneezing is not simple. In the present study, we will focus
on the breathing activity, since infected people of COVID-19
could emit virus-laden aerosol particles before the appearance
of obvious symptoms.

Fabrics used for face masks are usually made of natural
or synthetic fibers which are overlaid together, either in an
organized manner or in a random weave, to form mask fab-
ric layers?. These fabric layers can be regarded as a porous
medium, and the aerodynamic model for such a medium is
generally formulated via the Darcy-Forchheimer law?33340,
Specifically, in the current model, the relationship between the
pressure difference across the mask fabric (APy,) and the aver-
age through-flow velocity (up,) should be modeled by Darcy-
Forchheimer law, which considers the linear (Darcy’s law)
and quadratic (Forchheimer’s law) dependency of APy, on uiy,.
Based on the measurements of previous studies3¥4142 the
through-flow velocity uy, for exhalation is expected to be in
the range from about 1 m/s to 5 m/s. Moreover, the average
pore sizes for a reusable cloth mask, a surgical mask, and an
NO95 mask are around 47, 33, and 30 pm, respectively“A Com-
bining with the air properties at 20°C, the Reynolds number of
the airflow penetrating the mask fabric is estimated to O(10)
for all the studied fabrics, so the penetrating airflow could be
considered as laminar flow. Therefore, the linear effect of uy,
is expected to be dominant, and the relationship between APy,
and up, can therefore be adequately described by Darcy’s law
as follows:

APy, = Gy = Ck%? (C)]
m

where Cy is the air resistance of the fabric and Ay, is the fabric
filtering area. For the current study, Ay, is chosen to be 319.35
cm?, which is a typical value used for medium-sized face
masks*. To cover a range of representative face masks, the
comprehensive data set from Zangmeister e al.>? with data for
45 mask fabrics is used in the current study. The air resistance
Cx of each fabric can be derived based on the measurements
of APy, and uy, in Zangmeister et al.??, and further details
about the experiments and fabric properties can be found in
Supplementary Sec. S-II.

Direct aerodynamic modeling of the entire face mask gaps
along the periphery with variable gap sizes can be a compli-
cated task. Instead, we follow Peri¢ and Peri¢®8 in assuming a
gap segment with a narrow width along the mask periphery for
modeling the peripheral gap flow. This narrow gap segment
is assumed to be in the shape of a rectangular channel which
has a uniform length (L), width (By), and height (or gap size,
Hy). Following Peri¢ and Peri¢33, the pressure loss through
this narrow gap segment can be modeled as a combination of a
major loss through the bulk of the channel (AP.) and a minor
loss associated with the entrance and exit (APee):

APg = AP: + AP,
12uLguc
ST

Hy

1 5
+ (Lin + {out)ipﬁg’ ®

where u, is the cross-sectional average leakage velocity, and
Lin and Loy are the loss coeflicients for the entrance and exit
with values of 0.5 and 1.0, respectively®®. Furthermore, y is
the air dynamic viscosity at 20°C with a value of 1.813 x 107>
Pas, and p is the air density at 20°C with a value of 1.204
kg/m3. L, is fixed at 1.0 cm according to Peri¢ and Peri¢s.
The low Reynolds number of the flow through the narrow gap
segment due to a maximum gap size not exceeding 5 mm
provides some justification for assuming a two-dimensional
channel flow profile inside the gap segment. Coupled with the
expression e = Qg /BgHg, the final expression for the pressure
drop across the gap segment is as follows:

2

12uL,0, 1 O
APy = ————— + ({in + —p—. 6
g BgHg ({m .Zoul)zp (BgHg)z (6)

2. Realistic Peripheral Gap Profiles

Peri¢ and Peri¢® proceeded with their modeling by assum-
ing a uniform gap size H, along the mask periphery. However,
it is well known that the gap size varies significantly along the
periphery and Fig. 5a shows the results from Solano, Mittal,
and Shoele** where the gap size variation was computed via
simulations of a quasi-static mechanical model without any ex-
haling flow. Large gaps appeared at both sides of the nose, at
the center of cheeks, and at the lower portion of the face mask.
This is also borne out by other studies'®?74346 as well as by
personal experience. Indeed, for the case shown in Fig. 5b,
while the average gap size is about 1 mm, local gap sizes can
exceed 5 mm. Given the highly non-linear dependence of the
pressure drop AP, on the gap size H, (see Eq. 6), a model that
accounts for the large variation in gap size along the periph-
ery should provide higher accuracy. Thus, instead of using
a uniform gap size Hj in the face mask aerodynamic model
like Peri¢ and Peri¢®®, in the current model, we augment the
reduced-order model to account for the realistic peripheral gap
profile that appears along the mask periphery.

To obtain the spatial variation of the peripheral gaps,
the quasi-static mechanical model from Solano, Mittal, and
Shoele** was applied, and rectangular face masks (a typical
shape for surgical and cloth face masks) were deployed onto
representative face forms without any exhaling flow. To reach
the final position of the masks on the face forms, the elastic
bands were first elongated and wrapped around the ears. The
length of the bands then decreased gradually during the de-
ploying process until it reached the final values, pulling the
masks onto the face forms. The minimum energy concept was
utilized to determine the equilibrium locations of discretized
points on the masks at every intermediate deployment stage be-
tween the initial and final mask positions. This method takes
into account the total elastic energy from the mask fabric, the
mask periphery, and the ear bands, as well as the contact force
between the mask and the face tissues. For more details, read-
ers are referred to the original paper by Solano, Mittal, and
Shoele**. Fig. 5e displays a schematic of the mask deploy-
ment. Four types of gap profile are used in the current study
and presented in Fig. 5a, 5b, 5c, and 5d, which correspond
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FIG. 5: Realistic peripheral gap profiles: profiles are obtained from the quasi-static mechanical model**, which represents
typical mask-face fits. These profiles are approximated by utilizing multiple narrow gap segments along the periphery; (a), (b),
(c), and (d): Realistic peripheral gap profiles for four typical mask-face fits. The average gap size H, and the gap area ratio
Rygqp are also shown in the figures; (e): An example of how the quasi-static mechanical model obtains the gap profiles; (f):
This schematic illustrates how the narrow gap segments are arranged along the mask periphery to approximate the realistic gap
profiles. The rectangles along the mask periphery stand for the narrow gap segments.

to the following typical mask-face fits respectively: (a) nom-
inal fit, (b) oversized fit, (c) nose-leak fit, and (d) min-leak
fit. In Fig. 5a, 5b, 5c, and 5d, the solid-colored curves rep-
resent the gap sizes along the periphery, which are obtained
directly from the mechanical model. The dashed black curves
in these figures show the approximated gap profiles which are
achieved by arranging multiple narrow gap segments along the
periphery. The arrangement of the gap segments and how the
approximated profiles are achieved will be explained in detail
in the subsection following this one. The average gap size ﬁg
and the gap area ratio Ry, of each profile are also reported
in these figures. ﬁg is evaluated by averaging the gap sizes
along the periphery for each profile, while Ry, is calculated
by dividing the total peripheral gap area over the total mask
area Ap,.

The nominal fit profile in Fig. 5a represents the fit where
a typical face mask is deployed reasonably onto a face. The
average gap size Eg for this case is 0.65 mm and the gap area
ratio Rgap is 1.7%. The other three gap profiles in Fig. 5b, 5c,
and 5d are generated by modifying this profile. The oversized
fit profile represents the condition when the fit of a mask on a
face is loose, and Hy is increased to an average of 1.09 mm.
The nose-leak fit profile is meant to model the situation of
face mask usage when a reasonably well-fitted surgical mask
is used*#7 but with a large gap near the nose. An H, of 0.49
mm is achieved for this case. Finally, the min-leak fit profile
corresponds to the circumstance of a mask with a very good

fit to a face, where ﬁg is only 0.36 mm.

3. Lumped-Element Model for Peripheral Leakage Ratio (1)

As mentioned in the previous subsection, the gap size (or
height) variation in the presented profiles in Fig. 5 is cap-
tured by segmenting the gaps along the periphery into n nar-
row gap segments (see Fig. 5f), each of which has a height
(Hg,i,i = 1,...,n) corresponding to the value in the profiles
at the location of current segment along the mask periphery. In
the current study, a total of 60 narrow gap segments (n = 60)
are utilized to cover the entire periphery (the periphery has
a total length of 73.70 cm), which leads to a segment width
B, of approximately 1.23 cm. As can be seen from Fig. 5a,
5b, 5c, and 5d, the approximated profiles by using 60 nar-
row gap segments provide a reasonable representation of the
spatially varying gap profiles. The lumped-element reduced-
order model for face mask aerodynamics can then be developed
by assembling all the components into the equivalent circuit
shown in Fig. 6.

In the equivalent circuit in Fig. 6, the exhaled volume flow
rate Q. is divided into the branch currents Oy, and Qg ;,i =
1, ..., n that represent the flow rates penetrating the mask fabric
and leaking through each narrow gap segment, respectively.
In the current study, the exhaled flow rate Q. is set to 30
L/min, which is a typical value of adults’ breathing during
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FIG. 6: Lumped-element equivalent circuit: the current in
the circuit represents the volume flow rate, and the voltage
stands for the pressure difference. The mask fabric and the
narrow gap segments on the periphery are modeled as the
parallel resistors which share the same pressure difference AP
across the face mask.

light activities***°. Due to the assumption of uniform pressure
inside the mask, the pressure difference across the mask fabric
and through each narrow gap segment is assumed to be the
same, namely AP = APy, = APy ;, so a parallel resistor design
is adopted in the equivalent circuit. The air resistance of the
mask fabric and the narrow gap segments are modeled by
the resistors Ry, and Ry ;,i = 1,...,n, and the values of these
resistors can be calculated by dividing the pressure difference
over the corresponding flow rates. The system of equations
for this lumped-element model can therefore be written in the
final form as:

Om

AP = ckﬂ, (7a)
124LQyi 0%
AP = —— 5+ (Gntlow) 53— i = 1o,
BeHy (BeHy.i)
(7b)
Qe =0n+ ). Qui- (70)
i=1

By solving Eq. 7 together, the mask-penetration flow rate
Onm and the leakage flow rate Q, ; through each gap segment
can be obtained, and these flow rate data are then used for
estimating the leakage ratio 77 with its dependence on different
mask fabrics embedded in the value of C, and on the mask-
face fits via Hy ;,i = 1, ...,n.

D. airflow Adherence Ratio (o)

The airflow adherence ratio o, which describes the pro-
portion of aerosol particles that adhere to the airflow, is a
function of the particle Stokes number. By definition, the par-
ticle Stokes number is the ratio of the particle relaxation time
over the flow characteristic time, and it quantifies the extent
to which a particle is driven by its own inertia. To provide
closure to the current model and to evaluate oFFE by Eq. 3,
the dependence of the airflow adherence ratio o~ on the Stokes
number needs to be established.

Fig. 2 shows a schematic of the path of exhaled flow and
aerosol particles inside the mask. The flow streams out of the

nostrils towards the mask, and then make a turn (often more
than 90 degrees) as it moves towards and escapes through the
peripheral gaps. An estimate of o is needed for this turn-
ing flow condition. Several experiments and models have
estimated the particle deposition efficiency (DE; ratio of the
deposited particles over the total particles) for turning flows.
For instance, Cheng and Wang>” and Pui, Romay-Novas, and
Liv®! have measured the deposition of particles in a pipe flow
undergoing a 90-degree bend and have shown a smooth and
monotonic variation in DE from 0% deposition at Stk = 0 to
> 90% deposition at Stk ~ 1 (see Fig. 7). We note that in the
context of the current model, o-(Stk) = 1 — DE(Stk), and we
can therefore use these data to estimate the airflow adherence
ratio o (Stk).
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FIG. 7: Particle deposition efficiency (DE) and airflow ad-
herence ratio (o (Stk)): experimental DE data (right y-axis)
for a 90-degree turning flow>' with Reynolds number of 1000
and the sigmoid function (hyperbolic tangent) fitted to them
(right y-axis) are plotted against particle Stokes number Stk.
Airflow adherence ratio o (left y-axis) derived from DE is
also presented here as a dash-dotted curve. The two y-axes are
shown in percentage for understanding convenience.

The particular data that is employed here is for a flow
Reynolds number of 1000, which corresponds reasonably well
to the exhaled flow from the nostrils given a flow rate of 30
L/min, a typical nostril area®®5? of 330 mm?, and an aver-
age jet velocity of 1.5 m/s. To compute the particle Stokes
number (Stk = p,DU/18y), the air dynamic viscosity u of
1.813 x 1072 Pa-s corresponding to a temperature of 20°C is
also used here, and the particle density pj, is chosen to be the
same as that of water (p,=1000 kg/m?). In Fig. 7, the orange
circles represent the experimental DE data from Pui, Romay-
Novas, and Liv®!, and the orange solid curve is a sigmoid
function fitted to the data. As can be seen from the figure, the
fitted curve provides a reasonable fit to the experimental data,
with an R-square value of around 0.96. One important ob-
servation from the figure is that, as the particle diameter goes
up and the Stk rises above 1, the DE does not asymptotically
approach 100% but rather fluctuates around 95%. A possible
reason for this is that when impacting on the solid surface,
these large particles might rebound from the surface or break
up into smaller particles, reducing the detected DE values®'.
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This feature is well captured by the fitted DE function, and
will be considered by the calculation of oFFE (Eq. 3) through
the o function as shown below:

o (Stk) = 1 — DE(Stk)

8
=1 - DEy - DE tanh (C,» (Stk* — Stkc)) ®

where C, and Stk are the fitting coeflicients which have the
values of 2.90 and -0.49, respectively. DEj is the magnitude
of the sigmoid function and has a value of 0.47. Stk values are
normalized to Stk* by the mean and standard deviation of Stk
in the experimental data set®' (Stk* = (Stk—0.53)/0.38). The
derived o~ (Stk) function is also shown in Fig. 7 as a dash-dotted
curve.

‘We note in closing current discussion that a 90-degree turn-
ing pipe flow in Pui, Romay-Novas, and Liu’! may not be
a perfect mimic of the breathing flow impinging onto a face
mask. However, in the absence of direct measurements of par-
ticle deposition efficiency for a jet impinging onto a surface
with a Reynolds number comparable to the current case and
for a range of particle sizes, the currently utilized data serve to
capture the core mechanisms of particle deposition on a solid
surface within a turning flow of Re = 1000, and can be used as
a reasonable foundation for estimating the airflow adherence
ratio, o.

E. Aerosol Particle Size Distribution (Pg (D)) during
Exhalation
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FIG. 8: Airflow adherence ratio (o (Stk)), filtration effi-
ciency of selected mask fabrics (FE(D)), and breathing
aerosol particle PDF (Pg(D)): the left y-axis is related to
the airflow adherence ratio o-(Stk) (dash-dotted line) and fil-
tration efficiency FE(D) (solid and dashed lines), while the
right y-axis is the PDF Pg(D) (solid line) that corresponds to
the normal breathing condition. o (Stk) here is the same as
that in Fig. 7, and FE(D) for two selected mask fabrics are
adopted from Fig. 3b and 3c. The light green region stands for
the relevant diameter range for oFFE evaluation (see Sec. II B).

The focus of the current study is on the exhaled flow during
normal breathing, and Fig. 8 presents the probability density
function (PDF) (Pg (D)) of the aerosol particle diameters dur-
ing normal breathing from Johnson ez al.**. Employing this

Pg(D) within the current model serves as another key factor
that distinguishes the normal breathing condition under fo-
cus from other exhaling activities such as coughing/sneezing.
This is in addition to the differences of flow behaviors dis-
cussed in the previous Sec. I1 C 1. Johnson et al.’> have found
that, unlike the normal breathing condition where particles are
generated solely by the bronchiolar fluid film burst mode (B
mode), two additional mechanisms called laryngeal or L mode
and Oral or O mode have also contributed to the particle gen-
eration during activities like coughing/sneezing. Compared
to the breathing PDF, the coughing/sneezing PDF not only
has a broader size range that includes larger particles, but it
also possesses a higher first peak around 1 pm and an addi-
tional second peak around 100 pm. These differences in the
PDFs would bring about the variations in particle behaviors
and change our prediction of the number of filtered particles.
Therefore, the normal breathing condition can be well distin-
guished from coughing/sneezing activities by its distinct PDF
Pg(D) shown in Fig. 8.

‘We note that the PDF is centered around a particle diameter
of 1.5 pm and more than 90% of the particles are within
a diameter range between 0.8 and 3.0 pm. The upper x-
axis shows the corresponding particle Stokes number, and we
further note that the peak in PDF corresponds to a relatively
large particle Stokes number of about 7.0. Also displayed
in the plot (via the left y-axis and the dash-dotted curve) is
the airflow adherence ratio o-(Stk) estimated in the previous
section. For most of the particles in the relevant diameter
range, it is apparent that the value of o (Stk) is close to 5%
because of the relatively high Stokes number. Thus, most of
the exhaled particles will not adhere to the airflow, but will
impact directly on the mask fabric instead.

The filtration efficiency of Surgical Mask 1 from Zangmeis-
ter et al.32, as well as that of the 2-layer jersey cotton fabric
from Drewnick et al.'?, are also shown in Fig. 8. These were
selected as representative fabrics to show the FE(D) functions
constructed by the validated extrapolation method in Fig. 3. It
can be seen from the figure that, based on the extrapolation,
filtration efficiency is not adequately characterized only by the
minimum value FE;;, at MPPS around 300 nm. Instead, the
effective FE should correspond to the range where Pg(D) ex-
hibits high values (in this case, a range from 0.8 to 3.0 pm).
Moreover, the airflow adherence ability of aerosol particles
depicted by o should also be considered, which leads to the
proposed oFFE metric in the current study. More details of
oFFE evaluation will be discussed in Sec. III B.

lll. RESULTS

Using the models described in Section II, the leakage ratio
n and oFFE have been estimated for all the 45 mask fabrics for
which FE functions are constructed based on the experimental
FE data provided by Zangmeister et al.’?>. For each mask,
we have employed the four distinct peripheral gap profiles to
estimate the leakage and analyze the influence on the leakage
caused by different profiles. The aerosol particle adherence to
airflow has also been considered in the oFFE calculation by
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utilizing the airflow adherence ratio o, which is derived from
the experimental data from Pui, Romay-Novas, and Liu>'. The
particle size distribution (Pg(D)) chosen here corresponds to
a normal breath®®, and a validation of oFFE has also been
shown in this section by comparing to the experimental data
from Pan et al.>* and others.

A. Face Mask Peripheral Leakage
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(b) Leakage ratio n vs. air resistance Cy for selected
mask fabrics with all realistic peripheral gap profiles

FIG. 9: Leakage ratio 5 and influence of gap sizes: (a)
Leakage ratio defined by the volume flow rates (17 = Q4/Q.)
for all mask fabrics are plotted against the fabric air resistance
Ck. Qg is the sum of the flow rates of all narrow gap segments,
namely O, = ' Qg,i. Selected fabrics are highlighted here
by distinct markers, and their names are listed in the legend.
"(C)" and "(M)" appended to the names in the legend denote for
cloth and medical-grade fabric categories, respectively. De-
tails of mask fabrics included in each category can be found in
Supplementary Sec. S-1I; (b) Leakage ratio i of selected mask
fabrics are presented for all realistic peripheral gap profiles
shown in Fig. 5. Markers for different fabrics and line styles
for different profiles are shown in the legend.
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The relationship between the peripheral leakage ratio  and
fabric air resistance Cy is illustrated in Fig. 9a for all studied
mask fabrics under the nominal peripheral gap profile condi-
tion. Four selected fabrics are highlighted by distinct markers,
and their leakage ratio n variations corresponding to all gap
profiles in Fig. 5 are displayed in Fig. 9b. From Fig. 9a, it is ob-
vious that the leakage ratio ;7 increases monotonically with the
air resistance Cx when the nominal profile is used and quickly
approaches to 100% at around Cx=800 kg/(m?xs). This indi-
cates that even with a face mask like a surgical mask that has a
relatively low fabric air resistance (C ~ 550 kg/(m>xs)), the
leakage ratio 77 could go up to 90% easily.

From Fig. 9b, we can observe that the gap size increase
increases the peripheral leakage for all selected fabrics. For
instance, for the commonly used surgical mask, the leakage
flux ranges from 69% for the best fit (min-leak fit), to 93% for
the worst fit (oversized fit). Similar to Fig. 9a, for a given gap
profile, increased air resistance Cx of the fabric would tend
to direct more airflow through the gap and increase peripheral
leakage. This is also borne out by the data in the plot where, as
Cy increases from O (10) (for the rayon mask) to O (1000) (for
the N95 masks), peripheral leakage ratio increases to about
90%. This however leads to a somewhat counter-intuitive
situation: for the same mask-face fit, higher quality masks
such as the surgical and N95 masks generate larger peripheral
leakage than cloth masks. Indeed, for the rayon mask, the
leakage flux ranges from about 10% for the worst fit to 56%
for the best fit, but for the N95 masks, this range is between
90% and 98%. Thus, even with a good fit where the average
gap size is only 0.36 mm, 90% of the exhaled flow is expected
to leak from the mask periphery for masks like N95 masks.
This might seem to indicate that medical-grade masks would
tend to provide a lower oFFE, but as we will show later in
Sec. III B, this is not the case.

Peripheral leakage ratio measured by other references via
experimental or modeling methods can help us validate the
above results. Larsen, Heebgll, and Meyer> carried out in-
halation and exhalation experiments with mannequins wearing
surgical masks under various volume flow rates. They found
that with a ’casual’ mask-face fit (which can be considered as
the nominal fit in Fig. 5a) and a volume flow rate of 30 L/min,
the peripheral leakage ratio can exceed 80%, aligning well with
the 7 results in Fig. 9. Freitag, Howell, and Jim>® developed a
simple leak model to estimate the reduction of viral load during
breathing and speaking as a function of multiple parameters.
Results from their model show that the mask (referred to as
"Berkshire Mask" in this paper) with an air resistance Cy com-
parable to the Surgical Mask I in Fig. 9b (Cy=578 kg/(m*xs))
experiences a leakage ratio of over 50%. Considering that this
figure was obtained with a lower volume flow rate of 10 L/min
and a smaller gap area of 1.57 cm? (smaller than the min-leak
fit in Fig. 5d which has a gap area of 2.65 cm?), our leakage
ratio results of Surgical Mask I are quite reasonable.

Since the mask periphery is discretized into a series of nar-
row gap segments, the cross-sectional averaged velocity g ; of
each segment can be calculated by dividing the Q, ; obtained
from Eq. 7 over the cross-sectional area of the segment, i.e.,
Bg;i X Hg;. This average velocity of all gap segments can
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then be plotted along the mask periphery to examine the local
leakage intensity. Fig. 10 presents the g, curves of leakage
flow velocity along the periphery of Surgical mask 1.
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FIG. 10: Leakage velocity along the periphery of Surgical
Mask 1: the cross-sectional averaged velocity u ; along the
mask periphery are presented for the four gap profiles in Fig. 5.
The legend displays the line color and type corresponding to
each profile.
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For all peripheral gap profiles, the velocity curves indicate
large leakage on both sides of the nose, at the center of the
side mask edges, and at the corners of the bottom mask edge.
These are the periphery regions that have relatively larger gaps
(see Fig. 5). As the gap size decreases from the oversized fit to
the min-leak fit, the peripheral leakage Qg ; will decrease due
to the increase of the gap segment air resistance, which can
be derived from Eq. 7b and seen from Fig. 9b. The velocity
iy i, counter-intuitively, may not decrease with Qg ; but may
instead increase due to the reduction of the gap height Hy ; and
cross-sectional area of each segment. Therefore, to determine
ug; at each segment, influences of both Q, ; and H, ; should
be considered. Furthermore, we note that the peak velocity
magnitudes are in the range of 0.5 to 1.5 m/s, which would
result in a Reynolds number of O(100) for the peripheral jet
given a gap of O(1 mm). Thus, these leakage jets under a
normal breathing condition are expected to be laminar, but
higher breathing rates could increase the Reynolds number
into transitional and turbulent jet regimes. This quantification
of average velocity along the mask periphery has implications
for the distance of leakage jets penetration into the surrounding
air, as well as the mixing and dispersion of the aerosol particles.

In the three-dimensional flow simulations conducted by
Dbouk and Drikakis®®, the velocity of leakage flow around
the periphery of a surgical mask was quantified. Although
their study considered a coughing event with a higher jet ve-
locity of 5.0 m/s and larger peripheral gaps ranging from 4.0
to 14.0 mm, the velocity profile shape around the periphery
aligns well with the profile given in Fig. 10 by the current
model. Peak velocities are observed on both sides of the nose,
at the center of the side mask edges, and at the corners of the

11

bottom mask edge. Matching the velocity magnitude, however,
is challenging with the current model, given that the jet veloc-
ity in the present study is 1.5 m/s and the peripheral gaps are,
at most, around 6.0 mm. Comparison against the results with
Dbouk and Drikakis” three-dimensional simulations?® instills
additional confidence that the current lumped-element model
is capable of capturing the velocity variation along the mask
periphery.

Although only results for Surgical Mask 1 are shown here,
similar analyses could be applied to the other mask fabrics
included in the current study. For fabrics like Rayon that
has relatively lower 17, maximum magnitude of the leakage
velocity ug; for all peripheral gap profiles would be smaller
than 0.4 m/s, and the Reynolds number at the gaps would be
around O (30). For masks such as the N95 Mask that has large
peripheral leakage, the maximum magnitude of u, ; could go
up to 1.4 m/s, and the corresponding Reynolds number at the
gaps would be around O(100), which is similar to Surgical
Mask 1.

B. Outward Fitted Filtration Efficiency (oFFE)

The leakage and mask-through flow rates provide the last
piece of data needed to evaluate oFFE for these masks. Re-
sults based on the nominal gap profile will be utilized in the
subsequent analyses, as it represents the most commonly en-
countered mask-face fit among the public’s mask usage. Fig 11
presents the obtained oFFE results of the mask fabrics in the
data set of Zangmeister et al.’?. In Fig. 11, the oFFE of each
mask is plotted against the peripheral leakage ratio 7, the air
resistance C, and the minimum filtration efficiency FE i, at
MPPS which were measured by experiments32. Several obser-
vations can be made from these plots, and they are enumerated
here:

1. Despite significant peripheral leakage shown in Fig. 11a
(ranging from 85% to nearly 95% of the total flow), all
masks with medical-grade fabrics achieve oFFE greater
than 70% for outward protection. Fig. 11b reveals the
same results more clearly that all the medical-grade fab-
rics locate at the left-top corner of the plot and outper-
form most of the cloth fabrics.

2. As displayed in Fig. 11a, nearly one-third of the cloth
fabric masks can achieve oFFE that exceed 50% with
an average leakage ratio (17) over 90%. Several cloth
fabrics can even achieve oFFE of around 90% despite
7 being close to 95%. The same observation could be
made from Fig. 11b as well.

3. Counter-intuitively, Fig. 11a shows that oFFE gener-
ally increases with increasing peripheral leakage ratio,
n. Fig. 11b also presents a relatively stronger positive
correlation between oFFE and Cy as compared to the
correlation between FEi, and Cy in Fig. 3a.

4. The previous observation can be explained by noting that
compared to the FE;, measured at the fabric MPPS,
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FIG. 11: Outward fitted filtration efficiency (oFFE) of investigated mask fabrics: mask fabrics in Zangmeister ez al.>? are
investigated, and their oFFE are presented versus the peripheral leakage ratio n, the air resistance Cy, and the minimum filtration
efficiency FEp;, at MPPS. FE, values of the fabrics are measured by Zangmeister et al.32. oFFE for each fabric is evaluated
based on Eq. 3 which employs FE, i, o, and Pg described in Sec. II B, Sec. IIC, Sec. IID, and Sec. IIE, respectively. The
nominal gap profile is applied to obtain 7 from the lumped-element model in Sec. II C 3. Five fabrics exhibiting the largest five
oFFE values are highlighted by different markers, and their names are listed in the legend in (c). The remaining fabrics are
classified into the cloth (C) and medical-grade (M) fabric categories, which are also listed in the legend in (c). More details of
the fabrics included in each category could be found in Supplementary Sec. S-II. The "(C)" and "(M)" appended to the fabric
names in the legend are used to denote the cloth and medical-grade categories, respectively. The blue dashed lines in (c) are the
45 degree line for comparing convenience.

the oFFE takes account of the aerosol particles with
larger diameters centering around 1.5 pum, according
to Eq. 3 and Fig. 8. Thus, the interception and im-
paction mechanisms play a more significant role in the
filtration of these larger particles by the mask fabric
if no leakage exists”3. Fig. 8 also displays that, due
to relatively large Stokes numbers, these particles will
have relatively small o~ values and tend to penetrate the
mask fabric instead of leaking via the mask periphery.
Moreover, according to Darcy’s law in Sec. IIC 1, the
increase of the air resistance Cy is associated with the
increase (decrease) of the fiber density (fabric perme-
ability). Therefore, when penetrating the mask fabric,
these larger particles have a higher chance to impact or
intercept with the fabric fibers and get filtered.

Taken together, an increase in air resistance Cy will cause
a higher peripheral leakage ratio 7 (see Fig. 9a), subse-
quently reducing the total volume of filtered airflow. Yet,
for the particle sizes considered by oFFE, most particles
do not follow the airflow but try to penetrate the mask
fabric. As a result, the rise in air resistance Cyx will also
result in the increase in the interception and impaction
of particles by the mask fabric, ultimately leading to
larger oFFE values.

. FEnin at MPPS is often employed as the key defining

metric for the face mask protection. However, Fig. 11c
shows that nearly all types of mask fabrics in the present
study provide oFFE greater than their corresponding
FEnin. This finding indicates that with exhalation asso-
ciated with normal breathing, FE i, is weakly correlated
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FIG. 12: oFFE validation by fabrics in three categories: oFFE of most of the fabrics included in the current study and in Pan
et al>* are presented and classified into three general categories. Fabric names are listed in the x-axis, and they are consistent
with the names used in Zangmeister et al.>? and in Pan ef al.*. The three categories are distinguished by the marker colors and
are shown in the legend. Fabrics from different references are represented by different marker shapes (see the legend) and the
fabrics from Pan et al.>* are also highlighted in the fabric names by dark red color.

with oFFE and tends to underestimate, often signifi-
cantly, the actual outward protection of face masks for
filtering aerosol particles.

6. To sum up, these findings indicate that for normal breath-
ing exhalation, all medical-grade masks and many cloth
masks provide good to excellent filtration of the exhaled
aerosol particles despite the significant peripheral leak-
age.

We now compare the predictions from the current model
with available experimental data. Pan ef al.>* employed man-
nequins with and without masks along with artificially gener-
ated aerosol particles to measure outward protection efficiency
(OPE) as a function of particle diameter D ranging from 0.5 to
5 pm with an exhalation jet velocity of 1.8 m/s. OPE is a ratio
of the particles trapped by the mask to the total particles ex-
haled and is equivalent to Pr(D) in Eq. 3. In the study of Pan
et al.>* the masks were installed on a human mannequin and
allowed to generate peripheral gaps naturally as a function of
the stiffness of the mask material. Thus, they did not precisely
control for or measure the size of the peripheral gaps, but we
expect that the gaps from this procedure would be within the
range explored by the current model. In other ways, the ex-
perimental conditions align well with those used in the current
model and can be used for validating our oFFE predictions.

In order to conduct a consistent comparison with the oFFE
from Eq. 3 in our model, curves are fitted to the discretized data
point in Pan ez al.>* to form OPE(D) functions (see Fig. $3 in
Supplementary Sec. S-III). Average oFFE for selected fabrics
in their study are estimated by integrating this OPE(D) from
0.5 to 5 pm with the same size distribution PDF Pg (D) utilized

in our model (see Fig. 8). Although one-to-one comparisons
of oFFE between the two data sets are not possible since the
fabrics are not precisely the same, we can make comparisons
for three general categories: medical-grade masks, synthetic
fabric masks, and cotton fabric masks.

Fig. 12 shows the results of the comparisons. oFFE for the
surgical masks from the two studies agree very well with each
other, with both showing a value of between 70% and 75%.
Unfortunately, Pan et al®* did not measure OPE of N95 masks
for us to include in the comparisons. For the synthetic fabric
masks, only two data points can be obtained from Pan et al.’s
measurements>*. Close to the range of these points, only two
of our model predictions for synthetic fabric masks could be
found (included in the orange box), and the other ten fabrics
lie outside the range, showing great variation for this fabric
category. For the last category of cotton fabric masks, oFFE
for Pan et al.’s samples®* lie between 50% and 90%, and the
oFFE for nine out of fourteen cotton fabrics used in the current
study lie in the range between 40% and 90% (included in the
yellow box). For all the mask fabrics, data points from Pan et
al.>* mostly lie within the oFFE range estimated by the current
model. Thus, in general, the agreement with the experiments
is quite reasonable, especially considering the variability in
the fabrics used as well as the uncertainties associated with
both the experiments and our model.

Further assessment of our oFFE evaluations could be car-
ried out by comparing to other studies. Driessche e al.”’
found out that surgical masks can filter out over 80% of P.
aeruginosa infected aerosols generated by coughing in cystic
fibrosis patients, and N95 masks perform better than surgical
masks. Although the circumstances in this study do not match
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exactly to those in our model, in general, the outward protec-
tion evaluations of surgical and N95 masks align reasonably
well with our oFFE predictions. Van der Sande, Teunis, and
Sabel? also pointed out that the outward protection efficiency
for surgical masks typically ranges from 50% to 70%, and
Eikenberry et al.>® concluded that for typical outward protec-
tion efficiencies, homemade cloth masks may range from 0%
to over 80% with an average around 50%, and for surgical
and N95 masks these ranges are from 50% to 90% and from
70% to 100%, respectively. Moreover, by conducting dynamic
flow simulations, Dbouk and Drikakis?® have found that the
outward filtration efficiency of surgical masks can vary with
time due to the cumulative effect of flow dynamics and the
deterioration of the mask. After ten coughing cycles, oFFE of
the surgical mask decreases from the initial value of 91% to the
final value of 82%, which is quite close to our average oFFE
predication around 70%. To sum up, all the above figures have
a very reasonable agreement with our predictions of the face
mask outward protection oFFE.

IV. DISCUSSION AND CONCLUSIONS

There is a significant body of scientific evidence demon-
strating that community mask-wearing has been effective in
reducing the spread of SARS-CoV-23%%0. Numerous studies
have shown that the use of masks in public settings signifi-
cantly reduces the transmission of the virus by trapping the
droplets expelled when people talk, cough, or sneeze. Studies
in countries such as China®!, Japan, and South Korea, where
mask-wearing is a common practice, found that mask-wearing
in the community reduces the spread of SARS-CoV-2.

How does this evidence reconcile with the fact that most
face masks worn by people in a community setting allow pe-
ripheral leaks that would seemingly diminish their effective-
ness? The current model and results provide a partial answer
to this question. The results of the model show that despite
large peripheral leakage (ranging upwards of 75% for most
masks), face masks can filter out a significant fraction of ex-
haled aerosol particles. This is due to two primary factors:
first, the vast majority of the exhaled particles do not follow
the flow through the peripheral gaps, but instead, their inertia
carries them into the face masks, where they are trapped by the
mask fabrics as per their filtration efficiencies; and second, for
the particle sizes involved in normal breathing, the filtration
efficiencies of most masks are quite good.

Indeed, using the data from our model, we can attempt to
estimate the effect of community mask-wearing considering
the outward protection of face masks. Using the data for the
nominal fit case, the average oFFE for N95 masks (2 sam-
ples), surgical masks (2 samples) and cloth masks (including
cotton and synthetic fabrics, 26 samples) are approximately
95%, 72% and 45%, respectively. The type of mask worn by
the public during the COVID-19 pandemic has depended on
a variety of factors®>%4, but surgical and cloth masks are by
far the most common choices for face coverings. In Tab. I,
we use these average oFFE with four different scenarios of
mask-type preferences (M) among the public, to estimate the
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TABLET: Estimated rates of transmission reduction among
the public due to inward and outward protection from
face masks: four scenarios of face mask choices among the
public are considered. The reduction rates due to the outward
protection from face masks (Roy) are predicted based on the
oFFE from the current model (see Eq. 9). To estimate the
reduction rates provided by the combined effect of inward and
outward protections (Royt+in), the measurements of inward FFE
(iFFE) from Clapp et al.** are adopted and combined with the
oFFE from the current model (see Eq. 11).

Scenario Maslf—type preference (M) | Transmission reduction
Surgical [Cloth| N95 | Rout Rout+in
1 25% | 75% 0% 52% 66%
2 50% | 50% 0% 58% 72%
3 75% | 25% 0% 65% T7%
4 33% | 33% 33% | 70% 87%

net reduction in airborne virus transmission (Roy). The per-
centage reduction in transmission is evaluated based on the
following formula:

3
Rou = {1 - ZMk x (1- oFFEk)} x100%,  (9)
k=1

where M} is the preference for the k™ mask type (M1 : Surgical,
M,: Cloth, or M3: N95), and oFFE;, is the outward FFE for
the k™ mask type, with all these values expressed as fractional
values (and not in percentage).

With the use of surgical and cloth masks alone (Scenarios
1 to 3), the outward filtration provided by normally worn face
masks could reduce transmission rates by factors ranging from
about 52% to 65%. In more recent times, N95 masks have
become readily available and if we include these masks as
options as well (Scenario 4), reduction in transmission rates
due to outward protection alone could reach around 70%.

Airborne transmission of viruses ultimately depends on sev-
eral factors. Indeed, according to Mittal, Meneveau, and Wu 13
airborne transmission of viruses occurs when the Contagion
Airborne Transmission (CAT) inequality is satisfied. This
CAT inequality is formulated as follows,

(Rh Xny X ﬁnh) X (f:lh X ﬁll X fVV)

X(ﬁsxﬁnsXTs) > Nip, (10)

where the symbols used above are explained in Tab. II.

As evident from the CAT inequality, the inward protec-
tion due to face masks (iFFE) provides a multiplicative ef-
fect (f,s =1-iFFE) that would further reduce the transmission
rates. While our reduced-order mask model in its current form
does not directly apply to the prediction of inward protection,
we can estimate the transmission reduction considering both
the outward and inward protections of face masks by com-
bining our model’s predictions for outward protection with
available data for inward protection. For instance, Clapp et
al.?* examined the inward FFE (iFFE) for a variety of masks
via experiments and showed that for a typically worn 3-layer
cotton mask, a surgical mask and an N95 mask, the iFFE are
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TABLE II: Definition of symbols in CAT inequality: more
details could be found in Mittal, Meneveau, and Wu'3.

rate of aerosol particle production from the nose and mouth of
Ry, the infectious

average number of virions contained in each exhaled aerosol
ny particles
fraction of exhaled particles that make it past the face mask of
the infectious (=1-0oFFE)
fraction of exhaled particles that aerosolize (i.e., become sus-
fan pended in the air)
fraction of aerosolized particles transported to the vicinity of
the susceptible
fraction of aerosolized particles transported to the vicinity of
fvv the susceptible that contain viable virions

fraction of aerosol particles in the vicinity of the susceptible
fis that are inhaled by a susceptible not wearing a face mask
fraction of inhaled aerosol particles that are not filtered by the
face mask of the susceptible (=1-iFFE)
duration of exposure of the susceptible to the aerosol particles
Ts from the infectious

minimum number of inhaled virions required to initiate infec-
Nip tion in the susceptible

fm

=3

=

)

about 27%, 39% and 98%, respectively. With these inward
FFE data, Eq. 9 can be augmented to estimate the combined
reduction in transmission (Royt+in) as follows:

3
Rout+in = {1 - ZMk X (1 — oFFEy)
k;] an
X > My x (1~ iFFEk)} x 100 %,
k=1

where iFFEy is the inward FFE for the k™ mask type, taken
from the study of Clapp et al?*. Estimates of Rouin are also
included in Tab. I, and overall, protection factors increase by
12% to 17% for the various scenarios when inward protection
of face masks is included in addition to the outward protec-
tion. The inclusion of combined protections can therefore
reduce the transmission rates from about 70% to nearly 90%
for the mask-choice scenarios examined in this study. These
estimates provide further support for policies that encourage
widespread use of face masks for reducing the transmission
of airborne diseases such as COVID-19. The model predic-
tions also show that even simple cotton masks can be highly
effective in reducing transmission rates.

Beyond the effect of outward and inward protections af-
forded by face masks, airborne transmission of viruses also
depends on environmental factors such as relative humidity
and temperature“, the wind speed, and the distance between
the infectious and the susceptible person'3. These factors enter
the CAT inequality (see Eq. 10) through one or more of the
following variables: fan, fa, and fyy. However, the ultimate
influence of these factors on the transmission rate of virus-
laden aerosol particles remains difficult to quantify'3, and is
outside the scope of current study.

Evaluating the face mask outward protection based on par-
ticle counts is a widely used method and is reported in many
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references!7-20:29-3254.57.58 and is the route chosen in the cur-

rent study. The present model could however be extended to
incorporate factors such as the particle volume and the viral
load of particle (variable n, in the CAT inequality (Eq. 10))
into the evaluation of face mask outward protection. To ac-
complish this task, the formula for oFFE should be modified
into the following form:

D,
_ Dy

FE(D) [1 = o (Sk)n] fp(D)Pe(D)dD
oFFE

)

! fy(D)PE(D)dD

where f;,(D) is a property function of particle at diameter D.
For instance, f,(D) could be the initial volume of a particle or
the number of virions contained within it. In this way, the oFFE
model can now be used to quantify the average particle volume
or number of virions filtered by the mask. Accurate accounting
for the particle volume and/or the number of virions in the
particle is however a non-trivial task. First, large particles
may break up into small particles when interacting with the
airflow inside the mask or during the impact on the mask fabric.
A breakup model, which is outside the scope of the present
study, is then required to adjust the f;, (D) function for particle
breakups. Second, the viral load may also vary over a wide
range (102-107 RNA copies/mL) due to many factors (e.g.,
age, infection severity and time, etc.)°>®7 which are difficulty
to account for.

We note in closing that the model is currently limited to
normal breathing and does not apply to exhalation events such
as coughing and sneezing, nor to inhalation. The model could
however, in principle, be extended to include these conditions.
The current face mask model also does not consider the spatial
variations in pressure in the flow volume inside the mask, and
we speculate that regional variations in pressure within this
region could modify (most likely reduce) the leakage fluxes.
Regional variations of pressure could be included via inviscid
models, or by incorporating data from viscous flow simula-
tions, but these would increase the complexity of the model.
Given that the flow inside the mask is expected to have a
temperature and humidity similar to those in the nasal cavity,
particle evaporation effects are not expected to be significant to
include in the current model. The model also does not account
for the rebound or breakup of exhaled aerosol particles due to
their interaction with both the airflow and mask fabrics®. As
indicated by Dbouk and Drikakis?®, these exhaled particles—
especially those with larger diameters—may break up when
interacting with the airflow and fabric fibers, and potentially
rebound upon impacting the mask fabrics. Such factors could
lead to an increased number of smaller particles escaping from
the peripheral gaps and penetrating the mask fabrics, thereby
diminishing the outward protection of face masks. However,
these complex interactions are outside the scope of the current
model and have uncertainties to be further explored. Thus, de-
spite these limitations, we have shown that the model can serve
as a useful tool for assessing the outward protection afforded
by face masks. The model has also added further evidence
for why simple cloth masks, even when worn without being
fitted tightly to the face, have been effective in reducing the
transmission rates of SARS-CoV-243-39-61,
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SUPPLEMENTARY MATERIAL

See supplementary material for the validation of filtration
efficiency (FE) extrapolation in Sec. S-I, the experimental data
of investigated mask fabrics in Sec. S-1I, and the curves of
outward protection efficiency (OPE) from Pan et al.>* in Sec. S-
1L
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