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ABSTRACT

Wearing face masks is considered as one of the infection prevention and control options for respiratory viruses (e.g., SARS-CoV-2) that acts
by blocking virus-laden aerosols. It is generally thought that aerosol blockage occurs when air passes through the face mask fabric. We calcu-
lated air flows through face masks and through peripheral leakages, based on reported breathing resistance values of face masks (FFP/N95,
surgical masks, and cloth masks) and found that most of the inhaled and exhaled air passes through these peripheral leakages. Nevertheless,
face masks remain effective as an infection prevention option, because additional calculations showed that the majority of aerosol volume
cannot follow the tortuous path of air around the face mask. The filtering efficiency through the peripheral leakages can be described as a
function of breathing conditions, vocal activities, the leakage geometry and tortuous pathway, aerosol properties (diameter, composition) and
ambient conditions (e.g., evaporation, ventilation). Inclusion of these parameters explains the asymmetric filtering behavior of face masks,
i.e., the risk of infection from person A to person B does not necessarily equal the risk of infection from person B to person A. Our findings
explain thus why masking an infectious person is more effective than masking an exposed person. Establishing that the tortuous pathway of
air around the face mask is the sole contributor to face mask efficiency opens new opportunities for designing safer face masks.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0204150
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I. INTRODUCTION

The SARS-CoV-2 pandemic starting at the end of 2019 led to an
unprecedented increase in face mask use by the general public on a
global scale, resulting in a major environmental burden.'”
Notwithstanding, face masks are considered as one of the most impor-
tant infection prevention tools against the spreading of SARS-CoV-
2.5 a necessity in particular, before the vaccines became available, and
still important with the emergence of new variants of concern and the
general prospects of outbreaks of new respiratory pathogens with the
potential of pandemic proportions.

Global shortages of FFP masks (i.e., similar to N95 and KN95)
and surgical masks (SMs) led to a surge in scientific work related to

testing cloth community face masks,” ® and FFP masks/SM,”" '*
including reuse' ™" of face masks for their efficiency in preventing the
inhalation and exhalation of virus-laden aerosols. We note that the
intended use for SM (primarily source control, loose fit, mainly block-
ing large droplets) is different from the intended use of FFP masks
(protecting the wearer, sealing around the edges, blocking aerosols). It
is crucial to understand the face mask design parameters and choice of
materials in relation to the protection efficiency and to enable the
development of face masks with a smaller environmental footprint.
Epidemiological studies have found a reduced risk of SARS-CoV-2
infections when comparing wearing a face mask vs no mask in com-
munity settings, although the strength of evidence is considered low to

Phys. Fluids 36, 051902 (2024); doi: 10.1063/5.0204150
© Author(s) 2024

36, 051902-1


https://doi.org/10.1063/5.0204150
https://doi.org/10.1063/5.0204150
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0204150
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0204150&domain=pdf&date_stamp=2024-05-08
https://orcid.org/0000-0002-6289-4359
https://orcid.org/0000-0001-9085-3469
https://orcid.org/0000-0002-8403-2442
https://orcid.org/0000-0001-9015-5919
https://orcid.org/0000-0002-9327-1584
mailto:matthijs.de.winter@rivm.nl
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0204150
pubs.aip.org/aip/phf

Physics of Fluids

moderate due to methodological limitations, such as recall bias."” For
example, the CDC published adjusted odd ratios of 0.51 [95% confi-
dence interval (CI) = 0.29-0.93] for the probability of receiving a pos-
itive for SARS-CoV-2 test after wearing a face mask indoors versus
not wearing a face mask indoors, and further specified for surgical
masks (SMs) 0.34 (95% CI=0.13-0.90), N95/K95 respirators 0.17
(95% CI=0.05-0.64), and cloth masks (although statistically not sig-
nificant) 0.44 (95% CI=0.17-1.17)"°. Deterministic epidemiology
modeling studies have indicated that a moderate functionality (i.e.,
blocking viruses moderately effective) of face masks would already
have a significant effect on virus spreading across a community,'”
seemingly in contradiction with the wide confidence intervals
reported in epidemiological studies. A confidence interval upper limit
close to unity implies that it is possible that face masks do not have a
protective effect. When translating the epidemiological data to the level
of individuals, it appears that the face mask protection efficiency for
indoor situations varies strongly, which points toward the complexity
of the virus transmission process and insufficiently constrained.

Variations in infection prevention effectivity at a personal level
contradict standardized laboratory tests of FFP face mask fabrics, gen-
erally scoring very high (90%-99%) on aerosol filter efficiencies'® >’
when challenged with aerosols containing salt crystallites. However,
measurements of expelled virus concentrations through face masks,
either worn by volunteers or placed on opposing mannequins, result
in up to tens of percentages lower efficiencies.”’ ** The limitation of
the face mask capability in blocking virus-laden aerosols in practice is
attributed to peripheral leakages, i.e., leakages around the face seal. %’
A common suggestion is that a proper fit would overcome the leakages
and improve infection prevention effectiveness. However, it was
recently noticed that the high breathing resistance of face masks would
actually require leakages to allow breathing,”’ Work by Chuanxin and
co-workers”” showed that peripheral leakages do not directly imply a
poor functioning face mask. Although the air flows around the face
mask, the aerosols potentially containing the virus are unable to follow
the air flow.

Building on the significance of peripheral leakage, here we present
a reduced-order model to calculate the effectivity of aerosol blockage
despite the peripheral leakages. By realizing that air carrying the aero-
sols must navigate along a tortuous pathway around the edges of the
face masks, it is the inertia of the aerosols (i.e., Stokes number””) that
drives them against the face mask or skin. The extent of aerosols hit-
ting the face mask or skin depends mainly on the air flow velocity and
the mass of aerosols.

The air flow varies continuously during each breathing cycle.
Therefore, the first part of our model computes the air flow velocities
during one minute of breathing (both inhalation and exhalation). The
second part of the model computes the corresponding filter efficien-
cies, providing a new and unique insight into the actual filter mecha-
nism of face masks and relates the filter efficiency to breathing
dynamics and aerosol size and composition characteristics. Moreover,
the models allow studying specific situations (i.e., room conditions,
people’s activities, masking the source and/or masking the exposed)
and explain why face masks have a variable infection prevention effi-
ciency, depending on the circumstances. Our findings have direct con-
sequences for future developments of face masks with an improved
infection prevention effectiveness and a smaller environmental foot-
print and improved sustainable prospects.

ARTICLE pubs.aip.org/aip/pof

Il. METHODS

First, the description of the lung model is provided, which has
been used to simulate air flows in and out of the mouth. A crucial part
of the lung model is the permeability of the face mask and the perme-
ability of the peripheral leakages. Second, the aerosol capture model is
described, which calculates the change in aerosol size distribution by
wearing a face mask. Part of the aerosol capture model describes
exhaled aerosol size distributions.

A final step involves combining both models and calculating
aerosol volume transmission between an infectious person and an
exposed person. The aerosol volume transmission constitutes the
transmitted volume (in picolitres) of aerosols per minute. The number
of virus particles in an aerosol is considered proportional to the vol-
ume of the aerosol, assuming that the concentration of virus particles
in aerosols remains the same for small and large aerosols. However,
the concentration of aerosols varies over many orders of magnitude
(10%-10® virus/ml),”" due to different stages of the infection and differ-
ent levels of severity of the infection. Therefore, this study focuses on
the effect of face masks on the transmission of aerosol volumes and
not on the number of virus particles.

A. Modified lung model
1. Modified lung model description

To capture the breathing dynamics, a mathematical model of the
lung was used.”” Air flowing in and out of a pair of lungs constitutes a
pneumatic system, which can be modeled with an electrical circuit
analogy.”” The pressure applied by respiratory muscles to the dia-
phragm (pmusae) is analogous to voltage. The air ways resistances
(Pas™'m™) are analogous to electrical resistances and the complian-
ces (m’Pa”') are analogous to capacitances. Accordingly, a lung
model was adopted,”” which is depicted in Fig. 1. The modification
consisted of two additional, parallel resistors. One resistor represented
the face mask fabric, and the second resistor represented the peripheral
leakages.

The input signal pyusce was defined as™
_Pmus,min tz + Pmus,min TC}"IE

Tl T E Tl TE

inhalation: t € [0, T;],

pmu&,min ( —(t-Tp) ﬁ)

—_— T — e T
g

1—e=

exhalation: t € [T, Ty,

pmuscle(t) = (1)

As indicated, two complementary functions were used to calculate the
inhalation phase T; and the exhalation phase Tg, respectively, as a
function of time t (all in seconds). The sum of Ty and T is the total
time Teyqe> in seconds, of a single respiratory cycle. The exponential
respiratory profile is determined by the time constant .

In the literature, a common value to report is the respiration rate
RR (breaths/min), which is related to Ty, Ty, and Tyqe according to

Tr+Tg = Tcycle = 12% (2)

A second common value reported in the literature is the inhalation—
exhalation time ratio IE,,:
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FIG. 1. The adopted lung model” (a) as a conceptual model and (b) with the specific components explained: The dashed components depict the original model, with the same
notation: prmuscie IS the input pressure, Ceyy is the compliance of the chest wall, C, is the compliance of alveoli, C, is the compliance of the bronchia, C; is the compliance of
the trachea, Rya is the air flow resistance between the bronchia and alveoli, Ry, is the air flow resistance between the trachea and bronchia, Ry is the air flow resistance
between larynx and the trachea, C is the compliance of the larynx, and Ry, is the air flow resistance between the mouth opening and the larynx. The additional facemask con-
sists of two parallel resistances. Ry, is the air flow resistance through the face mask and Rie4 is the air flow resistance of the leakage (air flow around the facemask). For the
parameter values, see Table |.

TABLE I. Parameter values for the lung model for tidal breathing.” breathing or breathing during physical exercises, it was assumed that

the mouth is sufficiently opened to ensure equal pressure between the
oral cavity and the face mask.

With poy kept at zero (ie., the pressure in the room does not
change due to breathing of an individual), air flows through and
around the mask can be calculated as a function of time.

Air flow resistance
(Pas 'm™3)

Compliance

(m*Pa™!) Additional parameters

Ry =1.00 x 10°
Ry, =3.30 x 10*
Ry =3.00 x 10*
Rya =8.01 x 10*

C=130x 107®
C,=243 x 1078
Cp=134x 1077
Cpa=2.04x10"°
Cew =249 x 107°

RR = 12 breaths/min

IEratio =0.6

T=Te/5 2. Evaluating the modified lung model

The evaluation of the electric circuit-analogue of the respiratory
system (Fig. 1) was done by Modified Nodal Analysis (MNA).”* Each
connection between two or more network components (e.g., Rps, Ryp
T, and Gp) is called a node. According to Kirchhoff’s current law (KCL),
— = IE, 4. (3) the sum of electrical currents flowing in and out of a node must be
zero (assuming steady state), which is analogous to the conservation of

9G:€¥:L1 ¥20Z Aen vT

The numerical values of the parameters are provided in Table L.

The pressure within the oral cavity was assumed to be equal to
the pressure between the face and face mask. This assumption would
be potentially incorrect during nasal breathing and blowing/whistling.
In the latter case, lips are almost sealing the oral cavity, creating a pres-
sure difference between the oral cavity and the ambient room. For tidal

mass in the case of air flow. The electrical current i through a compo-
nent is provided by Ohm’s law: i(t) = u(t)/R, where u is the voltage
across resistor R. Instead of R, the impedance Z is used (Zx=R;
Zc = 1/sC) through a Laplace transformation, where s is the complex
frequency. Applying KCL to all the notes in the network results in a
system of linear equations. Collecting the coefficients results in

sCey —sCy 0 0 0 0 0 -1
—SCCW S(CA + CB + ch + Ctr) —SCA _SCB —SCtr 0 0 0
0 —sCx Gpa +5Cy —Gpa 0 0 0 0
0 —sC -G Gpa + Gy + sC -G 0 0 0
[G—}—SC}: B bA bA tb B tb , (4)
0 —sCyr 0 —Gp Gt + Gy + sCyr -Gy 0 0
0 0 0 0 -Gy Gt + Gy +sCp, -G 0
0 0 0 0 0 7Gml Gml + Gfm + Gleak 0
1 0 0 0 0 0 0 0
Phys. Fluids 36, 051902 (2024); doi: 10.1063/5.0204150 36, 051902-3
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where the “1” and “—1” elements represent the input current.
Collecting the voltages at each node and the input current into a vector
X(s) allows us to write

G+ SC]X(S) = Blinput (s)- (5)
Similarly, the output vector Y(s) is described as follows:
Y(s) = TX(s), (6)

where the vector I;ppu(s) represents the input signals with coefficients
listed in vector B. Likewise, the output vector Y(s) equals the vector
X(s) with voltages and currents multiplied with the vector T assigning
the output node.

Of interest is the transfer function H(s), which relates the output
signal to any arbitrary input signal [H(s) = Y(s)/X(s)]. By combining
Egs. (5) and (6), we obtain

_ Y0
BI, input (S)

Inverting the matrix in Eq. (4) was done symbolically in MATLAB (ver-
sion R2018a), resulting in a quotient with polynomials in the nominator
and denominator. The actual result is too bulky to be suitable for print.

Following the derivation of H(s) for the modified lung model,
any output pressure can be computed, based on an arbitrary input
pressure through H(s). In MATLAB, we used the “Isim” function to
compute the resulting output pressures p,,(t), which takes the transfer
function H(s), the input signal pp,usae(t), and a vector with time (we
used a 10-ms time interval).

By computing the output pressure in the oral cavity and assuming
the ambient pressure to be constant, a time-dependent pressure differ-
ence across the face mask was determined, from which the flow was
calculated (see Sec. IT A 3).

H(s) =T[G+sC] " )

3. Air flow resistances

Fluid (e.g., air) transportation through a porous material such as

a face mask can be described by Darcy’s law:
kA
Q= uL Ap, (8)

where A is the surface area (m?), L is the thickness (m), u is the
dynamic viscosity of air (Pas), k is the permeability of the face mask
(m?), Ap is the pressure difference or pressure drop across the face
mask (Pa), and Q is the flow through the face mask (m®s™"). The tem-
perature- and pressure-dependent dynamic viscosity of air is provided
in the supplementary material.

Darcy’s law strongly resembles Ohm’s law. Therefore, an air flow
resistance value R (Pas™'m™>) suitable for the lung model is defined
as follows:

_u
kAT
The air flow resistance of the face mask is a function of its dimensions
(A, L), properties of air (u), and the properties of the face mask (k).
The air flow velocity as a function of time u(t) through the mask and
through the peripheral leakages can be calculated from the pressure
drop, based on Darcy’s law [Eq. (8)], where u(t) = Q(t)/A.

R 9)

pubs.aip.org/aip/pof

4. Minute ventilation

An additional lung model output parameter was reviewed for
comparison with the literature: The total volume of inhaled air during
one minute of breathing (known as minute ventilation Vg, in
m’min~" or Imin~"). The volume of air moving through a cross-
sectional area A with variable velocity u(t) was calculated by integrat-
ing the velocity over time. The cross-sectional area A (m?) is the total
surface area of the peripheral leakage (Sec. II A 3). In this work, the
velocity profile was a discrete function u[n] with a time interval At
(0.01s),

Ve=A> ¥ ulnlAt forallun] < 0. (10)

The restriction of u[n] < 0 excludes exhalation (which is u[n] > 0), as
minute ventilation is the sum of inhaled air. Integrating a full breathing
cycle would result in zero volume as the inhaled minute ventilation
equals the exhaled minute ventilation.

The time-dependent air flow velocity profile u(t) through the face
mask and through the peripheral leakages has been established as a
function of the air flow resistance. Next is a description of the model
for the aerosols following the air flow.

B. Aerosol capture model

The aerosol capture efficiency was defined as the fraction of aero-
sols that are captured by a filter, in this case either by the face mask
itself or within the peripheral leakages around the face mask. The pre-
sented aerosol capture model is based on the work by Borgelink et al.,
2022.” The main difference from the present study is that the filtering
by electrostatic capture was ignored in this study because the present
study considered air flow primarily through the peripheral leakages for
which the role of electrostatic capture has not been characterized (fol-
lows from Sec. I1I). Electrostatic captures appear effective mainly for
the smaller (<1 um) aerosols,” which would justify a pragmatic
approach of not-including electrostatic interactions, as explained in
Sec. I1I on aerosol size distribution profiles.

The aerosol capture model has been developed for fibrous porous
materials such as face masks. The model starts with estimating the
probability of a particle or aerosol to collide with a single fiber. Any
collision with a fiber implies a “capture,” i.e., the aerosol becomes per-
manently attached to the fiber.

Woven or non-woven filters generally consist of a large number
of single fibers. The work of Borgelink ef al.”” includes a final summa-
tion over the stack of fibers. In order to calculate the effect of periph-
eral leakages and potential air flow through the peripheral leakages
and thus around the face mask edges, we considered the edge of the
face mask as a (large) “single fiber.”

The full mathematical description of the aerosol capture model
can be found in the supplementary material.

C. Aerosol diameter distributions

The aerosol size distribution for breathing was extracted from Fig. 5
from Fabian.”® Similarly, data for breathing, speaking, and singing were
extracted from Fig. 2 from Alsved.”” Power laws were fitted to the data,
resulting in diameter-dependent aerosol concentration (#particles/l)
curves for exhaled air. The bin size of the aerosol diameters in the pre-
sent work is 50 nm (range: 0.1-1 yum) and 100 nm (range: 1-20 um),

Phys. Fluids 36, 051902 (2024); doi: 10.1063/5.0204150
© Author(s) 2024

36, 051902-4

9G:€¥:L1 ¥20Z Aen vT


pubs.aip.org/aip/phf

Physics of Fluids

which is much smaller than the bin sizes in the work of Fabian. A bin-
size correction is applied by normalizing the sum over the aerosols over
all diameters from this study to the sum over all aerosols from
Fabian.” The original data from Alsved’” provided exhaled aerosols
per second. The power law fitted to the original breathing curve was
normalized to the breathing curve from Fabian™ (based on total num-
bers of aerosols). The normalization factor applied to the breathing
curve from Alsved was also applied to the curve fits of the speaking and
singing data.

It is assumed that the number of virus particles in aerosols corre-
lates linearly with the aerosol volume. Therefore, the #particle/l distri-
butions are recalculated into picoliter (pl) aerosol/l distributions.
When calculating the volume of aerosols, it was assumed that aerosols
are spherical. The volume of aerosols per liter of air follows from the
volume of a single aerosol with a particular diameter, multiplied by the
abundance of that aerosol.

D. Coupling lung and aerosol capture model

The lung model produced a 60's (time step of 10 ms) air velocity
profile through the face mask and through the peripheral leakages.
The velocity profile was used as input for the aerosol capture model.
The combination resulted in a fraction of captured aerosols as a func-
tion of aerosol diameter, per time step, which functions as further
input for characterizing the face mask efficiency and for the aerosol
volume transmission model.

Infectious

i N
| Aerosolsize |
| dis':rib\.‘ltit:m'I

" e e B . . (B
H Air velocity | IVolumepassmg.

| profile J Ifraction

Y
Evaporation :
J

L Accumulation )
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E. Aerosol volume transmission model

A conceptual model of aerosol volume transmission from an
infectious person to an exposed person is depicted in Fig. 2. The cou-
pled lung and aerosol capture models were applied to both an infec-
tious person, considering exhalation only, and an exposed person,
considering inhalation only. Quantification of the schematic plots fol-
lows from the model results and is shown in Sec. I1I (Fig. 8).

In Fig. 2, the inhaled volume of aerosols by the exposed person
(VI) is the product of six preceding modifications of the original
exhaled diameter-dependent aerosol distribution (I), depicted in the
schematic log -log plots. The combination of the breathing dynamics
and the face mask leakages on both the infectious (II) and exposed (V)
person lowers the concentrations of aerosols, where the reduction fac-
tor is a function of the aerosol diameter.

An additional factor is the impact of ambient conditions (e.g., room
ventilation), as it has a strong influence on the aerosol size distribution:

1. Ambient temperature and relative humidity: Exhaled aerosols
undergo partial evaporation once they have passed the face
mask, resulting in a reduction # of 0.8-0.2 of their original
diameters, depending on the relative humidity**** [Fig. 2(IIT)].
Consequently, the viral concentration in partially evaporated
aerosols increases by a factor 1/i°. Smaller aerosols are more
likely to pass around the face mask, which is at this point of rele-
vance to the exposed, inhaling person. Evaporation provides an
additional explanation for the asymmetric protection efficiency
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FIG. 2. The conceptual model for the exchange of aerosols, with log —log plots based on concentration and aerosol volume.
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FIG. 3. Breathing cycles from the pressure input signal (a) through the electrical network analogue of the respiratory system to the oral cavity pressure (b). The pressure differ-
ence between the oral cavity and the surroundings is small due to the effective peripheral leakages.

between exhalation and inhalation, with masking a source (infec-
tious person) being more effective than masking an exposed per-
son.”” ** Our work did not include the virus load in aerosols.
Instead of increasing the virus concentration, we multiplied the
inhaled aerosol volume by 1/5” to a hypothetical “equivalent vol-
ume” with the same absolute number of virus particles. All calcu-
lations were performed with 1 =0.35.

2. Room ventilation and time: We appreciate that proximity, room
ventilation rates, and air circulation have a strong additional
impact on the temporal evolution of the aerosol concentration in
front of an exposed person. Ventilation and dilution by the vol-
ume of the room lowers the concentration [Fig. 2(IV)], albeit
that the opposite effect is achieved by accumulation in a non-
ventilated room. Gravitational settling of aerosols in time scales
with the aerosol radius square, resulting in the largest aerosols
settling the fastest. Ventilation and temporal effects of the room
on the distribution are beyond the scope of our research.

lll. RESULTS
A. Permeability face masks

Experimental publications often report pressure drops and corre-
sponding air flows, instead of permeability values. It is not always pos-
sible to calculate the permeability of the face mask due to missing face
mask properties (thickness, surface area of the measurement).

Table 1T lists a number of permeability values calculated from
the literature by using Darcy’s law [Eq. (8)]. Literature-based perme-
ability values for surgical masks vary from ~2.0 x 10~'' to ~3.4
x 107" m? (median value=1.1 x 107''m?) for SM, and from
~147" to ~2.57 ¥ m? (median value =2.7 x 10~?m?) for FFP/N95
face masks. It is noticed that the permeability of the surgical mask is
less than that of the FFP mask, but the pressure drop is typically
smaller for the surgical mask in comparison to the FFP mask, which is
a direct consequence of the difference in thickness between the two
masks. Therefore, the air flow resistance remains similar. The overall
permeability values are surprisingly small.

In Sec. 111 B, the permeability values are applied in the modified
lung model.

B. Breathing with a face mask
1. Minute ventilation without peripheral leakages

The evaluation of the modified lung model is shown in Fig. 3 for
tidal breathing conditions. The pressure created by the diaphragm is

shown in Fig. 3(a) and the resulting pressure difference across the face
mask is shown in Fig. 3(b), as discussed in Sec. I11 B 2.

Table 111 shows the minute ventilation (I min™") [Eq. (10)] for
several pressures from the respiratory muscles (kPa) and respiratory
rates (breaths min ') calculated by our model. The increase in both
pressure and RR occurs during physical exercises.””

We calculated the minute ventilation through face masks without
leakages and covering the full range of permeability values (Table IT)
and compared the volume of inhaled air with the volume of air that
would be inhaled without a face mask. We found a reduction in minute
ventilation of <1% (tidal breathing conditions for Vy=6.5 Imin~",
kin=20 x 107"'m? up to 78% (moderate work conditions for
Vg =35 1min"}, Kgn=2.5 x 10~ >m?). Given the wide range of per-
meability values, we also calculated the minute ventilation reduction for
average input values (light work conditions for Vy=20 lmin ',
Ken=2.7 x 107"?m?) to be 11%. In the latter case, inhaling 11% less
volume air per minute translates directly to 11% less oxygen available
for uptake by the lungs and also less CO, carried away during exhala-
tion, per minute, which will be experienced as shortness of breath.

Wearing a face mask should not affect, or should affect as little as
possible, the physical effort to breathe (e.g., oxygen levels and heart
and breathing rate),”” which led us to postulate the following modeling
condition: Breathing parameters and the resulting minute ventilation
should remain unchanged when wearing a face mask with peripheral
leakages.

Section 111 B2 adds peripheral leakages and examines the possi-
bility to make up for the reduction in minute ventilation.

2. Minute ventilation with peripheral leakages

Adding peripheral leakages requires knowledge of the geometry
of peripheral leakages. A CT-study (computed tomography, spatial
resolution of 75 um) revealed that the peripheral leakages consist of
small openings along the face mask perimeter.*’ The total surface area
of the peripheral leakage was found to range from 0.2% to 2.6% of the
entire surface area of the face mask (with a mean of 0.8%). The varia-
tion was caused by measuring three different types of N95 face masks
and putting the face masks on three differently sized manakins. To
place these values in perspective, 0.8% of 0.0163 m* (total surface area
of a face mask) is approximately 1.3 cm® Assuming a face mask with a
circumference of 24cm results in an average distance of 0.5mm
between the face mask and the facial skin. A peripheral leakage surface
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TABLE II. Permeability values derived from various literature sources for surgical
masks and FFP/N95/KN95 masks.

SM = surgical mask, DPM = disposable mask

Study Mask description Permeability (m?)
Du' SM 3.40 x 1013
Duncan’ DPM (Henan Liwei) 8.77 x 10712
DPM (PG4-1200) 1.12 x 1071
DPM (PG4-1273) 1.79 x 101
DPM (Vanche) 1.03 x 1071
DPM (PG4-2001) 1.64 x 107"
DPM (PG4-2331) 2.03 x 107
Varanges’ SM/reference 111 x 10"
SM/folded 1.14 x 107"
SM/sweat 1.10 x 1071
SM/saliva 1.14 x 1071
SM/washed 121 x 1071
Ayodeji’ SM 198 x 1072
Carsi’ SM 9.39 x 1012

N95/KN95/FFP

Study Mask description Permeability (m?)
Ramirez’ 3M 8510 (N95) 6.61 x 101
Moldex 2200 (N95) 247 x 10713
Du' N95 26 x 1077
Arden-Dryer’ HDX (N95) 271 x 10712
AOXING (KN95) 1.57 x 1072
NANO (KN95) 6.37 x 10712
ARUN (KN95) 1.82 x 1072
Duncan’ N95 3M 8110s 1.18 x 101
N95 3M 1870 2.76 x 1012
N95 3M 9210 2.84 x 10712
Carsi” FFP2 (1) 1.39 x 1071
FFP2 (2) 133 x 1071

area of 0.8% of the total face mask surface was used throughout this
work, unless stated differently.

Leakage widths, i.e., distances between the face mask and the facial
skin, ranged from sub-millimeter up to some 10-15 mm, depending on
the type of face mask and facial features."” "’ Air flows through lea-
kages are often modeled by Poiseuille flow, assuming a square open-
ing."' We applied Darcy’s law instead, implying a non-specified shape
but with a specified total surface area, and potential obstructions pre-
sent within the leaks (e.g., facial hair, face mask fibers).**

With the geometry of peripheral leakages established, Darcy’s law
also requires the experimentally unknown permeability of the periph-
eral leakages. Here, we have applied our hypothesis that breathing
while wearing a face mask occurs without an additional physical effort
to breathe. We found that this is the case with a permeability value ke,
>10"°m?

The full model (face mask + peripheral leakage) was then executed
for tidal breathing conditions (Vg =6.5 Imin!, kega=7 x 107 2?m?%

ARTICLE pubs.aip.org/aip/pof

TABLE IIl. The calculated minute ventilation (I min~") (without face masks) for sev-
eral values of Ppusge (kPa) and the respiratory rate (RR) (breaths min~"). The value
of IE is kept constant at 0.6.

RR (min™")
Puscle (kPa) 12 18 24 30
0.49 6.5 9.4 11.9 14.1
0.74 9.7 14.1 17.9 21.2
0.98 13.0 18.7 239 283
123 16.2 234 29.8 35.3
1.47 19.5 28.1 35.8 424

mask thickness = 028 mm; mask surface area= 163 cm? leakage
width = 1 mm,; leakage area =0.8% = 1.3 cm?) and resulted in 0.09% of
the total volume of air flowing through the face mask. Figure 3(b) shows
the pressure difference across the face mask remaining very small due to
the presence of peripheral leakages of the face mask. Increasing the leak-
age area to 2.6% (4.2 cm?) resulted in 0.03% of the volume of air flowing
through the face mask.

As an intermediate conclusion, we state that practically all air
flows around the face masks. The consequences for the aerosol volume
transmission are examined in Secs. IT1 C and ITI D.

C. Aerosols and face masks

1. Aerosol distribution profiles

An important parameter of the aerosol capture model is the mass
of the aerosols and therefore we have established descriptions of the
exhaled aerosol size distribution for different vocal activities (breath-
ing, speaking, singing). The aerosol distribution profiles are depicted in
Fig. 4, with the corresponding fitted power laws listed in Table I'V. The
log -log plot shows the importance of distinguishing the number of

© Breathing data (Fabian) === Breathing (Alsved)
Breathing fit (Fabian) == Singing (Alsved)
== Speaking (Alsved)
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FIG. 4. The aerosol distribution profiles based on the work from Fabian® and
Alved.”” The continuous lines correspond to the left vertical axis (number of aero-
sols per volume of air) and the dashed lines correspond to the right vertical axis
(volume of aerosols in pl per volume of air).
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TABLE IV. The power law fits shown in Fig. 4.

Aerosol distribution Power law fit

Breathing (Fabian et al.j‘") c(d,) = 0,2593du*2-381

. 2.9982 .

Breathing (Alsved et al.”’) c(ds) = Wda 1788
. 7.5445

Speaking (Alsved et al.”’) cr(da) = 423 d, %
. 13.976 , _

Singing (Alsved et al.”") c(da) = 423 d,

aerosols per volume of air from the volume of aerosols per volume of
air. Despite the high abundance of small aerosols (diameter 0.1-
0.5 sim), their contribution to the overall aerosol volume is very small.
On the contrary, the rare large aerosols (diameter >10 um) still con-
tribute much more to the overall aerosol volume.

2. Minute passing fraction

Next, the aerosol size distribution was combined with the velocity
distribution during a breathing cycle. The human breathing profile fea-
tures different velocity distributions between inhalation and exhalation
[Figs. 1(d) and 5]. The aerosol capture efficiency for a specific face
mask is primarily a function of the velocity of air and the mass of the
aerosol. Figure 5 visualizes the dynamic consequences of these depen-
dencies. An aerosol of 10 um is completely blocked during inhalation
as inhalation is characterized by a high air velocity inward. During the
second part of the exhalation phase, the air velocity drops, resulting in
a lesser and lesser efficient face mask, down to a point that 10 um aero-
sols are no longer effectively blocked. One may notice that when the
air flow is low, the displaced volume is small and so the number of
10 pm aerosols may be small as well.

To reduce the parameter space, the temporal variations of the
aerosol capture dynamics [Fig. 5(b)] were aggregated by integrating
over the number of aerosols passing the face mask (either inward or
outward) during one minute of breathing as a function of the aerosol
diameter and divide that number by the number of aerosols with the
same diameter that would have passed without a mask. This fraction is
called the minute passing fraction, analogous to minute ventilation
(Fig. 6). Figure 6 indicates whether the minute passing fraction curve
shifts toward smaller or larger diameter aerosols as a function of
parameters:

1. Density of the aerosols: It means that caution is required when
testing a face mask with a low-density aerosol (e.g., soot particles:
0.5gcm ) and interpreting the result for face mask use against
high-density aerosols [e.g., body fluids (1.7 g cm™~>) or salt crystals
(2.1 gcm73)] or vice versa. In general, the calculations indicated
that the protective efficiency against air pollution (particulate
matter, e.g., aerosols produced by combustion engines) may vary,
depending on the chemical composition of the aerosols.

2. Geometrical characteristics of the leakages: Specifically, the per-
centage of surface area leakage and the width of the gaps (dis-
tance between face and the rim of the face mask) are critical.
Modeling an increase in the percentage of leaking surface area
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FIG. 5. (a) The relation between the pressure of the diaphragm, the air velocity
through the leakages and (b) the aerosol capture efficiency. The contour plot in the
lower half shows the gradual transition from 100% aerosol blockage to 10% aerosol
passing as a function of the aerosol diameter (vertical axis), in line with the breath-
ing pattern. Tidal breathing conditions: 6.51min~". FFP mask parameters: surface
area of the mask=163cm? leaking area = 0.8%, leakage width=1mm, face
mask thickness = 0.28 mm,"” permeability of the face mask =2.7 x 10~ "?m?, per-
meability leakage = 10~®m?,

resulted in a reduction of air flow velocity, while reducing the
velocity allowed aerosols with a larger diameter to navigate
around the face mask. The same was the case for (implicitly)
changing the shape of leakages in the model from slit-like toward
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FIG. 6. The minute passing fraction with indications of the direction of the shift of the
curve by increasing any of the indicated variables. The small difference between inha-
lation and exhalation is due to the asymmetric air velocity profile (Figs. 3 and 5).
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circular openings (increasing leakage width with constant surface
area). The thickness of the edge of the face mask had only a
minor influence because the air flow is parallel to the sides of the
opening and lateral movement due to diffusion is negligible for
>1 um diameter aerosols.

3. Minute ventilation (breathing rate and power): An increase in
minute ventilation (i.e., an increase in velocity of air) causes a
shift in the cutoff region toward smaller aerosol diameters, which
is effectively the opposite of increasing the percentage of leaking
surface area. The result confirmed that increased physical activity
improves the effectivity against aerosols passing the face mask
during inhalation and exhalation,”®*’ although facial mimicking
and movements of the head may further open up the existing lea-
kages, which could cancel the positive effect of the higher minute
ventilation. Although face masks become more effective during
increased ventilation rates, the absolute aerosol volume passage
is still greater [Fig. 7(a)].

Exhaling features a relatively long period of low velocity air flow
when compared to inhalation (Fig. 5). Due to this asymmetric breath-
ing profile, both inhaling and exhaling must be considered separately.
The small difference in minute passing fraction curves of inhalation
and exhalation contributes to the difference between masking the
infectious person and the exposed person (Fig. 6).

The minute passing fraction curve moves to the left when the
minute ventilation goes up (Fig. 6), which means that smaller aerosols
are effectively blocked. However, an increased minute ventilation also
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means a larger volume of air is inhaled/exhaled. The balance between
these two effects is shown in Fig. 7(a), showing the difference between
the fraction [Fig. 7(a-1)] and absolute volume of aerosols [Fig. 7(a-1I)]
for a range of leakage widths with different ventilation rates for exhala-
tion. Tidal breathing (Vg =6.51min ') and a width of 5mm (0.8%
total leaking surface area) resulted in 81% of the aerosol volume pass-
ing the face mask, while during heavy work (Vg =511min"") and a
10 mm wide leak, only 50% of the exhaled aerosol volume passed the
face mask [Fig. 7(a-I)]. Still, the total exhaled aerosol volume was
approximately 4.5 times higher for heavy work in combination with a
10 mm leak (2.8 pl min~') when compared to tidal breathing with a
5mm leak (0.6 pl min ') [Fig. 7(a-I1)]. That is, because of heavy
breathing, a greater volume of air is exchanged and, hence, a greater
volume of aerosols is released beyond the face mask. The greater vol-
ume of exhaled air overcomes the improved efficiency of the face mask
under heavier breathing (due to higher air flow).

Challenging face masks with different aerosol size distributions
(0.8% surface area leakage; tidal breathing) produced roughly equal
aerosol volume fraction curves [Fig. 7(b-I)], but the difference in aero-
sol volume was almost a factor 110 between the tidal breathing distri-
bution from Fabian™® (10mm leakage width, 0.67 pl min~') and
singing (10 mm gap, 78 pl min™~") [Fig. 7(b-11)].

In Sec. I11 D, we combined the effects of minute ventilation and
vocal activity with an environmental effect (evaporation) and com-
puted the total volume of aerosols transmitted between two individuals
for several mask-wearing scenarios.
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FIG. 7. (a) Challenging a face mask with the aerosol volume distribution (breathing from Fabian et al.) with different minute ventilation (V) rates (exhalation)”' shown as frac-
tion (1) and in absolute volumes per minute (Il). (b) Challenging a face mask with different aerosol size distributions (Ve = 6.51) shown as fraction (I) and in absolute volumes

per minute (Il).
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D. Aerosol volume transmission between two persons

The calculation of the effects of wearing vs not wearing a face
mask on aerosol volume transmission from one person (infectious, e.g.,
SARS-CoV-2 positive) to another (exposed) was based on the concep-
tual aerosol volume transmission model (Fig. 2). Three strongly simpli-
fied scenarios (choir, hospital, gym) were selected, in an attempt to
single out the influence of face masks for a very specific parameter set.
It was assumed that just two people were present in the room, where
both the infected and the exposed person were wearing no mask, an
SM, or an FFP mask (Fig. 8). The masks were solely defined by their
leakage area and width [Fig. 8(a)] because air flow through the mask
fabric was negligible. Different activities were chosen because of the dif-
ference in minute ventilation and aerosol size distribution [Fig. 8(b)].

The difficulty of assessing the impact of face masks on infection
prevention can be explained by recognizing that the effectiveness of

A Koask  Keaw  Leakarea Width B RR
(m?)  (m?) (%) (mm) (s?)

No mask 7E-12 1E-6 50 100 Singer 15
SM 7E-12 1E-6 0,8 10 HCW 20
FFP 7E-12 1E-6 0,8 1 Patient 12
Instructor 15

Athlete 30
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face masks simply depends on numerous parameters, including the
activities of all individuals involved (Fig. 8). In fact, the effectiveness of
face masks is likely to vary from one person to another in the same
room. For example, in the case of an active health care worker (HCW)
(light work, breathing) and a patient at rest (tidal breathing) in a hospi-
tal, the infectious—exposed scenarios are not equivalent [Figs. 8(d) and
8(e)] because of the difference in physical activities. In other words,
asymmetric transmission occurs. In the case of the HCW being infec-
tious, but wearing a FFP mask, the patient without a mask is inhaling
13% (0.09 pl min ') of the total aerosol volume from the HCW. In
case the patient is infectious and the HCW is still wearing an FFP
mask, the HCW is inhaling 48% (1.06 pl min~") of the total aerosol
volume from the patient. Similar observations were made for the case
of an athlete (heavy work, speaking)-instructor (light work, speaking)
in a gym [Figs. 8(f) and 8(g)].

IE [y Ve Exhaled distribution
(Pa) (8}

0,6 735 12 Normal singing (Alsved)

0,6 981 21 Breathing (Fabian)

0,6 490 6,5 Breathing (Fabian)

0,6 735 12 Normal speaking (Alsved)

0,6 1226 35 Normal speaking (Alsved)
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FIG. 8. Aerosol transmission (volume/fraction) results for various scenarios. (a) The properties defining the face masks. (b) The properties defining the different persons. (c)—
(g) Various scenarios of the combination of an infectious and exposed person.
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In both cases, we stress that we are solely evaluating the impact of
face masks on the transmission of aerosols. Proximity effects and ven-
tilation are likely to significantly reduce the absolute aerosol volume
inhaled by the exposed persons, but quantifying this effect is beyond
the scope of the present work. We did not include irregular breathing
patterns during singing or speaking, which is likely to further influence
the aerosol volume transmission. Both singing and speaking exhibit a
relatively long and constant exhalation phase and a short, powerful
inhalation phase in each breathing cycle. Prolonged exhalation with a
low air flow promotes the escape of aerosols around the face mask,
while powerful inhalation of air improves the efficiency of blocking
aerosols.

The type of mask (SM/FFP) is most critical for the infectious per-
son, because fewer or smaller leakages (FFP) increase the air flow
velocity and subsequently increase the efficiency of capturing aerosols.
Moreover, the aerosol size reduction due to evaporation after passing
the source-face mask reduces the capture probability by the face mask
of the exposed person.

We point out that expressing the aerosol reduction of face masks
in percentages is insufficient to describe the reduction in aerosol volume
transmission. When comparing columns II and IIT [Figs. 8(c)-8(g)], it is
clear that, regardless of the reduction factor of 0.08 (choir-FFP/FFP
masking), still potentially a larger transmission of aerosol volume (12 pl
min~") is achieved than in the case of a reduction factor of 0.23 (infec-
tious patient and HCW-FFP/FFP masking; 0.51 pl min™"). The physi-
cal activities (minute ventilation of both persons and aerosol
distribution of the infectious person) are important determinants.

IV. DISCUSSION AND CONCLUSIONS
A. Breathing resistance

The permeability values in the literature (Table III) are surpris-
ingly small and would make breathing through the face mask fabric
very hard without leakages. Indeed, rhino manometer measurements
of persons wearing SM"” or N95 masks'® reported an increase in
breathing resistance between 120% and 180% and a reduction of
inhaled volume of air between 5% and 90%. A reduction of the inhaled
volume of air will be compensated for by an increased breathing effort
(muscle pressure, breathing rate), which is perceived as hindered
breathing.

On the contrary, other studies reported that wearing an FFP
mask does not change the physiological, subjective, or behavioral mea-
surements on human subjects in practice.” It is noted that rhino man-
ometers provide additional sealing of the face mask edges and thus
likely enforce breathing through the face mask fabric.

These experimental observations from literature support our
modeling result: that the breathing resistance of face masks is very
high, but the negative effect on breathing is diminished by the leakages.
Practically all air flows through the leakages as air chooses the path of
least resistance. This fits with daily life experiences because air escaping
around the sides of the face masks explains why it is not possible to
blow out a candle when wearing a face mask, why glasses become
fogged and why dust is collected around the edges of the face mask
when working in a dusty environment for some time.

When establishing that air flows around the face masks, it is
implied that the aerosol filtering mechanisms are different from the
general ideas. Therefore, critical parameters of the aerosol filter process
must be reevaluated as is further discussed in Sec. I'V B.
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B. Real aerosol volume transmission

The complex interplay between breathing dynamics, the aerosol
size distribution, and the geometry of the leakages does not allow a
simple intuitive assessment of aerosol volume transmission between
two persons (Figs. 2 and 8) for a range of circumstances (i.e., scenar-
ios). We stress that many additional factors should be considered
when translating our results to real-world situations such as specific
face mask dimensions and leakage geometries and obstructions within
the openings (e.g., hair, skin roughness, fibers), breathing through the
nose, variable breathing rates when varying physical activities (e.g., sit-
ting, standing, walking, dancing, and sporting), realistically varying
breathing patterns related to speaking or singing, occasional coughing
or sneezing, temporal variations of the leakage geometries due to phys-
ical activities and other influences (e.g., touching the face mask), the
relative humidity and temperature over time of the face mask itself
and of the space between the wearer and the face mask. All these fac-
tors are likely to have an effect on the exhalation and inhalation of
aerosol volume but result in an endless list of possible combinations of
properties and events. A common theme of these factors is that they
are all related to the mask and the wearers.

In addition, the viral load varies by many orders of magnitude’’
from one person to another, and the viral load depends for each indi-
vidual on the time after the initial infection. A highly effective face
mask may let through only a very small fraction of aerosol volume,
which may still carry enough virus particles to cause an infection. In
comparison, a face mask that lets through most of the aerosol volume
may pose an infection threat when the virus concentration in the aero-
sols is low. Moreover, room ventilation plays an important role,
although room ventilation may potentially keep the average virus con-
centration in the room low, but in the proximity of the infectious per-
son, the virus concentration is still high.

Therefore, we emphasize that Figs. 8(c) and 8(g) cannot be
directly translated to infection risk or serve as a simple explanation for
the effectiveness of face masks against infectious diseases. We suspect
that the difficulty of finding statistical evidence for the beneficial effects
of face masks in cohort studies'™'® is related to the intrinsic heteroge-
neity of the entire transmission process as illustrated in Fig. 2. Based
on our work, it is possible to construct much more advanced scenarios,
which could include many, if not all, of these additional terms.

C. Renewing face mask concepts

Face masks vary in types of fabric and fitting quality. We have
shown that differences in fabrics are irrelevant for aerosol filtration,
because the permeability is too small (i.e., breathing resistance is too
high). Nevertheless, the diffusive transport properties of fabrics may
still play an important role in comfort of wear because of the tempera-
ture and water vapor management of the space between the face mask
and the face.”’ Otherwise, the exterior of face masks could be made
out of an easy-to-clean, non-deformable layer of plastic and the inside
could be covered with something like a reusable, washable insert.

The fitting quality (i.e., leakages) is the only face mask property
that plays a role in the efficiency of aerosol retention, which is even
more than previously thought.”” >’ An additional complication arises
from the dependency on facial features."' ** Leakages around the face
mask are not only inevitable but are also indispensable. Current face
mask design aims toward minimization of leakages. Instead, our work
suggests that deliberate leakages could be part of the design. Leakages
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created in the face mask should allow sufficient air flow without
requiring additional physical effort for breathing. Meanwhile, leakages
could be designed following the inertial impaction principles,” being
specifically tuned for the intended aerosols filter properties.

Our new insights regarding the role of leakages bear conse-
quences for the current certification process (NEN-EN 149) and typi-
cal investigations, which largely focuses on the fabric of the face
mask.” ' We propose that the breathing resistance should be mea-
sured without sealing the face mask to the Sheffield head (i.e., dummy)
with adhesive tape. The breathing resistance caused by the leaking face
mask should remain approximately zero. Moreover, we propose that
the fit test (i.e, inward leakage test) is combined with the breathing
resistance test, placing the Sheffield head in an enclosed environment
with temperature and relative humidity control and a predetermined
size distribution of aerosols. Mechanical breathing through the face
mask should represent different physical activities. Measurements of
the aerosol size distribution behind the face mask can be done with an
aerodynamic particle sizer (APS), of which the inlet volume and sam-
ple frequency should be in tune with the breathing frequency.”” We
note that the aerosol size distribution is unstable in time, due to evapo-
ration/condensation processes, depending on the temperature and rel-
ative humidity conditions. Moreover, coalescence may occur, in
particular with relatively high concentrations of aerosols, which may
occur in the leakage openings and the tubing toward the APS. We
anticipate that measurements will need to be compared against refer-
ence measurements from the same experimental setup.

Face mask quality can be quantified by the aerosol diameter cut-
off point (Fig. 6) for a specified breathing pattern, allowing quality
labels analogous to pm;, pm, 5, down to “ultrafines” (sub-micron). It
must be understood that the label would indicate the smallest aerosol
to be blocked, implying that smaller aerosols do pass the face mask.
Here, we note that a quantitative microbial risk assessment (QMRA)™’
differs from a particle toxicology risk assessment.”” A QMRA requires
the cumulative aerosol volume, assuming that the volume scales with
the viral load, as input for the dose-response relation. Particle toxicol-
ogy requires the delivered dose (i.e., numbers of aerosols) as input for
the dose-response relation. Therefore, further specifications of the face
mask depend on the intended use, ie., protection against biological
threats or protection against particulate matter/ultrafines.

Our work bears implications for washing and reusing practices, "
as washing is thought to have a negative impact on breathability and
particle filtration properties. The latter is caused by the loss of electro-
static charges present in the face mask fabric due to the surfactants pre-
sent in detergent."* With air exclusively passing around the face masks,
through the leakages, most of the concerns become obsolete, with the
exception of the fitting quality. Reusing face masks would be a major
relief for the environmental burden of global face mask use."”

In summary, face masks work, but with a different mechanism
from what is generally considered. The effectivity against virus trans-
mission is likely to vary significantly from person to person, as both
the fitting quality (number of leakages) and the person’s activity (both
physical and vocal activity) play a vital role. As a result, asymmetrical
transmission occurs, which means that the probability for person A to
be infected by person B is not necessarily equal to the probability for
person B to be infected by person A under similar circumstances. The
asymmetry is further enhanced by differences in immune response
due to passed infections and/or vaccinations, or additional risk factors.

pubs.aip.org/aip/pof

We suggest that the asymmetric transmission patterns are likely one of
the causes for the epidemiological field studies experiencing difficulties
in finding statistically significant differences between wearing and not
wearing face masks.

A face mask works most efficiently when the infectious person
wears a face mask. Once the aerosol is in the atmosphere, the aerosol
evaporates and the resulting smaller aerosol with a relatively high virus
concentration is more likely to circumvent the face mask of the
exposed person. When both the infectious and exposed person wear a
face mask, the aerosol volume transmission is the lowest. Still, over
time, an accumulation of aerosol volume will be transmitted.
Ultimately, face masks reduce but do not fully prevent exposure.

Based on our findings, we consider that improvements of face
mask effectivity against virus transmission is possible by redesigning
face masks. It is important to maintain some form of air leakage, but
the path can be made more tortuous, as an increased tortuosity
increases the effectivity of capturing aerosols.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed mathematical
description of the thermodynamic constants used throughout the
models and a detailed mathematical description of the aerosol capture
model.
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