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The current pandemic has spurred a great deal of debate about the use of cloth masks
as effective alternatives to medical masks for the general public. Despite an abundance of
experimental studies on the filtration of aerosols by cloth masks, there is currently a lack of
analytical understanding to predict mask performance a priori. In this study, we establish a
quantitative model for the pressure drop across woven heterogeneous cloth masks and their
filtration efficiencies for aerosols with aerodynamic diameters less than 1 μm. To compare
the intrinsic filtration capabilities of diverse materials, we introduce a filtration quality
factor. Finally, we present a decision map to illustrate the tradeoffs between filtration
efficiency and breathability and to provide practical guidance on the purchase of cloth
masks. For the most commonly used cotton, polyester, and polypropylene masks, the
mechanical filtration capability is fairly independent of the material, but it exhibits a
high sensitivity to the porosity and fiber diameter. Additionally, keys to a high-quality
cloth mask include a homogeneous structure, micro- or even nanofibrous materials, and a
suitable mass per unit area of the textile.
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I. INTRODUCTION

The COVID-19 pandemic has necessitated extensive use of face masks. Face masks have
been shown to filter virus-laden droplets and aerosols generated by contagious people, and to
protect healthy individuals from inhaling airborne aerosols, thus blocking transmission pathways
of respiratory diseases [1,2]. Due to the shortage of medical masks and respirators early in the
pandemic, health experts recommended cloth masks as an alternative [3]. Unlike medical masks
and respirators, which are treated by electret charging techniques that activate masks to actively
capture aerosols by electrostatic forces, common cloth masks passively filter aerosols mainly by
diffusion, interception, inertial impaction, and gravitational settling [4]. In light of these different
filtration mechanisms, it has been a topic of rigorous debate to what extent cloth masks can serve
as effective filters for virus-laden aerosols [5], and which types of cloth masks are most effective to
protect wearers.

Experimental studies investigating the filtration performance of common cloth masks have
provided inconsistent results [6–11]. Cloth masks have been reported both to be comparable to N95
respirators [10,11] and to perform much worse [6–9]. Even for the same mask material, e.g., cotton,
the measured data vary significantly among studies [6–11] (Fig. 1). These discrepancies could be
due to any number of factors, including the large variety of different materials, fiber diameters,
porosities, or fabric structures used in cloth masks.

Breathability and filtration efficiency are central to the quality of face masks. In this study,
we refer to existing theories on the air permeability and filtration properties of fibrous networks.
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FIG. 1. Filtration efficiencies of common cloth masks and medical masks collected from the literature
[7–9,12–19] and rated by the number of observations in different efficiency intervals. Filtered aerosol diameters
are less than 1 μm in (a) and greater than 1 μm in (b). Each observation represents a specific type of mask
from one publication. Note that this is intended as a qualitative snapshot to illustrate the wide range of observed
efficiencies in the literature; test parameters including flow rate and particle size are not standardized across
different publications.

For air permeability, previous studies provide analytical and empirical expressions of the pressure
drop across fibrous networks, in which fibers can be randomly oriented in one [20–22], two [21–25],
or three dimensions [21–23,25–27]. Air permeability of textiles has also been studied with classical
fluid models [28–31] or neural networks [30]. However, structural diversity has so far prevented
the formulation of a widely accepted model for the pressure drop across woven textiles. Existing
filtration models are able to estimate the filtration efficiency of homogeneous filters or filters with
a limited level of heterogeneity [32,33] which are applicable to nonwoven cloth masks. However,
woven textiles are highly structured, heterogeneous fibrous networks and may contain gaps between
threads, which significantly influences the airflow through the masks. Due to the strong coupling
between the permeability and the filtration properties, aerosol filtration by woven cloth masks
cannot be directly analyzed with existing filtration models. Furthermore, these models are not quite
sufficient to guide material selection.

In this research article, we report a quantitative framework for estimating the pressure drop and
filtration efficiency of cloth masks. Our primary interest is in the ability of cloth masks to protect
healthy individuals from airborne aerosols. Specifically, we consider the measure of protection
masks afford against aerosols with aerodynamic diameters less than 1 μm, a size range of significant
importance for disease transmission [34]; in addition, we quantify the impact of the heterogeneous
nature of woven textiles, which reflects the practical reality of most cloth masks. We first propose a
general model for a first-order estimate of the pressure drop across cloth masks. The pressure drop
model is then coupled with an adapted filtration model to compare the intrinsic filtration capabilities
of several common materials for cloth masks. Finally, we establish a decision map to quantify the
tradeoffs in selecting cloth masks during a pandemic.
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II. PRESSURE DROP ACROSS CLOTH MASKS

A. Pressure drop across nonwoven textiles

We begin by reviewing the classical model for homogeneous filters, in which fibers are randomly
distributed in plane in order to approximate a nonwoven textile (e.g., a surgical mask). The pressure
drop across a fibrous filter is generally formulated by Darcy’s law [35]:

�P = μUZ

κ
with κ = d2

f

4

1

f (α)
, (1)

where μ is the air viscosity, U is the face velocity, Z is the thickness of the filter, and κ is the
permeability. Face velocity is defined as the average upstream fluid velocity relative to the filter.
For homogeneous fibrous filters, κ is a function of the fiber diameter d f , the fiber volumetric
ratio α (i.e., fiber packing density), and the spatial arrangement of fibers characterized by specific
functional forms of f (α) [36]. For a random arrangement in the laminar, viscous flow regime, a
popular empirical expression of f (α) was introduced by Davies in 1953 [24,32]:

fDav(α) = 16α3/2(1 + 56α3) for 0.006 < α < 0.3. (2)

Fifty years later, Tomadakis and Robertson derived another expression of f (α), which shows a
better agreement with experiments than that of Davies for α > 0.3 [22]:

fTom(α) =
{

1 − α

8 ln2(1 − α)

(1 − α − εp)n+2

(1 − εp)n[(n + 1)(1 − α) − εp]2

}−1

, (3)

where 1 − α is the porosity of the filter, and constants εp = 0.11 and n = 0.785 for randomly
overlapping fibrous structures. These two empirical relations, fDav(α) and fTom(α), are shown in
Appendix A for comparison (Fig. 10).

Additionally, Eqs. (2) and (3) assume that the airflow around the fibers is a continuum, i.e.,
the Knudsen number Kn f = 2λ/d f � 1, where λ is the mean free path of the air molecules. This
assumption holds true for many natural fibers and conventional synthetic fibers with d f on the order
of 10 μm. However, for microfibers and nanofibers, the flow transits into the slip-flow regime, where
the gas slip over the fibers leads to a reduction in �P [23,37]. This can be addressed by adding a
correction factor Cslip to Eq. (1). Among the studies on the pressure drop across nanofibrous filters,
the relation introduced by Pich [38,39] and later Brown [40] is widely adopted [41–45], which gives
Cslip as [32]

Cslip = 1 + 1.996Kn f

1 + 1.996Kn f
[

1
1+{2(1−α)2/(1−α2+2 ln α)}

] . (4)

See Cslip as a function of d f for varying α in Appendix A (Fig. 11). Hence �P for homogeneous
fibrous filters can be estimated as

�P = 4μUZ f (α)

d2
f

Cslip with f (α) =
{

fDav(α) for 0.006 < α < 0.3,

fTom(α) for α � 0.3.
(5)

B. Pressure drop across woven textiles

To extend this theory to pressure drop across a woven textile, consider the repeating unit
illustrated in Fig. 2(b). We divide the repeating unit into gap-dominated and thread-dominated
regions and set a uniform thickness Z for the textile. The fraction of the gap-dominated area is
denoted as ϕg. Most fibers are distributed within threads; however, gaps also contain a fraction of
fibers, which may arise due to specific production techniques (e.g., brushing for flannel) or irregular
shapes of fibers (e.g., cotton). Thus, we regard the gap and the thread as two types of porous media
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FIG. 2. (a) Schematics of a woven textile placed perpendicular to an airflow with face velocity U .
(b) Magnified view of a repeating unit in (a) simplified as rectangular threads surrounding a square-shaped
gap. The face velocities upstream of the threads and the gap are Ut and Ug, respectively.

with different fiber packing densities. The nominal fiber packing density α is related to the thread
fiber packing density αt and gap fiber packing density αg by

α = αgϕg + αt (1 − ϕg). (6)

Hence, we select gap-dominated area fraction (ϕg), fiber diameter (d f ), thread fiber packing
density (αt ), gap fiber packing density (αg), and fabric thickness (Z) as the five free parameters
that describe a woven cloth mask.

Defining the pressure drops across the fabric, the threads, and the gaps as �Ptextile, �Pt , and �Pg,
respectively, and noting that the pressure drops across the threads and the gaps must be the same,
implies �Ptextile = �Pt = �Pg. The pressure drops �Pt and �Pg are calculated with Darcy’s law,
i.e.,

�Pg = μUgZ

κg
and �Pt = μUt Z

κt
, (7)

where κt and κg are the permeabilities of the thread-dominated and gap-dominated regions, respec-
tively, and Ut and Ug are the nominal face velocities upstream of the two regions [see Fig. 2(b)],
respectively. Conservation of mass provides the following relationship between the flow rates:

U = Ut (1 − ϕg) + Ugϕg, (8)

where U is the average face velocity far upstream of the textile. Combining �Ptextile = �Pt = �Pg

and Eq. (8), the equivalent permeability of the textile κtextile can be written as a weighted average of
κt and κg:

κtextile = κt (1 − ϕg) + κgϕg, (9)

where κt = d2
f /[4 f (αt )Cslip(d f , αt )] and κg = d2

f /[4 f (αg)Cslip(d f , αg)]. The pressure drop across
the textile �Ptextile can then be estimated as

�Ptextile = μUZ

κtextile
. (10)

With �Ptextile obtained, we can further calculate Ut and Ug with Eq. (7).
Variations in �Ptextile normalized by the pressure drop �P across a homogeneous filter con-

structed of the same type of fiber and nominal fiber packing density α are shown in Fig. 3. We
choose α = 0.3, 0.4, and 0.5 as the characteristic values for Figs. 3(a)–3(c), respectively, to mirror
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FIG. 3. Normalized pressure drop across textile �Ptextile/�P as a function of gap-dominated area fraction
ϕg and fiber packing density ratio αg/αt for nominal fiber packing density (a) α = 0.3, (b) α = 0.4, and (c) α =
0.5. Here, �P is the pressure drop across a homogeneous filter constructed of the same type of fiber and
α as the woven textile. The gray shaded area corresponds to the inaccessible region described by Eq. (11).
The experimental points showing typical values of ϕg and fiber packing density ratio αg/αt are obtained by
analyzing data from Zangmeister et al. [9].

the typical range of α for woven cloth masks. When the fiber diameter d f and α are held constant,
the normalized pressure drop �Ptextile/�P is a function of the fraction of the gap-dominated area
ϕg and the fiber packing density ratio αg/αt . For ϕg → 0, ϕg → 1, or αg/αt → 1, since the textile
approaches the homogeneous limit, �Ptextile/�P → 1. For an intermediate ϕg, because the perme-
ability of gaps is typically higher than that of the threads, a significant amount of airflow bypasses
the threads, leading to a lower �Ptextile/�P. Additionally, �Ptextile/�P is mainly determined by the
fiber packing density ratio αg/αt at intermediate values of ϕg (Fig. 3). Finally, note that the shaded
area represents the condition [

αg

αt

]
ϕg + (1 − ϕg) � α, (11)

which is inaccessible because the constraint αt < 1 is violated.
To test the prediction in Eq. (9), we turn to the experimental data from Zangmeister et al. [9]. By

extracting ϕg, αg, αt , and d f from textile images and assuming Z on the order of the yarn width, we
can analytically estimate the permeabilities of the woven textiles. The detailed method for the ex-
traction of ϕg, αg, and αt is described in Appendix B. Additionally, the fiber diameters of the tested
textiles are on the order of 10 μm; thus, slip correction is negligible for estimating �Ptextile (Fig. 11).
Figure 4 shows the comparison between the analytical and experimental normalized permeabilities
of textiles, κ (a)

textile/r2
f and κ

(e)
textile/r2

f , respectively, where r f = d f /2 denotes the fiber radius. The error
bars for the experimental permeabilities are due to the distributions of the estimated fiber radii from
textile images. The analytical predictions generally agree with experimental measurements, and the
small discrepancy between the analytical and experimental results can be partially attributed to the
following factors. First, we assume a uniform thickness Z for textiles, and we neglect local variations
in Z and the nominal α. Second, we divide textiles into two types of porous media and treat each of
them as homogeneous, which cannot fully capture the heterogeneity of textiles. Figure 4 provides a
sense of the magnitude of the error in the estimation. Finally, to make a robust estimate of �Ptextile,
Fig. 3 suggests that either ϕg should be in the intermediate plateau region, or [ϕg, αg/αt ] should
approach the homogeneous limit. We label in Fig. 3 the textiles we investigate by showing their
extracted ϕg and αg/αt values.
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f , respectively, where r f denotes the fiber radius. The results are obtained by analyzing
experimental data from Zangmeister et al. [9].

In addition to the double-porosity method described above, we also carried out a continuous
permeability-map method to estimate �Ptextile in Appendix C, which provides close predictions to
the results presented in Fig. 4.

III. FILTRATION EFFICIENCY OF CLOTH MASKS

A. Filtration efficiency of nonwoven textiles

As with the pressure drop analysis, we begin by reviewing filtration theory for nonwoven
materials. The filtration efficiency is defined as the fraction of particles captured by the filter. In
classical filtration theory, the filtration efficiency of a homogeneous fibrous filter E is a function of
fiber packing density α, filter thickness Z , fiber diameter d f , and single-fiber efficiency η [33,36]:

E = 1 − exp

(
−4η

α

1 − α

Z

πd f

)
, (12)

where η is the ratio between the number of particles collected by a single fiber and the number of
incident particles in the projected area of the fiber [33].

The single-fiber efficiency is a combined effect of different particle collection mechanisms,
including Brownian diffusion, interception, inertial impaction, gravitational settling, and possibly
electrostatic attraction [33]. Different mechanisms dominate in different ranges of particle diameter
dp. Because we neglect the electrostatic attraction of cloth masks and focus on the range of dp < 1
μm, diffusion and interception dominate, and other mechanisms are negligible [41]. Thus, η is given
by

η = 1 − (1 − ηD)(1 − ηR), (13)

where ηD represents single-fiber diffusion efficiency and ηR is single-fiber interception efficiency.
Most studies show that ηD is proportional to Pe−2/3 [46], where Pe is the Péclet number. For
example, Kirsch and Fuchs provided the empirical relation [47]

ηD|Kir = 2.7Pe−2/3, (14)
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with Pe = d f U/D, where D is the particle diffusivity. Additionally, ηR is a function of the inter-
ception number R = dp/d f . A commonly used expression of ηR was given by Liu and Rubow [48]:

ηR|Liu = 0.6Cr
1 − α

Ku(α)

R2

1 + R
, (15)

where Cr = 1 + 1.996Kn f /R is the correction factor due to the slip condition, and Ku(α) =
−(ln α)/2 − 3/4 + α − α2/4 is the Kuwabara number.

Unlike ideal homogeneous filters, d f for nonwoven textiles may be distributed in a certain range,
and fibers can be clumped together. Thus, directly applying Eq. (12) tends to overestimate the
filtration efficiency. To address these nonideal effects, Davies recommended replacing d f with an
effective fiber diameter d f (eff), which can be estimated by using the measured pressure drop across
filters [32,33], i.e.,

d2
f (eff) = 4μUZ f (α)Cslip(d f (eff), α)

�Ptextile
. (16)

B. Filtration efficiency of woven textiles

Following the double-porosity method described in Sec. II B and assuming aerosols are uni-
formly distributed in the airflow, the overall filtration efficiency of textile Etextile can be written as
a weighted average of the filtration efficiencies of the gap-dominated region, Eg, and the thread-
dominated region, Et :

Etextile = Eg
Qg

Q
+ Et

Qt

Q
, (17)

where Q is the total flow rate through the textile, and Qg and Qt are the flow rates through the gaps
and threads, respectively. With the velocities Ug and Ut calculated in Sec. II, Qg/Q = ϕgUg/U and
Qt/Q = (1 − ϕg)Ut/U .

To estimate Eg and Et , we adapt the classical filtration theory to each region of the textile. In
analogy to Davies’ method [Eq. (16)], given the measured pressure drop �Ptextile, the effective fiber
diameter d f (eff) is implicitly determined via the following expression:

d2
f (eff) = 4μUZ

�Ptextile

{[
1 − ϕg

f (αt )Cslip(αt , d f (eff) )

]
+

[
ϕg

f (αg)Cslip(αg, d f (eff) )

]}−1

. (18)

The actual fiber diameter d f is then replaced by d f (eff) for the calculation of η, Eg, and Et .
Next, the correlations given by Eqs. (14) and (15) are based on the assumption that aerosols

will be captured as long as they contact the fibers [46]. Thus, the influence of the material type is
not reflected in previous models. Moreover, the nonstandard cross-sectional shapes of many natural
fibers may contribute to a deviation from the theoretical predictions. To include these factors, we
generalize the Kirsch and Fuchs relation and assume

ηD = βPe−2/3. (19)

Here, β is a diffusion filtration quality factor that characterizes the capability of a material to
capture aerosols by diffusion. The interception efficiency ηR can be modified in a similar manner.
To isolate the influence of material type on the (diffusional) filtration efficiency, we employ the fol-
lowing method to extract β from experimental data: when d f is held constant, decreasing the particle
diameter dp leads to a simultaneous decrease in Pe and R, and eventually η ∼ ηD = β Pe−2/3 � ηR.
Thus, in the limit of small particles, by replacing Eq. (14) with Eq. (19) for the calculation of Eg

and Et , β can be implicitly determined with

1 − Etextile = exp
(
β Pe−2/3

g Lg
)
Qg + exp

(
β Pe−2/3

t Lt
)
Qt , (20)
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FIG. 5. (a) Diffusion filtration quality factor β as a function of the Péclet number Pe for woven cloth masks.
The theoretical curves correspond to modeling results for Eqs. (14) and (15) with df ranging from 10 to 20
μm. The experimental results are obtained by analyzing data from Zangmeister et al. [9]. (b) Comparison of
β values at the low-Pe limit between theory and the three most common mask materials. An asterisk denotes
results for polypropylene (PP) that are derived from Jackiewicz and Werner [49]. The P-value is determined
by the one-way ANOVA test; ns denotes not significant.

where Lg = −4[αg/(1 − αg)][Z/(πd f (eff) )], Lt = −4[αt/(1 − αt )][Z/(πd f (eff) )], Qg = ϕgUg/U ,
and Qt = (1 − ϕg)Ut/U . For a specific filter, as dp decreases, we expect β to asymptote to a constant
at the low-Pe limit. To test this hypothesis, we again analyze the experimental data of Zangmeister
et al. [9] and show the β-Pe relation for four mask materials in Fig. 5(a). A theoretical curve
derived from Eqs. (14) and (15) is also shown for comparison. Note that the diffusion-dominated
regime corresponds to Pe < 103, and β indeed approaches a constant value as Pe decreases for
each tested mask. The scattered data for cotton and polyester is a result of the uncertainty in α

due to the uncertainty in the estimated thickness Z of each mask. Distributions of β for cotton and
polyester are both close to the theoretical curve, whereas nylon shows considerably lower β values.
This suggests that nylon fabrics may not be strong candidates for cloth masks, which has also been
observed by Zhao et al. [8]. To further compare the filtration capabilities of the most commonly
used mask materials, Fig. 5(b) shows extracted β values at the low-Pe limit for cotton, polyester,
and polypropylene based on experimental studies [9,49]. No significant difference in β is found
for these three materials, which are all close to the theoretical prediction. The results also suggest
that polypropylene may have a slight advantage over cotton and polyester in terms of mechanical
filtration performance.

We now compare Etextile with the filtration efficiency E of a homogeneous filter constructed of
the same type of fiber and nominal α. Figure 6(a) shows Etextile/E as a function of ϕg and αg/αt

at typical mask parameter values. Similar to Fig. 3, Etextile/E → 1 when the textile approaches
the homogeneous limit, i.e., ϕg → 0, ϕg → 1, or αg/αt → 1. At an intermediate ϕg, Etextile/E is
relatively low because of the low filtration efficiencies in the gaps Eg and the high relative flow
rates through gaps Qg. In calculating the effective fiber diameter d f (eff), we show results from both
Eqs. (18) and (16) and present the corresponding Etextile/E results with solid and dashed contour
lines, respectively [Fig. 6(a)]. Despite some differences, especially at high ϕg values, both the
double-porosity method and Davies’ method capture the influence of ϕg and αg/αt on the filtration
efficiency of woven textiles. Additionally, the textile examples in Fig. 6(a) indicate that Etextile/E
is observed to be as low as 0.4 for plain weaves due to the effect of gaps. Denser weaves such as
poplin tend to perform better with Etextile/E approximately 0.7.
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FIG. 6. (a) Normalized filtration efficiency of woven textile Etextile/E as a function of gap-dominated area
fraction ϕg and fiber packing density ratio αg/αt for nominal fiber packing density α = 0.3, 0.4, and 0.5. E is
the filtration efficiency of a homogeneous filter constructed of the same type of fiber and α as the woven textile.
The solid and dashed contour lines are based on the double-porosity method [Eq. (18)] and the Davies’ method
[Eq. (16)], respectively. Here, df = 10 μm, dp = 300 nm, U = 5.3 cm/s, and Z = 0.5 mm. (b) Box-and-
whisker plot for the difference between the experimental and analytical mask filtration efficiencies (E (e)

textile −
E (a)

textile ) for varying particle diameters dp. (c) E (e)
textile vs E (a)

textile for cotton and polyester masks based on the
double-porosity method.

To test the prediction in Eq. (17), we analytically calculate the filtration efficiencies of various
cotton and polyester masks and compare the results with the experimental data from Zangmeister
et al. [Figs. 6(b) and 6(c)]. Note that for conventional fibers with d f on the order of 10 μm, slip
correction can be neglected in calculating d f (eff) [Eqs. (18) and (16)]. In calculating ηD, the β-values
are analyzed from a different source (Zhao et al. [8]), where βcotton = 2.97 and βpolyester = 2.64.
Figure 6(c) shows that 80% of the efficiency predictions have an error less than 10%, and 98% of
the predictions have an error less than 20%.

Finally, our analytical model is based on ideal experimental setups in which both textile and
aerosols are charge-neutral. Thus, the effect of electrostatic interactions between fibers and aerosols
is negligible. However, electrostatic interactions can be significant for newly generated charged
aerosols [33]. Although aerosols will eventually be neutralized as a whole in the steady-state,
a fraction of aerosols still carry opposite charges due to random collisions with ions in the air
[33]. For these cases, additional terms may be necessary to characterize electrostatic interactions in
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TABLE I. Variations in the pressure drop �Ptextile across a woven cloth mask and its filtration efficiency
Etextile due to the variation in a single mask parameter, while other mask parameters are held constant. The
upward and downward arrows denote an increase and a decrease in parameter values, respectively.

Mask performance

Mask parameters Pressure drop �Ptextile Filtration efficiency Etextile

Gap-dominated area fraction ϕg, ↑ ↓ ↓
Fiber diameter df , ↑ ↓ ↓
Thread fiber packing density αt , ↑ ↑ ↑
Gap fiber packing density αg, ↑ ↑ ↑
Mask thickness Z, ↑ ↑ ↑

Eq. (13), which give rise to higher single fiber efficiencies. This suggests that our model provides a
conservative estimate for the filtration efficiency of cloth masks in the natural state.

IV. PRACTICAL GUIDANCE ON SELECTING CLOTH MASKS

Given the estimates in Secs. II and III, we now have sufficient information to provide some
practical guidance on the selection of cloth masks. First, by varying each free parameter involved
in our analysis, i.e., ϕg, d f , αt , αg, or Z for woven masks, we observe simultaneous increases or
decreases in the pressure drop and filtration efficiency (Table I); i.e., there is no free lunch: an
increase in breathability always corresponds to a decrease in filtration efficiency, and vice versa.
Thus, consumers have to make a tradeoff between the breathability and filtration efficiency in
selecting masks.

To quantify this tradeoff, the quality factor (QF) has been widely adopted for comparison of
different filters [33]:

QF = − ln(1 − Etextile )

�Ptextile
, (21)

where QF represents the ratio between the filtration efficiency and the pressure drop per unit thick-
ness for a differentially thin layer [33]. A higher QF corresponds to better filtration performance. To
understand the underlying factors that determine QF and apply the analysis to cloth masks, we insert
the expressions for Etextile and �Ptextile in Eq. (21). To perform a unified analysis for both woven and
nonwoven textiles, we first assume that gaps will not induce an anomalously low δP := �Ptextile/�P
in a realistic woven mask. For simplicity, we assume δP > 0.5, which is valid for the majority of
masks we investigate (Fig. 3). Second, we employ Davies’ method to analyze filtration efficiency.
A deterministic relationship for QF reads

QF = 1

πμUδP

α

1 − α

d2
f

d f (eff)

ηmin(d f (eff), α)

f (α)Cslip(d f , α)
, (22)

where ηmin is obtained at the most penetrate particle size (MPPS); MPPS is on the order of 0.1–0.5
μm at typical face velocities for face masks [50]. When U is held constant, QF is determined by
fiber diameter d f and fiber packing density α [Eq. (22)]. Figure 7 shows the variations in QF for d f

varying from 10−3 to 20 μm and α varying from 10−2 to 0.7. For a specific α, there is an optimal
fiber diameter d f that corresponds to a maximal QF (dashed line in Fig. 7). However, the optimal d f

is considerably smaller than what is practically realizable in most textiles. Additionally, the classical
filtration theory may not suffice to accurately model aerosol filtration in the free molecular flow
regime (Kn f > 10 [51]; Fig. 7). Given these caveats, we focus our investigation on the parameter
regime d f > 0.3 μm [52] (unshaded region in Fig. 7). In this regime for most textiles, QF increases
as d f or α decreases. Specifically, the increase in ηmin counterbalances the decrease in d f in Eq. (22),
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thus leading to an increase in QF. Therefore, the optimal cloth masks should be made of ultrafine
fibers at a low fiber packing density.

In the following, we provide practical guidance on the selection of cloth masks based on easily
accessible parameters for consumers. We consider a scenario in which the objective is to determine
a set of mask parameters that can guarantee a filtration efficiency of no less than Emin for a whole
spectrum of particle size dp, with the constraint that the pressure drop should be lower than a
maximal tolerated value �Pmax at a typical face velocity U . Since most vendors do not provide a
complete set of mask parameters such as α and Z , we perform some conversions and simplifications.
First, we perform a unified analysis for both woven and nonwoven textiles. Again, we employ
Davies’ method to analyze filtration efficiency and assume δP > 0.5. Second, we replace Z with the
grammage G, a metric that is more easily accessible and is defined as the mass per unit area of the
textile in g/m2. The grammage G and the thickness Z are related by

G = ραZ (23)

for ρ in g/m3. Thus, the problem can be formulated as follows: given U, Emin, and �Pmax, choose
d f , G, and α, such that

�Ptextile � �Pmax, E � Emin, and Z � Zmax. (24)

The third constraint in Eq. (24) limits the mask thickness to practical values. Based on test stan-
dards for U and �Pmax [53] and common sense for Zmax, we set U = 0.053 m/s [7], �Pmax = 50 Pa,
and Zmax = 0.01 m.

Next, Eq. (24) is recast with the accessible mask parameters. By inserting Eqs. (5) and (23) into
Eq. (24), the pressure constraint is equivalent to

G � A1
α

f (α)Cslip(d f , α)
with A1 = ρ�Pmaxd2

f

4δPμU
. (25)
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FIG. 8. (a) Feasible values of grammage G and fiber packing density α of polyester cloth masks shown
in the shaded gray regions, which correspond to varying fiber diameter df . The masks are subject to con-
straints Emin = 0.30, �Pmax = 50 Pa, and Zmax = 0.01 m. Gmin is the minimal grammage that can satisfy these
constraints. (b) Minimal filtration efficiency Emin as a function of fiber diameter df and grammage Gmin for
a polyester cloth mask. The solid line corresponds to Z � Zmax, and the dashed line represents the analytical
estimate Eq. (28). The circled numbers demonstrate characteristic parameter values of cloth mask candidates.
Microscopic images by Alarifi et al. [54] for nanofibers, Martín et al. [55] for microfibers, and Grgac et al.
[56] for conventional fibers. Images of microfibers and conventional fibers are adapted under the terms of
the CC-BY Creative Commons Attribution 4.0 International license. For both (a) and (b), U = 5.3 cm/s and
ρ = 1380 kg/m3.

For the efficiency constraint, by inserting Eqs. (12) and (23) (substitute d f with d f (eff)) into
Eq. (24), we obtain

G � A2
1 − α

ηmin(d f (eff), α)
with A2 = π

4
ρd f (eff) ln

1

1 − Emin
. (26)

Finally, the thickness constraint is equivalent to

G � ραZmax. (27)

Four groups of representative solutions for Eqs. (25)–(27) are shown in Fig. 8(a). For a specific
d f , the gray area indicates the region where the three constraints are satisfied and constitute a
feasible region for cloth masks. Notably, the intersection point between the pressure and efficiency
constraints [Eqs. (25) and (26)] indicates both a minimal grammage Gmin and a minimal thickness
Zmin that meet the three constraints. Additionally, the feasible region shrinks to a point at a critical
d f , beyond which no solution can simultaneously satisfy the three constraints in Eq. (24) [Fig. 8(a)].

By integrating the results in Fig. 8(a) for different combinations of parameter values, a decision
map based on Gmin, d f , and Emin is illustrated in Fig. 8(b). From the contour map, one can identify
the combinations of Gmin and d f that fulfill a specific Emin. It is evident that smaller fiber diameters
d f allow for lower minimal grammages Gmin to meet a given efficiency standard. Because d f of
cotton fibers is generally around 10–20 μm, cotton textiles with a grammage lower than 1000 g/m2,
including bandanas, T-shirts, conventional bed sheets, and bath towels, can only reach minimal
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filtration efficiencies of 0.4 or less. With a low grammage and a similar fiber diameter to fine cotton
fibers, silk napkins also provide limited protection against aerosols. Microfiber textiles with d f = 6
μm can achieve Emin = 0.5. Meltblown textiles have even finer fibers with d f around 2–4 μm,
leading to Emin as high as 0.7. A nanofibrous electrospun face mask can achieve Emin > 0.8 with
Gmin ∼ 20 g/m2, exceeding the performance of other common textiles. Meltblown and electrospun
textiles [e.g., Textiles 9–11 in Fig. 8(b)] have significant advantages over most woven textiles that
have larger fiber diameters [e.g., Textiles 1–8 in Fig. 8(b)].

Furthermore, based on the condition Zmin � Zmax, the thickness constraint Zmax � 0.01 m is
illustrated in Fig. 8(b). The thickness constraint poses higher restrictions on Gmin for finer fibers,
because a lower α is required to avoid surpassing the pressure constraint. In the parameter space of
Fig. 8(b), numerical results reveal that α is less than 0.1 near the thickness constraint line. Thus, by
using fDav(α) and equating Eqs. (25) and (27), a first-order estimate for the thickness constraint in
the form of a Gmin − d f relation reads

Gmin �
[

1

16
ρ

(
�Pmax

δPμU

)2/3

Z1/3
max

]
d4/3

f , (28)

which is illustrated in Fig. 8(b) as the dashed line.

Examples of cloth mask design

In addition to providing practical guidance for mask consumers, our model can also guide
manufacturers through the design of mask materials. Here we discuss two example scenarios to
illustrate the design process for two different types of manufacturing capabilities.

In the first scenario, manufacturers produce fabrics in-house. As discussed above, our foremost
piece of advice is to make the fiber diameter d f as small as possible. Then, the manufacturer selects
desired mask efficacies �Pmax and Emin. Following the procedure introduced in Eqs. (24)–(27),
the manufacturer constructs a feasible graph [Fig. 8(a)] which provides feasible combinations of
grammage G and fiber packing density α (gray shaded regions). For example, assume Manufacturer
A plans to produce polyester masks with d f = 5 μm that can achieve �Pmax = 50 Pa and Emin =
0.30. From Fig. 8(a), they readily find feasible parameters G = 200 g/m2 and α = 0.06, which
corresponds to a fabric thickness of Z = 2.4 mm [Eq. (23)].

In the second scenario, manufacturers procure fabrics from external suppliers and must select
one type of fabric from multiple candidates. For this scenario, Secs. II and III provide strategies
to estimate �Ptextile and Etextile. For example, suppose Manufacturer B has four types of fabrics,
Fabrics A–D, and knows their compositions and grammages (Table II). After analyzing images of
each fabric following Appendix B, Manufacturer B obtains parameters Z, d f , ϕg, αt , and αg. The
pressure drop �Ptextile can then be calculated with Eqs. (9) and (10). By inserting �Ptextile into
Eq. (18), Manufacturer B obtains the effective fiber diameter d f (eff), which is further employed to
determine Eg, Et , and Etextile following Sec. III [Eqs. (12), (13), (15), (17), and (19)]. Finally, a
scatter plot can be constructed showing the tradeoff between filtration efficiency and breathability
for Fabrics A–D (Fig. 9). Now suppose Manufacturer B hopes to produce cloth masks with desired
properties �Pmax = 80 Pa and Emin = 35%. It is evident that Fabric C is the best candidate (Fig. 9).

V. CONCLUSIONS

In summary, we establish a quantitative model to predict the breathability and filtration efficiency
of cloth masks and test the validity of our model with previous experimental results reported in the
literature. We find that there is no significant difference in the diffusion filtration quality factor β

for cotton, polyester, and polypropylene. Thus, the material type may not be the most important
factor in selecting masks. Rather, our practical decision map indicates that ultrafine fibers such
as nanofibers and microfibers can effectively enhance the filtration efficiency of cloth masks at a
low grammage. Due to larger fiber diameters and gaps in weave, woven textiles typically have low
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TABLE II. Estimation of filtration efficacies of four candidate fabrics for Manufacturer B. Asterisks denote
mask properties analyzed from fabric images. Here, U = 5.3 cm/s, and Etextile is obtained at MPPS.

Fabric C Fabric D
Fabric A Fabric B 100% 35% cotton/

100% cotton 100% polyester polypropylene 65% polyester

Grammage, G (g/m2) 150 140 100 200
Material density, ρ (kg/m3) 1550 1380 920 1440
* Fabric thickness, Z (mm) 0.30 0.25 0.50 0.50
Nominal fiber packing density, α 0.32 0.41 0.22 0.28
* Fiber diameter, df (μm) 15 12 8 10
* Gap-dominated area fraction, ϕg 0.40 0.35 0.45 0.30
* Thread fiber packing density, αt 0.38 0.45 0.24 0.30
* Gap fiber packing density, αg 0.23 0.32 0.19 0.24

Estimated pressure drop, �Ptextile 30 113 71 90
Estimated filtration efficiency, Etextile 10% 23% 39% 32%

filtration efficiencies. Therefore, they are of more use to prevent emissions of larger droplets from
contagious people rather than protecting healthy individuals from submicron aerosols.

It is important to note that we only compare the mechanical filtration capabilities of mask
materials in this study. For naturally charged aerosols, the image force between fibers and aerosols
is not always negligible. Consequently, materials with higher dielectric constants may be more
effective due to stronger electrostatic interactions with aerosols [57]. This suggests that polypropy-
lene and polyester could be advantageous over cotton for charged aerosols. Additionally, note that
the material considerations in this analysis represent only one piece of the puzzle in determining
the efficacy of masks. In particular, a well-fitted mask is critical to a mask’s value; masks that are
well-shaped to provide an effective seal on the wearer’s face and are sufficiently comfortable that
the user keeps them on are likely to be worth most tradeoffs in decreased filtration efficiency [58].
Given that caveat, here we provide convenient, practical guidance for estimating the performance of
cloth masks through an enhanced understanding of the permeability and aerosol filtration aspects of
heterogeneous random fiber networks.
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FIG. 9. Selection of mask material based on the tradeoff between filtration efficiency Etextile and pressure
drop �Ptextile.
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APPENDIX A: f (α) AND Cslip IN THE PRESSURE DROP MODEL

Equations (2) and (3) represent two functional forms of f (α) for the calculation of permeability
κ [Eq. (1)], which are compared in Fig. 10. Additionally, we plot the pressure correction factor Cslip

as a function of fiber diameter d f for varying α values in Fig. 11 [Eq. (4)].

APPENDIX B: ESTIMATING MASK PARAMETERS ϕg, αt , AND αg

In this Appendix, we provide a strategy to estimate the gap-dominated area fraction (ϕg), the
thread fiber packing density (αt ), and the gap fiber packing density (αg) from textile images. To
obtain ϕg, we first analyze the distribution of grayscale Y of a transmitted light image of the textile
(Fig. 12). The initial gap-dominated region is extracted with a threshold grayscale Yth. Because
raised fuzzy fibers may not be completely counted toward the gap-dominated region, we employ
an algorithm to correct the initial extraction: for a specific pixel in the textile image, if over half
of its neighbors belong to gap-pixels, then this pixel is also marked as a gap-pixel; and vice versa.
After repeating this procedure for many iterations, the raised fuzzy fibers will be included in the
gap-dominated region, and fake gap-pixels will also be eliminated (Fig. 12).

After obtaining ϕg, we estimate αt and αg by assuming that the inverted grayscale, Y ∗ = 1 − Y , is
linearly related to the local fiber packing density α. Although a nonlinear function may describe the
α-Y ∗ relationship more accurately, we find that the linear approximation suffices for our purposes.

Davies (1953)

Tomadakis and Robertson (2005)

Fiber packing density, α

0
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FIG. 10. Comparison of f (α) curves by Davies [24] and Tomadakis and Robertson [22].
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FIG. 11. Pressure correction factor Cslip as a function of fiber diameter df for varying α values. Microscopic
images by Alarifi et al. [54] for nanofibers, Martín et al. [55] for microfibers, and Grgac et al. [56] for
conventional fibers. Images of microfibers and conventional fibers are adapted under the terms of the CC-BY
Creative Commons Attribution 4.0 International license.

Under our linear assumption, αt and αg can be calculated as

αg =
[

Y
∗
g

Y
∗
gϕg + Y

∗
t (1 − ϕg)

]
α and αt =

[
Y

∗
t

Y
∗
gϕg + Y

∗
t (1 − ϕg)

]
α, (B1)

where Y
∗
g and Y

∗
t denote the average inverted grayscale in the gap- and thread-dominated regions,

respectively.
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FIG. 12. Method for the estimation of gap-dominated area fraction ϕg. The gap-dominated region is first
extracted with a threshold grayscale Yth from the transmitted light image of the textile. ϕg is finally determined
after the correction of the gap area. The textile image is adapted from Zangmeister et al. [9].
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masks shown in Fig. 4. The textile image is adapted from Zangmeister et al. [9].

Finally, the estimated values of ϕg, αt , and αg are influenced by the specific threshold Yth. In this
study, we choose Yth to be the 70-percentile of the grayscale distribution. Note that other rules for
the definition of Yth can yield different ϕg values, since the gap area is ambiguous in nature for many
weave styles. For a feasible rule, the estimated �Ptextile should be robust against moderate variations
in Yth. Correspondingly, the textile is located at the intermediate plateau region or the homogeneous
limit in Fig. 3.

APPENDIX C: PERMEABILITY-MAP METHOD FOR ESTIMATING �Ptextile

The transmitted light images can also be used in an alternative approach to the “double-porosity”
method to estimate �Ptextile, termed the permeability-map method for short. In this method, we
divide the textile into a uniform grid of porous media and calculate the overall permeability κtextile

with the permeabilities of all elements κi, namely

κtextile = μUZ

�Ptextile
= 1

N

N∑
i=1

κi, i = 1, . . . , N, (C1)

which is a generalized version of Eq. (9). To implement Eq. (C1), we first map the transmitted
light image of the textile onto a uniform grid and approximate each element to be homogeneous
[Fig. 13(a)]. The grid size is chosen to be on the order of the thread pitch of the textile, such that
Darcy’s law is applicable to each element, and the textile is not overly homogenized. Based on
the linear assumption for the α-Y ∗ relationship, we extract the average fiber packing density αi for
each element in a similar manner as in Appendix B. The permeability κi is then calculated to be
κi = d2

f /[4 f (αi )]. After obtaining κi, we can further estimate κtextile and �Ptextile with Eq. (C1).
Based on the permeability-map method, we present in Fig. 13(b) the predicted normalized per-

meabilities κ
(a)
textile/r2

f for the same group of masks shown in Fig. 4. Similar to the “double-porosity”

results, our predictions generally agree with experimental results κ
(e)
textile/r2

f .
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