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ABSTRACT: Facemasks as personal protective equipment play a
significant role in helping prevent the spread of viruses during the
COVID-19 pandemic. A desired reusable fabric facemask should strike
a balance of water repellency, good filtration efficiency (FE),
breathability, and mechanical robustness against washing cycles. Despite
significant efforts in testing various commercial fabric materials for
filtration efficiency, few have investigated fabric performance as a
function of the fiber/yarn morphology and wettability of the fabric
itself. In this study, we examine commercial fabrics with Janus-like
behaviors to determine the best reusable fabric facemask materials by
understanding the roles of morphology, porosity, and wettability of the
fabric on its overall performance. We find that the outer layer of the
diaper fabric consisted of laminated polyurethane, which is hydro-
phobic, has low porosity (∼5%) and tightly woven yarn structures, and shows the highest overall FE (up to 54%) in the submicron
particle size range (0.03−0.6 μm) among the fabrics tested. Fabric layers with higher porosity lead to lower-pressure drops,
indicating higher breathability but lower FE. Tightly woven waterproof rainwear fabrics perform the best after 10 washing cycles,
remaining intact morphologically with only a 2−5% drop in the overall FE in the submicron particle size range, whereas other
knitted fabric layers become loosened and the laminated polyurethane thin film on the diaper fabric is wrinkled. In comparison, the
surgical masks and N95 respirators made from nonwoven polypropylene (PP) fibers see over a 30% decline in the overall FE after 10
washing cycles. Overall, we find that tightly woven Janus fabrics consisting of a low porosity, a hydrophobic outer layer, and a high
porosity and hydrophilic inner layer offer the best performance among the fabrics tested as they can generate a high overall FE,
achieve good breathability, and maintain fabric morphology and performance over multiple washing cycles.
KEYWORDS: Janus fabrics, filtration efficiency, surface interactions, facemask, reusability

■ INTRODUCTION
During the COVID-19 pandemic, wearing facemasks has been
a central public health measure to reduce the transmission of
the SARS-CoV-2 virus. Surgical masks and N95 respirators
have been widely used in the workplace of the healthcare and
manufacturing sectors to prevent the spread of water droplets
and aerosols, the main carriers of the coronavirus.1,2 For
example, N95 respirators have a >95% particle filtration
efficiency (PFE) at a 0.3 micron pore size and a >99% bacterial
filtration efficiency (BFE).3 However, these filters also restrict
breathing airflow, making them uncomfortable to wear for a
prolonged time, especially in hot weather. Many commonplace
filter materials and household fabrics have been investigated
for repurposing them into masks.4−26 Despite significant efforts
in testing various commercial fabric materials for high filtration
efficiency (FE), there lacks a comprehensive investigation of
the fabric performance as a function of the fiber/yarn
morphology and wettability to balance the complex require-

ments of droplet repellency, FE, breathability, and washability
for daily-use fabric facemasks.
A desirable fabric facemask should repel aerosols from

landing on them, be able to filter out particles to prevent the
penetration of viruses, allow airflow from inside through the
mask to be breathable, and be durable after multiple washing
cycles for reuse. The SARS-CoV-2 viruses have a diameter of
100−300 nm and are mostly found in aerosols and liquid
droplets less than 5 μm in size,4,5 highlighting the need to
effectively prevent aerosols and liquid droplets from landing on
or penetrating through fabrics. Mechanical filtration mecha-
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nisms involve diffusion, interception, gravitational settling, and
inertial impaction depending on the size of the particles.27−34

Electrostatic interactions can induce particle trapping on
electrically charged fibers, thus further enhancing filtration
efficiency (FE) for particles less than 100 nm while using
fabrics with pore size greater than 300 nm.8−10 In general,
fabrics consisting of smaller porosity7,22 and multiple
layers6,7,11,12 will have higher FE, although there is a trade-
off between breathability and FE.7,16,17,30 Meanwhile, the
wettability of the fabric’s outer surface will determine how well
aerosols and droplets will interact with the fabric surface layer
and layers in between, such as the capture of wetting droplets
on the polyimide nanofibers with a small contact angle.35 Thus,
water repellency of the outer surface is highly desired.
Facemasks must also be breathable to maximize comfort
when worn on the body and allow for the transmission and
diffusion of moisture and CO2 vapor away from the face.7 To
minimize waste from disposable masks, which are not
recyclable, reusable fabric masks that can maintain their
structural integrity and nonwettability after each washing cycle
will be preferred. It is known that melt-spun, nonwoven
surgical and N95 masks will deteriorate after washing.19 The
World Health Organization (WHO) recommends that fabric
masks worn are made of three layers of fabric: an inner layer of
absorbent material, a middle layer of nonwoven nonabsorbent
material, and an outer layer of nonabsorbent material.36 Yet,
little is known about the role of the fabric’s knitting or weaving
structures on performance after washing.
Commercial fabrics, especially those used for rainwear,

athletic wear, and diaper wear, are of great interest in this
study. Rainwear materials are commonly made from polymers
that offer durable water repellency and breathability, e.g.,
poly(tetrafluoroethylene) (PTFE) that have microporous
structures to prevent the penetration of water from outside
while allowing for vapor molecules to evaporate across the
micropores.37,38 Rain jackets come in 2-, 2.5-, and 3-layer
variations. The one that has a durable water repellency coating
on the face layer and a waterproof inner layer is referred to as
the 2-layer fabric. When a half-layer is printed or sprayed with
materials on the inside of the jacket, usually in a pattern such
as dots or lines, which have different contrasts from the face
layer and the inner layer, it is referred to as the 2.5-layer fabric.
The 3-layer fabric has a water repellency face layer, a
waterproof membrane middle layer, and a pressed high-
performance inner liner designed to be breathable while
protecting the middle membrane from oils and dirt. Likewise,
athletic wears are known for their moisture-wicking behaviors,
where sweat vapor is drawn from the inner layer in contact
with the body, which is typically hydrophilic such as cotton via
capillary action and transported toward the outer layer, which
is more hydrophobic such as polyester.39,40 Cloth diaper often
has a woven inner layer that is hydrophilic and soft to the skin
touch, a middle layer that is water-absorbing, and an outer
layer consisting of a laminated polyurethane (PU) film that
repels moisture from the outside and prevents leakage from
inside.41 These functional fabric materials all share common
functions, which are to keep the body dry, to remain
breathable and comfortable to wear for an extended time,
and to efficiently transport vapor from the body. These fabric
materials are Janus in nature with multilayered structures. For
fabric facemasks, it will be desired to have a hydrophobic outer
layer to repel the aerosols and a hydrophilic inner layer facing
the nose and mouth to bring breath away.42−46 Here, we

examine several commercial fabric materials of Janus nature in
terms of the fabric morphology, specifically the weaving or
knitting fiber or yarn diameter, pattern, and pore size, where
the surface characteristics are different in the outer and inner
layers. We characterize the FE performance, wettability, and
reusability of the fabrics. Understanding these relationships will
offer insights into the design of fabric facemasks with improved
filtration efficiency and reusability while maintaining comfort
and breathability.

■ EXPERIMENTAL METHODS
Commercial Fabrics Tested. Sample 1: a 3-layer laminate poly

twill with ePTFE film 100% Poly Unbrushed Tricot�Medical Green
(RockyWoods). Sample 2: WeatherTek 2.5-layer ePTFE waterproof
breathable ripstop nylon fabric (Spirit West). Samples 3 and 4:
hydrophilic (sample 3) and hydrophobic (sample 4) polyesters, which
are thermally laminated with a layer of thermoplastic polyurethane
(TPU) film (Kinderel Organic Fabrics), often referred to as
polyurethane laminate (PUL) and are commonly used in fabric
diapers. 3-ply surgical masks (Ecoparks; Walgreens), N95 respirators
(Model 8210, 3M, and SDELC), and KN95 respirators (NIDI, China
and JINJIANG, China) are also tested.

Characterization of Fabrics. Each side of the 1 inch x 1 inch
fabric sample was examined under an Olympus 7500 optical
microscope in reflection and transmission modes. Scanning electron
microscopy (SEM) images were taken on 1 cm × 1 cm fabric samples
on an FEI Quanta 600 FEG ESEM in an environmental mode at 5
keV. Yarn spacing, yarn diameter, yarn width, and fabric thickness
were obtained with 100-line measurements using ImageJ software
(National Institute of Health). The porosity and thread count density
were estimated from the SEM images. A goniometer (Rame-́Hart,
Model 200) was used to obtain the static and dynamic water contact
angles and contact angle hysteresis from each side of the Janus fabrics
using the sessile drop method and averaged from the measurement of
five fresh spots.

Evaluation of the Filtration Efficiency and Breathing
Resistance of Fabrics. The experimental setup to evaluate the
filtration efficiency and breathing resistance of fabrics can be found in
Figure S1 in the Supporting Information. The procedure and method
used are similar to those reported in our previous studies.11,12 The
test aerosols were generated by a constant output atomizer (Model
3076, TSI Inc.), nebulizing a NaCl−water solution with a mass
concentration of 0.1%. The atomizer generated aerosols at a flow rate
of 3.0 liter per minute (lpm). The aerosols were first diluted by an
inline diluter and then dried by a homemade diffusion dryer.
Afterward, the aerosols, together with a stream of filtered make-up air,
were introduced into a mixing chamber. To control the relative
humidity (RH) of the make-up air and hence the RH of the mixed
aerosol flow, the make-up air was introduced into a fritted glass water
bubbler (Thomas Scientific, Swedesboro, NJ). To remove the
suspended droplets, the humidified make-up air was introduced into
an inline filter (HEPA Capsule, Pall Inc., Show Low, AZ) before
mixing with the aerosol flow. Therefore, the relative humidity of the
mixed aerosol flow was determined by the temperature of the water
bubbler and measured by an RH sensor (Model GPS-6, Elitech Inc.,
San Jose, CA). The conditioned aerosols were then directed into a
filter holder (Air Sampling Cassette, Zefon International Inc.), where
the disc-shaped filter material, here the cut fabric with a diameter of
37 mm, was firmly pressed onto mesh support and sealed at the edge.

The flow rate through a filter is varied by the face velocity. Given
the variabilities of breathing flow rates depending on the age, gender,
and motion status of a person, common filter materials have been
tested under a wide range of face velocities, ranging from 5.3 to 26 cm
s−1.47−50 In this study, we examined the filtration performance of the
fabric materials under a face velocity of 9.2 cm s−1, corresponding to a
flow rate of 6 lpm through the 37 mm sampling cassette.
Measurements of filtration performance were conducted at a face
velocity of 5.3 cm s−1 (NIOSH Procedure No. TEB-APR-STP-0059,
2019), and the results can be found in the Supporting Information.
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The effect of using a range of face velocities on filtration performance
can be found in an earlier study.11 A scanning mobility particle sizer
(SMPS, Model 3936, TSI Inc.) measured the mobility size
distributions of aerosols upstream and downstream of the filter
holder. The SMPS system was equipped with a differential mobility
analyzer (DMA, Model 3081, TSI Inc.) that classified particles in the
range between 10 and 600 nm and a condensation particle counter
(CPC, Model 3750) that measured the concentration of the mobility-
classified particles. As the flow resistance across the filter material is a
critical component in assessing the breathability of the material, a
digital manometer (RISEPRO, 365BG947677, measuring range
±13.79 kPa, 0.001 kPa resolution) was used to monitor the flow
resistance of the materials.
Evaluation of the Impact of Washing. To evaluate the impact

of washing, each fabric sample underwent multiple washing cycles,
each for 30 min under a cold rinse cycle in a commercial washing
machine (Model # FWS933FS, Frigidaire). The fabric samples were
then hanged and left to air-dry. After each washing cycle, the
morphology, water contact angles, filtration efficiency, and breathing
resistance of each sample were characterized.

■ RESULTS AND DISCUSSION
An ideal material for making fabric facemasks should have
water repellency and high FE performance to filter out virus-
containing aerosols, high breathability for maximal user
comfort, and mechanical robustness for reusability. Previous
studies on facemask materials mainly focus on repurposing
them to address the facemask shortage. Therefore, filtration
performance is the highest priority in selecting materials for
evaluation, whether household fabrics or commercial filters.
The filtration efficiency and breathability of common house-
hold fabric materials, such as cotton T-shirts, bandanas, linen,
silk, pillowcases, and paper towels, whether single-layered or
multilayered, have been widely studied.6,11,12,21 The overall
filtration efficiencies are typically <25%, generating a flow
resistance of up to 5 kPa, at least 10 times higher than those
from nonwoven surgical masks and N95 respirators.9

Commercial filter materials such as coffee filters, HVAC
household air filters, and vacuum bags have also been
evaluated, showing an overall FE performance of up to 80%
while generating a flow resistance of around 0.5 kPa, similar to
those of surgical masks and N95 respirators.11,12 It has been
well established that there is a trade-off between the overall FE
and breathability,9,16,17,30 necessitating the question of how

different fabric characteristics in different layers may contribute
to optimizing both properties. While some studies provide
information such as surface wettability or fabric morphol-
ogy,8,11,12,18,26,30 few have evaluated the washability of these
fabrics.15 Taken together, it remains to be addressed how the
different characteristics in fabric materials will contribute to the
overall performance of the fabric facemasks, including the
overall water repellency, FE, breathability, and durability
against repeated machine washing. Here, we select and
evaluate four commercial Janus-like fabrics that have
contrasting material characteristics between the inner and
outer layers of the fabrics.

Structural and Wetting Influence on Filtration
Efficiency and Breathability of Fabrics. As seen in Figure
1a, the inner layer and outer layer of the fabric materials have
different weaving pattern densities and wetting characteristics.
For homemade facemask use, preferably, the outer layer should
repel water droplets and aerosols containing viruses as the first
line of defense. Thus, it should be more hydrophobic and have
a lower air porosity that will offer higher FE against small
particles (≤300 nm in size), while the inner layer should be
hydrophilic and have a higher air volume fraction or porosity
to promote breathability, allowing facile liquid and vapor
transport away from a person’s breath through capillary action.
The fabric morphology is characterized by how the fibers are
assembled in woven, knitted, or nonwoven nature, the fiber
diameter, the pore size and porosity of the fabric, and the
thread count, a standard measurement for the fiber density.
Woven fabrics, knitted fabrics, and nonwoven fabrics differ in
the interlocking mechanism of the fibers. The mechanical
properties of woven and knitted fabrics are highly influenced
by structural factors, such as the tension of the stitch, stitch
length, and stitch density, and knitted patterns are subject to
more deformation than woven patterns when stretched.51,52

The wetting behavior of the fabric layers is measured by the
apparent contact angle (θ*) of a water droplet on the surface,
as a function of Young’s contact angle θ on a smooth surface.53

A surface is considered to be hydrophilic if θ < 90°, and a
surface is considered hydrophobic if 90° < θ < 180°. θ* can be
significantly increased on a rough surface, described by the
Wenzel model, where the liquid is pinned completely to the
valleys of the rough surface54,55

Figure 1. (a) Schematic of the preferred Janus fabrics with layered structures. (b) Images of the outer layer (o) and the inner layer (i) of different
Janus fabrics. Inset: optical images of a 5 μL water droplet sitting on the fabric surface. Sample 1: a 3-layer laminate poly twill fabric with a middle
ePTFE film. Sample 2: a 2.5-layer waterproof breathable ripstop fabric. Sample 3: a thermally laminated TPU fabric with a hydrophilic inner layer.
Sample 4: a thermally laminated TPU fabric with a hydrophobic inner layer. (c) Illustrations of the cross-sectional views of the fabrics. The outlined
layer represents the film layer.
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rcos cos* = (1)

where r is the surface roughness, defined by the total surface
area of the structures divided by the projected surface area.
When the liquid sits on a composite surface of air and solid, θ*
is expressed by the Cassie−Baxter model as56

fcos (cos 1) 1SL
* = + (2)

where f SL is the solid fraction of the rough surface in contact
with the liquid.
Another measure to evaluate the wettability of a surface is

the contact angle hysteresis (CAH = θa − θr), where θa is the
advancing contact angle, and θr is the receding contact angle of
a liquid droplet moving on the surface. A lower CAH value
indicates a higher mobility of the water droplet on the surface
and is less likely to imbibe into the grooves of the rough
surface, which is preferred for water repellency. A super-
hydrophobic surface that repels water is often referred to a
surface in the Cassie−Baxter nonwetting state with θ* > 150°
and CAH less than 10°. Fabrics are porous, which naturally
have some degrees of surface roughness. Outer layers with high
porosity will be preferred to repel aerosol droplets from
penetrating the surface.
The optical images of the outer and inner layers of the four

fabrics are shown in Figure 1b. Surgical masks and N95
respirators with multilayered hydrophobic, nonwoven PP fibers
are also investigated to highlight the difference in morphology
for the comparison of FE and breathability with those of the
commercial fabrics studied. Samples 1 and 2, commonly used
in water-repellent jackets, were chosen to highlight how the
weaving patterns across different layers within a fabric
influence their physical properties. Sample 1 is 400 μm thick

with a 3-layer laminate poly twill. According to the vendor, it
has an expanded poly(tetrafluoroethylene) (ePTFE) middle
membrane layer sandwiched between an outer layer of
polyester strands in a diagonal twill woven pattern (1o) and
an inner layer of polyester knits (1i), which are tough and
durable, and commonly used in linings of snow jackets. ePTFE
fibers are commonly used in Gore-Tex known for their
waterproof and breathable characteristics, and the expanded
fibers provide high mechanical strength and robustness. The
outer layer is hydrophobic (θ* = 142 ± 3°, CAH = 17.9°),
consisting of 16.5 μm thick fibers in a 214 ± 19 μm thick yarn,
whereas the inner layer is hydrophilic (θ* = 0°), which has a
warp knit pattern with 12 ± 1.5 μm thick fibers. Sample 2 is an
80 μm thick 2.5-layer nylon waterproof breathable ripstop
fabric that is commonly used in light rain jackets. It has a
hydrophobic (θ* = 108 ± 7°, CAH = 27.9°) outer layer of
woven nylon (2o) with 30 μm thick woven fibers (11 ± 1 μm
in diameter) spaced 5 μm apart and a hydrophobic (θ* = 108
± 7°, CAH = 27.9°) inner layer of a printed film (2i), which is
often TPU, although the vendor did not specify here. The
inner layer and outer layer are bonded together by a thin layer
of adhesive. Since no fluorine was detected from either the
outer or the inner layer of samples 1 and 2 from our
measurement (see the Results and Discussion section), we
believe that ePTFE is the middle or the half-layer. Samples 3
and 4 are commonly used in baby diapers and waterproof
beddings for stretchability, snug fit, and skin comfort. They are
both ∼500 μm thick with an outer layer composed of a 40 μm
thick, relatively hydrophobic (θ* = 94 ± 2°, CAH = 15.4°)
TPU film (3o, 4o) thermally laminated on the inner layer of
woven nylon (3i, 4i), which is approximately 220 μm thick
with 37 μm thick fibers. The inner layer of sample 3 is

Figure 2. SEM images of the Janus fabrics were investigated. Sample 1: a 3-layer laminate poly twill fabric with a middle ePTFE film. Sample 2: a
2.5-layer waterproof breathable ripstop fabric. Sample 3: a thermally laminated TPU fabric with a hydrophilic inner layer. Sample 4: a thermally
laminated TPU fabric with a hydrophobic inner layer. The first row (o) shows the outer layer, the second row (i) shows the inner layer, and the
third row (cs) shows the cross-sectional view of the fabrics with the inner layer on top and the outer layer at the bottom. The arrow points to the
film layer in each fabric. Scale bars for (o, i) panels: 500 μm, and for (cs) panel: 100 μm.
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hydrophilic (θ* = 0°), whereas that of sample 4 is hydrophobic
(θ* = 130 ± 3°, CAH = 18.4°; see the inset of Figure 1b).
Top-view and cross-sectional view SEM images were taken
from each layer to reveal the Janus nature of the fabrics (see
Figure 2). Although the outer layers of all samples are not
superhydrophobic, the large θ* and relatively small CAH
(<25°) suggest that they are in between the Cassie and Wenzel
states and that aerosols will be less likely to land on the fabric
surface. The low porosity of the TPU film in the outer layer of
samples 3 and 4 suggests a high overall FE, where particles will
be less likely to penetrate through. Since the outer layers of
samples 1 and 2 have a higher θ* and a lower CAH than the
outer layers of samples 3 and 4, we expect that they have better
water repellency. The nonwoven surgical mask consists of
randomly oriented 28.4 ± 1.5 μm fibers, and the N95
respirator consists of randomly oriented 20.1 ± 1.0 μm fibers
(Figure S2). It has been suggested that randomly oriented
fibers would allow for increased airflow with lower air
resistance7 while efficiently capturing the particles smaller
than the pore size. A summary of the layer measurements of
each sample is found in Table 1.
The FE of the fabrics can be quantified for a given particle

size by measuring the number of particles directed at the fabric
(NU) relative to the number of particles detected after passing
through it (ND)

27−29,57
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(3)

FE is proportional to the thickness of the fabric (L) and the
fiber filtration efficiency (Ef), a sum of efficiency contributions
from mechanical and electrostatic mechanisms, and inversely
proportional to porosity (α) and fiber diameter (Df).
Mechanical filtration mechanisms include diffusion, intercep-
tion, gravitational settling, and impaction.27,29,58 Since viruses
are commonly spread through aerosol droplets, ranging
anywhere from 0.3 μm to over 3 μm in size, we investigate
the filtration efficiency over a range of particle sizes. Among
the size range, the 0.3 μm particle size is essential for
evaluating FE because it is the most penetrating particle size
(MPPS) range. At the 0.3 μm particle size, the diffusion and
inertial impaction mechanical filtration mechanisms overlap,
creating a so-called “escape window” where particles can pass
through. Evaluating the FE performance at this range is critical
to understanding the overall FE performance of a material. The
pressure drop (ΔP) across a fabric material can also be related
to the physical properties of the fabric:

P
cLU

Df
2=

(4)

where U is the face velocity, η is the gas viscosity, and c is an
arbitrary constant. The pressure drop measures the airflow
resistance generated and is a common measure used to
determine the breathability of the fabric material. Across
multiple layers, FE is multiplicative as particles get filtered out
layer by layer. The pressure difference, on the other hand, is
additive, suggesting that with the additional layers in a fabric,

Table 1. Information of Surgical Masks, N95 Respirators, and Janus-like Fabric Samples, Including the Filtration Efficiency
(FE) at 0.3 μm, Yarn Spacing, Fiber Diameter, Yarn Width, and, When Applicable, Fabric Thicknessa

sample FE at 0.3 μm (%)a yarn spacing (μm) fiber diameter (μm) yarn width (μm) fabric thickness (μm)

1i (polyester knit) 48.99 ± 1.61 ∼500 12.1 ± 1.5 128 ± 18 ∼400
1o (polyester twill weave) 31.23 ± 0.47 ∼300 16.5 ± 2.7 214 ± 19
2i (ePTFE film) N/A N/A N/A N/A ∼80
2o (nylon weave) N/A ∼220 11.1 ± 1 114 ± 22
3i (nylon knit) N/A N/A 37.4 ± 5.1 225 ± 38 ∼550
3o (TPU film) 63.26 ± 1.26 N/A N/A N/A
4i (nylon knit) N/A N/A 17.9 ± 1.9 219 ± 20 ∼500
4o (TPU film) 53.34 ± 1.53 N/A N/A N/A
5 (surgical mask) 50.07 ± 0.18 N/A 28.4 ± 1.5 N/A N/A
6 (N95 respirator) 98.16 ± 0.69 N/A 20.1 ± 1.0 N/A N/A

aSome FE data is not available (N/A) because the pressure difference generated at the interface is greater than the maximum value allowed by the
SMPS.

Figure 3. FE of the surgical masks, N95 respirators, and Janus fabric samples obtained at a velocity of 9.2 cm s−1. (a) FE data over a range of
submicron particle sizes for the measured samples. (b) Overall FE and FE of 0.3 μm particles. FE data was not obtained for some samples due to a
large pressure drop exceeding the maximum value allowed by the SMPS.
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the decrease in breathability gained in increased pressure
difference may outweigh the improvement in FE.
We next examine the overall FE performance, size-

dependent FE performance, and the pressure drop generated
over a range of 0.03−0.6 μm particle sizes at a face velocity of
9.2 cm s−1 for the Janus fabrics and compare the performance
against the standard surgical masks and N95 respirators since
aerosols and droplets of different sizes can carry a range of
virus particles (see Figure 3a and Table 2). The comparison
between different brands of standard commercial surgical
masks, N95, and KN95 respirators is shown in Figure S3. The
variation of FE is within 5%, which is not unexpected due to
the compliance with the commercial standard. Measurements
under a face velocity of 5.3 cm−1 can also be found in Table S1
and Figure S4, and no significant influence on FE is observed.
We note that FE data was collected only for fabric layers with a
low enough pressure drop flow resistance, while FE data for
some fabric layers was not accessible because the pressure
difference generated at the interface should exceed the
maximum value allowed by the SMPS. Here, FE data of the
inner and outer layers of sample 1 and the outer layers in
samples 3 and 4 were obtained. The weft knit morphology in
the 3i and 4i layers, although having a relatively higher
porosity than those of the woven layers in 1o and 2o,
generated a larger pressure difference due to the higher
amorphous nature of the fibers in the knitting pattern
compared to the woven patterns, disrupting airflow and
creating air pockets of pressure between the knitting patterns.
The thin thickness (80 μm) of sample 2 compared with those
of other Janus fabrics tested (400−550 μm) made sample 2
more pliable and susceptible to deform at higher flow
velocities, resulting in a much higher pressure flow across the
fabric face. Thus, FE was not obtained from sample 2 due to
the significant large pressure difference. The overall FE over a
range of submicron particle sizes and FE at a 0.3 μm particle
size of sample 1 measured from the outer layer are lower than
those measured from the inner layer: overall FE of 18.54 ±
0.60% (1o) vs 25.64 ± 0.99% (1i), FE at 0.3 μm of 31.23 ±
0.47% (1o) vs 48.99 ± 1.61% (1i), consistent with the fiber
morphologies in different layers. In the case of samples 3 and 4,
the overall FE performance and FE at 0.3 μm measured from
the outer layers are larger than those of 1o: the overall FE is
54.0 ± 0.48% (3o) and 40.0 ± 0.72% (4o), and FE at 0.3 μm
is 63.26 ± 1.26% (3o) and 53.34 ± 1.53% (4o). The FE curves
of all of the Janus fabric layers show characteristic dips at the
MPPS around 100−200 nm (Figure 3a). Here, since the

fabrics are not electrostatically charged like the surgical masks
and N95 respirators, FE will be highly dependent on pore size
and porosity. Thus, smaller particles in the range of sub-0.3 μm
can penetrate through the pores between the fabric fibers
easily. The nonporous nature of the TPU film at the outer
layer of samples 3 and 4, however, allows the interception of
smaller particles more readily, leading to a higher FE compared
to the woven and knitted layers in sample 1. Comparatively,
the presence of electrostatic charges in the middle layers of the
nonwoven surgical masks and N95 respirators greatly enhances
the interception of particles, thus boosting the FE of the
surgical masks (66.37 ± 0.33% overall FE, 50.07 ± 0.18% FE at
0.3 μm) and N95 respirators (98.37 ± 0.15% overall FE, 98.16
± 0.69% FE at 0.3 μm), despite having a larger porosity in the
fiber layers, as shown in Figure S2. We note that the 3o layer
has an FE comparable with surgical masks despite the higher
pressure drop (1.71 vs 0.14 kPa, respectively) due to the larger
airflow resistance from the nonporous TPU film side.
We subjected the samples to wet aerosols at variable relative

humidities (RHs), 20, 40, and 60%, at a face velocity of 9.2 cm
s−1. FE at the submicron particle size range remained
unchanged as RH increased. At 20% RH, FE at 0.3 μm was
31.23 ± 0.47% (1o), 48.99 ± 1.61% (1i), 63.26 ± 1.26% (3o),
and 53.34 ± 1.53% (4o). At 60% RH, the average overall FE
was 30.52 ± 2.18% (1o), 49.20 ± 1.34% (1i), 65.68 ± 1.61%
(3o), and 56.58 ± 0.42% (4o) (see the summary in Table 3
and Figure S5). Despite the differences in the wetting behavior
between the hydrophilic 1i sample and the more hydrophobic
1o, 3o, and 4o samples, FE is statistically unchanged with
increasing wet aerosol vapor (Figure S5), suggesting that at
low and high RH, the mechanical filtration mechanisms are
dominant.
The pressure drop of 3o (ΔP = 1.71 ± 0.4 kPa) and 4o (ΔP

= 1.91 ± 0.4 kPa) is lower than that of 1o (ΔP = 2.95 ± 0.8
kPa) and 1i (ΔP = 3.26 ± 0.8 kPa). This can be explained by
the morphology of the weave, knit, and film layers, where the
film layers with nanopores will have lesser turbulent airflow,
compared to the woven layers and knitted layers. Since knitted
fabrics have larger air pockets than those between the woven
yarns, there may be more interrupted air flows between the
bundled yarns. Hence, a higher pressure drop was observed in
1i of knit patterns (ΔP = 3.26 ± 0.8 kPa) than that in 1o of
woven patterns (ΔP = 2.95 ± 0.8 kPa). In comparison, the
pressure drop of the nonwoven surgical mask (ΔP = 0.09 ±
0.01 kPa) and the N95 respirator (ΔP = 0.14 ± 0.02 kPa) is
much lower, which has high porosity but randomly oriented

Table 2. Filtration Efficiency (FE) and Contact Angle (CA) Information of Surgical Masks, N95 Respirators, and Janus Fabric
Samplesa

sample FE at 0.3 μma (%) FE overall (%) pressure drop (kPa) static CA (°) θadv (°) θrec (°) CAH (°)
1i (polyester knit) 48.99 ± 1.61 25.64 ± 0.99 3.26 ± 0.8 0 N/A N/A N/A
1o (polyester twill weave) 31.23 ± 0.47 18.54 ± 0.60 2.95 ± 0.8 142 ± 3 142.4 124.8 17.6
2i (ePTFE film) N/A N/A N/A 108 ± 7 110.8 92.9 27.9
2o (nylon weave) N/A N/A N/A 140 ± 3 150.1 125.4 24.7
3i (nylon knit) N/A N/A N/A 0 N/A N/A N/A
3o (TPU film) 63.26 ± 1.26 54.0 ± 0.48 1.71 ± 0.4 94 ± 2 104.4 89.0 15.4
4i (nylon knit) N/A N/A N/A 130 ± 3 137.2 118.8 18.4
4o (TPU film) 53.34 ± 1.53 40.0 ± 0.72 1.91 ± 0.4 97 ± 2 108.6 77.5 31.1
5 (surgical mask) 50.07 ± 0.18 66.37 ± 0.33 0.09 ± 0.01 134 ± 4 129.9 124.5 5.4
6 (N95 respirator) 98.16 ± 0.69 98.37 ± 0.15 0.14 ± 0.02 127 ± 8 140.2 126.6 13.6

aSome FE data is not available (N/A) because the pressure difference generated at the interface is greater than the maximum value allowed by the
SMPS.
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fibers (20−25 μm in diameter), thus minimizing air turbulence
between the layer. To maximize the breathability of the fabric
facemasks, low-pressure drops are desired. Therefore, fabrics
with high porosity but less ordered yarns or fibers facing the
mouth are preferred for better breathability. The guidance in
the porosity for higher breathability conflicts with the
characteristics for high FE if electrostatic interactions do not
play a role in FE.7,16,17,30 A hydrophobic surface that limits
liquid and aerosol penetration through the fabric can also

contribute to FE performance without sacrificing breathability
and decreasing fabric porosity.

Role of Wetting and Washing on Filtration Efficiency
and Breathability of Fabrics. The reusability of fabric
facemasks is essential to minimize waste. Here, the durability
of the Janus fabrics was tested against mechanical abrasion
during machine washing cycles. Fabrics are cleaned by
removing the filtrated particles within. SEM micrographs
were taken after five washing cycles, as shown in Figure 4.
Wrinkling was seen on the film layers of 2i and 3o due to
uneven swelling and shrinkage of the fabric layers during the
washing and air drying cycles. The film layers were completely
wetted during washing. The film layers of 3o and 2i,
respectively, exhibited larger shrinkage than the more elastic
and flexible nylon knits and weaves, where the thermal
lamination constrained the film and the yarn layers. Loosened
fibers were observed after washing and drying in 3i and 4i with
nylon woven layers and in the nonwoven surgical mask and
N95 respirator layers (seen in Figure S2). In the woven fabrics,
the fibers and yarns are physically intertwined; therefore, they
are more susceptible to wear and tear by the external forces,
whereas yarns are looped and interlocked together in the
knitted fabrics, making them highly stretchable. Delamination
also occurred in sample 2 with increased fiber/yarn separation
in the cross sections of the sample (seen Figure 4). After five
washing cycles, there were no significant changes in the
morphology of the fabric layers, nor porosity or fabric
thickness. Sample 1 remained the most intact morphologically
among all of the fabrics.
Mechanical abrasion and damage of the chemical coatings

on the fabrics after multiple cycles of washing, however, altered

Table 3. FE at 0.3 μm of the Surgical Mask, N95 Respirator,
and Janus Fabric Samples Exposed to Various Wet Aerosols
at Different Relative Humidities (RHs) at a Face Velocity of
9.2 cm s−1a

sample
original

RH = 20% (%)
wet aerosol

RH = 40% (%)
Wet aerosol

RH = 60% (%)

1i (polyester knit) 48.99 ± 1.61 50.21 ± 2.13 49.20 ± 1.34
1o (polyester twill
weave)

31.23± 0.47 29.19 ± 1.98 30.52 ± 2.18

2i (ePTFE film) N/A N/A N/A
2o (nylon weave) N/A N/A N/A
3i (nylon knit) N/A N/A N/A
3o (TPU film) 63.26 ± 1.26 64.67 ± 2.21 65.68 ± 1.61
4i (nylon knit) N/A N/A N/A
4o (TPU film) 53.34 ± 1.53 53.04 ± 1.38 56.58 ± 0.42
5 (surgical mask) 50.07 ± 0.18 51.27 ± 0.97 53.45 ± 3.34
6 (N95
respirator)

98.16 ± 0.69 97.71 ± 0.51 97.58 ± 0.37

aSome FE data is not available (N/A) because the pressure difference
generated at the interface is greater than the maximum value allowed
by the SMPS.

Figure 4. SEM images of the Janus fabrics were investigated after five washing cycles. Sample 1: a 3-layer laminate poly twill fabric with a middle
ePTFE film layer. Sample 2: a 2.5-layer waterproof breathable ripstop fabric. Sample 3: a thermally laminated TPU fabric with a hydrophilic inner
layer. Sample 4: a thermally laminated TPU fabric with a hydrophobic inner layer. The first row (o) shows the outer layer, the second row (i)
shows the inner layer, and the (cs) third row (cs) shows the cross-sectional view of the fabric, with the inner layer on top and the outer layer at the
bottom. Specific changes in fabric morphology, including wrinkles, loosened fibers, and delamination of layers from washing, are highlighted. Scale
bars for (o, i): 500 μm and for (cs): 100 μm.
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Figure 5. Wetting behavior of the Janus fabric samples after 0, 1, 5, and 10 washing cycles. (a) Apparent contact angle and (b) contact angle
hysteresis. Samples 1i and 3i were excluded due to the complete wetting of the samples by water.

Table 4. FE at 0.3 μm of the Surgical Mask, N95 Respirator, and Janus Fabric Samples after 0, 1, 5, and 10 Wash Cycles
Measured at a Face Velocity of 9.2 cm s−1a

sample original (%) 1 cycle (%) 5 cycle (%) 10 cycle (%)

1i (polyester knit) 48.99 ± 1.61 51.06 ± 2.60 50.52 ± 0.80 49.89 ± 0.73
1o (polyester twill weave) 31.23 ± 0.47 31.17 ± 2.27 32.65 ± 1.39 33.14± 2.70
2i (ePTFE film) N/A N/A N/A N/A
2o (nylon weave) N/A N/A N/A N/A
3i (nylon knit) N/A N/A N/A N/A
3o (TPU film) 63.26 ± 1.26 62.05 ± 1.81 63.86 ± 0.89 62.16 ± 1.07
4i (nylon knit) N/A N/A N/A N/A
4o (TPU film) 53.34 ± 1.53 55.90 ± 1.28 53.38 ± 2.02 52.68 ± 1.26
5 (surgical mask) 50.07 ± 0.18 32.73 ± 3.57 26.27 ± 0.66 25.77 ± 0.64
6 (N95 respirator) 98.16 ± 0.69 65.74 ± 1.33 63.47 ± 0.2 45.28 ± 1.54

aSome FE data is not available because the pressure difference generated at the interface is greater than the maximum value allowed by the SMPS.

Figure 6. Size-dependent FE of the surgical mask, N95 respirator, and Janus fabric samples after 0, 1, 5, and 10 washing cycles at a face velocity of
9.2 cm s−1.
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the wetting behaviors of the layers. Figure 5 shows changes in
θ* and CAH of the fabric layers after 1, 5, and 10 cycles of
washing. In the outer layers, the more hydrophobic fabrics saw
a general decrease in θ* and an increase in CAH up to 10
washes, except 1o, of which θ* is almost not changed after 10
washes but CAH increases. In the inner layers, θ* decreases
and CAH increases after washes, including a complete loss of
hydrophobicity in the 4i nylon weave layer. 1i and 3i remained
completely wetted after 10 cycles. 2i and 2o layers saw a much
larger decrease in θ* and increase in CAH compared to sample
1. 2i loses its hydrophobicity, changing θ* from 108 ± 7°
(before wash) to 84 ± 3° after 10 washes and a CAH increase
from 18.8 to 45.2°. The change in θ* and CAH for 2o was
much less, retaining its hydrophobicity with a θ* of 135 ± 3°
and CAH < 15° even after 10 washes. The drop in θ* on the 2i
layer was likely due to the entrapping of detergent on the
surface since the morphology of the fibers remained nearly
unchanged. After 10 washes, there was over a 20° drop in θ*,
from 94 ± 2° to 48 ± 6° for 3o and from 97 ± 2° to 79 ± 2°
for 4o, while CAH remained over 20°. This loss of
hydrophobicity would negatively impact the TPU film’s ability
to repel aerosols. 4i with a hydrophobic nylon knit layer saw a
complete loss of hydrophobicity after just one wash cycle,
possibly caused by the removal of the hydrophobic coating on
the woven fibers. The decrease in θ* and the increase in CAH
make aerosols more likely to penetrate through the fabric
layers, thus diminishing their overall FE performance. 1o and
2o with a tightly woven outer layer fared the best among the
Janus fabric layers in retaining its wetting behavior after 10
washes. The chemical compositions of the fabric samples were
measured before and after the washing cycles by energy-
dispersive X-ray spectroscopy (EDS) (Table S2). Although we
did not see a clear correlation between the change in chemical
compositions and the change in wetting behaviors, we
observed the loss of nitrogen and increase of oxygen in all
samples except fabric 1, which had no nitrogen but an increase
of oxygen after washing.
Besides the characterization of fabric morphology and

wetting behaviors, we evaluated the FE performance of the
Janus fabric samples, surgical masks, and N95 respirators after
1, 5, and 10 washing cycles (see the summary in Table 4 and
Figure 6). As seen in Figure 6, FE of samples 1i and 1o showed
similar overall FE performance and size-dependent FE within
error, even after 10 washing cycles, attributed to the nearly
intact structural morphology. In the 3o layer, the overall FE
performance drops ∼10% and up to 15% for a 100 nm particle
size. This can be attributed to the deterioration of the TPU
film layers, allowing greater penetration of smaller particles
through the fabric. The 4o TPU film layer sees a smaller dip in
the overall FE performance compared to the 3o layer. In
contrast, the overall FE of surgical masks decreases by >25%
compared with the original one after 10 washing cycles, and in
N95 respirators, the overall FE dropped significantly, >30%,
after 10 washing cycles and from 98 to 51% at a 0.3 μm particle
size after 10 washing cycles. These results are similar to those
reported in the literature.10 Washing not only loosens fibers in
the nonwoven layers but also removes the electrostatic charges
on fibers. Therefore, the nonwoven layers can only rely on
mechanical interactions to filter out particles after cycles of
washing. Since commercial Janus fabric layers can maintain
their overall FE even after 10 washing cycles, they offer
attractive alternatives to create effective, sustainable, and
reusable fabric facemasks. Among the fabrics studied, sample

1 demonstrates excellent durability against washing, despite a
lower overall FE performance in the submicron particle size
range (FE overall = 25.64 ± 0.99%, FE at 0.3 μm = 48.99 ±
1.61%) and a higher pressure drop (ΔP = 3.26 ± 0.8 kPa)
compared with other commercial Janus fabrics and surgical
masks and N95 respirators.

■ CONCLUSIONS
Commercial fabrics with Janus-like behaviors are evaluated by
their filtration performance, morphology, wetting behavior, and
washing for the use of sustainable, durable, high-performance
facemask materials. The selection of these fabrics for
investigation is inspired by the design, composition, and
functionality of athletic and rainwear, with its ability to repel
water droplets while remaining breathable for long-term wear.
Compared with prior work on evaluating commercial fabrics
for easy-to-make facemasks, this study highlights the
importance of material selections where the morphology and
wetting behaviors of the fibers play important roles in
breathability, filtration efficiency, and durability. Fabric layers
that are hydrophobic in nature with small pores show the best
FE performances due to their ability to intercept submicron
particles, as well as to prevent liquid penetration and repel
large droplets and aerosols. Layers with large pores are better
for breathability. Tightly woven fabric layers and the
hydrophobic nature of the fibers are critical for long-term
durability to withstand mechanical abrasion and chemical
alteration from washing cycles. We envision that our study will
inspire the development of better Janus fabrics for facemasks
and lead the additional investigation of the roles of lamination
and adhesion of the fabric layers on filtration efficiency,
breathability, and durability.
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