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ABSTRACT

FILTRATION EFFICIENCY AND BREATHABILITY OF FABRIC MASKS AND THEIR

DEPENDENCE ON FABRIC CHARACTERISTICS

Throughout the COVID-19 pandemic, the demand for face coverings offering two-way protection
significantly increased, which resulted in widespread use of masks made from common fabrics (e.g., wool,
cotton, and synthetic materials). However, the effectiveness of these fabric masks, which vary in material
and design, is not well understood. This work investigates the performance of fabric masks, namely
filtration efficiency and breathability, and their dependence on fabric characteristics. Filtration efficiency
(FE) and flow resistance — a measure of mask breathability — were evaluated for 50 fabric masks, followed
by individual layer testing (n = 70 total layers). The characteristics of the fabric layers, namely yarn
diameter, fiber diameter, thread count, air permeability, porosity, cloth cover factor, infra-red (IR)
attenuation, and fabric thickness were quantified in a laboratory setting. Fabric mask FEs were relatively
low (i.e., < 50%) for submicron particles but increased with particle diameter. Approximately half of the
masks achieved a FE meeting the Level 1 barrier standard specified in ASTM F3502-21. The FE and flow
resistance of the component fabric layers was found to accurately predict the FE and flow resistance of the
entire mask; therefore, we find that fabric masks can generally be treated as filters in series. FE exhibited
the strongest relationship with cloth cover factor, IR attenuation, air permeability, and the number of fabric
layers; in contrast, we found little to no relationship between FE and yarn diameter, fiber diameter, thread
count, porosity, fabric thickness, and fabric material (e.g., natural vs. synthetic). Results of this work should
help inform the design of more effective fabric masks, which could prove especially useful for airborne
infectious disease response efforts in resource limited environments (i.e., where N95 technologies are not

available) around the planet.
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CHAPTER 1 - INTRODUCTION

1.1 Background

Since the emergence of COVID-19 and the ensuing pandemic, the use of face coverings has increased
significantly among the global population [1, 2]. To be effective against infectious disease transmission,
masks should offer two-way protection: filtration of inhaled air to protect the user, and filtration of exhaled
air to protect the community [3]. In the occupational environment, surgical masks are intended to prevent
the release of large droplets from the wearer (i.e., they provide community protection), whereas N95 Face-
Filtering Respirators (FFRs), due to their ability to fit tightly over the face and efficiently filter particles
across a range of sizes, can provide two-way protection [4]. The sudden need for face coverings offering
two-way protection created a high demand for N95 FFRs in the early stages of the COVID-19 pandemic,
ultimately resulting in a global shortage both in the public and in occupational settings [5]. Additionally,
the Center for Disease Control (CDC) and the World Health Organization (WHO) actively advised the
public against wearing N95 FFRs. Following this shortage of N95 FFRs and the reduced availability of
surgical masks to the public, non-regulated masks made of fabric (i.e., material composed of woven or knit
fibers) were often used by workers and members of the public; however, the effectiveness of these fabric
masks at reducing exposure to particles with sizes relevant to the SARS-CoV-2 is not well understood.
Further, fabric masks are available in a wide variety of materials (e.g., cotton, wool, polyester), of varying
characteristics (e.g., thread count, yarn size, fiber diameter), and number of layers. To provide consistent
guidelines on the design and use of fabric masks, understanding the relationship between fabric
characteristics and mask performance is essential.
1.2 Defining basic terms

The performance of a mask or respirator is commonly quantified through the following metrics:
filtration efficiency (FE), breathability, fit, and compliance. FE is a measure of a respiratory protective

device’s effectiveness at preventing particles from penetrating through the media (i.e., the ratio of particles



downstream to upstream of the material assuming all air passes through the material) [6]. The performance
of a respiratory protective device is strongly linked to FE because the penetration of particles contributes
to the inhaled dose, which is a major predictor of risk. The breathability of a respiratory protective device
is characterized by its flow resistance, which is quantified by the pressure drop per unit face velocity through
the device at a set flow rate. The fit of a device characterizes whether or not a device seals to the user’s
face. A tight seal limits the amount of airflow that bypasses the filter material and thus increases the amount
of protection against infectious particles [6]. Compliance is a behavioral aspect related to the user and
characterizes whether the user is following instructions and wearing the mask. Some major design
parameters to optimize for higher probability of compliance include the comfort of fabric material, how
the mask interfaces with the wearer’s face (e.g., how the mask fastens to the ears, bridges the nose, forms
to the cheekbone and jawbone, whether it remains in place or needs constant adjustment), and the
microclimate (i.e., the temperature and humidity) in the mask during use. [7, 8].
1.3 Previous work

There is a growing body of literature evaluating the performance of fabric masks; however, methods
among these initial studies are inconsistent. A common limitation is the particle size range chosen to
evaluate FE. Many previous studies do not consider particle diameters larger than 1 pm [7, 8, 9, 10, 11,
12], which is potentially problematic because infectious SARS virions have been reported in sizes ranging
from submicron to tens of microns in diameter (particle size is discussed in more detail later in this
section) [13, 14]. Another common limitation is small sample size (i.e., small number of masks tested),
with tests often considering fewer than ten fabrics [9, 10, 11, 13]. Finally, few studies have explored the
relationship between fabric characteristics and mask FE—a necessary step to inform the design of
improved respiratory protective devices.

Fabric masks commercially available to the public exhibit substantial variability in FE and tend to
have notably lower FE than that of N95 respirators, surgical masks, and many common nonwoven masks
across all measured particle sizes [8, 14]. Numerous studies have found that adding multiple fabric layers

can substantially raise FE, though this comes at the cost of higher flow resistance [8, 10, 11, 14, 15].
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Drewnick et al. (2021) also found that FE and flow resistance of the individual layers of a mask can be
used to calculate the FE and flow resistance of the entire mask according to classical filtration theory [8,
16]. In contrast, Rogak et al. (2020) found that this calculation significantly overestimates FE for particle
diameters between 1-3 um, hypothesizing that some of the layers could be preferentially removing
charged particles, though spun-bonded filters were considered in their analysis [9] Previous studies have
found the particle size with the lowest efficiency (i.e., the MPPS — most penetrating particle size) to be
between 0.3 to 0.5 um for fabric masks [8, 14], whereas the MPPS for an N95 respirator made from
electret fibers (i.e., fibers that are electrically charged to enhance the collection of submicron particles)
around 0.05 pm or smaller [17].

The relationship between fabric mask characteristics and FE is unclear. Drewnick et al. (2021) found
that thread count for woven fabrics is a poor predictor of FE. They hypothesize that fabrics with higher
thread counts often feature thinner threads, thus reducing material thickness and reducing FE [8].
Conversely, Konda et al. (2021) found a strong positive correlation between thread count and FE [18], but
their experimental methods have been scrutinized as flawed (e.g., particle sizes they considered are much
smaller than those in the range of infectious SARS-CoV-2 particles). [21, 22, 23]. Drewnick et al. (2021)
and Hao et al. (2021) found that FE increases with areal density of the fabric (i.e., cloth cover factor), while
Mirrielees et al. (2021) found no correlation between pore size (a direct corollary of cloth cover factor) and
FE [7, 8, 11]. Additionally, Hao et al. (2021) reported that fabric porosity had a slight negative correlation
with FE. Rogak et al. (2021) hypothesized that the more napped fabrics (i.e., fabrics with frayed fibers,
“fuzzy”) served as better filters. This hypothesis was based on the examination of higher performing fabrics
under an optical microscope [14].

1.4 Knowledge gaps

There is currently limited understanding of the associated between common fabric characteristics and

the performance of a fabric masks. The characteristics of fabrics defined and used by the textile industry

(e.g., thread count, cloth cover factor, porosity) primarily exist to communicate industry-specific measures,



such as comfort, material strength, elasticity, and absorbency. It is unclear whether these characteristics
have any association with a fabric mask’s ability to filter airborne particles. Understanding the relationship
between the performance of a fabric mask and its characteristics as defined in the textile industry would
enable commercial manufacturers, as well as the public, to interpret and apply this information for designing
and choosing the most effective masks and materials.
1.5 Objectives

This work explores the relationship between the characteristics of a fabric mask and FE to inform the
design of effective fabric masks used for personal protection. In Section 2, we detail our methods for
measuring FE of all 50 masks and 70 component fabric layers, flow resistance of all masks/layers, and the
characteristics of each fabric layer. FEight characteristics were evaluated for each fabric, namely, thread
count, yarn diameter, fiber diameter, porosity (ratio of free space to fiber material), air permeability, cloth
cover factor (a proportion of the fabric area covered by yarn), IR attenuation (reduction in intensity of IR
light across a fabric material), and fabric thickness. Our working hypothesis is that none of the fabric
characteristics examined in this study are correlated with FE and flow resistance. In Section 3, we present
all FE and flow resistance data, exploring the relationship between FE, flow resistance, and fabric
characteristics. Finally, in Section 4 we discuss our conclusions, study limitations, and opportunities for

future work.



CHAPTER 2 - METHODS

2.1 Filtration Efficiency (FE)

Fifty commonly worn fabric masks commercially available to the public were collected from a group
of volunteers in Fort Collins, Colorado, as part of an unrelated study investigating aerosol emissions from
vocalization [19]. Following a similar procedure to that presented in Leith et al. (2021), the FE and flow
resistance were evaluated by testing each mask in an aerosol chamber, before separating the individual
layers of each mask and following the same procedure for all 70 fabric layers [6]. The procedure for testing
FE and flow resistance is briefly described here (Figure 1). Each mask was secured to one end of a cylinder
with an 89 mm inside diameter by a ring clamp. This diameter was chosen to be representative of the area
that air passes through when a mask is worn. A second, identical cylinder without a mask attached was used
to measure background particle concentrations within the chamber. Either cylinder could be placed at the
top of a vertical sampling column in a 0.7 m? aerosol chamber. Chamber air was pulled through a sampling
column at 15 L min™! by a vacuum pump. This flow rate roughly represents that of inhalation and exhalation
when not speaking [6]. The sampling column (2” inner diameter, 11” in height) was sized to ensure
isokinetic sampling. To model exhalation, the masks were mounted backwards onto the cylinder so that the
flow entered through the back of the mask, though the orientation of the mask should not have a significant

impact on FE [6].
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Figure 1: Schematic of experimental setup

At the bottom of the sampling column, an upwards facing, axially aligned probe led to an aerodynamic

particle sizer (APS Model 3321, TSI Inc. Shoreview MN) that sampled column air at 5 L min“'. The APS

in this configuration is capable of measuring 42 size bins with aerodynamic particle sizes ranging from 0.5

to 20 um. Excess air left through a T below the sampling probe, passing through the vacuum pump. A

nebulizer (Micro Mist 1880, Hudson Respiratory Care Inc. Temecula, CA) in the chamber generated

polydisperse droplets of non-volatile compressor oil with density 0.867 g cm™ (Ace Hardware Corp., Oak

Brook IL).

Particle concentrations in the aerosol chamber were measured over two separate, two-minute intervals—

the first interval with the mask attached to the sampling column and the second interval without the mask

attached (to measure background concentrations). At least one minute elapsed between measurements to

allow particle concentrations within the chamber to stabilize. This process was repeated until six paired



samples were measured. The FE was calculated from the particle concentrations measured with and without

the mask attached to the sampling column following Equation 1,

nd=1-22, (D

where 1(d) represents FE as a function of particle diameter, “C,,,” represents particle number penetrating
the mask, and “C,/” represents the background particle number. At least two FE tests were completed for
each mask (i.e., at least 12 tests in total). This experimental design in which sample pairs are created just
one minute apart helps eliminate measurement error due to particle concentration drift in the chamber. To
minimize coincidence errors (i.e., particle counting errors that begin to occur when concentrations are above
1000 cm™) in the APS, particle concentrations within the chamber were kept below about 40 cm™. Because
of the low particle concentration used for testing, the effect of particle loading on the masks was not
considered in this study. Additionally, these masks are most often worn in relatively “clean” environments
(e.g., the home, indoor office, grocery store, gym), not dusty environments where particle loading would
begin to take effect. The masks were tested using a specific aerosol with a specific size distribution in this
study. However, due to the APS being highly linear across particle concentrations and size distributions,
the resulting particle counts (and thus FE) from our testing can be extrapolated to different aerosols with
different size distributions.

In addition to FE, we evaluated the flow resistance of each mask. A Magnihelic gauge (Dwyer,
Michigan City IN) measured pressure drop across each mask while attached to the sampling column (and
so represents pressure drop at a flow rate of 15 L min™'). To calculate flow resistance, the pressure drop was
divided by the face velocity incident on the mask.

Finally, we separated the mask into its component layers and repeated the same procedure to measure
the FE and pressure drop (and thus evaluated flow resistance) of the individual layers. We tested a total of
70 layers across all masks. The FE and flow resistance data from each layer were used for comparison

against the layer’s characteristics.



2.2 Fabric Characteristics

Below, the methods for deriving the following fabric characteristics are explained: thread count, yarn
diameter, fiber diameter, porosity, air permeability, cloth cover factor, IR attenuation, and fabric thickness.
A 2-inch circular sample cut from each fabric layer was examined under an optical microscope
(ORTHOPLAN, Leitz) to determine the fabric’s characteristics. Images of the layers were taken using a
camera (GRYPHAX NAOS, JENOPTIK) integrated into the microscope. Yarn diameter, fiber diameter,
and thread count for each fabric were all measured directly from the images using tools within the camera’s
software (GRYPHAX, JENOPTIK). Measurements were taken at least 2 mm away from the outside edge
of the cut sample to eliminate errors due to any warping of the fabric. The yarn diameter and thread count
data were used to calculate the cloth cover factor of the fabric (i.e., the fraction of the fabric’s projected
area covered by yarn).

Yarn diameter was measured as shown in Figure 2A. For woven fabrics, 10 total measurements were
taken, 5 from vertical threads and 5 from horizontal threads (“vertical” and “horizontal” relative to the
microscope image taken). The measurements of yarn diameter for vertical and horizontal threads were taken
separately because, for some layers, the vertical and horizontal threads were consistently differently sized.
Measured diameters from the vertical and horizontal threads were averaged to give a representative yarn
diameter to be used for the data analysis. For knit fabrics, 10 measurements were taken and averaged. For
both knit and woven fabrics, each measurement was taken from a unique yarn at various spatially distributed
points throughout the sample.

Fiber diameter was measured as shown in Figure 2B. Ten measurements were taken at various spatially
distributed points throughout the layer sample. Natural fibers have a ribbon-like shape and often vary in
size, making it difficult to determine an accurate representative fiber diameter for the fabric (Figure 2).
Mirrielees et al. (2021) also reported methodological challenges when characterizing fiber diameter [11].
Therefore, the natural fiber diameters presented in this work are only those that were measured with

minimal variability across the ten measurements taken. In contrast, for synthetic fibers like polyester or



spandex, fiber diameter for the fabric is reported as an average of 10 measurements due to the fibers’

uniform cross section and size throughout the sample.

Figure 2. Optical measurement of yarn diameter (A) and fiber diameter (B). The fabric shown contains
natural fibers.

Thread count was measured using Equation 2 and as shown in Figure 3. For woven fabrics, the
maximum number of weft and warp threads within the microscope’s field-of-view were counted to obtain
the thread count for the fabric. Preliminary tests showed that measuring thread count using a single
microscope image produced an accurate measure of thread count for the entire fabric (i.e., the thread count
measured across a large sample of fabric was the same as that measured from a microscope image). The
counts were divided by the distance over which they were taken and summed to calculate thread count. The
same procedure was followed for counting the courses (i.e., crosswise rows of loops) and wales (i.e.,

columns of loops running lengthwise) to obtain thread count for knit fabrics.
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Figure 3. Optical measurement of thread count for woven and knit fabrics.
Each circular fabric sample was weighed wusing a Veritas MI124A analytical balance
(HOGENTOGLER, Columba MD). Fabric thickness was measured using a Digimatic Digital Thickness
Gauge (Mitutoyo, Takatsu-ku Kawasaki Kanagawa) according to ASTM standard D1777 — 96. Both the

weight and thickness of the fabric sample were used to calculate the volumetric porosity of the fabric to be

used later in analysis.
2.3 IR attenuation

Circular samples 25 mm in diameter were cut from each layer and placed inside an optical
transmissometer (Sootscan Model OT21, Magee Scientific) to measure their attenuation of infra-red (IR)
light (A = 780 nm to 1 mm). From the attenuation data, IR attenuation was calculated for each fabric
layer. Preliminary tests showed that the transmittance of fabrics under ultra-violet light (A =
100 to 400 nm) and visible light (A = 380 to 700 nm) was not associated with fabric FE or flow
resistance. The type of fabric dye present in the sample, and possibly the fabric material itself (e.g.,
cotton, wool, polyester, etc.), affected the fabric’s transmittance of UV and visible light. IR attenuation
was shown to be relatively independent of fabric dye and material.
2.4 Data Analyses
In this section, the methods used for analyzing the data resulting from both the FE testing and all fabric
characterization are summarized. All data analyses were conducted in R (R Core Team, version 4.1.2).

Average values, standard deviations, or ranges (when appropriate) were calculated for all fabric
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characteristics, flow resistance, and FE measures for all 70 fabric layers. Relationships between fabric
characteristics, FE, and flow resistance were evaluated using Spearman correlations and simple linear
models. The goal in using these linear models was to determine whether or not the characteristics of a fabric
have any association with its performance. Using the coefficients from the linear regression outputs, linear
fit lines were created and included on all relevant plots. Tables containing statistics related to all linear
models—namely the estimate, standard error, F-statistic, p value, and confidence interval—are included in
Table 1. A Welch two sample t-test was performed to compare the means in FE between natural and
synthetic layers. To visualize the relationship between FE and particle diameter for all masks and their
component layers, a three-parameter nonlinear regression was used to create smooth curves from the raw
FE data [6]. Transforming the FE data points into smooth curves for the masks and layers made visualizing

the FE distributions easier.
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CHAPTER 3 — RESULTS

3.1 Filtration Efficiency as a function of particle diameter
3.1.1 Mask FE

To test the effectiveness of cloth masks, we measured the FE of 50 masks as a function of particle
diameter. The aerosol used for testing had a count median diameter of 1 pm and a geometric standard
deviation of 2.8. Across all masks, with the exception of the three containing filters, FE was relatively low
(average of 32% and range between 10% and 69% at 720 nm) for submicron particles but rose to higher
values (average of 81% and range between 48% and 100% at 5 um) with increasing particle diameter
(Figure 4). The scattered FE data was transformed into smooth lines as shown in Figure 4 using a three-
parameter nonlinear regression. The scattered data (without the regression applied) is shown for reference
in Figure 17. Here, FE was highest at the largest particle diameter measured, 12 um, and lowest at the
lowest particle diameter measured, 0.5 um. This FE distribution across particle diameter is expected
according to aerosol theory. Because of the large threads and relatively large pore sizes, interception and
inertial impaction are likely the dominant particle collection mechanisms, with larger particles striking the
fibers and threads directly, whereas diffusion and settling are less prominent, with smaller particles
following the streamlines directly through the open pores [16]. The masks that did not contain a filter had
FEs between 8% and 60% at submicron particle diameters. Nearly half the masks in the set (21 out of 50
masks) did not meet the Level 1 barrier standard (20% minimum FE in the submicron range) specified in
ASTM F3502-21 (Figure 13). Nine of the masks (including the three containing filters) met the Level 2
barrier standard (50% minimum FE in the submicron range). The ASTM F3502-21 standard serves to
ensure masks provide two-way protection (i.e., they reduce expelled droplets and aerosols from the wearer
and offer particle filtration to reduce the amount of inhaled particle matter by the wearer). Therefore,
according to this standard, 21 masks in this set do not offer sufficient protection to the wearer, 20 masks

offer “minimal” protection, and 9 masks offer “good” protection.
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For comparison, the FE of an N95 FFR is shown in red in Figure 4. The N95 FFR had the highest FE
of the masks tested here, with a minimum FE of 99% across the range of particle diameters tested. The
three masks with an interior filter performed notably better than all fabric masks without a filter, with an
average submicron FE of 93%.

In agreement with our findings, Kwong et al., 2021, in a review on previous work studying the
performance of common materials used for face masks, found similar FEs for single and multilayered fabric
masks and demonstrated the large difference in FE between fabrics and N95 FFRs [20]. The FE of fabrics
have previously been shown to be lowest between ~0.3 um to ~0.6 um, which is consistent with our findings
[8, 20, 21].

The vertical line shown in Figure 3 represents a diameter of 2.0 um, which is the particle diameter
where the largest variation in FE occurs in the mask set. Across the cloth masks tested, FE ranged from
22% to 90% at this particle diameter. Differences between masks characteristics appear to affect
performance most prominently at this size; additionally, as discussed in the previous section, SARS-CoV-

2 has been shown to be infectious in this size range.
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Figure 4: Filtration Efficiency (FE) for 50 fabric masks. The FE of an N95 FFR is shown in red. The

highest variation in FE in the mask set, g,,,4, , was recorded at 2.0 pm.

3.1.2. Predicting Mask FE

We measured the FE of the component layers for each mask individually to test the relationship between
total mask FE and that of the component layers. We found that FE of a mask can be predicted by the FE of
its component layers to within 11% accuracy (Figure 5). At a particle diameter of 2 um, the coefficient of
determination (r?) between the measured FE and the predicted FE was 0.81. Therefore, fabric masks can be
generally treated as filters in series in terms of FE, in agreement with previous findings [8].

Further, we compared the predicted and measured FE of cloth masks composed of two layers against
those of three layers (Figure 5). We found that our model has a slightly higher mean absolute error for
masks composed of three layers (ranging from 1-11% across particle diameters) than for those composed

of two layers (ranging from 2-5% across all measured particle diameters). This finding implies that this
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prediction could be less accurate for masks made of many layers. Future studies can explore the effect of

layering on this prediction.
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Figure 5: Comparing the FE measured from each mask (x-axis) to the FE predicted for each mask using
the FE from its component layers (y-axis). The diagonal line, y=x, represents perfect agreement between
the measured FE and the predicted FE.
3.1.3 Layer FE
Measurements of FE for individual layers are shown in Figure 6 for natural and synthetic materials
(excluding the three filter insert layers). As expected, the FE of the individual layers is lower than that for
the entire mask while retaining the same characteristic dependence on particle diameter (Figure 6). All
mask layers with the exception of two had FEs less than 25% at the MPPS. Across the fabric layers
considered here, we found no notable differences in FE between natural and synthetic layers (p = 0.72).
We measured several outliers in our measurement set that had higher than average FE (layers labeled
as A, B, and C in Figure 6) and lower than average FE (layers labeled D, E, and F in Figure 6). Images of
these layers are shown in Figure 7. The higher performing layers are tightly knit and woven, with notably

smaller pores than the lower performing layers.
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Figure 6: The Filtration Efficiency (FE) of 70 individual fabric layers as a function of particle diameter for
(left) natural fabrics and (right) synthetic fabrics. Highlighted measurements, A, B, and C, represent the
best performing layers, while D, E, and F represent the worst.

Figure 7: Microscope images of the fabric layers with the (A-C) highest FE and the (D-F) lowest FE.
Fabrics A, B, C, D, E, and F had the following FEs at 2 um, respectively: 49%, 73%, 64%, 5%, 3%, 4%.
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3.2 FE and fabric characteristics
3.2.1 Flow resistance

We evaluated fabric flow resistance across all 70 layers and compared them to the FEs of the layers.
Flow resistance affects the breathability of a mask, a major contributor to mask wearability. Masks with
higher flow resistance perform better but are less breathable and therefore wearable. Across all layers
considered here, the flow resistance ranged from 2.0 —38.6 mm H,0 L™ s. As expected, we found that FE
increases with increasing flow resistance across a fabric layer (Figure 7). This increase is nonlinear, which
is consistent with previous studies [11, 14]. Additionally, the relationship between FE and flow resistance

depends on particle diameter
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Figure 8: Filtration efficiency (FE) at particle diameters of (a) 0.63, (b) 1.99, (c) 4.12, and (d) 7.97 um
plotted against flow resistance for each fabric layer.

Cumulative distribution function plots for all eight fabric characteristics studied are presented in Figure
18. We explored how flow resistance relates to several commonly used fabric characteristics. Cloth cover
factor and air permeability were strongly correlated with flow resistance (p = 0.61 and 0.89, respectively)
(Figure 9). Porosity was weakly correlated with flow resistance (p = 0.28). In contrast, thread count, fiber

diameter, and yarn diameter had no association with flow resistance.
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Figure 9: The association between flow resistance and (a) thread count, (b) yarn diameter, (c) fiber
diameter, (d) porosity, (e) air permeability, (f) cloth cover factor, (g) IR attenuation, and (h), fabric
thickness

3.2.2. Filtration Efficiency (FE)

We explored the relationship between FE of individual layers with thread count, yarn diameter, fiber
diameter, porosity, air permeability, cloth cover factor, IR attenuation, and fabric thickness (Figure 10). We
quantified this relationship with a linear model and found a moderate relationship between FE and cloth
cover factor (p = 0.51, 0.60, 0.59, and 0.53 at diameters 0.63, 1.99, 4.12, and 7.97 um, respectively) , IR

attenuation (p = 0.48, 0.51, 0.58, and 0.58), and air permeability (p = 0.53, 0.64, 0.64, and 0.46); however,

we found little to no relationship between FE and yarn diameter, fiber diameter, thread count, and porosity.
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CHAPTER 4 — DISCUSSION AND CONCLUSIONS

The FE of fabric masks was relatively low for particles with diameters in the submicron size range
(average of 32% and range between 10% and 69% at 720 nm) but was higher for particles with diameters
greater than a micron (average of 81% and range between 48% and 100% at 5 um). This behavior follows
traditional aerosol filtration theory, where interception and inertial impaction are likely the dominant
particle collection mechanisms, and diffusion and settling are less prominent. Traditional aerosol filtration
theory also suggests that a plot of FE vs. particle diameter should give rise to a characteristic “S” shaped
curve which results from the combined effect of the single-fiber collection mechanisms (i.e., settling,
impaction, diffusion, interception, and electrostatics), as shown in Figure 5. This set of fabric masks
performed notably worse than a typical N95 FFR (minimum FE of 99% across all particle sizes tested),
with 42% of the masks not meeting the Level 1 barrier standard (20% minimum FE in the submicron range)
specified in ASTM F3502-21. Thus, our results confirm published guidance from public health agencies
that fabric masks offer reduced protection from exposure to submicron aerosol [24]. The largest variation
in FE in the mask set was found at a particle size of 2.0 um. Therefore, for FE testing of masks for the
public (assuming a resting breathing rate of 15 L min™), we recommend 2.0 um aerodynamic diameter as
the primary size of interest.

Overall, we found the flow resistance in the set of masks to be mostly at or below recommended values,
with 38 of the 50 masks meeting the NIOSH maximum standard of 15 mm H,0 L™ s. Flow resistance
exhibited a positive, nonlinear relationship with FE and was stronger with increasing particle size. From
Figure 13, 76% of masks met the NIOSH criteria, indicating that most of these masks are highly breathable.
However, breathability and FE are often indirectly related, as shown in Figure 9.

We investigated the dependence of FE of fabric masks on the FE of its component layers, flow
resistance through the layers, and fabric characteristics, with all layers but two having FEs less than 25%

at the most penetrating particle size (MPPS). FE was not significantly different between layers made of
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natural and synthetic fibers (p = 0.72). We found that the FE of the component mask layers was a good
predictor of the overall FE of the mask (mean absolute error ranging from 1-11%). This finding means that,
as long as the FE the component layers are known (the layers can be different in characteristics), the FE of
the mask can be immediately predicted, thus avoiding costly mask FE testing. Additionally, the flow
resistance of the masks can be predicted by the flow resistance of the component layers (mean absolute
error of 2.28 mm H,0 L1 s). However, we found a small yet consistent overprediction. We hypothesize
that this difference is due to the fact that entry losses between multiple mask layers are reduced for airflow
exiting one mask layer and entering the next. Thus, given that the FE and flow resistance can be predicted
well according to aerosol filtration theory, layered masks can generally be treated as filters in series.

To understand how the characteristics of a mask relate to its performance, we imaged the component
fabric layers using an optical microscope and measured yarn diameter, fiber diameter, and thread count.
Additionally, we measured the fabric attenuation to IR light using a spectrometer and fabric thickness using
a thickness gauge. From these measurements, we derived the cloth cover factor, porosity, air permeability,
and IR attenuation of the fabrics. Using a linear model, we found a moderate relationship between FE and
cloth cover factor, IR attenuation, and air permeability; however, we found little to no relationship between
FE and yarn diameter, fiber diameter, thread count, porosity, and fabric thickness. The finding that thread
count is not a was not associated with FE is notable given the common conception during the early stages
of the pandemic that higher thread count fabrics ensured better protection than lower thread count fabrics.
Given that IR attenuation does exhibit an association with FE, IR spectrometry could serve as an alternative
FE testing method for expensive and time-consuming traditional testing methods.

In the following paragraphs, we make recommendations for best practices regarding the design of
fabric face coverings. Our results indicate that the fabric material of the fabric is not a determinant of FE:
synthetic fibers (e.g., polyester, polypropylene) and natural fibers (e.g., cotton, flax, silk) perform
similarly. By themselves, thread count, fiber diameter, and yarn diameter do not seem to be associated
with performance; however, cloth cover factor, which is a function of these three characteristics, is

associated with performance. Fabric with high cloth cover factor feature small pores, thus increasing the

22



surface area for particles (especially larger particles) to contact with the fibers/threads directly.
Therefore, the cloth cover factor (i.e., the fraction of the area of fabric covered by yarn) of a fabric should
be maximized for higher performance while considering the resulting decrease in breathability.

Adding multiple layers to a mask can substantially increase mask FE at the cost of lower
breathability. With each added layer, mask FE increases asymptotically (i.e., adding layers has
diminishing returns on FE), while the flow resistance, and therefore breathability, increases additively. In
other words, flow resistance increases proportionally more than FE increases when adding multiple
layers.

There are several important limitations in this study. The first is that the masks tested had potentially
experienced some wear, as they were collected from a group of volunteers that had likely worn the masks
previously (the duration of which was unknown). However, the fabric characterization methods used in
this study were carefully designed such that any wear or loss of function should have been reflected in a
change of material property (e.g., cloth cover factor, flow resistance). The results reported here apply only
to masks made of fabric—not high efficiency for-purpose PPE or respirators. However, our results are
pertinent to those living or working in resource limited environments, where N95 respirators are not
readily available. We tested a limited range of particle sizes (0.5 to ~10 um) and did not evaluate FE for
large particles/droplets or for particles smaller than 0.5 pm. Considering, however, that our data followed
aerosol filtration theory, FE at particle sizes smaller than 0.5 um could be predicted using our data and FE
at particle sizes larger than 10 um are expected to approach unity. Lastly, while the FE we report
represents the inherent performance of a mask, the actual performance of a mask while being worn is
largely dependent on the fit of the mask to the wearer’s face. Any leakage of air around the mask can
substantially reduce the number of particles filtered by the mask. The strengths of this study include the
following: the large sample size of 50 masks tested and 70 layers characterized, the selection of masks

representative of those commonly worn by the public, the use of established methods for measuring FE
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and flow resistance, and the testing of particle sizes in a relevant size range for airborne transmission of
SARS-CoV-2.

There are numerous opportunities for future work regarding the performance of fabric masks. Along
with interception and inertial impaction, electrostatic collection is could be a major contributor to the
collection of particles in fabric masks. Future work can explore the association between this and FE.
Previous work has explored how FE varies with breathing rate; however, the dependence of breathing rate

on the FE-fabric characteristic relationship is unknown.
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CHAPTER 6 — APPENDICES
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Figure 11: Correlogram containing all eight fabric characteristics. The axis labels are the initials for the
following fabric characteristics: “AP” — air permeability, “FT” — fabric thickness, “TC” — thread count,
“FD” — fiber diameter, “YD” — yarn diameter, “CCF” — cloth cover factor, “IA” — IR attenuation, “P” —
porosity.
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Figure 12: Microscope image of a fabric layer containing synthetic fibers. The fibers are smoother and
more uniform in size than natural fibers, allowing for a more precise measurement of particle diameter.

Table 1 : Statistics related to the linear regression run between the following fabric characteristics and FE:
thread count, yarn diameter, fiber diameter, cloth cover factor, porosity, air permeability, IR attenuation,
and fabric thickness.

Thread Count

diameter term estimate std.error statistic p.value conf.low conf.high
0.63 intercept 8.24e-02 9.47e-03 8.70 0.0000 6.35e-02 1.01e-01
0.63 slope 1.65e-05 8.20e-06 2.01 0.0488 1.00e-07 3.29e-05
1.99 intercept 2.07e-01 1.92e-02 10.80 0.0000 1.69e-01 2.46e-01
1.99 slope 2.30e-05 1.67e-05 1.38 0.1720 -1.03e-05 5.63e-05
4.12 intercept 4.31e-01 3.25e-02 13.30 0.0000 3.66e-01 4.96e-01
4.12 slope 3.71e-05 2.82e-05 1.32 0.1920 -1.91e-05 9.34e-05
7.97 intercept 7.77e-01 2.36e-02 32.90 0.0000 7.30e-01 8.24e-01
7.97 slope 3.37e-05 2.04e-05 1.65 0.1040 -7.10e-06 7.45e-05
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Fabric Thickness

diameter term estimate std.error statistic p.value conf.low conf.high
0.63 intercept 0.032700 2.06e-02 1.58 1.18e-01 -8.56e-03 0.073900
0.63 slope 0.000124 3.85e-05 3.22 1.99e-03 4.72e-05 0.000201
1.99 intercept 0.126000 4.17e-02 3.01 3.71e-03 4.23e-02 0.209000
1.99 slope 0.000202 7.79e-05 2.59 1.17e-02 4.64e-05 0.000358
412 intercept 0.301000 6.88e-02 4.37 4.56e-05 1.63e-01 0.438000
4.12 slope 0.000326 1.29e-04 2.54 1.36e-02 6.93e-05 0.000583
7.97 intercept 0.680000 4.98e-02 13.70 0.00e+00 5.81e-01 0.780000
7.97 slope 0.000258 9.29e-05 2.77 7.20e-03 7.23e-05 0.000444
.
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Figure 13: Comparing the flow resistance measured from each mask (x-axis) to that predicted for each
mask using the flow resistance of its component layers (y-axis). The diagonal line, y=x, represents perfect
agreement between the measured and predicted flow resistance.
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Figure 14: Empirical cumulative distribution of flow resistance in the set of 50 masks. 38 of the 50 masks
meet the NIOSH minimum criteria of 15 mm H,0 L™ s.
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Figure 15: Empirical cumulative distribution of the minimum FE for particle diameters less than one
micron in the set of 50 masks. 29 of the 50 masks meet the ASTM F3502-21 Level 1 barrier standard of a
minimum FE of 20% in the submicron range.
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Figure 17: Showing Figure 4 without the three-parameter nonlinear regression that creates smooth curves

for each mask out of the FE data.
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Figure 18: Empirical distribution function plots of all eight characteristics studied
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