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Supplemental Materials
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Personal Respirators
To be considered “respiratory PPE” and be recognized and certified as such by the European
Union, medical devices must meet a set of criteria defined in detail by CEN and communicated
in the European standard EN149 (European Comittee for Standardization, 2009). With
increasing filtration efficiency and decreasing leakage, EN149 categorizes respiratory
protective masks as FFP1, FFP2, or FFP3. The procedures for testing masks are defined in
detail and include a practical performance test during which filtration efficiency and leakage
are monitored while masks are worn by test subjects performing certain tasks. Criteria for
acceptance and certification of personal respiratory-protective masks in the US are
implemented by the National Institute for Occupational Safety and Health (National Institute
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for Occupational Safety and Health [NIOSH], 1996) and are comparable to the European
standards.

Hygienic and Surgical Masks
Masks that protect people other than the person wearing them include hygienic/surgical masks
or medical face masks of Type I, II, or IIR and, in the European Union, such masks must meet
the EN 14683 standard (European Comittee for Standardization, 2019). Leakage can be tested
by applying the mask to a dummy head model, such as the Sheffield head manufactured by
INSPEC (Yang et al., 2009; Majchrzycka et al., 2016). Various testing approaches, practical
considerations, and equipment developed for testing and measuring aerosol properties and
filtration of materials/filters can be found in van der Sande et al (2008), Davies et al (2013),
Rengasamy et al (2017), Shimasaki et al (2018), and Su et al (2019). Viral and bacterial
filtration can be tested using impingers (Wake et al., 1997; Wilkes et al., 2000; Boda et al.,
2018).

Norms and standards used in developing the workflow
EN 14683 “Medical face masks – requirements and test methods” (European Comittee for
Standardization, 2019) and EN 149 “Respiratory protective devices – Filtering half masks to
protect against particles – Requirements, testing, marking” (European Comittee for
Standardization, 2009) constituted our main guidelines for developing a workflow that allowed
us to screen a large number of materials for desirable properties. In addition, we relied on ISO23328 “Breathing system filters for anesthetic and respiratory use” (International Organization
for Standardization, 2003), NIOSH 42 CFR 84 “Guide to the Selection and Use of Particulate
Respirators” (National Institute for Occupational Safety and Health (NIOSH), 1996), and
ASTM 2101 “Standard Test Method for evaluating the Bacterial Filtration Efficiency (BFE)

of Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus Aureus”
(following EN 14683) (ASTM International, 2019).
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Table 1: A direct comparison between the European Norms (EN 14683) that details the
applicable norms for surgical face masks and the French and Swiss norms, developed at
governmental level, for the manufacturing and commercialization of reusable face masks.
Characteristics

Disposable Face Masks
(Surgical mask)

Reusable Face Masks
Switzerland c

France d

(Community Masks)

(Non-sterile Masks)

DGA protocol

EN 14683

ISO 9237

ASTM F2101

EN14683

ISO 16170:2016

Tested particles size [µm]

3 ± 0.3

1.0

3.0

Types of particles

Bacteria

Not specified

Uradine, DEHS, NaCl

Type I BFE > 95%

FE >70%

Type 1: FE > 70%

Norms and guidelines

a

Filtration efficiency (FE) [%]

(March 29th, 2020)

Type II BFE > 98%

Type 2: FE > 90%

Type IIR BFE > 98%
BFE [%] = 1 - Cdown / Cup x 100

Calculations

Cup: particle concentration upstream
Cdown: particle concentration downstream
Type I: < 40 Pa/cm2

Breathability

FE [%] = 1 - Cdown / Cup x 100

b

< 60 Pa / cm2

< 96 L.m2.s-1

(for 100 Pa pressure drop)

Type II: < 40 Pa/cm2
Type IIR: < 60 Pa/cm2

a
b

Resistance to liquids

Splash test with synthetic
blood for Type IIR

ISO 22609:2004

Splash test

Not required

Reusable

No

Yes

Yes

Washing protocol

N/A

Washing at 60°C, should
support at least 5 cycles

Minimum:
30 minutes at 60°C,
ironing 120-130°C

Microbial cleanliness [pfu/g]

≤ 30

Not specified

Not specified

Harmlessness

Not specified

Comply with ISO 10993-1:
2018 and REACH

Not specified

Wear test

Not specified

Not specified

4h

ISO 22609 and ASTM F1862

Assessment of Medical masks based on bacterial efficiency (BFE) with Staphylococcus aureus.

Measurement carried out at a pressure differential of 100 Pa and test area of 4.9 cm2
c
(Swiss National COVID-19 Science Task Force (NCS-TF), 2020)
d
(French Republic Government, 2020)

Figure 1 The relevant particle-size range (highlighted in green) in the context of spreading infectious diseases via airborne
droplets. Whereas the lower limit of the particle-size range is theoretically bounded by the size of the virion, there is no
strict upper limit for the droplets that might contain the virus because the distribution of the viral particles inside droplets is
not known. However, the settling velocity of a particle increases with increasing the diameter (green bar), leading to a
decrease of the potential travel distance. The median particle sizes on which the European norms EN149 and EN14683 focus
on for defining the filtering standards for personal respirators and surgical face masks are highlighted in blue on the scale
above.
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Filtration Mechanisms
Mechanical filtration involves a set of physical phenomena through which aerosol particles are
brought into contact with the filter material, leading to their removal from the carrier gas
(Thomas et al., 2016). From an aerosol perspective, filters lead to changes in the distributions
of particle-size and particle-number. The main mechanisms associated with filtration through
a face mask are diffusion, impaction, and interception (Przekop and Gradon, 2008). In addition,
the filtration efficiency of a face mask can also be altered by the electrostatic filtration (Wang,
2001). A supplemental mechanism, sedimentation, is not directly relevant in the context of
aerosol filtration through face masks, as large sub-millimeter particles commonly settle out
before reaching the surface of the masks (Hinds, 1999).

Figure 2 The four relevant mechanisms of aerosol filtration: diffusion, interception, impaction, and electrostatic.
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Figure 3 Overview of the samples screened in this project. The <0.5 µm data were generated with FMPS and the >0.5
µm data were generated with the APS. The filtration efficiency, in percentage, is color-coded in the legend.
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Material tested
Disposable Face
Mask
Microfibre towel

Non-woven, 80% polyester,
20% nylon

Material 174

Kitchen towel

Woven, 100% cotton

Material 183

Chiffon universel

Non-woven, 100% viscose

Materail 113

Picture

Material tested
Towel
Woven

Material 188
T-shirt

Woven, 100% cotton

Material 150

Kitchen towel,

Non, woven, 80% polyester,
20% nylon Material 151

Polyester towel
Non-woven, 100%
polyester

Material 102

Damask

Stretch jeans fabrics

Material 148

Material 2

Bed sheet

Training fleece

Material 160

Material 185

100% polyester
tissue

Wash cloth

Woven, 100% cotton

Woven, 100% cotton

Woven

Knitted

Woven

Woven

Materail 138

Polo T-shirt

Doronic paper

Material 197

Material 138

Material 196

Woven, 100% cotton

Non-woven

Picture
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As our main goal was to assess the fabrics and establish the workflow for aerosol filtration and
breathability testing, we have obtained large database of results. Henceforward, we considered
a basic statistical assessment of generated data, looking for potential correlations that are not
mechanistically given, but that can provide interesting observations on the properties and
performance of various categories of masks and fabrics.

On the correlation between pressure drop and total filtration efficiency
In Table 1, we present an overview of a two-sample t-test (paired two-sample for means)
between the pressure drop and TFE of the samples presented in Fig. 6 separately for particles
<0.5 µm and >0.5 µm in size. As the filtration of small particles is driven by interception and
diffusion, it is independent of the flowrate. This is reflected in the correlation coefficients
shown in Table 1, where the pressure drop across the sample does not correlate with the TFE
for all samples considered together (across all samples) or for the separate groups (assemblies,
materials, disposable face masks, or reusable face masks).
Conversely, for larger particles (>0.5µm), an impaction-driven filtration process results in a
significant correlation coefficient (p < 0.05). This correlation is not present in the reusable face
masks or in disposable face masks. These observations lead to the conclusion that, in general,
for common materials (and, obviously, more so for assemblies) a high TFE comes with a
decrease in breathability, i.e., an increase in ΔP. This is one of the main reasons why the
majority of common fabrics can be used only with limited success as a base for face masks.

Table 1. Correlations between the integral filtration efficiency and the pressure drop across the fabrics, assemblies,
and disposable and reusable face masks detailed in this work.
Variables and statistical test
Across all
Materials
Disposable
Reusable
Assemblies
used
samples
(fabrics)
face masks
face masks
ΔP vs. TFE<0.5µm

ΔP vs. TFE>0.5µm

Pearson
correlation

0.1193

−0.0410

0.3685

−0.8618

0.7202

p-value

0.7547

0.5314

0.7900

0.9716

0.4057

Pearson
correlation

0.1476

0.3034

0.5931

−0.9729

0.6505

p-value

0.0227

0.0059

0.0173

0.85670

0.5154

On the correlation between the total filtration efficiency of coated and uncoated samples
In the coated samples we observed either an increase or a decrease of filtration efficiency per
particle size, which prompted a further analysis that was simplified with the use of the TFE
calculated for two analyzed particle size ranges. We first analyzed the differences in the TFEs
of coated (C) and non-coated (NC) samples separately for particles <0.5 µm and >0.5 µm. We
considered the ten fabrics that were measured in quintuplicate before and after coating. The
results of a two-sample t-test (paired two-sample for means) of the two sets of data are
summarized in Table 2. The difference between TFEC and TFENC is highly significant, with
a p value that is a few orders of magnitude below 0.05. The confidence interval (CI) shows that
the observed effect will vary between 2.0% and 3.5% for small particle sizes and between 2.2%
and 4.0% for larger particle sizes. Hence, we can reliably confirm that coating improves the
TFE of the tested fabrics.
Table 2. Total filtration efficiencies (TFE) of coated (C) versus non-coated (NC) fabrics for particles in the
range of <0.5 µm and >0.5 µm.
Measurement and statistical test used

(TFEC vs. TFENC) <0.5µm

(TFEC vs. TFENC) >0.5µm

Value

Pearson correlation

0.9859

p-value

5.96E-08

Confidence interval

[2.089, 3.480]

Pearson correlation

0.9997

p-value

1.23E-07

Confidence interval

[2.187, 4.074]
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