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ABSTRACT OF THE THESIS 

 

Quantitative Fit and Breathability Testing to Evaluate and Improve  

Homemade Mask Design Configurations 

 

by 

 

Candice Lia Sirmollo 

 

Master of Science, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, September 2021 

Dr. Don Collins, Chairperson 

 

 

Homemade masks are commonly used as an alternative to commercial masks to protect the 

general public from the spread of infectious respiratory diseases such as COVID-19. However, very 

little is understood concerning the influence of mask designs and the fit of masks on different face 

shapes and sizes. In this study, standardized quantitative fit testing was conducted with 5 

participants to evaluate 48 mask design configurations. The fit of common homemade mask designs 

was investigated, as well as the influence of variations of nose bridges, elastic or tie options, and 

23 material combinations. Relative to a surgical mask alone, double masking with a two-layer quilt 

cotton mask on top of a surgical mask resulted in only a 0.6% improvement in the average overall 

fit factor (OFF), while embedding surgical mask material layers in a homemade mask resulted in 

an OFF that was 57.9% higher than that of the original mask and was the third highest of all of the 

masks tested. An outer brace worn over a mask was shown to improve the average OFF of all 

participants by 24.3%. Fourteen homemade mask design configurations ranked higher than a 

surgical mask in regards to their average OFF, removing between 65.5 and 81.3% of particles from 

ambient air, 11 of which ranked higher than a KN95 mask. The pressure drop of different material 

combinations was also measured over a range of face velocities to evaluate their breathability. 

These results suggest that there are many homemade mask options that can provide just as much 

protection as commercially available options. 
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1. Introduction 

Certain infectious pathogens can spread via droplets and airborne aerosols. Droplet transmission 

consists of droplets larger than 5 μm whereas airborne transmission involves airborne virus-

containing particles less than 5 μm (Jones and Brosseau, 2015; Kutter et al., 2018). Both of these 

modes of transmission are significant and follow different mechanisms in regard to transport in the 

air and deposition along the human respiratory tract. The dominant mode of transmission is often 

debated (Gralton et al., 2011; Liu et al., 2017), even for the flu (Offeddu et al., 2017), and can vary 

depending on the type of pathogen or virus as well as the environmental conditions. The amount of 

time that airborne virus-containing particles can stay in the air and how long they remain infectious, 

referred to as viral viability, requires further investigation and depends on many factors such as the 

size and type of virus, temperature, relative humidity, and airflow (Marr et al., 2019; Nicas et al., 

2005; Tellier et al., 2019). Size distributions of human exhaled particles in aerosol plumes 

generated by coughing or sneezing have been measured in several studies (Fennelly, 2020; Jarvis, 

2020; Johnson et al., 2011; Morawska and Cao, 2020). It has been demonstrated, for COVID-19 

(Liu et al., 2020) and influenza (Lindsley et al., 2021) containing particles in particular, that smaller 

particles in the size range for airborne transmission generally are present at higher number 

concentrations than those in the droplet transmission size range (Chen et al., 2020; Jarvis, 2020). 

Airborne transmission of various respiratory viruses such as measles, SARS, chickenpox (Tellier 

et al., 2019), influenza (Yan et al., 2018), and tuberculous (Fennelly, 2020) have been observed.   

At the beginning of 2020, the world was faced with a fast-spreading deadly pandemic of the SARS-

CoV-2 virus, more commonly referred to as COVID-19. Daily routines, activities, and gatherings 

were cancelled indefinitely and everything shut down. Guidance from global and national health 

agencies included recommendations that the general public practice social distancing, wash their 
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hands frequently, and wear face coverings to slow the spread of the virus. In response to studies 

providing evidence that airborne transmission is a dominant pathway of COVID-19 transmission 

(Chen et al., 2020; Morawska and Cao, 2020; Yao et al., 2020; Zhang et al., 2020) and that the 

COVID-19-containing aerosol can stay airborne and infectious for hours (Santarpia et al., 2020), 

the Centers for Disease Control and Prevention (CDC) officially recognized that COVID-19 can 

spread via airborne transmission and that masks can protect against this pathway. With the 

distribution of vaccines to the public starting in late 2021 and accelerating in 2021, the United 

States saw a decrease in new cases and a re-opening of sectors that had been shut down. However, 

vaccine hesitancy and the potential for vaccinated individuals to still catch and transmit the virus 

led to a subsequent significant rise in new cases. This has resulted in a returned emphasis on the 

importance of masks for protection against the virus, and so the widespread use of face masks will 

likely continue in the future.  

Masks can provide the wearer with considerable protection from both droplet and airborne 

transmission of respiratory viruses, especially when used in combination with other precautions. 

For healthcare workers, the World Health Organization (WHO) recommends the usage of 

respiratory protection devices capable of efficiently filtering 0.3 m particles, such as N95 

respirators, when working near patients that could have a virus such as SARS or COVID-19 that is 

transmittable via airborne particles (Medicine, 2006). To demonstrate the effectiveness of universal 

masking across a population, several mask-use model studies (Eikenberry et al., 2020; Fisman et 

al., 2020; Kai et al., 2020; Leffler et al., 2020; Mittal et al., 2020), case studies (Bundgaard et al., 

2021; Hendrix et al., 2020), and theoretical rationale letters (Esposito et al., 2020; Sunjaya and 

Jenkins, 2020) have been published since the pandemic began that defend universal masking to 

prevent the spread of COVID-19. There are various theories surrounding the topic of masks and 

universal masking: one suggests that masks can protect the wearer by reducing the dose of the virus, 
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which would consequently result in either no disease or a milder disease (Gandhi et al., 2020), 

while another is that universal masking could result in variolation, where a milder form of the 

disease results in lasting immunity, similar to when a majority of a population is vaccinated (Gandhi 

and Rutherford, 2020). 

To protect against contagious viral diseases with high rates of infection, the general public may be 

encouraged to use homemade and cloth masks when N95 respirators or surgical masks are 

unavailable, being reserved for the medical community, and when there are widespread concerns 

about the reliability of counterfeit commercial masks. Some may also prefer to wear a homemade 

or cloth mask rather than a commercial mask simply because of comfort, personal expression, 

aesthetics, or long-term reusability. The efficacy of homemade masks to prevent droplet 

transmission via inhalation (Wilson et al., 2020), airborne transmission via inhalation (Prather et 

al., 2020; Ueki et al., 2020), and of surgical masks to prevent both (Leung et al., 2020) has been 

investigated. Homemade masks have also been shown to prevent outward particle emission from 

the wearer (Asadi et al., 2020; Fischer et al., 2020; Li et al., 2021; Lindsley et al., 2021). Several 

review papers have been published that provide further evidence that the usage of cloth masks in 

the general public can slow the spread of respiratory transmissible diseases (Chua et al., 2020; Clase 

et al., 2020; Howard et al., 2021; Liao et al., 2021; MacIntyre and Chughtai, 2020; Sharma et al., 

2020). Airborne transmission via virus-containing particles can be an important form of 

transmission for many types of infectious diseases and its mechanisms should be considered when 

selecting a mask.    

Given the plethora of mask materials available, it is helpful to compare the performance of those 

commonly used in homemade masks so that the public can make more informed decisions. Thus, 

comprehensive investigations of the filtration efficiency (Bagheri et al., 2021; Drewnick et al., 
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2021; Guha et al., 2021; Hao et al., 2020, 2021; Joo et al., 2021; Konda et al., 2020; Kwong et al., 

2021; Leith et al., 2021; Pan et al., 2021; Pei et al., 2020; Rengasamy et al., 2010; Rogak et al., 

2021; Wang et al., 2020; Zangmeister et al., 2020; Zhao et al., 2020) and pressure drop (Aydin et 

al., 2020; Bagheri et al., 2021; Drewnick et al., 2021; Guha et al., 2021; Kwong et al., 2021; Leith 

et al., 2021; Li et al., 2012; Rengasamy et al., 2010; Sheets et al., 2020; Wang et al., 2020) of 

homemade mask materials under controlled laboratory settings have been conducted. The efforts 

of those studies have resulted in design recommendations including use of materials with tight 

weaves and low porosity, multiple layers of different types of materials, and a filter layer with 

electrostatic charge such as flannel or silk. They have also emphasized the importance of a good fit 

that minimizes leaks.  

To describe the efficacy of cloth masks when fitted to a human face or manikin headform, several 

studies have reported their measurements using a set of non-standardized fit testing parameters. 

These parameters include particle removal efficiency (% = 100 ×
(𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒−𝐶𝑖𝑛𝑠𝑖𝑑𝑒)

𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒
 ), inward and 

outward protection efficiency (𝑂𝑃𝐸 % = 100 × (1 −
𝐶𝑚𝑎𝑠𝑘

𝐶𝑛𝑜 𝑚𝑎𝑠𝑘
)), fitted filtration efficiency (% =

100 × (1 − 
𝐶𝑖𝑛𝑠𝑖𝑑𝑒

𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒
)), and total inward leakage (% = 100 ×  

𝐶𝑖𝑛𝑠𝑖𝑑𝑒

𝐶𝑜𝑢𝑡𝑠𝑖𝑑𝑒
), where Cinside is the 

concentration measured from inside of the mask, Coutside is the ambient concentration measured 

outside of the mask, Cmask is the concentration measured in an exposure chamber when a mask is 

worn, and Cno mask is the concentration measured in an exposure chamber when no mask is worn. 

Among the studies that reported particle removal efficiency, Shakya et al. (2017) used a manikin 

to test three different commercially available cloth masks and Mueller et al. (2020) tested 15 

homemade masks with or without nylon stockings to evaluate the fit based on the methods of 

Cooper et al. (1983). To obtain the inward and outward protection efficiency, Pan et al. (2021) 

tested 11 face coverings on a manikin including cloth masks, a surgical mask, and a face shield. To 
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measure the fitted filtration efficiency compared to the ideal filtration efficiency, Clapp et al. (2021) 

tested consumer grade cloth masks and mask modifications on one human volunteer that performed 

various exercises while exposed to generated NaCl particles between 0.02 and 0.6 µm, while Hill 

et al. (2020) tested cotton insert materials on a headform. Cherrie et al. (2018) had 10 participants 

perform exercises to measure the total inward leakage of one cloth mask bought at a store and 

simultaneously measured black carbon particles generated by an engine from inside the exposure 

chamber and inside the mask. 

Standardized fit testing of cloth masks on human participants has also been conducted and is 

described in five published studies, with each following the Occupational Safety and Health 

Administration (OSHA) Respiratory Protection Standard 29 CFR 1910.134. For each of the studies, 

fit factors for each mask and each participant were obtained. Of these studies, 3 of them only tested 

one mask: one had 3 participants test one cloth mask (Dato et al., 2006), another had 28 adult and 

11 child participants test one tea cloth mask (van der Sande et al., 2008), and the last had 21 

participants test one cotton t-shirt mask that the participants made themselves (Davies et al., 2013). 

O’Kelly et al. (2021) had 3 participants test 5 simple fabric masks made without a filter or nose 

wire, including a bandana, a cloth mask with stretchy material, a pleated mask, and 2 masks 

designed to contour to one’s face (O’Kelly et al., 2021). Lindsley et al. (2021) investigated 15 cloth 

masks, including store-purchased cloth face masks, gaiters, and bandanas, each of which was tested 

by 3 of the 11 total participants and with a pliable skin headform with the goal of evaluating their 

efficacy for source control. Gaps associated with a loosely fitted mask have been estimated to result 

in over a 60% decrease in filtration efficiency relative to the filtration efficiency of the base 

materials (Hill et al., 2020; Konda et al., 2020). These fit testing measurements provide valuable 

information in regards to the level of protection that different cloth masks can provide when worn 

by a human under real-world conditions.     
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Existing research has been used to inform government responses to pandemics and protect the 

general public but there is still much that is not understood concerning the large variety of 

homemade mask designs and the fit of those masks on different face shapes and sizes. Several 

studies have cited the need for further research in this area (Chughtai et al., 2013; Konda et al., 

2020; Medicine, 2006). To address this critical knowledge gap, the fit of homemade face mask on 

different face shapes and sizes has been evaluated with the goal of providing the public with the 

knowledge of which masks and material combinations provide optimal protection from the 

transmission of airborne respiratory diseases under real-world conditions. The breathability of 

different material combinations has also been tested by measuring the pressure drop over a range 

of face velocities.  

2. Methods 

2.1 Fit Testing Setup 

Standardized quantitative fit testing was conducted with 5 human volunteers and 48 different mask 

design configurations, including some commercial masks. During fit testing, a water-based 

Condensation Particle Counter (CPC) (MAGIC-200, Aerosol Devices Inc.) alternated between 

measuring the particle number concentrations in the room air and in the air from behind the mask 

by using an automated 3-way valve. The CPC has a sample flow rate of 0.3 L min-1 and detects 

particles in the size range of ~5 nm to 2.5 μm, which spans the size range of typical airborne virus-

containing particles (Gralton et al., 2011; Lindsley et al., 2021; Liu et al., 2020). A small sampling 

probe (TSI model 8025-N95 Fit Test Probe Kit) inserted through the material allowed air to be 

sampled from behind the mask while the mask was worn by the participant. Conductive silicone 

tubing was connected directly between the sampling probe on the mask and the 3-way valve leading 

to the particle counter (Figure 1a). Because the sample flow rate of the CPC is relatively low 
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compared to typical human inspiratory flow rates (~5-7 L min-1 at rest and 100+ L min-1 during 

exercise), it is assumed that the air present behind the mask is being pulled in primarily by the 

wearer as opposed to the instrument. It is also assumed that any particles present behind the mask 

came either through leaks or through the mask materials. 

A sequence of real-world exercises was performed by each participant while wearing each of the 

masks, according to the OSHA Respiratory Protection Standard 29 CFR 1910.134 for respirator fit 

testing. Each cycle consisted of normal breathing, deep breathing, head side to side, head up and 

down, talking out loud, grimacing, bending over and touching toes, and normal breathing (Table 

S2). For each exercise, air behind the mask was measured for 90 s, preceded and followed by a 

measurement of room air for at least 60 s. Participants recorded the times that they started and 

stopped each 90 s exercise. Each participant repeated the exercise sequence a total of three times 

for each mask that was tested to reduce uncertainty in the results. Minimal instruction was given 

concerning how to properly wear the masks in order to have real-world representations of the fit to 

a member of the general public. The participants were only instructed to adjust the nose wire and 

elastics so as to minimize leaks. Each participant tried on multiple mask sizes at the beginning of 

the project and was assigned a size (Table S1); further information regarding size selection can be 

found in the supplement. 

The particle concentrations measured by the CPC were used to calculate the Fit Factor (FF) for 

each exercise, which is defined as the ratio of the particle concentration measured in ambient air 

before (1) and after (2) each exercise to that measured inside the mask, 𝐹𝑖𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =

 
𝐶𝐴𝑚𝑏𝑖𝑒𝑛𝑡 1+ 𝐶𝐴𝑚𝑏𝑖𝑒𝑛𝑡2

2𝐶𝑆𝑎𝑚𝑝𝑙𝑒
. The OFF can be made more relatable by converting it to the % particles 

filtered (Eq. S1). A Fit Factor of 1 indicates 0% particles filtered, a FF of 2 indicates 50% filtered, 

and so on. A FF of 3 means that the air behind the mask is 3 times cleaner than the surrounding air.   
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A FF is influenced by the breathability of the material, the filtration efficiency of the material, the 

fit of the mask, and the size of the particles. Thus, FF’s are more representative of the performance 

of masks worn by the public than material filtration efficiency measurements alone. The Overall 

Fit Factor (OFF) is calculated as the average of the individual FFs for all eight exercises (Eq. S2), 

differing from the OSHA Respiratory Protection Standard that excludes the grimace exercise from 

OFF calculations. Across all average OFF results, those calculated with the grimace exercise were 

0.23% lower than those calculated excluding the grimace exercise.  

Measurements were performed in a laboratory setting. No particles were generated for this testing; 

only particles in room air were used. An example of the variability in particle concentrations during 

a cycle of fit testing exercises can be found in Figure S1. Instrumentation was automated so that 

the researchers did not need to be present during testing. As this testing was conducted with human 

participants during the worldwide COVID-19 pandemic in 2020, approved safety protocol was 

followed during testing. To protect the participants and researchers from these risks, social 

distancing and hygiene recommendations from the CDC were followed and contact with 

participants minimized. This research was determined by the University of California Riverside 

Research and Economic Development (RED) office to be “not human subjects research” and did 

not fall under the regulations of the Institutional Review Board.   
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Figure 1. (a) Fit testing and (b) pressure drop testing setup for the experiments in this study.  

2.2 Pressure Drop Setup 

To evaluate the breathability of the masks tested in this study, the pressure drop across each material 

combination was measured. The materials were clamped onto one end of a cylindrical tri-clamp 

stainless steel spool connected to a blower that pulled room air through the material (Figure 1b). A 

calibrated flow meter connected downstream of the spool allowed for the measurement and control 

of the volumetric flow rate between 10 and 85 L min-1 as the blower speed was changed. To measure 

the differential pressure, the low pressure port of a pressure transducer (Cole Parmer 98073-28, 0 

– 2.49 kPa) was connected to a tube inserted into the spool cavity downstream of and directly 

adjacent to the material and the high pressure port was open to room air. Aluminum metal tape was 

used to cover half of the area of the material clamped into the spool, so that the material area (40.5 
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cm2) would result in realistic face velocities (Eq. S3) ranging from 5 to approximately 35 cm s-1 

without the need to alter the spool diameter or volumetric flow rate range.  

3. Mask Construction 

Mask designs were chosen to represent the variety of basic designs that home sewists used during 

the pandemic. As there were diverse pleated mask designs, the design selected for this study to 

represent the Pleated mask type was based on the most popular YouTube video tutorial (as of April 

2020) (Figure 2d). For the Fitted mask type, the “UVH” (Synonyms: “Florence”, “Fu”) mask was 

selected because it is an open source design that has been used and promoted by many sewist groups 

(Squad, n.d.) (Figure 2a). For the Boat mask type, also known as “Octagon”, “3d”, and “Aplat”, a 

design used and promoted by the same sewist groups was chosen (Squad, n.d.) (Figure 2b). A 

unique Vertical Pleat design “TREFA37” was chosen to explore a different design type, although 

its use in the general public did not appear to be widespread (Figure 2c). Finally, a second pleated 

mask design called “Taber” with additional deep pleats, an open interior for adding filters, and that 

was cut diagonally against the bias, was chosen to explore a more complex pleated design.  
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Figure 2. Photographs of the homemade mask designs investigated. The (a) UVH mask was designed 

by Joost De Cock, (b) Boat mask by Valerie Soe, (c) TREFA37 mask by DIY Trefa, and (d) Pleated 

mask by Erica Arndt.  

Figure 2 shows images of some of the mask designs that were tested. The influence of features such 

as nose wires, elastics, and material combinations were evaluated for some of these masks. Unless 

otherwise stated, the mask design features consist of 12” upper and 10” lower (12/10”) head elastics 

and 4” aluminum (Al) nose wires.  

A diverse array of materials was chosen for testing. When possible, materials were purchased from 

the most common and widely-available vendors for the US public. The following materials were 

used in this study and are referred to with these acronyms: bandana (B), cotton batting (CB), Filti 

insert (Fi), flannel (F), knit (K), light interfacing (LI), Lyocell (Lyo), medium interfacing (MI), 

microfiber (MF), muslin (M), 600 thread count percale (P), 500 thread count pima percale (PP), 

polyester shopping bag (PSB), polyester blue (PB), polyester gold (PG), quilt cotton blue (QCB), 

quilt cotton pink (QCP), quilt cotton white (QCW), surgical (Surg), and toolbox insert (TBI). In 

this paper, all three types of quilt cotton material are referred to as quilt cotton (QC) due to their 

similar pressure drop curves (Section 4.2). A majority of the masks have QC and M outer layers, 
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where the M side is worn against one’s face. For example, the QC_F_M material combination has 

three total layers where the first listed material, QC, is outward facing and visible to other people, 

the middle listed material, F, is situated in between the first and last listed materials, and the last 

listed material, M, is inward facing against one’s face. Similarly, the QC_F_Fi_Fi_M material 

combination has five total layers where QC is outward facing, F, Fi, and Fi are the middle layers 

inside of the mask, and M is inward facing. 

During the mask construction process, right, or printed, sides of outer fabric pieces were held 

together with sewing clips rather than pins to avoid introducing holes in the masks, and any 

additional material layers were added to the outside. Masks were sewn together on a consumer-

grade sewing machine with default stitch spacing and a 6 mm (¼”) seam allowance, and were left 

open on one side so they could be turned right-side-out. Corners were clipped and the masks were 

then carefully turned out, pulled into their intended shape, and pressed. For masks with nose wires, 

a 6 mm (¼”) by 10 cm (4”) channel was sewn in the center on the top, with a 1.25 cm (½”) stitch 

gap to allow the insertion of the wire near the open end of the mask, inserted just below the outer-

facing layer of the mask to maximize cushioning between the nose wires and the wearer’s face. 

Masks were then closed on the end and top-stitched close to the edge on the sides and bottom. In 

the case of masks for which filter inserts would be applied, the fabric layer touching the face of the 

wearer was hemmed 1.9 cm (¾”), pressed, and topstitched before assembling to leave both sides 

open for inserting the filter. 

Elastics, when applied to masks, were temporarily attached to the right sides of mask front pieces 

using washable quilter’s tape at the indicated attachment points before sewing the mask. For masks 

with ties instead of elastic, the masks were left open on both sides before turning out, and the ties 

were clipped over the open sides and positioned so that approximately 46 cm (18”) of the tie length 
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was available for an upper tie and 36 cm (14”) of the length was available for a lower tie (referred 

to as 18/14” ties), and were top-stitched along the length of the tie. Elastic was added to the Boat 

mask by folding the two sides around the ends of the elastic and top-stitching in place. Pleats were 

applied to the Pleated mask design after turning out the layers, but before final top-stitching was 

applied. For the Vertical Pleat and Taber masks, pleats were applied to the fabric before stitching 

together, according to their individual directions. Taber masks were also hemmed 1.25 cm (½”) 

and zig-zag stitched at the raw edges at the mouth opening to prevent fraying. 

All sewn masks were machine-washed on a delicate cycle with hot water using liquid detergent 

(Arm & Hammer) and machine dried on medium heat. The sampling probes were applied to the 

right sides of the masks, punctured approximately 5-6 cm from the top and 2 cm from the center to 

bring them close to the nose and mouth. There was some variation in the positions of the sampling 

probes owing to the varied mask designs, and probes on pleated masks were positioned to ensure 

that they were not covered by pleats inside the mask that might affect the airflow. Masks with filter 

inserts had them placed inside the mask after drying but before the insertion of the probe, so that 

the probe would pass through the insert. Masks were placed into plastic bags, sealed, and labeled 

with unique numbers prior to fit testing. For one mask design configuration that included a 10-wash 

test to compare the performance of the mask after 10 washes, the masks were machine-washed on 

a 35 min speed wash cycle with the same water, detergent, and drying parameters as used for initial 

preparation of all masks. In accordance with our standard operating procedure as reviewed by 

University of California Riverside Environmental Health and Safety, study coordinators wore 

sanitized gloves and masks while handling masks outside of plastic bags. 

Facial measurements, listed in Table 1, of each of the five participants were taken to record 

information about face shape and size. Participants were provided with a soft tape measure and 
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instructions on how to take these measurements, which were taken either by themselves, a family 

member, or a friend. Participants also took a profile (side view) photograph of themselves to 

determine nose and jaw angles. Examples of the locations of face measurements are shown in 

Figures S2 and S3.   

Table 1. Face measurements of the participants involved in this study. 

Facial Measurements  P1 P2 P3 P4 P5 

Face height (cm) 14.0 14 11.5 13.0 14.3 

Jaw width (cm) 13.5 17 11.5 11.5 14 

Head circumference (cm) 61.2 58 55 56.5 55.3 

Nose length (cm) 2.8 2 2 2.5 2.6 

Nose width (cm) 3.8 4 2.8 3.6 3.1 

Distance from nose to chin (cm) 7.5 7 6.2 7.5 8.0 

Ear-chin length (cm) 36.0 32 26.5 29.4 31.2 

Ear-nose length (cm) 34.3 33 27 28 31.3 

Ear-bridge length (cm) 30.4 30 26 26.5 29.5 

Jaw angle (°) 123.5 114.5 122 133 134 

Nose angle A (°) 42.5 36 34 37 39 

Nose angle B (°) 68 85 79.5 83 69.5 
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4. Results 

Out of a total of 187 individual masks, participants 1 (P1), 2 (P2), 3 (P3), 4 (P4), and 5 (P5) tested 

a total of 48, 46, 26, 44, and 23 masks each, respectively. Six of the mask design configurations 

were tested by 2 participants, 10 by 3 participants, 20 by 4 participants, and 12 by 5 participants.  

4.1 Fit Testing 

4.1.1 General Designs  

Among the homemade mask designs, the Pleated mask design had an average OFF of 1.74 averaged 

over N=5 participants, the Boat mask design had an average OFF of 1.91 (N=5), the TREFA37 

mask design had an average OFF of 1.97 (N=4), and the UVH mask design had an average OFF of 

2.03 (N=5). Each of the general homemade mask designs tested had a QC_QC material 

combination, 7” ear elastics, and a 4” Al nose wire. A Bandana, folded over once, was also tested 

and had an average OFF of 1.91 across 3 participants. Further homemade mask design features and 

improvements were tested on the UVH mask because it had the highest OFF value out of the general 

mask designs.  
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4.1.2 Design Components and Improvements 

 

Figure 3. (a) Elastic tie and (b) nose wire options for homemade masks. The average OFF values, 

averaged across all participants, are as follows: (a) “7” ear elastics” (2.06), “18/14” ties” (2.09), and 

“12/10” head elastics” (2.34); (b) “No Nose Wire” (2.04), “Surgical Mask wire” (2.22), “4” Al wire” 

(2.34), and “Batting Roll with 4” Al wire” (3.42). The masks used in this comparison consisted of a 

UVH design with the QC_F_M material combination and were constructed with (a) the specified 

elastic or tie and 4” Al nose wire or (b) 12/10” head elastics and the specified nose wire. 

Ear elastics, head elastics, and fabric ties that go around the head are all common ways of securing 

a homemade mask to the wearer’s head. The fit factors of QC_F_M UVH masks with 7” ear 

elastics, 12/10” head elastics, and 18/14” ties were compared (Figure 3a). For three out of five 

participants, the mask with ear elastics performed slightly better than that with ties, although the 

average OFF of the mask with ties, averaged across all participants, was slightly higher than that 
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of the mask with ear elastics. Out of the three options, the head elastics performed noticeably better 

than the rest, with an average OFF value 11.9% higher than with the ties. Therefore, these results 

suggest that use of head elastics, as opposed to ear elastics or head ties, improves the overall fit and 

efficiency of homemade masks.  

The performance of nose wires and mask design improvements such as the usage of cotton batting 

for nose padding was also considered (Figure 3b). Relative to a mask with no nose wire, a mask 

with a soft surgical mask wire resulted in a 9.0% increase in the average OFF across all participants, 

a mask with a 4” Al nose wire resulted in a 14.7% increase, and adding a cotton batting roll along 

with a 4” Al nose wire resulted in a 68.0% increase. The surgical mask wire used consists of a 

flexible plastic-coated nose wire. Based on the marked improvement in the average OFF, the 

authors highly recommend the simple addition of an external cotton batting roll to homemade 

masks in combination with a rigid nose wire. For all participants other than P2, the batting roll 

added to a 4” Al nose wire resulted in a higher average OFF than either no wire, a surgical wire, or 

a 4” Al wire by itself. This may be associated with P2’s facial features or the way that they secured 

the masks and is further evidence of the need for additional research on the influence of face size 

and shape on the fit of homemade and other masks. 
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Figure 4. Comparison of the performance of different combinations of Surgical and UVH masks. The 

average OFF values, averaged across all participants, are as follows: “Two Layer Quilt Cotton” (2.03), 

“Surgical” (2.88), “Double Mask” (2.90), “Washed Embedded” (4.48), and “Surgical Mask 

Embedded” (4.55). All of the homemade masks had the UVH mask design and 4” Al wire. The two-

layer QC mask had 7” ear elastics, while the rest of the homemade masks had 12/10” head elastics. 

The “Surgical Mask Embedded” mask is a UVH mask with materials from a commercial surgical mask 

(consisting of 3 layers) sewn between the QC and M outer layers. Each “Washed Embedded” mask 

was constructed identically to “Surgical Mask Embedded” but was washed and dried a total of 10 

times.  

Use of double masks has been a highly recommended practice, including by the CDC (Brooks et 

al., 2021). The performance of double masks relative to other combinations of QC and surgical 

masks is shown in Figure 4. Relative to a surgical mask by itself, sewing surgical mask materials 

into a UVH mask was found to increase the average OFF by 57.9%, whereas double masking with 

a two-layer quilt cotton mask on top of a surgical mask improved it by only 0.6%. Relative to a 

two-layer QC mask, embedding the surgical mask materials into a UVH mask resulted in a 124.7% 

(2.25 times) improvement in the average OFF. After 10 cycles in a residential washing machine 

and dryer, the UVH mask with embedded surgical mask materials only had a 1.5% decrease in its 

average OFF, showing that this specific mask design configuration and material combination can 

withstand long-term use. 
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Figure 5. Comparison of the average OFF for “Inner Brace”, “No Brace”, and “Outer Brace” mask 

brace options for each participant. Averaged across all participants that tested the masks, the “Inner 

Brace” option had an average OFF of 2.12, the “No Brace” option had an average OFF of 2.34, and 

the “Outer Brace” option had an average OFF of 2.90. The masks used for these experiments were 

UVH masks constructed with the QC_F_M material combination, 12/10" head elastics, and a 4” Al 

nose wire. 

For three out of four participants, the usage of a rigid inner brace decreased the average OFF. The 

inner brace is designed to push a mask away from one’s face in order to make it easier to breathe, 

and in this study it also appears to have increased the size of the gaps along the wearer’s face. Use 

of an outer elastic brace worn over a mask resulted in a 24.3% increase in the average OFF across 

all participants relative to a QC_F_M UVH mask with no brace at all (Figure 5). Based on the 

results presented in Figure 5, the authors recommend the usage of an outer brace as opposed to an 

inner brace. However, without further investigation it remains uncertain whether even an outer 

brace will improve the fit factor for every mask or for every face shape or size. 

“Ear savers”, which are strips of fabric or plastic with buttons or hooks meant to reduce strain on 

ears from elastic were also tested. A mask with an ear saver attached to the ear elastics of a QC_QC 

Pleated mask was tested by 4 participants and had an average OFF value of 1.73, which is almost 

the same as the average OFF of the same mask without the ear saver (1.74). Thus, despite the 
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comfort that ear savers may provide the wearer, these results indicate that using them with a 

homemade mask will not improve the level of protection. To evaluate a type of mask that could be 

used by those with a sensory impairment, a QC_F_M UVH mask with a 10 cm by 5 cm clear vinyl 

window was tested and resulted in an average OFF of 3.44, ranking #7 in Table 2. Although it was 

not investigated, it is possible that the unexpectedly high OFF from the mask with a vinyl window 

was either because the positioning of the sampling probe was different than others or that the vinyl 

window provided some stiffness in the front, keeping the mask off of the mouth and opening up 

more side fabric for filtering. 

4.1.3 Material Combinations 

Many materials were used in the masks, including common sewing materials such as flannel, knit, 

interfacing, cotton batting, and polyester, filter insert materials such as Filti and toolbox shop 

towels, and miscellaneous materials found around one’s house such as percale, which is used for 

bedsheets, reusable polyester shopping bags, Lyocell, which is used in clothing, and microfiber 

towels. Various combinations of these materials were tested with the goal of optimizing the 

filtration and breathability of the masks (Figure 6). Some materials were more conducive to fitting 

snugly around the face and preventing gaps, such as cotton batting, while others such as the 

polyester shopping bag material were stiff and left open a lot of gaps, as reflected in the resulting 

fit factors. The 23 material combinations in Figure 6 are from masks with identical design features, 

and any differences in the average OFF values reflect influences of multiple factors such as the 

number of layers, breathability, thread count, water resistance, electrostatic charge, and stretchiness 

or flexibility of the materials (Chughtai et al., 2013). 

Following guidance from the CDC, the PB_F_M and PG_F_M material combinations were tested 

and had higher average OFF values than all other 2-, 3-, and 4-layer material combinations in Figure 
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6. Adding one layer of TBI or Fi insert material was observed to increase OFF by 55.1% and 32.4% 

relative to a QC_F_M UVH mask, respectively. The filtration efficiency of the materials alone in 

laboratory conditions was not measured in this study due to the large number of recent studies that 

have specifically investigated those properties.  

 

Figure 6. Average OFF values of 23 different homemade material combinations, with standard 

deviation shown with error bars. The average OFF values were averaged across all participants that 

tested each mask. All of the masks were constructed with the UVH mask design, 12/10" head elastics, 

and 4" Al nose wire. The average OFF values averaged over N participants are as follows: “QC_M” 

(1.75; N=2), “P_P” (2.13; N=3), “PP_PP” (2.20; N=3), “QC_Lyo_M” (2.17; N=2), “QC_MF_M” (2.26; 

N=3), “QC_F_M” (2.34; N=5), “QC_MI_M” (2.42; N=3), “QC_K_M” (2.46; N=5), “QC_PSB_M” 

(2.57; N=4), “QC_Fi_M” (2.96; N=5), “QC_CB_M” (3.13; N=5), “PG_F_M” (3.67; N=2), “PB_F_M” 

(3.80; N=4), “QC_LI_LI_M” (2.46; N=3), “QC_PSB_PSB_M” (2.63; N=4), “QC_K_K_M” (2.74; 

N=2), “QC_F_F_M” (3.06; N=3), “QC_F_Fi_M” (3.09; N=4), “QC_F_TBI_M” (3.62; N=4), 

“QC_F_TBI_TBI_M” (2.32; N=2), “QC_F_Fi_Fi_M” (3.00; N=2), “QC_Surg_M” (4.55; N=5), and 

“QC_4Fi_M” (5.34; N=4).  
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Table 2. List of the top performing masks, ranked according to the average OFF value averaged over 

N participants. All of the homemade masks in this table have 12/10” head elastics and 4” Al nose wires. 
The following masks were excluded from this table because they were tested on less than 3 participants: 

“UVH Polyester Gold” (PB_F_M) and “UVH Flannel 2X Filti Insert” (QC_F_Fi_Fi_M). 

Top Performing Masks 

Ranking Mask Name 
Average 

OFF all 

Standard 

Deviation of 

Average OFF all 

% Particles 

Removed 

Material 

Combination 

N 

Participants 

1 N95 30.8 27.5 96.7 N/A 5 

2 UVH 4X Filti 5.34 3.84 81.3 QC_4Fi_M 4 

3 UVH Surgical Embedded 4.55 1.44 78.0 QC_Surg_M 5 

4 
UVH Polyester Blue with 

Batting Roll 

4.41 1.43 77.3 PB_F_M 4 

5 UVH Polyester Blue  3.80 1.33 73.7 PB_F_M 4 

6 
UVH Flannel 1X Toolbox 

Insert 

3.62 1.68 72.4 QC_F_TBI_M 4 

7 
UVH Flannel with Vinyl 

Window 

3.44 1.25 70.9 QC_F_M 4 

8 
UVH Flannel with 

Batting Roll 

3.42 1.23 70.7 QC_F_M 4 

9 UVH Cotton Batting 3.13 0.53 68.1 QC_CB_M 5 

10 Taber  2X Toolbox Insert 3.13 0.63 68.0 QC_TBI_TBI 3 

11 
UVH Flannel 1X Filti 

Insert 

3.09 1.11 67.7 QC_F_Fi_M 4 

12 UVH 2X Flannel 3.06 0.46 67.4 QC_F_F_M 3 

13 KN95 3.00 1.61 66.7 N/A 5 

14 UVH Filti 2.96 0.50 66.2 QC_Fi_M 5 

15 
UVH Flannel with Outer 

Brace 

2.90 0.42 65.5 QC_F_M 4 

16 
UVH + Surgical Double 

Mask 

2.90 1.01 65.5 QC_QC_Surg 4 

17 Surgical 2.88 0.89 65.3 N/A 5 

The top performing masks in this study are shown in Table 2. Many of the top ranking homemade 

masks were designed with commonly used materials (flannel, polyester-cotton blend, cotton 



 

23 

 

batting), filter inserts (toolbox insert), and design modifications (batting roll). The N95 fit factors 

presented here are well below the minimum fit factor pass level of 100, as stated in 29 CFR 

1910.134 Appendix A.C.3, which may be associated with the participants not having access to 

professional OSHA-certified respirator fit testing. However, members of the general public often 

do not have access to professional fit testing as well, so the N95 results listed in Table 2 may be 

reflective of the efficiency that an average person wearing an N95 mask during day to day activities 

may expect. Across all masks, P1, P2, P3, P4, and P5 had an average percent difference from the 

average OFF of all participants of +5.2, -7.8, -13.1, +12.2, and -3.8%, respectively.   

4.2 Pressure Drop 

Three different QC materials were used during mask construction due to the difficulty of obtaining 

identical materials during the beginning of the 2020 pandemic, but were chosen from the same 

brand. Comparisons of the pressure drop relative to face velocity of material combinations with 

different QC materials are shown in Figure S4. Relative to typical ranges in pressure drops for other 

material combinations, the pressure drop curves for material combinations with different QC 

materials are fairly similar. For this reason, the results of identical masks with different QC types 

are grouped together for analysis purposes.  
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Figure 7. Pressure drops through all tested material combinations across a range of face velocities for 

(a) commercial materials, (b) insert materials, (c) common materials, and (d) miscellaneous materials. 

For instances where a given mask material combination was tested with both QCB and QCP quilt 

cotton materials, the pressure drop of the QCB material combination was plotted here. The “None” 

baseline is the measured pressure drop of the testing system when no material was inserted and has a 

slope of -4.34E-06 and an average value of 1.58E-03 +/- 0.23E-03 kPa.  

As expected, with increasing face velocity, the measured pressure drops increased, meaning that 

the material becomes less breathable as the individual breathes at a higher flow rate (Figure 7). For 

each material combination, pressure differentials were measured at approximately the following 

flow rates: 10, 12.5, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, and 75 L min-1, corresponding to 

face velocities ranging from 4 to approximately 35 cm s-1. Pressure drops were measured at each 

flow rate for a minimum of 60 seconds before moving onto the next flow rate. R-squared values of 

the pressure drop curves in Figure 7 are above 0.997 for all material combinations.  The slopes of 

linear fits of the data for each of the 30 tested material combinations are listed in Table 3.  
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Table 3. Slopes (kPa·s cm-1) of the pressure drop versus face velocity curves for each of the following 

30 material combinations.  The materials are ordered from most breathable on top to least breathable 

on bottom. 

Material Combination Slope (kPa·s cm-1) 

B_B 1.55E-03 

QCP_M 3.02E-03 

QCB_QCB 3.12E-03 

QCB_PSB_M 3.36E-03 

QCB_MI_M 3.37E-03 

QCB_LI_LI_M 3.63E-03 

QCB_CB_M 4.36E-03 

QCB_PSB_PSB_M 4.73E-03 

N95 5.47E-03 

Surg 5.92E-03 

KN95 6.99E-03 

QCP_MF_M 7.61E-03 

QCB_K_M 7.92E-03 

QCB_F_M 8.00E-03 

QCB_Lyo_M 8.35E-03 

QCP_Fi_M 9.26E-03 

QCB_Surg_M 9.36E-03 

QCP_QCP_Surg 9.82E-03 

PG_F_M 1.06E-02 

QCB_K_K_M 1.15E-02 

QCB_F_F_M 1.28E-02 

PB_F_M 1.28E-02 

QCB_F_Fi_M 1.36E-02 

QCB_F_TBI_M 1.39E-02 

QCB_TBI_TBI 1.48E-02 

QCB_F_TBI_TBI_M 1.97E-02 

QCP_F_Fi_Fi_M 2.02E-02 

QCP_4Fi_M 2.76E-02 

PP_PP 2.89E-02 

P_P 3.51E-02 

Pressure drop curves are shown for 6 commercial mask material combinations (Figure 7a), 7 insert 

mask material combinations (Figure 7b), 11 common mask material combinations (Figure 7c), and 

6 miscellaneous mask material combinations (Figure 7d). The commercial mask materials in Figure 
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7a include combinations used for double masking (QCP_QCP_Surg), embedded masks 

(QCB_Surg_M), bandanas, surgical masks, and disposable respirators. The insert mask material 

combinations in Figure 7b consist of different numbers of layers of Filti and Toolbox wipe insert 

materials in a homemade mask, with or without a flannel layer. The common mask materials in 

Figure 7c are materials regularly used for crafting or sewing purposes, including polyester, flannel, 

knit, interfacing, and cotton batting materials. The miscellaneous materials in Figure 7d represent 

combinations with materials found around the home such as different thread count sheets, Lyocell 

used for clothing, microfiber towels, and polyester reusable shopping bags.  

Due to the influence of breathability, adding more layers does not necessarily increase filtration 

efficiency. For example, if a mask is difficult to breathe through, particles will be more likely to 

enter through gaps along the edges. Thus, based on these results, the usage of P_P or PP_PP 

material combinations are not recommended because of their poor breathability. The materials used 

in the double mask are slightly less breathable than a surgical mask embedded in a homemade 

mask. Interestingly, the polyester shopping bag material is quite breathable.  
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Figure 8. Scatterplot of the average OFF versus pressure drop for all material combinations. The 

pressure drops plotted here are for a face velocity of 30.9 ± 0.1cm s-1, which is at the upper range of 

face velocities through masks worn by people. The material combination of each point is included and 

the number of layers is indicated by the marker type. The average OFF values for these material 

combinations are for the UVH mask design with 12/10" head elastics and a 4" Al nose wire.  

Although the average OFF values generally increased with more layers, the 6-layered QC_4Fi_M 

mask had a pressure drop that was considerably higher than all but the percale masks, which would 

reduce the comfort and ease of breathing for the wearer. Adding one layer of cotton batting material 

inside of a UVH mask provided a good balance of the fit factor and breathability, ranking #9 of all 

of the masks tested in this study. We recommend using 3-4 material layers with the exception of 

the QC_Surg_M 5-layer material combination that has a much lower pressure drop than the same 

number of layers of typical homemade mask materials.  
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5. Conclusions 

The performance of homemade masks can depend on many factors such as the fit, material filtration 

efficiency, and breathability. In this study, mask design features and material combinations were 

evaluated by conducting standardized quantitative fit testing for a total of 187 masks and 5 human 

participants. The fit factor results are representative of the particle filtration efficiency of in-use 

masks because the measurements reflect the combined influences of fit, filtration efficiency of the 

material, and pressure drop through the mask. The face velocity-dependent breathability of the 

tested material combinations was also evaluated. This research is primarily focused on the 

protection that masks can provide the wearer from inhalation of airborne infectious viral particles.   

To protect the wearer from airborne transmission, it is imperative that individuals select a mask 

that fits them well and creates a good seal around their face to prevent particles from leaking in 

along the sides. In this study, certain mask design features were demonstrated to provide a better 

fit and consequently provide greater protection for the participants. Although the five participants 

in this study may not be representative of every possible face shape or size, it is an improvement 

relative to the sample sizes in the available published literature on fit testing of homemade masks. 

We have seen sufficient evidence of the range in performance of the tested masks on the participants 

to be confident that the conclusions from this study would apply to a larger population. Size-

dependent particle transport and removal mechanisms such as diffusion, impaction, and 

interception define the likelihood that a particle of a given size will pass through or around a mask, 

or will be filtered. The fit factors presented here likely differ from those that would be obtained had 

the particle size distribution in the room air matched that expected for virus-containing particles.  

However, those differences would impact the efficiency of all of the masks in a similar way, such 
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that the relative performance of the different mask configurations and materials would be similar 

to that reported here.   

Several homemade masks were identified to have OFF values comparable to or higher than those 

of commercial masks. Of those, masks with the UVH design, batting roll with Al nose wire, and 

head elastics were shown to result in the highest average OFF values. Although not specifically 

tested, the 4” Al nose wire and the batting roll may also minimize fogging of one’s eyeglasses. 

Sewing surgical mask materials into a homemade 2-layer cotton mask was shown to noticeably 

improve the average OFF for all participants, whereas wearing a 2-layer cotton mask over a surgical 

mask did not markedly improve performance over a surgical mask alone. Material combinations 

that had both high breathability and high OFF include QC_CB_M, QC_Surg_M, PB_F_M, and 

PG_F_M. Simple and effective ways to improve one’s mask without making a new one include 

adding an outer brace, an insert material, or a cotton batting roll for nose padding. These findings 

can be used to improve already-existing face masks and to develop improved design configurations 

and material combinations to achieve greater effectiveness, comfort, and versatility. These results 

suggest that there are multiple homemade mask options that have the potential to provide just as 

much protection from the spread of infectious respiratory diseases as commercially available 

options. Further investigations should be conducted in order to continue to improve the 

performance of homemade masks against pathogen transmission, especially to consider the particle 

size dependence of FFs. 

 

  



 

30 

 

References 

Asadi, S., Cappa, C. D., Barreda, S., Wexler, A. S., Bouvier, N. M. and Ristenpart, W. D.: Efficacy 

of masks and face coverings in controlling outward aerosol particle emission from expiratory 

activities, Sci. Rep., 10(1), 15665, doi:10.1038/s41598-020-72798-7, 2020. 

Aydin, O., Emon, B., Cheng, S., Hong, L., Chamorro, L. P. and Saif, M. T. A.: Performance of 

fabrics for home-made masks against the spread of COVID-19 through droplets: A quantitative 

mechanistic study, Extrem. Mech. Lett., 40, 100924, doi:10.1016/j.eml.2020.100924, 2020. 

Bagheri, M. H., Khalaji, I., Azizi, A., Loibl, R. T., Basualdo, N., Manzo, S., Gorrepati, M. L., 

Mehendale, S., Mohr, C. and Schiffres, S. N.: Filtration efficiency, breathability, and reusability of 

improvised materials for face masks, Aerosol Sci. Technol., 1–15, 

doi:10.1080/02786826.2021.1898537, 2021. 

Brooks, J. T., Beezhold, D. H., Noti, J. D., Coyle, J. P., Derk, R. C., Blachere, F. M. and Lindsley, 

W. G.: Maximizing Fit for Cloth and Medical Procedure Masks to Improve Performance and 

Reduce SARS-CoV-2 Transmission and Exposure, 2021, MMWR. Morb. Mortal. Wkly. Rep., 

70(7), 254–257, doi:10.15585/mmwr.mm7007e1, 2021. 

Bundgaard, H., Bundgaard, J. S., Raaschou-Pedersen, D. E. T., von Buchwald, C., Todsen, T., 

Norsk, J. B., Pries-Heje, M. M., Vissing, C. R., Nielsen, P. B., Winsløw, U. C., Fogh, K., 

Hasselbalch, R., Kristensen, J. H., Ringgaard, A., Porsborg Andersen, M., Goecke, N. B., Trebbien, 

R., Skovgaard, K., Benfield, T., Ullum, H., Torp-Pedersen, C. and Iversen, K.: Effectiveness of 

Adding a Mask Recommendation to Other Public Health Measures to Prevent SARS-CoV-2 

Infection in Danish Mask Wearers, Ann. Intern. Med., 174(3), 335–343, doi:10.7326/M20-6817, 

2021. 

Chen, W., Zhang, N., Wei, J., Yen, H.-L. and Li, Y.: Short-range airborne route dominates exposure 

of respiratory infection during close contact, Build. Environ., 176, 106859, 

doi:10.1016/j.buildenv.2020.106859, 2020. 

Cherrie, J. W., Apsley, A., Cowie, H., Steinle, S., Mueller, W., Lin, C., Horwell, C. J., 

Sleeuwenhoek, A. and Loh, M.: Effectiveness of face masks used to protect Beijing residents 

against particulate air pollution, Occup. Environ. Med., 75(6), 446–452, doi:10.1136/oemed-2017-

104765, 2018. 

Chua, M. H., Cheng, W., Goh, S. S., Kong, J., Li, B., Lim, J. Y. C., Mao, L., Wang, S., Xue, K., 

Yang, L., Ye, E., Zhang, K., Cheong, W. C. D., Tan, B. H., Li, Z., Tan, B. H. and Loh, X. J.: Face 

Masks in the New COVID-19 Normal: Materials, Testing, and Perspectives, Research, 2020, 1–

40, doi:10.34133/2020/7286735, 2020. 

Chughtai, A. A., Seale, H. and MacIntyre, C. R.: Use of cloth masks in the practice of infection 

control – evidence and policy gaps, Int. J. Infect. Control, 9(3), doi:10.3396/IJIC.v9i3.020.13, 

2013. 

Clapp, P. W., Sickbert-Bennett, E. E., Samet, J. M., Berntsen, J., Zeman, K. L., Anderson, D. J., 



 

31 

 

Weber, D. J. and Bennett, W. D.: Evaluation of Cloth Masks and Modified Procedure Masks as 

Personal Protective Equipment for the Public During the COVID-19 Pandemic, JAMA Intern. 

Med., 181(4), 463, doi:10.1001/jamainternmed.2020.8168, 2021. 

Clase, C. M., Fu, E. L., Ashur, A., Beale, R. C. L., Clase, I. A., Dolovich, M. B., Jardine, M. J., 

Joseph, M., Kansiime, G., Mann, J. F. E., Pecoits-Filho, R., Winkelmayer, W. C. and Carrero, J. J.: 

Forgotten Technology in the COVID-19 Pandemic: Filtration Properties of Cloth and Cloth 

Masks—A Narrative Review, Mayo Clin. Proc., 95(10), 2204–2224, 

doi:10.1016/j.mayocp.2020.07.020, 2020. 

Cooper, D. W., Hinds, W. C., Price, J. M., Weker, R. and Yee, H. S.: Common Materials for 

Emergency Respiratory Protection: Leakage Tests with a Manikin, Am. Ind. Hyg. Assoc. J., 44(10), 

720–726, doi:10.1080/15298668391405634, 1983. 

Dato, V. M., Hostler, D. and Hahn, M. E.: Simple Respiratory Mask, Emerg. Infect. Dis., 12(6), 

1033–1034, doi:10.3201/eid1206.051468, 2006. 

Davies, A., Thompson, K.-A., Giri, K., Kafatos, G., Walker, J. and Bennett, A.: Testing the 

Efficacy of Homemade Masks: Would They Protect in an Influenza Pandemic?, Disaster Med. 

Public Health Prep., 7(4), 413–418, doi:10.1017/dmp.2013.43, 2013. 

Drewnick, F., Pikmann, J., Fachinger, F., Moormann, L., Sprang, F. and Borrmann, S.: Aerosol 

filtration efficiency of household materials for homemade face masks: Influence of material 

properties, particle size, particle electrical charge, face velocity, and leaks, Aerosol Sci. Technol., 

55(1), 63–79, doi:10.1080/02786826.2020.1817846, 2021. 

Eikenberry, S. E., Mancuso, M., Iboi, E., Phan, T., Eikenberry, K., Kuang, Y., Kostelich, E. and 

Gumel, A. B.: To mask or not to mask: Modeling the potential for face mask use by the general 

public to curtail the COVID-19 pandemic, Infect. Dis. Model., 5, 293–308, 

doi:10.1016/j.idm.2020.04.001, 2020. 

Esposito, S., Principi, N., Leung, C. C. and Migliori, G. B.: Universal use of face masks for success 

against COVID-19: evidence and implications for prevention policies, Eur. Respir. J., 55(6), 

2001260, doi:10.1183/13993003.01260-2020, 2020. 

Fennelly, K. P.: Particle sizes of infectious aerosols: implications for infection control, Lancet 

Respir. Med., 8(9), 914–924, doi:10.1016/S2213-2600(20)30323-4, 2020. 

Fischer, E. P., Fischer, M. C., Grass, D., Henrion, I., Warren, W. S. and Westman, E.: Low-cost 

measurement of face mask efficacy for filtering expelled droplets during speech, Sci. Adv., 6(36), 

eabd3083, doi:10.1126/sciadv.abd3083, 2020. 

Fisman, D. N., Greer, A. L. and Tuite, A. R.: Bidirectional impact of imperfect mask use on 

reproduction number of COVID-19: A next generation matrix approach, Infect. Dis. Model., 5, 

405–408, doi:10.1016/j.idm.2020.06.004, 2020. 

Gandhi, M. and Rutherford, G. W.: Facial Masking for Covid-19 — Potential for “Variolation” as 

We Await a Vaccine, N. Engl. J. Med., 383(18), e101, doi:10.1056/NEJMp2026913, 2020. 



 

32 

 

Gandhi, M., Beyrer, C. and Goosby, E.: Masks Do More Than Protect Others During COVID-19: 

Reducing the Inoculum of SARS-CoV-2 to Protect the Wearer, J. Gen. Intern. Med., 35(10), 3063–

3066, doi:10.1007/s11606-020-06067-8, 2020. 

Gralton, J., Tovey, E., McLaws, M.-L. and Rawlinson, W. D.: The role of particle size in 

aerosolised pathogen transmission: A review, J. Infect., 62(1), 1–13, 

doi:10.1016/j.jinf.2010.11.010, 2011. 

Guha, S., Herman, A., Carr, I. A., Porter, D., Natu, R., Berman, S. and Myers, M. R.: 

Comprehensive characterization of protective face coverings made from household fabrics, edited 

by S. P. Singh, PLoS One, 16(1), e0244626, doi:10.1371/journal.pone.0244626, 2021. 

Hao, W., Parasch, A., Williams, S., Li, J., Ma, H., Burken, J. and Wang, Y.: Filtration performances 

of non-medical materials as candidates for manufacturing facemasks and respirators, Int. J. Hyg. 

Environ. Health, 229, 113582, doi:10.1016/j.ijheh.2020.113582, 2020. 

Hao, W., Xu, G. and Wang, Y.: Factors influencing the filtration performance of homemade face 

masks, J. Occup. Environ. Hyg., 18(3), 128–138, doi:10.1080/15459624.2020.1868482, 2021. 

Hendrix, M. J., Walde, C., Findley, K. and Trotman, R.: Absence of Apparent Transmission of 

SARS-CoV-2 from Two Stylists After Exposure at a Hair Salon with a Universal Face Covering 

Policy — Springfield, Missouri, May 2020, MMWR. Morb. Mortal. Wkly. Rep., 69(28), 930–932, 

doi:10.15585/mmwr.mm6928e2, 2020. 

Hill, W. C., Hull, M. S. and MacCuspie, R. I.: Testing of Commercial Masks and Respirators and 

Cotton Mask Insert Materials using SARS-CoV-2 Virion-Sized Particulates: Comparison of Ideal 

Aerosol Filtration Efficiency versus Fitted Filtration Efficiency, Nano Lett., 20(10), 7642–7647, 

doi:10.1021/acs.nanolett.0c03182, 2020. 

Howard, J., Huang, A., Li, Z., Tufekci, Z., Zdimal, V., van der Westhuizen, H.-M., von Delft, A., 

Price, A., Fridman, L., Tang, L.-H., Tang, V., Watson, G. L., Bax, C. E., Shaikh, R., Questier, F., 

Hernandez, D., Chu, L. F., Ramirez, C. M. and Rimoin, A. W.: An evidence review of face masks 

against COVID-19, Proc. Natl. Acad. Sci., 118(4), e2014564118, doi:10.1073/pnas.2014564118, 

2021. 

Jarvis, M. C.: Aerosol Transmission of SARS-CoV-2: Physical Principles and Implications, Front. 

Public Heal., 8, doi:10.3389/fpubh.2020.590041, 2020. 

Johnson, G. R., Morawska, L., Ristovski, Z. D., Hargreaves, M., Mengersen, K., Chao, C. Y. H., 

Wan, M. P., Li, Y., Xie, X., Katoshevski, D. and Corbett, S.: Modality of human expired aerosol 

size distributions, J. Aerosol Sci., 42(12), 839–851, doi:10.1016/j.jaerosci.2011.07.009, 2011. 

Jones, R. M. and Brosseau, L. M.: Aerosol Transmission of Infectious Disease, J. Occup. Environ. 

Med., 57(5), 501–508, doi:10.1097/JOM.0000000000000448, 2015. 

Joo, T., Takeuchi, M., Liu, F., Rivera, M. P., Barr, J., Blum, E. S., Parker, E., Tipton, J. H., 

Varnedoe, J., Dutta, B., Lively, R. P. and Ng, N. L.: Evaluation of particle filtration efficiency of 

commercially available materials for homemade face mask usage, Aerosol Sci. Technol., 55(8), 



 

33 

 

930–942, doi:10.1080/02786826.2021.1905149, 2021. 

Kai, D., Goldstein, G.-P., Morgunov, A., Nangalia, V. and Rotkirch, A.: Universal Masking is 

Urgent in the COVID-19 Pandemic: SEIR and Agent Based Models, Empirical Validation, Policy 

Recommendations, [online] Available from: http://arxiv.org/abs/2004.13553, 2020. 

Konda, A., Prakash, A., Moss, G. A., Schmoldt, M., Grant, G. D. and Guha, S.: Aerosol Filtration 

Efficiency of Common Fabrics Used in Respiratory Cloth Masks, ACS Nano, 14(5), 6339–6347, 

doi:10.1021/acsnano.0c03252, 2020. 

Kutter, J. S., Spronken, M. I., Fraaij, P. L., Fouchier, R. A. and Herfst, S.: Transmission routes of 

respiratory viruses among humans, Curr. Opin. Virol., 28, 142–151, 

doi:10.1016/j.coviro.2018.01.001, 2018. 

Kwong, L. H., Wilson, R., Kumar, S., Crider, Y. S., Reyes Sanchez, Y., Rempel, D. and Pillarisetti, 

A.: Review of the Breathability and Filtration Efficiency of Common Household Materials for Face 

Masks, ACS Nano, 15(4), 5904–5924, doi:10.1021/acsnano.0c10146, 2021. 

Leffler, C. T., Ing, E., Lykins, J. D., Hogan, M. C., McKeown, C. A. and Grzybowski, A.: 

Association of Country-wide Coronavirus Mortality with Demographics, Testing, Lockdowns, and 

Public Wearing of Masks, Am. J. Trop. Med. Hyg., 103(6), 2400–2411, doi:10.4269/ajtmh.20-

1015, 2020. 

Leith, D., L’Orange, C. and Volckens, J.: Quantitative Protection Factors for Common Masks and 

Face Coverings, Environ. Sci. Technol., 55(5), 3136–3143, doi:10.1021/acs.est.0c07291, 2021. 

Leung, N. H. L., Chu, D. K. W., Shiu, E. Y. C., Chan, K.-H., McDevitt, J. J., Hau, B. J. P., Yen, 

H.-L., Li, Y., Ip, D. K. M., Peiris, J. S. M., Seto, W.-H., Leung, G. M., Milton, D. K. and Cowling, 

B. J.: Respiratory virus shedding in exhaled breath and efficacy of face masks, Nat. Med., 26(5), 

676–680, doi:10.1038/s41591-020-0843-2, 2020. 

Li, L., Zuo, Z., Japuntich, D. A. and Pui, D. Y. H.: Evaluation of Filter Media for Particle Number, 

Surface Area and Mass Penetrations, Ann. Occup. Hyg., 56(5), 581–594, 

doi:10.1093/annhyg/mes034, 2012. 

Li, L., Niu, M. and Zhu, Y.: Assessing the effectiveness of using various face coverings to mitigate 

the transport of airborne particles produced by coughing indoors, Aerosol Sci. Technol., 55(3), 

332–339, doi:10.1080/02786826.2020.1846679, 2021. 

Liao, M., Liu, H., Wang, X., Hu, X., Huang, Y., Liu, X., Brenan, K., Mecha, J., Nirmalan, M. and 

Lu, J. R.: A technical review of face mask wearing in preventing respiratory COVID-19 

transmission, Curr. Opin. Colloid Interface Sci., 52, 101417, doi:10.1016/j.cocis.2021.101417, 

2021. 

Lindsley, W. G., Blachere, F. M., Beezhold, D. H., Law, B. F., Derk, R. C., Hettick, J. M., 

Woodfork, K., Goldsmith, W. T., Harris, J. R., Duling, M. G., Boutin, B., Nurkiewicz, T., Boots, 

T., Coyle, J. and Noti, J. D.: A comparison of performance metrics for cloth masks as source control 

devices for simulated cough and exhalation aerosols, Aerosol Sci. Technol., 1–18, 



 

34 

 

doi:10.1080/02786826.2021.1933377, 2021. 

Liu, L., Li, Y., Nielsen, P. V., Wei, J. and Jensen, R. L.: Short-range airborne transmission of 

expiratory droplets between two people, Indoor Air, 27(2), 452–462, doi:10.1111/ina.12314, 2017. 

Liu, Y., Ning, Z., Chen, Y., Guo, M., Liu, Y., Gali, N. K., Sun, L., Duan, Y., Cai, J., Westerdahl, 

D., Liu, X., Xu, K., Ho, K., Kan, H., Fu, Q. and Lan, K.: Aerodynamic analysis of SARS-CoV-2 

in two Wuhan hospitals, Nature, 582(7813), 557–560, doi:10.1038/s41586-020-2271-3, 2020. 

MacIntyre, C. R. and Chughtai, A. A.: A rapid systematic review of the efficacy of face masks and 

respirators against coronaviruses and other respiratory transmissible viruses for the community, 

healthcare workers and sick patients, Int. J. Nurs. Stud., 108, 103629, 

doi:10.1016/j.ijnurstu.2020.103629, 2020. 

Marr, L. C., Tang, J. W., Van Mullekom, J. and Lakdawala, S. S.: Mechanistic insights into the 

effect of humidity on airborne influenza virus survival, transmission and incidence, J. R. Soc. 

Interface, 16(150), 20180298, doi:10.1098/rsif.2018.0298, 2019. 

Medicine, I. of: Reusability of Facemasks During an Influenza Pandemic: Facing the Flu, National 

Academies Press, Washington, D.C., 2006. 

Mittal, R., Meneveau, C. and Wu, W.: A mathematical framework for estimating risk of airborne 

transmission of COVID-19 with application to face mask use and social distancing, Phys. Fluids, 

32(10), 101903, doi:10.1063/5.0025476, 2020. 

Morawska, L. and Cao, J.: Airborne transmission of SARS-CoV-2: The world should face the 

reality, Environ. Int., 139, 105730, doi:10.1016/j.envint.2020.105730, 2020. 

Mueller, A. V., Eden, M. J., Oakes, J. M., Bellini, C. and Fernandez, L. A.: Quantitative Method 

for Comparative Assessment of Particle Removal Efficiency of Fabric Masks as Alternatives to 

Standard Surgical Masks for PPE, Matter, 3(3), 950–962, doi:10.1016/j.matt.2020.07.006, 2020. 

Nicas, M., Nazaroff, W. W. and Hubbard, A.: Toward Understanding the Risk of Secondary 

Airborne Infection: Emission of Respirable Pathogens, J. Occup. Environ. Hyg., 2(3), 143–154, 

doi:10.1080/15459620590918466, 2005. 

O’Kelly, E., Arora, A., Pirog, S., Ward, J. and Clarkson, P. J.: Comparing the fit of N95, KN95, 

surgical, and cloth face masks and assessing the accuracy of fit checking, edited by A. Mukherjee, 

PLoS One, 16(1), e0245688, doi:10.1371/journal.pone.0245688, 2021. 

Offeddu, V., Yung, C. F., Low, M. S. F. and Tam, C. C.: Effectiveness of Masks and Respirators 

Against Respiratory Infections in Healthcare Workers: A Systematic Review and Meta-Analysis, 

Clin. Infect. Dis., 65(11), 1934–1942, doi:10.1093/cid/cix681, 2017. 

Pan, J., Harb, C., Leng, W. and Marr, L. C.: Inward and outward effectiveness of cloth masks, a 

surgical mask, and a face shield, Aerosol Sci. Technol., 55(6), 718–733, 

doi:10.1080/02786826.2021.1890687, 2021. 

Pei, C., Ou, Q., Kim, S. C., Chen, S.-C. and Pui, D. Y. H.: Alternative Face Masks Made of 



 

35 

 

Common Materials for General Public: Fractional Filtration Efficiency and Breathability 

Perspective, Aerosol Air Qual. Res., 20(12), 2581–2591, doi:10.4209/aaqr.2020.07.0423, 2020. 

Prather, K. A., Wang, C. C. and Schooley, R. T.: Reducing transmission of SARS-CoV-2, Science 

(80-. )., 368(6498), 1422–1424, doi:10.1126/science.abc6197, 2020. 

Rengasamy, S., Eimer, B. and Shaffer, R. E.: Simple Respiratory Protection—Evaluation of the 

Filtration Performance of Cloth Masks and Common Fabric Materials Against 20–1000 nm Size 

Particles, Ann. Occup. Hyg., 54(7), 789–798, doi:10.1093/annhyg/meq044, 2010. 

Rogak, S. N., Sipkens, T. A., Guan, M., Nikookar, H., Vargas Figueroa, D. and Wang, J.: Properties 

of materials considered for improvised masks, Aerosol Sci. Technol., 55(4), 398–413, 

doi:10.1080/02786826.2020.1855321, 2021. 

van der Sande, M., Teunis, P. and Sabel, R.: Professional and Home-Made Face Masks Reduce 

Exposure to Respiratory Infections among the General Population, edited by M. Pai, PLoS One, 

3(7), e2618, doi:10.1371/journal.pone.0002618, 2008. 

Santarpia, J. L., Rivera, D. N., Herrera, V. L., Morwitzer, M. J., Creager, H. M., Santarpia, G. W., 

Crown, K. K., Brett-Major, D. M., Schnaubelt, E. R., Broadhurst, M. J., Lawler, J. V., Reid, S. P. 

and Lowe, J. J.: Aerosol and surface contamination of SARS-CoV-2 observed in quarantine and 

isolation care, Sci. Rep., 10(1), 12732, doi:10.1038/s41598-020-69286-3, 2020. 

Shakya, K. M., Noyes, A., Kallin, R. and Peltier, R. E.: Evaluating the efficacy of cloth facemasks 

in reducing particulate matter exposure, J. Expo. Sci. Environ. Epidemiol., 27(3), 352–357, 

doi:10.1038/jes.2016.42, 2017. 

Sharma, S., Mishra, M. and Mudgal, S.: Efficacy of cloth face mask in prevention of novel 

coronavirus infection transmission: A systematic review and meta-analysis, J. Educ. Health 

Promot., 9(1), 192, doi:10.4103/jehp.jehp_533_20, 2020. 

Sheets, D., Shaw, J., Baldwin, M., Daggett, D., Elali, I., Curry, E., Sochnikov, I. and Hancock, J. 

N.: An apparatus for nondestructive and rapid comparison of mask approaches in defense against 

infected respiratory aerosols, [online] Available from: http://arxiv.org/abs/2006.02470, 2020. 

Squad, A. S.: Frequently Asked Questions, [online] Available from: 

http://auntiesewingsquad.com/about/#faq, n.d. 

Sunjaya, A. P. and Jenkins, C.: Rationale for universal face masks in public against 

<scp>COVID</scp> ‐19, Respirology, 25(7), 678–679, doi:10.1111/resp.13834, 2020. 

Tellier, R., Li, Y., Cowling, B. J. and Tang, J. W.: Recognition of aerosol transmission of infectious 

agents: a commentary, BMC Infect. Dis., 19(1), 101, doi:10.1186/s12879-019-3707-y, 2019. 

Ueki, H., Furusawa, Y., Iwatsuki-Horimoto, K., Imai, M., Kabata, H., Nishimura, H. and Kawaoka, 

Y.: Effectiveness of Face Masks in Preventing Airborne Transmission of SARS-CoV-2, edited by 

M. J. Imperiale, mSphere, 5(5), doi:10.1128/mSphere.00637-20, 2020. 

Wang, D., You, Y., Zhou, X., Zong, Z., Huang, H., Zhang, H., Yong, X., Cheng, Y., Yang, L., 



 

36 

 

Guo, Q., Long, Y., Liu, Y., Huang, J. and Du, L.: Selection of homemade mask materials for 

preventing transmission of COVID-19: A laboratory study, edited by S. Lanceros-Mendez, PLoS 

One, 15(10), e0240285, doi:10.1371/journal.pone.0240285, 2020. 

Wilson, A. M., Abney, S. E., King, M.-F., Weir, M. H., López-García, M., Sexton, J. D., Dancer, 

S. J., Proctor, J., Noakes, C. J. and Reynolds, K. A.: COVID-19 and use of non-traditional masks: 

how do various materials compare in reducing the risk of infection for mask wearers?, J. Hosp. 

Infect., 105(4), 640–642, doi:10.1016/j.jhin.2020.05.036, 2020. 

Yan, J., Grantham, M., Pantelic, J., Bueno de Mesquita, P. J., Albert, B., Liu, F., Ehrman, S. and 

Milton, D. K.: Infectious virus in exhaled breath of symptomatic seasonal influenza cases from a 

college community, Proc. Natl. Acad. Sci., 115(5), 1081–1086, doi:10.1073/pnas.1716561115, 

2018. 

Yao, M., Zhang, L., Ma, J. and Zhou, L.: On airborne transmission and control of SARS-Cov-2, 

Sci. Total Environ., 731, 139178, doi:10.1016/j.scitotenv.2020.139178, 2020. 

Zangmeister, C. D., Radney, J. G., Vicenzi, E. P. and Weaver, J. L.: Filtration Efficiencies of 

Nanoscale Aerosol by Cloth Mask Materials Used to Slow the Spread of SARS-CoV-2, ACS Nano, 

14(7), 9188–9200, doi:10.1021/acsnano.0c05025, 2020. 

Zhang, R., Li, Y., Zhang, A. L., Wang, Y. and Molina, M. J.: Identifying airborne transmission as 

the dominant route for the spread of COVID-19, Proc. Natl. Acad. Sci., 117(26), 14857–14863, 

doi:10.1073/pnas.2009637117, 2020. 

Zhao, M., Liao, L., Xiao, W., Yu, X., Wang, H., Wang, Q., Lin, Y. L., Kilinc-Balci, F. S., Price, 

A., Chu, L., Chu, M. C., Chu, S. and Cui, Y.: Household Materials Selection for Homemade Cloth 

Face Coverings and Their Filtration Efficiency Enhancement with Triboelectric Charging, Nano 

Lett., 20(7), 5544–5552, doi:10.1021/acs.nanolett.0c02211, 2020. 

 

 

 

  



 

37 

 

Supplementary   

 

Figure S1. Particle concentration measured during an example fit testing exercise cycle. The CPC 

alternates between measuring room air and sample air from behind the mask for exercises 1 to 8. The 

variability in room air particle concentration during this test session is comparable to that observed 

during other tests.  

 



 

38 

 

 

Figure S2. The locations of the following facial measurements are shown in this figure: (a) face height, 

(b) jaw width, (c) head circumference, (d) nose length, (e) nose width, (f) distance from nose to chin, 

(g) ear-chin length, (h) ear-bridge length, and (i) ear-nose length. Modified and used by licensed 

permission of Freepik Company, S.L, from Nicelook - Freepik.com (2021). 
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Figure S3. The location of (a) jaw and (b) nose angle facial measurements extracted from profile 

pictures of participants in this study. The nose angle A is commonly referred to as the nasofacial angle. 

Modified and used by licensed permission of Freepik Company, S.L, from Nicelook - Freepik.com 

(2021). 

 

Table S1. Average overall fit factors for different UVH mask sizes. The masks were constructed with 

QCW_QCW materials, 7" ears, and 4" Al wire.  

UVH Average OFF P1 P2 P3 P4 P5 

Small    1.83 1.99 1.83 

Medium 2.59 1.85 1.82 2.10  

Large 2.18 2.04    

Participants 1-4 selected 2 sizes of UVH masks for basic mask tests, from Small, Medium, and 

Large (S, M, L) sizes, and for Participants 2-4 the best performing mask size was chosen for tests 

with variations on materials (L, M, M respectively). Participant 2 was later switched to the M size 

mask when stiffer mask combinations suggested that the M size was more appropriate to their face. 

Although Participant 1 tested better on the initial M size mask, L was used for all subsequent testing 

due to their larger face size, and Participant 5 tested only size S due to having a smaller face size. 
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Figure S4. Comparison of pressure drop curves for material combinations that have different quilt 

cotton materials. Almost all of the material combinations with QCP have a slightly higher pressure 

drop as opposed to those with QCB, which indicates that material combinations with QCB are more 

breathable. However, there is not a noticeable trend of higher fit factors for masks with QCB material 

combinations, so it is assumed that the pressure drop difference is negligible. 
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Table S2: Fit test exercise descriptions (From OSHA Respiratory Protection Standard 29 CFR 

1910.134 and the PortaCountPro manual). 

Exercise Name Description 

1.   Normal breathing Remain still and breathe as usual. 

2.   Deep breathing Take long deep breaths as if working hard. Do not overdo it. 

3.   Head side to side Breathe normally while slowly turning the head from side to side. Turn far enough to each 

side to stretch the neck muscles. Each cycle from left to right should take several seconds, 

pausing momentarily at each side to take a breath. 

4.   Head up and down Breathe normally while slowly alternating between looking up at the ceiling and down at 

the floor. Each up and down cycle should take several seconds. 

5.   Talking out loud Read a prepared paragraph or count out loud to simulate the workplace. 

6.   Grimace Grimace by smiling and/or frowning to create a leak in the respirator face seal. This 

exercise will often result in a failed fit factor, which is why the OSHA standard allows you 

to exclude that fit factor when computing the overall fit factor. When performing the 

grimace, you are intentionally creating a break in the face seal in order to see if the mask 

reseals itself afterwards. Successful re-sealing is proven by achieving a passing fit factor 

on the next exercise. 

Notes: The OSHA protocol includes special provisions for the grimace exercise. It is 

allowed to be 15 seconds long and the resulting fit factor may be discarded (excluded) 

before calculating the overall fit factor. This is allowed because the grimace exercise is 

done to intentionally break the face seal in order to make sure the mask reseals itself before 

the next exercise. 

7.   Bend and touch toes Bend at the waist as if you were touching your toes while breathing normally. 

8.   Normal breathing Remain still and breathe as usual. 
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S1. Mask Construction Specifications 

Due to the scarcity of certain materials in March - May 2020, there were limitations in what 

materials could be purchased for testing, and cotton knit in particular was nearly impossible to find 

due to the CDC recommending cotton knit be used in face masks as a filtration layer. However, a 

large donation from an anonymous individual was secured, and the cotton knit was confirmed to 

not be a synthetic blend by a flame test. For quilting cotton, entire bolts were purchased. However, 

when those ran out, equivalent bolts from the same brand and fabric type were purchased to 

continue the experiments. Elastic was 6 mm (¼”), and ties were made from 5 cm (2”) wide strips 

of fabric folded and pressed to 1.25 cm (½”) width. “Stiff” nose wires were made from 11-gauge 

aluminum electric fence wire, and “soft” nose wires were obtained from disposable surgical masks 

that were cut up for testing and used inside of some masks. 

 

S2. Clarification of Methods and Data Analysis  

An automated valve with an on/off switch controlled by the participants alternated between 

sampling room air and air from behind the mask for preset amounts of time (60 seconds room air, 

90 seconds behind the mask). A sampling delay in the tubing was assumed, for data analysis 

purposes, to be 5 seconds when starting a new exercise and 12 seconds when switching to measure 

room air. Tubing lengths were approximately the same for both behind the mask and room air 

sampling pathways, therefore the particle losses in the tubing were assumed to be equivalent for 

both pathways. The time difference between the CPC and the clock used to record the times of each 

measurement was routinely monitored and accounted for in data analyses because the two clocks 

were found to gradually drift apart over time. Although the ambient room particle concentrations 
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were found to change throughout the testing sessions, the change was slow and not significant 

enough to influence the interpretation of the measurements. 

 

A minimum of 6 exercises with data in a cycle was required in order for the cycle to be included in 

data analysis (for OFF with the grimace included).  

 

% 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑 =  1 −  
1

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐹𝑖𝑡 𝐹𝑎𝑐𝑡𝑜𝑟
                                                                                     (S1) 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐹𝑖𝑡 𝐹𝑎𝑐𝑡𝑜𝑟 =  
𝑛(# 𝑒𝑥𝑒𝑟𝑐𝑖𝑠𝑒𝑠)

1

𝐹𝐹1
+

1

𝐹𝐹2
+

1

𝐹𝐹3
+...+

1

𝐹𝐹𝑛−1
+

1

𝐹𝐹𝑛

                                                                                    (S2) 

 

Equation to calculate face velocity given flow rate and material area: 

𝐹𝑎𝑐𝑒 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (
𝑐𝑚

𝑠
)  =  

𝐿

𝑚𝑖𝑛
⋅
1000 𝑐𝑚3

𝐿
⋅

𝑚𝑖𝑛

60 𝑠
⋅

1

𝑎𝑟𝑒𝑎 𝑐𝑚2
                                                                             (S3)  

  

 




