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Abstract

SARS-CoV-2 spreads by infectious aerosols and droplets from the respiratory tract. Masks and 

respirators can reduce the transmission of infectious respiratory diseases by collecting these 

aerosols at the source. The ability of source control devices to block aerosols can be tested 

by expelling an aerosol through a headform using constant airflows, which are simpler, or 

cyclic airflows, which are more realistic but require more complex methods. Experiments with 

respirators found that using cyclic vs. constant flows affected the amount of aerosol inhaled, but 

similar comparisons have not been made for source control devices with exhaled aerosols. We 

measured the collection efficiencies for exhaled aerosols for two cloth masks, two medical masks 

with and without an elastic mask brace, a neck gaiter, and an N95 filtering facepiece respirator 

using 15 L/min and 85 L/min constant and cyclic flows and a headform with pliable skin. The 

collection efficiencies for the 15 L/min cyclic flow, 15 L/min constant flow, and 85 L/min constant 

flow were not significantly different in most cases. The apparent collection efficiencies for the 85 

L/min cyclic flow were artificially increased by rebreathing and refiltration of the aerosol from the 

collection chamber. The collection efficiencies correlated well with the fit factors (ρ > 0.95) but 

not the filtration efficiencies (ρ < 0.54). Our results suggest that the aerosol collection efficiency 

measurements of source control devices are comparable when testing the devices using either 

constant or cyclic airflows and that the potential for aerosol rebreathing must be considered when 

conducting experiments.
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Introduction

SARS-CoV-2, the virus that causes coronavirus disease 2019 (COVID-19), is spread 

primarily by aerosols and droplets of respiratory fluids that are expelled by infected people 

when they cough, breathe, talk, sing and sneeze (Adenaiye et al. 2022; CDC 2022; Klompas 

et al. 2021; Tellier 2022; Wang et al. 2021). To reduce the transmission of SARS-CoV-2, 

public health agencies have recommended a variety of non-pharmaceutical interventions, 

including increased ventilation and air filtration, physical distancing, limiting occupancy of 

indoor spaces, and the universal wearing of well-fitting face masks, respirators, or other 

types of face coverings (called universal masking) (CDC 2021b; WHO 2022). Masks 

and other face coverings reduce the spread of infectious respiratory diseases primarily 

by reducing the amount of aerosols and droplets that are expelled by the wearer into 

the environment (called source control) (CDC 2021a). Masks also provide some personal 

protection to the wearer, although respiratory protective devices such as N95 filtering 

facepiece respirators are far more effective (Lawrence et al. 2006; Oberg and Brosseau 

2008; Pan et al. 2021).

Universal masking has been shown to help reduce the spread of COVID-19 (CDC 2021a; 

Chou, Dana, and Jungbauer 2022). A study in California found that consistent use of a 

cloth face mask reduced the likelihood of a positive SARS-CoV-2 test result by 56%, while 

a surgical mask lowered it by 66% and an N95 filtering facepiece respirator reduced the 

likelihood by 83% (Andrejko et al. 2022). An Arizona study found that schools without 

mask requirements were 3.5 times more likely to experience a COVID-19 outbreak than 

schools that had mask requirements (Jehn et al. 2021). In Kansas, counties with mask 

mandates had lower incidence rates of COVID-19 (Van Dyke et al. 2020), and a study of ten 

U.S. states found that state-wide mask mandates were associated with a lower growth rate in 

weekly COVID-19 associated hospitalizations compared with states without such mandates 

(Joo et al. 2021).

During the COVID-19 pandemic, hundreds of studies on different aspects of the source 

control and personal protective performance of masks and respirators have been published 

using a wide range of techniques and test conditions. These studies have shed light on 

many different facets of the use of masks as source control devices, but variations in the 

test methods and study quality make it difficult to compare the results of different studies 

(Brosseau et al. 2021; Stettler et al. 2022). One common group of experimental methods 

are those that test source control and personal protective devices on manikin headforms 

(Bergman et al. 2015; Smith et al. 2016). For respiratory protective devices, headforms are 

frequently used for research and to perform certification testing, and the equipment and test 

methods are widely available (ISO 2016). The personal protection offered by a respirator or 

other device is typically tested by generating an aerosol in the environment surrounding the 

headform and comparing the aerosol concentration in the environment to that at the mouth 

of the headform inside the respirator. The reduction in aerosol concentration in the inhaled 

air due to the respirator is used to calculate the fit factor (Janssen and McKay 2017; OSHA 

2004). The purpose of this type of testing is to determine how well the device protects the 

wearer from environmental aerosols.
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Source control device testing using headforms is different from respiratory protection 

testing. Source control devices like masks are typically tested by placing the device on a 

headform, coughing or exhaling a simulated respiratory aerosol out of the mouth of the 

headform, and measuring how much of the aerosol travels through or around the mask 

and enters the environment (Freeman et al. 2022; Lindsley et al. 2021a; Lindsley et al. 

2021b; Pan et al. 2021; Zhang et al. 2022). For source control testing, the goal is to 

determine how well the mask suppresses the release of aerosols from the wearer into the 

environment rather than how well the mask protects the wearer. Source control simulation 

studies using headforms have the advantages of controllability and reproducibility compared 

with human studies, although they also have the disadvantage that human faces come in a 

much wider variety of shapes and sizes than do headforms. One study comparing fit test 

results for humans and headforms found that the variability seen in the human tests was 

higher than was seen with headforms (Krishnan et al. 1994). Using headforms also allows 

examination of the effects of mask and respirator fit and face seal leakage (Freeman et al. 

2022; Lawrence et al. 2006; Lindsley et al. 2021b), which is not possible with studies that 

seal the mask material to a test fixture.

During normal tidal breathing, the airflow at the mouth is cyclic (inhalation followed by 

exhalation) and is typically modeled as sinusoidal. Some tests of source control devices 

like masks have used simulated cyclic breathing to reproduce the airflow that would be 

seen when a person was wearing the device (Lindsley et al. 2021a; Lindsley et al. 2021b; 

Patel et al. 2016; Zhang et al. 2022). Others have used a constant unidirectional airflow 

(Freeman et al. 2022; Pan et al. 2021; Rothamer et al. 2021; Ueki et al. 2020). ASTM 

International released Standard F3502-21, Standard Specification for Barrier Face Coverings 

(ASTM 2021), which specifies testing the filtration efficiency of mask materials using a 

constant flowrate of 85 liters/minute (this is the same flowrate as is used in the United 

States for certification of filtering facepiece respirators). Testing source control devices 

using a constant flowrate has several advantages. Using a constant airflow rate makes the 

test apparatus considerably simpler and less expensive. Constant airflows are easier to 

control and monitor during testing, and calibration is much simpler. Using a constant airflow 

and constant aerosol generation rate allows measurements to be made under steady-state 

conditions, which eliminates the need to characterize transient fluctuations in airflow and 

aerosol concentration. Performing measurements under steady-state conditions is preferred 

for certification testing because the measurements tend to be more reproducible and have 

less variability, which improves quality control. However, a constant airflow condition is not 

the same as the cyclic airflow that occurs when masks are worn by people. Aerosol behavior 

under a constant flowrate condition could be expected to be different than the behavior of 

aerosols during a cyclic flow since filtration efficiencies vary with flowrate and since the 

flow patterns could be quite different. Thus, the question of how source control performance 

measurements made using a constant airflow system compare with those found using a more 

physiological cyclic airflow needs to be examined.

Although comparisons of the performance of source control devices using cyclic and 

constant airflows have not been reported, such comparisons have been done for the 

filtration efficiencies of respiratory protective devices. Brosseau, Ellenbecker, and Evans 

(1990) studied penetration of silica and asbestos through elastomeric half-mask respirators 
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and found that filtration efficiencies were lower under cyclic flow than under steady 

flow. Eshbaugh et al. (2009) tested N95 and P100 filter cartridge and filtering facepiece 

respirators and found that the filtration efficiency was lower for cyclic flows at a given 

minute ventilation rate compared with constant flows at that rate. Rengasamy et al. (2009) 

studied the respiratory protection offered by five models of surgical masks and found 

that filtration efficiency measured under cyclic flow conditions had good correlations with 

measurements under constant flow, and that filtration efficiencies tended to be lower at 

higher flowrates. He et al. (2014) found that, for an elastomeric half-mask respirator 

with P100 filter cartridges, the breathing flowrate was more important than the breathing 

frequency when measuring the total inward leakage (TIL). Bahloul et al. (2014) studied the 

penetration of ultra-fine aerosols through N95 filtering facepiece respirators and reported 

that filtration efficiencies measured using a constant flow were higher than those found 

using a cyclic flow with the equivalent minute ventilation rate but lower than those found 

using a cyclic flow with the equivalent peak ventilation rate. Together, these results show 

that differences exist between respiratory protection measurements made using constant and 

cyclic flow regimes, which suggests that such differences could occur with source control 

performance testing as well.

The purpose of this paper is to compare measurements of the source control performance of 

masks and N95 filtering facepiece respirators under cyclic and constant airflow conditions 

and at different airflow rates. These results will help in developing better test methods for 

research and certification testing and will assist in comparing test results obtained under 

different test conditions.

Materials and methods

Summary

A source control measurement system was used to measure the efficacy of two cloth face 

masks, two medical masks with and without an elastic mask brace, a neck gaiter, and an 

N95 filtering facepiece respirator as source control devices for simulated respiratory aerosols 

(Figure 1). With this system, the aerosol flows from the inside of the mask toward the 

outside; that is, the aerosol flows in the same direction as it would flow during an exhalation 

by a person wearing the source control device. Four samples of each source control device 

were tested under four consecutive airflow conditions: cyclic breathing at 15 liters/minute 

(L/min), cyclic breathing at 85 L/min, constant outward airflow at 15 L/min, and constant 

outward airflow at 85 L/min. Each experiment began by placing the source control device 

on the headform and performing a fit test. The measurement system collection chamber was 

then sealed, and the cyclic or constant airflow and the aerosol generation were initiated. 

The aerosol concentration in the collection chamber was measured using an optical particle 

spectrometer (OPS). The source control collection efficiency was determined by comparing 

the steady-state concentration of aerosol particles in the collection chamber when the source 

control device was worn with the concentration when no source control device was used.
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Source control devices

In this study, “cloth mask” refers to a face mask constructed from woven or knitted textiles 

that is not a surgical mask or respirator. A “neck gaiter” is a knitted fabric tube that encircles 

the head and neck. “Medical mask” refers to a disposable mask made of non-woven polymer 

textiles that is held on the face with elastic ear loops; these are also commonly called 

“procedure masks” or “isolation masks.” Commercial manufacturers often refer to medical 

masks held on by ear loops as procedure or isolation masks and masks that tie behind 

the head as surgical masks, but the U.S. Food and Drug Administration uses the term 

“surgical mask” to describe all types of regulated masks that are used for performing 

medical procedures (FDA 2004). Cloth masks, neck gaiters, and medical masks typically 

fit loosely and may not protect the wearer from aerosol particles. A “respirator”, such as 

an N95 filtering facepiece respirator, is a personal protective device that is constructed of 

materials with a high filtration efficiency. A respirator is designed to fit tightly to the face 

and protect the wearer from airborne particulate matter. A filtering facepiece respirator, or 

FFR, is a disposable respirator where the body is composed of the filtration material (as seen 

in the online supplemental information [SI], Figure S1), as versus an elastomeric half or full 

facepiece respirator with filter cartridges. In the United States, respirators must be approved 

by the National Institute for Occupational Safety and Health (NIOSH) under 42 CFR Part 84 

(NIOSH 1995).

For this study, two medical masks, two cloth masks, one neck gaiter and one N95 filtering 

facepiece respirator were selected to provide a range of source control collection efficiencies 

(Table 1). For the source control tests, each device was placed on the headform as it would 

normally be worn by a person. Photographs of the source control devices on the headform 

are shown in the online SI (Figure S1). The neck gaiter was folded over to provide two 

layers of fabric. The medical masks were tested both as normally worn and with an elastic 

mask brace (Fix the Mask, FTM Corporation) placed over the perimeter of the medical mask 

to reduce face seal leakage and improve the source control performance (Blachere et al. 

2022).

Fit factor and fit efficiency

Before the source control tests were performed, the manikin fit factor (Janssen and McKay 

2017) was measured by performing a respirator fit test (Bergman et al. 2015) for each 

device using a respirator fit tester (PortaCount® Pro + Model 8038, TSI, Shoreview, MN, 

USA). The PortaCount was used in Class 100 mode (also called N99 mode), in which the 

tester measures the concentration of aerosol particles from 0.02 to 1.0 mm at the mouth of 

the headform (inside the source control device) and in the ambient air (outside the device) 

(TSI 2010). The aerosol was generated using a 1% potassium chloride (KCl) solution in 

a medical nebulizer (Hospitak Up-Mist, Unomedical) at 34 kPa (5 lbs/in2) air pressure. 

Aerosol samples at the mouth of the headform were collected through a sampling port in 

the headform; thus, it was not necessary to install a sample port in the source control device 

as is done when performing fit tests with people. Fit tests were performed with the system 

cyclically breathing at 36 L/min. The fit factor (FF) was calculated as (OSHA 2004; TSI 

2015):
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FF = CB + CA
2CR

Where:

CB = particle concentration in an ambient aerosol sample collected before the mask sample 

was taken.

CA = particle concentration in an ambient aerosol sample collected after the mask sample 

was taken.

CR = particle concentration in the aerosol sample collected at the mouth inside the source 

control device.

To allow a direct comparison between the source control collection efficiency and the fit, 

the fit factor was transformed to the fit efficiency (FE) by the formula FE = 1 − 1/FF. 

The fit efficiency is the fraction of the ambient aerosol that is removed from the air during 

inhalation.

Measurement system for source control of respiratory aerosols

The effectiveness of source control devices at blocking aerosols produced during cyclic 

breathing and constant airflow exhalation were determined using a modified version of the 

custom-built respiratory aerosol source control measurement system described previously 

(Lindsley et al. 2021b; Lindsley et al. 2021c). The differences between the previous system 

and the current one are explained in detail in the online SI. The system includes a breathing 

aerosol simulator, a manikin headform, a 136 L aerosol collection chamber, and an optical 

particle spectrometer (OPS; Model 3330, TSI) to measure the aerosol concentration (Figure 

1). The manikin headform (Hanson Robotics, Plano, TX, USA) used in the study has pliable 

skin that mimics the elastic properties of human skin in order to create a realistic simulation 

of how each source control device would fit a human face (Bergman et al. 2014).

The test aerosol was produced using a solution of 1% KCl in a single-jet Collison nebulizer 

(BGI, Butler, NJ, USA) at 69 kPa (10 lbs./in2), which produced a flowrate of 1.5 L/min. 

The aerosol passed through a diffusion drier (Model 3062, TSI), mixed with dry filtered 

air (diluent air), and was neutralized using a bipolar ionizer (Model HPX-1, Electrostatics, 

Hatfield, PA, USA).

For the cyclic breathing tests, the 1.5 L/min of aerosol was mixed with 13.5 L/min of diluent 

air, and the 15 L/min diluted aerosol then flowed into the elastomeric bellows. The bellows 

was driven by a linear motor to produce the 15 or 85 L/min sinusoidal breathing pattern. 

The cyclic breathing flowrate was calibrated using an ultrasonic spirometer (Easy-on PC, 

ndd Medical Technologies) at the mouth of the simulator (Figure S2). A vacuum scavenger 

port near the mouth of the headform withdrew 15 L/min of air to balance the 15 L/min input 

so that the airflow in and out of the mouth was due only to the inhalation and exhalation 

produced by the bellows (that is, the system had a net airflow of zero from the mouth over 

a complete inhalation-exhalation cycle; Figure S3). A vacuum line with a filter removed 
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91 L/min of air at the base of the chamber and an additional 1 L/min was drawn by the 

optical particle spectrometer for a total of 92 L/min. Room air was passively drawn into the 

collection chamber through one-way air valves above the headform to balance the airflow. 

In addition, the lower section of the collection chamber had a neoprene rubber wall that was 

able to flex in and out when the exhalation airflow exceeded the rate of air removal so that 

air was not forced out of the chamber.

For the 15 L/min constant airflow tests, 15 L/min of diluted aerosol flowed into the 

elastomeric bellows. However, the bellows was kept compressed and stationary during 

the experiments and the vacuum scavenger at the mouth was not used. Thus, there was a 

constant 15 L/min airflow out of the mouth of the headform during the test. Similarly, for the 

85 L/min constant airflow tests, the 1.5 L/min of aerosol from the nebulizer was mixed with 

41 L/min of diluent air, and the 42.5 L/min of diluted aerosol then flowed into the bellows. 

An additional 42.5 L/min of diluent air was introduced into the bellows through a separate 

port and mixed with the diluted aerosol to give a total of 85 L/min outward airflow from 

the mouth. As with the cyclic breathing experiments, the vacuum line with a filter removed 

91 L/min of air and the OPS remove 1 L/min at the base of the chamber. The airflow was 

balanced by drawing in room air through one-way valves at the top of the chamber (Figure 

S4).

During the experiments, the OPS reported the aerosol particle number concentration (# 

particles/cm3) at 1 Hz in 16 logarithmically spaced size bins from 0.3 to 10 mm. Since the 

OPS only measured a sample of the total aerosol in the chamber, a small fan was added to 

the chamber below the mouth of the headform to mix the aerosol coming from the headform 

with the air in the chamber.

Source control collection efficiency measurement

After the source control device was placed on the headform and the fit test was performed, 

each experiment began by measuring the background aerosol concentration inside the 

collection chamber for 15s. The cyclic breathing or constant airflow and the aerosol 

generation were then initiated and continued for 20 min. The control experiments with 

no source control device indicated that the aerosol concentration reached a steady-state in 

8.2 min or less (data not shown), so the data from the first 10 min of operation was not 

used and the steady-state concentration was calculated based on the average concentration 

during the second 10 min of operation minus the background aerosol concentration. The 

particle concentration data was checked to verify that the chamber aerosol concentration did 

not exceed 3000 particles/cm3, which is the upper concentration limit for the OPS.

The mass or volume concentration of a respiratory aerosol provides a better description of 

the amount of virus contained in the aerosol than does the number concentration because, 

if the virus is evenly distributed in the respiratory tract fluids, then the amount of virus in 

the aerosol is proportional to the total volume of the aerosol particles, not the total number 

of particles. A detailed explanation of why mass or volume concentration is the appropriate 

metric for airborne respiratory pathogens rather than number concentration is given in the 

online SI for Lindsley et al. (2019). For this reason, the source control collection efficiency 

was calculated based on the aerosol mass concentration, not the number concentration.
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The mass of the aerosol in each size bin per cm3 of air (mass concentration) was calculated 

by multiplying the particle count by the volume of an individual particle based on the 

volume-weighted mean diameter of the size bin (assuming the particles were spherical) 

and by 1.984 g/cm3 (the density of KCl). Note that this conversion from particle counts to 

particle mass is commonly used but is an approximation. The total aerosol mass/cm3 (total 

aerosol mass concentration) was found by summing the aerosol mass concentrations for all 

the size bins.

The source control performance, or source control collection efficiency, of a source control 

device like a face mask is defined as the fraction of the mass of the respiratory aerosol that 

is blocked from entering the environment around the wearer. For example, if 80% of the 

mass of the exhaled aerosol is blocked by a face mask and 20% of the aerosol mass flows 

through or around the mask into the air around the wearer, then the mask is said to have a 

source control collection efficiency of 80%. The performance of each source control device 

was evaluated by calculating the collection efficiency as:

Collection efficiency = 1 − Mdevice

Mcontrol
(3)

Where:

Mdevice = average total mass concentration when testing the source control device.

Mcontrol = average total mass concentration while not wearing a source control device.

Filtration efficiency and airflow resistance measurements

The filtration efficiency of the source control device is the fraction of the test aerosol that is 

collected as the aerosol passes through the device material. For example, if 70% of the test 

aerosol is collected by the device material and 30% of the aerosol passes through it, then 

the filtration efficiency is 70%. The source control device was sealed to a fixture during the 

filtration efficiency tests. Thus, the filtration efficiency is a property of the device material 

and does not include any effects of leaks between the edge of the device and the face of the 

wearer (face seal leakage).

The filtration efficiency and airflow resistance were measured with automated filter testers 

(Models 8130 and 8130 A, TSI) using a modified version of the NIOSH standard testing 

procedure (STP) (NIOSH 2019). Material samples were secured to a test plate using 

beeswax. Under the modified STP, samples were tested at ambient temperature and humidity 

but were not conditioned before testing, and sample testing was limited to 10 min. The 

device to be tested was oriented in the filter tester so that the air and aerosol flowed from 

the exterior of the device toward the interior (that is, as if the wearer were inhaling, which 

is the same direction as when testing a respirator as a personal protective device). The 

challenge aerosol was generated using a 2% sodium chloride (NaCl) solution in distilled 

water, conditioned to 25 °C and 30% relative humidity and neutralized to the Boltzmann 

equilibrium state. The challenge aerosol had a count median diameter of 75 nm ± 20 nm, 

a mass mean diameter of 260 nm and a geometric standard deviation (GSD) ≤ 1.86 (TSI 
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8130 A specifications). The automated filter tester compares particle mass concentration 

readings from upstream and downstream using light-scattering laser photometers to calculate 

the material filtration efficiency. An electronic pressure transducer measures the pressure 

difference across the material sample to indicate airflow resistance. Tests were performed 

with a constant airflow of 85 L/min.

Experimental design and data analysis

Four samples of each source control device were tested for their source control collection 

efficiency. Each device sample was used for four consecutive source control experiments 

under each of the four different flow conditions, for a total of 32 samples and 128 source 

control experiments. To randomize the testing, the order of the flow conditions was rotated 

among the four samples. The fit factor of each device sample was measured once before 

beginning the four source control tests for a total of 32 fit factor measurements. Because the 

filtration efficiency and airflow resistance tests used a different experimental apparatus and 

were destructive, those tests were performed on different samples from the source control 

and fit factor tests. The filtration efficiency and airflow resistance tests were performed on 

three samples each of the Nam Anh medical masks, Winner medical masks, Badger cloth 

masks, and Buff neck gaiters, and on ten Hanes cloth masks and twenty 3 M 9210 N95 

respirators.

Statistical significance was assessed via a paired t-test with a Bonferroni correction for 

multiple comparisons. For this, normality of the data was tested using a Shapiro test on 

each mask type-flow condition combination, and all but the Nam medical mask with the 

elastic mask brace passed. The data for the Nam medical mask with the elastic mask brace 

was further assessed visually with a QQ-plot and deemed to be acceptable for normality. 

The Spearman correlation coefficient q was used due to the nonlinear relationship between 

Collection Efficiency and both the Filtration Efficiency and the Fit Factor. All analyses were 

performed in R (v 4.1.2) in Rstudio (R Core Team 2022).

Results

Aerosol size distributions

A graph of the mass-based aerosol particle concentrations vs. particle optical diameter 

for the four flow conditions with no source control device is shown in Figure 2. The 

aerosol size distribution characteristics for each test aerosol are shown in Table 2. The total 

aerosol particle mass concentration ranged from an average of 519 μg/m3 for the 85 L/min 

constant flow condition to 1088 μg/m3 for the 15 L/min constant flow condition. The means, 

medians, and geometric standard deviations of the aerosol size distributions were similar for 

all four airflow conditions.

Source control collection efficiencies under different airflow conditions

The collection efficiencies of the different source control devices are shown in Figure 3 and 

Table 3. The collection efficiencies for the 15 L/min cyclic breathing, 15 L/min constant 

airflow, and 85 L/min constant airflow were similar for each device, while the collection 

efficiency results for the 85 L/min cyclic breathing were consistently higher (this was likely 
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an artifact due to recirculation of the test aerosol as explained in the Discussion section). The 

collection efficiencies for the 15 L/min cyclic breathing were not significantly different from 

the 15 L/min constant airflow for all devices except the N95 filtering facepiece respirator 

and the Winner Medical mask (Table 4). Similarly, the collection efficiencies for the 15 

L/min constant airflow and the 85 L/min constant airflow were not significantly different 

except for the Winner Medical mask (Table 4). The collection efficiencies for the different 

airflow conditions were closer to each other for source control devices with higher collection 

efficiencies such as the N95 filtering facepiece respirator compared with devices with lower 

collection efficiencies such as the Hanes cloth mask.

Source control collection efficiency vs. fit and filtration efficiency

The fit factor of each source control device was measured before it was tested under the 

four airflow conditions (Table 3). Figure 4 shows the correlations between the source control 

efficiencies under different airflow conditions and the fit. For all airflow conditions, the 

collection efficiency and fit factor were well-correlated, with correlation coefficients of ρ > 

0.95 (Table 5).

The filtration efficiencies of the source control device materials were also compared to 

the source control collection efficiencies (Figure 5). The correlations between filtration 

efficiency and collection efficiency were much lower than those seen between the fit 

efficiency and collection efficiency, with correlation coefficients from 0.49 to 0.54 (Table 

5).

Source control collection efficiency vs. particle size

Figure 6 shows the relationship between the source control collection efficiency and the 

particle optical diameter for the neck gaiter. For all airflow conditions, the collection 

efficiency increased as the particle diameter increased. Similar results were seen for the 

other source control devices (Figure S6 in the online SI) except for the N95 filtering 

facepiece respirator, which had very high collection efficiencies for all particle sizes.

Discussion

The urgent need for effective non-pharmaceutical interventions to reduce the spread of 

COVID-19 stimulated considerable interest in face masks and other types of source control 

devices for aerosols produced from the respiratory tract. The global adoption of mask 

wearing led to an explosion of new types of commercial and homemade masks using a wide 

variety of designs and materials. Scientific research into the many aspects of the design 

and performance of source control devices also rapidly expanded using a broad range of 

experimental techniques.

Manikin headforms and breathing simulators can be used to better understand the effects 

of different design parameters such as filtration efficiency, airflow resistance and face 

seal leakage on the performance of respiratory protective devices and source control 

devices. Headforms with breathing simulators have the advantage of providing controlled, 

reproducible experimental conditions that make it easier to isolate and understand the effects 

of specific characteristics. However, the use of simulation devices such as headforms and 
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breathing simulators also has important limitations that are not always considered or even 

recognized. For example, when used with respiratory protective devices, headforms with 

rigid surfaces often have much greater face seal leakage than is seen with humans (Bergman 

et al. 2014). With rare exceptions, headforms also do not produce facial movements, which 

can affect the fit of a respiratory protective device (Bergman et al. 2014). For source control 

device testing, the test aerosols almost always have much narrower size ranges than the very 

broad size range of aerosols and droplets that can be produced by humans (Fennelly 2020; 

Gralton et al. 2011). With any simulation system, it is important to identify limitations such 

as these and carefully consider how those limitations may affect the relationship between the 

simulation results and the actual phenomena that are being studied (Stettler et al. 2022).

The purpose of this investigation was to examine one aspect of testing source control devices 

on headforms: the effects of using a constant airflow versus cyclic breathing. Constant 

airflows present several advantages in testing by simplifying the equipment and procedures 

and enhancing the controllability and reproducibility of the experiments. Constant airflows 

are used when certifying respiratory protective devices (Corbin et al. 2021; NIOSH 2019; 

Rengasamy et al. 2017), for medical mask testing (ASTM 2017; ASTM 2019; Corbin et 

al. 2021; Rengasamy et al. 2017), and for source control device testing (ASTM 2021). 

However, past studies of respiratory protective devices have seen differences in results when 

comparing constant flows and cyclic flows (Bahloul et al. 2014; Brosseau, Ellenbecker, and 

Evans 1990; Eshbaugh et al. 2009; He et al. 2014), which suggests that differences might be 

seen during source control device testing as well.

As can be seen in Figure 3, the source control collection efficiencies measured when using 

three of the airflow regimes, 15 L/min cyclic breathing, 15 L/min constant flow, and 85 

L/min constant flow, are reasonably similar. The collection efficiencies found during the 15 

L/min cyclic breathing was consistently higher than those seen during the 15 L/min constant 

flow with the same device, but the differences were not large and were not statistically 

significant in most cases (Table 4). Likewise, the collection efficiencies for the 15 L/min 

constant flow and the 85 L/min constant flow also were not significantly different for all but 

one device. These results held over the entire range of source control devices, from those 

with low collection efficiencies to those with higher efficiencies. The results suggest that the 

use of constant airflows rather than cyclic airflows does not make a meaningful difference in 

the performance test results, and thus that experimental methods using constant airflows in 

small flow-through systems can be used to compare how well source control devices block 

respiratory aerosols at the source. It should be noted, however, that cyclic flows still may 

provide a better representation of the dispersion of aerosols in larger spaces such as rooms 

where the aerosol is not confined and the airflow patterns are important parameters.

Figure 3 and Table 4 also show that the source control collection efficiency results for 

85 L/min cyclic breathing were significantly higher than the results for the other airflow 

regimes, especially for source control devices with lower collection efficiencies. However, 

these results do not indicate that the source control devices perform much better at high 

cyclic breathing flows. Instead, the results illustrate an important limitation of systems 

using cyclic breathing inside a small chamber that confines the aerosol: the rebreathing and 

refiltration of the test aerosol through the source control device. With a constant airflow 
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system, because of the unidirectional flow, the test aerosol exits the mouth of the headform 

and passes through the material of the source control device or through face seal leaks 

only once (Figure S4). With cyclic breathing, the test aerosol also passes out of the mouth 

and through or around the device during exhalation. However, if the aerosol is confined, it 

then can be inhaled and drawn back through the source control device and exhaled through 

the device again unless the airflow through the collection chamber is sufficient to sweep 

the aerosol away from the headform before it can be recirculated. This recirculation effect 

can subject the test aerosol to multiple filtration cycles, which leads to a greater collection 

of the test aerosol, which in turn appears in the results as an apparent higher collection 

efficiency. In our experiments, air is drawn through the aerosol collection chamber at a 

continuous rate of 92 L/min. During the 15 L/min cyclic breathing, the peak exhalation 

airflow was 47 L/min, which is less than half of the 92 L/min airflow past the headform. 

Thus, during the 15 L/min cyclic breathing, the aerosol that escapes past the source control 

device is likely to be swept away before it can be inhaled, and the recirculation effect is 

likely to be small. However, when the cyclic breathing rate was increased to 85 L/min, 

the peak inhalation airflow increased to 267 L/min, which is considerably larger than the 

92 L/min constant airflow being pulled through the chamber (Figure S5). In addition, the 

tidal volume increased from 1.25 L to 4.25 L, and the breathing rate increased from 12 

breaths/min to 20 breathes/min. Together, these increases made it much more likely that a 

substantial amount of the aerosol could be recirculated through the source control device. 

This effect was minimal for the source control devices with high collection efficiencies 

because almost all the aerosol was filtered out during the first pass through the source 

control device; since very little aerosol traversed the source control device, very little was 

available to be recirculated. This is why the source control collection efficiencies for the 

N95 filtering facepiece respirator and the Winner Medical mask with the Fix the Mask 

were similar for all flow regimes. On the other hand, the Nam Anh medical mask and the 

Defender cloth mask had much lower collection efficiencies, which meant that more aerosol 

traversed the mask and accumulated in the collection chamber, and then was inhaled back 

into the breathing simulator and filtered again during the next exhalation cycle. This explains 

why the difference in collection efficiencies is much higher for the source control devices 

with lower collection efficiencies, and why the effect diminishes as the collection efficiency 

improves. Together, these results emphasize that the possibility of aerosol recirculation 

needs to be considered when designing cyclic flow experiments with personal protective 

devices and source control devices, and when interpreting the experimental data. More 

generally, this shows that the results from any simulation study must be carefully examined 

to determine how well the data that is being collected represents the phenomena of interest 

and to what degree the data may be distorted by artificial factors.

The correlations between the fit factor, filtration efficiency, and collection efficiency also 

illustrate an important consideration when testing the performance of source control devices. 

First, consider what the fit factor actually measures. For people who need to wear respiratory 

protective devices, how well the device fits the face is critical in determining how much 

protection the device will provide. If there are gaps between the device and the face of 

the wearer (face seal leaks), then unfiltered contaminated air can bypass the device and 

be inhaled by the wearer. Consequently, when fitting workers with respirators, industrial 
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hygienists will often determine the fit factor of the respirator by using a respirator fit tester. 

Fit testers measure the aerosol concentration inside the respirator and compares it to the 

aerosol concentration in the ambient air (outside the respirator). If the aerosol concentration 

inside the respirator is too high (that is, the fit factor is too low), then the respirator does not 

fit adequately and cannot be relied upon for protection.

It is important to note, however, that the fit factor method for calculating the fit of a 

respirator implicitly assumes that all the aerosol detected inside the respirator is entering 

through face seal leakage (Lindsley et al. 2021b; TSI 2017). In reality, the aerosol 

concentration inside the respirator is determined by two factors: how well the respirator 

filtration material is able to filter out aerosols passing through the material (the filtration 

efficiency of the material); and also how much of the airflow and aerosol are able to bypass 

the respirator through face seal leaks. These two factors combined are referred to as total 

inward leakage (TIL) (Duncan, Bodurtha, and Naqvi 2021; Rengasamy et al. 2018). For 

respirator fit testing, the assumption that all the aerosol inside the respirator enters through 

face seal leaks is reasonable, because respirator filters have very high filtration efficiencies 

(TSI 2017) and thus the total inward leakage is almost entirely due to face seal leakage. 

However, this assumption breaks down when fit testing cloth masks, neck gaiters, and 

similar devices that have lower filtration efficiencies than do respirators (Duncan, Bodurtha, 

and Naqvi 2021; Lindsley et al. 2021b). For this reason, the fit factor of a source control 

device may include a substantial component that is due to aerosol passing through the device 

material rather than through face seal leaks.

This total inward leakage effect can be seen in Figures 4 and 5. As can be seen in 

Figure 4, the collection efficiency and the fit efficiency (the fit factor transformed into 

a percentage) were well correlated in our study. This is because both the source control 

efficiency for exhaled aerosols and the fit efficiency for inhaled aerosols are determined by 

the combination of the amount of aerosol that can pass through the device material and 

the amount that passes through face seal leaks. On the other hand, as shown in Figure 

5, the source control collection efficiency for exhaled aerosols and the filtration efficiency 

for inhaled aerosols are not well correlated. This is because the filtration efficiency only 

measures the ability of the device material to filter out aerosols passing through it; it does 

not include face seal leakage. Thus, the fit factor of a source control device provides a 

more direct indication of the expected source control performance than does the filtration 

efficiency. However, the fit factor must be understood to represent not just the face seal 

leakage, but the total inward leakage of the device, which includes aerosols that are carried 

through the device material rather than through face seal leaks.

Figure 6 shows that, for the neck gaiter, the source control collection efficiency was higher 

for larger aerosol particles compared with smaller particles. Similar results were seen for 

the other source control devices (Figure S6) and were also seen in our previous studies 

(Lindsley et al. 2021b; Lindsley et al. 2021c). This result is expected, since for aerosol 

filters, the filtration efficiency for aerosol particles above the most penetrating particle size 

increases with increasing particle size (Duncan, Bodurtha, and Naqvi 2021; Hinds 1999; 

Lindsley 2016). A related effect can be seen when the Winner and Nam Anh medical 

masks were tested with an elastic mask brace over the masks, which largely eliminated 
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the face seal leaks. When using the mask brace and 85 L/min constant flow, the source 

control collection efficiency was 93% for the Winner mask and 76% for the Nam Anh 

mask. In contrast, the filtration efficiency found using the modified NIOSH procedure, 

which is also performed with 85 liters/min constant flow, was 59% for the Winner mask 

and 19% for the Nam Anh. The filtration efficiencies were substantially lower than the 

collection efficiencies primarily because the modified NIOSH procedure uses a smaller 

test aerosol (260 nm mass median diameter) compared with the source control test (1300 

nm mass median diameter). These results illustrate that experimentally measured collection 

and filtration efficiencies depend in part on the size distribution of the test aerosol, which 

explains why investigators using smaller test aerosols tend to see lower collection and 

filtration efficiencies than do investigators using larger test aerosols (Corbin et al. 2021; 

Ogbuoji, Zaky, and Escobar 2021). This is a point that is often overlooked when interpreting 

and comparing experimental results and demonstrates why standardized test methods are 

needed.

Finally, it is important to acknowledge the limitations of our study. For the test aerosol used 

in the source control measurement system, 95% of the particles by mass were between 0.3 

and 3 mm in diameter. This is the size range of aerosol particles most likely to remain 

airborne and most difficult to block with source control devices. However, humans expel 

aerosol particles in a much broader range of sizes, particularly when coughing. We used 

only two breathing ventilation rates and two constant airflow rates for our studies; these 

parameters can vary greatly from person to person under different physiological conditions. 

We used only one headform in our studies; different facial dimensions and proportions 

would be expected to lead to different experimental results. Some internal losses of the 

test aerosol particles likely occurred within the collection chamber, which would affect the 

estimates of the collection efficiencies. We used representative examples of different types of 

source control devices, but many such devices are available with a wide range of shapes and 

compositions, which would be expected to affect their individual performance.

Conclusions

Well-designed high performance source control devices such as masks and respirators are 

needed to reduce the expulsion of infectious respiratory aerosol particles carrying SARS-

CoV-2 and may be needed in the future for other respiratory pathogens such as new strains 

of influenza. Most standardized test methods for respiratory protective devices, medical 

masks, and source control devices use constant airflows (Corbin et al. 2021; Duncan, 

Bodurtha, and Naqvi 2021; Rengasamy et al. 2017), which have many practical advantages. 

However, physiological airflows are cyclic, not constant, which raises the question as to 

how the type of flow regime may affect performance measurements for these devices. 

Our results suggest that the collection efficiency measurements of source control devices 

for simulated exhaled respiratory aerosols are comparable when testing the devices using 

manikin headforms with either constant or cyclic airflows. Our results also show that, for 

test methods using cyclic breathing with high flow rates, recirculation of the aerosol through 

the source control device can artificially increase the collection efficiency measurement, 

and this factor must be considered when designing test methods using cyclic flows in 

confined spaces. Finally, our results illustrate that fit factor measurements for inhaled 
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aerosols correlate well with source control collection efficiencies for exhaled aerosols, but 

that filtration efficiency results do not correlate well because they do not include the effects 

of face seal leakage. Thus, evaluations of source control devices need to include the effect of 

device fit as well as the filtration efficiency of the device.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Source control measurement system. The system consists of an aerosol generation system, 

a bellows and linear motor to produce the simulated breathing, a pliable skin headform 

on which the source control device (such as a face mask) is placed, a 136-liter collection 

chamber into which the aerosol is exhaled, and an optical particle spectrometer (OPS) to 

measure the number and size of the aerosol particles. The system is oriented vertically as 

shown to minimize the loss of aerosol particles due to settling before reaching the OPS.
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Figure 2. 
Aerosol particle mass size distribution for the four airflow conditions with no source control 

device. These control aerosol concentrations were compared with the concentrations found 

when a source control device was used to determine the source control efficiency of each 

device. The particle diameter refers to the optical diameter and is the arithmetic mean of the 

size bin. Each bar shows the mean of four experiments. The error bars show the standard 

deviation.

Lindsley et al. Page 20

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Collection efficiency for source control devices. The collection efficiency shown here is the 

overall collection efficiency based on the total aerosol mass. The collection efficiency for the 

85 L/min cyclic breathing tests was higher than the collection efficiencies under the other 

airflow conditions, but this is most likely an artifact due to aerosol recirculation within the 

collection chamber as described in the Discussion section. Each bar shows the mean of four 

experiments. The error bars show the standard deviation.
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Figure 4. 
Source control collection efficiency vs. fit efficiency for (a) 15 L/min cyclic breathing; (b) 

85 L/min cyclic breathing; (c) 15 L/min constant airflow; and (d) 85 L/min constant airflow. 

The fit factor is transformed to fit efficiency for the plot to allow a direct visual comparison 

of the parameters. Each dot is the mean of four experiments for one source control device. 

Error bars show the standard deviation.

Lindsley et al. Page 22

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Source control collection efficiency vs. filtration efficiency of the device material for (a) 15 

L/min cyclic breathing; (b) 85 L/min cyclic breathing; (c) 15 L/min constant airflow; and (d) 

85 L/min constant airflow. Each dot is the mean of four experiments for one source control 

device. Error bars show the standard deviation.
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Figure 6. 
Collection efficiency vs. particle optical diameter for the Buff neck gaiter. Results for 

other source control devices are shown in Figure S6. Each bar shows the mean of four 

experiments. The error bars show the standard deviation.

Lindsley et al. Page 24

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsley et al. Page 25

Ta
b

le
 1

.

So
ur

ce
 c

on
tr

ol
 d

ev
ic

es
 u

se
d 

in
 th

e 
st

ud
y.

 T
he

 tw
o 

m
ed

ic
al

 f
ac

e 
m

as
ks

 w
er

e 
te

st
ed

 w
ith

 a
nd

 w
ith

ou
t a

n 
el

as
tic

 m
as

k 
br

ac
e.

 P
ho

to
s 

of
 th

e 
de

vi
ce

s 
on

 th
e 

he
ad

fo
rm

 a
re

 s
ho

w
n 

in
 F

ig
ur

e 
S1

 in
 th

e 
on

lin
e 

su
pp

le
m

en
ta

l i
nf

or
m

at
io

n.
 C

on
st

ru
ct

io
n 

in
fo

rm
at

io
n 

is
 f

ro
m

 th
e 

m
an

uf
ac

tu
re

rs
.

So
ur

ce
 c

on
tr

ol
 d

ev
ic

e
M

an
uf

ac
tu

re
r

C
on

st
ru

ct
io

n

D
ef

en
de

r 
cl

ot
h 

fa
ce

 m
as

k
H

an
es

B
ra

nd
3-

pl
y 

co
tto

n

C
lo

th
 f

ac
e 

m
as

k
B

ad
ge

r
4-

pl
y.

 I
nn

er
 la

ye
r 

co
tto

n
M

id
dl

e 
la

ye
rs

 m
el

t b
lo

w
n 

fi
be

rs
O

ut
er

 la
ye

r 
po

ly
es

te
r

M
ed

ic
al

 f
ac

e 
m

as
k

N
am

 A
nh

 E
qu

ip
m

en
t T

ra
di

ng
 P

ro
du

ct
io

n
3-

pl
y 

no
n-

w
ov

en
 p

ol
ym

er
s

M
ed

ic
al

 f
ac

e 
m

as
k

W
in

ne
r 

M
ed

ic
al

3-
pl

y 
no

n-
w

ov
en

 p
ol

ym
er

s

N
ec

k 
ga

ite
r

B
uf

f
K

ni
tte

d 
fl

am
e-

re
si

st
an

t f
ab

ri
c:

87
%

 M
-A

ra
m

id
 N

om
ex

®

5%
 P

-A
ra

m
id

 K
ev

la
r®

4%
 E

la
st

an
e

4%
 C

ar
bo

n 
fi

be
r 

P-
14

0

M
od

el
 9

21
0 

N
95

 f
ilt

er
in

g 
fa

ce
pi

ec
e 

re
sp

ir
at

or
3M

Po
ly

pr
op

yl
en

e 
fi

lte
r 

an
d 

co
ve

r

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsley et al. Page 26

Ta
b

le
 2

.

A
er

os
ol

 s
iz

e 
di

st
ri

bu
tio

n 
ch

ar
ac

te
ri

st
ic

s 
fo

r 
th

e 
fo

ur
 a

ir
fl

ow
 c

on
di

tio
ns

. T
he

 a
er

os
ol

 o
pt

ic
al

 s
iz

e 
di

st
ri

bu
tio

ns
 w

er
e 

m
ea

su
re

d 
w

ith
 n

o 
so

ur
ce

 c
on

tr
ol

 d
ev

ic
e 

on
 th

e 
he

ad
fo

rm
 u

si
ng

 th
e 

O
PS

. E
ac

h 
pa

ra
m

et
er

 is
 th

e 
m

ea
n 

of
 f

ou
r 

ex
pe

ri
m

en
ts

.

A
ir

fl
ow

 c
on

di
ti

on
To

ta
l a

er
os

ol
 n

um
be

r 
co

nc
en

tr
at

io
n 

(#
/c

m
3 )

C
ou

nt
 g

eo
m

et
ri

c 
m

ea
n 

(μ
m

)
C

ou
nt

 m
ed

ia
n 

di
am

et
er

 (
μm

)

C
ou

nt
 g

eo
m

et
ri

c 
st

an
da

rd
 d

ev
ia

ti
on

 
(G

SD
)

To
ta

l a
er

os
ol

 m
as

s 
co

nc
en

tr
at

io
n 

(μ
g/

m
3 )

M
as

s 
ge

om
et

ri
c 

m
ea

n 
(μ

m
)

M
as

s 
m

ed
ia

n 
di

am
et

er
 (

μm
)

15
 L

/m
in

 c
yc

lic
 b

re
at

hi
ng

17
96

0.
45

0.
41

1.
46

60
4

1.
26

1.
36

85
 L

/m
in

 c
yc

lic
 b

re
at

hi
ng

22
71

0.
46

0.
41

1.
46

78
9

1.
26

1.
35

15
 L

/m
in

 c
on

st
an

t f
lo

w
28

24
0.

47
0.

42
1.

48
10

88
1.

32
1.

43

85
 L

/m
in

 c
on

st
an

t f
lo

w
16

24
0.

45
0.

40
1.

44
51

9
1.

26
1.

31

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsley et al. Page 27

Ta
b

le
 3

.

E
xp

er
im

en
ta

l r
es

ul
ts

. T
he

 B
uf

f 
ne

ck
 g

ai
te

r 
w

as
 w

or
n 

do
ub

le
d 

ov
er

 to
 f

or
m

 tw
o 

la
ye

rs
 o

f 
fa

br
ic

. T
he

 W
in

ne
r 

an
d 

N
am

 A
nh

 m
ed

ic
al

 f
ac

e 
m

as
ks

 w
er

e 

te
st

ed
 b

ot
h 

as
 n

or
m

al
ly

 w
or

n 
an

d 
w

ith
 a

 F
ix

 th
e 

M
as

k 
el

as
tic

 m
as

k 
br

ac
e 

ov
er

 th
e 

m
as

k 
to

 r
ed

uc
e 

th
e 

fa
ce

 s
ea

l l
ea

ka
ge

 (
se

e 
Fi

gu
re

 S
1 

in
 th

e 
on

lin
e 

su
pp

le
m

en
ta

l i
nf

or
m

at
io

n 
fo

r 
ph

ot
og

ra
ph

s)
. B

ec
au

se
 th

e 
Fi

x 
th

e 
M

as
k 

fi
ts

 a
ro

un
d 

th
e 

pe
ri

m
et

er
 o

f 
th

e 
m

as
k,

 th
e 

fi
ltr

at
io

n 
ef

fi
ci

en
cy

 a
nd

 a
ir

fl
ow

 r
es

is
ta

nc
e 

fo
r 

th
es

e 
m

as
ks

 a
re

 th
e 

sa
m

e 
w

ith
 a

nd
 w

ith
ou

t t
he

 F
ix

 th
e 

M
as

k,
 a

nd
 th

us
 s

ep
ar

at
e 

fi
ltr

at
io

n 
ef

fi
ci

en
cy

 a
nd

 a
ir

fl
ow

 r
es

is
ta

nc
e 

te
st

s 
w

er
e 

no
t p

er
fo

rm
ed

. 

T
he

 s
ou

rc
e 

co
nt

ro
l c

ol
le

ct
io

n 
ef

fi
ci

en
cy

 a
nd

 f
it 

fa
ct

or
 r

es
ul

ts
 a

re
 th

e 
m

ea
n 

an
d 

st
an

da
rd

 d
ev

ia
tio

n 
of

 f
ou

r 
ex

pe
ri

m
en

ts
. T

he
 f

ilt
ra

tio
n 

ef
fi

ci
en

cy
 a

nd
 a

ir
fl

ow
 

re
si

st
an

ce
 a

re
 th

e 
m

ea
n 

an
d 

st
an

da
rd

 d
ev

ia
tio

n 
of

 th
re

e 
ex

pe
ri

m
en

ts
, e

xc
ep

t f
or

 th
e 

H
an

es
 m

as
k 

(N
=

10
) 

an
d 

th
e 

3M
 N

95
 r

es
pi

ra
to

r 
(N

 =
 2

0)
.

So
ur

ce
 c

on
tr

ol
 c

ol
le

ct
io

n 
ef

fi
ci

en
cy

15
 L

/m
in

 c
yc

lic
 

br
ea

th
in

g
85

 L
/m

in
 c

yc
lic

 
br

ea
th

in
g

15
 L

/m
in

 c
on

st
an

t 
fl

ow
85

 L
/m

in
 c

on
st

an
t 

fl
ow

F
it

 f
ac

to
r

F
ilt

ra
ti

on
 e

ff
ic

ie
nc

y
A

ir
fl

ow
 R

es
is

ta
nc

e 
(P

a)

So
ur

ce
 c

on
tr

ol
 

de
vi

ce
M

ea
n

SD
M

ea
n

SD
M

ea
n

SD
M

ea
n

SD
M

ea
n

SD
M

ea
n

SD
M

ea
n

SD

N
am

 A
nh

 m
ed

ic
al

 
m

as
k

17
.8

%
4.

6%
53

.2
%

3.
8%

13
.3

%
10

.5
%

9.
5%

12
.2

%
1.

68
0.

22
59

.4
%

4.
3%

47
.4

2.
8

H
an

es
 D

ef
en

de
r 

cl
ot

h 
m

as
k

29
.8

%
7.

2%
67

.1
%

3.
4%

23
.5

%
8.

4%
28

.4
%

9.
6%

1.
68

0.
22

18
.8

%
2.

7%
64

.2
9.

5

W
in

ne
r 

M
ed

ic
al

 
m

as
k

41
.9

%
3.

7%
77

.7
%

1.
9%

30
.0

%
7.

4%
45

.8
%

4.
6%

2.
00

0.
18

96
.4

%
0.

1%
63

.7
2.

9

B
ad

ge
r 

cl
ot

h 
m

as
k

56
.5

%
6.

0%
85

.2
%

3.
0%

53
.1

%
6.

7%
56

.0
%

9.
5%

3.
78

0.
30

36
.0

%
9.

9%
92

.1
1.

0

B
uf

f 
ne

ck
 g

ai
te

r
71

.0
%

9.
6%

88
.3

%
2.

6%
63

.7
%

14
.6

%
72

.9
%

6.
9%

4.
75

1.
68

26
.2

%
2.

9%
31

2.
9

11
.3

N
am

 A
nh

 m
ed

ic
al

 
m

as
k 

w
ith

 m
as

k 
br

ac
e

79
.6

%
8.

6%
90

.3
%

2.
5%

78
.5

%
12

.8
%

75
.5

%
6.

3%
4.

58
0.

62
–

–
–

–

W
in

ne
r 

M
ed

ic
al

 
m

as
k 

w
ith

 m
as

k 
br

ac
e

93
.8

%
1.

3%
97

.0
%

0.
4%

92
.3

%
2.

8%
93

.2
%

1.
0%

8.
35

1.
03

–
–

–
–

3M
 N

95
 f

ilt
er

in
g 

fa
ce

pi
ec

e 
re

sp
ir

at
or

95
.1

%
1.

1%
98

.5
%

0.
6%

93
.3

%
1.

5%
95

.3
%

0.
8%

30
.7

5
10

.4
7

99
.3

%
0.

5%
68

.7
5.

0

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsley et al. Page 28

Ta
b

le
 4

.

Si
gn

if
ic

an
ce

 o
f 

di
ff

er
en

ce
s 

be
tw

ee
n 

so
ur

ce
 c

on
tr

ol
 c

ol
le

ct
io

n 
ef

fi
ci

en
ci

es
 f

or
 d

if
fe

re
nt

 a
ir

fl
ow

 c
on

di
tio

ns
. T

he
 ta

bl
e 

sh
ow

s 
th

e 
ad

ju
st

ed
 p

-v
al

ue
s 

(a
dj

 p
-

va
lu

e)
, c

en
tr

al
 e

st
im

at
es

 (
C

E
) 

an
d 

co
nf

id
en

ce
 in

te
rv

al
s 

(C
I)

. E
ac

h 
de

vi
ce

 w
as

 te
st

ed
 f

ou
r 

tim
es

 a
t e

ac
h 

ai
rf

lo
w

 c
on

di
tio

n.

15
 L

/m
in

 v
s.

 8
5 

L
/m

in
 c

yc
lic

 
br

ea
th

in
g

15
 L

/m
in

 v
s.

 8
5 

L
/m

in
 c

on
st

an
t 

fl
ow

15
 L

/m
in

 c
yc

lic
 b

re
at

hi
ng

 v
s.

 1
5 

L
/m

in
 

co
ns

ta
nt

 f
lo

w
85

 L
/m

in
 c

yc
lic

 b
re

at
hi

ng
 v

s.
 8

5 
L

/m
in

 
co

ns
ta

nt
 f

lo
w

So
ur

ce
 c

on
tr

ol
 D

ev
ic

e
A

dj
 p

-v
al

ue
C

E
 (

C
I)

A
dj

 p
-v

al
ue

C
E

 (
C

I)
A

dj
 p

-v
al

ue
C

E
 (

C
I)

A
dj

 p
-v

al
ue

C
E

 (
C

I)

N
am

 A
nh

 m
ed

ic
al

 m
as

k
0.

00
1

−
0.

37
4 

(−
0.

45
5,

 
−

0.
29

4)
0.

56
4

−
0.

04
8 

(−
0.

28
6,

 0
.1

89
)

0.
14

9
0.

06
4 

(−
0.

04
1,

 0
.1

69
)

0.
00

5
0.

39
0 

(0
.2

25
, 0

.5
55

)

H
an

es
 D

ef
en

de
r 

cl
ot

h 
m

as
k

0.
00

1
−

0.
28

6 
(−

0.
35

9,
 

−
0.

21
4)

0.
57

6
−

0.
02

8 
(−

0.
17

0,
 0

.1
14

)
0.

31
3

0.
03

5 
(−

0.
05

7,
 0

.1
27

)
0.

00
5

0.
29

4 
(0

.1
67

, 0
.4

21
)

W
in

ne
r 

M
ed

ic
al

 m
as

k
<

0.
00

1
−

0.
35

5 
(−

0.
41

1,
 

−
0.

30
0)

0.
71

0
0.

03
4 

(−
0.

22
8,

 0
.2

95
)

0.
31

7
0.

04
8 

(−
0.

07
9,

 0
.1

74
)

0.
00

5
0.

43
7 

(0
.2

55
, 0

.6
18

)

B
ad

ge
r 

cl
ot

h 
m

as
k

<
0.

00
1

−
0.

35
7 

(−
0.

39
4,

 
−

0.
32

0)
0.

02
3

−
0.

16
2 

(−
0.

28
1,

 
−

0.
04

3)
0.

04
8

0.
12

3 
(0

.0
02

, 0
.2

44
)

<
0.

00
1

0.
31

8 
(0

.2
88

, 0
.3

49
)

B
uf

f 
ne

ck
 g

ai
te

r
0.

03
9

−
0.

17
5 

(−
0.

33
2,

 
−

0.
01

7)
0.

21
9

−
0.

09
4 

(−
0.

28
7,

 0
.0

99
)

0.
26

3
0.

07
6 

(−
0.

10
0,

 0
.2

51
)

0.
01

7
0.

15
6 

(0
.0

53
, 0

.2
59

)

N
am

 A
nh

 m
ed

ic
al

 m
as

k 
w

ith
 m

as
k 

br
ac

e
0.

02
6

−
0.

10
5 

(−
0.

18
7,

 
−

0.
02

4)
0.

57
9

0.
02

6 
(−

0.
10

6,
 0

.1
57

)
0.

62
3

0.
01

5 
(−

0.
07

3,
 0

.1
04

)
0.

00
1

0.
14

6 
(0

.1
05

, 0
.1

88
)

W
in

ne
r 

M
ed

ic
al

 m
as

k 
w

ith
 m

as
k 

br
ac

e
0.

01
6

−
0.

03
2 

(−
0.

05
3,

 
−

0.
01

1)
0.

36
3

−
0.

00
7 

(−
0.

02
7,

 0
.0

13
)

0.
07

7
0.

01
3 

(−
0.

00
3,

 0
.0

29
)

0.
00

9
0.

03
9 

(0
.0

19
, 0

.0
59

)

3M
 N

95
 f

ilt
er

in
g 

fa
ce

pi
ec

e 
re

sp
ir

at
or

0.
01

0
−

0.
03

4 
(−

0.
05

2,
 

−
0.

01
5)

0.
08

2
−

0.
02

0 
(−

0.
04

6,
 0

.0
05

)
0.

02
1

0.
01

9 
(0

.0
05

, 0
.0

33
)

0.
00

9
0.

03
2 

(0
.0

15
, 0

.0
49

)

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Lindsley et al. Page 29

Ta
b

le
 5

.

C
or

re
la

tio
n 

co
ef

fi
ci

en
ts

 f
or

 f
it 

fa
ct

or
 a

nd
 f

ilt
ra

tio
n 

ef
fi

ci
en

cy
 v

s.
 c

ol
le

ct
io

n 
ef

fi
ci

en
cy

.

C
or

re
la

ti
on

 c
oe

ff
ic

ie
nt

s 
(ρ

)

A
ir

fl
ow

 c
on

di
ti

on
So

ur
ce

 c
on

tr
ol

 c
ol

le
ct

io
n 

ef
fi

ci
en

cy
vs

. f
it

 f
ac

to
r

So
ur

ce
 c

on
tr

ol
 c

ol
le

ct
io

n 
ef

fi
ci

en
cy

vs
. f

ilt
ra

ti
on

 e
ff

ic
ie

nc
y

15
 L

/m
in

 c
yc

lic
 b

re
at

hi
ng

0.
95

0.
52

85
 L

/m
in

 c
yc

lic
 b

re
at

hi
ng

0.
96

0.
52

15
 L

/m
in

 c
on

st
an

t f
lo

w
0.

95
0.

49

85
 L

/m
in

 c
on

st
an

t f
lo

w
0.

96
0.

54

Aerosol Sci Technol. Author manuscript; available in PMC 2023 May 18.


	Abstract
	Introduction
	Materials and methods
	Summary
	Source control devices
	Fit factor and fit efficiency
	Measurement system for source control of respiratory aerosols
	Source control collection efficiency measurement
	Filtration efficiency and airflow resistance measurements
	Experimental design and data analysis

	Results
	Aerosol size distributions
	Source control collection efficiencies under different airflow conditions
	Source control collection efficiency vs. fit and filtration efficiency
	Source control collection efficiency vs. particle size

	Discussion
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

