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ABSTRACT 
The size of airborne particles emitted from infected individuals is crucial in the transmission of 
respiratory viruses. The use of source control devices is essential for interrupting the transmis
sion of exhaled submicron particles, particularly in healthcare settings with high infection risk. 
This study evaluated the efficacy of five types of source control devices, commonly used in 
healthcare settings, in mitigating the transmission of exhaled submicron particles (20–210 nm). 
Total outward leakage (TOL) of these devices was analyzed across different particle sizes, and 
the TOL mean diameter (TOLMD) was calculated to characterize particle size distribution. The 
devices tested included N95 filtering facepiece respirators (N95 FFRs), N95 FFRs with an exhal
ation valve (N95 FFRV), surgical masks (SMs), elastomeric half-mask respirators (EHMRs), and 
EHMRs with a SM covering the exhalation valve (EHMRSM). The study also examined the effects 
of faceseal and flowrate on TOL and particle size characteristics. Results indicated that TOL var
ied with particle size, increasing from 40 to 90 nm before stabilizing. Aerosols larger than 90 nm 
had significantly higher TOL compared to smaller aerosols. Higher flow rates increased TOL for 
EHMR and EHMRSM across all particle sizes. Improved faceseal on N95 FFRs and SMs signifi
cantly reduced TOL and decreased TOLMD. The study underscored that using well-fitting devi
ces without exhalation valves is crucial for preventing the transmission of exhaled aerosols 
potentially carrying viruses, in particular for larger particle sizes. This is especially crucial in the 
absence of proper indoor ventilation and other control measures.
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Introduction

Human respiratory activities, including breathing, talk
ing, coughing, and sneezing, generate aerosols with 
multimodal size distributions ranging from 0.1 to 

1000 lm (P€ohlker et al. 2021; Chatterjee et al. 2021; 
Prather, Wang, and Schooley 2020). These aerosols gen
erated by human respiratory activities serve as carriers 
of infectious viruses, such as SARS-CoV-2 and 
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influenza. Researchers detected influenza in aerosols 
smaller than 5 lm, with a significant fraction of par
ticles measuring less than 1 lm (Fennelly 2020). 
Considerable evidence suggests that SARS-CoV-2 viri
ons primarily travel in particles ranging from �0.1 to 
�10 lm (P€ohlker et al. 2021).

The aerosols carrying viruses have been demon
strated to spread through air and contact (World 
Health Organization 2024; Wang et al. 2021). 
Transmission through air is a particularly concerning 
route of transmission for respiratory viruses (World 
Health Organization 2024). Studies have demonstrated 
that SARS-CoV-2 and influenza typically spread 
through airborne transmission (P€ohlker et al. 2021; 
Samet et al. 2021; Wang et al. 2021; Prather et al. 
2020).

To prevent the spread of airborne virus-laden par
ticles, a well-fitted face mask or a respirator approved 
by the National Institute for Occupational Safety and 
Health (NIOSH), such as an N95VR filtering facepiece 
respirator (N95 FFR), has been recommended to be 
worn by an infectious patient for source control to 
prevent further spread of disease (CDC 2022; Cheng 
et al. 2021; Fennelly 2020). The term “source control” 
refers to the measures taken to limit the transmission 
of disease by reducing the exhaled emissions of an 
infected individual into the environment (ASTM 
2020). Respirators can also protect the wearer from 
inhaling airborne particles that may contain infectious 
organisms.

When an infected patient or healthcare personnel 
uses a respirator or face mask as a source control 
product, the outward leakage from the device during 
exhalation can contaminate the surrounding air, 
increasing the risk of aerosol exposure to others 
(Grinshpun and Yermakov 2021). Studies on the out
ward leakage of various respirators and face masks 
showed that these protective devices could not entirely 
isolate aerosol emissions from their source (Lindsley 
et al. 2021a, 2021b; Portnoff et al. 2021). Myers et al. 
(2023) defined and quantified total outward leakage 
(TOL) as a metric of the evaluation for source control 
efficacy. The TOL refers to all the outward leakage 
through and around a respirator or face mask. It is 
comprised outward penetration through the filter 
material, the leakage through the faceseal of the 
device, and the aerosol jet through the exhalation 
valve if one is present.

The ability of surgical masks (SMs) to interrupt 
transmission through air depends on particle size 
(Bourouiba 2021; Mittal, Ni, and Seo 2020; Prather, 
Wang, and Schooley 2020). The use of an SM, a type 

of loose-fitting face mask cleared by the U.S. Food 
and Drug Administration, has been recommended for 
preventing interpersonal infections based on the 
premise that most infectious particles travel in large 
respiratory droplets (>5 lm) (Fennelly 2020). P€ohlker 
et al. (2021) reported that SMs had higher collection 
efficacies for particles >5 lm, while their efficacy for 
collecting particles <5 lm was significantly lower 
(P€ohlker et al. 2021). Milton et al. (2013) determined 
that SMs reduced the influenza viral copies carried by 
aerosols �5 lm by 2.8 times, while for aerosols 
>5 lm the SMs reduced the influenza viral copies by 
25 times (Milton et al. 2013). The lowest filtration 
efficiency of SMs was reported to be 30.5% at around 
250 nm (Rengasamy, Eimer, and Shaffer 2010). 
Additionally, the study found that the faceseal gap sig
nificantly decreased the protective efficiency of SMs 
against particles >100 nm (Konda et al. 2020).

Because N95 filtering facepiece respirators (N95 
FFRs) were not originally designed to be used as 
source control devices, most studies have focused on 
inhalation penetration, which is also dependent on 
particle size. Many studies have revealed that N95 
FFRs have better filtration efficiency against particles 
greater than �300 nm than those smaller than 
�300 nm (Joshi, Khan, and Sapra 2022; Konda et al. 
2020, 2020; Lu et al. 2020). Other studies have shown 
that the most penetrating particle size (MPPS) of N95 
FFRs against charge-neutralized NaCl aerosols was in 
a range of 0.03–0.3 lm (Shaffer and Rengasamy 2009; 
Lee, Grinshpun, and Reponen 2008; Balazy et al. 2006; 
Qian et al. 1998). A recent study by Duncan, 
Bodurtha, and Naqvi (2021) reported that 0.076 lm 
particles had the highest inhalation penetration of 
3.41% across all the N95 FFR models evaluated 
(Duncan, Bodurtha, and Naqvi 2021).

Although researchers have made observations made 
on the outward leakage through the exhalation valve 
of N95 FFRs equipped with an exhalation valve (N95 
FFRVs) using visualization technology (Staymates 
2020; Verma, Dhanak, and Frankenfield 2020), limited 
studies exist on N95 FFRV TOL that consider particle 
size. A recent study investigating the barrier perform
ance of various respiratory protective devices in pre
venting bacterial contamination of the sterile field 
suggested that 10% of the exhaled bioaerosol falls 
below �1.6 lm when using an EHMR with an exhal
ation valve (Myers et al. 2022). However, this evidence 
is insufficient to infer the efficacy of EHMRs in miti
gating the spread of smaller particles carrying viruses 
when used for source control.
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An evaluation of TOL as a function of particle size 
would provide useful insight on the ability for respira
tors and face masks to provide source control and 
may help to elucidate how exhaled aerosols emitted 
through respirators and face masks travel in the ambi
ent air. In contrast to our previous study (Myers et al. 
2023), which reported only the overall TOL of these 
devices without accounting for particle size variation, 
our thist study offers a more comprehensive analysis 
by evaluating the TOL of five different devices—SM, 
NIOSH ApprovedVR N95 FFRs, N95 FFRVs, EHMRs, 
and EHMRs with a SM covering the exhalation valve 
(EHMRSMs)—specifically for submicron particles 
ranging from 20 to 210 nm. This study introduced a 
new dimension by investigating the relationship 
between TOL and particle size, offering a more 
detailed understanding of how these devices perform 
across different particle sizes. Additionally, this work 
assesses the impact of varying faceseal conditions on 
TOL, with three artificially created faceseal levels, and 
examined how different flowrates generated by a 
breathing simulator affect TOL across particle sizes. 

These elements, not explored in the previous study, 
highlighted the novel contributions of this work in 
understanding the performance of respiratory protect
ive devices for source control.

Methods

Table 1 lists the information on the devices tested. The 
experimental setup for the TOL across particle sizes col
lection system in this study, as shown in Figure 1, was 
identical to that described in detail in our previous 
study (Myers et al. 2023). In this study, we generated 
aerosols under controlled conditions in a large chamber 
where temperature and relative humidity were main
tained at 32 ± 2 �C and 60 ± 2%, respectively. To simu
late human breathing, we utilized a breathing simulator 
(Model 1101; Hans Rudolph, Inc., Shawnee, KS, USA) 
with a cyclical breathing model.

We fitted the tested devices onto a hard-surface 
headform, which we then placed within the small 
chamber. The generated aerosols were subsequently 
directed toward the headform in this setup. We 

Table 1. Information on the devices tested (Myers et al. 2023).
Type Manufacturer Model Picture Manufacturer Model Picture

SM Cardinal Health – Aleen –

N95 FFR 3M 
TC-84A-8590

Aura9205 Fangtian 
TC-84A-7863

N058

N95 FFRV 3M 
TC-84A-5669

Aura9211 3M 
TC-84A-1299

8511

EHMR MSA 
TC-84A-6764

200LS 3M 
TC-84A-0022

7503

EHMRSM MSAþ Cardinal Health 200LS 3Mþ Cardinal Health 7503
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measured the aerosol concentrations across different 
particle sizes upstream within the cavity formed 
between the headform and the device being tested. 
The concentrations of exhaled aerosols across different 
particle sizes downstream from the headform were 
quantified within the small chamber. We used a 
NanoScan SMPS (Model: 3910, TSI Inc., Shoreview, 
MN, USA) to measures nanoparticle size distributions 
from 0.01 to 0.42 mm. The challenge NaCl aerosol was 
generated by a TSI particle generator (Model 8026; 
TSI, Inc., Shoreview, MN, USA).

We kept the faceseal levels and flowrates in this study 
consistent with our previous study (Myers et al. 2023). 
The faceseal levels were determined by the percentage of 
the device’s edge sealed on the headform using bees’ wax. 
The 0% faceseal was achieved by simply mounting the 
device on the headform with no attempt to obtain any 
specific level of fit. The 50% faceseal was achieved by 
sealing one-half of the device to the headform. The 100% 
faceseal was achieved by completely sealing the device to 
the headform. The overall fit factors (FFs) of each device 
at these three faceseal levels are listed in Table 2. 
According to “ISO/TS 16976-1; Respiratory protective 
devices - Human factors - Part 1: Metabolic rates and 
respiratory flowrates” (International Organization for 
Standardization 2015), three flowrates of 17, 28, and 
39 L/min were calculated to simulate the exhalation flow
rate of healthcare workers with light, moderate, and 
heavy work rates, respectively. The body parameters used 
for the calculation were from studies by Zhu et al. (2019) 
and Williamson (2020), where the equations are shown 
in our previous study (Myers et al. 2023; Williamson 
2020; Zhu et al. 2019).

The TOL for each device was based on the con
centration downstream (outside of the device minus 
the background counts) divided by the concentra
tion upstream (inside the device). We calculated 
the TOLi for each particle size bin according to 
the equation in our companion study (Myers et al. 
2023).

TOL i ¼
Cini − Cbgi

Couti
(1) 

where
TOLi ¼ TOL of SM or half facepiece respirators 

for particles in group i having a midpoint size Di
Cini ¼ Concentration inside the SM or half face

piece respirator cavity for particles in group i having a 
midpoint size Di

Cbgi ¼ Concentration of background in the leakage 
testing chamber for particles in group i having a mid
point size Di

Couti ¼ Concentration outside SM or half mask res
pirator cavity in the leakage testing chamber for par
ticles in group i having a midpoint size Di

The midpoint size Di was automatically calculated 
using the Multi-Instrument Manager (MIMVR , version 
3.0, TSI Inc., Shoreview, MN, USA) for each particle 
size interval. Additionally, we utilized a total of 9 par
ticle size intervals in this study.

The most outward leakage particle size (MOLPS) 
corresponded to the particle size at which the TOL 
curve with particle sizes reached its peak value. We 
calculated the TOLMD and SD using Equations (2a)
and (2b), respectively. The TOLMD was employed to 
measure the particle size characteristic of TOL.

Figure 1. The schematic diagram of the test system (Myers et al. 2023).
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TOLMD ¼
P
ðDi � TOLiÞ
P

TOLi
(2a) 

SD ¼
P
ð Di-TOLMDð Þ � TOLiÞ

P
TOLi

(2b) 

where
Di ¼ midpoint particle size
TOLi ¼ TOL of particles in group i having a mid

point size Di
This study encompassed 90 observations, including 

five device types, two replicates, three faceseal levels, 
and three flowrates. We calculated the TOLMD for 
each observation and conducted an ANOVA with a 
split-plot design using JMP Pro Software (JMPVR version 
16, SAS Institute Inc., Cary, NC, USA, 1989–2021) to 
evaluate the main effects of device type, faceseal level, 
flowrate; and the random effects of device model on 
TOLMD. p Values � 0.05 were considered significant.

A linear statistical model for this split-plot design 
is (Montgomery 2017):

yijkl ¼lþ si þ bj þ sbð Þij þ ck þ bcð Þjk þ dl þ bdð Þjl

þ rdð Þkl þ bcdð Þjkl þ �ijkl

i ¼ 1, 2
j ¼ 1, 2, 3, 4, 5
k ¼ 1, 2, 3
l ¼ 1, 2, 3

8
>>>><

>>>>:

(3) 

where si is the error of replicates; ðsbÞij is the whole 
plot error; bj is the effect of device type; ck is the effect 
of faceseal; dl is the effect of flowrate; ðbcÞjk, bdð Þjl, 
ðrdÞkl and ðbcdÞjkl are the interaction of these three fac
tors, respectively; and �ijkl is the random error.

Results

Figure 2 displays the TOLi values of five device types 
across particle sizes ranging from 20 to 210 nm at three 
faceseal levels. The TOLi values in the graph were aver
aged across six observations (two replicates� three 

flowrates). The TOL of N95s FFR and SMs significantly 
varied with faceseal levels across particle sizes. When 
SMs were sealed at 0% and 50% on the headform, peak 
TOLs of 40% and 30%, respectively, were observed at the 
MOLPS of 90 nm. Upon improving the faceseal level to 
100%, SMs exhibited a peak TOL of 20% at a MOLPS of 
50 nm. N95 FFRs, with 0% and 50% faceseal, demon
strated the lowest TOLs of 13% and 6% at 40 nm, 
respectively, while N95 FFRs with 100% faceseal main
tained the peak TOL at 40 nm. For particle sizes >40 nm, 
the TOL of N95 FFRs with 0% and 50% faceseal 
increased with particle size until reaching consistent 
TOL values of approximately 25% and 12%, respectively. 
This highlights that the 100% sealed N95 FFRs effectively 
mitigated TOL for particle sizes >40 nm.

The TOLs of the EHMR at three faceseal levels 
fluctuated with particle sizes ranging from 20 to 
40 nm (Figure 2). However, they continued to increase 
when the particle size exceeded 40 nm, reaching TOLs 
around 90% for particle sizes around 210 nm. The 
EHMRSMs at three faceseal levels also exhibited a 
fluctuating trend in TOLs within the particle size 
range of 20–40 nm, eventually stabilizing at approxi
mately 70%. The TOLs of N95 FFRVs at three faceseal 
levels decreased within the particle size range of 
20–40 nm and increased within the particle size range 
of 40–90 nm. Subsequently, they stabilized at around 
50% for both 0% and 50% faceseal levels and slightly 
decreased from 40% to 30% for the 100% faceseal 
level. The peak TOL value was observed at a MOLPS 
of 90 nm for N95 FFRVs at 100% faceseal.

Figure 3 displays the TOLi values of five types of 
devices across particle sizes ranging from 20 to 
210 nm at three flowrates. The TOLi values in the fig
ure represent mean values across six observations 
(two replicates �three faceseal levels). The EHMRs, 
EHMRSMs, and N95 FFRVs exhibited a similar trend 
in TOL with particle size. It fluctuated in the particle 
size range of 20–40 nm, then increased and stabilized 
in the particle size range of 90–210 nm. These devices 
also demonstrated significant differences among 

Table 2. The overall FF of five devices at three different faceseal levels.

Device type Manufacturer Model

Overall FF

0% faceseal 50% faceseal 100% faceseal

EHMR MSA 200LS 7 11 1097
3M 7503 37 110 2592

EHMRSM MSA, Cardinal Health 200LS 5 9 44,747
3M, Cardinal Health 7503 32 67 5826

N95 FFR 3M Aura9205 25 134 200þ
Fangtian N058 2 4 200þ

N95 FFRV 3M Aura9211 9 71 200þ
3M 8511 4 13 200þ

SM Cardinal Health – 3 4 137
Aleen – 5 5 193
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flowrates in TOL across particle sizes. The EHMRs 
had TOLs that varied from �50% to �90% within the 
particle size range of 90–210 nm. The EHMRSMs 
showed TOLs varying from �50% to �80% within 
the particle size range of 90–210 nm. The N95 FFRVs 
exhibited TOLs varying from �30% to 50% within the 
particle size range of 90–210 nm.

The SMs and N95 FFRs did not show significant 
differences among flowrates in TOL across particle 
sizes (Figure 3). The SMs showed fluctuating TOLs 
across particle sizes from 20 to 40 nm, then increased 
to peak values of �35% to �40% around 90 nm and 
then slightly decreased. The N95 FFRs showed rela
tively consistent TOLs across particle sizes, which was 
around 10%.

The TOL mean diameter (TOLMD) and standard 
deviation (SD) values of each device type at different 
faceseal levels and flowrate combinations are listed in 
Table 3. The overall mean TOLMD for 90 observa
tions in this study was 93 nm, with a SD of 11.7 nm. 

There is a range of TOLMD from 52 to 113 nm, vary
ing with device type, faceseal, and flowrate.

The Analysis of Variance (ANOVA) results for 
TOLMD, categorized by device type, faceseal, flowrate, 
and their interactions, are presented in Table 4. The 
ANOVA indicates that device type (p value ¼ 0.0249), 
faceseal (p value ¼ 0.0035), and flowrate (p value ¼
0.0199) had significant effects on the TOLMD. The 
interaction of device type and faceseal (p value ¼ 0.034) 
also demonstrated significant effects on the TOLMD.

Table 5 presents the mean TOLMD of each device 
type. The superscript letters behind the values indicate 
the statistically different levels according to the 
Student’s t-test. The EHMRs, EHMRSMs, and N95 
FFRVs had similar TOLMDs, ranging from 95 to 
104 nm. The SMs and N95 FFRs had lower TOLMDs 
compared to the other devices, with values of 89 and 
85 nm, respectively.

Table 6 lists the mean TOLMD values for all five 
device types at three faceseal levels. The Student’s t- 

Figure 2. The TOL values of five types of devices as a function of particle size from 20 to 210 nm across faceseal levels.
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test results indicate that the TOLMDs of 96 and 
97 nm at 0% and 50% faceseal levels are comparable, 
while the TOLMD at 100% faceseal level is signifi
cantly lower, with a value of 89 nm.

In Table 7, the TOLMDs of each device type at dif
ferent faceseal levels are listed. Statistical analysis 
using the Student’s t-test revealed that the EHMRs, 

EHMRSMs, and N95 FFRVs did not demonstrate sig
nificant differences among the three faceseal levels 
within their respective types. Conversely, the SMs and 
N95 FFRs significantly reduced the TOLMD as the 
faceseal improved. Specifically, the TOLMDs of SMs 
decreased from 94 to 82 nm, and the TOLMDs of 
N95 FFRs decreased from 94 to 70 nm as faceseal 

Figure 3. The TOL of five types of devices as a function of particle size ranging from 20 to 210 nm at three flowrates.

Table 3. The TOLMD and SD values of each device type at different faceseal level and flowrate combinations.

Device Type Model

TOLMD (nm) and SD at different faceseal and flowrate combinations

0% faceseal 50% faceseal 100% faceseal

17 L/min 28 L/min 39 L/min 17 L/min 28 L/min 39 L/min 17 L/min 28 L/min 39 L/min

EHMR 3M 7503 111 (±63) 103 (±63) 106 (±64) 105 (±62) 111 (±59) 97 (±61) 104 (±62) 100 (±62) 104 (±65)
MSA 200LS 102 (±61) 98 (±61) 93 (±59) 108 (±62) 105 (±63) 103 (±62) 113 (±64) 105 (±63) 102 (±62)

EHMRSM 3M 7503 & Cardinal Health 100 (±60) 100 (±62) �� 105 (±62) 101 (±63) 103 (±62) 98 (±60) 98 (±62) 95 (±59)
MSA 200LS & Cardinal Health 98 (±58) 83 (±53) 84 (±53) 93 (±55) 93 (±57) 87 (±55) 98 (±58) 91 (±55) 85 (±53)

N95 FFRV 3M 8511 97 (±59) 95 (±59) 99 (±60) 102 (±60) 105 (±62) 90 (±57) 102 (±59) 94 (±58) 97 (±60)
3 M 9211þ 100 (±59) 95 (±57) 96 (±59) 94 (±57) 108 (±64) 95 (±57) 97 (±59) 89 (±56) 81 (±54)

SM Aleen 99 (±59) 87 (±55) 93 (±57) 95 (±57) 90 (±57) 90 (±57) 88 (±55) 92 (±58) 86 (±55)
Cardinal Health 100 (±59) 95 (±58) 90 (±57) 91 (±58) 87 (±57) 84 (±56) 78 (±52) 77 (±53) 74 (±50)

N95 FFR FT N058 100 (±60) 98 (±61) 95 (±61) 101 (±61) 97 (±62) 94 (±61) 58 (±42) 52 (±32) 52 (±29)
3 M 9205 95 (±61) 68 (±48) 96 (±62) 88 (±58) 110 (±61) 71 (±54) 99 (±65) 80 (±59) 79 (±59)

Note: ��data was not valid and was deleted because of low upstream concentration.
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improved from 0% to 100%. It is worth noting that 
the TOLMD of the N95 FFR was 70 nm, a value lower 
than that of the SM, which was 83 nm.

Table 8 presents the TOLMDs of SMs and half 
facepiece respirators at three flowrates. The results of 
the Student’s t-test analysis revealed a significant 
decrease in TOLMD as flowrate increased, on average 
across all types of devices. Specifically, the mean 
TOLMD decreased from 97 nm at 17 L/min to 90 nm 
at 39 L/min.

Discussion

This study is the first to systematically measure the 
TOL of different respiratory protective devices and 
SMs specifically against submicron particles across a 
size range of 20–210 nm, offering a particle-size-spe
cific analysis not addressed in previous research. 
Unlike our earlier work (Myers et al. 2023), which 
only evaluated overall TOL without distinguishing 
particle sizes, this study provides detailed insights into 
the probability of emission of submicron particles 
with varying diameters from source control devices. 
Additionally, the current investigation uniquely 
explores the effects of both faceseal integrity and flow 
rate on TOL in relation to particle size. These new 
findings build upon and significantly extend our 

previous research by providing a more comprehensive 
understanding of the efficacy of different source con
trol devices.

The study underscored the crucial role of faceseal for 
both SMs and N95 FFRs in reducing TOL and minimiz
ing particle size. As the faceseal of SMs and N95 FFRs 
improved, the TOL significantly decreased across par
ticle sizes, especially for particles larger than 60 nm 
(Figure 2). Similar results for personal protection with 
SMs were found by Konda et al. (2020). The differences 
among the TOLMDs of SMs and N95 FFRs at three 
faceseal levels corroborated that the improved faceseal 
helps reduce the TOL for the larger particles.

When the N95 FFR and SM devices achieved a 
100% seal to the headform, the TOL was solely attri
buted to particles penetrating through the filter during 
exhalation. A previous study suggested that the filtra
tion efficiency of N95 FFRs notably surpasses that of 
SMs across various particle sizes (Zangmeister et al. 
2020). In practice, N95 FFRs can achieve the 100% 
faceseal level if they have passed the fit test when 
worn by users, although this fit can vary based on 
individual facial characteristics (Spies, Wilson, and 
Ferrie 2011). On the other hand, SMs are typically 
loose-fitting and are not designed to achieve the same 
level of faceseal as N95 FFRs. Overall, SMs are inferior 
to N95 FFRs in terms of efficacy for source control.

The MOLPS of the N95 FFR with 100% faceseal 
devices falls within the MPPS range of 0.03–0.3 lm 

Table 4. The ANOVA results for TOLMD, categorized by device 
type, faceseal, flowrate, and their interactions.
Source SS MS DF F p Value

Device type 3768.5 942.1 4 9.6361 0.0249�

Faceseal 1055.0 527.5 2 6.5611 0.0035�

Device type�Faceseal 1532.5 191.6 8 2.3827 0.034�

Flowrate 697.1 348.5 2 4.3351 0.0199�

Device type�Flowrate 52.1 6.5 8 0.0809 0.9996
Faceseal�Flowrate 425.4 106.3 4 1.3226 0.2786
Device type�Faceseal�Flowrate 554.6 34.7 16 0.4312 0.9638

Note: The �behind p values means there is a significant effect.

Table 5. The mean TOLMD of each device type with 
Student’s t-test results.
Device type Mean TOLMD (nm) Std Dev Lower 95% Upper 95%

EHMR 103.9A 5.1 97.4 110.4
N95 FFRV 96.4AB 6.1 89.9 102.9
EHMRSM 94.8AB 6.8 87.9 101.6
SM 88.7BC 7.2 82.2 95.2
N95 FFR 85.2C 17.9 78.8 91.7

Note: Levels not connected by same letter are significantly different.

Table 6. The mean TOLMD for all five device types at three 
faceseal levels with Student’s t-test results.
Faceseal Mean TOLMD (nm) Std Dev Lower 95% Upper 95%

50% 96.8A 9.1 93.5 100.1
0% 95.6A 7.9 92.2 99.1
100% 89.0B 15.2 85.7 92.3

Note: Levels not connected by same letter are significantly different.

Table 7. The mean TOLMDs of each type of device at differ
ent faceseal levels with Student’s t-test results.

Device type � Faceseal
Mean TOLMD  

(nm)
Std  
Dev

Lower  
95%

Upper  
95%

EHMR,50% 105.0A 4.8 97.6 112.4
EHMR,100% 104.6AB 4.2 97.2 112.0
EHMR,0% 102.2ABC 6.4 94.8 109.6
N95 FFRV,50% 98.8ABCD 7.2 91.4 106.3
N95 FFRV,0% 97.0ABCD 2.1 89.6 104.4
EHMRSM,50% 96.9ABCD 7.0 89.5 104.3
EHMRSM,100% 94.2BCD 5.4 86.8 101.7
SM,0% 94.0CD 4.9 86.6 101.4
N95 FFR,50% 93.7CD 13.4 86.3 101.1
N95 FFRV,100% 93.3CD 7.3 85.9 100.7
EHMRSM,0% 93.1CDE 8.7 84.4 101.8
N95 FFR,0% 91.8CDE 12.0 84.4 99.2
SM,50% 89.5DE 3.7 82.1 96.9
SM,100% 82.6E 7.1 75.1 90.0
N95 FFR,100% 70.2F 19.0 62.8 77.6

Note: Levels not connected by same letter are significantly different.

Table 8. The TOLMDs of all five device types at three flow
rates with Student’s t-test results.
Flowrate ( L/min) Mean TOLMD (nm) Std Dev Lower 95% Upper 95%

17 97.3A 10.1 94.0 100.6
28 93.7AB 12.6 90.4 97.0
39 90.4B 11.4 87.0 93.8

Note: Levels not connected by same letter are significantly different.
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previously reported when the N95 FFR was used as 
protection for the wearer (Duncan, Bodurtha, and 
Naqvi 2021; Shaffer and Rengasamy 2009; Lee, 
Grinshpun, and Reponen 2008; Balazy et al. 2006; 
Qian et al. 1998). However, this study did not observe 
the MOLPS of N95 FFR with 0% and 50% faceseal 
levels. It is suggested that the MOLPS in these cases 
could be inferred to be greater than 210 nm, indicat
ing the need for further research in this aspect with 
larger challenge aerosols.

It is noteworthy that TOL dropped around 35 nm 
when the N95 FFR and SM were not fully sealed on the 
headform, while no such drop occurred when these 
devices were 100% sealed. A similar pattern was 
observed in devices equipped with exhalation valves, 
including the N95 FFRV, EHMR, and EHMRSM. This 
phenomenon may be due to a combination of aerosol 
dynamics, surface interactions, and the design of the 
respiratory devices, particularly in the presence of leak
age pathways, such as faceseal gaps or exhalation valves 
(Harley and Ruzer 1998; Dahneke 1971). One plausible 
explanation is that aerosols emitted through faceseal 
gaps may interact with the headform surface, allowing 
smaller particles to be captured via Brownian motion. 
Likewise, in devices with exhalation valves, particles 
could interact with the surface within respirator cavity 
and flap of the valve, leading to capture or deflection 
within the valve. This would result in a reduction in 
outward leakage for aerosols within this specific particle 
size range. However, the precise mechanisms behind 
particle capture through faceseal gaps and exhalation 
valves warrant further investigation.

The findings of this study suggest that EHMRs 
(with unfiltered exhalation valves) may not be effect
ive in containing the emission of submicron particles, 
particularly those larger than 100 nm. The TOLs of 
EHMRs exhibited an increasing trend as the particle 
size increased from 40 to 210 nm, reaching approxi
mately 90%. This trend indicated a high likelihood of 
emitting larger submicron particles when EHMRs are 
used for source control. This can be attributed to the 
presence of an exhalation valve in the latter devices. 
The valve permits a substantial release of submicron 
particles through exhalation rather than filtration fil
ters. However, it is essential to note that Brownian 
diffusion remains the most effective method for cap
turing particles <200 nm (Tcharkhtchi et al. 2021).

It is worth noting that SARS-CoV-2 virions have 
been found to be carried in particles ranging from 
approximately 0.1 to 10 lm (P€ohlker et al. 2021). 
While the study examined aerosols in the range of 
20–210 nm, which are less likely to carry viruses, they 

exhibit high concentrations when exhaled by humans, 
thereby posing a risk for the spread of viruses 
(Bagheri et al. 2023). Thus, the inability to block the 
emission of submicron particles >100 nm by EHMRs 
used for source control raises concerns about their 
adequacy in preventing the spread of respiratory dis
eases, including COVID-19.

Despite the presence of an SM covering the exhal
ation valve, EHMRSMs did not show a significant 
improvement in reducing the TOL for submicron par
ticles >100 nm. To enhance source control, the use of 
non-valved EHMRs or EHMRs with filters on the 
exhalation valve have been devloped and got NIOSH 
Approved (CDC 2023). These improved EHMRs can 
both filter the particles inward and outward during 
breathing. Although NIOSH approval for elastomeric 
half-mask respirators (EHMRs) with filters or non- 
valved options is an important step toward ensuring 
source control, the efficacy of these alternative devices 
in terms of source control still needs to be evaluated.

The decrease in TOLMDs with increasing flowrate 
revealed an increase in TOL for smaller submicron 
particles. It may be because the higher airflow velocity 
weakened the effects of Brownian diffusion, which 
caused more penetration of smaller submicron par
ticles through filters (Adanur and Jayswal 2022; 
Tcharkhtchi et al. 2021). The differences among the 
TOLMDs of SMs and N95 FFRs at three faceseal lev
els corroborated that the improved faceseal helps 
reduce the TOL and minimize the size of particle 
within the leakage.

Even though the submicron particles ranging from 
20 to 210 nm do not carry a large amount of viruses, 
it should be noted that these submicron particles 
make up a large portion of exhaled aerosols and can 
suspend in the ambient environment for a long time 
(Bagheri et al. 2023). The 1 lm aerosols could remain 
suspended in the air for more than 12 h (Wang et al. 
2021). Aerosols �100 nm in size could even suspend 
in the air over multiple days (Lee 2020). In this case, 
dilution ventilation is crucial in indoor environments, 
especially healthcare settings, to prevent inhalable 
infectious aerosols from accumulating in the room, 
especially if improper or poor-fitted face masks and 
half facepiece respirators are being used for source 
control.

This study has several limitations. One major limi
tation is that the particle sizes generated by our 
laboratory system were relatively small, and did not 
fully replicate the range of particle sizes produced by 
human respiration, particularly the larger micron- 
sized particles, which may carry a higher viral load. 
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Although both the TSI NanoScan and Optical Particle 
Sizer (OPS) were initially employed to collect aerosol 
concentration data, the concentration inside the mask 
or respirator detected by the OPS was extremely low. 
This introduced uncertainty in the TOL measure
ments at specific particle sizes. As a result, this study 
focused primarily on the particle size data collected by 
the TSI NanoScan, which yielded more reliable results. 
Further studies are needed to examine TOL across a 
broader range of larger particle sizes. Additionally, 
another limitation stems from the relatively small 
sample size for devices within each type. Testing a 
broader range of models is essential to obtain a more 
representative reflection of the performance of existing 
source control devices. Moreover, this study did not 
simulate respiratory activities such as coughing and 
sneezing that pose more significant challenges to 
source control. It is imperative to assess the efficacy 
of source control devices in mitigating particles emit
ted during these respiratory activities across different 
particle sizes.

Conclusions

This study investigated the TOL of five types of 
source control devices against submicron particles in 
the function of particle size ranging from 20 to 
210 nm, offering a more granular analysis than our 
previous research. In contrast to earlier work, which 
focused solely on overall TOL, this study provides a 
detailed exploration of how faceseal quality and flow
rate influence TOL across different particle sizes. The 
findings underscored a significant concern regarding 
the efficacy of EHMRs and EHMRSMs. Given that 
SARS-CoV-2 viruses are likely to be carried in aero
sols ranging from 0.1 to 10 lm (P€ohlker et al. 2021), 
the high TOL of EHMRs and EHMRSMs for submi
cron particles with diameters >100 nm raised substan
tial doubts about their efficacy as source control.

These findings underscore the crucial role that the 
faceseal has in reducing the TOL of larger submicron 
particles potentially carrying viruses for SMs and N95 
FFRs. Fit testing is essential for N95 FFRs because an 
inadequate faceseal compromises their efficacy in 
reducing the spread of exhaled aerosols. Measures to 
improve the faceseal of SMs need to be explored.

Overall, caution is warranted when selecting 
respiratory protective devices with exhalation valves 
for source control due to their potentially high TOL 
for submicron particles based on this study’s findings. 
Well-fitting N95 FFRs are likely to improve source 
control. Future studies should investigate the TOL of 

these source control devices across a broader range of 
particle sizes, particularly larger micron-sized particles 
that may carry more viruses.

Nomenclature 

TOL total outward leakage 
TOLMD total outward leakage mean diameter 
SD standard deviation 
N95 FFR N95 filtering facepiece respirators 
N95 FFRV N95 filtering facepiece respirators with an 

exhalation valve 
SM surgical mask 
EHMR elastomeric half mask respirator 
EHMRSM elastomeric half mask respirator with a 

surgical mask covering the exhalation 
valve 

NIOSH National Institute for Occupational Safety 
and Health 

MPPS most penetrating particle size 
MOLPS most outward leakage particle size 
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