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ABSTRACT

Objectives: The objective of this study was to investigate the effects of breathing frequency and flow
rate on the total inward leakage (TIL) of an elastomeric half-mask donned on an advanced manikin
headform and challenged with combustion aerosols.

Methods: An elastomeric half-mask respirator equipped with P100 filters was donned on an advanced
manikin headform covered with life-like soft skin and challenged with aerosols originated by burning three
materials: wood, paper, and plastic (polyethylene). TIL was determined as the ratio of aerosol concentra-
tions inside (C, ) and outside (C,,) of the respirator (C, /C, ,) measured with a nanoparticle spectrometer
operating in the particle size range of 20-200 nm. The testing was performed under three cyclic breathing
flows [mean inspiratory flow (MIF) of 30, 55, and 85 1/min] and five breathing frequencies (10, 15, 20, 25,
and 30 breaths/min). A completely randomized factorial study design was chosen with four replicates for
each combination of breathing flow rate and frequency.

Results: Particle size, MIF, and combustion material had significant (P < 0.001) effects on TIL
regardless of breathing frequency. Increasing breathing flow decreased TIL. Testing with plastic aerosol
produced higher mean TIL values than wood and paper aerosols. The effect of the breathing frequency
was complex. When analyzed using all combustion aerosols and MIFs (pooled data), breathing fre-
quency did not significantly (P = 0.08) affect TIL. However, once the data were stratified according
to combustion aerosol and MIF, the effect of breathing frequency became significant (P < 0.05) for all
MIFs challenged with wood and paper combustion aerosols, and for MIF = 30 1/min only when chal-
lenged with plastic combustion aerosol.

Conclusions: The effect of breathing frequency on TIL is less significant than the effects of com-
bustion aerosol and breathing flow rate for the tested elastomeric half-mask respirator. The greatest TIL
occurred when challenged with plastic aerosol at 301/min and at a breathing frequency of 30 breaths/min.

KEYWORDS: breathing frequency; combustion aerosol; flow rate; half-mask; manikin; total inward
leakage
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INTRODUCTION

The US. Occupational Safety and Health
Administration (OSHA, 2006) requires respirators
be provided to employees whenever engineering and
work practice control measures are not adequate to
reduce the employees’ exposure to acceptable lev-
els. Among the non-powered air-purifying respira-
tors, filtering facepiece respirators (FFRs) are the
most commonly used respiratory protection devices
(share = 49%), followed by elastomeric half-masks
(34%), according to the survey conducted in private
industry by the U.S. Bureau of Labor Statistics and
the National Institute for Occupational Safety and
Health (BLS/NIOSH, 2003).

Smoke from a fire contains primarily ultrafine par-
ticles (<0.1 pm). The ultrafine particles were found to
account for >70% of airborne particles (by number)
measured in a large-scale fire test laboratory study
(Baxter et al., 2010). Exposure to ultrafine particles
has been associated with impairment of cardiovas-
cular function and other adverse health outcomes
(Schwartz et al., 1996; Peters et al., 1997; Timonen
et al., 2005; Schulte et al., 2008).

Many studies have evaluated the most penetrat-
ing particle size (MPPS) (Martin and Moyer, 2000;
Grafe et al,, 2001; Balazy et al, 2006a, b; Eninger
et al., 2008; Rengasamy et al., 2008; Cho et al., 2010a)
of NIOSH-certified N95 FFRs. These studies con-
sistently report an MPPS in a range of 30-100 nm.
Elastomeric half-masks, which offer the benefits of
reusability, improved face seal, and enhanced user
seal check capability—and can be decontaminated
multiple times— (Roberge et al, 2010), have not
been studied as extensively as N9S FFRs. One study
involving three half-masks and 10 FFRs tested on a
panel of 10 human subjects concluded that the per-
formance of elastomeric half-masks was better than
that of FFRs (Han and Lee, 2005). Another study
(Lawrence et al., 2006) involving a panel of 25 sub-
jects with varying face sizes reported superior per-
formance of elastomeric N95 half-masks (15 models
tested) over N9S FFRs (15 models tested) and surgi-
cal masks (6 models tested). However, these investi-
gations used non-size-selective aerosol measurement
devices that did not allow exploring potential differ-
ences in penetration by different particle sizes, and
none of these investigations studied the effect of
breathing frequency.
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Respirator filter efficiency is significantly affected
by breathing flow rate. This has been demonstrated
for mechanical and “electret” filters tested under con-
stant- and cyclic-flow conditions (Chen et al., 1990;
Brown, 1993; Qian et al,, 1998; Martin and Moyer,
2000; Batazy et al., 2006b; Huang et al., 2007; Eninger
et al., 2008; Rengasamy et al., 2008, 2009; Cho et al.,
2010b). A constant inhalation flow rate of 85 1/min is
currently used in the NIOSH respirator certification
program (NIOSH, 1995); however, constant flow does
not accurately represent human breathing patterns.
Stafford et al. (1973) reported that human breath-
ing is more reasonably approximated by a sinusoidal
waveform, which can be better approximated with dif-
ferent flow rates and breathing frequencies (breaths/
min) (Haruta et al,, 2008). Breathing frequency dif-
fers between population groups (e.g. healthy versus
sick, young versus old) and is significantly affected by
the level of physical activity (e.g. rest versus active)
(Tortora and Anagnostakos, 1990; Sherwood, 2006).
Several studies using cyclic flow have reported an
effect of flow rate on filter efficiency and face seal leak-
age (Myers et al., 1991; Eshbaugh et al., 2008; Haruta
et al., 2008; Cho et al., 2010b). However, with the
exception of Wang et al. (2012), no published study
has yet fully addressed the effect of the breathing fre-
quency. Wang et al. (2012) did investigate two breath-
ing frequencies (32 and 50 breaths/min) with a single
mean inspiratory flow (MIF) (100 1/min), but the
data generated in their study were too limited to draw
conclusions about breathing frequency. Furthermore,
they selected a breathing frequency (S0 breaths/min)
that is excessive for most workplace populations.
Respiratory protection offered by negative pres-
sure respirators is dependent not only on the filter effi-
ciency but also on face seal leakage (Zhuang et al., 1998;
Grinshpun et al., 2009; Cho et al.,, 2010b). To account
for these two penetration pathways (filter and face seal
leakage), NIOSH has proposed the total inward leak-
age (TIL) method for testing respirators (NIOSH/
CDC, 2009). Several studies addressed this issue by
creating artificial slit-like or circular leaks to assess the
face seal leakage (Hinds and Bellin, 1987; Myers ef al.,
1991; Chen and Willeke, 1992; Rengasamy and Eimer,
2011). However, artificial fixed leaks are not representa-
tive of actual conditions when a respirator is worn by
humans. It is commonly assumed that size and location
of face seal leaks constantly change during breathing,
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talking, and head/body movement (Myers et al., 1996).
Some studies tested respirators worn by human sub-
jects (Zhuang et al., 1998; Grinshpun et al., 2009), but
these were, obviously, limited to a non-toxic challenge
aerosol (NaCl). Comprehensive testing of respira-
tor performance in a toxic aerosol environment and at
higher challenge concentrations requires use of a mani-
kin headform. Conventional static manikin headforms
(either made of a rigid material or coated with a thin
layer of rubber, plastic, or other compressible materi-
als) have been shown in the literature to have high TIL
levels for half-mask elastomeric respirators and FFRs
(Cooper et al, 1983; Tuomi, 1985; Golshahi et al,
2012). These older type headforms do not simulate the
properties of human facial tissue (e.g. skin softness and
local depth), which deforms under stress in ways that
solid elastomers cannot simulate (Hanson and Priya,
2007). To address this gap, an advanced manikin head-
form was developed that is capable of mimicking the
softness and thicknesses of the human skin (Hanson
et al,, 2006; Bergman et al.,, 2013).

Aiming at testing the performance of elastomeric
half-mask respirators challenged with combustion
aerosols, this study is a follow-up to recent studies
(He et al,, 2013a,b) conducted in the same labora-
tory. The present study specifically addresses breath-
ing frequency and flow rate as factors affecting TIL of
an elastomeric half-mask respirator. The testing was
conducted with respirators donned on an advanced
headform that enables an adequate simulation of the
human facial characteristics, which is crucial for meas-
uring the TIL of a respirator. The advance manikin was
challenged with three combustion aerosols: wood,
paper, and plastic.

MATERIALS AND METHODS

Respirator
An elastomeric 3M 6000 series half-mask respira-
tor equipped with two 3M 2091 P100 filters (3M
Corp., St Paul, MN, USA) was chosen for the testing
to assure the continuity of our previous research (He
et al., 2013a,b). The rationale for selecting the above
respirator was described in detail by He et al. (2013a).
An 11-mm-long flush probe with a 14-mm-diameter
flange and a 4-mm-diameter inlet was mounted on the
surface of the respirator centerline between the mani-

kin’s nose and upper lip. The end of the probe (14-mm

flange) was flush with the interior surface of the half-
mask. The probe was located ~25 mm from the mani-
kin’s nose/mouth.

Challenge aerosols

The challenge aerosols were separately generated by
burning the following three materials inside a test
chamber: wood (24-cm-long and 0.4-cm-diameter
pellets, 1.9+£0.5g), paper (23x24cm brown mul-
tifold paper towel, 2.1+0.2g), and polyethylene
(23x20cm, 1.7 £0.3 g—further referred to as plastic)
(He et al., 2013a). Each material held by a caliper was
ignited by a long-reach lighter and completely burnt
inside the chamber. All burnt materials were captured
in a water-filled basin placed on the floor. The measure-
ments were initiated 15 min after burning to allow the
combustion aerosol to reach a spatial uniformity. As
our previous measurements revealed that 90% of par-
ticles so generated were within the range 20-200 nm
(He et al,, 2013a), we focused on this size range.

Advanced manikin headform

The specifications of the advanced manikin headform
chosen for this study were reported in detail by Bergman
etal. (2013). Briefly, the headform is of the medium size
defined by the NIOSH Principal Component Analysis
panel created using data from a large-scale anthro-
pometric survey of US workers conducted in 2003
(Zhuang et al., 2007). A human-like skin with locally
correct thicknesses was mounted on the headform
skull. The material used to generate the skin is called
Frubber™ (Hanson and White, 2004), a fluid-filled cel-
lular matrix composed of an elastomer that compresses,
elongates, and otherwise deforms in ways that simulates
human skin (Hanson and White, 2004).

Experimental design and test conditions
The experimental setup is shown in Fig. 1. The respira-
tor was donned on the advanced manikin headform,
which was then challenged with one of three combus-
tion aerosols (wood, paper, and plastic). The donning
was performed according to the manufacturer’s user
instructions. After donning, the respirator was not
redonned or repositioned until the completion of the
study, which allowed maintaining the size and shape
of the face seal leaks. Obviously, the static headform
design did not allow fit testing of the respirator prior
to the study. The P100 filters were changed after every
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1 Schematic diagram of the experimental setup (modified from He et al.,, 2013a).

15 runs to minimize the effect of loading of combus-
tion products on the filter medium. The filters were
changed carefully to minimize the effect of this pro-
cedure on the respirator face seal leakage. After each
filter change, the particle penetration was measured to
assure that the size of the leak was consistent with the
one existing before the change under the same experi-
mental conditions. Temperature and relative humidity
were kept at 17-22°C and 30-50%, respectively.

The headform was connected to a Breathing
Recording and Simulation System (BRSS, Koken Ltd,
Tokyo, Japan) with a high-efficiency particulate air fil-
ter placed in between to keep particles from reentering
the respirator cavity in exhaled air. The BRSS consists
of an electromechanical drive-cylinder coupled with
two air cylinders. As the electromechanical cylinder
stroke moves back (inspiratory duration, halfa period)
and forth (expiratory duration, half a period), a sinu-
soidal air flow is generated (Haruta ef al., 2008). The
stroke moving distance and frequency can be adjusted
with a resolution of 0.1 mm and 0.01 Hz, respectively,

thus allowing for precise changes to breathing flow
rate and frequency when human breathing is simu-
lated (Haruta et al., 2008).

The test were conducted under three cyclic breath-
ing flows (MIF—time weighted average flow rate over
the width of an inspiration, MIF = 30, 55, and 85 1/min)
and five breathing frequencies (10, 15, 20, 25, and 30
breaths/min). A completely randomized factorial study
design was chosen with four replicates for each combi-
nation of the tested breathing flow rate and frequency.
A summary of the experimental conditions is presented
in Table 1. Aerosol concentrations inside (C, ) and out-
side (C,,) the respirator were measured using a nano-
particle spectrometer (Nano-ID NPSS00, Naneum
Ltd, Kent, UK) size selectively in 10 channels between
20 and 200nm at a sampling flow rate of 0.2 1/min.
Each concentration measurement took 3 min. The cor-
responding mean sizes for the 10 chosen channels were
224,282, 35.5,44.7,56.2,70.8,89.1,112.2, 141.3, and
177.8nm. TIL was determined for each particle size
(dP) as the ratio of inside to outside concentration:
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Table 1. Summary of the experimental
conditions

Variable Levels

Respirator One elastomeric half-mask

type with P100 filters (medium size,
3M 6000 series)

Challenge Paper, wood, and plastic

aerosol combustion aerosols

Breathing flow  Cyclic 30, 55, and 851/min

rate

Breathing 10, 15, 20, 25, and 30 breaths/min

frequency

Particle size 20-200nm (10 channels)

range
Replicates 4
Total runs: 3x3x5%x4=180

in ’dP

— 0,
TIL, X100% (1)

out,dP

In addition, by combining the 10 channels, (over-
all) TIL was calculated for all combustion particles
ranging from 20 to 200:

10
ZN'm,i

— =1
TIL=-= x100% ()

ZN out,i
=1

where N, is the number of particles measured in a
specific channel inside the respirator, N_  is the num-
ber of particles measured in a specific channel outside
the respirator, and i is the ith particle size channel.

Data analysis
Data analysis was performed using SAS version 9.3
(SAS Institute Inc., Cary, NC, USA). For the size-
selective TIL, the effect of particle size was analyzed
using the one-way analysis of variance (ANOVA) on
the pooled data. Three-way ANOVA was used to study
the significance of combustion material, breathing
flow, and breathing frequency for the size-independent

TIL. One-way ANOVA was performed to quantify the
effect of breathing frequency on the size-independent
TIL after stratifying the data by the combustion mate-
rial and breathing flow. All pairwise comparisons were
performed using Tukey’s range test. P-values < 0.05
were considered significant.

RESULTS AND DISCUSSION

Size-selective TIL (TIL dp)
The size-selective TIL values determined within the
chosen 10-channel size range are shown in Fig. 2. The
graphs represent three MIFs, five breathing frequen-
cies, and three combustion aerosols (error bars are not
shown as they make it difficult to see the data lines for
each breathing frequency).

The reported TIL data were compared with the fil-
ter penetration data. The latter were obtained in our
earlier study, which examined the performance of a
fully sealed half-mask equipped with two P100 filters
while challenged with wood, paper, and plastic com-
bustion particles of size 20-200 nm (He et al., 2013a).
For most of the particle sizes, TIL was much greater
than the filter penetration (<0.03%), suggesting that
the face seal leakage was the primary particle penetra-
tion pathway for the tested elastomeric half-mask (an
additional experiment was conducted to confirm that
exhalation value did not leak).

The average size-selective TIL values obtained
from this study were comparable to those reported
in our previous study with a partially sealed (nose or
nose—chin area) half-mask donned on a hard plas-
tic manikin headform (He et al.,, 2013a,b), and S- to
10-fold lower than those obtained with the unsealed
half-mask donned on the plastic headform. This
improvement can be attributed to the softness of
the manikin skin, which deforms under stress, thus
increasing the contact surface area and consequently
forming a better seal.

Figure 2 shows that particle size affected TIL,
(P < 0.0001) only for particles <40 nm. For all three
aerosols, the TIL, values obtained at the lowest tested
sizes, 20-40 nm, fell below those obtained at >40 nm
regardless of the breathing flow and frequency. This
can be explained by diffusional deposition, which is
more pronounced for smaller particles (consequently,
a smaller fraction could penetrate inside the respira-
tor more readily). For particles 40-50nm and larger,
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2 Size-selective TIL values for an elastomeric half-mask respirator donned an advanced manikin headform
while challenged with three combustion aerosols (wood, paper, and plastic). Each point represents the

average value of four replicates.

the TIL 4p curves showed no consistent increasing
or decreasing trend. Furthermore, ANOVA results
showed no significant differences in TIL (P=0.36)
among the six channels between 45 and 200 nm. The
relatively flat curves obtained for the half-mask indi-
cate a wide range for the MPPS. No TIL MPPS data
were available in the literature for elastomeric respira-
tors until our recent study (He et al., 2013a), which
measured an MPPS of 120-140nm for the same
half-mask donned on a plastic manikin headform and
challenged with plastic combustion aerosol. The cited
study did not detect an MPPS for wood and paper
aerosols due to multiple peaks in the TIL 4p CUTVES.
Previous TIL studies have focused on N95 FFRs or
surgical masks, for which the particle size effect was
found significant and the TIL values were close to the
penetration levels observed for the filters only (Myers
et al,, 1991; Cho et al., 2010a; Rengasamy and Eimer,

2011). At the same time, little information has been
generated with respect to the MPPS for face seal leak-
age. When testing N95 FFRs with artificially created
cylindered leaks, Rengasamy and Eimer (2011) found
that for leak diameters <1.65mm, the MPPS was
~50 nm; we believe that this value likely represents the
NOS filter penetration, whereas the TIL of the respi-
rator used in this study (equipped with P100 filters)
is primarily governed by the face seal leakage penetra-
tion. This likely explains the suppressed peaks or the
plateaus seen in the curves presented in Fig. 2.

The effect of breathing frequency on TIL, was
complex. When challenged with wood combustion
aerosol, frequencies of 30, 20, and 15 breaths/min
produced the highest TIL i values at MIF = 30, S5,
and 85 1/min, for most size channels between 20 and
200 nm. MIF = 30 1/min produced the most notable
effect of the breathing frequency on the TIL, . The
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TIL 4p Curves obtained from testing with paper com-
bustion aerosol showed some peaks at 30 and 10
breaths/min at MIF = 30 and 85 1/min, but no clear
peak was identified for MIF = 55 1/min. The graphs
representing TILs for plastic aerosol revealed separa-
tions between the TIL 4 curves at MIF = 30 1/min,
which essentially diminished at higher flow rates.

Increasing the MIF resulted in a decrease in
the average TIL values for all challenge aerosols
(wood, paper, and plastic). For example, for the
wood combustion aerosol, the average TIL values
were 0.6-1.0% at MIF = 30 1/min, 0.5-0.8% at 55
1/min, and 0.3-0.6% at 85 1/min. Several published
FFR studies also reported that face seal penetration
decreased with increase in breathing flow when chal-
lenged with particles >500nm (Chen et al, 1990;
Cho et al., 2010b). On the other hand, another FFR
study observed no significant increase or decrease in
face seal penetration by 8-400 nm particles associ-
ated with increasing breathing flow (Rengasamy and
Eimer, 2011).

Size-independent (overall) TIL

The size-independent (overall) TIL values for the half-
mask respirator challenged with the three tested com-
bustion aerosols are presented in Fig. 3. The highest
TIL values were determined at MIF = 30 1/min and
30 breaths/min for all three challenge aerosols (peak
TIL =1.08, 1.33, and 1.87% for wood, paper, and plas-
tic, respectively). The lowest TIL values (0.3S, 0.60,
and 0.75% for wood, paper, and plastic, respectively)
were obtained at MIF = 85 1/min combined with 25
breaths/min. ANOVA with Tukey’s range test was
performed to study the effects of combustion material,
breathing flow, and breathing frequency on the TIL,
and the data analysis results are presented in Tables 2
through 5.

Effect of the combustion aerosol
A three-way ANOVA (see Table 2) shows that the
non-size-selective combustion aerosol significantly
affected TIL (P < 0.0001). Pairwise multiple com-
parison analysis revealed that the mean overall TIL
values for wood, paper, and plastic combustion aero-
sol were significantly (P < 0.05) different from each
other (see Table 3). The plastic aerosol produced the
highest mean TIL (1.14%) followed by wood (0.85%)
and paper (0.70%). This finding is in agreement with

our recent study (He et al., 2013b) conducted with the
same type of half-mask donned on a hard plastic mani-
kin headform. The difference in TIL can be attributed
to differences in particle shape, density, electric charge,
and possibly other properties. Plastic (polyethylene)
is pure hydrocarbon, paper is cellulose (plus various
additives and coatings), and wood is half cellulose and
half lignin, which includes aromatics and relatively lit-
tle hydrogen.

Effect of the breathing flow (MIF)
Breathing flow had a significant effect on TIL
(P < 0.0001), as shown in Table 2. The interaction
between the challenge aerosol and breathing flow
(aerosol * MIF) was significant (P = 0.0096). The
pairwise comparison results for three MIF groups (30,
55, and 85 1/min) are presented in Table 4. The mean
TIL obtained at MIF = 30 1/min was significantly
(P <0.05) higher than those determined for MIF = 55
and 85 I/min. The differences between the data series
obtained at S5 and 85 1/min were not significant (P
> 0.05). One possible explanation is that a higher
breathing flow can create a higher negative pressure
inside the half-mask respirator, which sucks the respi-
rator toward the manikin’s face, thus creating tighter
contact with the manikin headform (i.e. reducing face
seal leakage). Increasing the flow rate from 30 to 551/
min significantly reduced TIL; however, TIL was not
significantly reduced from SS to 85 1/min.

Effect of the breathing frequency
Breathing frequency did not show a significant effect
on the TIL (P > 0.05, see Table 2) regardless of com-
bustion aerosol, MIF, and breathing frequency (pooled
data). When the data were stratified by combustion aer-
osol and MIF (see Table S), the effect of the breathing
frequency became significant (P < 0.05) for all condi-
tions challenged with wood and paper combustion aer-
osols, and for MIF = 30 1/min only if challenged with
plastic aerosol. However, no significant breathing fre-
quency effect was found at MIF = 55 1/min (P = 0.99)
and MIF = 85 1/min (P = 0.97) for plastic aerosol. The
pairwise multiple comparisons confirmed that the fre-
quency of 30 breaths/min produced the highest mean
TIL value when MIF = 30 1/min, which was true for all
three combustion aerosols (see Table S). The findings
were consistent with the results of size-selective TIL
measurements (see Fig. 2). At MIF = 5§ 1/min, the
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Table 2. Three-way ANOVA results for the size-independent (overall) TIL as a function of

combustion aerosol, MIF, and breathing frequency

Source DF ANOVA SS Mean square F-value P-value
Aerosol 2 5.81 2.90 28.40 <0.0001
MIF 2 6.24 3.12 30.49 <0.0001
Aerosol * MIF 4 1.43 0.35 3.49 0.0096
Bf 4 0.86 0.21 2.10 0.0841
Aerosol * Bf 8 0.09 0.01 0.12 0.9983
MIF * Bf 8 1.38 0.17 1.68 0.1076
Aerosol * MIF * Bf 16 0.23 0.01 0.14 1.0000

Bf, breathing frequency; DF, degrees of freedom; SS, sum of squares. Three-way ANOVA were performed on all levels of combustion aerosol, MIF, and Bf

(pooled data). The asterisk (*) indicates an interaction between variables.

Table 3. Pairwise multiple comparisons: mean
TIL values among three combustion aerosol

Table 4. Pairwise multiple comparisons: mean
TIL values among three MIF groups (ANOVA

groups (ANOVA with Tukey’s range test) with Tukey’s range test)

Tukey Mean® TIL (%) Aerosol  Tukey Mean® MIF
grouping® grouping® TIL (%) (1/min)
A 1.14 Plastic A 1.15 30

B 0.85 Paper B 0.81 5SS

C 0.70 Wood B 0.72 85

“Means with the same letter are not significantly different (P-value > 0.05).
"Calculated using the size-independent (overall) TIL values.

highest mean TIL values were recorded at 20 breaths/
min for wood combustion aerosol (TIL = 0.89%) and
at 30 breaths/min for paper aerosol (TIL = 0.88%);
no peak TIL value was observed for plastic aerosol.
For the MIF = 85 1/min, the highest mean TIL values
were recorded at 15 breaths/min for wood combustion
aerosol (TIL = 0.67%) and at 10 breaths/min for paper
aerosol (TIL = 0.90%); again, no peak TIL value was
found for plastic aerosol.

In summary, the data suggest that the breathing
frequency effect is rather complex and dependent
on the combustion aerosol and MIF. It is concluded
that the breathing frequency affects the TIL less than
factors such as combustion aerosol and breathing
flow rate. This finding points to the importance of a
proper selection of challenge aerosol and MIF when
testing the performance of the elastomeric half-mask

“Means with the same letter are not significantly different (P-value > 0.05).
"Calculated using the size-independent (overall) TIL values.

respirators. Nevertheless, for a certain chosen aerosol
and MIF, different breathing frequencies can produce
significant differences among the TIL values. For
example, for wood aerosol and MIF = 30 1/min, the
highest TIL (1.08%) obtained at 30 breaths/min was
almost 1.5-fold higher than the one (0.74%) obtained
at 15 breaths/min. At MIF = 851/min, the highest TIL
found for the wood aerosol (0.67% at 15 breaths/min)
was almost twice greater than the lowest TIL (0.35% at
25 breaths/min). In addition to characterizing the role
of breathing frequency in the performance evaluation
of an elastomeric respirator, the findings of this study
support testing with cyclic flow (the present NIOSH
certification protocol utilizes the constant-flow condi-
tion). A similar conclusion was made for other types
of respirators (Eshbaugh et al., 2008; Haruta et al,
2008; Grinshpun et al., 2009).
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A limitation of the study is that only one model of
elastomeric half-mask respirators was tested. Generally,
the results may differ from one model to another. In
addition, only a single donning was conducted so that
a contaminated respirator would not be subjected to a
replicate testing. It remains unknown how the results
would differ given that the respirator model charac-
teristics and between-donning variability may cause
leaks of different sizes and shapes. While we believe
that the major trends would remain the same, it seems
meaningful to expand the present study in the future
involving alternative experimental designs and other
half-mask models as well as, possibly, other classes of
respirators (i.e. full facepiece and FFRs).

CONCLUSIONS

Breathing flow and combustion material had signifi-
cant (P < 0.001) effects on the TIL regardless of the
level of the breathing frequency. The particle size effect
on the TIL was not significant (P = 0.36) for particles
>40 nm. The relatively flat curves generated in the size-
selective experiments between ~40 and 200 nm serve
as an evidence of a wide size range of particles, which
most readily penetrate through face seal leaks of half-
mask respirators.

The effect of the breathing frequency was complex
and differed for different combinations of the combus-
tion aerosol and the MIF. For pooled data, the breath-
ing frequency had no significant (P = 0.08) effect on
the non-size-selective TIL. However, after stratifying
the data according to combustion aerosol and MIF,
the breathing frequency effect became significant
(P < 0.05) for all MIFs when challenged with wood
and paper combustion aerosols, and specifically for
MIF = 301/min when challenged with plastic aerosol.
More studies are needed to fully understand the effect
of breathing frequency.

Plastic aerosols produced higher overall mean TIL
values (P < 0.05) compared with wood and paper
aerosols, suggesting potentially higher exposure to
a wearer. The highest penetration occurred when
challenged with plastic aerosol, at 30 I/min, and at a
breathing frequency of 30 breaths/min. The results
also showed that an increase in the MIF leads to a
decrease in TIL, a trend that lost its significance as the
flow rate exceeded 5SS 1/min. In summary, the results
suggest that when testing respirators on breathing
manikins, a flow rate (not a breathing frequency)

should be considered as a primary breathing charac-
teristic to be addressed. The TIL results also indicate
that for particles >40 nm, the particle size effect was
not significant, and particles <40 nm produced lower
penetration than those >40 nm. This finding suggests
that size-selective measurement may not be necessary
when performing the TIL test.
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