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ABSTRACT

The main goal of this study was to investigate multiple factors (faceseal |eakage,
combustion material, particle size, breathing flow rate, and breathing frequency) that affect the
performance offered by negative pressure respiratory protection devices, including an
elastomeric full facepiece, an elastomeric half-mask, an N95 filtering facepiece respirator (FFR),
and a surgical mask. Challenge aerosols included NaCl particles and combustion particles

generated by burning different materials. Thisresearch effort consists of five related studies.

In study one (Chapter 1), the effects of faceseal |eakage and origin of challenge aerosol
(combustion of wood, paper and plastic) on the performance of afull facepiece and a half-mask
elastomeric respirator were tested. The study revealed that the origin of challenge aerosol
significantly affects the particle penetration through unsealed and partially sealed half-mask.

Increasing leak size increased the total particle penetration.

In study two (Chapter 2), the effect of particle size on the performance of an elastomeric
half-mask respirator against combustion aerosols was examined. For the partially sealed and
unsealed respirators, the penetration through the faceseal |eakage reached maximum at particle
sizes > 100 nm when challenged with plastic aerosol, whereas no clear peaks were observed for
wood and paper aerosols. The particles aerosolized by burning plastic penetrated more readily

than wood and paper.

Study three (Chapter 3) was focused on the effect of breathing frequency on the total
inward leakage (TIL) of an elastomeric half-mask respirator donned on an advanced manikin

headform challenged with combustion aerosols. The frequency effect was less significant than



flow rate. The greatest penetration occurred when respirators were challenged with plastic

aerosol at 30 L/min and 30 breathg/min.

Study four (Chapter 4) was conducted to investigate the effect of breathing frequency on
the filter penetration (Priier) @nd the TIL for a N95 facepiece filtering respirators (FFR) and a
surgical mask. For the tested FFR and SM, results show that Psj ;e Was significantly affected by
particle size and breathing flow rate; surprisingly Priier @s afunction of particle size exhibited
more than one peak under all tested breathing conditions. The breathing frequency effect on Prijter
was generally less pronounced, especially for lower MIFs. TIL was not significantly affected by
particle size and breathing frequency for particles > 50 nm; however, the effect of MIF remained
significant.

In study five (Chapter 5), a conventional and a modified elastomeric half-mask
respirators were fit tested using 25 human subjects. The modified half-mask (with polymeric
micro-patterned adhesives tapes applied on the sealing surface to minimize the faceseal 1eakage)
exhibited higher overall fit factors (geometric mean, GM = 7,907) than the non-modified half-
mask (GM = 4,779) under the normal test condition (dry and shaved face). For all challenge
facia conditions, including wet and/or unshaved face, the modified half-mask showed
significantly higher fit factors than the conventional one, suggesting a special advantage offered

by the former respirator.

Overall, the results presented in this dissertation provide an extensive database, which is
useful for respirator manufacturers, regulatory agencies, respiratory protection researchers, and

end-users operating in various occupational environments.
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INTRODUCTION

Objective
This study was conducted to evaluate how faceseal |eakage, combustion material, particle

size, breathing frequency and flow rate affect the performance of an elastomeric full facepiece,

an elastomeric half-mask, an N95 filtering facepiece respirator (FFR), and a surgical mask.

Hypothesis
The performance offered by negative pressure respiratory protection devices (including

elastomeric full facepiece, elastomeric half-mask, N95 FFR, and surgical mask) depends on, the
faceseal leakage, combustion material, particle size, breathing frequency and flow rate.

Specific Aims

Aim 1.  Evauate the performance of an elastomeric full facepiece and half-mask

respirators against combustion aerosols using size-independent measurement.

Aim 2. Quantify particle size effect on the performance of an elastomeric half-mask

respirator challenged with combustion aerosols.

Aim 3.  Investigate the effect of breathing frequency on the TIL of an elastomeric half-
mask donned on an advanced manikin headform and challenged with combustion

aerosols.

Aim 4.  Evauate the effects of breathing frequency and particle size on the filter
penetration and TIL of an N95 FFR and a surgical mask challenged with NaCl
particles representing the viral particles, as well as other health-relevant sub-

micrometer particles.

Aim 5. Study the performance of a modified elastomeric half-mask integrated with
polymer micro-patterned adhesive tapes, and compare it to the performance of a
conventional (non-modified) half-mask respirator.



Executive Summary

A respirator is a protective device that covers the nose and mouth or the entire face or head to
guard the wearer against hazardous air environments. The U.S. Occupationa Safety and Health
Administration (OSHA) requires respirators be provided to employees whenever engineering and
work practice control measures are not adequate to reduce the employees’ exposure to acceptable
levels. Among the non-powered air purifying respirators, filtering facepiece respirators (FFRS)
are the most commonly used respiratory protection devices (share = 49%) followed by
elastomeric half-masks (34%), and full facepiece (15%) according to the survey conducted in
private industry by the U.S. Bureau of Labor Statistics (BLS) and the National Institute for

Occupational Safety and Health (NIOSH).

Research presented in this thesis was carried out to investigate multiple factors that affect
the performance offered by negative pressure respirators, including an elastomeric full facepiece,
an elastomeric half-mask, an N95 filtering facepiece respirator (FFR), and a surgical mask.
These primarily included particle size, breathing flow rate, and breathing frequency. Two
particle penetration pathways —filter media and faceseal |eakage — were investigated. Challenge
aerosols included NaCl particles and combustion particles generated by burning of different
materials. Thisresearch effort consists of five related studies respectively responding to the five

above-listed specific ams.

In the first study (Chapter 1, Specific Aim 1), one elastomeric half-mask and one full
facepiece respirators were examined. Each respirator was equipped with two P100 filters. These
types of respirators are commonly used by firefighters and first responders during fire overhaul
(after the fire has been extinguished). Respirators were tested on a breathing manikin exposed to

aerosols produced by combustion of three materials (wood, paper, and plastic) in aroom-size

2



(24.3 m®) exposure chamber. Testing was performed using a single constant flow (30 L/min)
and three cyclic flows (mean inspiratory flow rates, MIFs = 30, 85, and 135 L/min). Four
sealing conditions (“unsealed”, “nose-only sealed”, “nose & chin sealed”, and “fully sealed”)
were examined to evaluate the respirator faceseal leakage. The total (size-independent) aerosol
concentration was measured inside (Cin) and outside (Cy,;) Of the respirator using a condensation
particle counter (CPC) and an ultrafine particle counter (prototype) developed at the University
of Cincinnati (UC UPF counter). The total penetration through the respirator was determined as a
ratio of the two (Ci/Cout). The experimental results suggested that the faceseal |eakage,
breathing flow rate and type, and combustion material were all significant factors affecting the
performance of the half-mask and full facepiece respirators. The efficiency of P100 respirator
filters met the NIOSH certification criteria (penetration < 0.03%); it was not significantly
influenced by the challenge aerosol and flow type, which supports the current NIOSH testing
procedure utilizing a single challenge aerosol and a constant air flow. However, contrary to the
NIOSH total inward leakage (TIL) test protocol assuming that the result is independent on the
type of the test aerosol, this study revealed that the challenge aerosol significantly affects the
particle penetration through unsealed and partially sealed half-mask respirators. Increasing leak
sizeincreased the total particle penetration. The findings of this study point to some limitations
of the existing TIL test in predicting protection levels offered by half-mask elastomeric

respirators.

In the second study (Chapter 2, Specific Aim 2), the particle size effect on the
performance of an elastomeric half-mask respirator challenged with three (wood, paper, and
plastic) combustion aerosols was quantified. The half-mask respirator equipped with two P100

filters was donned on a breathing manikin connected to a breathing simulator. Testing was



conducted with respirators that were fully sealed, partially sealed (nose area only), or unsealed to
the face of a breathing manikin to simulate different faceseal 1eakages. Three cyclic flows with
MIFs of 30, 85, and 135 L/min were tested for each combination of sealing condition and
combustion material. Additional testing was performed with plastic combustion particles at other
cyclic and constant flows. Particle penetration was determined by measuring particle number
concentrations inside and outside the respirator with size ranges from 20 to 200 nm. Study
results showed that the breathing flow rate, particle size, and combustion material all had
significant effects on the performance of the respirator. For the partially sealed and unsealed
respirators, the penetration through the faceseal |eakage reached maximum at particle sizes
above 100 nm when challenged with plastic aerosol, whereas no clear peaks were observed for
wood and paper aerosols. The particles aerosolized by burning plastic penetrated more readily
into the unsealed half-mask than those aerosolized by the combustion of wood and paper. The
difference may be attributed to the fact that plastic combustion particles differ from wood and
paper particles by physical characteristics such as a charge, shape and density. For the partially
sealed respirator, the highest penetration values were obtained at MIF = 85 L/min. The unsealed
respirator had approximately 10-fold greater penetration than the one partially sealed around the

bridge of the nose, which indicates that the nose area was the primary leak site.

In the third study (Chapter 3, Specific Aim 3), we investigated the effect of breathing
frequency on the TIL of an elastomeric half-mask donned on an advanced manikin headform and
challenged with combustion aerosols. The 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. TIL was determined as

the ratio of aerosol concentrations inside and outside of the respirator (Cin/Coyt) measured with a



nanoparticle spectrometer operating in the particle size range of 20 to 200 nm. The testing was
performed under three cyclic breathing flows (MIFs = 30, 55, and 85 L/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. The
results demonstrated that the particle size, MIF and combustion material had effects on TIL
regardless of breathing frequency. Increasing breathing flow decreased TIL. Testing with plastic
combustion aerosol produced higher mean TIL values than wood and paper aerosols. The effect
of the breathing frequency was found to be rather complex. When anayzed using all combustion
aerosols and MIFs (pooled data), breathing frequency did not significantly affect TIL. However,
once the data were stratified according to combustion aerosol and MIF, the effect of breathing
frequency became significant for all M1Fs challenged with wood and paper combustion aerosols,
and for MIF = 30 L/min only when challenged with plastic combustion aerosol. It is concluded
that the effect of breathing frequency on TIL was less significant than the effects of combustion
aerosol and breathing flow rate for the tested elastomeric half-mask respirator. The greatest
penetration occurred when challenged with plastic aerosol at 30 L/min and at a breathing

frequency of 30 breaths/min.

The fourth study (Chapter 4, Specific Aim 4) was to evaluate the effects of particle size
and breathing frequency on the filter penetration and TIL of an N95 filtering facepiece respirator
(FFR) and a surgical mask (SM) challenged with NaCl particles representing the viral particles,
aswell as other health-relevant sub-micrometer particles (20 to 500 nm). First, the tested
FFR/SM fully sealed on a hard plastic manikin headform connected to a breathing simulator was
exposed to the challenge aerosol (charge equilibrated NaCl particles). Four MIF rates (15, 30,

55 and 85 L/min) combined with five breathing frequencies (10, 15, 20, 25 and 30 breaths/min)



were tested. With the sealed FFR/SM, filter penetration (Psiier) Was determined as the ratio of
aerosol concentration inside/outside the FFR/SM (Ci/Coyt) using a CPC (size-independent
measurements) and a nanoparticle spectrometer (size-selective measurements). Second, the
same mode! of the FFR/SM was donned on an advanced manikin headform covered with skin-
like material. Total inward leakage (TIL) was measured under the conditions identical to the
filter experiment. The “faceseal |eakage-to-filter” (FLTF) ratios were calculated as Pieacage/ Prilter
(Pieakge= TIL — Priner). The results suggested that showed significant effects on Prijer and TIL.
Increasing MIF increased P iier and decreased TIL resulting in decreasing FLTF ratio. Most of
FLTF ratios were >1, suggesting that the faceseal leakage was the primary particle penetration
pathway at various breathing frequencies. Psj.r Was significantly affected by particle size and
breathing flow rate (p <0.05) for the tested FFR and SM. Surprisingly, for both respiratory
protection devices, Priier as afunction of the particle size exhibited more than one peak under all
tested breathing conditions. The effect of breathing frequency on Pjer Was generally less
pronounced, especially for lower MIFs. For the FFR and SM, TIL increased with increasing
particle size up to about 50 nm; for particles above 50 nm, the total penetration was not
significantly affected by particle size and breathing frequency; however, the effect of MIF

remained significant.

The aim of the fifth study (Chapter 5, Specific Aim 5) was to evaluate the fitting
characteristics of an elastomeric half-mask respirator modified with a polymeric micro-patterned
adhesive (PMA) applied to the sealing surface; to compare the performance of the modified
respirator to that of a conventional (non-modified) one. Twenty-five adult subjects representing a
NIOSH bivariate panel were tested with a modified and non-modified elastomeric half-mask

respirators while participating in a standard OSHA fit testing protocol. NaCl particles were



generated as the challenge aerosol and the concentrations inside and outside of the respirator
were measured to determine the fit factor (FF) for each subject. Additional tests were performed
with one subject under challenge facial conditions, including wet and/or unshaved face.

Results: The modified half-mask exhibited higher fit factors (geometric mean, GM = 7,907) than
the non-modified half-mask (GM = 4,779). For all challenge facial conditions, the modified half-
mask prototype was consistently achieving significantly (p <0.05) higher fit factors than the
conventional half-mask. Overall, applying a polymeric micro-patterned adhesive to the sealing
surface of an elastomeric half-mask respirator was found to improve respirator fit and showed

promise towards improving performance with various facial conditions..



CHAPTER 1

Manikin-Based Performance Evaluation of Elastomeric
Respirators against Combustion Particles (Specific Aim 1)

Introduction

While on duty, firefighters are exposed to a wide range of chemicals and particulate
matter (NIOSH, 2007). Smoke from afire contains fine (< 1 um) and ultrafine (< 0.1 pm)
particle size fractions. In alarge-scale fire test |aboratory study, ultrafine particles were found to
account for more than 70% of the total number concentration of particles during fire knockdown
and overhaul (Baxter et al., 2010). Fine particle exposures at various workplace environments
have been associated with impairment of cardiovascular function and other adverse health

outcomes (Schwartz et al., 1996; Peterset al., 1997; Timonen et al., 2005).

There are approximately 1.1 million firefighters in the United States (including 300,000
career firefighters). Their leading cause of death is heart disease (Fahy et al., 2009). Sudden
cardiac death is responsible for 50% and 39% of the on-duty deaths for volunteers and
professional firefighters, respectively (CDC, 2006). Firefighters have greater mortality rates
associated with cardiovascular disease and elevated cancer rates than the general population

(LeMasters et al., 2006; Y 0o et al., 2009).

Respirators used for structural firefighting should meet the certification requirements of
the National Institute for Occupational Safety and Health (NIOSH) and the National Fire
Protection Association (NFPA, 1981; NIOSH, 1995). Ironically, thereisvery limited

information on the efficiency of the full facepiece used by firefighters during actual firefighting.



Furthermore, during fire overhaul (entering the structure after the fire has been extinguished),
firefighters commonly use negative pressure elastomeric half-mask or Filtering Facepiece
Respirators (FFR) or no respirators at all (Bolstad-Johnson et al., 2000; Burgess et al., 2001).
According to the Occupational Safety and Health Administration (OSHA), the assigned
protection factors (APF) given for negative pressure air-purifying full and half-mask respirators
are 50 and 10 (OSHA,, 2006) which corresponds the equivalent penetration values of 2% and

10%, respectively (P = 100/APF, %).

Respiratory protection offered by negative pressure respirators significantly (and often
primarily) depends on the facesedl fit (Grinshpun et al., 2009; Cho et al., 2010b). Very little data
are available on faceseal aerosol penetration under the cyclic flow regime and even lessis known
about the filter versus faceseal penetration under actual breathing conditions. The early
investigation carried out by Hinds and Kraske (Hinds and Kraske, 1987) addressed the
performance of half-mask and single-use respirators by measuring particle penetration through
the filter and the artificially induced cylindrical |eaks; the tests were conducted under a constant
flow regime at rates between 2 to 150 L/min. Chen and Willeke (Chen et al., 1992), who
deployed a breathing manikin with artificially created dit-like or circular leaks to assess the
faceseal versusfilter penetration for 0.5 —5 um particles, also tested under the constant flow
regime. However, artificial fixed leaks and constant flows are not representative of real world
conditions. Workplace protection factor (WPF) studies are representative of real world
conditions with human subjects wearing respirators (Myers et al., 1996; Myerset al., 1998; Lee
et al., 2005a; Lee et al., 2005b; Cho et al., 2010a) and thus, the WPF results include both filter
and faceseal penetration. However, the contribution of faceseal |eakage to total penetration

cannot be calculated from WPF.



The above limitations were overcome in recent studies (Lee, Grinshpun, et al., 2008a;
Grinshpun et al., 2009; Cho et al., 2010a; Cho et al., 2010b; Reponen et al., 2011) either by
inclusion of human subjects without induced fixed leaks or through partia sealing of respirators
on amanikin tested under cyclic flow. Grinshpun et al. (2009) found that the primary particle
penetration pathway was faceseal |eakage for both a N95 FFR and a surgical mask. Cho et al.
(2010b) reported that despite having a well-fitted N95 FFR, the majority of particles penetrated
through the faceseal |eaks and the penetration decreased with an increase in respiration flow and

in particle size.

Finally, most of the published data on the performance of respirators were collected using
an ambient aerosol or nebulizer-generated NaCl particles. Some investigators utilized
polystyrene latex (PSL) spheres as challenge aerosol in their tests (Myerset al., 1991; Qian et al.,
1998). Others used fungal spores, bacteria or viruses (Qian et al., 1998; Lee et al., 2005z,
Batazy, Toivola, Adhikari, et al., 2006; Eninger et al., 2008). Eninger et al. (2008) compared the
effects of NaCl and three virus aerosols (all having significant ultrafine components) on the
performance of fully sealed N99 and N95 FFRs. The authors concluded that filter penetration of
the tested biological aerosols did not exceed that of NaCl aerosol, which suggests that NaCl may
generally be appropriate for modeling filter penetration of similarly sized virions. However,
particles used in the above-quoted studies are not representative of the exposures experienced by
firefighters. The differences are concerned with the particle shape, density, electric charge, and
possibly other properties. To our knowledge, the effects of combustion material on respirator

performance have not been previously studied.

The present investigation was designed to examine the effects of faceseal |eakage,

breathing flow type and rate, and combustion material on the overall (non-size selective) aerosol
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particle penetration through elastomeric half and full facepiece respirators equipped with P-100

filters.

Materials and Methods

Experimental Design

Two elastomeric respirators (one half-mask and the other afull facepiece) were tested on
a breathing manikin exposed to aerosols produced by combustion of three different materials.
Testing was performed using two different flow patterns (constant and cyclic breathing regimes).
Cyclic flow testing was conducted at three flows selected to represent breathing at different
workload levels. Four facepiece sealing conditions were established to eval uate faceseal |eakage.
Total aerosol concentration was measured inside (Ci,) and outside (Coy) of the respirator.

Particle penetration (P) through the respirator was determined as Ci,,/ Coyt.

The experimental set-up for investigating particle penetration through the respirator is
schematically shown in Figure 1-1. Inside the exposure chamber (142x95x102 inches, LxWxH),
the tested respirator was donned on a manikin headform made of hard plastic (Allen Display™",
Model: Full round molded male manikin display head). A copper pipe (1 inch diameter) was
installed into the headform to simulate airflow through the upper respiratory tract. One end of the
pipe was seal ed between the upper and lower lips of the manikin. For cyclic flows, the other end
was connected to an electromechanical Breathing Recording and Simulation System (BRSS)
(Koken Ltd., Tokyo, Japan) with a HEPA filter placed in between to keep particles from re-
entering into the respirator cavity with the exhalation air flow. The constant flow was created by
avacuum pump (Model: G272X, Doerr Electric Corp., Cedarburg, WI). The aerosol

concentrations inside and outside of the respirator were measured with a condensation particle
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counter (TSI CPC, Model: 3007, TSI Inc., Minneapolis, MN) which detects particlesin asize

range from 0.01 to >1.0 um.

In addition, anovel ultrafine particle counter recently developed at the University of
Cincinnati (UC UFP counter) (S. Y. Son et al., 2011), was operated in selected experiments side-
by-side with the TSI CPC. The operation principle of this device, like any CPC, involves
condensation on nuclei; however, the novelty of thisinstrument is that the condensation takes
place on nano-materials entering through the input channel. After passing a PM filter (cyclone),
the particles enter a non-wetting, porous, evaporation-condensation tube. Enlarged dueto
condensation growth, they are detected with an optical laser counter. Capillary force
spontaneously generated on the surface of the non-wetting tube, prevents flooding regardless of
orientation and movement. This makes the instrument particularly advantageous for field
applications. Additionally, its time of response to a change in aerosol concentration isaslow as
approximately 0.3 seconds. The detection particle size range is 4.5 nm to >1.0 um, which, in
contrast to conventional CPCs, includes alow nano-scale. The present prototype of the UC UFP
counter is portable; however, it is undergoing additional miniaturization to make the device
wearable. This deviceis being developed for afuture field study aimed at evaluating workplace
protection factors for elastomeric respirators worn by firefighters and first responders during fire
activities. The comparison of the new UC UFP counter with the conventionally used TSI CPC is
an important step in the development of the personal sampler for field studies.

Data collected with the UC UFP counter were only used for direct comparison to the
values obtained with the TSI CPC. All the conclusions listed in this paper regarding the factors

affecting the aerosol penetration were drawn solely from data generated with the TSI CPC.
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Respiratorsand Test Conditions

Two types of respirators were tested in this study: (1) Half-mask elastomeric respirator
(size: medium) equipped with two P-100 filters and (2) Full facepiece elastomeric respirator

(size: medium) equipped with the same type of P-100 filters.

Several studies have reported common facepiece leak locations as the nose, chin and
cheek (Oestenstad et al., 1992; Crutchfield et al., 1997; Oestenstad et al., 2010). In the present
study, four sealing conditions (“unsealed”, “nose-only sealed”, “nose & chin sealed” and “fully
sealed”) were utilized when testing the half-mask respirator. For the full facepiece respirator,
only two sealing conditions (“unsealed” and “fully sealed”) were used because our pilot study
revealed that these two conditions produced similar penetration levels, which made unnecessary
to evaluate partially sealed conditions. Silicone sealant was applied in between the manikin's
face and the edge of the respirator to form seals. Sealing configurations for the half-mask with
“nose-only” and “nose & chin” sealing conditions are shown in Figure 1-2. Respirator straps
were tightened and placed around the manikin's head and neck as conventionally used. For each
sealing condition, once the respirator was positioned, it was not removed until another sealing

condition was evaluated.

Wood (BBQ long match, 0.23 + 0.03 g), paper (Multifold brown paper towel, 0.25 + 0.04
g) and plastic (Ziploc™ plastic bag, 0.24 + 0.04 g) were selected for this study. Wood, paper and
plastic are the most common materials encountered by firefighters during fire activities. All three
materials were ignited by along reach lighter and burnt separately inside the testing chamber.
The aerosol measurements were initated15 minutes after burning to allow the combustion aerosol
to reach a homogenous concentration. To assess the effect of breathing flow on the particle

penetration through respirators, we selected three mean inspiratory flows (MIF) of 30, 85, and
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135 L/min, with breathing rates of 15, 25, and 25 breaths/min (achieved by adjusting the tidal
volume) , respectively. These were established to simulate breathing at moderate, high, and
strenuous workloads, respectively. The selection of the breathing rates was based on average
respiratory rates reported in a healthy adult (Tortoraet al., 1990; Sherwood, 2006). In addition,
one constant flow (30 L/min) was selected to investigate the effects of the flow type (constant vs.

cyclic).

Three replicates were conducted for each condition, resulting in 144 and 72
measurements for the half and full facepiece respirators, respectively. The manikin breathing
flow with three replicates was completely randomized throughout the entire study. A summary of

experimental conditionsislisted in Table 1-1.
Data Analysis

Collected datafrom the TSI CPC were entered into a spreadsheet, and descriptive and
inferential statistical analyses were performed using SAS version 9.2 (SAS Ingtitute Inc., Cary,
NC). Thetotal aerosol penetration was the sum of filter and faceseal penetration (P =Pz + PL),
where Pr is the penetration solely through the filter and P. represents faceseal penetration. For
each combination of experimental conditions, the average value of the overall penetration and
the standard deviation were calculated from the three replicates. Analysis of Variance (ANOVA)
with Tukey’ s range test and paired t-test were performed to study effects of sealing condition,
burning material, manikin breathing rate and respirator type on aerosol penetration value. P-

values of < 0.05 were considered significant.

Results and Discussion

Particle Size Distribution of Combustion Aerosols
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Prior to the experiments involving respirators, challenge aerosols — produced by
combustion of wood, paper and plastic, respectively — were characterized with respect to their
particle size distributions determined with a Nanoparticle Spectrometer (Model: Nano-1D
NPS500, Particle Measuring System, Inc., Boulder, CO). Thisinstrument is capable of
measuring particle diameter in arange of 5 to 500 nm. Particle size distribution curves obtained
30 minutes after burning are presented in Figure 1-3. The peak particle size for wood
combustion aerosol was around 45 nm, and 95% of the particles fell within the size range of 20—
200 nm. The peak size for paper and plastic combustion aerosols were 56 nm and 89 nm,
respectively, with 95% of the particles falling in size ranges of 20200 nm and 20-300 nm,
respectively. In general, wood combustion produced smaller particles; all three peak
concentrations were observed at particle sizes below 100 nm. More than 70% of particles
generated by combustion of wood and paper and slightly more than 50% of particles generated
by plastic combustion were ultrafine, which is consistent with the earlier findings (Baxter et al.,

2010).
Half-mask Elastomeric Respirator with P-100 Filters

1. Respirator Donned on the Manikin (Unsealed)
a. Constant flow. Asshown in Table 1-2, for the constant flow 30 L/min, the overall
particle penetration was very high: average values were 43.97 + 2.44 % (wood aerosol),
48.37 + 0.15 % (paper aerosol), and 50.67 + 0.61 % (plastic aerosol). ANOVA revealed a
statistically significant (p-value < 0.05) effect of combustion material, but from the
practical standpoint it does not play an important role since all measured penetration
values fell between 40% and 52%. The important finding is that the obtained penetration

level is over three orders of magnitude higher than the one expected based solely on the
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filter efficiency. Indeed, the respirator was equipped with a P100 filter that has a
collection efficiency 99.97% for the most penetrating particle size at a constant flow of
85 L/min, which corresponds to an overall penetration of < 0.03% at 85 L/min and even
lower at 30 L/min (no data are available for 135 L/min). This means that most of the
penetrated particles entered through the faceseal |eakage; only one out of thousands of
the penetrated particles entered through the filter media. When testing with an unsealed
respirator, a sizeable gap (~ 1 mm) located around the nose of the manikin was observed,
indicating a poor fit for the tested respirator donned on the manikin, which could result in
unexpectedly high penetration values. Thiswas likely caused by the fact that the manikin
was made of hard plastic. Softer human skin would likely form a better seal, resulting in

lower penetration values for the elastomeric half-mask respirator.

Thetotal particle penetration results from two components: the filter penetration
(Pr) at the corresponding flow through the filter (Qf) and the leakage penetration (P.) at

the corresponding air flow (QL). It can be expressed as:

PF Nout QQF I:)L N QL

out

P= C|n — Nin — NF +NL — NF + NL — +
COUI N out N out N out N out N out N out
:PF%+F>L&:PF%+PL(1—% (1-1)
Q Q Q Q

where: Ni, — Particle numbers inside the respirator,
Nout — Particle number outside the respirator,
Nr — Number of particle penetrating through the filters,
N_ — Number of particles penetrating through the leakage,
Q — Breathing flow = Qr + Q..
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We concluded from Eq.(1-1) that it is crucial to determine the relative
contribution of the air flow through the filter to the total air flow. Therefore, a separate
experiment was conducted to measure Qr when the half-mask was donned on the manikin.
A flow meter (Model: 4043, TSI Inc.) was placed between the filter and the respirator.
Three breathing (constant) flows (30, 85, and 135 L/min) were selected. For each flow,
the respirator was taken off from the manikin, and put back on. Then the filter flow was
recorded after each re-donning the respirator. Seven replicates were performed for each
flow (which makes the total number of runs equal to 21). It was determined that the
fraction of the breathing flow entering through the filter (Qe/Q) was 56.0 + 7.2 % at 30
L/min, 61.7 + 4.4 % at 85 L/min, and 61.0 + 4.0 % at 135 L/min. Given that Pr of a P100
filter is negligibly low (<0.03%) compared to P, and Qr and Q. are comparable

(according to the above experimental data), Eq. (1-2) can be simplified as:
Q
P=R (1—6F (1-2)

The particle loss inside the gap (~ 1 mm) was estimated to be negligibly low
according to a classic particle diffusion theory (Kulkarni et al., 2011). For these
conditions, P__ is close to 100%, which allows further simplifying the equation for the

overall particle penetration:

Q
P~1-=F 1-3
0 (1-3)

According to this assessment, the overall penetration values are expected to be
dlightly below 50% at 30 L/min and about 40% at 85 and 135 L/min, whichisina
reasonable agreement with the penetration values experimentally obtained for an

unsealed half-mask tested against three combustion aerosols under constant flow of 30
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L/min (listed in Table 1-2). However, Eq. (1-3) islimited to constant flow only, and
cannot be applied to cyclic flow conditions representing a much more complex two-
direction flow regime.

. Cyclic flow. The data on the overall aerosol penetration through the unsealed half-mask
respirator obtained for different MIFs and different combustion materials are presented in
Table 1-2.

b.1. Cyclic versus constant flow. For wood combustion aerosol with acyclic MIF of 30
L/min, the penetration was 8.27 + 0.25 %, which is approximately 5-fold lower than the
one obtained in the same experiment with constant flow (43.97 £ 2.44 %). Similar results
were observed for paper and plastic combustion aerosols. Overal, Pyqic-values were
approximately 4 — 8 times lower than the corresponding Peonstant-values. One reason for
this difference is that with constant flow, aerosol particles continuously penetrate into the
respirator (mostly through the leakage). However, under the cyclic flow regime, no
particles enter during exhalation (half of the period). The return flow is particle-free
sinceit is supplied back into the respirator through a HEPA filter installed between the
manikin and the breathing simulator. This time factor causes atwo-fold decrease in
aerosol concentration inside the respirator with cyclic breathing compared to constant
flow, which explains a 50% drop in the measured penetration. In addition, the returning
clean air flow dilutes the particle-contaminated air inside the respirator by avolumetric
factor of two, thus further decreasing the aerosol concentration Ci,. Consequently, it
should be anticipated that Peyqic is at least 4 times below the corresponding Peonstant. This
explanation is valid when the majority of particles detected inside the respirator penetrate

directly through facepiece leaks (not the filter). The situation is different when the
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aerosol enters solely through the filter (see Table 1-2 —fully sealed respirator).
Additionally, with cyclic flow, the relative contribution of air flow through the faceseal
leak and filter changes with time, which affects the difference between the penetration
levels obtained in the two protocols (constant vs. cyclic flow). The large and consistent
difference between Peongant and Peyaic found in this study points to a significant limitation

of the existing respirator evaluation protocols that are based on the constant flow design.

b.2. MIF effect on Peyaic. As MIF of the cyclic flow increased, the particle penetration
decreased. Thiswas observed for all three combustion materials and was statistically
significant (see Table 1-3). One possible explanation is changing leak size with
increasing cyclic flows. Higher flows can generate higher negative pressures inside the
respirator during breathing, which improves the sealing performance of the respirator. It
should be stressed that Peyqic values that ranged from alow of 5.37 + 0.29 % (wood, 135
L/min) to ahigh of 11.4 £ 0.10 % (plastic, 30 L/min) are still well above the expected
penetration level of P100 filters (< 0.03%). This suggests faceseal |eakage was the

primary penetration pathway for the unsealed half-mask respirator.

b.3. Effect of combustion material on the particle penetration. The data obtained with the
three tested combustion materials revealed similar trends, with paper and plastic
producing slightly higher penetrations than wood (see Table 1-4). There was no
statistically significant difference in penetration between paper and plastic combustion
aerosols. Asthis study isthefirst one of akind dealing with combustion aerosols, no

direct comparisons can be made with previous studies.
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2. Respirator Partially Sealed on the Manikin (Nose-only Sealed and Nose & Chin Sealed)

a. Effect of partial sealing on penetration. As seen from Table 1-2, penetration values

obtained under these two conditions were significantly lower than those determined for
the unsealed respirator (see Table 1-5). In most cases the decrease was almost two orders
of magnitude. The dataindicate that most of the leakage occurred around the manikin’s
nose.

b. Difference between two types of partial sealing. There were no significant differencesin

penetration between the two partia sealing conditions labeled as “nose-only” and “nose
& chin” regardless on the combustion material and the breathing air flow (see Table 1-5).
This further suggests that sealing the nose area (rather than the chin area) reduced
penetration on average from approximately 5 — 11% (unsealed) to 0.11 — 0.48% (nose-
only sealed) for the cyclic flow regime, and from approximately 44 — 51% (unsealed) to
0.66 — 1.19% (nose-only sealed) for the constant flow regime. Thisfinding is consistent
with other studies (Oestenstad et al., 1992; Crutchfield et al., 1997; Oestenstad et al.,
2010) that suggest the nose is frequently the primary leak location.

c. Penetration pathway. Although partial sealing reduced the total particle penetration to

the levels below 1%, these levels are still much higher than that for a P100 filter alone
(<0.03% or <<0.3%). Thus, although offering much greater protection against
combustion particles, partial sealing till left a considerable opportunity for penetration
through faceseal |eakages so that full advantage could not be taken of the efficient P100
filter deployed in a half-mask elastomeric respirator.

d. MIF effect on Pygqic. For nose-only sealed condition, we found that penetration remained

at the same level at 30 and 85 L/min but was significant higher at 135 L/min (see Table
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1-3). For nose-chin sealed condition, there were significant differences between the
outcome observed at three MIFs (30, 85, and 135 L/min). Compared to the unsealed
condition, the Py qic values obtained for the two partial sealing conditions were 10 to 100
times lower as determined at the same MIF. The results also show that increasing the
flow does not always reduce the faceseal penetration. In another study, Cho et al. (2010b)
reported that faceseal penetration was reduced significantly (p-value < 0.001) with
increasing breathing flow. A different type of respirator (N95 FFR partially sealed on a
manikin) tested in the quoted study may exhibit faceseal |eaks of different sizes, which
could cause the disagreement between the two studies.

Effect of combustion material on penetration. Penetration values were higher for wood

combustion aerosol as compared to paper and plastic combustion aerosols in both “nose-
only” and “nose & chin” sealed conditions (see Table 1-4). In contrast, for an unsealed
respirator, plastic combustion aerosol exhibited the highest penetration. It is not exactly
clear why the particles generated by combustion of the three tested materials featured
different penetration ability. The differences may be attributed to the physical properties
of these aerosols. Ziploc™ plastic bags burned in our experiments are made of
polyethylene (PE). This material burns much differently from wood and plastic, and
forms more toxic products than the other two. Paper is cellulose (plus various additives
and coatings), which burns faster than PE because more than half of its molecular weight
isoxygen. Wood is half cellulose and half lignin, which is a complex mixture including
some aromatic structures; it has lower amount of hydrogen and oxygen than paper. All
three materials (wood, paper and plastic) are expected to generate particles that differ in

shape, density, electric charge, and possibly other properties. The capture of sub-
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micrometer particlesis driven primarily by the mechanisms such as impaction,
interception, diffusion and electrostatic attraction. The first two are quantitatively
characterized by the particle aerodynamic diameter — a diameter determined by particle
density and shape. The third (diffusion) has a great influence for small particles (<300
nm). Conversely, the electrostatic attraction mechanism relies on the charges acquired by
the particles. Provided that particles aerosolized due to combustion of wood, paper and
plastic feature different density, shape and electric charge, the penetration of those

particles may not be exactly the same.

The finding suggests that a better sealing may produce different effect on the
respiratory protection level for different aerosols, e.g., be more beneficial for protecting
against plastic combustion particles than against other materials. This seemsto have a
significant practical relevance, especially given that burning plastic generates more toxic

combustion particles making their elimination by arespirator particularly important.
3. Respirator Fully Sealed on the Manikin

For afully sealed half-mask respirator, the total penetration should be equal to the filter
penetration, which is supposed to be below 0.03% at 85 L/min for a NIOSH-certified P100 filter.
In our experiments, no particle penetration was detected at constant flow rate of 30 L/min. For
low to moderate cyclic flows, filter penetration was 0.002% or below. At the highest flow (MIF

= 135 L/min), the average penetration was around 0.011%.

It is noted that the P-100 filter penetration values obtained in this study reflect the total
particle count regardless of the particle size. The filter penetration generally depends on the

particle size reaching the highest value for the most penetrating particle size (MPPS). One size-

22



selective investigation revealed — for a specific P-100 FFR filter — that the penetration could be

as high as 0.048% at the MMPS of 50-200 nm (Eshbaugh et al., 2008).

Full Facepiece Elastomeric Respirator with P-100 Filters

1. Respirator Donned on the Manikin (Unsealed)

a. Penetration values. As seen from Table 1-6, penetration values for unsealed condition
were extremely low for all flows and materials. At 30 L/min, Peonstant ranged from
0.017% (wood) to 0.035% (plastic). The values of Peyqic were even lower: from 0.003%
for MIF = 30 L/min (all three combustion materials) to 0.025% (135 L/min, plastic).
These levels were approximately three orders of magnitude lower than the penetrations
obtained for the half-mask elastomeric respirator. This difference is likely associated with
the leak size. The nose has been identified as the primary leak location for half-mask
respirators (see the half-mask section above), whereas full facepiece does not have a nose
leak (thus penetration dramatically reduced). The difference between the cyclic and
constant flow regimes for the full facepiece was not as big as we observed with the half-
mask. Again, this also can be explained by the leak size. Asthe full facepiece does not
have nose leak, it is more comparable to a partially sealed half-mask rather than afully
sealed half-mask.

b. MIF effect on Pyyqic. The lowest MIF (30 L/min) produced the lowest penetration; as the

flow increased, the penetration increased (p-value < 0.05). Since the penetration values
were so low and closer to those expected from the filter material, one would suggest that
the role of faceseal |eakage pathway is not as great for the full facepiece elastomeric

respirator if compared to the half-mask, and the particle deposition on the filter governs

the process, at least to asignificant extent. For ultrafine particles used in this study, the
23



primary filtration mechanism is diffusion. Asthe flow increases, the residence time
decreases, and the diffusion becomes less effective. This explains the experimentally

observed effect of MIF on the particle penetration.
2. Respirator Fully Sealed on the Manikin

The data obtained with the fully sealed full facepiece were similar to those obtained with
the fully sealed half-mask. Thisis understandable because testing of afully sealed respirator
(both half and full facepiece) is essentially equivalent to examining the performance of the
respirator filter (with an exhalation valve attached). As the same type of filter was used for the
half and full facepiece respirators, there was no significant difference in the filter efficiency. The
results are consistent with the fact that the efficiency of aP100 filter is 0.03% or below at 85

L/min.

Data obtained with the UC UFP counter versus the TSI CPC 3007

The penetration values obtained from the measurement of aerosol concentrations inside
and outside of the two respirators (half and full) by UC UFP counter and TSI CPC operating in
parallel are plotted in Figure 1-4. The figure contains all data collected for all tested conditions.
A favorable agreement is seen (Sope~ 1.16, R? ~ 0.99; paired t-test, p-value = 0.91), suggesting
that the new counter, once miniaturized to serve as afield compatible personal sampling device,
can produce meaningful data comparable to a conventional TSI CPC instrument. Given the data
variability (specifically two clusters at penetration around 0.1% and 1% as measured by the TS|

CPC), afollow-up study is warranted to improve the sensitivity and stability of the UC UFP.
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Limitations

The HEPA filter (supposed to mimic the respiratory tract) placed between the headform
and the breathing simulator removed all particles, which passed through the manikin’s mouth
during the inhalation and exhalation cycles, whereasin real life situation only afraction of
particlesis captured inside the respiratory tract (determined by the respiratory deposition curve).
The above represents a difference between the manikin-based and human subject-based
measurement protocols, although the former seems to better represent the actual penetration of
particles from the breathing zone into the respirator. Additionally, there is a dead space between
the respirator and the HEPA filter. Given that the tubing volume between the respirator and the
HEPA filter is0.038 L [length ~30 cm; diameter = 1.27 cm (0.5")] and the respirator dead space
is~0.2 L, the total dead space volumeis~0.238 L. Asthe tidal volume of the breathing machine
ranges from 1 to 2.7 L, some particles may be trapped inside the dead space especially at the
lowest breathing rate (1 L/min), suggesting that the tubing/respirator volume may have an effect
on the particle concentration inside the respirator. However, this effect is likely insignificant
considering the difference between the total dead space and the tidal volume. The above

limitations also apply to studies|l, 11 and IV.

Conclusions

Two elastomeric respirators (half-mask and full facepiece) were evaluated as to the
overall particle penetration with respect to faceseal leakage, breathing flow type and rate, and
combustion material. All these factors were found to have significant impact on the performance
of the respirators. The total penetration through the fully sealed half and full facepiece respirators

did not exceed the NIOSH certification level established for P-100 respirator filters (<0.03%).
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Increasing leak size increased total penetration. Effects of combustion material and breathing
flow were significant and heavily dependent on sealing condition. The results suggest that
eliminating or minimizing the faceseal leakage is the key aspect for improving the efficiency of
elastomeric respirators used by firefighters against combustion particles regardless of particle

composition and size distribution.

Significant difference in penetration was found between cyclic and constant flow;
however, this difference was mainly observed for the unsealed half-mask. For the half-mask
(fully sedled) and full facepiece (unsealed or fully sealed), the penetration remained the same
when challenged with three different combustion aerosols (wood, paper and plastic). While
under sealing conditions such as “nose-only”, “nose & chin”, and “unsealed”, the combustion
material did show asignificant effect on the total penetration for the half-mask. This effect was
not consistent — plastic aerosol produced the highest penetration under the unsealed condition,
whereas for the two partia sealing conditions wood aerosol was associated with the highest

penetrations.

This study provides meaningful information related to the NIOSH respirator testing
program in accordance with Title 42 of the Code of Federal Regulations, Part 84. The results
indicate that the efficiency of a P-100 respirator filter is not significantly influenced by the
challenge aerosol and the flow type (constant versus cyclic). This supports the approach
implemented in the current NIOSH respirator testing of P-100 filters that utilizes a non-
combustion challenge aerosol and constant air flow. However, the NIOSH total inward leakage
(TIL) test assumes that the result is independent on the type of the tested aerosol, while this study
reveaed that the challenge aerosol significantly affects the particle penetration through unsealed

and partially sealed half-mask elastomeric respirators. The differences between the currently
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utilized challenge(s) and actual combustion aerosols are concerned with the particle shape,
density, electric charge, and possibly other properties. The findings generated by the presently
adopted TIL test protocol (utilizing ambient or NaCl model aerosols) may have limitationsin

predicting protection levels offered by half-mask elastomeric respirators.

One limitation of this study is that a stationary (non-moving) manikin headform was used.
It is acknowledged that this type of headform is not capable of mimicking human speaking, head
movements, or facial expressions, which could affect the leak size. We believe that the next step
in testing the elastomeric half-mask and full facepiece respirators could involve robotically

articulating headforms.
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CHAPTER 2

Laboratory Evaluation of the Particle Size Effect on the
Performance of an Elastomeric Half-mask Respirator against
Ultrafine Combustion Particles (Specific Aim 2)

Introduction

The US Bureau of Labor Statistics has reported that firefighting ranks among the most
dangerous occupationsin the United States (BL S, 2003). Firefighters are known to have
respiratory problems due to smoke inhalation resulting from combustion (Musk et al., 1982;
Materna et al., 1992; CDC, 2006). First responders as well as other workers exposed to
combustion aerosols are at a similar health risks as firefighters although their associated health
effects are not as well documented. Smoke generated from afire consists primarily of fine (<
1um) and ultrafine (< 0.1 um) particles. These smoke particles contain a variety of reactive free
radicals and other chemical compounds, which pose a potential health risk (Leonard et al., 2007).
Baxter et al. (2010) reported more than 70% (by number) of smoke particles present during fire
knockdown and overhaul are ultrafine. With an increase in surface area, ultrafine particles can be

toxicologically more reactive than those of larger sizes (Lam et al., 2004; Shvedova et al., 2005).

During fire overhaul (after the fire has been extinguished), firefighters enter the structure
to examine areas for possible re-ignition. At that stage, it has been reported that firefighters may
use elastomeric half-mask respirators equipped with a highly efficient P-100 filters (Bolstad-
Johnson et al., 2000; Burgess et al., 2001). When subjected to the National Institute for
Occupational Safety and Health (NIOSH) respirator certification test, a P-100 filter must provide
at least @ 99.97% efficiency when challenged to polydisperse dioctyl phthalate (DOP) particles
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having a count median diameter (CMD) of 185+20 nm and a geometric standard deviation

(GSD) of <1.60 (Shaffer et al., 2009).

Numerous studies have been conducted to determine the filter efficiency of commercially
available respirators (Martin et al., 2000; Eninger et al., 2008; Eshbaugh et al., 2008; Rengasamy
et al., 2008; Rengasamy et al., 2009). However, the respirator performance is affected not only
by the filter efficiency but also by the faceseal leakage. Furthermore, several studies have shown
that particle penetration through the faceseal leakage may be much higher than through the filter
media (Coffey et al., 1998; Zhuang et al., 1998; Grinshpun et al., 2009; Cho et al., 2010b). To
account for these two penetration pathways, NIOSH has proposed the total inward leakage (TIL)
method for testing respirators (NIOSH, 2009). However, the NIOSH TIL test does not consider
particle size, asit is based on non-size-selective measurement. TIL was investigated as a function
of particle size (aerodynamic size: 0.04—1.3 um) in our previous research performed with N95
respirators and surgical masks (Lee, Grinshpun, et al., 2008a). The lowest protection factors
(PFs) were observed in the size range of 0.04-0.2 um (which includes the ultrafine fraction).
Faceseal leaks on one brand of half-mask respirator (US Safety Series 200 Half-mask) worn by
73 subjects were studied by Oestenstad and Perkins (1992). They found respirator |eakage was
strongly affected by leaks at the nose and chin, and consideration should be given to including
nasal dimensions when selecting arespirator for an individual wearer. Our recent study with a
half-mask respirator tested on a breathing manikin revealed that the nose was the primary leak

site (Heet al., 2013).

There are no data available about the ultrafine particle penetration through faceseal leaks
of elastomeric respirators even for arelatively simple case when the breathing flow rate is

assumed to be constant. It is much more complex to quantify the particle penetration under
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actual breathing conditions (when the air flow through arespirator is not constant but has a
cyclic nature). Early researchers addressed the effects of faceseal leakage on the particle
penetration (Hinds and Kraske, 1987; Chen et al., 1990; Chen et al., 1992). A recent study
conducted by Rengasamy and Eimer (2011) investigated the TIL of nanoparticles through
Filtering Facepiece Respirators (FFRs), and reported that penetration increased with increasing
leak size. With smaller size leaks (< 1.65 mm), the penetration values measured for 50 nm size
particles were ~2-fold higher than the values determined for 8 and 400 nm size particles.
However, the quoted studies were conducted using either constant flow or artificially induced
leaks. Cho et al. (2010b) investigated a more readlistic faceseal |eakage by partialy sealing a N95
respirator on a manikin face with breathing patterns simulated (as a sinusoidal function) by a
breathing smulator. That paper showed that most of particles penetrated into the respirator
through the faceseal |eakage, rather than through the filter. A similar conclusion was drawn by

Grinshpun et al. (2009) for aN95 FFR and a surgical mask.

Different challenge aerosols (non-biological and biological) have been utilized for
various respiratory protection research including NaCl, Ag, DOP and viruses
(enterobacteriophages MS2, T4 and Bacillus subtilis phage) (Batazy, Toivola, Adhikari, et al.,
2006; Huang et al., 2007; Eninger et al., 2008; Shaffer et al., 2009; Cho et al., 2010g;
Rengasamy et al., 2011). In most of the previous respirator eval uation studies the challenge
aerosol was charge neutralized/equilibrated. To our knowledge, besides our latest investigation
(Heet al., 2013), no peer-reviewed published study has yet reported respirator performance

using combustion aerosols which likely have different charge, shape, and density.

The present investigation is a follow-up to the study of He et al., (2013) performed with

challenge aerosols originating from the combustion of wood, paper, and plastic. Similar to our
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earlier study, the present investigation aims at testing the performance of an elastomeric half-
mask respirator; however, adistinct difference isthat the current experimental design includes
particle size as an independent variable. Accordingly, a particle size selective measurement
technique was deployed in this effort to characterize the effect of particle size along with other
factors such asinhaation flow, combustion material, and faceseal |eakage on the efficiency of a

half-mask respirator.

Materials and Methods

Respirator and challenge aerosols

In this study an elastomeric half-mask respirator was tested, which iswidely used by
firefighters during fire overhaul. Thistype of respirator is aso commonly used by first
responders and other workers exposed to combustion aerosols. The model selection was also
influenced by feedback from the Cincinnati Fire Department, which indicated that their
firefighters frequently wear elastomeric 3M 6000 series half-mask respirators with P-100 filters
for medical responses and fire overhaul. Based on this rationale, a medium size 3M 6000 series
half-mask respirator equipped with two 3M 2091 P-100 filters was chosen for this study. This
same make and model was tested in our latest study on the overall (non-particle-size-selective)

particle penetration (He et al., 2013).

Three combustion aerosols were generated by burning the following materialsinside a
test chamber: wood (24 cm BBQ long matches, 1.9+0.5 g), paper (23 cm x24 cm brown
multifold paper towel, 2.1+0.2 g), and plastic (23 cm x20 cm Ziploc™ sandwich bags, single
layer, 1.7+0.3 g). Wood, paper and plastic were selected to represent common sources of

combustion particles in the environments encountered by firefighters and first responders. Itis
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noted that aerosol particles originated by combustion are usually highly charged; unlike many
earlier investigations, no charge neutralization or equilibration was conducted in this study in

order to preserve the original properties of combustion particles.
Study design and experimental set-up

The experiments were carried out in the University of Cincinnati indoor testing chamber

(volume = 24.3 m®). The experimental set-up is presented in Figure 2-1.

In each experiment, the elastomeric half-mask respirator was donned on a breathing
manikin and challenged with one of the three test combustion aerosols. Tests were conducted at
three cyclic flows, with mean inspiratory flows (MIFs) of 30, 85, and 135 L/min. These flows
represent breathing at medium, high and strenuous workloads (Lafortuna et al., 1984; Anderson
et al., 2006). The cyclic breathing was simulated by a Breathing Recording and Simulation
System (BRSS, Koken Ltd., Tokyo, Japan). The BRSS consists of an electromechanical drive-
cylinder and two air cylinders connected to each other. A sinusoidal air flow is generated as the
electromechanical cylinder moves back (inspiratory duration, half a period) and forth (expiratory
duration, half a period) (Haruta et al., 2008). The cylinder moving distance simulates the human
tidal volume. By adjusting the speed and distance of the cylinder, the breathing frequency was
set at 25 breaths/min for all three cyclic flows. Choosing the same breathing frequency for all

cyclic flows eliminated frequency as an additional variable from the study design.

To examine the effect of the faceseal leakage on the performance of the respirator, three
sealing conditions, namely “fully sealed”, “partially (nose area) sealed”, and “unsealed”, were
established. A silicone sealant was applied to the respirator when it was necessary to seal the
facepiece to the manikin. The fully sealed condition essentially targeted the efficiency of the P-

100 filtersinstalled on the half-mask respirator assuming no penetration through the exhal ation
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valve. The unsealed and partially sealed conditions permitted evaluation for both penetration
pathways: filter penetration and faceseal |eakage. Several studies have reported that faceseal
leakage occurs mostly in the nose and chin area (Holton et al., 1987; Crutchfield et al., 1997,
Oestenstad et al., 2007; Oestenstad et al., 2010). Our previous study (He et al., 2013) showed
that there was no significant difference between two conditions “nose-only sealed” and “nose &
chin sealed” in terms of the penetration level for the same half-mask respirator. Based on this
rationale, only one partially sealed condition — a nose area seal — was chosen for this study (the
length of the seal was 12.7 cm, which is approximately 30% of the 40.6 cm total respirator

sealing length).

For each combination of the test conditions, the experiment was repeated four times. The
particle concentrations outside and inside of the respirator were measured size-selectively using a
recently developed Nanoparticle Spectrometer (Model: Nano-1D NPS500, Naneum Ltd., Kent,
UK). To sample from inside the respirator, the half-mask was probed between the nose and
upper lip of the manikin using the TSI Model 8025-N95 Fit Test Probe Kit. The Nano-1D is
capable of measuring an aerosol particle size distribution over arange of mobility diameters (an
equivalent diameter of a spherical particle of the same mobility, Kulkarni et al., 2011) from 5 to
500 nm (referred to as ascan range). The particle counts are recorded in up to 128 user-
selectable channels at a sampling flow rate 0.2 L/min, which is sufficiently low (compared to the
breathing flow 30 — 135 L/min) and, therefore, is unlikely to cause significant influence in the
measured particle concentration inside the respirator. Myerset al. (1988) stated that biased
sampling often occurs because aerosol does not mix well within the respirator cavity during the
inhalation phase of the respiratory cycle. To minimize the effect of non-homogeneity of the

concentration inside the respirator resulting from poor mixing, a 3-minute scan time was chosen
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for each measurement; this time allows integrating many cycles in one measurement, e.g., as

many as 75 cyclesin 3 minutes at 25 breaths/min.

The particle penetration (through both pathways) was determined for each particle size

(dy) astheratio of inside and outside concentrations:

P(d,) = éixm% (2-1)

out
Data analysis

For each combination of experimental conditions, the mean value of the total penetration
and the standard deviation were calculated from the four replicates. One-way analyses of
Variance (ANOVA) was performed to quantify the effect of sealing condition on the particle
penetration, and three-way ANOV A was used to study the significance of combustion material,
breathing flow and particle size using SAS version 9.2 (SAS Institute Inc., Cary, NC). P-values

of < 0.05 were considered to represent significant differences in the outcomes.

Results and Discussion

Particle size distribution of challenge combustion aer osols

Figure 2-2 shows the particle size distributions of the three combustion aerosols
measured at 10, 30, 50, 70, and 90 minutes after the burning stopped. Each aerosol produced a
single-mode distribution. The peak concentrations occurred in the mobility diameter range of 40
to 80 nm for wood and paper combustion aerosols, whereas the peaks shifted slightly toward a

larger size range (50 to 100 nm) for plastic combustion aerosols.

The majority of particles detected by the Nanoparticle Spectrometer fell between 20 and

200 nm. Thisisin agood agreement with the above quoted findings of Baxter et al. (2010), who
34



suggested that the scan range could be narrowed down. In addition to a better representation of
the challenge aerosol, a narrower scan range improves the instrument performance in a specific
time interval (by providing a more accurate particle count per channel). Accordingly, the size
range of 20—-200 nm discriminated through 30 scan channels (representing 30 particle size
fractions) was selected. The above choice was consistent with an important aim of the particle

size selective sampling — to identify the most penetrating particle size (MPPS).

The natural decay of airborne particle concentration was found to be dependent on
particle size. It is seen in Figure 2-2 that the natural decay was very slow for wood and paper
combustion particles above 80 nm, and plastic combustion particles above 100 nm. The slower
decay for larger particles can be explained by weakening diffusion as well as continuous
coagulation (Kulkarni et al., 2011). The curves demonstrate a pronounced concentration decrease
during approximately the first 50 min, which slowed down afterwards. On average,
approximately 40% of particles remained airborne after 90-minutes. This assured a sufficient

number of particles available for counting in each Nano-1D channel.
Fully sealed half-mask respirator with P-100 filters

The fully sealed respirator prevented particles from penetrating through the faceseal
leakage. Therefore, total particle penetration equals filter penetration (P = Psjjter) @SSuming no
penetration through the exhalation valve. A separate experiment was conducted to test the
assumption that exhalation valve operated properly, thus introducing no additional pathway for
particles to penetrate inside the respirator. In this experiment, the same respirator with a
functional exhalation valve was compared to a sealed valve. The penetration was determined at
aconstant flow of 135 L/min aswell as at acyclic flow of MIF=135 L/min. For either flow

conditions, no significant difference in the penetration values was found. The results confirmed
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that the exhal ation valve had no influence on particle penetration, which supports the
fundamental postulate of our study design of only two particle penetration pathways (filter and

faceseal).

Figure 2-3 presents the particle penetration values for the fully sealed half-mask
respirator equipped with two P-100 filters challenged with particles aerosolized by wood
combustion. Our previous study (He et al., 2013) conducted with an identical fully sealed half-
mask indicated that the effect of combustion material on the particle penetration was not
significant (p-value > 0.05); therefore, only one combustion material (wood) was tested here.
Except for afew points obtained at 135 L/min, all the other values were below 0.005%
regardless of the particle size and flow rate. The two peak points that occurred at the lower (~30
nm) and higher (~180 nm) sizes could be outliers as there were not sufficient number of particles
(Cout <10,000 particles/channel, Ci, <1 particle/channel) generated at those two sizes especially
after 90 minutes measurement (see Fig. 2, Wood Aerosol). However, even if these two peaks
were considered as valid data points, the maximum filter penetration would still fall below
0.025% (Fig. 3). Overall, the results demonstrate that the tested P-100 filters exhibited the
efficiency levels exceeding the NIOSH certification requirement (P <0.03%). Thisfindingisin
agreement with our earlier results obtained using a non-particle-size-sel ective aerosol
measurement technique (He et al., 2013). Several other studies also reported similarly low

particle penetration for P-100 filters (Eshbaugh et al., 2008; Rengasamy et al., 2011).
Partially (nose area) sealed half-mask respirator with P-100 filters

Figure 2-4 presents the particle penetration data for partially sealed half-mask with two
P-100 filters, which was tested at three MIFs (30, 85, and 135 L/min) while exposed to three

combustion aerosols (wood, paper and plastic). Data analysis revealed that combustion material
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and particle size had a significant effect on penetration values (p<0.001). For all three materials,
the highest particle penetration values occurred at 85 L/min throughout the entire tested particle
size range (20 to 200 nm) except for the first channel; the 135 L/min flow generated the second
highest penetration levels followed by 30 L/min. All penetration values obtained with the three
combustion aerosols were approximately between 0.05% and 0.7% except afew points obtained
for smaller particles at 30 L/min. Insufficient number of particles detected by the Nanoparticle
Spectrometer (Cou: <1,000 particles/channel, Cin <1 particle/channel) prevented us from reporting
penetration values for plastic particles between 20 and approximately 30 nm (see Fig. 2, Plastic

Aerosol).

Compared to the fully sealed test condition, even the lowest penetration values obtained
for the partially sealed half-mask at 30 L/min were at least 10-fold greater, regardless of flow
rates (30, 85, and 135 L/min). This shows that any additional faceseal leakage can substantially

compromise the protection offered by a half-mask respirator.

The penetration curves obtained for wood and paper combustion aerosols were of similar
shapes. While not perfectly monotonic, the curves showed an overall increase of penetration with
increasing particle size. For plastic combustion particles, the curves are dightly different from
those found for wood and paper aerosols with the penetration reaching the maximum
approximately at 120-160 nm at 85 and 135 L/min. One possible reason is that the particles
generated by burning plastic, a synthetic material, may differ in composition and physical
characteristics such as a charge, shape and density (see full explanations in Chapter 1 on page
21). Itisalso to be noted that the measurement of particles in this study was based on their
electrical mobility (not an aerodynamic diameters), and there are no data, to our knowledge, that

would allow establishing arelationship between the two, at least, for the challenge aerosol.
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The order of curvesin Figure 2-4 was somewhat unexpected: at the same particle size the
penetration increased as the MIF increased from 30 to 85 L/min but then decreased as the flow
continued rising from 85 to 135 L/min at MIF. In order to identify the flow rate(s) associated
with the maximum particle penetration, four more cyclic flows (50, 70, 100 and 120 L/min) were
added to the testing program for the partially sealed half-mask. This additional experiment was
conducted using plastic combustion aerosol only. It is believed that the finding would have
higher practical significance because plastic aerosol is comparatively more toxic and more
health-relevant than the ones produced by burning wood or paper (UL, 2010). Thus, seven flows
(30, 50, 70, 85, 100, 120, and 135 L/min) were tested at the same manikin breathing frequency
(25 breaths/min) with four replicates for each flow. The experimental results are presented in
Figure 2-5. The penetration values are shown for particle sizes of and above of 30 nm (as

mentioned earlier, the count of plastic combustion particles below 30 nm was insufficient).

Firstly, the curves (upper section of Figure 2-5) corresponding to seven different MIFs
are similarly non-monotonic. Although the trend is not completely clear for particle diameters up
to 40-50 nm, all the curves indicated that penetration increased with increasing particle size up
to approximately 100-140 nm (depending on the flow rate) and then decreased for larger
particles. The flow rate of 85 L/min indeed appeared to be the one producing the highest
penetration values when particle size was > 40 nm. The flow rate of 100 L/min produced the
second highest penetration (the values are approximately the same compared to 85 L/min in the
particle size range of 80 to 100 nm). Further increase in flow rate resulted in decreasein
penetration. Results also showed the lowest penetration values at the lowest tested MIF (30
L/min). The following explanations are offered to address the flow effect: as the breathing flow

increased from 30 to 85 L/min, more combustion particles were brought into the respirator cavity
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(greater penetration) while the outside concentration remained unchanged. However, it is
anticipated that at higher flows (>85 L/min) the negative pressure inside the respirator during
inhalation became sufficiently high to suck the respirator toward the face of the manikin and
consequently reduce faceseal leak size. In turn, asmaller leak could correspond to alower
relative contribution of the total air flow entering the facepiece, resulting in penetration of fewer
particles. During exhalation, exhaled air is released primarily through the exhalation valve
(rather than the faceseal 1eakage or filters) of the half-mask respirator so that a higher flow

should not substantially increase the leak size during exhalation.

Secondly, the lower section of Figure 2-5 shows the particle penetration as a function of
MIF at four particle sizes (52, 83, 104 and 153 nm) that were selected to fairly represent the
entire scan range. This figure conveys that the particle penetration was largely dependent on the
cyclic breathing flow, with the highest penetration values occurred at the MIF =85 L/min. As
particle size increased from 52 nm to 104 nm, the penetration values showed a clear increasing
trend regardless of the flow rate. However, penetration values obtained at the larger particle size
(153 nm) were close to or higher than those acquired at 104 nm (depending on the flow rate).
Thisindicates that the MPPS for this partialy sealed half-mask (nose area only) was within a

size range of approximately 100 to 160 nm when challenged to plastic combustion aerosols.
Unsealed half-mask respirator with P-100 filters

The findings for the unsealed half-mask are presented in Figure 2-6. The ANOVA results
showed that both particle size and material type had strong significant effects (p<0.001) on the
particle penetration. The penetration values ranged from 4% to 8% for wood aerosol, from 3% to
10% for paper aerosol, and from 3% to 16% for plastic aerosol. Plastic aerosol produced higher

penetration values for particles between 100 and 200 nm as compared to wood and paper
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combustion aerosols. Thisfinding isimportant in light of previously published evidence that
combustion of plastic generates toxic particles that may be associated with human health effects

(Linak et al., 1989; Wong et al., 2007).

The average penetration of the unsealed half-mask respirator exceeded that of fully sealed
respirator by afactor of more than 100, given that most of penetration values obtained for the
fully sealed half-mask were below 0.05% (see Figure 2-3). Therefore, more than 99% of
particles entering the unsealed half-mask respirator cavity penetrated through faceseal |eakage
(not through the P-100 filter media). Thisfinding is consistent with the conclusions presented in
He et al. (2013) for the same type of respirator based on total particle concentration measurement

(not size-selective).

For plastic aerosol, the size of particles most readily penetrating through faceseal |eakage
fell inarange of 120-140 nm for all three MIFs, whereas it is difficult to determine the MPPS
for wood and paper aerosols as the penetration curves do not show clear peaksin the particle size
range of 20 to 200 nm. Many previous studies on respirator filter efficiency have reported the
MPPS for tested filters (Brown, 1993; Martin et al., 2000; Grafe et al., 2001; Batazy, Toivola,
Adhikari, et al., 2006; 2006; Eninger et al., 2008). However, there are very limited data available
on the MPPS for respirator faceseal leakage. Rengasamy and Eimer (2011) reported that the
MPPS for acylindered leak (<1.65 mm diameter) was ~50 nm. It is commonly assumed that size
and location of faceseal leakage are constantly changing during breathing, talking, and
head/body movement (Myers et al., 1996), which contributes to additional variability when
trying to determine the MPPS. Additional challenge is that the MPPS can be affected by aerosol

type as shown in this study.
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Unlike the fully sealed condition, an unsealed respirator involves two primary particle
penetration pathways (filter media and faceseal |eakage). While numerous studies have
addressed the effect of breathing flow on the filter efficiency (e.g., increasing flow rate was
shown to promote higher penetration of ultrafine particles due to diffusion) (Batazy, Toivola,
Adhikari, et al., 2006; 2006; Eninger et al., 2008; Rengasamy et al., 2011), it isless certain how
the breathing flow affects the faceseal penetration. Interestingly, several published FFR studies
have documented that faceseal penetration decreased with increase in breathing flow when
challenged with particles above 500 nm (Chen et al., 1990; Huang et al., 2007; Cho et al.,
2010b). On the other hand, another FFR evaluation effort failed to observe significant increase or
decrease in faceseal penetration when increasing the breathing flow (Rengasamy and Eimer,
2011) for particles ranging from 8 to 400 nm. In our study, increasing flow seemed to decrease
particle penetration through the faceseal |eakage, and such effect was most dominant for plastic
aerosol and particle size of >100 nm (see Fig. 6). It isacknowledged that our study tested a
different respirator (elastomeric half-mask) with different challenge aerosols compared to the

three studies referenced above.

To interpret the above finding (faceseal penetration decreases with increasing flow rate),
an experiment with breathing flow held constant was conducted. The same unsealed half-mask
was tested using three constant flow rates (30, 85, and 135 L/min) while challenged with plastic
aerosol. The results are shown in Figure 2-7. First, constant inhalation flow produced much
higher penetration values than cyclic flow. Peak penetration was close to 50% for a constant flow
rate of 30 L/min (Figure 2-7) as compared to 16% for cyclic flow of the same MIF (Figure 2-6);
similar trends were observed for 85 and 135 L/min. These differences were explained in our

previous study (He et al., 2013). The important finding is that increasing constant flow was
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generally associated with a decrease in particle penetration (with the exception of data obtained
at 85 versus 135 L/min for larger particles). Dueto the high efficiency of the P-100 filter, the
total particle penetration through the half-mask elastomeric respirator is almost fully determined
by the number of particles penetrating through faceseal |eakage. Most of tested particles are
small enough to have their motion governed primarily by diffusion and electrostatics. Assuming
that (a) the exhalation valve provides a perfect seal, (b) the particle loss inside the faceseal
leakage is negligibly small, and (c) the capture efficiency of the P-100 filter is close to 100%, the
total particle penetration (Proa) iNnto arespirator is determined by the relative contributions of the

air flows through the filter and the leakage (He et al., 2013):
P ~1- 6 = 2 1009 (2-2)
Q Q

Where Qr isthe constant air flow through filter media, Q. isthe constant air flow through
faceseal leakage, and Q = Qg + Q. isthe constant total flow. If the respirator is equipped with an
absolute filter, the penetration value calculated by Eq. (2-2) can be considered as maximum

possible particle penetration.

Depending on the position of the respirator and the tightness of the straps, the gap
between the respirator and the face of the manikin islikely variable. In our experiment, the most
sizeable leakage (~1 mm) was observed around the nose area. However, in areas around the chin
and cheeks the faceseal |eakage could be 0.1 mm or lower. According to the classic particle
diffusion theory (Kulkarni et al., 2011), the particle losses inside a 1-mm gap are estimated to be
negligibly low (with the Brownian displacement of ~0.01 mm). At the same time, the diffusional
deposition inside a0.1 mm gap is not negligible, especialy for particles below ~50 nm. Larger

particles (well above 50 nm) are not subjected to appreciable diffusional deposition, but some of
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them may carry substantial electrical charges, which could cause |osses inside the faceseal
leakage and consequently decrease the particle penetration. This effect is expected to be more
pronounced as the particle size increases (further increase of the particle size adds interception
and impaction losses). The above explains the non-monotonic curves shown in Fig. 7. The
MPPSs ranging approximately from 70 to 90 nm (depending on the flow rate) represent the
condition when the particles are too large for substantial diffusional losses inside the leakage but
at the same time too small to expect notable deposition due to electrostatic mechanism,
interception, and impaction. In these cases, the penetration is close to the theoretically maximum
level, Q./Q[EQ. (2-2)]. These thresholds are shown in Fig. 7 for each of the three flow rates as

straight lines.

The proportion of total flow through the faceseal |eakage was experimentally determined
for an unsealed half-mask donned on the manikin under the constant flow condition. Thiswas
done asfollows. First, the respirator was fully sealed on the manikin, and the air flow was
established (entirely through the filter in absence of the faceseal |eakage). By adjusting the
speed of avacuum pump, seven constant flow rates (Qg) ranging from 10 to 100 L/min were
achieved and the seven corresponding static pressures (pressure drop) were recorded. Second, an
unsealed respirator was donned on the manikin with both P-100 filters removed and all
inhalation openings fully covered to allow the air pass solely through the leakage. Using the
same pre-recorded static pressures, seven flow rates (Q,) were established by adjusting the
vacuum pump. Subsequently, the seven total flow rates were calculated (Q = Qr + Q,, see Fig. 8

for the seven tested Q-values marked as black dots).

The relationship between Q_/Q and total flow Q is plotted in Figure 2-8. The graph

revealsthat Q /Q values decreased along with increasing total flow rate. Asindicated above, this

43



likely occurred due to high negative pressure inside of the respirator that sucks it towards the
manikin surface, thus reducing the faceseal leakage and producing higher flow resistance, which,
in turn, reduced the proportion of total flow (Q./Q) passing through the |eakage. Increase in total
flow decreased the dope of the curve shown in Figure 2-8. At atotal flow of 30 L/min, the ratio
of QL/Q was as high as 53%, which, based on our theoretical considerations presented above,
was supposed to produce Proa = QL/Q = 53% (see Figure 2-7, the 53% straight line). Similarly,

when the total flow was 85 and 135 L/min, the Q_/Q was 38% and 33%, respectively.

The above explanations can be applied to a more complex case of the cyclic flow regime, which
—in contrast to the constant flow — exhibits both inhal ation and exhalation. During exhal ation,
particle concentration inside the respirator is diluted by the purified exhalation air (in our
experimental set-up, a HEPA filter installed between the manikin and the breathing simulator).
At the same time, the particles cannot be entirely removed from the respirator cavity asthere are
always particles trapped inside the respirator after exhalation. Thus, the particle penetration
obtained under the cyclic flow regime is expected to be lower than those obtained under the
constant flow regime (see a more detailed explanation in He et al., 2013). However, the effects
of the flow rate on the faceseal penetration remained the same for both constant flow and cyclic
flow regimes — higher flow associated with lower penetration, which was proven by the
theoretical calculation (Eg. 2-2) combined with the flow measurements (Fig. 8). No previously
published studies were found to address the flow type (cyclic vs. constant) effect on the total

inward leakage for the elastomeric half-masks.



Conclusions

Performance of the elastomeric half-mask respirator was significantly affected by the
particle size (p < 0.001). When testing the partially sealed half-mask, the highest penetration was
detected at 180 nm for wood and paper combustion aerosols, and at around 120 to 160 nm for
plastic aerosol. Under the unsealed conditions, the peak penetration occurred at 120 nm for
plastic combustion aerosol while no clear peaks were identified for wood and paper. Results
suggest that the MPPS for the faceseal |eakage was >100 nm for the partially sealed and unsealed
conditions when challenged with plastic aerosol. The partialy sealed (nose area only) half-mask
respirator resulted in 10-fold lower penetration levels when compared to the unsealed condition.

This suggests that the nose area was a primary leak site.

Materia type was another significant factor (p<0.001). For the unsealed half-mask
challenged with plastic combustion aerosol, higher penetration values were observed as

compared to wood and paper aerosols for particles >100 nm.

The effect of cyclic flow rate was found to be significant as well (p<0.001). For the
partially sealed respirator, increasing flow rate was associated with an increase in penetration up
to MIF = 85 L/min. For higher flow rates, the trend changed to a decrease in penetration as the
flow increased. For unsealed conditions, increasing flow rate resulted in consistent decrease of

penetration and this trend was most apparent for the plastic aerosol with size >100 nm.

One magjor limitation of this study isthat a hard plastic manikin headform was used,
which was not capable of mimicking the texture and softness of human skin. This may
potentially create larger leaks for equivalent strap tension. An advanced headform covered with

soft skin-like material may be considered as an appropriate alternative in future studies. Only one
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model of the elastomeric half-mask was tested, which also represents a study limitation.
Additionally, it is acknowledged that all the cyclic flows tested in this study used the same
breathing frequency (25 breaths/min), which may not fully represent the real world situation.
Future studies are needed to investigate the effects of the breathing frequency on the

performance of respiratory protection devices.
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CHAPTER 3

Effect of Breathing Frequency on the Total Inward Leakage of an
Elastomeric Half-Mask Donned on an Advanced Manikin
Headform (Specific Aim 3)

Introduction

The U.S. Occupational Safety and Health Administration (OSHA) requires respirators be
provided to employees whenever engineering and work practice control measures are not
adeqguate to reduce the employees exposure to acceptable levels (OSHA, 2006). Among the non-
powered air purifying respirators, 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
(BLS) and the National Institute for Occupational Safety and Health (NIOSH) (BLS/NIOSH,
2003).

Smoke from afire contains primarily ultrafine particles (< 0.1 um). The latter were found
to account for more than 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 cardiovascular function and other adverse health outcomes (Schwartz et al .,
1996; Peterset al., 1997; Timonen et al., 2005; Schulte et al., 2008).

Many studies have evaluated the most penetrating particle size (MPPS) (Martin et al .,
2000; Grafe et al., 2001; Batazy, Toivola, Adhikari, et al., 2006; 2006; Eninger et al., 2008;
Rengasamy et al., 2008; Cho et al., 2010a) of NIOSH-certified N95 FFRs. These studies

consistently report aMPPS in arange of 30 to 100 nm. Elastomeric half-masks, which offer the

a7



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
N95 FFRs. One study involving three half-masks and 10 FFRs tested on a panel of 10 human
subjects concluded that the performance of elastomeric half-masks was better than that of FFRs
(Han et al., 2005). Another study (Lawrence et al., 2006) involving a panel of 25 subjects with
varying face sizes reported superior performance of elastomeric N95 half-masks (15 models
tested) over N95 FFRs (15 models tested) and surgical masks (6 models tested). However, these
investigations used non-size-selective aerosol measurement devices that did not allow exploring
potential differencesin penetration by different particle sizes, and none of these studies studied
the effect of breathing frequency.

Respirator filter efficiency is significantly affected by breathing flow rate. This has been
demonstrated for mechanical and “electret” filters tested under constant and cyclic flow
conditions (Chen et al., 1990; Brown, 1993; Qian et al., 1998; Martin et al., 2000; Batazy,
Toivola, Reponen, et al., 2006; Huang et al., 2007; Eninger et al., 2008; Rengasamy et al., 2008;
Rengasamy et al., 2009; Cho et al., 2010b). A constant inhalation flow rate of 85 L/minis
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 breathing is more reasonably approximated by a sinusoidal waveform, which can be
better approximated with different flow rates and breathing frequencies (breaths/min) (Haruta et
al., 2008). Breathing frequency differs between population groups (e.g., healthy vs. sick, young
vs. old) and is significantly affected by the level of physical activity (e.g., rest vs. active)
(Tortoraet al., 1990; Sherwood, 2006). Several studies using cyclic flow, have reported an

effect of flow rate on filter efficiency and faceseal leakage (Myerset al., 1991; Eshbaugh et al.,
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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 frequency. Wang et al.
(2012) did investigate two breathing frequencies (32 and 50 breaths/min) with asingle MIF (100
L/min), but the data generated in their study were too limited to draw conclusions about
breathing frequency. Furthermore, they selected a breathing frequency (50 breaths/min) that is
excessive for most workplace populations.

Respiratory protection offered by negative pressure respirators is dependent not only on
the filter efficiency but also on faceseal leakage (Zhuang et al., 1998; Grinshpun et al., 2009;
Cho et al., 2010b). To account for these two penetration pathways (filter and faceseal |eakage),
NIOSH has proposed the total inward leakage (TIL) method for testing respirators (NIOSH/CDC,
2009). Severad studies addressed thisissue by creating artificial dlit-like or circular leaks to
assess the faceseal |eakage (Hinds and Bellin, 1987; Myerset al., 1991; Chen et al., 1992;
Rengasamy et al., 2011). However, artificia fixed leaks are not representative of actual
conditions when arespirator is worn by humans. It is commonly assumed that size and location
of faceseal |eaks are constantly changing during breathing, talking, and head/body movement
(Myerset al., 1996). Some studies tested respirators worn by human subjects (Zhuang et al.,
1998; Grinshpun et al., 2009) but these were, obviously, limited to a non-toxic challenge aerosol
(NaCl). Comprehensive testing of respirator performance in atoxic aerosol environment and at
higher challenge concentrations requires use of a manikin headform. Conventional static manikin
headforms (either made of arigid material or coated with athin layer of rubber, plastic, or other
compressible materials) have been shown in the literature to have high TIL levelsfor half-mask
elastomeric respirators and filtering facepiece respirators (Cooper et al., 1983; Tuomi, 1985;

Golshahi et al., 2012). These older type headforms do not simulate the properties of human facial
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tissue (e.g., skin softness and local depth) which deforms under stressin ways that solid
elastomers cannot simulate (Hanson et al., 2007). To address this gap, an advanced manikin
headf orm 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 afollow-up to recent studies (He et al., 2013a; 2013b)
conducted in the same laboratory. The present study specifically addresses breathing 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 facia characteristics, which is crucial for measuring the TIL of arespirator. The

advance manikin was challenged with three combustion aerosols. wood, paper and plastic.

Materials and Methods

Respirator

An elastomeric 3M 6000 series half-mask respirator 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; 2013b). The rationale for selecting the above respirator was
described in detail in He et al. (2013a). An 11 mm long flush probe with a 14 mm diameter
flange and a4 mm diameter inlet was mounted on the surface of the respirator centerline
between the manikin’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 |ocated approximately 25 mm from the

manikin's nose/mouth.
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Challenge Aerosols

The challenge aerosols were separately generated by burning the following three
materialsinside atest chamber: wood (24 cm long and 0.4 cm diameter pellets, 1.9 + 0.5 g),
paper (23 cm x 24 cm brown multifold paper towel, 2.1 + 0.2 g), and polyethylene (23 cm x 20
cm, 1.7 £ 0.3 g —further referred to as plastic) (He et al., 2013a). Each materia held by a caliper
was ignited by along reach lighter and completely burnt inside the chamber. All burnt materials
were captured in awater-filled basin placed on the floor. The measurements were initiated 15
minutes after burning to allow the combustion aerosol to reach a spatial uniformity. As our
previous measurements revealed that 90% of particles so generated were within the range 20 to
200 nm (Heet 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 et al. (2013). Briefly, the headform is of the medium size defined by the
NIOSH Principal Component Analysis panel created using datafrom alarge-scale
anthropometric survey of U.S. 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 et al., 2004), a fluid-filled cellular matrix
composed of an elastomer that compresses, elongates and otherwise deforms in ways that
simulates human skin (Hanson et al., 2004).
Experimental Design and Test Conditions

The experimental set-up is shown in Figure 3-1. The respirator was donned on the
advanced manikin headform, which was then challenged with one of three combustion aerosols

(wood, paper and plastic). The donning was performed according to the manufacturer’s user
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instructions. After donning, the respirator was not re-donned or repositioned until the completion
of the study, which allowed maintaining the size and shape of the faceseal leaks. Obvioudly, the
static headform design did not allow fit testing of the respirator prior to the study. The P100
filters were changed after every 15 runs to minimize the effect of loading of combustion products
on the filter media. The filters were changed carefully to minimize the effect of this procedure on
the respirator faceseal |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 experimental 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 HEPA filter placed in between to keep particles from re-
entering the respirator cavity in exhaled air. The BRSS consists of an electro-mechanical drive-
cylinder coupled with two air cylinders. As the electromechanical cylinder stroke moves back
(inspiratory duration, half a period) and forth (expiratory duration, half a period), asinusoidal air
flow is generated (Haruta et al., 2008). The stroke moving distance and frequency can be
adjusted with aresolution of 0.1 mm and 0.01 Hz, respectively, thus allowing for precise
changes to breathing flow rate and frequency when human breathing is simulated (Haruta et al .,
2008).

The test were conducted under three cyclic breathing flows (mean inspiratory flow —time
weighted average flow rate over the width of an inspiration, MIF = 30, 55 and 85 L/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 the tested breathing flow

rate and frequency. A summary of the experimental conditionsis presented in Table 3-1.
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Aerosol concentrations inside (Ci,) and outside (Coy) the respirator were measured using a
nanoparticle spectrometer (Nano-1D NPS500, Naneum Ltd., Kent, UK) size-selectively in 10
channels between 20 and 200 nm at a sampling flow rate of 0.2 L/min. Each concentration
measurement took 3 minutes. The corresponding mean sizes for the 10 chosen channels were
22.4,28.2,35.5,44.7,56.2, 70.8, 89.1, 112.2, 141.3 and 177.8 nm. TIL was determined for each

particle size (dy) asthe ratio of inside to outside concentration:

|n,dp

TIL 6 = x100% (3-1)

out,d,

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

10
Z I\Iin,i

TIL=-"1——x100% (3-2)

10
2 Now;
i=1
where Nin, is the number of particles measured in a specific channel inside the respirator,
Nout 1S the number of particles measured in a specific channel outside the respirator, and i isthe
i particle size channel.
Data analysis
Data analysis was performed using SAS version 9.3 (SAS Ingtitute 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 ANOV A 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 material and breathing flow. All
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pairwise comparisons were performed using Tukey’srange test. P-values < 0.05 were

considered significant.

Results and Discussion

Size-selective Total Inward Leakage (T| Ldp)

The size-selective TIL values determined within the chosen ten-channel size range are
shown in Figure 3-2. The graphs represent three MIFs, five breathing frequencies, 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 to the filter penetration data. The latter were
obtained in our earlier study, which examined the performance of afully sealed half-mask

equipped with two P100 filters while challenged with wood, paper and plastic combustion

particles of 20 to 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 faceseal |eakage was the primary particle

penetration pathway for the tested elastomeric half-mask (an additional experiment was
conducted to confirm that exhalation value did not |eak).

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 plastic manikin headform (He et al., 2013a, 2013b), and 5~10-fold lower than those

obtained with the unsealed half-mask donned on the plastic headform. Thisimprovement 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 3-2 demonstrates that particle size affected Tl Ldp (p < 0.0001) only for particles <
40 nm. For &l three aerosols, the TILg 0 values obtained at the lowest tested sizes, 2040 nm, fell

below those obtained at > 40 nm regardless of the breathing flow and frequency. This can be
explained by the diffusional deposition which is more pronounced for smaller particles
(consequently, asmaller fraction could penetrate inside the respirator more readily). For particles

40~50 nm and larger, the Tl Ldp curves showed no consistent increasing or decreasing trend.
Furthermore, ANOV A results showed no significant differencesin Tl Ldp (p = 0.36) among the

six channels between 45 to 200 nm. The relatively flat curves obtained for the half-mask indicate
awiderange for the MPPS. No TIL MPPS datawere available in the literature for elastomeric
respirators until our recent study (He et al., 2013a), which measured an MPPS of 120-140 nm
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 peaksin the Tl LdIO curves. 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 filtersonly (Myerset al., 1991; Cho et al., 2010z,
Rengasamy et al., 2011). At the same time, little information has been generated with respect to
the MPPS for faceseal leakage. When testing N95 FFRs with artificially created cylindered leaks,
Rengasamy and Eimer (2011) found that for leak diameters < 1.65 mm the MPPS was ~50 nm;
we believe that this value likely represents the N95 filter penetration, whereas the TIL of the
respirator used in this study (equipped with P100 filters) is primarily governed by the faceseal
leakage penetration. This likely explains the suppressed peaks or the plateaus seen in the curves

presented in Figure 3-2.
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The effect of breathing frequency on TILg o Was complex. When challenged with wood
combustion aerosol, frequencies of 30, 20 and 15 breaths/min produced the highest TIL g o values

at MIF =30, 55 and 85 L/min, for most size channels between 20 to 200 nm. MIF =30 L/min

produced the most notable effect of the breathing frequency on the Tl Ldp- TheTI Ldp curves

obtained from testing with paper combustion aerosol showed some peaks at 30 and 10
breaths/min at MIF = 30 and 85 L/min, but no clear peak was identified for MIF =55 L/min. The

graphs representing TILs for plastic aerosol revealed separations between the Tl Ldp curves at

MIF = 30 L/min, which essentially diminished at higher flow rates.

Increasing the MIF resulted in a decrease in the average TIL valuesfor al chalenge
aerosols (wood, paper and plastic). For example, for the wood combustion aerosol, the average
TIL valueswere 0.6~1.0 % at MIF = 30 L/min, 0.5~0.8 % at 55 L/min, and 0.3~0.6 % at 85
L/min. Severa published FFR studies also reported that faceseal penetration decreased with
increase in breathing flow when challenged with particles larger than 500 nm (Chen et al., 1990;
Cho et al., 2010b). On the other hand, another FFR study observed no significant increase or
decrease in faceseal penetration by 8-400 nm particles associated with increasing breathing flow

(Rengasamy et al., 2011).

Size-independent (overall) Total Inward Leakage (TIL)

The size-independent (overall) TIL values for the half-mask respirator challenged with
the three tested combustion aerosols are presented in Figure 3-3. The highest TIL values were
determined at MIF = 30 L/min and 30 breaths/min for all three challenge aerosols (peak TIL =
1.08%, 1.33% and 1.87% for wood, paper and plastic, respectively). The lowest TIL values
(0.35%, 0.60% and 0.75% for wood, paper and plastic, respectively) were obtained at MIF = 85

L/min combined with 25 breathg/min. ANOV A with Tukey’s range test was performed to study
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the effects of combustion material, breathing flow and breathing frequency on the TIL, and the
data analysisresults are presented in Tables 3-2 through 3-5.

Effect of the combustion aerosol. A three-way ANOV A (see Table 3-2) shows that the
non-size selective combustion aerosol significantly affected TIL (p < 0.0001). Pair wise multiple
comparison analysis revealed the mean overall TIL values for wood, paper and plastic
combustion aerosol were significantly (p < 0.05) different from each other (see Table 3-3). The
plastic aerosol produced the highest mean TIL (1.14%) followed by wood (0.85%) and paper
(0.70%). Thisfinding isin agreement with our recent study (He et al., 2010b) conducted with the
same type of half-mask donned on a hard plastic manikin headform. The differencein 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
little hydrogen.

Effect of the breathing flow (MIF). Breathing flow had a significant effect on TIL (p
<0.0001) as shown in Table 3-2. 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 L/min) are presented in Table 3-4. The mean TIL obtained at MIF =
30 L/min was significantly (p < 0.05) higher than those determined for MIF = 55 and 85 L/min.
The differences between the data series obtained at 55 and 85 L/min were not significant (p >
0.05). One possible explanation isthat a higher breathing flow can create a higher negative
pressure inside the half-mask respirator, which sucks the respirator toward the manikin’'s face,

thus creating tighter contact with the manikin headform (i.e., reducing faceseal |eakage).
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Increasing the flow rate from 30 to 55 L/min significantly reduced TIL; however, TIL was not
significantly reduced from 55 to 85 L/min.

Effect of the breathing frequency. Breathing frequency did not show a significant effect
onthe TIL(p > 0.05, see Table 3-2) regardless of combustion aerosol, MIF and breathing
frequency (pooled data). When the data was stratified by combustion aerosol and MIF (see
Table 3-5), the effect of the breathing frequency became significant (p < 0.05) for all conditions
challenged with wood and paper combustion aerosols, and for MIF = 30 L/min only if
challenged with plastic aerosol. However, no significant breathing frequency effect was found at
MIF =55 L/min (p=0.99) and MIF = 85 L/min (p = 0.97) for plastic aerosol. The pairwise
multiple comparisons confirmed that the frequency of 30 breath/min produced the highest mean
TIL value when MIF = 30 L/min, which was true for all three combustion aerosols (see Table 3-
5). The findings were consistent with the results of size-selective TIL measurements (see Figure
3-2). At MIF =55 L/min, the 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 L/min, the highest mean
TIL values were recorded at 15 breaths/min for wood combustion aerosol (TIL = 0.67%), 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
affectsthe 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 respirators. Nevertheless, for a certain chosen
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aerosol and MIF, different breathing frequencies can produce significant differences among the
TIL values. For example, for wood aerosol and MIF = 30 L/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 =85 L/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 condition). A similar conclusion was
made for other types of respirators (Eshbaugh et al., 2008; Haruta et al., 2008; Grinshpun et al.,
2009).

A limitation of the study is that only one model of elastomeric half-mask respirators was
tested. Generaly, the results may differ from one model to another. In addition, only asingle
donning was conducted so that a contaminated respirator would not be subjected to areplicate
testing. It remains unknown how the results would differ given that the respirator model
characteristics 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 filtering facepiece
respirators).

It was also noticed that the combustion aerosol in the breathing zone outside the
respirator was diluted during exhalation phases by extraction through the HEPA filter and

replacement with the particle-free air. Thisleaves fewer particles (by an absolute number) that
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are capable of penetrating through the respirator. Consequently, the above affects the TIL results.

Thereal TIL would have been higher if such dilution effect did not exist.

Conclusions

Breathing flow and combustion material had significant (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 approximately 40 to 200 nm serve as an evidence of awide size
range of particles, which most readily penetrate through faceseal leaks of half-mask respirators.

The effect of the breathing frequency was complex and differed for different
combinations of the combustion aerosol and the MIF. For pooled data, the breathing 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 al MIFswhen challenged with wood and paper combustion aerosols, and
specifically for MIF = 30 L/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) as compared to
wood and paper aerosols, suggesting potentially higher exposure to awearer. The highest
penetration occurred when challenged plastic aerosol, at 30 L/min, and at a breathing frequency
of 30 breaths/min. The results also showed that an increase in the MIF leadsto a decreasein TIL
— atrend which lost its significance as the flow rate exceeded 55 L/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 characteristic to be addressed. The TIL
results also indicate that for particles larger than 40 nm the particle size effect was not significant,
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and particles < 40 nm produced lower penetration than those > 40 nm. This finding suggests that

Size-sel ective measurement may not be necessary when performing the TIL test.
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CHAPTER 4

How Does Breathing Frequency Affect the Performance of an
N95 Filtering Facepiece Respirator and a Surgical Mask Against
Surrogates of Viral Particles? (Specific Aim 4)

Introduction

The National Institute for Occupational Safety and Health (NIOSH) certified N95
filtering facepiece respirators (FFRS) are widely used in various occupational environments to
reduce the workers' exposure to hazardous aerosols. In healthcare environments, N95 FFRs and
surgical masks (SMs) are the most commonly used devices to prevent transmission of infectious
diseases (OSHA, 2007). N95 FFRs are certified by the National Institute for Occupational
Safety and Health (NIOSH) in accordance with Title 42 of the Code of Federal Regulations
(CFR, 1995. pp.30382-30383). Theletter ‘N’ stands for non-oil-resistance, and the number ‘95’
denotes the filter efficiency of at least 95% when the filter is challenged with NaCl aerosols
having a mass median aerodynamic particle diameter of 300 nm (the most penetrating particle
size, MPPS, for mechanical filters) at a constant flow of 85 L/min (NIOSH, 1995). Presently,
the vast majority of FFRs are manufactured utilizing electrostatic fibers, which feature much
smaller MPPS: 30 to 100 nm (Martin et al., 2000; Grafe et al., 2001; Batazy, Toivola, Adhikari,
et al., 2006; 2006; Eninger et al., 2008; Rengasamy et al., 2008; Cho et al., 2010a; Zuo et al.,
2013). The latter range includes many viral species. SMs are not subject to NIOSH filter
certification approval; instead they are regulated by the US Food and Drug Administration

(FDA). Previous studies have shown that the filter efficiency for SMsis much lower than that
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for N95 FFRs (Willeke et al., 1996; Batazy, Toivola, Adhikari, et al., 2006; Lee et al., 2008b;

Grinshpun et al., 2009).

Besides filter penetration, faceseal |eakage can have a significant impact on the
performance of N95 FFRs and SMs. One study showed that the efficiency of N95 FFRs was
high when sealed to a manikin headform but decreased significantly due to faceseal leakage
when the same respirators were tested on human subjects (Qian et al., 1998). NIOSH has
proposed total inward leakage (TIL) testing to assess respirator performance since it takes into
account both penetration pathways (NIOSH/CDC, 2009). Grinshpun and colleagues quantified
the relative contributions of the two pathways for an N95 FFR and a SM by determining the
filter penetration (Priier) and faceseal |eakage penetration (Pieaage) USiNg manikin-based and
human subject-based experimental protocols (Grinshpun et al., 2009). The “faceseal leakage-to-
filter” ratio (FLTF = Pieaage/Prilter) Was > 1, indicating a greater number of particles penetrated
through faceseal 1eaks than the filter media (Grinshpun et al., 2009). While the quoted study

addressed awide range of particle sizes (30 — 1000 nm), it did not examine breathing frequency.

Viral airborne particles (known as virions) are generally much smaller than airborne
bacteria. Most viruses referenced in the literature are between 20 and 300 nm in diameter
(Collier et al., 1998). For instance, coronavirus, the causative agent of severe acute respiratory
syndrome (SARS), has a primary physical size ranging from 80 to 140 nm; the avian influenza
virus (H5N1 and HIN1) is between 80 to 120 nm (Mandell et al., 1995; Ksiazek et al., 2003).
Exposure to viral particlesis best characterized by the number of inhaled particles rather than
mass concentration (Kulkarni et al., 2011). The size range of aerosols (often referred to as
“carriers’) containing viruses found in occupational setting is substantially larger than 500 nm

because the actual aerosols contain not only the virus but also respiratory secretions, dead cells,
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mucous, etc. However, particles < 500 nm are a worst-case situation (involving deeply inhaled
particles and MPPS for N95 FFRs and SMs), and thus are more scientifically interesting than
studying particles > 500 nm. In addition, the differencesin filtration performance between
surgical masks and FFRs are likely less noticeable for > 1 um aerosols. Therefore, this study

focused on particles < 500 nm.

The Institute of Medicine estimates that during an influenza pandemic, more than 13
million health care workers, patients, family members and friends may need respiratory
protection devices to protect them from receiving or spreading infectiousillness (I0OM, 2008).
Between population groups (e.g., young vs. old, small vs. large, healthy vs. sick), breathing
frequency (breaths/min) differs and will differ significantly with level of physica activity (e.g.,
at rest vs. active) (Tortoraet al., 1990; Sherwood, 2006). In addition, studies examined the
physiologic impact of respirators on healthcare workers, reported that wearing a FFR did not
impose any important physiological burden during 1 hour of use, at realistic clinical work rates,
and using surgical mask use for 1 h at alow-moderate work rate was not associated with
clinically significant physiological impact or significant subjective perceptions of exertion or
heat (Roberge et al., 2010). Human berating has a cyclic flow pattern, which is primarily
determined by mean inspiratory flow (MIF, L/min) and breathing frequency (breaths/min).
Unlike the constant flow with afixed flow rate, the cyclic flow features a constantly changing
flow that depends on the level of the breathing frequency. Various studies have addressed the
effect of flow rate on filter efficiency and faceseal |eakage (Myerset al., 1991; Eshbaugh et al.,
2008; Haruta et al., 2008; Cho et al., 2010b). However, with exception to our recent study in

which an elastomeric half-mask respirator was tested (He et al., 2013c), no published study has



evaluated the effect of breathing frequency on the performance of N95 FFRs and SM's when both

filter and faceseal |eakage penetration pathways are present.

Although the nature of an inert aerosol (e.g., NaCl) differs from that of bioaerosols,
several studies have confirmed that filter performance against biological particlesis consistent
with that determined using non-biological particles of the same size (Qian et al., 1998; Batazy,
Toivola, Adhikari, et al., 2006; Eninger et al., 2008). This suggests that inert aerosol surrogates
such as NaCl particles may generally be appropriate for predicting penetration of similarly sized
virions. The present manikin-based study addresses the effects of breathing frequency and flow
rate on the filter efficiency and faceseal leakage of an N95 FFR and a SM challenged with NaCl
particles representative of viral size ranges, aswell as other health-relavent particles (e.g.,
combustion generated or engineered nanoparticles). The tested N95 FFR/SM was sealed to
plastic manikin headform to investigate filter performance. It was aso donned without sealing to
adifferent advanced manikin headform to quantify TIL. The advanced manikin utilized in this
study was recently devel oped to mimic the properties of the human face (Hanson et al., 2006;
Bergman et al., 2013). Faceseal |eakage represents the difference between TIL and filter

penetration.

This research was conducted to evaluate the effects of breathing frequency and particle
size on thefilter penetration and TIL of an N95 FFR and a surgical mask challenged with NaCl

particles representing the viral particles, as well as other health-relevant submicrometer particles.

Materials and Methods

Tested N95 FFR and Surgical Mask
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One N95 FFR and one SM were chosen for the study. Both models are commercially
available and widely used in health-care environments. The model of the N95 FFR was identical
to the one tested in our previous studies (Batazy, Toivola, Adhikari, et al., 2006; Batazy, Toivola,
Reponen, et al., 2006). It hasthree principle layers with the middle layer composed of
electrically charged polypropylene fibers to enhance filter capture efficiency (Batazy, Toivola,
Adhikari, et al., 2006). The selected SM, according to the manufacturer, isfluid resistant and

capable of providing at least 95% filter efficiency for 100 nm particles.

For filter efficiency testing, the FFR/SM was sealed to the face of a hard plastic manikin
headform. For the TIL tests, it was donned on an advanced manikin headform according to the
FFR/SM manufacturer’s user instruction. After 20 tests, the tested FFR/SM was removed from
the manikin and replaced with a new one to minimize the effect of NaCl loading on the filter

media.
Challenge Aerosol

To produce the challenge agent (NaCl), aliquid salt solution was aerosolized using a
particle generator (Model: 8026, TSI Inc., Shoreview, MN) and charge-equilibrated by passing
through a ®Kr electrical charge equilibrator (Model: 3054, TSI Inc., Shoreview, MN) prior to
being released inside the test chamber. Before each experiment, the particle generator operated
for at least one hour to achieve auniform NaCl concentration in the chamber; it continued
operating during the testing to maintain a stable particle concentration level. The challenge
aerosol was log normally distributed with a size range of 20 — 500 nm, a count geometric mean
of 125.4 nm, and a geometric standard deviation of 1.68 as measured with a Nanoparticle
Spectrometer (Nano-ID NPS500, Naneum Ltd., Kent, UK). This size range covers the size of

individual and aggregate virus particles.
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Experimental Design and Test Conditions

Experiments were carried out in aroom-size (24.3 m®) test chamber described in recent
studies.(He et al., 2013a; He et al., 2013c) Temperature and relative humidity inside the

chamber were kept at 17-22 °C and 30-60 %, respectively. The headform was connected to a

Breathing Recording and Simulation System (BRSS, Koken Ltd., Tokyo, Japan) with a HEPA
filter placed in-between to keep particles from re-entering the respirator cavity during exhalation
cycles. Details regarding the BRSS are described in our previous studies (Haruta et al., 2008; He

et al., 2013a; He et al., 2013b; He et al., 2013c).

The experiments were conducted at four cyclic breathing flows (mean inspiratory flow,
MIF =15, 30, 55 and 85 L/min) and five breathing frequencies (10, 15, 20, 25 and 30
breaths/min). Completely randomized factorial design was implemented for the breathing
frequency and flow rate with three replicates. Particle size-independent (overall) concentrations
inside and outside the FFR/SM were obtained using a condensation particle counter (Model:
3007, TSI Inc., Shoreview, MN) having atotal sampling time of 3 min with atime resolution of

1 sec. Particle size-specific concentrationsinside (Cin_, ) and outside (Cout_, ) of the FFR/SM
p P

were measured using a nanoparticle spectrometer (Nano-ID NPS500, Naneum Ltd., Kent, UK)
operating in 28 channels within arange of d, = 20 — 500 nm at a sampling flow rate of 0.2 L/min.

Each particle size-specific concentration (Cin_, or Cout_, ) was sampled for 6 min.
P P

Filter Penetration Test

The filter penetration (Psiier) Was determined as the ratio of concentrations inside
[Cin (sealed)] @nd outside [Cout_(sealeq)] Of the FFR/SM sealed to the plastic headform; for each

particle size, the filter penetration (Priier_, ) Was determined as the ratio of the corresponding
P
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size-specific concentrationsinside (Cin_ (sealea)) and outside (Cout_, (sealeqy) Of the FFR/SM
P P

sealed to the plastic headform:
Cn (Sealed)
Piter =< x100% (4-1)
out _(Sealed)
Cin
Pfilter_dp = Sl x100% (4-2)
Cout_dp(SeaJed)

Total Inward Leakage Test

For TIL, the same experimental protocol and test conditions were used except the
FFR/SM was not sealed onto the advanced manikin headform. TIL values were determined as
the ratio of concentrations inside [Cin_ponned)] and outside [Cout ponned)] Of the FFR/SM;

accordingly, the size-specific TIL values were determined as follows (Eq.4-4):

C
TIL =20 % 100% (4-3)
out _(Donned)
C:in d, (Donned)
Tl Ldp =—=F x100% (4-4)

Cout _dp (Donned)

Faceseal Leakageto Filter (FLTF) Ratio

The TIL test measurestotal penetration through the filter and faceseal leakage (TIL =
Prilter + Pleakage). The FLTF ratio represents the relative contribution for each and was cal culated

as
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TIL- Pfilter
P

filter

P
FLTF = =€ =

filter

(4-5)

In this study, the FLTF ratio was calculated using the average TIL and Pxjer Values over
three replicates in order to identify the primary penetration pathway (leakage or filter

penetration) for the entire particle size range of interest.
Data analysis

SASversion 9.3 (SAS Ingtitute Inc., Cary, NC, USA) was used for data analysis. Two-
way Analysis of Variance (ANOVA) was performed to analyze the effect of breathing frequency
and flow rate on the filter penetration and TIL. All pairwise comparisons were conducted using
Tukey’srangetest. A t-test was used to examine the differences in Psijer and TIL between the

N95 FFR and the SM. P-values < 0.05 were considered significant.

Results and Discussion

1. NO95 Filtering Facepiece Respirator
N95 Filter Penetration (Pijter)

Filter penetration results for the N95 FFR are presented in Figure 4-1A. Filter
penetration (Priier) CcONSistently increased with increasing MIF. Thisresult can be explained by
the differencesin linear air velocities. Penetration of very small particles, which deposit on filter
fibers primarily due to diffusion, increases with a decreasing residence time (also known as
removal time). Thus, small particles are more likely to penetrate the filter at higher breathing
flows. At the higher flows (MIF = 55 and 85 L/min), the Psj«r curves are not flat, in contrast to
those at the 15 and 30 L/min, suggesting that the effect of lower breathing frequencies are more
pronounced at higher MIFs.
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Two-way ANOVA performed on the Psiiier data revealed that both the MIF and breathing
frequency had a significant effect on filter penetration (p <0.0001, see Table 4-1). Pairwise
multiple comparison results (see Table 4-1) show that the four MIFs produced four different
Priier groups with the highest mean P (0.72%, Tukey grouping “A”) occurring at the highest
MIF of 85 L/min, and the lowest mean Pjir (0.05%, Tukey grouping “D”) occurring at the
lowest MIF of 15 L/min. The breathing frequency comparisons show that 10 and 15 breaths/min
produced higher values of Pjjer (0.39% and 0.38%, Tukey grouping “1”) than those observed at

20, 25 and 30 breaths/min (0.25%, 0.23% and 0.26%, respectively, Tukey grouping “11”).

N95 FFR Filter Penetration (Priter_ )
P

Figure 4-2 presents the size-specific Prier_, Valuesfor the tested N95 FFR. It is seen that
P

filter penetration increased with increasing MIF (p <0.05), which is consistent with the results of
many previous N95 FFR studies (Batazy, Toivola, Reponen, et al., 2006; Eninger et al., 2008;

Rengasamy et al., 2008; Cho et al., 2010a; He et al., 2013c).
Particle size had a significant effect on the Priier_; (p <0.05). Interestingly, all the filter
p

penetration curves show two peaks for all MIFs and breathing frequencies, indicating two
possible MPPS for the tested N95 FFR. The first MPPS occurred at 30—40 nm, which was
expected for conventional N95 FFRs composed of electrically charged fibers. Several studies
have reported that the MPPS for aN95 FFR “electret” filter is < 100 nm while a“mechanical”
filter has a MPPS of approximately 300 nm (Batazy et al. 2006a; Batazy et a. 2006b; Eninger et
al. 2008; Martin and Moyer 2000; Huang et a. 2007; Rengasamy et a. 2009). The second
MPPS identified at ~300 nm (Figure 4-2) was not reported in any of the above quoted studies.

One reason is that the quoted investigations utilized a constant flow design, whereas the present

70



effort represents a cyclic flow condition. It is possible that under the cyclic flow some particles
are trapped inside the respirator cavity. This phenomenon “artificially” increases the particle
count inside the FFR, thus affecting the filter penetration calculated by Eq. (4-2). The effect is

expected to be particularly pronounced at low Coy_, - It is noted that the tested aerosol is
P

characterized by arapidly decreasing concentration in the particle size range of 200 to 400 nm —
the area where the second peak was identified (Figure 4-2). The other reason of the observed
departure of Prier = f(d,) from the conventional single-mode function could be associated with a
three-layer filter structure of the tested N95 FFR of which only the middle layer was
electrostatically charged. The combination of electrostatic (the middle layer) and mechanical
(the two outer layers) characteristics may produce a complex penetration function involving the
particle diffusion, polarization force, interception and impaction, which is capable of generating
two peaks. Alternatively, the second peak may be attributed to limitations associated with the
mobility-based particle measurement in the 100 — 500 nm size range, specifically with biasesin
corona charging and uncertainties in defining charge as afunction of the particle size for
particles that differ by morphology and other characteristics (Dhaniyalaet a., 2011). The above
could affect the particle concentration values in this size range and consequently lead to an
aberration of the penetration curve at d, > 100 nm, especially for lower concentrations measured
inside the respirator. Future studies are needed to determine if the observed second peak can, at
least partialy, be linked to the instrumental error. We envision that such a study would utilize
mobility classified challenge aerosol particles (as an aternative to the polydisperse NaCl aerosol

used in the present study).

The effect of breathing frequency on filter penetration is complex and heavily dependent

on the particle size and the MIF. The effect was most clearly seen for particles around the MPPS
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(see Figure 4-2). For example, at the first MPPS (30-40 nm) the lower breathing frequencies (10,
15 and 20 breaths/min) produced higher penetration values for MIF = 15, 55 and 85, but not for
30 L/min. It is hard to differentiate the breathing frequency effect on the penetration at the
second MPPS at 200 — 300 nm for all four MIFs. Such complexity of breathing frequency effect
was also reported in our other study using an elastomeric half-mask respirator equipped with
P100 filters (He et al., 2013c). As expected, the N95 FFR had Pjjr below 5% for any particle

size, breathing frequency, and MIF used in this study.
N95 Total Inward Leakage (TIL)

Figure 4-1B presents the results obtained from the TIL measurements for the tested N95
FFR. It is seen that the MIF of 15 L/min produced the highest TILs. Interestingly, the TIL
increased with increasing the breathing frequency, especialy at MIF = 15 L/min. The exhaled
particle-free air dilutes the aerosol in the respirator cavity. At ahigher breathing frequency, the
dilution air volume per breathing cycle islower, which resultsin aless efficient dilution and
consequently increases the aerosol concentration inside the respirator. This explains why a
higher breathing frequency produced a higher TIL. Thisfinding suggests that fast-breathing
people (e.g., children and adults with various health impairments) may benefit less from wearing
N95 FFRs. It is acknowledged though that the latter statement is acceptable only as the first
approximation. The aerosol particle transport into a FFR/SM worn by a human is more complex
than the one when it is donned on a manikin (e.g., the exhaation air generally carries particles to

the cavity).

Statistical analysis revealed significant effects of MIF (p =0.0019) and breathing
frequency (p =0.0025) on TIL (see Table 4-2). The pairwise multiple comparison results

presented in Table 4-2 show that the lowest MIF (15 L/min) was associated with the highest
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mean TIL (1.93%, Tukey grouping “A”). The mean TIL values among the three higher MIFs
(30, 55 and 85 L/min) were not significantly different from each other (1.37%, 1.31% and 1.29%,
Tukey grouping “B”). The highest breathing frequency (30 breaths/min) produced the highest
mean TIL (1.73%, Tukey grouping “I") compared to the lowest mean TIL (1.22%, Tukey
grouping “11") with the lowest breathing frequency (10 breaths/min). The highest and lowest
breathing frequencies were significantly different (Tukey groups| & I1). Aswas pointed out in
our previous study on elastomeric respirators, (He et al., 2013c) higher MIF may create a higher
sucking force that made a tighter contact between the respirator and the soft skin of the headform,
possibly reducing the leak size. We anticipate that the quoted effect showed up when MIF
increased to 30 L/min. Thefinding is consistent with previous FFR performance studies
conducted using hard manikins and challenge aerosol particles above 500 nm (Chen et al., 1990;

Huang et al., 2007; Cho et al., 2010b).

N95 FFR Total Inward Leakage (T Ldp)

The size-specific TIL results for the tested N95 FFR donned on an advanced manikin

headform are presented in Figure 4-3. The Tl Ldp increased as the particle size increased from 20

to ~50 nm regardless of the MIF and the breathing frequency, which is consistent with the fact
that the diffusional deposition effect is stronger for smaller particles. However, at the particle

size of ~50 nm, the Tl Lq, curves reached a plateau. The effect of particle size on the T Lq, was

not significant (p >0.05) for particles larger than 50 nm for any MIF and breathing frequency
used in this study. One possible reason is that the penetration through the faceseal leakage
(unlike the filter media) is not very sensitive to the particle size. Once the particles are large
enough (for atypical leakage dimension, the estimated size must be above 40 — 70 nm) to have a

low diffusional deposition efficiency (Kulkarni et al. 2011), their penetration through the
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faceseal leak is essential particle size independent in awide size range (it isin contrast to Prjjer ,
which isinfluenced by other particle deposition mechanisms). As seen from the data presented
in Figures 4-2 and 4-3, the leakage represents the major penetration pathway and thus has the
major effect on the TIL, which explains the lack of its particle size dependence at > 50 nm. This
finding is consistent with the conclusion of our recent study in which the performance of an
elastomeric respirator was examined while it was donned on the same advanced manikin
headform (He et al. 2013c). Little information is available about the MPPS for faceseal |eakage
of N95 FFRs. One investigation that measured TIL and filter penetration for N95 FFRs with
artificially created leaks, reported MPPS ~50 nm for leak diameters as small as< 1.65
mm(Rengasamy and Eimer 2011). Experimental protocols with artificial faceseal leaks have a
number of limitations because (i) the outcome may be dependent not only on the leak size but
factors such as the leak shape, location and others unaccounted for and (ii) in redlity, theleak is

continuously changing as awearer is breathing, talking and moving.

Statistical analysis showed that increasing MI1F was associated with a decreasein TILdp (p

<0.05). Other FFR performance studies have shown decreased inward |eakage with increasing
the breathing flow (Cho et al., 2010b; Rengasamy et al., 2011; He et al., 2013d). One
explanation, as explained previoudly, isthat higher MIF with cyclic flows create a greater
negative pressure during the inspiratory cycle that pulls the facepiece towards the manikin
surface with areduction in leak size (Richardson et al., 2007). This may be an advantage of the

advanced manikin headform used in this study with simulated soft skin.
N95 Faceseal Leakage-to-Filter (FLTF) Ratio

The size-independent (overall) FLTF ratios calculated by Eq. (4-5) are presented in
Figure 4-1C as afunction of the breathing frequency and MIF. Except for MIF =85 L/min, all
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the FLTF ratios were > 1, which suggests that overall particle penetration through faceseal leaks
exceeded NO95 filter penetration at lower breathing rates. Remarkably, at the lowest MIF (15
L/min) the FLTF ratios ranged from 25 to 47, suggesting that the absolute mgority of the
measured virus-size aerosol particles penetrated through faceseal leaks. At MIF =15 L/min,
increase in breathing frequency was generally associated with increase in FLTF ratio. However,
the breathing frequency effect was not clearly seen for the three higher MIFs (30, 55 and 85

L/min).

It is seen that increasing MIF resulted in decreasing FLTF ratio. Thisfinding agrees with
two other N95 FFR studies.(Grinshpun et al., 2009; Rengasamy et al., 2011) Grinshpun et al
tested an N95 FFR using 25 human subjects, and reported that “ deep breathing” produced higher
FLTF ratios compared to “normal breathing”.(Grinshpun et al., 2009) Rengasamy and Eimer
also reported higher FLTF ratios occurred at higher flow rates when testing the N95 FFRs with
artificially created leaks.(Rengasamy et al., 2011) In both quoted studies, all the FLTF ratios
exceeded the unity, indicating that the faceseal |eakage was the primary penetration pathway for

N95 FFRs.
2. Surgical Mask
SM Filter Penetration (Pijter)

The data on filter penetrations (Priier) fOr the tested SM are shown in Figure 4-4A.
Compared to the N95 FFR, the SM had a much higher filter penetration. Thisis not surprising
given the less stringent filter penetration test requirements for SMs. In fact, previous studies
have reported SMs providing much lower levels of respiratory protection than N95 FFRs when
challenged with biological or non-biological particles.(Willeke et al., 1996; Batazy, Toivola,

Adhikari, et al., 2006; Lee et al., 2008b; Grinshpun et al., 2009) Increasing MIF frequently
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resulted in an increase in filter penetration, especially at the lowest breathing frequency.
Statistical analysis suggests that the effects of MIF and breathing frequency on the Pjjer Were
both significant (p <0.05; see Table 4-3). The pairwise multiple comparisons (see Table 4-3)
show the highest MIF (85 L/min) produced the highest mean Pijr (9.65%, Tukey grouping “A”),
whereas the lowest Pyt (5.41%, Tukey grouping “C”) occurred at the lowest MIF (15 L/min).
Table 4-3 also shows that the mean Psjiier = 7.81% (Tukey grouping “1”) obtained at 30
breaths/min was significantly higher (p <0.05) than Priier = 6.67% (Tukey grouping “I17)
obtained at 20 breaths/min. However, no consistent trend was identified throughout the

frequency scale.

SM Filter Penetration (Piter_, )
p

Thefilter penetration (Prier_, ) results for the tested SM are presented in Figure 4-5.
P

Compared to the N95 FFR, the SM had a much higher filter penetration (p <0.05), whichis
expected given its primary function isto protect others from the aerosol exhaled by the wearer.
Previous studies have reported that atypical SM provided much lower protection than aN95
FFR when challenged with biological or non-biological particles (Batazy et al. 2006a; Grinshpun
et al. 2009a; Lee et a. 2008b; Willeke et a. 1996; He et al. 2013d). It isalso evident from
Figure 4-5 that the filter penetration curve deviates from a single-peak function expected from a
conventional mechanical filter. Similar to the interpretation offered above for the N95 FFR, we
can attribute this difference to cyclic flow tested in this study compared to constant flow utilized
by other researchers. As pointed out above, alternatively, the observed phenomenon may derive
from an instrumental biases of Nano-1D associated with corona charging and certain challenges
in defining the particle charge as a function of size for particles featuring different characteristics
(Dhaniyalaet al., 2011). No previous study has reported a multiple Psiier peaks for SMs. Three
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peaks have been observed for Pj: @ ~30, ~100 and ~300 nm. The most prominent MPPS was
~300 nm for all MIFs and breathing frequencies. Thisis much higher than the MPPS obtained
for the N95 FFR (30 —40 nm). The latter is consistent with the fact that the tested SM had a
mechanical filter with no electrically charged fibers (or the charges were negligible). These

filters are known for their relatively low-efficiency and MPPS of ~300 nm.

As evident from Figure 4-5, the curves corresponding to different breathing frequencies
are not distinct for MIF = 15 and 30 L/min and largely aso for 55 L/min; the curve separation
suggests that a more prominent effect of breathing frequency was observed at 85 L/min with the

10 and 15 breaths/min producing higher Priier_, vValues and 20 breaths/min generating the lowest
P
Prier_4 CUrve. This suggests that the MPPS was not directly affected by the MIF and the
P
breathing frequency.

While, the model chosen for this study provides at least 95% filter efficiency for particles
of 100 nm (according to its manufacturer, no flow rate is specified), Figure 4-5 shows that the
filter penetration of 100 nm particles was > 5% for various breathing frequencies, especially
when MIFs> 55 L/min. This finding suggests that the tested SM may not provide the expected
filter efficiency at higher breathing flows. Particles larger than 100 nm penetrated through the
SM filter more readily. From this perspective, the 100 nm size used by the manufacturer as a
reference point does not seem appropriate unless the SM is used specifically against 100-nm

particles.
SM Total Inward Leakage (TIL)

TIL resultsfor the SM are presented in Figure 4-4B. The average TIL values ranged from

17% to 35% compared to filter penetrations of 3 — 12%, suggesting that faceseal |eakage had a
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greater effect on the mask performance. Increasing MIF caused the mean TIL to decrease FFR

(see Table 4-4), which isin agreement with the finding reported for the N95.

While ANOVA revealed that both MIF and breathing frequency had a significant effect
onthe TIL (p <0.05; see Table 4-4), no consistent trend of increase or decrease of TIL with
breathing frequency was observed. For instance, increasing the breathing frequency from 10 to
15 breaths/min was associated with a decrease in TIL, whereas changing the frequency from 10
to 30 breaths/min at MIF =55 or 85 L/min resulted in essentially no changein TIL. When
comparing the mean TIL values among the five breathing frequencies, the highest mean TIL
5.7%, Tukey grouping “1”) occurred at 30 breaths/min, and the lowest mean TIL (22.2%, Tukey

grouping “11") at 15 breaths/min.

At the same time, the data produced by a pairwise comparison presented in Table 4-4
demonstrate that increasing MIF indeed decreased the TIL with MIF = 15 L/min generating the
highest mean TIL (30%, Tukey grouping “A”) and 85 L/min producing the lowest mean TIL

(19.9%, Tukey grouping “C").
SM Total Inward Leakage (TI Ldp)

Figure 4-6 presentsthe Tl Ldp results for the SM. Similar to N95 FFR, the Tl Ldp of the
SM increased rapidly with the particle diameter increasing up to 30 — 50 nm, but then its
dependence on d, became less pronounced (p >0.05). Tl Ldp was not significantly affected by
breathing frequency (p >0.05) but had slightly different patterns at different MIFs. For particles
>30 nm, aslow increase was observed at the lowest MIF (15 L/min), but this gradually leveled
off as MIF increased to 85 L/min. This suggests awide range of sizes producing essentially the

same TIL (approximately 20% at MIF=85 L/min). It is also noticed that the variability in the
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total penetration obtained for the SM islower than that for the N95 FFR. The total particle
penetration into the SM is about 10-fold greater than the penetration into the FFR, which means
that the particle count inside the respirator is an order of magnitude lower than that inside the
mask (given that Co; isthe same). Lower count is usually associated with higher variability,
which explains our finding. To our knowledge, no published study has reported the TIL’s
MPPS for surgical masks. Even though SMs are not considered personal respiratory protective
devices, there are many circumstances where SMs are used to reduce human exposure to
hazardous aerosols. In fact, the use of SMs as personal protective devices world-wide, likely
exceeds the use of N95 FFRs. Given that the size of most of “naked” infectious airborne virions
(Collier et al. 1998), diesel particles (Castranova et a. 2001), combustion particles generated
from fire smoke (He et al. 2013a), and other hazardous aerosols falls into the above-indicated
range, the data suggest that the tested SM may not be able to provide substantial protection

against these particles at any relevant combination of the breathing frequency and flow rate.
SM Faceseal Leakage-To-Filter (FLTF) Ratio

The FLTF ratios calculated from the overall Py and the TIL data are presented in
Figure 4-4C. It is seen that increasing MIF from 15 to 55 L/min resulted in adecrease in FLTF,
with most of the FLTF ratios were > 1 (which means Pieaage > Prilter). INCreasing MIF from 55 to
85 L/min had less effect, with FLTF ratios < 2 and even < 1 at the highest MIF (85 L/min) for
the two lowest frequencies of 10 and 15 breaths/min. The results had a similar pattern to those
presented for the N95 FFR. However, the FLTF ratios for the SM were lower. For example, at
MIF = 15 L/min, the FLTF ratios for the SM were between 4 and 7 while those found for the
N95 FFR ranged from 24 to 50. This difference is attributed to much higher filter penetration of

the SM as compared to the N95 FFR.(Grinshpun et al., 2009)
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No clear trend was identified between the breathing frequency and the FLTF ratio for the
three highest flows (MIF = 30, 55 and 85 L/min), where the curves are relatively flat (Figure 4-
2C). For thelowest flow rate (15 L/min), increasing breathing frequency initially decreased

FLTF, but thistoo leveled off.

Conclusions

Breathing frequency was found to be another factor (in addition to MIF) that can
significantly affect the performance of N95 FFRs and SMs. For the tested N95 FFR, the increase
of breathing frequency caused an increase in TIL, thus allowing more particles to penetrate
inside the respirator. No consistent trend of increase or decrease of TIL with either MIF or

breathing frequency was observed for the tested SM.

For the tested N95 FFR and SM, the filter penetration was significantly affected by the
particle size and breathing flow rate (p <0.05), whereas the breathing frequency effect on Prjjer
was generally less pronounced and less important from the practical viewpoint, especially for
lower MIFs. Surprisingly, the Py ter curves show two peaks for the tested N95 FFR and three
peaks for the SM, which was not reported in previous respiratory filter. Consequently, using
data from a single MPPS may not always be representative of the filter performance, especialy if

the tested respirator is intended to be used against particles of awide size range.

The FLTF ratios obtained for the N95 FFR were generally higher than those for the SM
for all tested breathing frequencies and MIFs. It is primarily because of the higher efficiency of
the N95 filter. Increasing MIF was a so generally associated with decreasing FLTF ratio for the

tested FFR/SM. Except for MIF = 85 L/min, all the calculated FLTF ratios were > 1, suggesting
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that the faceseal |eakage was the primary particle penetration pathway for the tested FFR/SM at

various breathing frequencies.

For the FFR and SM, the total particle penetration increased with increasing particle size
up to ~50 nm; when challenged with particles greater than 50 nm, only the breathing flow rate
remained a significant (p <0.05) factor affecting the TIL, whereas the influence of particle size
and breathing frequency was not significant (p >0.05). Increasing the MIF increased the filter
penetration, but decreased the total penetration for both the FFR and SM. The SM produced
much higher Psijer and TIL values than the N95 FFR, and the most predominate MPPS was also
higher for the SM (~300 nm) than for the N95 FFR (30 — 40 nm). The results suggest that the
tested SM may not be able to provide substantial protection against aerosol particles at least up to

~500 nm at any relevant combination of the breathing frequency and flow rate.
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CHAPTER 5

Performance Characteristics of a Polymeric Micro-Patterned
Adhesive on the Fit of an Elastomeric Half-mask Respirator
Using a 25-subject Test Panel (Specific Aim 5)

Introduction

Elastomeric respirators are commonly used to protect workers from various hazardous
airborne particulates, e.g., firefighters are reported to use elastomeric half-masks equipped with a
highly efficient P-100 filters during fire overhaul (after the fire has been extinguished) (Bolstad-
Johnson et al., 2000; Burgess et al., 2001). Unlike filtering facepiece respirators (FFRS),
elastomeric half-masks offer the benefits of reusability, enhanced user seal check capability,
improved face seal, and can be decontaminated multiple times (Roberge et al., 2010).

According to the U.S. Occupational Safety and Health Administration (OSHA), every
worker required to wear atight fitting respirator such as the elastomeric half-mask shall befit
tested prior toinitial use of the respirator (OSHA, 2006). There are two categories of fit testing:
1) qualitative fit test (QLFT), which relies on the wearer’ s ability to sense atest agent by taste,
smell, or irritation, and 2) quantitative fit test (QNFT), which assesses the adequacy of respirator
fit by numerically measuring the amount of leakage into the respirator, such as measuring the
concentration of atest agent outside (Coy) and inside (Ciy,) the respirator. The ratio of the two
(Cou/Cin) is called thefit factor (FF) (OSHA, 2006). A fit factor of 100 isthe OSHA pass
criterion for negative pressure elastomeric half-mask respirators.

One study involving three half-masks and ten FFRs tested on a panel of ten human

subjects concluded that the FFs of elastomeric half-masks are higher than those of FFRs (Han et
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al., 2005). Considering that elastomeric respirators are equipped with P-100 filters that offer a
collection efficiency at least as high as 99.97%, the overall performance of these respiratorsis
largely dependent on their fit (Eshbaugh et al., 2008; Rengasamy et al., 2008; He et al., 2013a).
Thus, efforts should be directed towards improving the fit of elastomeric respirators by reducing
faceseal leakage. Many factors can interfere with a good face-to-respirator seal, e.g., positioning,
strap adjustment, facial hair, facial scars, high cheekbones, excessive makeup, etc. Prior to the
fit testing, a subject shall be free of stubble beard growth, beard, mustache or sideburns which
cross the respirator sealing surface; no wetness on the subject’ s face is allowed. Accordingly,
respirator fit-testing studies have usually been conducted under normal skin conditions (dry and
clean-shaved). Thus, there are less data on respirator performance using other challenge
conditions such as wet and/or unshaved skin.

Conventional elastomeric respirators have a flexible smooth sealing surface extending
around the periphery and exhibit a uniform seal surface contour, which aims at creating a good
faceseal (Beard, 1994; Starr et al., 1996; Barnett et al., 1999; Belfer et al., 1999). One
component of obtaining an effective seal isto be clean shaven prior to respirator donning.
However, this requirement, cannot be met consistently in certain situations, e.g., in the battlefield
or when respirators are needed during unforeseen emergency situations. The presence of sweat,
facia hair, oil, dirt, or acne on facial skin could compromise the effectiveness of peripheral seals
and thus negatively affect the performance of a conventional elastomeric respirator. To address
the faceseal leakage issues, a conventional elastomeric half-mask was modified to reduce the
faceseal leakage. A polymer micro-patterned adhesive (PMA) inspired by gecko-foot was
applied to the peripheral area of the half-mask to improve its fit performance. Development of

PMA has been actively pursued in recent years; arrays of relatively soft elastomeric fibrils such
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as polydimethylsiloxane (PDMS) and polyurethane (PU) have been fabricated to mimic gecko’s
adhesion mechanism (Kim et al., 2006; Del Campo and Arzt, 2007). The adhesion capacity of

these synthetic adhesives can reach or even surpass that of gecko-foot (Qu et al., 2008).

For this study, a conventional elastomeric respirator was modified with the addition of a
PMA applied to the sealing surface. The modified respirator was then fit tested on aNIOSH
bivariate (face length and width) 25-subject panel using the standard OSHA fit testing protocol
(OSHA, 2006; Zhuang et al., 2007). One of these 25 subjects then participated in a pilot study
designed to investigate the fitting characteristics of the modified respirator with less than ideal

facial conditions.

Materials and Methods

Fabrication of Polymer Micro-patterned Adhesives (PMA)

PMA was produced by soft-molding of elastomeric precursors on a photolithographically
formed master template. The template was fabricated following a procedure described el sewhere
(del Campo, Greiner, et al., 2007). Fibrillar arrays were made with PU (ST-3040, BJB
Enterprises, Inc). The templates were silanized with heptadecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (hepta-fluorosilane). Gas-phase silanization was performed in an
evacuated desiccator for one hour, followed by baking at 95°C for one hour. The PU ST-3040 A
and B (20:17 by weight) mixture was degassed and poured on the silanized template. After
curing at room temperature in light vacuum over 24 hours, the PU was demolded to avoid
rupture of the polymer micro-fibrillar array. The micro-patterned structure had micro-fibrils 20
um a diameter and 20 um long with a center-to-center distance of 30 um; in addition, every 60

rows of micro-fibrils were incorporated with one continuous micro-ribbon 20 pm wide, as shown



in Figure 5-1. The total thickness of the elastomer sheet (with fibrillar surface) was

approximately 1 mm.
Respirators

This study was performed using a conventional elastomeric half-mask respirator
equipped with two P100 pancake-shaped filters (Model: 2091, 3M, Minneapolis, MN, USA).
The chosen respirator model (Model: 6000 series, 3M) iswidely used in avariety of
occupational environments; it was examined in our recent studies (He et al., 2013a; 2013b) and
available in three sizes (small, medium and large). The respirator was modified by manually
attaching PMA strips with 2 cm width onto the presumed sealing surface of the half-mask
respirator. A non-modified version of the same respirator model and size was used for
comparison. The two half-masks (conventional and modified) are shown in Figure 2. An 11 mm
long flush probe with a 14 mm diameter flange and a4 mm diameter inlet was mounted on the
surface of the respirator centerline approximately 25 mm from the manikin’s nose/mouth. The
end of the probe (14 mm flange) was flush with the interior surface of the half-mask.

The modified and non-modified respirators were tested on a given subject in random
order. After each fit test the straps and yoke were removed from the respirator body and attached
to the alternative respirator; this was accomplished without any adjustment to the straps
themselves. We expected that the above procedure would eliminate and/or reduce variability due

to strap adjustment.
Human Subjects and Test Conditions

Initially, 120 subjects were identified as available for screening. Twenty-five of these
adult subjects were selected for fit testing. The selected subjects included all ten cells of the

NIOSH bivariate 25-subject panel (see Figure 3). Of the selected subjects, six had relatively
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small faces (cells# 1, 2, and 3), six had large faces (cells# 8, 9, and 10), and thirteen had
medium faces (cells# 4, 5, 6, and 7). The tested cohort included 17 male and 8 femal e subjects,
among them 13 were Caucasians, 8 Asians, and 4 African Americang/African origins. All
subjects were medically cleared by completing an OSHA respirator medical clearance
guestionnaire. The study received an approval from the University of Cincinnati I nstitutional

Review Board.

The subjects were asked not to eat or drink for at least one hour prior to thefit test. The
main phase of this study was performed according to the standard OSHA fit testing protocol;
accordingly, the 25 subjects involved in this phase were clean-shaved with dry faces and were
fit-tested once with each respirator. For the pilot study, one male subject was fit tested with both
respirators under the following facial conditions. dry-shaved (non-challenge condition), wet-
shaved, dry-unshaved, and wet-unshaved. The “unshaved” facial condition was created after not
shaving for ~40 hours. This condition is believed to reflect many real-life respirator usage
situations in the military, the general population, and during certain unforeseen emergency
situations. The “wet” face condition was created by applying a handful of water to the face using
two hands, patting lightly with a napkin to remove large water droplets, and then waited for 30
seconds before donning the respirator. This condition was intended to simulate a wet sealing
when arespirator isworn for some time. In this phase of the study, three replicates were

conducted for each of the four above-listed combinations.
M easur ements

The study was conducted in aroom-size respirator test chamber (24.3 m®). The challenge
aerosol, NaCl, was generated using a particle generator (Model: 8026, TSI Inc., St. Paul, MN,

USA). The concentration inside the chamber was maintained at 30,000 to 60,000 particles/cm®
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(such high ambient concentrations were chosen as to assure enough particles to be detected
inside the respirator). For each subject, two fit tests were performed: one with the non-modified
half-mask respirator and the other modified with the adhesives. A PortaCount Plus (Model: 8020,

TSI Inc.) was used to measure the aerosol concentrations outside and inside the respirator.

Prior to thefit testing, all respirators were visually examined to eliminate any obvious
defects or damages. The test subject was asked to select the respirator that provided the most
comfortable fit; he/she was aso shown how to don arespirator and how to adjust strap tension.
After the tested respirator was donned on the subject and the straps were properly adjusted, a
user seal check (positive pressure seal check) was performed.. Subsequently, the subject was fit-
tested while performing the standard set of OSHA respiratory fit testing exercises: 1) normal
breathing, 2) deep breathing, 3) turning head side to side, 4) moving head up and down, 5)
talking, 6) grimace, 7) bending over and 8) returning to normal breathing. The individual and
overall FFs were recorded for each subject. Based on the PortaCount-measured concentrations,
each exercise-specific FF value was calculated as below:

C t /i
FF =—((Cé“ ))_ (5-1)

where FF;is the fit factor for the i™ exercise, (Cow)i and (Cir)i are the aerosol concentrations

measured outside and inside the respirator, respectively, for thisexercise.
Data analysis
Data analysis was performed using SAS version 9.3 (SAS Ingtitute Inc., Cary, NC, USA).

The FF data were log-transformed. For comparison of respirator type (non-modified versus

modified), paired t-test was performed using all 25 subjects’ FFoyerai data. One-way analysis of

87



variance (ANOVA) was performed to study the differences among exercise-specific FFs. For
FFoveral results obtained under various facial challenge conditions, paired t-test was performed to

compare the difference in FFyea1 between the non-modified and the modified respirator.

Results and Discussion

Testsunder Normal Facial Condition (Dry and shaved Face, 25 Subjects)

The overal fit factor data for the control and modified half-masks are presented in Figure
5-3. FF valuesfor the modified half-mask ranged from 159 (subject #T06) to 57,700 (subject
#T11); geometric mean (GM) = 7,907 and geometric standard deviation (GSD) = 4.9. Since
each respirator was equipped with P100 filters that are known to be at |east 99.97% efficient
when used against NaCl particles (results presented in He et al., 20134). Therefore, aFF < 3,333
indicates face seal |eakage, and 28% of subjects wearing the modified half-mask had FF < 3,333.
Consequently, 72% of the tested modified respirators exhibited the particle penetration solely
within the filter efficiency limit (allowing no measurable penetration through the face seal
leakage. Furthermore, the magjority of fit tests on the modified respirators had FF greater than
10,000. Only two subjects (#T06 and #T09) had overall FF s between 100 and 1,000.

The non-modified respirator had overall FF s ranging from 37 (subject #T10) to 92,800
(subject #12), withaGM = 4,779 and GSD = 9.1. The range and variability of the non-modified
respirator were considerably greater than those for the modified one. Ten subjects (40%) had FF
< 3,333 suggesting faceseal |eakage was present in the non-modified respirator compared to 28%

tested with the modified respirator.

Based on the comparison of the data presented in Figure 4, the performance of the

modified half-mask appeared to be better than that of the non-modified. When tested with the
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modified respirators, FF values exceeded 100 (the OSHA fit test passing criterion) for all 25
subjects, whereas 24 of 25 subjects wearing the non-modified respirators had FF> 100.

However, paired t-test showed that this difference was not significant (p = 0.07, considered to be
a boarder-line significance). Very high fit factors and between-subject variability were identified
in this study, especially for the non-modified respirator, which presents a challenge in identifying

statistical significance.
Comparison of Four Facial Conditions (dry/wet, shaved/unshaved, one subject)

Four facial conditions were compared: dry-shaved face, wet-shaved face, dry-unshaved
face, and wet-unshaved face. One subject (#T01) participated in this evaluation with the non-
modified and modified masks with three repeats for each condition. The results are presented in
Figure 5-4. The PMA modified respirator produced higher mean FFs under all tested conditions
compared to the non-modified respirator. For example, for the wet-shaved facial condition, the
modified half-mask achieved a mean FF of 23,241 compared with 267 for the non-modified half-
mask. Even the least remarkable difference identified for the dry-unshaved face was an order of
magnitude higher for the modified respirator (mean FF = 974 versus 95). Paired t-test results
showed that the modified respirator had significantly (p <0.05) higher mean FFsfor all facial
conditions (dry-shaved, wet-shaved, dry-unshaved, and wet-unshaved). These test results
indicate that the surface of the PMA material improved contact against afacial skin under

various challenge conditions (shaved, unshaved, dry, and wet).

When the non-modified respirator was tested with the dry skin condition, the fit was
higher for the unshaved face than for the shaved face condition (mean FF = 95 vs.74). This
observation was made from a single subject and contradicts the conventional wisdom and our

own experience that an unshaved facial condition will compromise respirator fit. However, the
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difference was not statistically significant (p > 0.05). In the clean-shaved condition, the non-
modified respirator fit this subject poorly with a mean FF below 100. The effect of facia hair
may be less significant when respirators fit poorly. When the same subject participated in the
25-subject panel with a clean shaven face, hisfit factor was higher (FF = 197 from Figure 4).
This demonstrates the potentially high variability between donnings and the limitation of single-
subject generated data. With respect to facial hair, it was an important observation that the PMA
modified respirator initially fit very well, but FF dropped significantly (p < 0.05) after 40 hours
of stubble. Although thisfinding is once again from a single subject, it demonstrates the
potentially adverse effect of facial hair when respiratorsinitially fit well in a clean shaven

condition.

Limitations

The non-modified respirator selected for this study had very good fitting characteristics
prior to adding the adhesive surface. It is challenging to demonstrate statistically significant
improvement in fit when the “referenced” respirator already fitted well in most of the tests.
Additionally, improvement in fit created a situation whereby the number of in-facepiece particles
detected by the instrument was very small, which increased the margin of error and decreased the
confidence in the measured FFs. However, this concern should have affected both the modified
and non-modified respirators similarly since the donning order was randomized. Another
l[imitation was the lack of a“control” respirator consisting of a material with similar thickness
and width applied to the sealing surfaces but without the surface characteristics of the PMA.
Lastly, conclusions regarding improved performance of the modified respirator using different

facia (un-shave and/or wet) are preliminary as they derived from only a single subject with three
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replicate measurements. A follow-up study seemsto be warranted to address the above

limitations.

It would be interesting to see how a control respirator would perform when using a
material of similar thickness and width applied to the sealing surfaces but without the surface

characteristics of the PMA.

Conclusions

An elastomeric half-mask respirator was modified by applying a polymer micro-patterned
adhesive (PMA) material to the sealing surface. Twenty-five subjects with dry and clean-shaven
faces and facial dimensions representing the NIOHS bivariate panel were fit tested using the
modified respirator and its non-modified version. The modified respirator produced a geometric
mean fit factor of 7,907 with a GSD of 4.9 compared to 4,779 (GSD = 9.1) for the non-modified
respirator (p =0.07, paired t-test). In addition, pilot data were generated by testing asingle
subject under various facial conditions (shaved, unshaved, dry, and wet). The modified half-
mask prototype was consistently achieving significantly (p <0.05) higher fit factors than the
conventional half-mask. Future studies are needed to include more subjects with various face
dimensions along with different shaving and wetting/sweating conditions.

Overall, the addition of a polymer micro-patterned adhesive to the sealing surface of an
elastomeric half-mask respirator showed potential for improving the fitting characteristics and

possibly respirator performance with less than ideal facial conditions.
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OVERALL CONCLUSIONS AND FUTURE DIRECTIONS

Overall Conclusions

In summary, the faceseal leakage, combustion material, particle size, breathing frequency
and flow rate were al found to be significant factors affecting the performance of the tested
respiratory protection devices including an elastomeric full facepiece, an elastomeric half-mask,
an N95 FFR, and a surgical mask. The significant effect of the faceseal |eakage was dominant
for these respirators under all tested conditions (except the fully sealed condition), which means
that in most cases the particles penetrated inside the respirator/mask primarily through the
faceseal leak rather than the filter media. Combustion aerosol effect was significant when tested
for the unsealed and partially sealed half-mask; the plastic aerosol produced the highest
penetration values compare to the paper and wood combustion aerosols. Effect of particle size on
the filter penetration was significant for all tested respirators, whereas its effect on the TIL was
significant only for the unsealed and partially sealed half-mask but not for the FFR and SM at
particle size > 50 nm. The breathing flow was another significant factor in affecting the Py ter and
TIL for all tested respirators. Compared to breathing flow rate, breathing frequency effect was
complex and less pronounced especially from the practical stand point, suggesting that breathing
flow rate should be given the primary consideration when choosing a breathing condition during

arespirator testing.

Considering the predominant role of faceseal leakage in the TIL, minimizing the leakage
is seen as the most meaningful direction in an effort to design and devel op respirators with

improved performance. A novel elastomeric respirator, which is currently being devel oped by
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industry, addresses the faceseal |eakage issue by introducing a polymeric micro-patterned
adhesive (PMA) tape applied along its peripheral area. Our evaluation of this respirator showed
the new concept that involves utilizing PMA on the sealing surface was found promising for

improving the fit performance of an elastomeric half-mask respirator.

A great amount of data were reported in this dissertation providing an extensive data base,
which is useful for respirator manufacturers, regulatory agencies, respiratory protection

researchers, and end-users operating in various occupational environments.

Research to Practice

This dissertation research suggests the following three practical applications.

1. Anunsealed half-mask respirator may not provide high level of protection, especially
when challenged with plastic combustion aerosol, primarily because of considerable
particle penetration through faceseal leakage. Therefore, a better fit respirator (e.g.,
full facepiece) should be provided. Thisis particularly relevant to firefighters (during
fire overhaul) and first responders. Exposure to aerosols originated by burning plastic
may be of particular concern given higher penetration of plastic particles through

elastomeric respirators compared to other materials.

2. When testing respirators on breathing manikins, a breathing flow rate (not a breathing
frequency) should be considered as a primary factor when choosing a specific

breathing condition.

3. TheTIL results (obtained using the advanced manikin headform) indicate that for

particles larger than 50 nm the particle size effect was not significant, and particles <
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50 nm produced lower penetration than those > 50 nm. This finding suggests that

Size-sel ective measurement may not be necessary when performing the TIL test.

Future Directions

The following two main directions are being considered for the future research efforts:

1. Theworkplace protection factor (WPF) set-up will be developed and used for testing
the conventional and newly-devel oped elastomeric respirators during field studies
when firefighters perform training activities as well asthe actual firefighting (the fire
overhaul phase).

2. For the filtering facepiece respirators, a novel approach is being currently devel oped
by industry that also aims at minimizing the faceseal leak by modifying the peripheral
area, but in this case a different material (with thermo-reconfigurational properties) is
being considered. The future studies (already initiated) will include the fit testing of
the new respirators as well as the measurement of their WPF in different occupational

environments.
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Figure 1-1. Experimental setup.
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Figure 1-2. “Nose-only” and “nose & chin” sealed half-mask respirators. Respirator
total length: 16 inches. Nose-only sealed length: 5 inches. Nose & chin sealed length: 4
inches.

Figure 1-3. Size distributions of particles aerosolized from combustion of three tested materials:
wood, paper and plastic. The measurement with a Nanoparticle Spectrometer was initiated 30
minutes after burning.
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Figure 1-4. Comparison of particle penetration data obtained from the UC UFP counter and the
TSI CPC 3007.
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Figure 2-1. Schematic diagram of the experimental set-up (modified from He et al., 2013).
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Figure 2-2. Particle size distributions of three combustion aerosols (wood, paper, and plastic)
measured at 10, 30, 50, 70, and 90 minutes after the material burning stopped.
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Figure 2-3. Penetration of wood combustion aerosol through afully sealed half-mask equipped
with two P-100 filters. Each data point represents the average of four replicates.

108



0.8

07 1 Wood Aerosol
0.6 n - /
—e— Cyclic 30 L/min /
< — & - Cyclic 85 L/min / Il
= 05 - — & —Cyclic 135 L/min // /
K]
=
[l
= 04 -
Q
c
[7]
o
0.3 -
0.2
0.1
0 : .
20 40 60 80 100 200
0.8
0.7 Paper Aerosol

Penetration, %

0.8

0.7 A Plastic Ae

rosol
0.6 / %\\
/ N
/ 3
0.5 //
/ /’%\
04 | // \%
’
/ s
/ %/
0.3 1 e
/
i 4
0.2 ~ 5
Y -

0.1 4

Penetration, %

t t + t + t t +—t
20 40 60 20 100 200

Particle Size, nm
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Figure 3-3. Size-independent (overall) total inward leakage 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
after combining all the channels between 20 to 200 nm, and the error bar represents the standard
error of the mean.
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Figure 4-1. Filter penetration (A), Total Inward Leakage (TIL) (B), and faceseal |eakage-to-filter
(FLTF) ratio (C) for an N95 FFR sealed to a plastic manikin’s face. No error bars for FLTF ratio
asit was calculated from the mean Piexage (OVer 3 replicates) divided by the mean Prijer (OVeEr 3

replicates).
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Figure 4-4. Filter penetration (A), Total Inward Leakage TIL (B), and faceseal |eakage-to-filter
(FLTF) ratio (C) for asurgical mask sealed to a plastic manikin’s face. No error barsfor FLTF
ratio as it was cal culated from the mean Pieaage (OVer 3 replicates) divided by the mean Prjer
(over 3 replicates).
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Continuous
micro-ribbons Microfibrils

[

- O

(a) (b) (c)

Figure 5-1. Optical microscope images of PU microfibrillar arrays incorporating micro-
ribbons: (a) top view at a magnification of 40x — presents the structure inside the area
bordered by the continuous micro-ribbons, (b) insert magnified at 400%; and (c) side view.

Figure 5- 2. A conventional elastomeric half-mask versus a modified elastomeric half-mask
(same model).
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Face Width (mm)
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Figure 5-3. The NIOSH 25-subject bivariate panel. Number of subjectsis given in parenthesis
after the panel number.

123



124"

'SI0Re.idsa. ysew- ey dLBWoISe P P31 1pow
pue (po141poW-Uou) [euo USAUOD e Bu Lfeam sade | paneys-|fpm pue AIp Yiim s1aefgns Gg 1o} peu iwieiep siojdey 11 |RAQ -G anbi

OTLT | 0B0T | 0S.F |0OZ6T|DOETY [D096T| OEZE DOESZ DO61IT| 0ST6 | £VE | D66 |DOBET [DDLET oe__..m_ecmom L1f | 0DZT |00BTF| 65T |DOVLZ|OE96 |DO6ST|DOEVE (00997 {patpown) |anoN @
S0T | ¥EE |097¢ |OOTEZ| OLET |0DOTE| OBBT |00LLY| OELY | OVTE | 0SS |00BET|00EIE |DOET6 2:3_ L€ | 9% |00T09|00TZZ| OLT |009TT |00TBL|00ZFT| 925 | L6T | (poylpow-uoN) joauod O
€TL | ZTL | TTL | OTL | 60L | 80L | £OL | 90L | SOL | ¥OL | €0L | ZTOL | TOL I
0T
@]
5
- - - 4 N -
00T o
n
-
m
q
. o
000'T -
m
M
Q
=
1]
=
o
000°0T
. _ Spelunsgz
6V = ypon SO
_ swelgnsgz
NO@N ~  payIpon _\/_o Ogag.ﬂ

-~ — SPelnssz
._” @ - |01u0d nmo
swelans gz

@NN.V = 00D _\/_O




100,000

3 10,000
g
=]
L
L
<1
£ 1,000
£
=4
L
T 100
Q
=
o
10

1

Dry-shaved face

Wet-shaved face

Dry-unshaved face

Wet-unshaved face

O Control (non-modified) GM

74

267

95

65

m Novel (modified) GM

40598

23241

974

13151

Figure 5-5. Overall fit factors determined for a subject with four facial conditions while wearing
aconventional (non-modified) and novel (modified) elastomeric half-mask respirators. The bars
represent geometric means; error bars represent the geometric standard deviations.
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Table 1-1. Summary of Experimental Conditions

Variable

Levels

Respirator Type
Sealing Condition
Burning Material

Manikin Breathing Rate

Replicates

Half-mask

4 (unsealed, nose-only sealed,
nose & chin sealed, fully sealed)

3 (paper, wood, plastic)

1 constant (30 L/min)
3 cyclic (30, 85, 135 L/min)®

3

Full mask

2 (unsealed, fully sealed)

3 (paper, wood, plastic)

1 constant (30 L/min)
3 cyclic (30, 85, 135 L/min)®

3

Total Runs;

3x4x4x3 = 144

3xX4x2x3 =72

a Thecyclic flows of MIF = 30, 85, and 135 L/min were applied at breathing rates of 15, 25, and

25 breaths/min, respectively.

Table 1-2. Penetration values for a half-mask elastomeric respirator

Flow type®, Penetration, % (Mean * SD)
Mt | oy Unsealed NNV MO CRIN gy septeg
Constant, 30 4397+244 1.19+0.08 0.33+0.02  0.000 = 0.000
Woag | Cvdlic.30 827+025 018+001  023+001  0.0010.000
Cyclic, 85 6.63+025 029+001  034+001  0.002 0.000
Cyclic, 135 537+029 048+001  029+002  0.011+ 0.003
Constant, 30 4837+0.15 0.66%0.19 0.28+0.11  0.000 = 0.000
R 1134026 011+001  021+002  0.001+0.000
Cyclic, 85 810+044 019+000  036+001  0.002 0.000
Cyclic, 135 583+£0.06 0.25+0.01 0.28+0.01 0.011+0.003
Constant, 30 50.67+061 0.69+0.12 0.14+0.04  0.000 = 0.000
olagic | OYdlic 30 114+010 012+001  025+000  0.000+ 0.000
Cyclic, 85 823+025 020+001  035+002  0.002 0.000
Cyclic, 135 61+£010 025+001  0.28+001  0.011 0.001

a For cyclic flow regime, the number represents Mean Inspiratory Flow (MIF).
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Table 1-3. ANOVA with Tukey’ s range test on the effects of the flow rate adjusted for material

(half-mask)
M ean Flow type
-l(;lsgl%inga Penetration® Flow r_};?e
(%) (L/min)

Unsealed
A 477 Constant, 30
B 10.3 Cyclic, 30
C 1.7 Cyclic, 85
D 5.8 Cyclic, 135
Nose-only
Sealed
A 0.85 Constant, 30
B 0.33 Cyclic, 135
C 0.23 Cyclic, 85
C 0.14 Cyclic, 30
Nose &
Chin
Sealed
A 0.35 Cyclic, 85
B 0.28 Cyclic, 135
BC 0.25 Constant, 30

C 0.23 Cyclic, 30
Full Sealed
A 0.011 Cyclic, 135
B 0.002 Cyclic, 85
B 0.000 Cyclic, 30
B 0.000 Constant, 30

a Means with the same letter are not significantly different (p-value > 0.05). The cyclic flows of
MIF = 30, 85, and 135 L/min were applied at breathing rates of 15, 25, and 25 breaths/min,

respectively.

b: Calculated over al combustion materials.

128



Table 1-4. ANOVA with Tukey’ s range test on the effects of the material adjusted for breathing
flow (half-mask)

Tukey M can b .
Groupings Penetration® Material
(%)

Unsealed

A 19.1 Plastic

A 184 Paper

B 16.1 Wood

Nose-only

Sealed

A 0.53 Wood

B 0.31 Plastic

B 0.30 Paper

Nose &

Chin

Sealed

A 0.30 Wood

AB 0.28 Paper
B 0.26 Plastic

Full sealed

A 0.003 Paper

A 0.003 Wood

A 0.003 Plastic

a Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated over all breathing flow type and flow rate.

Table 1-5. ANOVA with Tukey’ srange test on the effects of the sealing condition adjusted for
material and breathing flow (half-mask)

Mean .
Grouping: Penetration’ SRS,
(%)
A 17.9 Unsealed
B 0.38 Nose-only Sealed
B 0.28 Nose-chin Sealed
C 0.003 Fully Sealed

a Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated over al combustion material and breathing flow.
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Table 1-6. Penetration values for the full facepiece elastomeric respirator

_ Flow type Penetration, % (Mean + SD)
Material Flow rate

(L/min) Unsealed Fully Sealed
Constant, 30 0.017 + 0.002 0.001 + 0.000
Wood Cyclic, 30 0.003 + 0.001 0.001 + 0.000
Cyclic, 85 0.010 + 0.001 0.003 = 0.000
Cyclic, 135 0.019 + 0.001 0.013 + 0.002
Constant, 30 0.024 + 0.000 0.000 + 0.000
Paper Cyclic, 30 0.003 + 0.001 0.000 = 0.000
Cyclic, 85 0.008 + 0.000 0.002 = 0.000
Cyclic, 135 0.016 + 0.001 0.010 = 0.000
Constant, 30 0.035 £ 0.001 0.001 £ 0.000
Plastic Cyclic, 30 0.003 + 0.001 0.001 + 0.000
Cyclic, 85 0.012 + 0.001 0.002 = 0.000
Cyclic, 135 0.025 + 0.002 0.011 + 0.000
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Table 3-1. Summary of the experimental conditions

Variable Levels
Respirator Type One elastomeric half-mask with P_lOO filters
(Medium size, 3M 6000 series)
Challenge Aerosol Paper, wood, and plastic combustion aerosols
Breathing Flow Rate Cyclic 30, 55, and 85 L/min
Breathing Frequency 10, 15, 20, 25, and 30 breaths/min
Particle Size Range 20 — 200 nm (10 channels)
Replicates 4
Total Runs: 3x3x5x4 =180

Table 3-2. Three-way ANOVA results for the size-independent (overall) TIL as afunction of
combustion aerosol, MIF and breathing frequency (Bf)

Sour ce DF ANOVA SS Mean Square F Value p-value
Aerosol 2 5.81 2.90 28.40 <.0001
MIF 2 6.24 3.12 3049 <.0001
Aerosol*MIF 4 143 0.35 349  0.0096
Bf 4 0.86 0.21 210 0.0841
Aerosol* Bf 8 0.09 0.01 0.12 0.9983
MIF*Bf 8 1.38 0.17 168 0.1076
Aerosol*MIF*Bf 16 0.23 0.01 0.14 1.0000

Note: Bf stands for breathing frequency. Three-way ANOV A were performed on all levels of
combustion aerosol, MIF and breathing frequency (pooled data). The asterisk (*) indicates an
interaction between variables.
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Table 3-3. Pairwise multiple comparisons: mean TIL values among three combustion aerosol
groups (ANOVA with Tukey’ s range test)

b
-(gl:(l;l%inga TI\IALG?&) Aer osol
A 114 Plastic
B 0.85 Paper
C 0.70 Wood

a Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated using the size-independent (overall) TIL values.

Table 3-4. Pairwise multiple comparisons: mean TIL values among three MIF groups (ANOVA
with Tukey’ s range test)

Tukey M ean® MIF
Grouping® TIL (%) (L/min)
A 1.15 30

B 0.81 55

B 0.72 85

a Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated using the size-independent (overall) TIL values.
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This study investigated the effects of faceseal leakage, breath-
ing flow, and combustion material on the overall (non-size-
selective) penetration of combustion particles into P-100 half
and full facepiece elastomeric respirators used by firefighters.
Respirators were tested on a breathing manikin exposed to
aerosols produced by combustion of three materials (wood,
paper, and plastic) in a room-size exposure chamber. Testing
was performed using a single constant flow (inspiratory flow
rate = 30 L/min) and three cyclic flows (mean inspiratory
flow rates = 30, 85, and 135 L/min). Four sealing conditions
(unsealed, nose-only sealed, nose and chin sealed, and fully
sealed) were examined to evaluate the respirator faceseal
leakage. Total aerosol concentration was measured inside (C;,)
and outside (C,,) the respirator using a condensation parti-
cle counter. The total penetration through the respirator was
determined as a ratio of the two (P = Cy, / C,y). Faceseal
leakage, breathing flow type and rate, and combustion material
were all significant factors affecting the performance of the
half mask and full facepiece respirators. The efficiency of
P-100 respirator filters met the NIOSH certification criteria
(penetration <0.03%); it was not significantly influenced by
the challenge aerosol and flow type, which supports the current
NIOSH testing procedure using a single challenge aerosol
and a constant airflow. However, contrary to the NIOSH total
inward leakage (TIL) test protocol assuming that the result
is independent on the type of the tested aerosol, this study
revealed that the challenge aerosol significantly affects the
particle penetration through unsealed and partially sealed
half mask respirators. Increasing leak size increased total
particle penetration. The findings point to some limitations
of the existing TIL test in predicting protection levels offered
by half mask elastomeric respirators.

Keywords combustion aerosol, elastomeric respirator, manikin,
total penetration
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INTRODUCTION

hile on duty, firefighters are exposed to a wide range of

chemicals and particulate matter.” Smoke from a fire
contains fine (<1 pum) and ultrafine (<0.1 um) particle size
fractions. In a large-scale fire test laboratory study, ultrafine
particles accounted for more than 70% of the total number
concentration of particles during fire knockdown and over-
haul.®® Fine particle exposures at various workplace environ-
ments have been associated with impairment of cardiovascular
function and other adverse health outcomes. >

There are approximately 1.1 million firefighters in the
United States (including 300,000 career firefighters). Their
leading cause of death is heart disease.® Sudden cardiac death
is responsible for 50% and 39% of the on-duty deaths for
volunteer and professional firefighters, respectively.” Fire-
fighters have greater mortality rates associated with cardio-
vascular disease and elevated cancer rates than the general
population.®?

Respirators used for structural fire fighting should meet
the certification requirements of the National Institute for
Occupational Safety and Health (NIOSH) and the National
Fire Protection Association.(!0:1D Ironically, there is limited
information on the efficiency of the full facepiece used by
firefighters during actual fire fighting. Furthermore, during
fire overhaul (entering the structure after the fire has been ex-
tinguished) firefighters commonly use negative pressure elas-
tomeric half mask or filtering facepiece respirators (FFR) or no
respirators at all.'>!3 According to the Occupational Safety
and Health Administration (OSHA), the assigned protection
factors (APF) given for negative pressure air-purifying full and
half mask respirators are 50 and 10, which corresponds the
equivalent penetration values of 2% and 10%, respectively,
(P = 100/APE,%).
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Respiratory protection offered by negative pressure respira-
tors depends significantly (and often primarily) on the faceseal
fit.(1510) Little data is available on faceseal aerosol penetra-
tion under the cyclic flow regime, and even less is known
about the filter vs. faceseal penetration under actual breathing
conditions. The early investigation carried out by Hinds and
Kraske!” addressed the performance of half mask and single-
use respirators by measuring particle penetration through the
filter and the artificially induced cylindrical leaks; the tests
were conducted under a constant flow regimen at rates between
2 to 150 L/min. Chen and Willeke,'® who deployed a breath-
ing manikin with artificially created slit-like or circular leaks to
assess the faceseal vs. filter penetration for 0.5-5 pm particles,
also tested under the constant flow regime. However, artificial
fixed leaks and constant flows are not representative of real
world conditions. Workplace protection factor (WPF) studies
are representative of real world conditions with human subjects
wearing respirators,'°2% and thus, WPF results include both
filter and faceseal penetration. However, the contribution of
faceseal leakage to total penetration cannot be calculated from
WPE.

The above limitations were overcome in recent
studies 1316192425 either by inclusion of human subjects with-
out induced fixed leaks or through partial sealing of respirators
on a manikin tested under cyclic flow. Grinshpun et al.!®
found that the primary particle penetration pathway was face-
seal leakage for both an N95 FFR and a surgical mask. Cho
et al.!> reported that despite having a well-fitted N95 FFR,
the majority of particles penetrated through the faceseal leaks,
and penetration decreased with an increase in respiration flow
and in particle size.

Finally, most of the published data on the performance of
respirators was collected using an ambient aerosol or nebulizer-
generated NaCl particles. Some investigators used polystyrene
latex spheres as challenge aerosol in their tests.?®2” Oth-
ers used fungal spores, bacteria, or viruses.?*?’2?) Eninger
et al.?” compared the effects of NaCl and three virus
aerosols (all having significant ultrafine components) on the
performance of fully sealed N99 and N95 FFRs. The au-
thors concluded that filter penetration of the tested biological
aerosols did not exceed that of NaCl aerosol, which suggests
that NaCl may generally be appropriate for modeling filter
penetration of similarly sized virions. However, particles used
in the above studies are not representative of the exposures
experienced by firefighters. The differences are concerned
with the particle shape, density, electric charge, and possibly
other properties. To our knowledge, the effects of combustion
material on respirator performance have not been previously
studied.

The present investigation was designed to examine the
effects of faceseal leakage, breathing flow type and rate, and
combustion material on the overall (non-size selective) aerosol
particle penetration through elastomeric half and full facepiece
respirators equipped with P-100 filters.
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MATERIALS AND METHODS

Experimental Design

Two elastomeric respirators (one half mask and the other
a full facepiece) were tested on a breathing manikin exposed
to aerosols produced by combustion of three different materi-
als. Testing was performed using two different flow patterns
(constant and cyclic breathing regimes). Cyclic flow testing
was conducted at three flows selected to represent breathing at
different work load levels. Four facepiece sealing conditions
were established to evaluate faceseal leakage. Total aerosol
concentration was measured inside (C;,) and outside (C,y) the
respirator. Particle penetration (P) through the respirator was
determined as C;, / Coyt.

The experimental setup for investigating particle penetra-
tion through the respirator is schematically shown in
Figure 1. Inside the exposure chamber (142x95x 102 inches,
LxWxH), the tested respirator was donned on a manikin
headform made of hard plastic (Model: Full round molded
male manikin display head; Allen Display, Midlothian, Va.). A
copper pipe (1 inch diameter) was installed into the headform
to simulate airflow through the upper respiratory tract. One
end of the pipe was sealed between the upper and lower lips
of the manikin. For cyclic flows, the other end was connected
to an electromechanical Breathing Recording and Simulation
System (BRSS; Koken Ltd., Tokyo, Japan) with a HEPA
filter placed in between to keep particles from re-entering the
respirator cavity with the exhalation airflow. The constant flow
was created by a vacuum pump (Model G272X; Doerr Electric
Corp., Cedarburg, Wis.). Aerosol concentrations inside and
outside the respirator were measured with a condensation par-
ticle counter (CPC, Model 3007; TSI Inc., Shoreview, Minn.)
that detects particles in a size range from 0.01 to >1.0 um.

Respirators and Test Conditions

Two types of respirators were tested in this study: (1) half
mask elastomeric respirator (size: medium) equipped with two
P-100 filters, and (2) full facepiece elastomeric respirator (size:
medium) equipped with the same type of P-100 filters.

Several studies have reported common facepiece leak loca-
tions as the nose, chin, and cheek.®%3? In the present study,
four sealing conditions (“unsealed,” “nose-only sealed,” “nose
and chin sealed,” and “fully sealed”) were used when testing
the half mask respirator. For the full facepiece respirator, only
two sealing conditions (unsealed and fully sealed) were used
because our pilot study revealed that these two conditions pro-
duced similar penetration levels, which made it unnecessary
to evaluate partially sealed conditions. Silicone sealant was
applied in between the manikin’s face and the edge of the
respirator to form seals. Sealing configurations for the half
mask with nose-only and nose and chin sealing conditions
are shown in Figure 2. Respirator straps were tightened and
placed around the manikin’s head and neck as conventionally
used. For each sealing condition, once the respirator was
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FIGURE 1. Experimental setup

positioned it was not removed until another sealing condition tic bag, 0.24 £ 0.04 g) were selected for this study. Wood,
was evaluated. paper, and plastic are the most common materials encoun-

Wood (BBQ long match, 0.23 £ 0.03 g), paper (Multifold tered by firefighters during fire activities. All three materials
brown paper towel, 0.25 £ 0.04 g), and plastic (Ziploc plas- were ignited by a long-reach lighter and burned separately

FIGURE 2. “Nose-only” and “nose and chin” sealed half mask respirators. Respirator total length: 16 inches. Nose-only sealed length: 5
inches. Nose and chin sealed length: 5 + 4 inches
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TABLE I. Summary of Experimental Conditions
Variable Levels
Respirator type Half mask Full mask

Sealing condition
sealed, fully sealed)
Burning material

Manikin breathing rate 1 constant (30 L/min)

3 cyclic (30, 85, 135 L/min)*

Replicates 3
Total runs 3x4x4x3 =144

4 (unsealed, nose-only sealed, nose and chin

3 (paper, wood, plastic)

2 (unsealed, fully sealed)

3 (paper, wood, plastic)

1 constant (30 L/min)

3 cyclic (30, 85, 135 L/min)*
3

3x4x2x3 =172

AThe cyclic flows of MIF = 30, 85, and 135 L/min were applied at breathing rates of 15, 25, and 25 breaths/min, respectively.

inside the testing chamber. The aerosol measurements were
initated15 min after burning to allow the combustion aerosol
to reach a homogenous concentration. To assess the effect of
breathing flow on the particle penetration through respirators,
we selected three mean inspiratory flows (MIF) of 30, 85, and
135 L/min, with breathing rates of 15, 25, and 25 breaths/min
(achieved by adjusting the tidal volume), respectively. These
were established to simulate breathing at moderate, high, and
strenuous workloads, respectively. The selection of the breath-
ing rates was based on average respiratory rates reported in a
healthy adult.**3% In addition, one constant flow (30 L/min)
was selected to investigate the effects of the flow type (constant
vs. cyclic).

Three replicates were conducted for each condition, re-
sulting in 144 and 72 measurements for the half and full
facepiece respirators, respectively. The manikin breathing flow
with three replicates was completely randomized throughout
the entire study. A summary of experimental conditions is
listed in Table I.

Data Analysis

Collected data from the TSI CPC was entered into a spread-
sheet, and descriptive and inferential statistical analyses were
performed using SAS version 9.2 (SAS Institute Inc., Cary,
N.C.). The total aerosol penetration was the sum of filter
and faceseal penetration (P = P + Pr), where Pp is the
penetration solely through the filter and Py, represents faceseal
penetration. For each combination of experimental conditions,
the average value of the overall penetration and the standard
deviation were calculated from the three replicates. Analysis
of variance (ANOVA) with Tukey’s range test and paired 7-test
were performed to study effects of sealing condition, burn-
ing material, manikin breathing rate, and respirator type on
aerosol penetration value. P-values of <0.05 were considered
significant.

RESULTS AND DISCUSSION

Particle Size Distribution of Combustion Aerosols
Prior to the experiments involving respirators, challenge

aerosols—produced by combustion of wood, paper, and plas-

tic, respectively—were characterized with respect to their par-
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ticle size distributions determined with a Nanoparticle Spec-
trometer (Nano-ID NPS500; Particle Measuring System, Inc.,
Boulder, Colo.). This instrument is capable of measuring parti-
cle diameter in a range of 5 to 500 nm. Particle size distribution
curves obtained 30 min after burning are presented in Figure 3.
The peak particle size for wood combustion aerosol was around
45 nm, and 95% of the particles fell within the size range
of 20-200 nm. Peak sizes for paper and plastic combustion
aerosols were 56 nm and 89 nm, respectively, with 95% of the
particles falling in size ranges of 20-200 nm and 20-300 nm,
respectively. In general, wood combustion produced smaller
particles; all three peak concentrations were observed at parti-
cle sizes below 100 nm. More than 70% of particles generated
by combustion of wood and paper, and slightly more than 50%
of particles generated by plastic combustion, were ultrafine,
which is consistent with the earlier findings.®)

Half Mask Elastomeric Respirator with P-100 Filters
1. Respirator Donned on the Manikin (Unsealed)

a. Constant flow. As shown in Table II, for the constant
flow 30 L/min, the overall particle penetration was
very high: average values were 43.97 £ 2.44%
(wood aerosol), 48.37 &= 0.15% (paper aerosol), and
50.67 & 0.61% (plastic aerosol). ANOVA revealed
a statistically significant (p-value <0.05) effect of
combustion material, but from the practical stand-
point it does not play an important role since all
measured penetration values fell between 40% and
52%. The important finding is that the obtained
penetration level is over three orders of magnitude
higher than the one expected, based solely on the
filter efficiency. Indeed, the respirator was equipped
with a P100 filter that has a collection efficiency
99.97% for the most penetrating particle size at a
constant flow of 85 L/min, which corresponds to
an overall penetration of <0.03% at 85 L/min and
even lower at 30 L/min (no data is available for
135 L/min). This means that most of the penetrated
particles entered through the faceseal leakage; only
one out of thousands of the penetrated particles
entered through the filter media. When testing with
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TABLE Il. Penetration Values for a Half Mask Elastomeric Respirator
Penetration,% (Mean + SD)
Flow Type, Nose-Only Nose and Chin
Material Flow Rate (L/min) Unsealed Sealed Sealed Fully Sealed
Wood Constant, 30 43.97+2.44 1.19+0.08 0.33+£0.02 0.000 £ 0.000
Cyclic, 30 8.274+0.25 0.18+0.01 0.23+0.01 0.001 £0.000
Cyclic, 85 6.63 £0.25 0.29 £0.01 0.344+0.01 0.002 4+ 0.000
Cyclic, 135 5.37£0.29 0.48 £0.01 0.29£0.02 0.011 +£0.003
Paper Constant, 30 48.37£0.15 0.66+0.19 0.28+0.11 0.000 £ 0.000
Cyclic, 30 11.3+0.26 0.11+0.01 0.21£0.02 0.001 £0.000
Cyclic, 85 8.10+0.44 0.19+0.00 0.36+0.01 0.002 £ 0.000
Cyclic, 135 5.83£0.06 0.25+£0.01 0.28 £0.01 0.011 4+0.003
Plastic Constant, 30 50.67 £0.61 0.69£0.12 0.14 £0.04 0.000 4 0.000
Cyclic, 30 11.4£0.10 0.12£0.01 0.25£0.00 0.000 4 0.000
Cyclic, 85 8.234+0.25 0.20+0.01 0.35+£0.02 0.002 £ 0.000
Cyclic, 135 6.1£0.10 0.25+0.01 0.28+0.01 0.011£0.001

AFor cyclic flow regime, the number represents mean inspiratory flow.

an unsealed respirator, a sizeable gap (~1 mm) lo-
cated around the nose of the manikin was observed,
indicating a poor fit for the tested respirator donned
on the manikin, which could result in unexpectedly
high penetration values. This was likely because the
manikin was made of hard plastic. Softer human
skin would likely form a better seal, resulting in
lower penetration values for the elastomeric half
mask respirator.

The total particle penetration results from two com-
ponents: the filter penetration (Pp) at the corre-

sponding flow through the filter (Qr), and the leak-
age penetration (Pp) at the corresponding air flow
(Qr). It can be expressed as:

Cipn Niw Np+N.  Np  Np

P= - = +
Cour Nout Nout Nout Nout
PFNULIT% PLNOMI% QF
T Nou Now 0
n @ (1-2)
Q 0 0

FIGURE 3. Size distributions of particles aerosolized from combustion of three tested materials: wood, paper, and plastic. Measurement with
a nanoparticle spectrometer was initiated 30 min after burning.
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where

N;, = Particle numbers inside the respirator

N,; = Particle number outside the respirator

Np = Number of particle penetrating through the
filters

N = Number of particles penetrating through the
leakage

Q = Breathing flow = Qr + Q.

We concluded from Eq. 1 thatit is crucial to deter-
mine the relative contribution of the airflow through
the filter to the total airflow. Therefore, a separate
experiment was conducted to measure Qr when the
half mask was donned on the manikin. A flow meter
(Model 4043; TSI) was placed between the filter and
the respirator. Three breathing (constant) flows (30,
85, and 135 L/min) were selected. For each flow, the
respirator was taken off the manikin and put back
on. Then the filter flow was recorded after each
redonning. Seven replicates were performed for
each flow (a total run of 21). It was determined that
the fraction of the breathing flow entering through
the filter (Qr/Q) was 56.0 & 7.2% at 30 L/min,
61.7 & 4.4% at 85 L/min, and 61.0 + 4.0% at 135
L/min. Given that Pg of a P100 filter is negligibly
low (<0.03%) compared to Py, and Qr and Qy, are
comparable (according to the above experimental
data), Eq. 1 can be simplified as:

p%pL(l—%) (2)

Particle loss inside the gap (~1 mm) was negli-
gibly low according to a classic particle diffusion
theory.®> For these conditions, Py is close to 100%,
which allows further simplifying the equation for
the overall particle penetration:

P%l—& (3)

Q

According to this assessment, the overall pen-
etration values are expected to be slightly below
50% at 30 L/min and about 40% at 85 and 135
L/min, which is in reasonable agreement with the
penetration values experimentally obtained for an
unsealed half mask tested against three combustion
aerosols under constant flow of 30 L/min (listed in
Table IT). However, Eq. 3 is limited to constant flow
only and cannot be applied to cyclic flow conditions
representing a much more complex two-direction
flow regime.
Cyclic flow. Data on the overall aerosol penetration
through the unsealed half mask respirator obtained
for different MIFs and different combustion mate-
rials is presented in Table II.

(1) Cyclic vs. constant flow. For wood combustion
aerosol with a cyclic MIF of 30 L/min, the

penetration was 8.27 & 0.25%, which is approx-
imately fivefold lower than the one obtained in
the same experiment with constant flow (43.97
+ 2.44%). Similar results were observed for
paper and plastic combustion aerosols. Over-
all, Peyclic values were approximately 4-8 times
lower than the corresponding P.onstant Values.
One reason for this difference is that with con-
stant flow, aerosol particles continuously pen-
etrate into the respirator (mostly through the
leakage). However, under the cyclic flow regime,
no particles enter during exhalation (half the
period). The return flow is particle free since
it is supplied back into the respirator through
a HEPA filter installed between the manikin
and the breathing simulator. This time factor
causes a twofold decrease in aerosol concentra-
tion inside the respirator with cyclic breathing
compared to constant flow, which explains a
50% drop in the measured penetration.

In addition, the returning clean airflow dilutes
the particle-contaminated air inside the respira-
tor by a volumetric factor of two, thus further
decreasing the aerosol concentration Cj,. Con-
sequently, it should be anticipated that Peyic
is at least four times below the corresponding
Pconstant- This explanation is valid when the ma-
jority of particles detected inside the respirator
penetrate directly through facepiece leaks (not
the filter). The situation is different when the
aerosol enters solely through the filter (Table
II, fully sealed respirator). In addition, with
cyclic flow, the relative contribution of airflow
through the faceseal leak and filter changes with
time, which affects the difference between the
penetration levels obtained in the two protocols
(constant vs. cyclic flow). The large and con-
sistent difference between Peonsiant and Peyclic
found in this study points to a significant lim-
itation of the existing respirator evaluation
protocols that are based on the constant flow
design.

(i1) MIF effect on Pcyeic. As MIF of the cyclic flow
increased, the particle penetration decreased.
This was observed for all three combustion ma-
terials and was statistically significant (Table
III). One possible explanation is changing leak
size with increasing cyclic flows. Higher flows
can generate higher negative pressures inside
the respirator during breathing, which improves
the sealing performance of the respirator. It
should be stressed that P.yjic values that ranged
from a low of 5.37 £ 0.29% (wood, 135 L/min)
toahighof 11.4 +0.10% (plastic, 30 L/min) are
still well above the expected penetration level of
P100 filters (<0.03%). This suggests faceseal
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TABLE Ill. ANOVA with Tukey’s Range Test on the
Effects of the Flow Rate Adjusted for Material (half
mask)

TABLE IV. ANOVA with Tukey’s Range Test on the
Effects of the Material Adjusted for Breathing Flow
(half mask)

Flow Type,

Tukey Mean Flow Rate
Grouping” Penetration® (%) (L/min)
Unsealed

A 47.7 Constant, 30

B 10.3 Cyclic, 30

C 7.7 Cyclic, 85

D 5.8 Cyclic, 135
Nose-only sealed

A 0.85 Constant, 30

B 0.33 Cyclic, 135

C 0.23 Cyclic, 85

C 0.14 Cyclic, 30
Nose and chin sealed

A 0.35 Cyclic, 85

B 0.28 Cyclic, 135

BC 0.25 Constant, 30

C 0.23 Cyclic, 30
Fully sealed

A 0.011 Cyclic, 135

B 0.002 Cyclic, 85

B 0.000 Cyclic, 30

B 0.000 Constant, 30

AMeans with the same letter are not significantly different (p-value > 0.05).
The cyclic flows of MIF = 30, 85, and 135 L/min were applied at breathing
rates of 15, 25, and 25 breaths/min, respectively.

BCalculated over all combustion materials.

leakage was the primary penetration pathway
for the unsealed half mask respirator.

(iii) Effect of combustion material on particle pen-
etration. Data obtained with the three tested
combustion materials revealed similar trends,
with paper and plastic producing slightly higher
penetrations than wood (Table IV). There was
no statistically significant difference in pene-
tration between paper and plastic combustion
aerosols. As this study is the first one of its
kind dealing with combustion aerosols, no di-
rect comparisons can be made with previous
studies.

2. Respirator Partially Sealed on the Manikin (Nose-Only
Sealed and Nose and Chin Sealed)

a. Effect of partial sealing on penetration. As seen
from Table II, penetration values obtained under
these two conditions were significantly lower than
those determined for the unsealed respirator (Table
V). In most cases the decrease was almost two
orders of magnitude. The data indicates that most
of the leakage occurred around the manikin’s nose.

Journal of Occupational and Environmental Hygiene

Tukey Mean
Grouping” Penetration® (%) Material
Unsealed
A 19.1 Plastic
A 18.4 Paper
B 16.1 Wood
Nose-only sealed
A 0.53 Wood
B 0.31 Plastic
B 0.30 Paper
Nose and chin sealed
A 0.30 Wood
AB 0.28 Paper
B 0.26 Plastic
Fully sealed
A 0.003 Paper
A 0.003 Wood
A 0.003 Plastic

AMeans with the same letter are not significantly different (p-value >0.05).
BCalculated over all breathing flow type and flow rate.

b. Difference between two types of partial sealing.
There were no significant differences in penetration
between the two partial sealing conditions labeled
as “nose-only” and “nose and chin” regardless of the
combustion material and the breathing airflow (Ta-
ble V). This further suggests that sealing the nose
area (rather than the chin area) reduced penetration
on average from approximately 5-11% (unsealed)
to 0.11-0.48% (nose-only sealed) for the cyclic
flow regime, and from approximately 44-51% (un-
sealed) to 0.66—1.19% (nose-only sealed) for the
constant flow regime. This finding is consistent
with other studies®®3? that suggest the nose is
frequently the primary leak location.

TABLE V. ANOVA with Tukey’s Range Test on
the Effects of the Sealing Condition Adjusted for
Material and Breathing Flow (half mask)

Tukey Mean Sealing
Grouping” Penetration® (%) Condition

A 17.9 Unsealed

B 0.38 Nose-only sealed

B 0.28 Nose and chin sealed
C 0.003 Fully sealed

AMeans with the same letter are not significantly different (p-value > 0.05).
BCalculated over all combustion material and breathing flow.
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c. Penetration pathway. Although partial sealing re-
duced the total particle penetration to the levels
below 1%, these levels are still much higher than
that for a P100 filter alone (<0.03% or <<0.3%).
Thus, although offering much greater protection
against combustion particles, partial sealing still left
a considerable opportunity for penetration through
faceseal leakages so that full advantage could not
be taken of the efficient P100 filter deployed in a
half mask elastomeric respirator.

d.  MIF effect on Pyjic. For nose-only sealed condi-
tion, we found that penetration remained at the
same level at 30 and 85 L/min but was signifi-
cantly higher at 135 L/min (Table III). For nose-chin
sealed condition, there were significant differences
between the outcome observed at three MIFs (30,
85, and 135 L/min). Compared to the unsealed con-
dition, the Peyjic values obtained for the two partial
sealing conditions were 10 to 100 times lower as
determined at the same MIF. The results also show
that increasing the flow does not always reduce the
faceseal penetration. In another study, Cho et al.!>)
reported that faceseal penetration was reduced sig-
nificantly (p-value <0.001) with increasing breath-
ing flow. A different type of respirator (N95 FFR
partially sealed on a manikin) tested in the quoted
study may exhibit faceseal leaks of different sizes,
which could cause the disagreement between the
two studies.

e. Effect of combustion material on penetration. Pen-
etration values were higher for wood combustion
aerosol compared to paper and plastic combustion
aerosols in both “nose-only” and “nose and chin”
sealed conditions (Table IV). In contrast, for an
unsealed respirator, plastic combustion aerosol ex-
hibited the highest penetration. The finding sug-
gests that a better sealing may produce different
effect on the respiratory protection level for differ-
ent aerosols, e.g., be more beneficial for protecting
against plastic combustion particles than against
other materials. This seems to have a significant
practical relevance, especially given that burning
plastic generates more toxic combustion particles,
making their elimination by a respirator particularly
important.

3. Respirator Fully Sealed on the Manikin

210

For a fully sealed half mask respirator, the total pene-
tration should be equal to the filter penetration, which is
supposed to be below 0.03% at 85 L/min for a NIOSH-
certified P-100 filter. In our experiments, no particle
penetration was detected at constant flow rate of 30
L/min. For low to moderate cyclic flows, filter penetra-
tion was 0.002% or below. At the highest flow (MIF =
135 L/min), the average penetration was around 0.011%.

The P-100 filter penetration values obtained in this
study reflect the total particle count regardless of the par-
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TABLE VL.

Penetration Values for a Full Facepiece
Elastomeric Respirator

Penetration, %

Flow Type, (Mean =+ SD)
Flow Rate
Material (L/min) Unsealed Fully Sealed
Wood Constant, 30  0.017£0.002  0.001 & 0.000
Cyclic, 30 0.003+0.001  0.001 0.000
Cyclic, 85 0.010+£0.001  0.003 £0.000
Cyclic, 135 0.019+0.001  0.013 £0.002
Paper Constant, 30  0.024 +0.000  0.000 & 0.000
Cyclic, 30 0.003+0.001  0.000 £ 0.000
Cyclic, 85 0.008 =0.000  0.002 £0.000
Cyclic, 135 0.016 +=0.001  0.010=£0.000
Plastic Constant, 30  0.03540.001 0.001 £ 0.000
Cyclic, 30 0.003+0.001  0.001 +0.000
Cyclic, 85 0.012+0.001  0.002 £+ 0.000
Cyclic, 135 0.025+0.002  0.011£0.000

ticle size. The filter penetration generally depends on the
particle size reaching the highest value for the most pen-
etrating particle size (MPPS). One size-selective inves-
tigation revealed—for a specific P-100 FFR filter—that
the penetration could be as high as 0.048% at the MMPS
of 50-200 nm.G®

Full Facepiece Elastomeric Respirator with P-100
Filters

1.

Respirator Donned on the Manikin (Unsealed)

a. Penetration values. As seen from Table VI, penetra-
tion values for unsealed condition were extremely
low for all flows and materials. At 30 L/min, Ponstant
ranged from 0.017% (wood) to 0.035% (plastic).
The values of Pgycjic were even lower: from 0.003%
for MIF = 30 L/min (all three combustion mate-
rials) to 0.025% (135 L/min, plastic). These lev-
els were approximately three orders of magnitude
lower than the penetrations obtained for the half
mask elastomeric respirator. This difference is likely
associated with the leak size. The nose has been
identified as the primary leak location for half mask
respirators, whereas full facepiece does not have a
nose leak (thus penetration dramatically reduced).
The difference between the cyclic and constant flow
regimens for the full facepiece was not as large as
we observed with the half mask. Again, this also can
be explained by the leak size. As the full facepiece
does not have nose leak, it is more comparable to
a partially sealed half mask than a fully sealed half
mask.

b.  MIF effect on Py.ic. The lowest MIF (30 L/min)
produced the lowest penetration; as the flow
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increased, the penetration increased (p-value <0.05).

Since the penetration values were so low and closer
to those expected from the filter material, one would
suggest that the role of faceseal leakage pathway is
not as great for the full facepiece elastomeric respi-
rator if compared to the half mask, and the particle
deposition on the filter governs the process, at least
to a significant extent. For ultrafine particles used
in this study, the primary filtration mechanism is
diffusion. As the flow increases, the residence time
decreases, and the diffusion becomes less effective.
This explains the observed effect of MIF on the
particle penetration.
2. Respirator Fully Sealed on the Manikin
Data obtained with the fully sealed full facepiece was
similar to data obtained with the fully sealed half mask.
This is understandable because testing of a fully sealed
respirator (both half and full facepiece) is essentially
equivalent to examining the performance of the respira-
tor filter (with an exhalation valve attached). As the same
type of filter was used for the half and full facepiece
respirators, there was no significant difference in the
filter efficiency. The results are consistent with the fact
that the efficiency of a P100 filter is 0.03% or below at
85 L/min.

CONCLUSION

wo elastomeric respirators (half mask and full facepiece)
were evaluated as to the overall particle penetration with
respect to faceseal leakage, breathing flow type and rate, and
combustion material. All these factors had significant impact
on the performance of the respirators. The total penetration
through the fully sealed half and full facepiece respirators did
not exceed the NIOSH certification level established for P-100
respirator filters (<0.03%). Increasing leak size increased total
penetration. Effects of combustion material and breathing flow
were significant and heavily dependent on sealing condition.
Results suggest that eliminating or minimizing faceseal leak-
age is the key aspect for improving the efficiency of elastomeric
respirators used by firefighters against combustion particles
regardless of particle composition and size distribution.
Significant difference in penetration was found between
cyclic and constant flow; however, this difference was observed
mainly for the unsealed half mask. For the half mask (fully
sealed) and full facepiece (unsealed or fully sealed), the pene-
tration remained the same when challenged with three different
combustion aerosols (wood, paper, and plastic). While under
sealing, conditions such as “nose-only,” “nose and chin,” and
“unsealed,” the combustion material did show a significant
effect on the total penetration for the half mask. This effect
was not consistent—plastic aerosol produced the highest pen-
etration under the unsealed condition, whereas for the two
partial sealing conditions, wood aerosol was associated with
the highest penetrations.

Journal of Occupational and Environmental Hygiene

This study provides meaningful information related to the
NIOSH respirator testing program in accordance with Title
42 of the Code of Federal Regulations, Part 84.37 Results
indicate that the efficiency of a P-100 respirator filter is not
significantly influenced by the challenge aerosol and the flow
type (constant vs. cyclic). This supports the approach imple-
mented in the current NIOSH respirator testing of P-100 filters
that uses a non-combustion challenge aerosol and constant
airflow. However, the NIOSH total inward leakage (TIL) test
assumes that the result is independent on the type of the tested
aerosol,®® while this study revealed that the challenge aerosol
significantly affects the particle penetration through unsealed
and partially sealed half mask elastomeric respirators. The
differences between the currently used challenge(s) and actual
combustion aerosols are concerned with the particle shape,
density, electric charge, and possibly other properties. The
findings generated by the presently adopted TIL test protocol
(using ambient or NaCl model aerosols) may have limitations
in predicting protection levels offered by half mask elastomeric
respirators.

One limitation of this study is that a stationary (non-moving)
manikin headform was used. It is acknowledged that this type
of headform is not capable of mimicking human speaking, head
movements, or facial expressions, which could affect the leak
size. We believe that the next step in testing the elastomeric half
mask and full facepiece respirators could involve robotically
articulating headforms.
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Analytical Performance Issues
Exploring a Novel Ultrafine Particle

Counter for Utilization in Respiratory
Protection Studies

Exposure to ultrafine (<0.1 um) particles is widespread at various workplaces.
Several studies have revealed associations between ultrafine particle exposures and
adverse health effects, including respiratory problems, impairment of cardiovascular
function, and others.(!?

Condensation particle counters (CPCs) are conventionally deployed to measure
the ultrafine particle concentrations in real time. For example, the P-Trak (Model
3007, TSI Inc., Shoreview, Minn.) is the most commonly used CPC in occupational
environments. However, commercially available CPCs are typically too bulky to serve
as workers’ personal exposure monitors; furthermore, their performance is generally
affected by their orientation. Several attempts have been made recently to design
a better instrument for real-time personal exposure assessment, including a novel
ultrafine particle counter (prototype) developed at the University of Cincinnati (UC
UFP counter, Figure 1).> The operation principle of this device, like any CPC,
involves condensation on nuclei; however, the novelty of this instrument is that the
condensation takes place on nano-materials entering through the input channel. After
passing a PM filter (cyclone), the particles enter a non-wetting, porous evaporation-
condensation tube. Enlarged due to condensation growth, they are detected with an
optical laser counter. Capillary force spontaneously generated on the surface of the
non-wetting tube prevents flooding regardless of orientation and movement. This
makes the instrument particularly advantageous for field applications. In addition,
its time of response to a change in aerosol concentration is as low as approximately
0.3 sec. The detection particle size range is 4.5 nm to >1.0 wm that, in contrast to
conventional CPCs, includes a low nano-scale. The present prototype of the UC UFP
counter is portable; however, it is undergoing additional miniaturization to make the
device wearable.

In this study, we examined the feasibility of using the UC UFP counter for
measuring the aerosol particle penetration through an elastomeric half-mask res-
pirator donned on a breathing manikin.®” Elastomeric respirators are commonly
used by firefighters and first responders. The UC UFP counter was tested against
the TSI Model 3007 CPC operating side by side. Combustion particles (generated
by burning wood, paper, or plastic) were used as challenge aerosols. Exposures to
combustion aerosols at various workplace environments have been associated with
adverse health outcomes.>® More than 70% (by number) of particles in a fire-
generated smoke are ultrafine.® The penetration values were obtained by measuring
the aerosol concentrations inside and outside the respirator. The sampled airflow was
split with 0.3 L/min directed to the UC UFP counter and 0.7 L/min to the TSI CPC.
Measurements were conducted for four respirator sealing conditions (unsealed, sealed
at the nose area, sealed at chin and nose, fully sealed) and for three cyclic breathing
flow rates (mean inspiratory flow = 30, 85, and 135 L/min) and one constant flow
rate (30 L/min).
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FIGURE 1. The UC UFP counter: schematics of operation (A) and picture (B).

The data are presented in Figure 2. The particle penetration
falls into a wide range of values: from ~0.01% to ~60%,
which reflects a variety of the sealing and breathing conditions.
A favorable agreement between the two data sets was observed
(slope ~ 1.16, R? ~ 0.99; paired t-test: p-value = 0.91),
suggesting that the new counter produced meaningful data

FIGURE 2. Particle penetration values measured with the novel
UC UFP counter vs. the TSI CPC 3007.

Journal of Occupational and Environmental Hygiene

comparable to a conventional TSI CPC instrument and was
capable of measuring in the abovementioned wide range of
parameters. We concluded that, once miniaturized to serve as a
field compatible personal sampling device, the instrument can
be successfully used for evaluating the performance of respi-
rators directly at workplaces. Considering the data variability
observed in this study (specifically two clusters at penetration
levels around 0.1% and 1% as measured by the TSI CPC), a
follow-up investigation is warranted to improve the sensitivity
and stability of the UC UFP.
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Objectives: This study quantified the particle size effect on the performance of elastomeric
half-mask respirators, which are widely used by firefighters and first responders exposed to
combustion aerosols.

Methods: One type of elastomeric half-mask respirator equipped with two P-100 filters was
donned on a breathing manikin while challenged with three combustion aerosols (originated
by burning wood, paper, and plastic). Testing was conducted with respirators that were fully
sealed, partially sealed (nose area only), or unsealed to the face of a breathing manikin to
simulate different faceseal leakages. Three cyclic flows with mean inspiratory flow (MIF) rates
of 30, 85, and 135 L/min were tested for each combination of sealing condition and combustion
material. Additional testing was performed with plastic combustion particles at other cyclic
and constant flows. Particle penetration was determined by measuring particle number con-
centrations inside and outside the respirator with size ranges from 20 to 200 nm.

Results: Breathing flow rate, particle size, and combustion material all had significant
effects on the performance of the respirator. For the partially sealed and unsealed respirators,
the penetration through the faceseal leakage reached maximum at particle sizes >100 nm when
challenged with plastic aerosol, whereas no clear peaks were observed for wood and paper aer-
osols. The particles aerosolized by burning plastic penetrated more readily into the unsealed
half-mask than those aerosolized by the combustion of wood and paper. The difference may be
attributed to the fact that plastic combustion particles differ from wood and paper particles by
physical characteristics such as charge, shape, and density. For the partially sealed respirator,
the highest penetration values were obtained at MIF = 85 L/min. The unsealed respirator had
approximately 10-fold greater penetration than the one partially sealed around the bridge of
the nose, which indicates that the nose area was the primary leak site.

Keywords: combustion aerosol; half-mask; manikin; particle size; penetration; respirator fit

INTRODUCTION Firefighters are known to have respiratory prob-

o lems due to smoke inhalation resulting from com-
The US Bureau of Labor Statistics (BLS) has bustion (Musk et al., 1982; Materna et al., 1992;

reported that ﬁreﬁghting ranks among the most CDC, 2006). First responders as well as other
dangerous occupations in the USA (BLS, 2003). 5 ers exposed to combustion aerosols are at a

*Author to whom correspondence should be addressed: 'Slmlla}f health' risks as ﬁrelfighters’ ?lthough their
Tel: 1-513-558-0504; Fax: 1-513-558-2263; c-mail: sergey. ~ associated health effects are not as well docu-
grinshpun@uc.edu mented. Smoke generated from a fire consists
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primarily of fine (< 1 pm) and ultrafine (< 0.1 pm)
particles. These smoke particles contain a vari-
ety of reactive free radicals and other chemical
compounds, which pose a potential health risk
(Leonard et al., 2007). Baxter et al. (2010) reported
>70% (by number) of smoke particles present
during fire knockdown and overhaul are ultrafine.
With an increase in surface area, ultrafine par-
ticles can be toxicologically more reactive than
those of larger sizes (Lam et al., 2004; Shvedova
et al., 2005).

During fire overhaul (after the fire has been
extinguished), firefighters enter the structure to
examine areas for possible re-ignition. At that
stage, it has been reported that firefighters may use
elastomeric half-mask respirators equipped with
a highly efficient P-100 filters (Bolstad-Johnson
et al., 2000; Burgess et al., 2001). When subjected
to the National Institute for Occupational Safety
and Health (NIOSH) respirator certification test,
a P-100 filter must provide at least a 99.97% effi-
ciency when challenged to polydisperse dioctyl
phthalate (DOP) particles having a count median
diameter (CMD) of 185+20nm and a geometric
standard deviation (GSD) of <1.60 (Shaffer and
Rengasamy, 2009).

Numerous studies have been conducted to deter-
mine the filter efficiency of commercially available
respirators (Martin and Moyer, 2000; Eninger
et al., 2008; Eshbaugh et al., 2009; Rengasamy
et al., 2008; Rengasamy et al., 2009). However, the
respirator performance is affected not only by the
filter efficiency but also by the faceseal leakage.
Furthermore, several studies have shown that par-
ticle penetration through the faceseal leakage may
be much higher than through the filter medium
(Cofteyetal., 1998; Zhuangetal., 1998; Grinshpun
et al., 2009; Cho et al., 2010b). To account for
these two penetration pathways, NIOSH has pro-
posed the total inward leakage (TIL) method for
testing respirators (NIOSH, 2009). However, the
NIOSH TIL test does not consider particle size,
as it is based on non-size selective measurement.
TIL was investigated as a function of particle
size (aerodynamic size: 0.04—1.3 pm) in our pre-
vious research performed with N95 respirators
and surgical masks (Lee et al., 2008). The lowest
protection factors (PFs) were observed in the size
range of 0.04-0.2 pm (which includes the ultrafine
fraction). Faceseal leaks on one brand of half-
mask respirator (US Safety Series 200 Half-mask)
worn by 73 subjects were studied by Oestenstad
and Perkins (1992). They found respirator leak-
age was strongly affected by leaks at the nose and
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chin, and consideration should be given to includ-
ing nasal dimensions when selecting a respirator
for an individual wearer. Our recent study with a
half-mask respirator tested on a breathing mani-
kin revealed that the nose was the primary leak
site (He et al., 2013).

There are no data available about the ultrafine
particle penetration through faceseal leaks of
elastomeric respirators even for a relatively simple
case when the breathing flow rate is assumed to be
constant. It is much more complex to quantify the
particle penetration under actual breathing condi-
tions (when the air flow through a respirator is not
constant but has a cyclic nature). Early research-
ers addressed the effects of faceseal leakage on
the particle penetration (Hinds and Kraske,
1987; Chen et al., 1990; Chen and Willeke, 1992).
A recent study conducted by Rengasamy and
Eimer (2011) investigated the TIL of nanopar-
ticles through Filtering Facepiece Respirators
(FFRs) and reported that penetration increased
with increasing leak size. With smaller size leaks
(< 1.65mm), the penetration values measured for
50nm size particles were ~2-fold higher than the
values determined for 8 and 400nm size parti-
cles. However, the quoted studies were conducted
using either constant flow or artificially induced
leaks. Cho et al. (2010b) investigated a more real-
istic faceseal leakage by partially sealing a N95
respirator on a manikin face with breathing pat-
terns simulated (as a sinusoidal function) by a
breathing simulator. That paper showed that most
of particles penetrated into the respirator through
the faceseal leakage, rather than through the fil-
ter. A similar conclusion was drawn by Grinshpun
et al. (2009) for a N95 FFR and a surgical mask.

Different challenge aerosols (non-biological
and biological) have been utilized for various res-
piratory protection research including NaCl, Ag,
DOP, and viruses (enterobacteriophages MS2, T4,
and Bacillus subtilis phage) (Balazy et al., 2006a;
Huanget al., 2007; Eninger et al., 2008; Shaffer and
Rengasamy, 2009; Cho et al., 2010a; Rengasamy
and Eimer, 2011). In most of the previous respi-
rator evaluation studies the challenge aerosol was
charge neutralized/equilibrated. To our knowledge,
besides our latest investigation (He et al., 2013),
no peer-reviewed published study has yet reported
respirator performance using combustion aerosols
that likely have different charge, shape, and density.

The present investigation is a follow-up to the
study of He et al. (2013) performed with chal-
lenge aerosols originating from the combustion
of wood, paper, and plastic. Similar to our earlier
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study, the present investigation aims at testing the
performance of an elastomeric half-mask res-
pirator; however, a distinct difference is that the
current experimental design includes particle size
as an independent variable. Accordingly, a par-
ticle size selective measurement technique was
deployed in this effort to characterize the effect
of particle size along with other factors such as
inhalation flow, combustion material, and faceseal
leakage on the efficiency of a half-mask respirator.

MATERIALS AND METHODS

Respirator and challenge aerosols

In this study an elastomeric half-mask respira-
tor was tested, which is widely used by firefight-
ers during fire overhaul. This type of respirator
is also commonly used by first responders and
other workers exposed to combustion aerosols.
The model selection was also influenced by feed-
back from the Cincinnati Fire Department, which
indicated that their firefighters frequently wear
elastomeric 3M 6000 series half-mask respirators
with P-100 filters for medical responses and fire
overhaul. Based on this rationale, a medium size
3M 6000 series half-mask respirator equipped
with two 3M 2091 P-100 filters was chosen for this
study. This same make and model was tested in
our latest study on the overall (non-particle-size-
selective) particle penetration (He et al., 2013).

Three combustion aerosols were generated by
burning the following materials inside a test cham-
ber: wood (24cm BBQ long matches, 1.9£0.5g),
paper (23 cm X 24 cm brown multifold paper
towel, 2.1£0.2g), and plastic (23cm X 20cm
Ziploc™ sandwich bags, single layer, 1.7+0.3g).
Wood, paper, and plastic were selected to repre-
sent common sources of combustion particles in
the environments encountered by firefighters and
first responders. It is noted that aerosol parti-
cles originated by combustion are usually highly
charged; unlike many earlier investigations, no
charge neutralization or equilibration was con-
ducted in this study in order to preserve the origi-
nal properties of combustion particles.

Study design and experimental set-up

The experiments were carried out in the
University of Cincinnati indoor testing chamber
(volume = 24.3 m®). The experimental set-up is
presented in Fig. 1.

In each experiment, the elastomeric half-mask
respirator was donned on a breathing manikin
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and challenged with one of the three test combus-
tion aerosols. Tests were conducted at three cyclic
flows, with mean inspiratory flows (MIFs) of 30,
85, and 135L/min. These flows represent breath-
ing at medium, high, and strenuous workloads
(Lafortuna et al., 1984; Anderson et al., 2006).
The cyclic breathing was simulated by a Breathing
Recording and Simulation System (BRSS, Koken
Ltd., Tokyo, Japan). The BRSS consists of an elec-
tromechanical drive-cylinder and two air cylinders
connected to each other. A sinusoidal air flow is
generated as the electromechanical cylinder moves
back (inspiratory duration, half a period) and forth
(expiratory duration, half a period) (Haruta et al.,
2008). The cylinder moving distance simulates the
human tidal volume. By adjusting the speed and
distance of the cylinder, the breathing frequency
was set at 25 breaths/min for all three cyclic flows.
Choosing the same breathing frequency for all
cyclic flows eliminated frequency as an additional
variable from the study design.

To examine the effect of the faceseal leakage on
the performance of the respirator, three sealing
conditions, namely ‘fully sealed’, ‘partially (nose
area) sealed’, and ‘unsealed’, were established.
A silicone sealant was applied to the respirator
when it was necessary to seal the facepiece to the
manikin. The fully sealed condition essentially tar-
geted the efficiency of the P-100 filters installed on
the half-mask respirator, assuming no penetration
through the exhalation valve. The unsealed and
partially sealed conditions permitted evaluation
for both penetration pathways: filter penetration
and faceseal leakage. Several studies have reported
that faceseal leakage occurs mostly in the nose and
chin area (Holton et al., 1987; Crutchfield and
Park, 1997; Oestenstad et al., 2007; Oestenstad and
Bartolucci, 2010). Our previous study (He et al.,
2013) showed that there was no significant differ-
ence between two conditions ‘nose-only sealed’
and ‘nose & chin sealed’ in terms of the penetra-
tion level for the same half-mask respirator. Based
on this rationale, only one partially sealed condi-
tion—a nose area seal-—was chosen for this study
(the length of the seal was 12.7cm, which is ~30%
of the 40.6cm total respirator sealing length).

For each combination of the test conditions, the
experiment was repeated four times. The particle
concentrations outside and inside of the respira-
tor were measured size-selectively using a recently
developed Nanoparticle Spectrometer (Model:
Nano-ID NPS500, Naneum Ltd., Kent, UK). To
sample from inside the respirator, the half-mask
was probed between the nose and upper lip of the
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Fig. 1. Schematic diagram of the experimental set-up (modified from He et al., 2013).

manikin using the TSI Model 8025-N95 Fit Test
Probe Kit. The Nano-ID is capable of measuring
an aerosol particle size distribution over a range
of mobility diameters (an equivalent diameter of
a spherical particle of the same mobility, Kulkarni
et al., 2011) from 5 to 500nm (referred to as a
scan range). The particle counts are recorded in
up to 128 user-selectable channels at a sampling
flow rate 0.2 L/min, which is sufficiently low (com-
pared with the breathing flow 30-135L/min) and,
therefore, is unlikely to cause significant influence
in the measured particle concentration inside the
respirator. Myers et al. (1988) stated that biased
sampling often occurs because aerosol does not
mix well within the respirator cavity during the
inhalation phase of the respiratory cycle. To mini-
mize the effect of non-homogeneity of the con-
centration inside the respirator, resulting from
poor mixing, a 3-min scan time was chosen for
each measurement; this time allows integrating
many cycles in one measurement, e.g. as many as
75 cycles in 3min at 25 breaths/min.

The particle penetration (through both path-
ways) was determined for each particle size (d,)
as the ratio of inside and outside concentrations:

P(d,)= S 100%

out ( 1 )

Data analysis

For each combination of experimental condi-
tions, the mean value of the total penetration
and the standard deviation were calculated from
the four replicates. One-way analyses of Variance
(ANOVA) was performed to quantify the effect of
sealing condition on the particle penetration, and
three-way ANOVA was used to study the signifi-
cance of combustion material, breathing flow, and
particle size using SAS version 9.2 (SAS Institute
Inc., Cary, NC). P-values of <0.05 were considered
to represent significant differences in the outcomes.

RESULTS AND DISCUSSION

Particle size distribution of challenge
combustion aerosols

Fig. 2 shows the particle size distributions of the
three combustion aerosols measured at 10, 30,
50, 70, and 90 min after the burning was stopped.
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Fig. 2. Particle size distributions of three combustion
aerosols (wood, paper, and plastic) measured at 10, 30, 50,
70, and 90 min after the material burning stopped.

Each aerosol produced a single-mode distribution.
The peak concentrations occurred in the mobility
diameter range of 40-80nm for wood and paper
combustion aerosols, whereas the peaks shifted
slightly toward a larger size range (50-100nm) for
plastic combustion aerosols.

The majority of particles detected by the
Nanoparticle Spectrometer fell between 20 and
200nm. This is in a good agreement with the
above quoted findings of Baxter et al. (2010), who
suggested that the scan range could be narrowed
down. In addition to a better representation of the
challenge aerosol, a narrower scan range improves
the instrument performance in a specific time
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interval (by providing a more accurate particle
count per channel). Accordingly, the size range of
20-200nm discriminated through 30 scan chan-
nels (representing 30 particle size fractions) was
selected. The above choice was consistent with an
important aim of the particle size selective sam-
pling—to identify the most penetrating particle
size (MPPS).

The natural decay of airborne particle concen-
tration was found to be dependent on particle size.
It is seen in Fig. 2 that the natural decay was very
slow for wood and paper combustion particles
>80nm and plastic combustion particles >100 nm.
The slower decay for larger particles can be
explained by weakening diffusion as well as con-
tinuous coagulation (Kulkarni et al., 2011). The
curves demonstrate a pronounced concentration
decrease during approximately the first 50min,
which slowed down afterwards. On average, ~40%
of particles remained airborne after 90 min. This
assured a sufficient number of particles available
for counting in each Nano-ID channel.

Fully sealed half-mask respirator with P-100
filters

The fully sealed respirator prevented particles
from penetrating through the faceseal leakage.
Therefore, total particle penetration equals filter
penetration (P = Py, ), assuming no penetration
through the exhalation valve. A separate experi-
ment was conducted to test the assumption that
exhalation valve operated properly, thus introduc-
ing no additional pathway for particles to pene-
trate inside the respirator. In this experiment, the
same respirator with a functional exhalation valve
was compared with a sealed valve. The penetra-
tion was determined at a constant flow of 135
L/min as well as at a cyclic flow of MIF=135 L/min.
For either flow conditions, no significant differ-
ence in the penetration values was found. The
results confirmed that the exhalation valve had no
influence on particle penetration, which supports
the fundamental postulate of our study design of
only two particle penetration pathways (filter and
faceseal).

Fig. 3 presents the particle penetration values for
the fully sealed half-mask respirator equipped with
two P-100 filters challenged with particles aero-
solized by wood combustion. Our previous study
(He et al., 2013) conducted with an identical fully
sealed half-mask indicated that the effect of com-
bustion material on the particle penetration was
not significant (P-value >0.05); therefore, only one
combustion material (wood) was tested here. Except
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Fig. 3. Penetration of ‘wood’ combustion aerosol through a fully sealed half-mask equipped with two P-100 filters. Each
data point represents the average of four replicates.

for a few points obtained at 135 L/min, all the other
values were <0.005% regardless of the particle size
and flow rate. The two peak points that occurred
at the lower (~30nm) and higher (~180nm) sizes
could be outliers as there were not sufficient num-
ber of particles (C,, <10 000 particles/channel, C,|
<1 particle/channel) generated at those two sizes
especially after 90-min measurement (see Fig. 2,
Wood Aerosol). However, even if these two peaks
were considered as valid data points, the maxi-
mum filter penetration would still fall <0.025%
(Fig. 3). Overall, the results demonstrate that the
tested P-100 filters exhibited the efficiency levels
exceeding the NIOSH certification requirement
(P <0.03%). This finding is in agreement with our
earlier results obtained using a non-particle-size-
selective aerosol measurement technique (He et al.,
2013). Several other studies also reported similarly
low particle penetration for P-100 filters (Eshbaugh
et al., 2009; Rengasamy and Eimer, 2011).

Partially (nose area) sealed half-mask
respirator with P-100 filters

Fig. 4 presents the particle penetration data for
partially sealed half-mask with two P-100 filters,

which was tested at three MIFs (30, 85, and
135L/min) while exposed to three combustion
aerosols (wood, paper, and plastic). Data analysis
revealed that combustion material and particle
size had a significant effect on penetration val-
ues (P-value < 0.001). For all three materials, the
highest particle penetration values occurred at
85 L/min throughout the entire tested particle size
range (20-200nm) except for the first channel; the
135 L/min flow generated the second highest pen-
etration levels followed by 30 L/min. All penetra-
tion values obtained with the three combustion
aerosols were approximately between 0.05 and
0.7% except a few points obtained for smaller
particles at 30 L/min. Insufficient number of par-
ticles detected by the Nanoparticle Spectrometer
(C,, <1000 particles/channel, C,, <1 particle/
channel) prevented us from reporting penetration
values for plastic particles between 20 and ~30 nm
(see Fig. 2, Plastic Aerosol).

Compared with the fully sealed test condition,
even the lowest penetration values obtained for
the partially sealed half-mask at 30 L/min were at
least 10-fold greater, regardless of flow rates (30,
85, and 135 L/min). This shows that any additional
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faceseal leakage can substantially compromise the
protection offered by a half-mask respirator.

The penetration curves obtained for wood and
paper combustion aerosols were of similar shapes.
While not perfectly monotonic, the curves showed
an overall increase of penetration with increas-
ing particle size. For plastic combustion particles,
the curves are slightly different from those found
for wood and paper aerosols with the penetration
reaching the maximum approximately at 120—
160nm at 85 and 135 L/min. One possible reason is
that wood and paper combustion aerosol particles
are expected to have similar physical and chemical
properties while the particles originated by burning
plastic, a synthetic material, may differ in compo-
sition and physical characteristics such as a charge,
shape, and density. It is worth of mentioning that,
although effects associated with electrical charges
on particles as well as on respirator and manikin
surfaces fell outside of the scope of this study,
electric forces may have a major contribution to
the differences associated with combustion mate-
rial. It is also to be noted that the measurement of
particles in this study was based on their electri-
cal mobility (not an aerodynamic diameters), and
there are no data, to our knowledge, that would
allow establishing a relationship between the two,
at least, for the challenge aerosol. All these factors
may explain the material-associated differences
and similarities observed in our experiments.

The order of curves in Fig. 4 was somewhat
unexpected: at the same particle size the penetra-
tion increased as the MIF increased from 30 to
85L/min but then decreased as the flow contin-
ued rising from 85 to 135 L/min at MIF. In order
to identify the flow rate(s) associated with the
maximum particle penetration, four more cyclic
flows (50, 70, 100, and 120L/min) were added
to the testing program for the partially sealed
half-mask. This additional experiment was con-
ducted using plastic combustion aerosol only.
It is believed that the finding would have higher
practical significance because plastic aerosol is
comparatively more toxic and more health rel-
evant than the ones produced by burning wood
or paper (Underwriters Laboratories Inc, 2010).
Thus, seven flows (30, 50, 70, 85, 100, 120, and 135
L/min) were tested at the same manikin breathing
frequency (25 breaths/min) with four replicates for
each flow. The experimental results are presented
in Fig. 5. The penetration values are shown for
particle sizes of and above of 30 nm (as mentioned
earlier, the count of plastic combustion particles
<30nm was insufficient).
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Firstly, the curves (upper section of Fig. 5)
corresponding to seven different MIFs are simi-
larly non-monotonic. Although the trend is not
completely clear for particle diameters up to
40-50nm, all the curves indicated that penetra-
tion increased with increasing particle size up to

Fig. 4. Penetration of wood, paper, and plastic
combustion aerosols through a partially sealed (nose area)
half-mask equipped with two P-100 filters. Each point
represents the average value of four replicates, and the
error bar represents the standard error of the mean.
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~100-140nm (depending on the flow rate) and
then decreased for larger particles. The flow rate
of 85L/min indeed appeared to be the one pro-
ducing the highest penetration values when par-
ticle size was >40nm. The flow rate of 100 L/min
produced the second highest penetration (the
values are approximately the same compared
with 85L/min in the particle size range of 80 to
100nm). Further increase in flow rate resulted in
decrease in penetration. Results also showed the
lowest penetration values at the lowest tested MIF
(30 L/min). The following explanations are offered
to address the flow effect: as the breathing flow
increased from 30 to 85L/min, more combustion
particles were brought into the respirator cavity
(greater penetration) while the outside concentra-
tion remained unchanged. However, it is antici-
pated that at higher flows (>85 L/min) the negative
pressure inside the respirator during inhalation
became sufficiently high to suck the respirator
toward the face of the manikin and consequently
reduce faceseal leak size. In turn, a smaller leak
could correspond to a lower relative contribution
of the total air flow entering the facepiece, result-
ing in penetration of fewer particles. During exha-
lation, exhaled air is released primarily through
the exhalation valve (rather than the faceseal leak-
age or filters) of the half-mask respirator so that
a higher flow should not substantially increase the
leak size during exhalation.

Secondly, the lower section of Fig. 5 shows the
particle penetration as a function of MIF at four
particle sizes (52, 83, 104 and 153 nm) that were
selected to fairly represent the entire scan range.
This figure conveys that the particle penetration
was largely dependent on the cyclic breathing
flow, with the highest penetration values occurred
at the MIF = 85L/min. As particle size increased
from 52nm to 104nm, the penetration values
showed a clear increasing trend regardless of the
flow rate. However, penetration values obtained at
the larger particle size (153 nm) were close to or
higher than those acquired at 104nm (depending
on the flow rate). This indicates that the MPPS
for this partially sealed half-mask (nose area only)
was within a size range of ~100 to 160nm when
challenged to plastic combustion aerosols.

Unsealed half-mask respirator with P-100 filters

The findings for the unsealed half-mask are pre-
sented in Fig. 6. The ANOVA results showed that
both particle size and material type had strong
significant effects (P-value < 0.001) on the par-
ticle penetration. The penetration values ranged

X. He et al.

from 4 to 8% for wood aerosol, from 3 to 10% for
paper aerosol, and from 3 to 16% for plastic aero-
sol. Plastic aerosol produced higher penetration
values for particles between 100 and 200 nm com-
pared with wood and paper combustion aerosols.
This finding is important in light of previously
published evidence that combustion of plastic
generates toxic particles that may be associated
with human health effects (Linak et al., 1989;
Wong et al., 2007).

The average penetration of the unsealed half-
mask respirator exceeded that of fully sealed res-
pirator by a factor of >100, given that most of
penetration values obtained for the fully sealed
half-mask were <0.05% (see Fig. 3). Therefore,
more than 99% of particles entering the unsealed
half-mask respirator cavity penetrated through
faceseal leakage (not through the P-100 filter
medium). This finding is consistent with the con-
clusions presented in He et al. (2013) for the same
type of respirator based on total particle concen-
tration measurement (non-size selective).

For plastic aerosol, the size of particles most
readily penetrating through faceseal leakage fell in
arange of 120-140nm for all three MIFs, whereas
it is difficult to determine the MPPS for wood
and paper aerosols as the penetration curves do
not show clear peaks in the particle size range of
20-200nm. Many previous studies on respira-
tor filter efficiency have reported the MPPS for
tested filters (Brown, 1993; Martin and Moyer,
2000; Grafe et al., 2001; Batazy et al., 2006a,
2006b; Eninger et al., 2008). However, there are
very limited data available on the MPPS for res-
pirator faceseal leakage. Rengasamy and Eimer
(2011) reported that the MPPS for a cylindered
leak (<1.65mm diameter) was ~50nm. It is com-
monly assumed that size and location of faceseal
leakage are constantly changing during breathing,
talking, and head/body movement (Myers et al.,
1996), which contributes to additional variability
when trying to determine the MPPS. Additional
challenge is that the MPPS can be affected by aer-
osol type as shown in this study.

Unlike the fully sealed condition, an unsealed
respirator involves two primary particle penetra-
tion pathways (filter medium and faceseal leak-
age). While numerous studies have addressed the
effect of breathing flow on the filter efficiency
(e.g. increasing flow rate was shown to promote
higher penetration of ultrafine particles due to
diffusion) (Batazy et al., 2006a, 2006b; Eninger
et al., 2008; Rengasamy and Eimer, 2011), it
is less certain how the breathing flow affects
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Fig. 5. Penetration of ‘plastic’ combustion particles through a partially sealed (nose area) half-mask equipped with two
P-100 filters: dependence on particle size for fixed MIFs (upper figure) and dependence on the MIF for fixed particle sizes
(lower figure). Each point represents the average value of four replicates.

the faceseal penetration. Interestingly, several
published FFR studies have documented that
faceseal penetration decreased with increase in
breathing flow when challenged with particles
>500nm (Chen et al., 1990; Huang et al., 2007;
Cho et al., 2010b). On the other hand, another
FFR evaluation effort failed to observe signifi-
cant increase or decrease in faceseal penetration
when increasing the breathing flow (Rengasamy

and Eimer, 2011) for particles ranging from 8 to
400nm. In our study, increasing flow seemed to
decrease particle penetration through the faceseal
leakage, and such effect was most dominant for
plastic aerosol and particle size of >100nm (see
Fig. 6). It is acknowledged that our study tested a
different respirator (elastomeric half-mask) with
different challenge aerosols compared with the
three studies referenced above.
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Fig. 6. Penetration of wood, paper, and plastic
combustion aerosols through an unsealed half-mask
equipped with two P-100 filters. Each point represents the
average value of four replicates.

To interpret the above finding (faceseal pen-
etration decreases with increasing flow rate), an
experiment with breathing flow held constant was
conducted. The same unsealed half-mask was
tested using three constant flow rates (30, 85, and
135L/min) while challenged with plastic aerosol.
The results are shown in Fig. 7. First, constant
inhalation flow produced much higher penetra-
tion values than cyclic flow. Peak penetration
was close to 50% for a constant flow rate of 30L/

X. He et al.

min (Fig. 7) compared with 16% for cyclic flow
of the same MIF (Fig. 6); similar trends were
observed for 85 and 135 L/min. These differences
were explained in our previous study (He et al.,
2013). The important finding is that increasing
constant flow was generally associated with a
decrease in particle penetration (with the excep-
tion of data obtained at 85 versus 135L/min for
larger particles). Due to the high efficiency of the
P-100 filter, the total particle penetration through
the half-mask elastomeric respirator is almost
fully determined by the number of particles pen-
etrating through faceseal leakage. Most of tested
particles are small enough to have their motion
governed primarily by diffusion and electrostatics.
Assuming that (a) the exhalation valve provides
a perfect seal, (b) the particle loss inside the face-
seal leakage is negligibly small, and (c) the capture
efficiency of the P-100 filter is close to 100%; the
total particle penetration (Py,,) into a respirator
is determined by the relative contributions of the
air flows through the filter and the leakage (He
et al., 2013):

12

Py~ % = % x100% )

Where Q. is the constant air flow through filter
media, Q, is the constant air flow through faceseal
leakage, and Q = Q. + Q, is the constant total
flow. If the respirator is equipped with an absolute
filter, the penetration value calculated by equation
(2) can be considered as maximum possible parti-
cle penetration.

Depending on the position of the respirator
and the tightness of the straps, the gap between
the respirator and the face of the manikin is
likely variable. In our experiment, the most
sizeable leakage (~1 mm) was observed around
the nose area. However, in areas around the
chin and cheeks the faceseal leakage could be
0.1 mm or lower. According to the classic par-
ticle diffusion theory (Kulkarni et al., 2011),
the particle losses inside a 1-mm gap are esti-
mated to be negligibly low (with the Brownian
displacement of ~0.01 mm). At the same time,
the diffusional deposition inside a 0.1 mm gap
is not negligible, especially for particles below
~50nm. Larger particles (well above 50nm)
are not subjected to appreciable diffusional
deposition, but some of them may carry sub-
stantial electrical charges, which could cause
losses inside the faceseal leakage and conse-
quently decrease the particle penetration. This
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Fig. 7. Penetration of the plastic combustion aerosol through an unsealed half-mask equipped with two P-100 filters
under constant flow regime. Each point represents the average value of four replicates. Additionally, the graph shows three
straight dotted lines representing Q, /Q values at Q = 30, 85, and 135 L/min, which correspond to the maximum particle
penetrations at these flow rates, as determined from Fig. 8.

effect is expected to be more pronounced as the
particle size increases (further increase of the
particle size adds interception and impaction
losses). The above explains the non-monotonic
curves shown in Fig. 7. The MPPSs ranging
~70-90 nm (depending on the flow rate) repre-
sent the condition when the particles are too
large for substantial diffusional losses inside
the leakage but at the same time too small to
expect notable deposition due to electrostatic
mechanism, interception, and impaction. In
these cases, the penetration is close to the theo-
retically maximum level, Q,/Q [Eq. (2)]. These
thresholds are shown in Fig. 7 for each of the
three flow rates as straight lines.

The proportion of total flow through the face-
seal leakage was experimentally determined for
an unsealed half-mask donned on the mani-
kin under the constant flow condition. This was
done as follows. First, the respirator was fully
sealed on the manikin, and the air flow was estab-
lished (entirely through the filter in absence of
the faceseal leakage). By adjusting the speed of
a vacuum pump, seven constant flow rates (Qp)
ranging from 10 to 100 L/min were achieved and

the seven corresponding static pressures (pressure
drop) were recorded. Second, an unsealed respira-
tor was donned on the manikin with both P-100
filters removed and all inhalation openings fully
covered to allow the air pass solely through the
leakage. Using the same pre-recorded static pres-
sures, seven flow rates (Q;) were established by
adjusting the vacuum pump. Subsequently, the
seven total flow rates were calculated (Q = Q. +
Q,, see Fig. 8 for the seven tested Q-values marked
as black dots).

The relationship between Q,/Q and total flow
Q is plotted in Fig. 8. The graph reveals that
Q,/Q values decreased along with increasing
total flow rate. As indicated above, this likely
occurred due to high negative pressure inside of
the respirator that sucks it towards the manikin
surface, thus reducing the faceseal leakage and
producing higher flow resistance, which, in turn,
reduced the proportion of total flow (Q,/Q)
passing through the leakage. Increase in total
flow decreased the slope of the curve shown in
Fig. 8. At a total flow of 30 L/min, the ratio of
Q,/Q was as high as 53%, which, based on our
theoretical considerations presented above, was
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Fig. 8. The relationship between the leakage-portion of total flow (Q,/Q) and the total flow (Q) under constant flow
regime. Each black dot represents the flow measurement for a certain static pressure. The dotted lines represent Q,/Q
values at Q = 30, 85, and 135 L/min.

supposed to produce Pp ., = Q;/Q = 53% (see
Fig. 7, the 53% straight line). Similarly, when the
total flow was 85 and 135 L/min, the Q, /Q was 38
and 33%, respectively.

The above explanations can be applied to a
more complex case of the cyclic flow regime,
which—in contrast to the constant flow—exhibits
both inhalation and exhalation. During exhala-
tion, particle concentration inside the respirator
is diluted by the purified exhalation air (in our
experimental set-up, a HEPA filter installed
between the manikin and the breathing simulator).
At the same time, the particles cannot be entirely
removed from the respirator cavity as there are
always particles trapped inside the respirator
after exhalation. Thus, the particle penetration
obtained under the cyclic flow regime is expected
to be lower than those obtained under the con-
stant flow regime (see a more detailed explana-
tion in He et al., 2013). However, the effects of
the flow rate on the faceseal penetration remained
the same for both constant flow and cyclic flow
regimes—higher flow associated with lower pen-
etration, which was proven by the theoretical cal-
culation [equation (2)] combined with the flow
measurements (Fig. 8). No previously published
studies were found to address the flow type (cyclic

versus constant) effect on the total inward leakage
for the elastomeric half-masks.

CONCLUSIONS

Performance of the elastomeric half-mask res-
pirator was significantly affected by the particle
size (P-value < 0.001). When testing the partially
sealed half-mask, the highest penetration was
detected at 180nm for wood and paper com-
bustion aerosols and at ~120-160nm for plastic
aerosol. Under the unsealed conditions, the peak
penetration occurred at 120nm for plastic com-
bustion aerosol, while no clear peaks were iden-
tified for wood and paper. Results suggest that
the MPPS for the faceseal leakage was >100nm
for the partially sealed and unsealed conditions
when challenged with plastic aerosol. The par-
tially sealed (nose area only) half-mask respirator
resulted in 10-fold lower penetration levels when
compared with the unsealed condition. This sug-
gests that the nose area was a primary leak site.
Material type was another significant factor
(P-value < 0.001). For the unsealed half-mask
challenged with plastic combustion aerosol, higher
penetration values were observed compared with
wood and paper aerosols for particles >100nm.
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The effect of cyclic flow rate was found to be
significant as well (P-value < 0.001). For the par-
tially sealed respirator, increasing flow rate was
associated with an increase in penetration up to
MIF = 85L/min. For higher flow rates, the trend
changed to a decrease in penetration as the flow
increased. For unsealed conditions, increasing
flow rate resulted in consistent decrease of pen-
etration and this trend was most apparent for the
plastic aerosol with size >100nm.

One major limitation of this study is that a hard
plastic manikin headform was used, which was
not capable of mimicking the texture and softness
of human skin. This may potentially create larger
leaks for equivalent strap tension. An advanced
headform covered with soft skin-like material
may be considered as an appropriate alternative in
future studies. Only one model of the elastomeric
half-mask was tested, which also represents a
study limitation. Additionally, it is acknowledged
that all the cyclic flows tested in this study used the
same breathing frequency (25 breaths/min), which
may not fully represent the real-world situation.
Future studies are needed to investigate the effects
of the breathing frequency on the performance of
respiratory protection devices.
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ABSTRACT

Objective: To investigate the effect of breathing frequency 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 concentrations inside (Cj,) and outside (Coy) of the respirator
(Cin/Cout) measured with a nanoparticle spectrometer operating in the particle size range of 20 to
200 nm. The testing was performed under three cyclic breathing flows (mean inspiratory flow,
MIF, of 30, 55, and 85 L/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 frequency 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 L/min only when challenged with plastic combustion aerosol.

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

frequency of 30 breaths/min.

Keywords: breathing frequency, half-mask, total inward leakage, combustion aerosol, manikin
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INTRODUCTION

The U.S. Occupational Safety and Health Administration (OSHA) requires respirators be
provided to employees whenever engineering and work practice control measures are not
adequate to reduce the employees’ exposure to acceptable levels (OSHA, 2006). Among the non-
powered air purifying respirators, 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
(BLS) and the National Institute for Occupational Safety and Health (NIOSH) (BLS/NIOSH,

2003).

Smoke from a fire contains primarily ultrafine particles (< 0.1 wm). The latter were found
to account for more than 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 cardiovascular function and other adverse health outcomes (Schwartz et al.,

1996; Peters et al., 1997; Timonen et al., 2005; Schulte ez al., 2008).

Many studies have evaluated the most penetrating particle size (MPPS) (Martin and
Moyer, 2000; Grafe et al., 2001; Balazy et al., 2006a; 2006b; Eninger et al., 2008; Rengasamy et
al., 2008; Cho et al., 2010a) of NIOSH-certified N95 FFRs. These studies consistently report a
MPPS in a range of 30 to 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 ef al., 2010), have not been studied as extensively as N95 FFRs. One
study involving three half-masks and 10 FFRs tested on a panel of 10 human subjects concluded

that the fit factors of elastomeric half-masks were higher than those of FFRs (Han and Lee,
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2005). Another study (Lawrence ef al., 2006) involving a panel of 25 subjects with varying face
sizes reported superior performance of elastomeric N95 half-masks (15 models tested) over N95
FFRs (15 models tested) and surgical masks (6 models tested). However, these investigations
used non-size-selective aerosol measurement devices that did not allow exploring potential
differences in penetration by different particle sizes, and none of these studies studied the effect

of breathing frequency.

Respirator filter efficiency is significantly affected by breathing flow rate. This has been
demonstrated for mechanical and “electret” filters tested under constant and cyclic flow
conditions (Brosseau et al., 1990; Chen ef 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; Rengasamy et al., 2009; Cho et al., 2010b). A constant inhalation flow rate of 85 L/min is
currently used in the NIOSH respirator certification program (NIOSH, 1995); however, constant
flow does not accurately represent human breathing patterns. Stafford ez a/ (1973) reported that
human breathing is more reasonably approximated by a sinusoidal waveform, which can be
better approximated with different flow rates and breathing frequencies (breaths/min) (Haruta et
al., 2008). Breathing frequency differs between population groups (e.g., healthy vs. sick, young
vs. old) and is significantly affected by the level of physical activity (e.g., rest vs. active)
(Tortora and Anagnostakos, 1990; Sherwood, 2006). Several studies using cyclic flow, have
reported an effect of flow rate on filter efficiency and faceseal leakage (Myers et al., 1991;
Eshbaugh et al., 2008; Haruta et al., 2008; Cho ef al., 2010b). However, with exception to Wang
et al. (2012) no published study has yet fully addressed the effect of the breathing frequency.
Wang et al. (2012) did investigate two breathing frequencies (32 and 50 breaths/min) with a

single MIF (100 L/min), but the data generated in their study were too limited to draw
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conclusions about breathing frequency. Furthermore, they selected a breathing frequency (50

breaths/min) that is excessive for most workplace populations.

Respiratory protection offered by negative pressure respirators is dependent not only on
the filter efficiency but also on faceseal leakage (Zhuang et al., 1998; Grinshpun et al., 2009;
Cho et al., 2010b). To account for these two penetration pathways, NIOSH has proposed the
total inward leakage (TIL) method for testing respirators (NIOSH/CDC, 2009). Several studies
addressed this issue by creating artificial slit-like or circular leaks to assess the faceseal leakage
(Hinds and Bellin, 1987; Myers et al., 1991; Chen and Willeke, 1992; Rengasamy and Eimer,
2011). However, artificial fixed leaks are not representative of actual conditions when a
respirator is worn by humans. It is commonly assumed that size and location of faceseal leaks are
constantly changing during breathing, talking, and head/body movement (Myers ef al., 1996).
Some studies tested respirators worn by human subjects (Zhuang ef al., 1998; Grinshpun et al.,
2009) but these were, obviously, limited to a non-toxic challenge aerosol (NaCl). Comprehensive
testing of respirator performance in a toxic aerosol environment and at higher challenge
concentrations requires use of a manikin headform. Conventional static manikin headforms
(either made of a rigid material or coated with a thin layer of rubber, plastic, or other
compressible materials) have been shown in the literature to have high TIL levels for half-mask
elastomeric respirators and filtering facepiece respirators (Cooper et al., 1983; Tuomi, 1985;
Golshahi ef 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
headform was developed that is capable of mimicking the softness and thicknesses of the human

skin (Hanson et al., 2006; Bergman et al., 2013).



©CoO~NOUTA,WNPE

Annals of Occupational Hygiene Page 6 of 28

This study is a follow-up to recent studies (He et al., 2013a; 2013b) conducted in the
same laboratory on the performance of elastomeric respirators challenged with combustion
aerosols. The present study specifically addresses the effect of breathing frequency on TIL of an

elastomeric half-mask respirator on an advanced, soft-skinned manikin headform.

MATERIALS AND METHODS

Respirator

An elastomeric 3M 6000 series half-mask respirator 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; 2013b). The rationale for selecting the above respirator was

described in detail in He et al. (2013a).

Challenge Aerosols

The challenge aerosols were separately generated by burning the following three
materials inside a test chamber: wood (24 cm long pellets, 1.9 + 0.5 g), paper (23 cm x 24 cm
brown multifold paper towel, 2.1 £ 0.2 g), and polyethylene (23 cm x 20 cm, 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 measurements were initiated 15 minutes after
burning to allow the combustion aerosol to reach a special uniformity. As our previous
measurements revealed that 90% of particles so generated were within the range 20 to 200 nm

(He et al., 2013a), we focused on this size range.
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Advanced Manikin Headform

The specifications of the advanced manikin headform chosen for this study were reported
in detail by Bergman et al. (2013). Briefly, the headform is of the medium size defined by the
NIOSH Principal Component Analysis panel created using data from a large-scale
anthropometric survey of U.S. 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 cellular 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 set-up is shown in Figure 1. The respirator was donned on the
advanced manikin headform, which was then challenged with one of three combustion aerosols
(wood, paper and plastic). The donning was performed according to the manufacturer’s user
instructions. After donning, the respirator was not re-donned or repositioned until the completion
of the study, which allowed maintaining the size and shape of the faceseal 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 15 runs to minimize the effect of loading of combustion products
on the filter medium. The filters were changed in a careful way to minimize the effect of this
procedure on the respirator faceseal 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 experimental conditions. Temperature and relative humidity were kept at

17-22 °C and 30-50 %.
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The headform was connected to a Breathing Recording and Simulation System (BRSS,
Koken Ltd., Tokyo, Japan) with a HEPA filter placed in between to keep particles from re-
entering the respirator cavity in exhaled air. The BRSS consists of an electro-mechanical drive-
cylinder coupled with two air cylinders. As the electromechanical cylinder stroke moves back
(inspiratory duration, half a period) and forth (expiratory duration, half a period), a sinusoidal air
flow is generated (Haruta et 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 simulated (Haruta ez al.,

2008).

The test were conducted under three cyclic breathing flows (mean inspiratory flow — time
weighted average flow rate over the width of an inspiration, MIF = 30, 55 and 85 L/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 the tested breathing flow
rate and frequency. A summary of the experimental conditions is presented in Table 1. Aerosol
concentrations inside (Cj,) and outside (Cyy) the respirator were measured using a nanoparticle
spectrometer (Nano-ID NPS500, Naneum Ltd., Kent, UK) size-selectively in 10 channels
between 20 and 200 nm. Each concentration measurement took 3 minutes. The corresponding
mean sizes for the 10 chosen channels were 22.4, 28.2, 35.5,44.7, 56.2, 70.8, 89.1, 112.2, 141.3
and 177.8 nm. TIL was determined for each particle size (d},) as the ratio of inside to outside

concentration:

in,dp

TIL, = x100% (1)

out,dp
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In addition, by combining the 10 channels, size-independent (overall) TIL was

calculated for all combustion particles ranging from 20 to 200:

©CoO~NOUITA,WNPE

10
10 Z]vin,i

TIL= {;1— x100% 2)

13 ZNout,i
i=1

where N, is the number of particles measured in a specific channel inside the respirator,
20 Nout 18 the number of particles measured in a specific channel outside the respirator, and i is the

22 i"™ particle size channel.
Data analysis

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

38 One-way ANOVA was performed to quantify the effect of breathing frequency on the size-
independent TIL after stratifying the data by the combustion material and breathing flow. All

43 pairwise comparisons were performed using Tukey’s range test. P-values < 0.05 were

45 considered significant.
48 RESULTS AND DISCUSSION

52 Size-selective Total Inward Leakage (TILj )
dy
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The size-selective TIL values determined within the chosen ten-channel size range are
shown in Figure 2. The graphs represent three MIFs, five breathing frequencies, and three
combustion aerosols (error bars are not shown as they make it difficult to see the data lines for

each breathing frequency).

First, the graphs in figure 2 demonstrate particle size affected TILdp (» <0.0001). For all
three aerosols, the TILdp 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 the
diffusional deposition which is more pronounced for smaller particles (consequently, a smaller
fraction could penetrate inside the respirator more readily). For particles 40~50 nm and larger,

the TILdp curves showed no consistent increasing or decreasing trend. Furthermore, ANOVA
results showed no significant differences in TILa(p (p = 0.36) among the six channels between 45

to 200 nm. The relatively flat curves obtained for the half-mask indicate a wide range for the
MPPS. No TIL MPPS data were available in the literature for elastomeric respirators until our
recent study (He et al., 2013a), which measured an MPPS of 120-140 nm for the same half-mask
donned on a plastic manikin headform and challenged with plastic combustion aerosol. The
cited study failed to detect an MPPS for wood and paper aerosols due to multiple peaks in the

TILdp curves. 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 ef 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 faceseal
leakage. When testing N95 FFRs with artificially created cylindered leaks, Rengasamy and

Eimer (2011) found that for leak diameters < 1.65 mm the MPPS was ~50 nm; we believe that

10
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this value likely represents the N95 filter penetration, whereas the TIL of the respirator used in
this study (equipped with P100 filters) is primarily governed by the faceseal leakage penetration.

This likely explains the suppressed peaks or the plateaus seen in the curves presented in Figure 2.

The effect of breathing frequency on TILdp was complex. When challenged with wood
combustion aerosol, frequencies of 30, 20 and 15 breaths/min produced the highest TILa(p values

at MIF = 30, 55 and 85 L/min, for most size channels between 20 to 200 nm. MIF = 30 L/min

produced the most notable effect of the breathing frequency on the TILdp. The TILa(p curves

obtained from testing with paper combustion aerosol showed some peaks at 30 and 10
breaths/min at MIF = 30 and 85 L/min, but no clear peak was identified for MIF = 55 L/min. The

graphs representing TILs for plastic aerosol revealed separations between the TILdp curves at

MIF = 30 L/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 L/min, 0.5~0.8 % at 55 L/min, and 0.3~0.6 % at 85
L/min. Several published FFR studies also reported that faceseal penetration decreased with
increase in breathing flow when challenged with particles larger than 500 nm (Chen ez al., 1990;
Huang et al., 2007; Cho et al., 2010b). On the other hand, another FFR study observed no
significant increase or decrease in faceseal penetration by 8400 nm particles associated with

increasing breathing flow (Rengasamy and Eimer, 2011).

We have previously tested the filter penetration of wood, paper and plastic combustion
aerosol through a fully sealed half-mask equipped with two P100 filters (and found that all

penetration values were below 0.03% (He et al., 2013a). An additional experiment was

11
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conducted and confirmed that the evaluate exhalation valve did not leak. Based on the
comparison of the TIL and filter penetration data, we concluded that the primary particle

penetration pathway for the tested elastomeric half-mask was faceseal leakage.

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 plastic manikin headform (He ez al., 2013a, 2013b), and 5~10-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.

Size-independent (overall) Total Inward Leakage (TIL)

The size-independent (overall) TIL values for the half-mask respirator challenged with
the three tested combustion aerosols are presented in Figure 3. The highest TIL values were
determined at MIF = 30 L/min and 30 breaths/min for all three challenge aerosols (peak TIL =
1.08%, 1.33% and 1.87% for wood, paper and plastic, respectively). The lowest TIL values
(0.35%, 0.60% and 0.75% for wood, paper and plastic, respectively) were obtained at MIF = 85
L/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). Pair wise multiple
comparison analysis revealed the mean overall TIL values for wood, paper and plastic

combustion aerosol were significantly (p < 0.05) different from each other (see Table 3). The

12
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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., 2010b) conducted with the

same type of half-mask donned on a hard plastic manikin headform. The difference in TIL can

©CoO~NOUTA,WNPE

be attributed to differences in particle shape, density, electric charge, and possibly other
13 properties. Plastic (polyethylene) is pure hydrocarbon, paper is cellulose (plus various additives
15 and coatings), and wood is half cellulose and half lignin, which includes aromatics and relatively

18 little hydrogen.

21 Effect of the breathing flow (MIF). Breathing flow had a significant effect on TIL (p

23 <0.0001) as shown in Table 2. The interaction between the challenge aerosol and breathing flow
26 (Aerosol*MIF) was significant (p = 0.0096). The pairwise comparison results for three MIF

28 groups (30, 55 and 85 L/min) are presented in Table 4. The mean TIL obtained at MIF = 30

30 L/min was significantly (p < 0.05) higher than those determined for MIF = 55 and 85 L/min. The
33 differences between the data series obtained at 55 and 85 L/min were not significant (p > 0.05).
35 One possible explanation is that a higher breathing flow can create a higher negative pressure
inside the half-mask respirator, which sucks the respirator toward the manikin’s face, thus

40 helping make a tighter contact with the manikin headform. The consequent reduction in faceseal
42 leakage with an increase from 30 to 55 L/min affects the TIL; however, this effect becomes less

pronounced at higher flow rates.

48 Effect of the breathing frequency. Breathing frequency did not show a significant effect
50 on the TIL(p > 0.05, see Table 2) regardless of combustion aerosol, MIF and breathing frequency
(pooled data). When the data was stratified by combustion aerosol and MIF (see Table 5), the

55 effect of the breathing frequency became significant (p < 0.05) for all conditions challenged with

S7 wood and paper combustion aerosols, and for MIF = 30 L/min only if challenged with plastic

60 13
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aerosol. However, no significant breathing frequency effect was found at MIF = 55 L/min (p =
0.99) and MIF = 85 L/min (p = 0.97) for plastic aerosol. The pairwise multiple comparisons
confirmed that the frequency of 30 breath/min produced the highest mean TIL value when MIF =
30 L/min, which was true for all three combustion aerosols (see Table 5). The findings were
consistent with the results of size-selective TIL measurements (see Figure 2). At MIF =55
L/min, the 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 L/min, the highest mean TIL values were
recorded at 15 breaths/min for wood combustion aerosol (TIL = 0.67%), 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 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 L/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 = 85 L/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 condition). A similar conclusion was

14
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made for other types of respirators (Eshbaugh ez al., 2008; Haruta et al., 2008; Grinshpun et al.,

2009).

©CoO~NOUTA,WNPE

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
14 donning was conducted so that a contaminated respirator would not be subjected to a replicate
16 testing. It remains unknown how the results would differ given that the respirator model
characteristics and between-donning variability may cause leaks of different sizes and shapes.
21 While we believe that the major trends would remain the same, it seems meaningful to expand
23 the present study in the future involving alternative experimental designs and other half-mask
26 models as well as, possibly, other classes of respirators (i.e., full facepiece and filtering facepiece

28 respirators).

31 CONCLUSIONS

Particle size, combustion material and breathing flow had significant (p < 0.001) effects
37 on the TIL regardless of the level of the breathing frequency. The relatively flat curves generated
39 in the size-selective experiments between approximately 40 to 200 nm serve as an evidence of a
wide size range of particles, which most readily penetrate through faceseal leaks of half-mask

44 respirators.

a7 The effect of the breathing frequency was complex and differed for different
combinations of the combustion aerosol and the MIF. For pooled data, the breathing frequency
52 had no significant (p = 0.08) effect on the non-size selective TIL. However, after stratifying the
>4 data according to combustion aerosol and MIF, the breathing frequency effect became significant

57 (p <0.05) for all MIFs when challenged with wood and paper combustion aerosols, and

60 15
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specifically for MIF = 30 L/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) as compared to
wood and paper aerosols, suggesting potentially higher exposure to a wearer. The highest
penetration occurred when challenged plastic aerosol, at 30 L/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 which lost its significant difference as the flow rate exceeded 55 L/min.
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Fig. 1. Schematic diagram of the experimental set-up (modified from He ef al., 2013a).

21



8¢ 0 Zz abed

[44

‘s9yeo1dar 1oy Jo onfea a3eroAe o syudsaxdar yutod yoeq ‘(onserd pue 1oded ‘poom) S[0SOIOB UONSNQUIOD I} YPIM
PA3Ud[[BYD [IYM WLIOJPLBAY ULIUBW PIIUBAPE UB PIUUOP JOJRIIdSII YSBW-J[ey OLIOWO)SL]d Uk J0J SanjeA d3eyed] pIemul [B)0} 9ANJII[IS-IZIS ¢ "SI

i/ sg=4In

0z

wu ‘a@zis apnied
00T 08 09

ulw/ sS=4IN

U/ s8=4IN

[0S013y UORSNGWIO) JIISEld

w7 ss=dIN

ulw/syleasg 0g —
ulw/fsylealg Gz -<—
UlW/syieaig 0T —— | uw/1 s8=4IN
ulw/fsyiealg 6T -<—

w7 ss=4IN

ulw/7 og=dIN

ulw/syieasg o1 ——

|osoJRY uoiIsnguuo) poosn

aualbAH [euonednadQ Jo sjeuuy

o0
o
o
90
g0
0T
Tt
1
9T
T

oo
o
o
9’0
80
01
[
T
9T
81

00
0
o
90
80
ot
[
'
9T
8T

9 ‘98eyeaq piemuj |30

O ANMIEOHOMNMNODODOANNTILOMNODDOAANMTOLONONDO ANMITL ONOOO
TAA A A A A A A A AN NNNNNANANANNOODODOOOOOOOOHONDITIITIITT I T IS

A NMITO OO0



Page 23 of 28

©CoO~NOUTA,WNPE

22

Annals of Occupational Hygiene

14 -

0.6 -

Wood Combustion Aerosol

—e—MIF=30 L/min
——MIF=55 L/min
—o—MIF=85 L/min

0.2

22

1.8 -

14

1.0 4

Total Inward Leakage, %
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Fig. 3. Size-independent (overall) total inward leakage 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 after combining all the channels
between 20 to 200 nm, and the error bar represents the standard error of the mean.
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Table 1. Summary of the experimental conditions

Variable Levels
Respirator Type One elastomeric half-mask with P100 filters
P yp (Medium size, 3M 6000 series)
Challenge Aerosol Paper, wood, and plastic combustion aerosols
Breathing Flow Rate Cyclic 30, 55, and 85 L/min
Breathing Frequency 10, 15, 20, 25, and 30 breaths/min

Particle Size Range

Replicates

20 — 200 nm (10 channels)
4

Total Runs:

3x3x5%4 =180
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Table 2. Three-way ANOVA results for the size-independent (overall) TIL as a function of combustion
acrosol, MIF and breathing frequency (Bf).

Source DF ANOVA SS Mean Square F Value p-value
Aerosol 2 5.81 2.90 28.40 <.0001
MIF 2 6.24 3.12 3049 <.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

Note: Bf'stands for breathing frequency. Three-way ANOVA were performed on all levels of combustion

aerosol, MIF and breathing frequency (pooled data). The asterisk (*) indicates an interaction between

variables.
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Table 3. Pairwise multiple comparisons: mean TIL values among three combustion aerosol groups
(ANOVA with Tukey’s range test)

Tukey Mean” Aerosol
Grouping®  TIL (%)

A 1.14 Plastic
B 0.85 Paper
C 0.70 Wood

a: Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated using the size-independent (overall) TIL values.

26
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Table 4. Pairwise multiple comparisons: mean TIL values among three MIF groups (ANOVA with
Tukey’s range test)

Tukey Mean” MIF
Grouping® TIL (%)  (L/min)
A 1.15 30

B 0.81 55

B 0.72 85

a: Means with the same letter are not significantly different (p-value > 0.05).
b: Calculated using the size-independent (overall) TIL values.
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ABSTRACT

Background: Breathing frequency (breaths/min) differs between individuals and levels of
physical activity. Particles enter respirators through two principle penetration pathways: faceseal
leakage and filter penetration. However, it is unknown how breathing frequency affects the
overall performance of N95 filtering facepiece respirators (FFRs) and surgical masks (SMs)

against viral particles, as well as other health-relevant submicrometer particles.

Methods: A breathing manikin was tested at four mean inspiratory flows (MIFs) (15, 30, 55 and
85 L/min) and five breathing frequencies (10, 15, 20, 25 and 30 breaths/min). Filter penetration
(Psiner) and total inward leakage (TIL) were determined for the tested respiratory protection
devices against sodium chloride (NaCl) aerosol particles in the size range of 20 to 500 nm.

“Faceseal leakage-to-filter” (FLTF) penetration ratios were calculated.

Results: Both MIF and breathing frequency showed significant effects (p<0.05) on Pgyer and TIL.

Increasing breathing frequency increased TIL for the N95 FFR whereas no clear trends were
observed for the SM. Increasing MIF increased Py and decreased TIL resulting in decreasing
FLTF ratio. Most of FLTF ratios were >1, suggesting that the faceseal leakage was the primary

particle penetration pathway at various breathing frequencies.

Conclusions: Breathing frequency is another factor (besides MIF) that can significantly affect

the performance of N95 FFRs, with higher breathing frequencies increasing TIL.

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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INTRODUCTION

The National Institute for Occupational Safety and Health (NIOSH) certified N95
filtering facepiece respirators (FFRs) are widely used in various occupational environments to
reduce the workers’ exposure to hazardous aerosols. In healthcare environments, N95 FFRs and
surgical masks (SMs) are the most commonly used devices to prevent transmission of infectious
diseases."’ N95 FFRs are certified by NIOSH in accordance with Title 42 of the Code of Federal
Regulations.(z) The letter ‘N’ stands for non-oil-resistance, and the number ‘95’ denotes the filter
efficiency of at least 95% when the filter is challenged with NaCl aerosols having a mass median
aerodynamic particle diameter of 300 nm (the most penetrating particle size, MPPS, for
mechanical filters) at a constant flow of 85 L/min.””) Presently, the vast majority of FFRs are
manufactured utilizing electrostatic fibers, which feature much smaller MPPS: 30 to 100 nm.“'?
The latter range includes many viral species. SMs are not subject to NIOSH filter certification
approval; instead they are regulated by the US Food and Drug Administration (FDA). Previous

studies have shown that the filter efficiency for SMs is much lower than that for N95 FFRs.* 1%

14)

Besides filter penetration, faceseal leakage can have a significant impact on the
performance of N95 FFRs and SMs. One study showed that the efficiency of N95 FFRs was
high when sealed to a manikin headform but decreased significantly due to faceseal leakage
when the same respirators were tested on human subjects.(15 ) NIOSH has proposed total inward
leakage (TIL) testing to assess respirator performance since it takes into account both penetration
pathways."® Grinshpun and colleagues quantified the relative contributions of the two pathways
for an N95 FFR and a SM by determining the filter penetration (Pgyer) and faceseal leakage

penetration (Pieakage) using manikin-based and human subject-based experimental protocols.'?

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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The “faceseal leakage-to-filter” ratio (FLTF = Picakage/Pritier) Was > 1, indicating a greater number
of particles penetrated through faceseal leaks than the filter media."> While the quoted study

addressed a wide range of particle sizes (30 — 1000 nm), it did not examine breathing frequency.

Viral airborne particles (known as virions) are generally much smaller than airborne
bacteria. Most viruses referenced in the literature are between 20 and 300 nm in diameter."” For
instance, coronavirus, the causative agent of severe acute respiratory syndrome (SARS), has a
primary physical size ranging from 80 to 140 nm; the avian influenza virus (H5SN1 and HINT1) is
between 80 to 120 nm." ' Exposure to viral particles is best characterized by the number of

inhaled particles rather than mass concentration.*”

The Institute of Medicine estimates that during an influenza pandemic, more than 13
million health care workers, patients, family members and friends may need respiratory
protection devices to protect them from receiving or spreading infectious illness.?" Between
population groups (e.g., young vs. old, small vs. large, healthy vs. sick), breathing frequency
(breaths/min) differs and will differ significantly with level of physical activity (e.g., at rest vs.
active).*>* In addition, one study, which examined the physiologic impact of respirators on
healthcare workers, reported that wearing a respirator significantly decreased the breathing
frequency at both low and high work rates compared to controls not wearing a respirator.**
Various studies have addressed the effect of flow rate on filter efficiency and faceseal leakage.*"
* However, with exception to our recent study in which an elastomeric half-mask respirator
was tested,”” no published study has evaluated the effect of breathing frequency on the

performance of N95 FFRs and SMs when both filter and faceseal leakage penetration pathways

are present.

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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Although the nature of an inert aerosol (e.g., NaCl) differs from that of bioaerosols,
several studies have confirmed that filter performance against biological particles is consistent

with that determined using non-biological particles of the same size.** !> This suggests that

©CoO~NOUTA,WNPE

inert aerosol surrogates such as NaCl particles may generally be appropriate for predicting

13 penetration of similarly sized virions. The present manikin-based study addresses the effects of
15 breathing frequency and flow rate on the filter efficiency and faceseal leakage of an N95 FFR
18 and a SM challenged with NaCl particles representative of viral size ranges, as well as other

20 health-relavent particles (e.g., combustion generated or engineered nanoparticles). The tested
N95 FFR/SM was sealed to plastic manikin headform to investigate filter performance. It was
25 also donned without sealing to a different advanced manikin headform to quantify TIL. The

27 advanced manikin utilized in this study was recently developed to mimic the properties of the

human face.®%*" Faceseal leakage represents the difference between TIL and filter penetration.
33 MATERIALS AND METHODS

36 Tested N95 FFR and Surgical Mask

One N95 FFR and one SM were chosen for the study. Both models are commercially

42 available and widely used in health-care environments. The model of the N95 FFR was identical
44 to the one tested in our previous studies.*> It has three principle layers with the middle layer
47 composed of electrically charged polypropylene fibers to enhance filter capture efficiency.”

49 The selected SM, according to the manufacturer, is fluid resistant and capable of providing at

least 95% filter efficiency for 100 nm particles.

55 For filter efficiency testing, the FFR/SM was sealed to the face of a hard plastic manikin

57 headform. For the TIL tests, it was donned on an advanced manikin headform according to the

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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FFR/SM manufacturer’s user instruction. After 20 tests, the tested FFR/SM was removed from
the manikin and replaced with a new one to minimize the effect of NaCl loading on the filter

media.
Challenge Aerosol

To produce the challenge agent (NaCl), a liquid salt solution was aerosolized using a
particle generator (Model: 8026, TSI Inc., Shoreview, MN) and charge-equilibrated by passing
through a *’Kr electrical charge equilibrator (Model: 3054, TSI Inc., Shoreview, MN) prior to
being released inside the test chamber. Before each experiment, the particle generator operated
for at least one hour to achieve a uniform NaCl concentration in the chamber; it continued
operating during the testing to maintain a stable particle concentration level. The challenge
aerosol was log normally distributed with a size range of 20 — 500 nm, a count geometric mean
of 125.4 nm, and a geometric standard deviation of 1.68 as measured with a Nanoparticle
Spectrometer (Nano-ID NPS500, Naneum Ltd., Kent, UK). This size range covers the size of

individual and aggregate virus particles.
Experimental Design and Test Conditions

Experiments were carried out in a room-size (24.3 m?) test chamber described in recent
studies. 3 Temperature and relative humidity inside the chamber were kept at 17-22 ‘C and
30-60 %, respectively. The headform was connected to a Breathing Recording and Simulation
System (BRSS, Koken Ltd., Tokyo, Japan) with a HEPA filter placed in-between to keep
particles from re-entering the respirator cavity during exhalation cycles. Details regarding the

BRSS are described in our previous studies.” % 3* 33)

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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The experiments were conducted at four cyclic breathing flows (mean inspiratory flow,
MIF =15, 30, 55 and 85 L/min) and five breathing frequencies (10, 15, 20, 25 and 30
breaths/min). Completely randomized factorial design was implemented for the breathing
frequency and flow rate with three replicates. Particle size-independent (overall) concentrations
inside and outside the FFR/SM were obtained using a condensation particle counter (Model:
3007, TSI Inc., Shoreview, MN) having a total sampling time of 3 min with a time resolution of

1 sec.
Filter Penetration (Pjje,) Test

The filter penetration (Pgyer) was determined as the ratio of concentrations inside

[Cin (Seatea)] and outside [Cous (seateay] Of the FFR/SM sealed to the plastic headform:

Cin eale
Py =—0 %100% 1)

out (Sealed)

Total Inward Leakage (TIL) Test

For TIL, the same experimental protocol and test conditions were used except the
FFR/SM was not sealed onto the advanced manikin headform. TIL values were determined as

the ratio of concentrations inside [Ci, (pomneay] and outside [Cous (Donnea)] 0f the FFR/SM:

C
TIL = —22omed) 5 100%, Q)

out _(Donned)

Faceseal Leakage to Filter (FLTF) Ratio

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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The TIL test measures total penetration through the filter and faceseal leakage (TIL =
Pfiter T Pieakage). The FLTF ratio represents the relative contribution for each and was calculated

as:

Pleaka e T]L - Pﬁlter
FLTF = &= 2 5)
filter filter

In this study, the FLTF ratio was calculated using the average TIL and Pgy; values over
three replicates in order to identify the primary penetration pathway (leakage or filter penetration)

for the entire particle size range of interest.

Data analysis

SAS version 9.3 (SAS Institute Inc., Cary, NC, USA) was used for data analysis. Two-
way Analysis of Variance (ANOVA) was performed to analyze the effect of breathing frequency
and flow rate on the filter penetration and TIL. All pairwise comparisons were conducted using

Tukey’s range test. P-values < 0.05 were considered significant.

RESULTS AND DISCUSSION

1. NO9S Filtering Facepiece Respirator

N95 Filter Penetration (Ppe)

Filter penetration results for the N95 FFR are presented in Figure 1A. Filter penetration
(Piter) consistently increased with increasing MIF. This result can be explained by the
differences in linear air velocities. Penetration of very small particles, which deposit on filter

fibers primarily due to diffusion, increases with a decreasing residence time (also known as

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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removal time). Thus, small particles are more likely to penetrate the filter at higher breathing
flows. At the higher flows (MIF = 55 and 85 L/min), the Pgj, curves are not flat, in contrast to
those at the 15 and 30 L/min, suggesting that the effect of lower breathing frequencies are more

pronounced at higher MIFs.

Two-way ANOVA performed on the Pgy; data revealed that both the MIF and breathing
frequency had a significant effect on filter penetration (p <0.0001, see Table I). Pairwise multiple
comparison results (see Table I) show that the four MIFs produced four different Pgy, groups
with the highest mean Pgyer (0.72%, Tukey grouping “A”) occurring at the highest MIF of 85
L/min, and the lowest mean Pgjeer (0.05%, Tukey grouping “D”) occurring at the lowest MIF of
15 L/min. The breathing frequency comparisons show that 10 and 15 breaths/min produced
higher values of Pgjer (0.39% and 0.38%, Tukey grouping “I”’) than those observed at 20, 25 and

30 breaths/min (0.25%, 0.23% and 0.26%, respectively, Tukey grouping “II”").

N95 Total Inward Leakage (TIL)

Figure 1B presents the results obtained from the TIL measurements for the tested N95
FFR. It is seen that the MIF of 15 L/min produced the highest TILs. Interestingly, the TIL
increased with increasing the breathing frequency, especially at MIF = 15 L/min. The exhaled
particle-free air dilutes the aerosol in the respirator cavity. At a higher breathing frequency, the
dilution air volume per breathing cycle is lower, which results in a less efficient dilution and
consequently increases the aerosol concentration inside the respirator. This explains why a
higher breathing frequency produced a higher TIL. This finding suggests that fast-breathing
people (e.g., children and adults with various health impairments) may benefit less from wearing

NO5 FFRs. It is acknowledged though that the latter statement is acceptable only as the first

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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approximation. The aerosol particle transport into a FFR/SM worn by a human is more complex
than the one when it is donned on a manikin (e.g., the exhalation air generally carries particles to

the cavity).

Statistical analysis revealed significant effects of MIF (p =0.0019) and breathing
frequency (p =0.0025) on TIL (see Table II). The pairwise multiple comparison results presented
in Table II show that the lowest MIF (15 L/min) was associated with the highest mean TIL
(1.93%, Tukey grouping “A”). The mean TIL values among the three higher MIFs (30, 55 and
85 L/min) were not significantly different from each other (1.37%, 1.31% and 1.29%, Tukey
grouping “B”). The highest breathing frequency (30 breaths/min) produced the highest mean
TIL (1.73%, Tukey grouping “I”’) compared to the lowest mean TIL (1.22%, Tukey grouping
“I’) with the lowest breathing frequency (10 breaths/min). The highest and lowest breathing
frequencies were significantly different (Tukey groups I & II). As was pointed out in our
previous study on elastomeric respirators, 29) higher MIF may create a higher sucking force that
made a tighter contact between the respirator and the soft skin of the headform, possibly
reducing the leak size. We anticipate that the quoted effect showed up when MIF increased to 30
L/min. The finding is consistent with previous FFR performance studies conducted using hard

manikins and challenge aerosol particles above 500 nm.*>**3%)

N95 Faceseal Leakage-to-Filter (FLTF) Ratio

The size-independent (overall) FLTF ratios calculated by Eq. (3) are presented in Figure
1C as a function of the breathing frequency and MIF. Except for MIF = 85 L/min, all the FLTF
ratios were > 1, which suggests that overall particle penetration through faceseal leaks exceeded

NO95 filter penetration at lower breathing rates. Remarkably, at the lowest MIF (15 L/min) the

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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FLTF ratios ranged from 25 to 47, suggesting that the absolute majority of the measured virus-
size aerosol particles penetrated through faceseal leaks. At MIF = 15 L/min, increase in breathing
frequency was generally associated with increase in FLTF ratio. However, the breathing

frequency effect was not clearly seen for the three higher MIFs (30, 55 and 85 L/min).

It is seen that increasing MIF resulted in decreasing FLTF ratio. This finding agrees with
two other N95 FFR studies."**® Grinshpun et af tested an N95 FFR using 25 human subjects,
and reported that “deep breathing” produced higher FLTF ratios compared to “normal
breathing”."'” Rengasamy and Eimer also reported higher FLTF ratios occurred at higher flow
rates when testing the N95 FFRs with artificially created leaks.®® In both quoted studies, all the
FLTF ratios exceeded the unity, indicating that the faceseal leakage was the primary penetration

pathway for N95 FFRs.
2. Surgical Mask
SM Filter Penetration (Pfjer)

The data on filter penetrations (Pgjr) for the tested SM are shown in Figure 2A.
Compared to the N95 FFR, the SM had a much higher filter penetration. This is not surprising
given the less stringent filter penetration test requirements for SMs. In fact, previous studies
have reported SMs providing much lower levels of respiratory protection than N95 FFRs when
challenged with biological or non-biological particles.* '*' Increasing MIF frequently resulted
in an increase in filter penetration, especially at the lowest breathing frequency. Statistical
analysis suggests that the effects of MIF and breathing frequency on the Pgyer were both
significant (p <0.05; see Table III). The pairwise multiple comparisons (see Table III) show the

highest MIF (85 L/min) produced the highest mean Pgjer (9.65%, Tukey grouping “A”), whereas

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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the lowest Pger (5.41%, Tukey grouping “C”’) occurred at the lowest MIF (15 L/min). Table III
also shows that the mean Py = 7.81% (Tukey grouping “I”’) obtained at 30 breaths/min was
significantly higher (p <0.05) than Pgyer = 6.67% (Tukey grouping “II”’) obtained at 20

breaths/min. However, no consistent trend was identified throughout the frequency scale.

SM Total Inward Leakage (TIL)

TIL results for the SM are presented in Figure 2B. The average TIL values ranged from
17% to 35% compared to filter penetrations of 3 — 12%, suggesting that faceseal leakage had a
greater effect on the mask performance. Increasing MIF caused the mean TIL to decrease FFR

(see Table IV), which is in agreement with the finding reported for the N95.

While ANOVA revealed that both MIF and breathing frequency had a significant effect
on the TIL (p <0.05; see Table IV), no consistent trend of increase or decrease of TIL with
breathing frequency was observed. For instance, increasing the breathing frequency from 10 to
15 breaths/min was associated with a decrease in TIL, whereas changing the frequency from 10
to 30 breaths/min at MIF = 55 or 85 L/min resulted in essentially no change in TIL. When
comparing the mean TIL values among the five breathing frequencies, the highest mean TIL
(25.7%, Tukey grouping “I”’) occurred at 30 breaths/min, and the lowest mean TIL (22.2%,

Tukey grouping “II”’) at 15 breaths/min.

At the same time, the data produced by a pairwise comparison presented in Table IV
demonstrate that increasing MIF indeed decreased the TIL with MIF = 15 L/min generating the
highest mean TIL (30%, Tukey grouping “A”) and 85 L/min producing the lowest mean TIL

(19.9%, Tukey grouping “C”).
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SM Faceseal Leakage-To-Filter (FLTF) Ratio

The FLTF ratios calculated from the overall Pgyr and the TIL data are presented in
Figure 2C. It is seen that increasing MIF from 15 to 55 L/min resulted in a decrease in FLTF,
with most of the FLTF ratios were > 1 (which means Piearage > Priter). Increasing MIF from 55 to
85 L/min had less effect, with FLTF ratios < 2 and even < 1 at the highest MIF (85 L/min) for
the two lowest frequencies of 10 and 15 breaths/min. The results had a similar pattern to those
presented for the N95 FFR. However, the FLTF ratios for the SM were lower. For example, at
MIF = 15 L/min, the FLTF ratios for the SM were between 4 and 7 while those found for the
N95 FFR ranged from 24 to 50. This difference is attributed to much higher filter penetration of

the SM as compared to the N95 FFR.('?

No clear trend was identified between the breathing frequency and the FLTF ratio for the
three highest flows (MIF = 30, 55 and 85 L/min), where the curves are relatively flat (Figure 2C).
For the lowest flow rate (15 L/min), increasing breathing frequency initially decreased FLTF, but

this too leveled off.
CONCLUSIONS

Breathing frequency was found to be another factor (in addition to MIF) that can
significantly affect the performance of N95 FFRs and SMs. For the tested N95 FFR, the increase
of breathing frequency caused an increase in TIL, thus allowing more particles to penetrate
inside the respirator. No consistent trend of increase or decrease of TIL with either MIF or

breathing frequency was observed for the tested SM.

The FLTF ratios obtained for the N95 FFR were generally higher than those for the SM

for all tested breathing frequencies and MIFs. It is primarily because of the higher efficiency of

http://mc.manuscriptcentral.com/joeh; E-mail: nstone@berkeley.edu
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the NOS filter. Increasing MIF was also generally associated with decreasing FLTF ratio for the
tested FFR/SM. Except for MIF = 85 L/min, all the calculated FLTF ratios were > 1, suggesting
that the faceseal leakage was the primary particle penetration pathway for the tested FFR/SM at

various breathing frequencies.
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Fig 1. Filter penetration (A), Total Inward Leakage (TIL) (B), and faceseal leakage-to-filter (FLTF) ratio
(C) for an N95 FFR sealed to a plastic manikin’s face. No error bars for FLTF ratio as it was calculated
from the mean Pyearage (Over 3 replicates) divided by the mean Py, (over 3 replicates).
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54 Fig 2. Filter penetration (A), Total Inward Leakage TIL (B), and faceseal leakage-to-filter (FLTF) ratio
55 (C) for a surgical mask sealed to a plastic manikin’s face. No error bars for FLTF ratio as it was
calculated from the mean Pjeyage (OVer 3 replicates) divided by the mean Py, (over 3 replicates).
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ABSTRACT

The effect of aerosol particle size on the performance of an N95 filtering facepiece
respirator (FFR) and a surgical mask (SM) was evaluated under different breathing conditions,
including breathing frequency and mean inspiratory flow (MIF) rate. The FFR and SM were
sealed on a manikin headform and challenged to charge-equilibrated NaCl aerosol. Filter
penetration (Pgjr) Was determined as the ratio of aerosol concentrations inside and outside the
FFR/SM size-selectively (28 channels) within a range of 20 to 500 nm. In addition, the same
models of the FFR and SM were donned, but not sealed, on an advanced manikin headform
covered with skin-like material. Total inward leakage (TIL), which represents the total particle
penetration, was measured under conditions identical to the filter penetration experiment. Testing
was conducted at four mean MIFs (15, 30, 55 and 85 L/min) combined with five breathing
frequencies (10, 15, 20, 25 and 30 breaths/min). Pgyer was significantly affected by particle size
and breathing flow rate (p <0.05) for the tested FFR and SM. Surprisingly, for both respiratory
protection devices, Py as a function of the particle size exhibited more than one peak under all
tested breathing conditions. The effect of breathing frequency on Py was generally less
pronounced, especially for lower MIFs. For the FFR and SM, TIL increased with increasing
particle size up to about 50 nm; for particles above 50 nm, the total penetration was not
significantly affected by particle size and breathing frequency; however, the effect of MIF

remained significant.
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INTRODUCTION

NO95 filtering facepiece respirators (FFRs) are commonly used to prevent occupational
aerosol exposures. When certified by the National Institute for Occupational Safety and Health
(NIOSH), N95 filters have a collection efficiency of at least 95% when tested against non-oil
particles (e.g., NaCl) having a count median diameter (CMD) of 75+20 nm with a geometric
standard deviation (GSD) of <1.86 and a mass median aerodynamic diameter of ~300 nm
(NIOSH 1995). Presently, the vast majority of FFRs are manufactured utilizing electrostatic
fibers to enhance filter efficiency and, at the same time, reduce breathing resistance. Studies have
reported that the most penetrating particle size (MPPS) for N95 FFRs ranges from 30 to 100 nm
(Batazy et al. 2006a; 2006b; Cho et al. 2010a; Eninger et al. 2008; Grafe et al. 2001; Martin et al.
2000; Rengasamy et al. 2008: Shaffer and Rengasamy 2009). Surgical masks (SMs) have a
different intended purpose, and were originally designed to reduce bioaerosol dissemination from
the wearer rather than to control wearer’s exposure to ambient aerosols. Previous research have
demonstrated that the filter efficiency for SMs is much lower than that for N95 FFRs (Batazy et

al. 2006a; Grinshpun et al. 2009; Lee et al. 2008b; Willeke et al. 1996).

The protection offered by an undamaged negative pressure air purifying device
(including N95 FFR and SM) depends on two principle factors: filter penetration (Pgje;) and
faceseal leakage (Pieakage) (Cho et al. 2010b; Grinshpun et al. 2009; Zhuang et al. 1998). The
efficiency of respirator filter media has been assessed in several previous studies by measuring
the aerosol concentration inside and outside of the FFR/SM while it was sealed to a manikin
headform using constant or cyclic breathing flow (Batazy et al. 2006b; Cho et al. 2010b; He et al.

2013d; Rengasamy et al. 2011; Richardson et al. 2007). To simulate faceseal leakage, artificially
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created slit-like or circular leaks have been commonly used in manikin-based respiratory
protection research (Chen et al. 1992; Hinds et al. 1987; Myers et al. 1991; Rengasamy et al.
2011). The limitation of most of the previous manikin-based faceseal leakage studies was that
the headforms had rigid surfaces, which were unable to simulate the characteristics of the human
skin. Ideally, it would be preferred to measure faceseal leakage while the respiratory protection
device is donned on a human subject, not a manikin. However, respirator testing using humans
has its own limitations, most importantly, the subjects cannot be exposed to hazardous aerosol
challenges and it is impossible to maintain a constant leak size, shape, mean inspiratory flow
(MIF), and breathing frequency (Wander et al. 2012). To partially address this limitation, an
advanced manikin headform was recently developed with capabilities of mimicking the softness

and thicknesses of the human skin (Bergman et al. 2013; Hanson et al. 2006).

Manikin-based respirator testing protocols using cyclic flow (as opposite to constant flow)
produce data that more closely represents actual respirator use conditions. While evaluating
respirators with cyclic flow, breathing frequency (breaths/min) and flow rate (L/min) should be
tested as these two factors vary between populations (e.g., body size, age, health, etc.).
Numerous studies have been conducted to evaluate effects of breathing flow rate and particle
size on the performance of respiratory protection devices (Batazy et al. 2006a; Batazy et al.
2006b; Chen et al. 1990; Cho et al. 2010a; Eninger et al. 2008; He et al. 2013d; Lee et al. 2008b;
Martin et al. 2000; Myers et al. 1991; Rengasamy et al. 2008). In contrast, the breathing
frequency has been addressed only in a few investigations. One study (Wang et al. 2012)
presented data only for two values, 32 and 50 breaths/min (which likely exceeds the breathing
frequency for most worker populations that wear N95 FFRs and SMs) and a single MIF rate of

100 L/min (which is also higher than observed at nearly all workplace use conditions). Another
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investigation by our team evaluated the performance of an elastomeric half-mask respirator at

different breathing frequencies, but not N95 FFRs and SMs (He et al. 2013a).

The present study is a follow-up to our recent effort in which the effect of breathing
frequency on the performance of an N95 FFR and SM was examined particle-size-independently
(He et al. 2013c). The experimental design used in the present study includes particle size as the

main independent variable when testing the FFR/SM under various breathing conditions.

MATERIALS AND METHODS

Tested N95 FFR and Surgical Mask

A widely used, commercially available N95 FFR having three layers with the middle
being electrically charged to enhance the filter capture efficiency was chosen for this study. A
conventional fluid resistant SM capable of providing at least 95% filter efficiency for 100 nm
particles (according to the manufacturer) was also tested. To allow comparison with previous
studies by our team, the selected FFR and SM was the same make and model as used previously
(He et al. 2013¢). To evaluate filter efficiency, the FFR/SM was fully sealed on a hard plastic
manikin headform. The outcome of this experiment is not dependent on the properties of the
manikin surface as long as a perfect sealing is achieved, which was confirmed using an air
bubble detector. Additionally, the tested FFR/SM was donned on an advanced manikin
headform without seal for the purpose of the Total Inward Leakage (TIL = Pgjeer + Pleakage) testing.
As the TIL depends on the headform surface properties (i.e., faceseal leakage), the advanced
manikin with skin-like surface properties was utilized. After 20 consecutive tests, the FFR/SM
was replaced with a brand new one to minimize the effect of the challenge aerosol loading on the

filter media. Following each replacement, the particle concentrations inside and outside the
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FFR/SM were assessed to assure that the size of the leak was consistent with the one that existed
before the change under the same experimental conditions. In addition, paired t-tests were
performed to study the donning effect between the first 20 tests (before changing the FFR/SM)
and the next 20 tests (after changing the FFR/SM), and the results showed that this effect was not

significant (p >0.05).
Experimental Design and Test Conditions

The experiments were carried out in a room-size (24.3 m’) respirator test chamber. The
experimental set-up was described in detail elsewhere (He et al. 2013c¢). In brief, NaCl particles
(CMD = 125 nm, GSD = 1.68) generated with a particle generator (Model: 8026, TSI Inc.,
Shoreview, MN, USA) were first charge-equilibrated by passing through a *Kr electrical charge
equilibrator (Model: 3054, TSI Inc., Shoreview, MN, USA) and then released into the test
chamber. The headform with FFR/SM (either sealed in a filter penetration test, or donned in a
total penetration test), was connected to a Breathing Recording and Simulation System (BRSS,
Koken Ltd., Tokyo, Japan). To keep particles from re-entering into the respirator cavity during
exhalation cycles, a HEPA filter was placed between the headform and the BRSS. Prior to each
experiment, the particle generator operated for at least one hour to allow a uniform NaCl
concentration inside the chamber, and continued operating during the testing to maintain a stable

concentration level. Temperature and relative humidity inside the chamber were kept at 17-22 'C

and 30-60 %, respectively.

Cyclic breathing flows with MIF rates of 15, 30, 55 and 85 L/min and breathing
frequencies of 10, 15, 20, 25 and 30 breaths/min were examined (total of 20 combinations). Each

combination was tested in three replicates. Particle size-specific concentrations inside (Ci, d)
~—“p
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and outside (Cout_, ) of the FFR/SM were measured using a nanoparticle spectrometer (Nano-1D
p

NPS500, Naneum Ltd., Kent, UK) operating in 28 channels within a range of d, =20 — 500 nm

at a sampling flow rate of 0.2 L/min. Each particle size-specific concentration (Ciy,_ O Cout_ dp)

was determined based on a 6-min sampling.

For each particle size, the filter penetration (Pgjer 41) was determined as the ratio of the
p
corresponding size-specific concentrations inside (Cj, 4 (Seatedy) and outside (Co,, J (Sealed)) Of the
- “p - Yp

FFR/SM sealed to the plastic headform:

Cin _d,(Sealed)

Pﬁlter_dp =———x100% )

out _d,(Sealed)
The same experimental protocol and test conditions were used with FFR/SM donned (not
sealed) on the advanced manikin headform for TIL measurements. Accordingly, the size-specific

TIL values were determined as follows:

Cin _d, (Donned)

TIL, = x100% ()

out _d , (Donned)

Data analysis

Statistical data analysis was conducted using SAS version 9.3 (SAS Institute Inc., Cary,
NC). Three-way Analysis of Variance (ANOV A) was performed to study the effects of particle
size, breathing frequency, and flow rate on the Py and TIL separately. A t-test was used to
examine the differences in Pgyer and TIL between the N95 FFR and the SM. For all data analyses,

p <0.05 represented significance.
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RESULTS AND DISCUSSION

1. N9S Filtering Facepiece Respirator

N95 FFR Filter Penetration (Pjizer _dp)

Figure 1 presents the size-specific Pgjier J values for the tested N95 FFR. It is seen that
P

filter penetration increased with increasing MIF (p <0.05), which is consistent with the results of
many previous N95 FFR studies (Batazy et al. 2006b; Cho et al. 2010a; Eninger et al. 2008; He

et al. 2013a; Rengasamy et al. 2008).

Particle size had a significant effect on the P 4 (p <0.05). Interestingly, all the filter
P

penetration curves show two peaks for all MIFs and breathing frequencies, indicating two
possible MPPS for the tested N95 FFR. The first MPPS occurred at 30—40 nm, which was
expected for N95 FFRs composed of electrically charged fibers. Several studies have reported
that the MPPS for a N95 FFR “electret” filter is < 100 nm while a “mechanical” filter has a
MPPS of approximately 300 nm (Batazy et al. 2006a; Batazy et al. 2006b; Eninger et al. 2008;
Huang et al. 2007; Martin et al. 2000; Rengasamy et al. 2009). The second MPPS identified at
~300 nm (Figure 1) was not reported in any of the above quoted studies. One reason is that the
quoted investigations utilized a constant flow design, whereas the present effort represents a
cyclic flow condition. It is possible that under the cyclic flow some particles are trapped inside
the respirator cavity. This phenomenon “artificially” increases the particle count inside the FFR,
thus affecting the filter penetration calculated by Eq. (1). The effect is expected to be

particularly pronounced at low C, The tested aerosol is characterized by a rapidly

utd-
—7p

decreasing concentration in the particle size range of 200 to 400 nm — the area where the second
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peak was identified (Figure 1). The other possible reason of the observed departure of Pgjier = Adp)
from the conventional single-mode function could be associated with a three-layer filter structure
of the tested N95 FFR of which only the middle layer was electrostatically charged. The
combination of electrostatic (the middle layer) and mechanical (the two outer layers)
characteristics may produce a compound penetration function involving particle diffusion,

polarization force, interception and impaction, which is capable of generating two peaks.

The effect of breathing frequency on filter penetration was complex and heavily
dependent on the particle size and the MIF. This effect was most clearly seen for particles around
the MPPS (Figure 1). For example, at the first MPPS (30 — 40 nm) the lower breathing
frequencies (10, 15 and 20 breaths/min) produced higher penetration values for MIF = 15, 55 and
85, but not for 30 L/min. It is hard to differentiate the breathing frequency effect on the
penetration at the second MPPS at 200 — 300 nm for all four MIFs. Such complexity of breathing
frequency effect was also reported in our recent investigation that utilized an elastomeric half-
mask respirator equipped with P100 filters (He et al. 2013a). As expected, the N95 FFR had

Psiner below 5% for any particle size, breathing frequency, and MIF tested in the present study.

N95 FFR Total Inward Leakage (TIL, /

The size-specific TIL results for the tested N95 FFR donned on an advanced manikin

headform are presented in Figure 2. The TILdp increased as the particle size increased from 20 to

~50 nm regardless of the MIF and the breathing frequency, which is consistent with the fact that
the diffusional deposition effect is stronger for smaller particles. However, at the particle size of

~50 nm, the TILdp curves reached a plateau. The effect of particle size on the TILdp was not

significant (p >0.05) for particles larger than 50 nm for any MIF and breathing frequency used in
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this study. One possible reason is that the penetration through the faceseal leakage (unlike the
filter media) is not very sensitive to the particle size. Once the particles are large enough (for a
typical leakage dimension, the estimated size must be above 40 — 70 nm) to have a low
diffusional deposition efficiency (Kulkarni et al. 2011), their penetration through the faceseal
leak is essentially particle size independent in a wide size range. This differs from Py, Which is
influenced by other particle deposition mechanisms. As seen from the data presented in Figures
1 and 2, TIL values are at least 10- fold greater than Py, results. This suggests that the leakage
represents the major penetration pathway and thus has the major effect on the TIL, which
explains the lack of its particle size dependence at > 50 nm. This finding is consistent with the
conclusion of our recent study in which the performance of an elastomeric respirator was
examined while it was donned on the same advanced manikin headform (He et al. 2013a). Little
information is available about the MPPS for faceseal leakage of N95 FFRs. One investigation
that determined the MPPS for N95 FFRs with artificially created leaks, reported MPPS ~50 nm
for leak diameters as small as < 1.65 mm (Rengasamy et al. 2011). Experimental protocols with
artificial faceseal leaks have a number of limitations because (i) the outcome may be dependent
not only on the leak size but factors such as the leak shape, location and others unaccounted for

and (i1) in reality, the leak is continuously changing as a wearer is breathing, talking and moving.

Statistical analysis showed that increasing MIF was associated with a decrease in TILdP 12

<0.05). Other FFR performance studies have reported decreased inward leakage with increasing
the breathing flow (Cho et al. 2010b; He et al. 2013c; Rengasamy et al. 2011). As
communicated earlier, a possible explanation is that higher MIF creates a greater negative

pressure during the inspiratory cycle that pulls the facepiece towards the manikin surface with a
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reduction in leak size (Richardson et al. 2007). This may be particularly evident when testing

with the advanced manikin headform with simulated soft skin.

©CoO~NOUITA,WNPE

Surgical Mask

12 SM Filter Penetration (Pjier dp)

16 The filter penetration (Per 41) results for the tested SM are presented in Figure 3.
p

19 Compared to the N95 FFR, the SM had a much higher filter penetration (p <0.05), which is

21 expected given its primary function to protect others from the aerosol exhaled by the wearer.
Previous studies have reported that a typical SM provided much lower protection than a N95

26 FFR when challenged with biological or non-biological particles (Batazy et al. 2006a; Chen et al.
28 1990; Grinshpun et al. 2009; He et al. 2013c; Lee et al. 2008b; Willeke et al. 1996). 1t is also
evident from Figure 3 that the filter penetration curves deviate from a single-peak function

33 expected from a conventional mechanical filter. Similar to the interpretation offered above for
35 the N95 FFR, we attribute this difference to cyclic flow tested in this study compared to constant
flow utilized by other researchers. No previous study has reported a multiple Py peaks for SMs.
40 In the current investigation, three peaks were observed for Pgjeer: at ~30, ~100 and ~300 nm. The
42 most prominent MPPS was ~300 nm for all MIFs and breathing frequencies. This is much

45 higher than the most prominent MPPS obtained for the N95 FFR (30 — 40 nm). The latter is

47 consistent with the fact that the tested SM had a mechanical filter with no electrically charged
fibers (or the charges were negligible). These filters are known for their relatively low-

52 efficiency and MPPS of ~300 nm.

55 As evident from Figure 3, the curves corresponding to different breathing frequencies

57 were not distinct for MIF = 15 and 30 L/min and largely also for 55 L/min; the curve separation
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suggests that a more prominent effect of breathing frequency was observed at 85 L/min with the

10 and 15 breaths/min producing higher Pgjer 4 values and 20 breaths/min generating the lowest
P
Pritter -, curve. This suggests that the MPPS was not directly affected by the MIF and the
p

breathing frequency.

Although the SM model chosen for this study is expected to provide at least 95% filter
efficiency for particles of 100 nm (according to its manufacturer, no flow rate is specified),
Figure 3 shows that the filter penetration of 100 nm particles was > 5% at various breathing
frequencies, especially when MIFs > 55 L/min. This finding suggests that the tested SM may not
provide the expected filter efficiency at higher breathing flows. Particles of 100-400 nm
penetrated through the SM filter more readily. From this perspective, the 100 nm size used by
the manufacturer as a reference point does not seem appropriate unless the SM is deployed

specifically against < 100 nm particles.

SM Total Inward Leakage (TIL, P)

Figure 4 presents the total particle penetration data for the SM. Similar to N95 FFR, the
TILdp of the SM increased rapidly with the particle diameter increasing up to 30 — 50 nm, but
then its dependence on d, became less pronounced (p >0.05). TILdp was not significantly affected
by breathing frequency (p >0.05) but had slightly different patterns at different MIFs. For
particles >30 nm, a slow increase was observed at the lowest MIF (15 L/min), but this gradually
leveled off as MIF increased to 85 L/min. This suggests a wide range of sizes producing
essentially the same TIL (approximately 20% at MIF=85 L/min). It is also noticed that the
variability in the total penetration obtained for the SM was lower than that for the N95 FFR. The

total particle penetration into the SM was about 10-fold greater than the penetration into the FFR,
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which means that the particle count inside the N95 FFR was an order of magnitude lower than
that inside the SM (given that C,,, is the same). Lower count is usually associated with higher
variability, which explains our finding. To our knowledge, no published study has reported the
TIL’s MPPS for surgical masks. Even though SMs are not rated high as personal respiratory
protective devices, there are many circumstances where SMs are used to reduce human exposure
to hazardous aerosols. In fact, the use of SMs as personal protective devices world-wide likely
exceeds the use of N95 FFRs. Given that the size of most infectious airborne virions (Collier et
al. 1998), diesel particles (Castranova et al. 2001), combustion particles generated from fire
smoke (He et al. 2013b), and other hazardous aerosols falls into the above-indicated range (20 —
500 nm), the data suggest that the tested SM may not be able to provide substantial protection

against these particles at any relevant combination of the breathing frequency and flow rate.

CONCLUSIONS

For the tested N95 FFR and SM, the filter penetration was significantly affected by the
particle size and breathing flow rate, whereas the breathing frequency effect on Py Was
generally less pronounced and less important from the practical viewpoint, especially for lower
MIFs. Surprisingly, the Pgyer curves had two peaks for the tested N95 FFR and three peaks for
the SM, which has not been reported in previous respirator filter studies (it is noted that these
studies implemented a constant flow test protocol). Consequently, using data from a single
MPPS may not always be representative of the filter performance, especially if the tested

respirator is intended to be deployed against particles of a wide size range.

For the FFR and SM, the total penetration increased with increasing particle size up to

~50 nm; when challenged with particles greater than 50 nm, only the breathing flow rate
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remained a significant factor affecting the TIL, whereas the influence of particle size and
breathing frequency was not significant. Increasing the MIF increased the filter penetration, but
decreased the total penetration for both the FFR and SM. The SM produced much higher Pgjer
and TIL values than the N95 FFR, and the predominant MPPS was also higher for the SM (~300
nm) than for the N95 FFR (30 — 40 nm). The results suggest that the tested SM may not be able
to provide substantial protection against aerosol particles at least up to ~500 nm at any relevant

combination of the breathing frequency and flow rate.
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ABSTRACT

Objective: To evaluate the fitting characteristics of an elastomeric half-mask respirator modified
with a polymer micro-patterned adhesive applied to the sealing surface; to compare the

performance of the modified respirator to that of a conventional (non-modified) one.

Methods: Twenty-five adult subjects representing a NIOSH bivariate panel were tested with a
modified and non-modified elastomeric half-mask respirators while participating in a standard
OSHA fit testing protocol. NaCl particles were generated as the challenge aerosol and the
concentrations inside and outside of the respirator were measured to determine the fit factor for
each subject. Additional tests were performed with one subject under challenge facial conditions,

including wet and/or unshaved face.

Results: The modified respirator produced a geometric mean (GM) fit factor of 7,907 with a
geometric standard deviation (GSD) of 4.9 compared to GM=4,779 and GSD = 9.1 for the non-
modified respirator (p =0.07, paired #-test). For all challenge facial conditions, the modified half-
mask prototype was consistently achieving significantly (p <0.05) higher fit factors than the

conventional half-mask.

Conclusion: Applying a polymer micro-patterned adhesive to the sealing surface of an
elastomeric half-mask respirator was found to improve respirator fit and showed promise

towards improving performance with various facial conditions.

Keywords: elastomeric half-mask, polymer micro-patterned adhesive, fit testing



INTRODUCTION

Elastomeric respirators are commonly used to protect workers from various hazardous
airborne particulates, e.g., firefighters are reported to use elastomeric half-masks equipped with
highly efficient P100 filters during fire overhaul (after the fire has been extinguished) (Bolstad-
Johnson et al., 2000; Burgess et al., 2001). Unlike filtering facepiece respirators (FFRs),
elastomeric half-masks offer the benefits of reusability, enhanced user seal check capability,

improved face seal, and can be decontaminated multiple times (Roberge et al., 2010).

According to the U.S. Occupational Safety and Health Administration (OSHA), every
worker required to wear a tight fitting respirator such as the elastomeric half-mask shall be fit
tested prior to initial use of the respirator (OSHA, 2006). There are two categories of fit testing:
1) qualitative fit test (QLFT), which relies on the wearer’s ability to sense a test agent by taste,
smell, or irritation, and 2) quantitative fit test (QNFT), which assesses the adequacy of respirator
fit by numerically measuring the amount of leakage into the respirator, such as measuring the
concentration of a test agent outside (C,y) and inside (Cj,) the respirator. The ratio of the two
(Cout/Cin) is called the fit factor (FF) (OSHA, 2006). A fit factor of 100 is the OSHA pass

criterion for negative pressure elastomeric half-mask respirators.

One study involving three half-masks and ten FFRs tested on a panel of ten human
subjects concluded that the FFs of elastomeric half-masks are higher than those of FFRs (Han et
al., 2005). Considering that elastomeric respirators are equipped with P-100 filters that offer a
collection efficiency at least as high as 99.97%, the overall performance of these respirators is
largely dependent on their fit (Eshbaugh ef al., 2008; Rengasamy et al., 2008; He et al., 2013a).

Thus, efforts should be directed towards improving the fit of elastomeric respirators by reducing



faceseal leakage. Many factors can interfere with a good face-to-respirator seal, e.g., positioning,
strap adjustment, facial hair, facial scars, high cheekbones, excessive makeup, etc. Prior to the

fit testing, a subject shall be free of stubble beard growth, beard, mustache or sideburns which
cross the respirator sealing surface; no wetness on the subject’s face is allowed. Accordingly,
respirator fit-testing studies have usually been conducted under normal skin conditions (dry and
clean-shaved). Thus, there are less data on respirator performance using other challenge

conditions such as wet and/or unshaved skin.

Conventional elastomeric respirators have a flexible smooth sealing surface extending
around the periphery and exhibit a uniform seal surface contour, which aims at creating a good
faceseal (Beard, 1994; Starr et al., 1996; Barnett et al., 1999; Belfer et al., 1999). One
component of obtaining an effective seal is to be clean shaven prior to respirator donning.
However, this requirement, cannot be met consistently in certain situations, e.g., in the battlefield
or when respirators are needed during unforeseen emergency situations. The presence of sweat,
facial hair, oil, dirt, or acne on facial skin could compromise the effectiveness of peripheral seals
and thus negatively affect the performance of a conventional elastomeric respirator. To address
the faceseal leakage issues, a conventional elastomeric half-mask was modified to reduce the
faceseal leakage. A polymer micro-patterned adhesive (PMA) inspired by gecko-foot was
applied to the peripheral area of the half-mask to improve its fit performance. The micro-and
nano-fibrillar structure and unique capabilities of gecko-foot have intrigued biologists and
engineers for many years. Development of PMA has been actively pursued in recent years (Del
Campo and Arzt, 2007; Del Campo, Greiner, ef al., 2007; Greiner et al., 2007; Murphy et al.,
2009); PMAs based on arrays of relatively soft elastomeric fibrils such as polydimethylsiloxane

(PDMS) and polyurethane (PU) have been fabricated to mimic gecko’s adhesion mechanism



(Kim et al., 2006; Del Campo and Arzt, 2007). The adhesion capacity of these synthetic
adhesives can reach or even surpass that of gecko-foot (Qu et al., 2008). However, PMAs are
not inherently leak-resistant; permeation can occur through the gaps between the micro-fibrils,
compromising their sealing qualities (Lu ef al., 2012).

For this study, the sealing qualities of PMA was enhanced through patterning of polymer
microfibrillar structure by incorporating continuous micro-ribbons around fibrillar regions (Lu et
al., 2012); and a conventional elastomeric respirator was modified with the PMA applied to the
sealing surface. The modified respirator was then fit tested on a NIOSH bivariate (face length
and width) 25-subject panel using the standard OSHA fit testing protocol (OSHA, 2006; Zhuang
et al.,2007). One of these 25 subjects then participated in a pilot study designed to investigate

the fitting characteristics of the modified respirator with less than ideal facial conditions.

MATERIALS AND METHODS

Fabrication of Polymer Micro-patterned Adhesive (PMA)

PMA was produced by soft-molding of elastomeric precursors on a photolithographically
formed master template. The template was fabricated following a procedure described elsewhere
(Del Campo, Greiner, et al., 2007). Fibrillar arrays were made with PU (ST-3040, Tustin, Inc.,
Tustin, CA, USA). The templates were silanized with heptadecafluoro-1,1,2,2-
tetrahydrooctyltrichlorosilane (hepta-fluorosilane). Gas-phase silanization was performed in an
evacuated desiccator for one hour, followed by baking at 95°C for one hour. The PU ST-3040 A
and B (20:17 by weight) mixture was degassed and poured on the silanized template. After
curing at room temperature in light vacuum over 24 hours, the PU was demolded to avoid

rupture of the polymer micro-fibrillar array. The micro-patterned structure had micro-fibrils 20



um in diameter and 20 um long with a center-to-center distance of 30 um. In addition, every 60
rows of micro-fibrils were incorporated with one continuous micro-ribbon 20 um wide, as shown
in Figure 1. The total thickness of the elastomer sheet (with fibrillar surface) was approximately

1 mm.

Respirators

This study was performed using a conventional elastomeric half-mask respirator
equipped with two P100 pancake-shaped filters (Model: 2091, 3M, Minneapolis, MN, USA).
The chosen respirator model (Model: 6000 series, 3M) is widely used in a variety of
occupational environments; it was examined in our recent studies (He ef al., 2013a; 2013b) and
available in three sizes (small, medium and large). The respirator was modified by manually
attaching PMA strips with 2 cm width onto the presumed sealing surface of the half-mask
respirator. A non-modified version of the same respirator model and size was used for
comparison. The two half-masks (conventional and modified) are shown in Figure 2. 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 approximately 25 mm from the manikin’s nose/mouth. The

end of the probe (14 mm flange) was flush with the interior surface of the half-mask.

The modified and non-modified respirators were tested on a given subject in random
order. After each fit test the straps and yoke were removed from the respirator body and attached
to the alternative respirator; this was accomplished without any adjustment to the straps
themselves. We expected that the above procedure would eliminate and/or reduce variability due

to strap adjustment.



Human Subjects and Test Conditions

Initially, 120 subjects were identified as available for screening. Twenty-five of these
adult subjects were selected for fit testing. The selected subjects included all ten cells of the
NIOSH bivariate 25-subject panel (see Figure 3). Of the selected subjects, six had relatively
small faces (cells # 1, 2, and 3), six had large faces (cells # 8, 9, and 10), and thirteen had
medium faces (cells # 4, 5, 6, and 7). The tested cohort included 17 male and 8 female subjects;
among them 13 were Caucasians, 8 Asians, and 4 African Americans/African origins. All
subjects were medically cleared by completing an OSHA respirator medical clearance
questionnaire. The study received an approval from the University of Cincinnati Institutional

Review Board.

The subjects were asked not to eat or drink for at least one hour prior to the fit test. The
main phase of this study was performed according to the standard OSHA fit testing protocol;
accordingly, the 25 subjects involved in this phase were clean-shaved with dry faces and were
fit-tested once with each respirator. For the pilot study, one male subject was fit tested with both
respirators under the following facial conditions: dry-shaved (non-challenge condition), wet-
shaved, dry-unshaved, and wet-unshaved. The “unshaved” facial condition was created after not
shaving for ~40 hours. This condition is believed to reflect many real-life respirator usage
situations in the military, the general population, and during certain unforeseen emergency
situations. The “wet” face condition was created by applying a handful of water to the face using
two hands, patting lightly with a napkin to remove large water droplets, and then waited for 30
seconds before donning the respirator. This condition was intended to simulate a wet sealing
when a respirator is worn for some time. In this phase of the study, three replicates were

conducted for each of the four above-listed combinations.



Measurements

The study was conducted in a room-size respirator test chamber (24.3 m®). The challenge
aerosol, NaCl, was generated using a particle generator (Model: 8026, TSI Inc., St. Paul, MN,
USA). The concentration inside the chamber was maintained at 30,000 to 60,000 pau’ticles/cm3
(such high ambient concentrations were chosen to assure that enough particles would be detected
inside a well-fit respirator). For each subject, two fit tests were performed: one with the non-
modified half-mask respirator and the other modified with the PMA. A PortaCount Plus (Model:

8020, TSI Inc.) was used to measure the aerosol concentrations outside and inside the respirator.

Prior to fit testing, all respirators were visually examined to eliminate any obvious defects
or damages. Each tested subject was asked to select the respirator size (small, medium, or large)
that provided the most comfortable fit. Prior to donning each subject was shown how to don the
respirator and how to adjust strap tension. After the respirator was donned and straps were
properly adjusted, a positive pressure user seal check was performed. Subsequently, the subject
was fit-tested while performing the standard set of OSHA respiratory fit testing exercises: 1)
normal breathing, 2) deep breathing, 3) turning head side to side, 4) moving head up and down, 5)
talking, 6) grimace, 7) bending over and 8) returning to normal breathing. The individual and
overall FFs were recorded for each subject. Based on the PortaCount-measured concentrations,

each exercise-specific FF value was calculated as below:

F — (Cout)i

i 1
(C,), M

where FF;is the fit factor for the i exercise, (C,y,); and (Cj,); are the aerosol concentrations

measured outside and inside the respirator, respectively, for each exercise. The overall fit factor



(FF) was determined according to the OSHA fit testing protocol with exclusion of the fit factor

for the grimace exercise (OSHA, 2006).

Data Analysis

Data analysis was performed using SAS version 9.3 (SAS Institute Inc., Cary, NC, USA).
The FF data were log-transformed. For comparison of respirator type (non-modified versus
modified), paired #-test was performed using all 25 subjects’ FF data. One-way analysis of
variance (ANOVA) was performed to study the differences among exercise-specific FFs. For FF
results obtained under various facial challenge conditions, paired 7-test was performed to

compare the difference in FF between the non-modified and the modified respirator.

RESULTS AND DISCUSSION

Tests under Normal Facial Condition (Dry and Shaved Face, 25 Subjects)

The overall fit factor data for the non-modified and modified half-masks are presented in
Figure 4. FF values for the modified half-mask ranged from 159 (subject #T06) to 57,700
(subject #T'11); geometric mean (GM) = 7,907 and geometric standard deviation (GSD) =4.9.
Since each respirator was equipped with P100 filters that are known to be at least 99.97%
efficient when used against NaCl particles (results presented in He ef al., 2013a). Therefore, a
FF < 3,333 indicates face seal leakage, and 28% of subjects wearing the modified half-mask had
FF <3,333. Consequently, 72% of the tested modified respirators exhibited the particle
penetration solely within the filter efficiency limit (allowing no measurable penetration through

the face seal leakage. Furthermore, the majority of fit tests on the modified respirators had FF



greater than 10,000. Only two subjects (#1706 and #T09) had overall FF’s between 100 and

1,000.

The non-modified respirator had overall FF’s ranging from 37 (subject #T10) to 92,800
(subject #12), with a GM = 4,779 and GSD = 9.1. The range and variability of the non-modified
respirator were considerably greater than those for the modified one. Ten subjects (40%) had FF
< 3,333 suggesting faceseal leakage was present in the non-modified respirator compared to 28%

tested with the modified respirator.

Based on the comparison of the data presented in Figure 4, the performance of the
modified half-mask appeared to be better than that of the non-modified. When tested with the
modified respirators, FF values exceeded 100 (the OSHA fit test passing criterion) for all 25
subjects, whereas 24 of 25 subjects wearing the non-modified respirators had FF > 100.
However, paired #-test showed that this difference was not significant (p = 0.07, considered to be
a boarder-line significance). Very high fit factors and between-subject variability were identified
in this study, especially for the non-modified respirator, which presents a challenge in identifying

statistical significance.

Comparison of Four Facial Conditions (Dry/Wet, Shaved/Unshaved, One Subject)

Four facial conditions were compared: dry-shaved face, wet-shaved face, dry-unshaved
face, and wet-unshaved face. One subject (#T01) participated in this evaluation with the non-
modified and modified respirators with three repeats for each condition. The results of this pilot
evaluation are presented in Figure 5. The PMA modified respirator produced higher mean FFs
under all tested conditions compared to the non-modified respirator. For example, for the wet-

shaved facial condition, the modified half-mask achieved a mean FF of 23,241 compared with
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267 for the non-modified half-mask. Even the least remarkable difference identified for the dry-
unshaved face was an order of magnitude higher for the modified respirator (mean FF = 974 vs.
95). Paired t-test results showed that the modified respirator had significantly (p <0.05) higher
mean FFs for all facial conditions (dry-shaved, wet-shaved, dry-unshaved, and wet-unshaved).
These test results indicate that the surface of the PMA material improved contact against a facial

skin under various challenge conditions (shaved, unshaved, dry, and wet).

When the non-modified respirator was tested with the dry skin condition, the fit was
higher for the unshaved face than for the shaved face condition (mean FF = 95 vs.74). This
observation was made from a single subject and contradicts the conventional wisdom and our
own experience that an unshaved facial condition will compromise respirator fit. However, the
difference was not statistically significant (p > 0.05). In the clean-shaved condition, the non-
modified respirator fit this subject poorly with a mean FF below 100. The effect of facial hair
may be less significant when respirators fit poorly. When the same subject participated in the
25-subject panel with a clean shaven face, his fit factor was higher (FF = 197 from Figure 4).
This demonstrates the potentially high variability between donnings and the limitation of single-
subject generated data. With respect to facial hair, it was an important observation that the PMA
modified respirator initially fit very well, but FF dropped significantly (p < 0.05) after 40 hours
of stubble. Although this finding is once again from a single subject, it demonstrates the
potentially adverse effect of facial hair when respirators initially fit well in a clean shaven

condition.

LIMITATIONS

The non-modified respirator selected for this study had very good fitting characteristics

prior to adding the adhesive surface. It is challenging to demonstrate statistically significant

11



improvement in fit when the “referenced” respirator already fitted well in most of the tests.
Additionally, improvement in fit created a situation whereby the number of in-facepiece particles
detected by the instrument was very small, which increased the margin of error and decreased the
confidence in the measured FFs. However, this concern should have affected both the modified
and non-modified respirators similarly since the donning order was randomized. Another
limitation was the lack of a “control” respirator consisting of a material with similar thickness
and width applied to the sealing surfaces but without the surface characteristics of the PMA.
Lastly, conclusions regarding improved performance of the modified respirator using different
facial (un-shave and/or wet) are preliminary as they derived from only a single subject with three
replicate measurements. A follow-up study seems to be warranted to address the above

limitations.

CONCLUSIONS

An elastomeric half-mask respirator was modified by applying a polymer micro-patterned
adhesive (PMA) material to the sealing surface. Twenty-five subjects with dry and clean-shaven
faces and facial dimensions representing the NIOHS bivariate panel were fit tested using the
modified respirator and its non-modified version. The modified respirator produced a geometric
mean fit factor of 7,907 with a GSD of 4.9 compared to 4,779 (GSD = 9.1) for the non-modified
respirator (p =0.07, paired ¢-test). In addition, pilot data were generated by testing a single
subject under various facial conditions (shaved, unshaved, dry, and wet). The modified half-
mask prototype was consistently achieving significantly (p <0.05) higher fit factors than the
conventional half-mask. Future studies are needed to include more subjects with various face

dimensions along with different shaving and wetting/sweating conditions.

12



Overall, the addition of a polymer micro-patterned adhesive to the sealing surface of an
elastomeric half-mask respirator showed potential for improving the fitting characteristics and

possibly respirator performance with less than ideal facial conditions.
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