
rPB90162:fS9 
\ 1111111111111111111111111111111 

* IDENTIFICATION OF FACESEAL LEAK SITES ON A HALF-MASK RESPIRATOR 

RIEDAR K. OESTENSTAD,+ JIMMY L. PERKINS and VERNON E. ROSE 

School of Public Health, University of Alabama at Birmingham, UAB 

Station, Birmingham. AL 35294 

A method has been developed to Identify the location and shape of 

respirator faceseal leak sites by the deposition of a fluorescent 

tracer. An aerosol generation, conditioning and exposure system to 
, 

provide a test environment with stable aerosol concentration and size 

distribution of 4-methyl-7-dlethylamlnocoumarln was designed and 

tested. Facesea I leak sites on a resp I r a tor mounted on a manneQu I nand 

worn by human subjects were Identified by deposition of the tracer 

aerosol and subsequent observation under longwave ultraviolet lighting. 

Test parameters were Identified for the optimal definition of leaks. 

Photographic techniques were developed to document the Identified leak 

sites. 
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INTRODUCTION 

This Is the first of two papers which report the development and 

application of a technique to Identify faceseal leak. sites on half-mask., 

air-purifying respirators. This paper describes the aerosol and methods 

which were developed for this purpose, and the tests conducted to 

Identify faceseal leak. sites on mannequins and human subjects. A 

subsequent paper discusses the distributions of leak sites and shapes, 

and their association with facial dimensions for a panel of subjects 

wearing one brand Of half-mask respirator. (1) 

The past two decades have brought sign I f I cant advances In 

respirator research. ~ost of those have been directed toward the 

Quantification of respirator leakage through the use 6f Quantitative fit 

testing. That technology has resulted In the development of the 

assigned protection factor concept and Its Incorporation Into the ANSI 

Z88.2 American National Standard for Respiratory Protectlon(2) and OSHA 

comprehensive health standards such as those for lead and aSbestos.(3) 

However, few studies have been reported In which the Investigators 

attempted to Identify leak sites on respirators. In an ear Iy 

Qualitative fit test, coal powder was sprayed around the faceplece of a 

respirator and leakage was Identified by observing the coal deposited at 

leak slte(s). (4) 

Later, a Quantitative fit test which could be modified to Indicate 

leak sites was reported.(5) This method used freon gas as a test agent 

and a halide meter to measure leakage. To Identify leak.s, a small 

capl Ilary tube attached directly to a freon supply was moved around the 
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faceplece. When the capl I lary was near a leak site, a strong deflection 

of the meter was noted. 

Using this method, the authors found that the leakage of half-mask 

respirators varied substantially, even on multiple tests with the same 

Individual wearing the same mask. They stated that the differences In 

fit were due to variability of leaks around the nose. No Indication as 

to the amount of this variance, the degree of penetration, or the 

prevalence of leakage around the nose was provided, and no other leale 

sites were Indicated. 

Leale sites could also be Identified by a method which utilized 

photosensitive paper placed beneath the faceplece and light as a test 

agent.(S) In this method, the paper was cut Into templates and placed 

Inside the faceplece In a darkroom with photosafe lights. The subject 

then donned the respirator, and a high IntenSity light was moved around 

the faceplece. After the paper was developed, the location and degree 

of leakage was Indicated by the presence of grey or black areas. Eight 

subjects wearing a half-mask respirator and a disposable respirator were 

tested with this method. It was noted that most leaks occurred around 

the nose and chin, and that leaks occurred over a large area of the 

face. A limitation of this method was that since light travels In 

< 

straight lines, It may not detect leaks that change direction. 

Identification of respirator leak sites with a fluorescent tracer 

has also been reported.(7) In that method, a trace aerosol of optical 

brightener was appl led to the Immediate area of the respirator seal , and 

aerosol deposition at leak sites was documented by photographs taken 

under ultraviolet (UV) lights. Several types of half-masle respirators 
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with Imposed· leaks were tested on a smal I number of subjects. 

Quantitative fit testing conducted Immediately prior to the fluorescent 

aerosol test. The method was able to Identify Imposed leaks with 

corresponding fit factors up to about 200. Aerodynamic streamlining 

within the respirator faceplece was also observed In mannequIn tests 

using static (noncycllc) airflow, but not on any of the human subjects. 

The purpose of th I s work was to deve lop a method to I dent I fy 

faceseal leak location and shape on human subjects while wearing a well­

fitting half-mask respirator by deposition of a test aerosol at the leak 

and subsequent visual detection and photographic documentation. 

Feaslbl I Ity of this approach was based on studies which had demonstrated 

particle deposition at respIrator leak sltes(8,9,10) and others whIch 

demonstrated the abl I Ity to detect. very smal I quantities of fluorescent 

tracers deposited on the skin. (11) uti I Izlng these findings, the 

authors selected a suitable test material, constructed an aerosol 

exposure system, and developed photographic techniques a~d a test 

protocol. 

MATERIALS AND METHODS 

The primary considerations for selection of a test agent were: 1) 

that It be essentially non-toxic, 2) that very small quantities be 

visible on the skin, and 3) that It could be generated In concentrations 

and particle sizes used In current quantitative fit test methods which 

employ aerosols. After a review of the physical, toxicological and 

optical properties of a number of fluorescent compounds, the fluorescent 
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whitening agent 4-methyl-7-dlethylamlnocoumarln OAOC) was selected for 

use In the study. (11,12,13,14,15) 

MOC Is a member of a family of fl_uorescent whitening agents which 

absorb energy from long-wave UV light (320-400 nm) and convert I t to 

visible light In the blue region (430-500 nm). It binds strongly to 

prote I ns on the outermost I ayers of the stratum corneum, and I s very 

highly visible under UV lights. Visible concentrat Ions of MOC on the 

2 (11) 
skin may be as low as 10 ~g/cm . 

The aerosol generation, conditioning and exposure system used In 

the study was patterned after that of Burgess et al. (16) A schemat Ic 

diagram of this system Is shown In Figure 1. This system nebulized an 

ethanol solution of MOC which was dried to produce a residual aerosol. 

The static charge on the aerosol and ethanol vapor In the carrier air 

were reduced before Introduction Into the exposure chamber. 

The nebulizer was a modification of a design by Llu and Lee.(17) 

It al lowed for the constant feed of fresh solution to be nebulized, thus 

avoiding an Increase In solute concentration and a corresponding 

Increase In the size of the residual aerOSOI.(18) The mass and size 

distribution output of the nebulizer was found to be very stable, but It 

required a relatively high liquid feed rate of about 2 ml/mln. 

spatial and temporal measurements of chamber aerosol concentrations 

were made with a Dynatech-Frontler forward light-scattering photometer. 

Photometer outputs measured across the chamber In perpendicular 8-polnt 

traverses were with In t 4% of the mean va lue. Photometer outputs 

measured at 1 minute I nterva I s over a 2 hour test run were found to 

decrease slightly with time, but the value at the end of the test was 
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wIthIn 10% of the value at the begInnIng of the test. Aerosol mass 

concentratIons In the test chamber were measured by gravImetrIc 

methods. ConcentratIons were found to range from 18 to 50 mg/m3 under 

various system operating conditions. 

The aerodynamic size distributions of the aerosol produced under a 

variety of nebulizer operating conditions were measured with a Marple 

Personal Cascade Impactor. The Impactor was operated at the upper lImit 

of Its operating range (5 lImln) with coated mylar substrate. The 

sampling condItIons used were wIthIn the limit recommended for coated 

mylar to control particle bounce.(19) 

The samplIng data from 17 tests were analyzed by a cascade Impactor 

data reduction program which summarized Cunningham Correction Factor, 

aerodynamic cut sIze, cumulatIve frequency, and Reynolds Number values 

for each stage. It also tested for a log-normal distribution and 

calculated a least squares regression curve, an aerodynamic mass median 

diameter, and geometric standard devlatlon. (20 ) The results of these 

analysis revealed that the test aerosol had an average aerodynamic mass 

median diameter of 0.55 pm and an average geometric standard devlat.lon 

of 1.6. These values were wIthin those recommended In AppendIx A of 

ANSI Z88.2-1980 for QuantItative fIt testIng, (2) and would Include 

partIcles shown to be deposited In respirator leaks by previous 

studles.<8,9,10) 

The liquid aerosol was drIed In a heated tube, and static charge on 

the particles was reduced bypassing them through a neutralizer 

constructed to specifications of carsey.(21) Static charge remaining on 

the particles was not measured. However, It was noted that there was no 

'. 
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observable accumulation of particles on the chamber walls as would be 

expected If there were a high residual static charge. 

The aerosol and carrier air then passed through two diffusion 

columns packed with 8-12 mesh activated carbon to reduce the 

concentration of ethanol vapor. The concentration of ethanol vapor In 

the test chamber remained at about 700 ppm which required respirators 

worn by test subjects to be equipped with combination HEPA filters and 

organic vapor cartridges. 

After leaving the diffusion driers, the conditioned aerosol was 

Injected Into the chamber dilution air. The dilution air, which was 

f I I tered through a tower packed wi th 8-12 mesh act I vated carbon and a 

HEPA filter, was blown Into the exposure chamber at 0.2 to 0.25 m3/mln 

with a variable speed high volume blower. 

The chamber was constructed of clear plexlglass and clear, flexible 

v Iny I. It consisted of a rigid top 55 cm In diameter on which two 

concentric plexlglass rings were attached. The diameter of the Inner 

ring, which formed the chamber wall, was 46 cm. Walls of the chamber 

and the exhaust plenum were formed by flexible vinyl which hung from the 

rings. A plastic shroud was added to outer wal I to prevent aerosol from 

escaping Into the laboratory environment In uncontrolled air currents 

around test subjects seated In the test chamber. 

Dilution air and aerosol were Introduced through the two Inlet 

ports In the top of the chamber and were dlstr Ibuted Into a sha Ilow 

plenum by Impaction plates. They then passed through a 2 cm layer of 

open cel I polyurethane foam to Insure a homogeneous distribution within 

the test chamber. Air velocity throug~ the test chamber was calculated 
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to be between 2 and 3 cm/sec at the dltutlon air flow rates of 0.2 and 

0.25 m3/mln. Since these velocities were below the range of available 

anemometers. they were not verified. However. smoke tube checks of air 

flow within the chamber Indicated that flow was evenly distributed 

across the chamber and was laminar. Air was exhausted to the outside 

through the annu Ius formed at the bot tom of the chamber wa II and the 

outside wall. 

~ANNEQUIN TESTS 

The aerosol generating and exposure system was used with the MOC 

aerosol to conduct a series of quantitative fit tests on a mannequin to 

determine If the method of Identifying leak sites was feasible. The 

tests cons I sted of a pre-exposure photograph under u I trav 10 I et I I ghts, 

fitting the mannequin head form with a half-mask respirator equipped 

with high efficiency cartridges, exposure of the mannequin to the ~OC 

aerosol, and a post-exposure photograph under ultraviolet lights. 

Air flow through the respirator was by both simulated respiration 

and continuous flow. ~esplratlon was approximated with a pulmonary 

resuscitator connected to the manneQuin head. A respiratory minute 

volume of about 9 Llmln was produced using this system. This was below 

the average respiratory minute volume of about 14 Llmln for an adult at 

a work. rate of 0 k Ilogram·metcr (0 Kg·~). (22) At a resul t, a ser les of 

tests was also conducted at continuous flow of 15 Ilmln through the 

mannequin. 

The mannequin head was prepared by coating with an opaque latex 

film to eliminate fluorescent Interference. The pre-exposure photograph 
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was made to confirm the absence of any Interfering materials. Lighting 

for the photographs was with 2 Spectrollne Model XX-15N lights with UV 

transmitting filters. Maximum emission wavelength for these lights was 

365 nm with a range of about 300 to 430 nm. The light provided about 

1.8)1W of ultraviolet Irradiation when placed at a distance of 35 cm 

from the manneQuin face. 

The photographs were taleen with a Nlleon FE camera using an RMC 

Tole Ina 35-105 mm zoom I ens and a Kodale 2E Ge I at In F I I ter to remove 

ultraviolet light. Kodale Trl-X-Pan 400 ISO blacle and white film pushed 

to 1200 ISO was exposed at 5.6f for 1.0 second for the pre-exposure 

photograph and 0.5 second for the post-exposure photograph. The exposed 

film was developed and printed with Kodale chemicals. Special attention 

was given to proper time, temperature, agitation, and chemical dilution 

to enhance film contrast. 

A respirator was mounted on the manneQuin with a wire placed 

between the faceplece and the head form to produce an artificial leale. 

The manneQuin was placed In the test chamber, the generator was started 

and the aerosol concentration In the test chamber was al lowed to 

eQuilibrate. Quantitative fit tests were conducted using a Dynatech­

Frontier Model 264 Quantitative Fit Test System. At the conclusion of 

the tests, the respirator was carefully removed and the manneQuin head 

'again was Illuminated with ultraviolet light and photographed. 

The post-exposure photographs showed clear eVidence of aerosol 

deposition at the location of the artificial leaks. An example of post­

exposure photographs of. the manneQuin Is shown In Figure 2. It 

Illustrates artificial leaks on both sides of the face with continuous 
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air flow of 15 Llmln through the faceplece. Note the aerosol deposition 

patterns Indicating aerodynamic streamlinIng Inside the faceplece. 

HUMAN SUBJECT TESTS 

Before human subject tests were Initiated, minor modifIcations were 

made to the generat Ion and exposure system to provide higher and more 

consistent aerosol concentrations. Test duration to obtain vIsIble 

deposition of aerosol was estimated from chamber aerosol concentration, 

measured penetration, and respiratory mInute volume. Using these 

factors, humans tests were conducted for about 40 minutes at an average 

MDC concentrat Ion of about 38 mg/m3 . UV I I gh t I ng and photograph I c 

technIQues were the same except that a darkroom with mounted UV lights 

and a camera tr Ipod were used to provide more consistent exposure 

condItions. 

Test procedures for human subjects were developed from experience 

ga I ned I n conduct I ng the manneQu I n tests. The protoco I I nc I uded: 1) 

screenIng of potentIal subjects, 2) anthropometrIc measurements, 3) pre-

exposure photographs, 4) respIrator fitting, 5) QuantitatIve fit test, 

and 6) post-exposure photographs. CriterIa for selectIon of test 

subjects were: 1) age between 21 and 50, 2) absence of any facial 

features whIch may have resulted In obvious respirator leakage (creases 

or folds In the skin, scars, sunken cheeks, or beards), and 3) absence 

of any medical conditions which would put subjects at risk as a result 

of wearing a respIrator or being exposed to the test aerosol. 

Facial anthropometric dimensions to be measured were developed from 

(23 24 25 26) a review of previous research on respirator anthropometry, ' , , 
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and consultation with the staff of Anthropology Research Projects, Inc., 

of Yel low Springs, Ohio. Those dimensions are I I lustrated In Figure 3. 

(27) 

Pr lor to the pre-exposure photographs, subjects' faces were wiped 

with with alcohol swabs to remove fluorescent materials, and their 

clothing was covered with a black shroud to eliminate Interference from 

clothing. Their eyes were covered with opaque goggles whl Ie exposed to 

the UV lights. 

After the pre-exposure photograph, the subjects were fitted with a 

respirator, and a negative pressure fit check performed. Care was taken 

not to disturb the faceplece until after completion of the fit test. 

The respirator used In the study was the U.S. Safety Series 200 Half­

Mask which wasaval lable In small, medium, and large sizes. The 

faceplece configuration was thought to be typical of most half-mask 

respirators. The size worn by each subject was determined by their face 

length and lip width. The respirators were probed for fit testing at a 

point on the vertical midi Ine between the subject's nose and mouth. 

The aerosol generating system was started and the chamber aerosol 

concentration al lowed to eQul librate. The subjects were carefully 

fitted with the appropriate size respirator to Insure the best possible 

fit. After It was observed that the subjects could breath through the 

respirators without difficulty. they were seated on a chair with their 

heads and shoulders In the test chamber. 

Real-time aerosol concentration In the test chamber and beneath the 

respirator were measured with a Dynatech Model 264 Quantitative Fit Test 

Photometer. An Initial check was made of the aerosol concentration 
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Inside the respirator to Insure that the leakage was less than 10%. The 

test was stopped If leakage of less than 10% could not be attained after 

adjustment of the faceplece. A standard Quantitative fit test which 

Included head movement exercises and talking was performed.(2) 

Integrated photometer output for measurements In the test chamber 

and beneath the respirator were used to calculate fit factors. Under 

these sampling conditions, the measured concentration Inside the 

respirator would be less than that expected from lealcage alone due to 

aerosol measurement during exhalation. As a result, the measured fit 

factor would be higher than the true fit factor. Fit factors were not 

corrected for this bias, which has been estimated to be about 5% to 12% 

(28 29) by previous studies. ' 

At the conclusion of the test, the subjects were removed from the 

test chamber, and the resp I rator was carefu II y removed. Post-exposure 

photographs to document visible aerosol deposition were Immediately 

taken by the same procedure used for the pre-test photograph. 

DISCUSSION 

Leak sites which could be detected visually and by photographiC 

methods were classified as to their location (nose, cheek or chin) and 

their one-dImensional shape (point or diffuse). Examples of post-

exposure photographs are shown In Figures 4 and 5. Note that the 

deposIted aerosol on the subject In Figure 5 follows a streamlining 

pattern from the leak to the subject's nostrl I. StreamlInIng was 

hypothesIzed as beIng the cause Of sampling bias In the determination of 

fit factors.(30) This observation confirms that this phenomenon occurs 
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within the respirator faceplece worn by human subjects, and could 

account for the very high measured fit factor for this subject. 

This study demonstrates the feasibility of Identifying respirator 

- f~ceseaj leak sites with an aerosol of MOe using the described 

generation, conditioning and exposure system. The system was found to 

be capable of providing a constant output of an aerosol with the desired 

size distribution characteristics. Sufficient deposition of the 

fluorescent tracer to al low visual detection of faceseal leak sites on a 

manneQu I n and human subjects was obta I ned. Photograph I c documentat Ion 

of Identified leak sites Is presented. 

This method could be used to determine the distributions of leak 

sites and shapes for groups of wearers, for types of respirators, for 

various breathing rates and Interactions of these variables. This 

Information may Identify an association of critical facial dlmenslon(s) 

with respirator fit or facial shapes which might be accommodated by a 

specific respirator type or configuration. 
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Figure 1 -- Aerosol generation, conditioning and exposure system. 



Figure 2 -- Aerosol deposition on mannequin after exposure 
with continuous air flow. 
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F. Subnasale-Naslon Length 
(Nose length) 
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Figure 3 -- Facial dimensions. 



Figure 4 -- Aerosol deposition on a subject with 
a diffuse chin leak. (fit factor - 600)~ 
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Figure 5 -- Aerosol deposition on a subject with streamlining 
from a point nose leak (fit factor - 2300). 
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and by photographic methods were classified as to their location and their one dimensional 
shape. The study demonstrated the feasibility of identifying respirator faceseal leak sites 
with an aerosol of MOC using the described generating, conditioning and exposure system. The 
system was found to be capable of providing a constant output of an aerosol with the desired 
size distribution characteristics. Sufficient deposition of the fluorescent tracer was made 
to allow visual detection of face seal leak sites on a mannequin and human subjects. 
Photographic documentation of identified leak sites was presented.~ ~ 
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