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CHAPTER 1

INTRODUCTION

Medical textiles is a growing area within technical textiles and its value is expected to
account for almost 12% of the global technical textile market in 2005. As well as a production
increase, the variety of possible application of medical textiles continues to expand and research
in the medical textiles area has been stimulated by its growth potential. [1] There are commonly
five different kinds of medical textiles: (1) bandaging, (2) health care, (3) hygiene, (4) wound
care and (5) implanted devices. This research highlights the study of the surgical face mask, one
of the health care medical textiles.

The surgical face mask is a device intended to be worn by operating room personnel
during surgical procedures to protect both the surgical patients and the operating room personnel
from transfer of microorganisms, body fluids and particulate material. [2] According to the
definition of medical device by the Food and Drug Administration (FDA): “any article which is
intended for use in the cure, mitigation, treatment or prevention of disease in man and which
does not achieve any of its intended purposes through chemical action in the body or is
dependent upon metabolism (i.e., a drug)”, the surgical face mask is a medical device and
regulated by the FDA.

Infection control in the hospital is very important for the safety of both health care
workers and patients. One of the established routines in operating theatre is the use of surgical
face masks to minimize the risk of infection. In the United States, standards and guidelines

related to this have been published by several organizations. The Association of periOperative



Registered Nurses (AORN) has published recommendations related to standard precautions.
Standard precautions to prevent pathogen transmission should be used during all invasive
procedures. Standard precautions include the use of protective barriers and prompt and frequent
hand washing to reduce the risk of exposure to potentially infectious materials. Personal
protective equipment (PPE) for standard precautions includes intact gloves, gowns, masks, and
eye protection (eg, face shields, goggles, glasses with side shields). Leg coverings, shoe covers,
and other PPE may be used where indicated. [3] The Centers for Disease Control (CDC) has
published a prevention recommendation that includes the following: “Surgical masks should be
used to prevent the respiratory secretions of the person wearing the mask from entering the
air.” [4] Use of protective apparel, face masks and other equipment is also recommended by the
Occupational Safety and Health Administration (OSHA). The OSHA Occupational Exposure to
Bloodborne Pathogens: Final Rule (1991) requires all employers to supply personal protective
equipment to employees. The equipment must provide protection against all reasonable
anticipated occupational exposure and must not permit blood or other potentially infectious
materials to pass through or reach the empolyee’s work clothes, street clothes, undergarments,
skin, eyes, mouth or other mucous membranes under normal conditions of use. [2] In recent
years, several new ASTM standards specifically relating to face masks and their evaluation

(ASTM F 1862-00 [5] and ASTM F 2101-01 [6]) were also approved.

Significance of Study
Health care workers, involved in treating and caring for injured or sick individuals, can
be exposed to biological liquids capable of transmitting disease. These diseases, which may be

caused by a variety of microorganisms, can pose significant risks to life and health. This is



especially true of blood-borne viruses which cause Hepatitis and Acquired Immune Deficiency
Syndrome. [5] Surgical face masks are used to reduce the liquid exposure. The same workers can
also be exposed to biological aerosols capable of transmitting disease. These diseases can pose
significant risks to life and health. Since engineering controls can not eliminate all possible
exposures, attention is placed on reducing the potential of airborne exposure through the use of
medical face masks. [6] Therefore the primary functions of surgical face masks are to protect
individuals from blood splash or spatter and from microorganism transfer.

The ASTM F 1862-00 test method allows for the assessment of the fluid resistance of
surgical face masks, but only the pass or fail of the face mask is reported. Although there are
some reported studies [7,8] relating applying repellent finish to other PPE devices such as
surgical gowns, there’s no known literature that reports applying repellent finish to the surgical
face mask. Therefore, in this research a repellent finish was applied to the cover fabric of the
surgical face mask and its influence on the performances of the face mask was studied. Although
there are a variety of surgical face mask styles in the current market, the layered face mask is one
of the most common types. Within the available layered face masks, there are a variety of
different layering orders. Some of the masks have three layers, and the filtration layer, the layer
with the high packing density, is between the outside cover layer and the inner shell layer. Others
have four layers and the position of filtration layer changes in the layer arrangement of the four-
ply face mask. The filtration layer may be behind the outside cover layer or proceed the inner
shell layer. Although nonwoven manufactures have shown much interest [9] in the layering
order, there are no published papers about the effect of layering order on the properties of
surgical face masks. In the research presented here, the effect of layering order on the

performances of face masks was studied too. Finally, a new face mask with optimum



performances was statistically generated according to repellent finish and layering order. The
results of this study can provide significant information for health care workers and medical

product manufacturers.

Research Objectives

The objective of this dissertation is to study the effects of repellent finish and layering
order on the performances of surgical face masks. This overall objective is divided into the
following:

1. Evaluate the impacts of repellent finish and layering order on the fluid resistance of
surgical face masks,

2. Evaluate the impacts of repellent finish and layering order on the filtration ability of
surgical face masks against small particles,

3. Evaluate the impacts of repellent finish and layering order on the differential pressure
of surgical face masks,

4. Locate the small particles captured on and/or in the structure of face masks using Laser
Scanning Confocal Microscopy (LSCM),

5. Complete the quantitative analysis on the small particles using the Image Processing
and Analysis in Java (ImageJ),

6. Statistically generate the specifications of a face mask that has optimum fluid

resistance, filtration ability and breathability based on repellent finish and layering order.



CHAPTER 2

LITERATURE REVIEW

It is necessary to first introduce surgical face masks and the primary published research
that is available in this area so that the background of this study can be well understood. To study
the effects of repellent finish and layering order on the fluid resistance, filtration ability and
differential pressure of surgical face masks, an understanding of the theories of repellent property
and filtration are also essential. The mechanisms of particle capture by filters are also introduced
to obtain a good understanding about this research. Moreover, evaluation of aerosol filtration and
use of LSCM in relative areas are also reviewed. An attempt has been made in this chapter to

provide an understanding of these topics.

Surgical Face Mask

The surgical face mask is a medical device intended to be worn by operating room
personnel during surgical procedures to protect both the surgical patients and the operating room
personnel from the transfer of microorganisms, body fluids and particulate material. [2]
Therefore the primary functions of surgical face masks are to protect individuals from blood
splash or spatter and from microorganism transfer. Mikulicz, in 1896, was the first surgeon to
use a mask to protect wounds from mouth bacteria. [10] Since the end of the nineteenth century
wearing a surgical face mask by those caring for patients has been recognized as a necessity. [11]
The early masks consisted of several layers of gauze or linen and were reused after sterilization.

Masks were later improved by the insertion of paper or cellophane between the linen layers to
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provide an impervious barrier. In the early 1960’s, synthetic fibers such as polyester and
polypropylene were first used to produce nonwoven surgical face masks. [12] Now surgical face
masks are commonly produced from disposable nonwoven fabrics. Surgical face masks have a
variety of styles such as flat-fold, tie-on, cone shaped, duckbill, flat-fold with shields and
duckbill with shields.

Although there are a variety of surgical face mask styles currently in the market, the
layered face mask is one of the most common types. Within the available layered face masks,
there are a variety of different layering orders. Some of them have three layers, and the filtration
layer, the layer with the high packing density, is between the outside cover layer and the inner
shell layer. Others have four layers and the position of filtration layer changes in the layer
arrangement of the 4-ply face mask. The filtration layer may be behind the outside cover layer or
proceed the inner shell layer. [9, 13]

That there is little doubt that the routine use of surgical masks in the 1920’s helped to
suppress the large numbers of postsurgical wound infections caused by streptococci. Streptococci
isolated from puerperal fever and wound infections were identical to those carried in the throats
of the obstetric and surgical teams. [12] However the use of surgical face masks has been
questioned in the past decade. Orr studied the relationship between the use of surgical masks and
the rate of surgical site infections. No increase in postoperative surgical site infection rates was
found in an initial one month pilot study during which no surgical face masks were worn in the
operating theatre of a British hospital. [14] Tunevall examined the effect of wearing surgical face
masks on the postoperative surgical site infection rate of 3088 patients during a two-year period
in acute and elective general surgery. The surgical site infection rate was 4.7% when masks were

worn and the rate was 3.5% when masks were not worn. The difference in rates was not



statistically significant. There was also no significant difference in the number of wound cultures
growing staphylococci or streptococci between these two cases. [15]

There have been a number of reports [16-21] citing experimental evidence about the
effectiveness of the surgical face mask. Greene developed a sampling chamber to evaluate the
effectiveness of the surgical face mask. In his experiment, the subject inserted his head into the
chamber and distinctly pronounced the words “sing and chew” at ten-second intervals for one
minute. Samples were collected on blood agar with an Anderson sampler and then incubated at
37° C for 24 hours. The results showed that the airborne microorganisms expelled by the masked
subject were significantly less than those expelled by the unmasked subject during talking. [16]
Madsen found that many thousands of bacteria can be expelled in a single cough or sneeze. In
this study four commonly used masks, a Filtron mask, an Aseptex mask, a Bardic Deseret
Filtermask and a paper mask, were selected for evaluation. Then these masks were placed over
the nose and mouth of a manikin that was placed in a special counting chamber. A known
number of bacteria were blown from manikin through the mask simulating a human sneeze or
cough. Bacteria in the chamber were collected by an Anderson sampler and counted. The
bacterial retaining efficiencies were 98.8%, 98.4%, 97.3% and 92.7% for the Filtron mask, the
Aseptex mask, the Bardic Deseret Filtermask and the paper mask respectively. [17] Quesnel
used similar chamber to evaluate five different types of surgical masks including Aseptex ,
Cestra , Surgine , Filtermask and Filtron . The contaminated particles escaping through or
around the mask during speech by the wearer were collected. The results showed that all the
masks had a high degree of efficiency of about 99% in particle filtration. [18] Ford [19,20] and
Rogers [21] used a different testing device to evaluate the efficiency of surgical face masks. The

experimental testing device is composed of four components: (1) Anderson sampler, (2) a glass



cylindrical chamber, (3) a nebulizing flask, and (4) a compressed air source. This device was
used to collect the bacterial particles filtering through masks. Nine types of masks, Aseptex
3M 1818, Surgine , White Knight , Luxan Medex , Macarthys Macro , Macarthys ,
Robinson and SNS , were evaluated. The results demonstrated that all tests through masks
produced lower bacterial particle counts than the unmasked controls did.

Today, there are a variety of test methods specifically relating to face masks and their
evaluation. ASTM F 1862-00: Standard Test Method for Resistance of Surgical Mask to
Penetration by Synthetic Blood can be used to evaluate fluid resistance. Fluid resistance is the
ability of the mask’s material to inhibit the penetration of blood and body fluids. [5] ASTM
F2101-01: Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE) of
Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus aureus can be used
to measure bacterial filtration efficiency. BFE is a measure of the ability of the mask’s material
to prevent the passage of aerosolized bacteria. BFE is expressed in the percentage of a known
quantity that does not pass the mask material at a given aerosol flow rate. [6] Differential
pressure (Delta-P) is the measured pressure drop across a surgical face mask material and is used
to determine breathing resistance. Differential pressure is expressed as a pressure per unit area.
The differential pressure of surgical face masks can measured according to the Military
Specification (MIL-M36945C 4.4.1.1.1): Surgical Masks, disposable. [22] Differential pressure
relates to the breathability and comfort of the surgical face mask. The lower the differential
pressure, the better the breathability and comfort of the surgical face mask. The requirement of
differential pressure for surgical face masks is determined in the ASTM F 2100 Standard
Specification for Performance of Materials Used in Medical Face Masks [23]. The face mask can

offer acceptable breathability as long as its differential pressure is lower than 4.0 mmH,O/cm?.



Nonwoven Fabrics Used for Surgical Face Masks

Today surgical face masks are commonly produced from nonwoven fabrics. Nonwovens
are defined as * web structures made directly from melts or from fibers which are at least 0.2 mm
long and are held together by systems other than hydrogen bonding.” [24] In general, the
manufacture of nonwoven fabrics consists of four steps: (1) selecting fibers, (2) forming some
type of mat structure, (3) mechanically, chemically, or thermally bonding the matted fibers, and
(4) finishing and converting the formed integral matted structure. [24]

Dry-laid, wet-laid and melt spun are the three primary systems of nonwovens
manufacturing. [24] The dry-laid system is based on well known textile processes. In this
system, bales of fibers are torn open by an opener and then fed to a card which will separate and
comb the fibers to form a thin web. The wet-laid system is derived from paper making. Forming
of mat structure in this system is composed of the following three steps: (1) dispersion of fibers
in water, (2) continuous web forming on a wire cloth through filtration, and (3) consolidation,
drying and batching up the web. [24] Synthetic polymers can be used to produce nonwovens
using the third system, melt spun in which meltable polymers can be used to make nonwovens
directly from the melt without necessarily first spinning textile fibers. There are two primary
methods within the melt spun system, meltblown and spunbonded. In the meltblown method,
melted polymers are forced through a die with 20-40 small orifices per inch of width. High
temperature air is impinged at both sides of the melted film. The high velocity air stretches the
film into fibers along the length. These fibers are then deposited onto a collector screen to form
the web. [25] The meltblown method has a cost advantage over other methods because the web
is formed without controlled stretching. [24] The very fine diameter fibers (three microns on

average) formed by melt blowing gives the nonwoven high density and cover factor. This



structure is very valuable in the filtration system, therefore many filtration media and
medical/surgical products are commonly produced from meltblown nonwoven fabrics. [25] The
disadvantage of the meltblown method is the need for large capacity compressors to provide the
extremely high air velocities and inability to properly stretch the fractured fibers so as to obtain
good fiber strength and controlled elongation. [24] In the spunbonded method, the thermoplastic
polymer is extruded through the spinnerettes. The polymer streams are cooled and attenuated by
air or by mechanical rollers to achieve the filament. The filaments are deposited onto a conveyor
belt and a bonding step forms the nonwoven web of continuous filament fibers in the 15-20
micron range. Spunbonded nonwoven fabrics offer greater strength than meltblown nonwoven
fabrics and can be used as diaper overstock, roofing substrates, automotive and carpet tile
backing and medical disposables. [25] Today, nonwoven fabrics used for surgical face masks are

commonly produced using the melt spun method.

Repellent Properties
In general, liquid repellent fabrics are those that resist being wet out by liquids. Wetting
of a fabric results from contact of a liquid with the fabric surface under specific conditions. [26]
A fabric’s resistance to a liquid will depend on the surface relationship between the liquid and
the fabric. A fabric is repellent if the critical surface energy of surface of the fabric is lower than

surface tension of the challenge liquid.

Surface Tension and Contact Angle

The surface tension of a liquid is the force acting on its surface, which allows its surface

area to be minimized. The surface tension of water is 72 dyne/cm. The surface tension of blood
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is 42 dyne/cm and that of isopropyl alcohol is 22 dyne/cm. [26] A liquid with a low surface
tension has better wetting ability than a liquid with a high surface tension. The critical surface
energy of a solid is defined as the surface tension of a liquid that just completely spreads on the
surface. [26] The relationship between the surface energy of the solid and the surface tension of
the liquid determines whether the solid is repellency. Liquids with surface tension below the
critical surface energy of a solid will spread on the surface of the solid.

When a drop of liquid on a solid surface does not spread, the drop will assume a shape
that appears constant and exhibits an angle g, called the contact angle (Figure 2-1 [26]). The

contact angle is due to the mechanical equilibrium of the liquid resting on a solid surface. g,
represents the surface tension at the interface of the liquid and vapor phases, g, at the interface
of the solid and liquid, and g, at the interface of the solid and vapor. Young’s Equation
describes the equilibrium forces: [26]

sy — 95 =9, C0sq 2-1

Vapor

sy
-/

Figure 2-1. Spreading of liquids on smooth surfaces [26]

Solid
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The contact angle is a useful inverse measure of the ability of a solid to be wet out. When
g is greater than 90 , it is relatively difficult for the liquid to spread on the surface and the solid
is generally considered as repellent to this liquid. When g is less than 90 , the liquid can spread
on the surface and the solid is generally considered as non-repellent to this liquid.

Sometimes the measurement of a single static contact angle to characterize the interaction
IS not adequate as there exists a range of contact angles between a given solid and a liquid. When
the drop has recently expanded the angle represents the ‘advancing’ contact angle that is the
maximum value. When the drop has recently contracted the angle represents the ‘receding’
contact angle that is the minimum value. If the liquid/solid/vapor boundary is in actual motion
the angles produced are known as Dynamic Contact Angles and are referred as ‘advancing’ and

‘receding’ angles. [27]

Repellent Finishes

There are a variety of repellent finishes used on textiles including fiber reactive
hydrocarbon hydrophobes, silicone water repellents and fluorochemical repellents.
Fluorochemical repellents are unique in that they confer both water and low surface tension
fluids repellent to fabrics. This property is important because low surface tension liquids such as
blood and alcohol often exist in the operating room. Therefore, a fluorochemical finish was used
in this study. The ability of fluorochemicals to repel low surface tension liquids is related to their
low surface energy. The fluorochemical finishes are organic fluorine-containing compounds in
which a majority of the hydrogen atoms are replaced by fluorine. When these compounds are
applied to fabric followed by drying and curing, the fluorochemical tails orient themselves away

from the fibers to produce a very low surface energy barrier. The degree of repellency depends
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on the number of fluorines, the orientation of the fluorocarbon segment of the molecule, the add-

on levels, and the distribution and coverage of fluorocarbon on the surface. [26]

Filtration
Introduction
Filtration is a process in which a material collects and retains particles while allowing the
fluid carrying the particles to pass through. Filtration efficiency can be expressed in terms of the

number (E) or the mass (E,, ) of particles by the following equations: [28]

E= in out 2.2

where E = filtration efficiency in terms of the number,

N,, = number concentration of particles entering the filter,

N, = number concentration of particles leaving the filter,

E = in out 2-3

where E_ = filtration Efficiency in terms of the mass,

C.

n

= mass concentration of particle entering the filter,
C,,. = mass concentration of particles leaving the filter.

The filtration efficiency of a material may also be expressed by the penetration of

particles through it by the following equations based on the number (E) or the mass (E,, ) of

particles: [28]

P=1-FE=— 2-4
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P, =1-E, =~ 2-5

where P = penetration of particles in terms of the number,

P.,= penetration of particles in terms of the mass.

Aerosol Filtration Characteristics of Surgical Face Masks

Weber et. al, selected eight surgical masks that had different filter materials and mask
shapes (molded cone vs flat) from four manufacturers and tested for aerosol particle penetration.
A Laser Aerosol Spectrometer was used in this study to measure the corn oil aerosol particles in

the range of 0.1 to 1 »m and an Aerodynamic Particle Sizer was used to measure the corn oil
aerosol particles in the range of 1 to 4 7m. Both instruments recorded the number concentration

of particles by specific sizes. One advantage of these instruments is that filtration efficiency can
be measured for each particle size, in contrast to other methods that yield only an overall
efficiency for a particle size distribution with a given mean size and spread. The results showed
that the percentage of filter penetration ranged from 20% to nearly 100%. When the surgical
masks had artificially induced face-seal leaks, the concentration of particles inside the mask
increased slightly. [29] In another study, Chen et. al, selected five masks and respirators,
including Aseptex sub-micron molded surgical mask, 3M healthcare particulate respirator,
3M dust/mist respirator, 3M dust/welding fume respirator and 3M high efficiency respirator,
and evaluated them against mycobacterial aerosols. In the designed test apparatus, mycobacterial
aerosol was generated with a nubulizer from a specific concentration of Mycobacteria chelonae.
Aerosol concentrations were measured with Anderson samplers upstream and downstream of the

test masks and respirators. The results showed that even the least efficient mask tested had a
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filtration efficiency of more than 97% against particles less than 1 7m and the filtration

efficiency ranged from 97% to 99.99%. The same samples were also evaluated against the

polystyrene latex spheres (PLS) with the size of 0.8 7m and the results showed an extremely

high correlation between microbiologic data and the data for the PLS. [30] In the study by
Willeke, bacterial penetration of different bacterial shapes through a surgical mask and a
respirator were studied. A Filtron high-performance surgical mask and a dust/mist respirator
were selected, and both masks were evaluated against four bacteria: Streptococcus salivarius
with a single-cell spherical form and an aspect ratio (length to width ratio) of 1, Bacillus
megatherium with an aspect ratio of 2.6, Pseudomonas fluorescents with an aspect ratio of 3.0
and Bacillus alcalophilus an aspect ratio of 4.4. The concentrations of bacteria upstream and
downstream of the test devices were measured with an aerodynamic size spectrometer. The
results showed that rod-shape bacteria whose aspect ratio are greater than 1 penetrated less. The
penetration difference between the spherical and rod-shape bacteria was dependent on the aspect
ratio of the bacteria. For an aspect ratio of 4, the penetration of rod-shaped bacteria was about
half that of spherical ones. [31]

In June 1995 the National Institute for Occupational Safety and Health (NIOSH) issued a
new regulation (42 CFR Part 84). [32] The regulation distinguishes filters with three efficiency
levels, 95%, 99% and 99.97%. Qian et. al, measured the filtration efficiency of the most
commonly used respirator with certified 95% efficiency. The respirators were challenged with

NaCl aerosols whose particle sizes range from 0.1 7m to 0.3 #m. The filtration efficiency was

measured with particle-size spectrometers. The results showed that the respirators had higher
filtration efficiencies than those of non-certified surgical masks. [33] In 1997, Qian et. al, also

studied the reaerosolization of bacteria on N95 respirators. If a respirator does not contain an
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exhalation valve, and the respirator wearer sneezes or coughs, one may expect previously
collected particles to be reaerosolized. This may be of special concern in environments
contaminated with airborne microorganisms. In that study, the percentages of reaerosolization
were measured in a test setup where the number of reaerosolized particles were registered by
dynamic aerosol size spectrometry relative to the number of previously collected particles or
bacteria. The results showed that the reaerosolization of particles and bacteria collected on the
fibrous filters of N95 respirators was insignificant at conditions encountered in respirator
wear. [34]

Two studies [35,36] completed on the bacterial aerosol collection efficiency of surgical
face masks and respirators under varying conditions were found. In these studies aerosols were
generated by nebulization before combining with dilution air. All aerosols were measured using
the Aerodynamic Particle Sizer. Biological aerosols were also measured with a viable particle
sampler. The Anderson six stage viable particle sampler was modified by the addition of a
seventh stage and dilutor to sample at lower flows. Aerosol was sampled upstream and
downstream of the sample. The collection efficiency was determined in the same way as the

filtration efficiency. Brosseau et. al, used Mycobacterium abscessus and 0.55 7m latex sphere

aerosols to measure the collection efficiencies of 16 respirators and five surgical masks from
different manufactures. These samples were evaluated under two flow rates, 45 L/min and 85
L/min. The results showed that higher flow rate resulted in higher penetration. [35] In another
study, McCullough et. al, studied the collection efficiencies of different surgical masks against
three bacteria, Mycobacterium abscessus, Staphylococcus epidermidis and Bacillus subtilis. The
bacterial collection efficiency was determined at two flow rates (45 L/min and 85 L/min) and

two relative humidity levels (30% and 70%). Aerosols were measured with a total-particle,
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direct-reading spectrometer and a viable particle cascade impactor. Measurements upstream and
downstream of the mask were used in determining aerosol penetration. The results showed that
the effect of flow rate was significant for all bacteria and higher flow rate resulted in
significantly greater penetration. The effect of humidity was significant for only Mycobacterium
abscessus. Mycobacterium abscessus penetrated more at the lower relative humidity condition,

while the other two organisms were largely unaffected by relative humidity. [36]

Filtration Efficiency Tests of Surgical Face Masks

There are two commonly used methods to measure the filtration efficiency of surgical

face masks: (1) Bacterial Filtration Efficiency (BFE) and (2) Filtration Efficiency Test (FET).

Bacterial Filtration Efficiency (BFE)

Bacterial Filtration Efficiency (BFE) is a measure of the ability of the mask’s material to
prevent the passage of aerosolized bacteria. BFE is expressed in the percentage of a known
quantity that does not pass the mask material at a given aerosol flow rate. [6] Two methods, in

vitro BFE and in vivo BFE, are used to perform the bacterial filtration efficiency test.

In Vitro BFE

The in vitro BFE test requires the surgical face mask to be challenged with a mist
produced by aerosolizing Staphylococcus aureus bacteria with peptone water in a standard
nebulizer. The Standard Test Method ASTM F 2101-01, Standard Test Method for Evaluating
the Bacterial Filtration Efficiency (BFE) of Medical Face Mask Material, Using a Biological
Aerosol of Staphylococcus aureus is a typical in vitro BFE test method. The Bacterial Filtration

Efficiency can be determined using the apparatus shown in Figure 2-2 [6], which consists of a
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continuous drive mechanism, an aerosol chamber, a six-stage sampler, a condenser, a flow meter
and a vacuum pump. The aerosol is drawn through the controls and the test specimen clamped in
the holder at a flow rate controlled by the flow meter. The aerosols penetrating the controls and
the test specimen are collected by the six-stage agar plates, then agar plates are incubated at
37—2 C for 48— 4 h. All bacterial colonies for the controls and the test specimens from each of
the six plates are counted. The percent particle penetration, P, and filtration efficiency, E, are
determined by comparing the particle count with and without the specimen using the following
equations: [6]

E= c-T -100 2-6
C

Where C = average plate count total for test controls,
T = plate count total of test sample.

P=1-E. 2-7

In Vivo BFE

In the in vivo BFE tests, a face mask worn by a person is challenged with the aerosol
emitted by a person while speaking or simulating a cough several times. Figure 2-3 [16] is a
typical test apparatus for the in vivo BFE. The primary components are a sampling chamber and
the Anderson sampler. Air samples are taken from the empty chamber to determine the
“background” microbial and particulate. Air samples from the chamber with the masked subject
present, but silent, are taken to determine the “subject-background” contaminant level. Air
samples are also collected when the subject wearing a mask pronounced “sing and chew” at ten-

second intervals for one minute. Samples are collected on blood agar with an Anderson sampler.

The samples are incubated at 37 ° C for 48 hours, and then at 20° C for an additional 24 hours.
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Bacterial colonies can be counted or calculated according to the positive conversion table [37]
that was developed by Anderson in 1958. The efficiency of the mask in retaining both microbial
and particles can be determined and evaluated by the counts. [16]
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Figure 2-2. In vitro bacterial filtration efficiency test apparatus [6]
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Figure 2-3. In vivo bacterial filtration efficiency test apparatus [16]
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Filtration Efficiency Test (FET)

In 1983, Wadsworth and Davis [33, 34] developed a simulated BFE test known as the
filtration efficiency test (FET). The FET apparatus is shown in Figure 2-4 [38]. In the FET test
latex particles are substituted for the bacteria and an optical particle counter (OPC) is used to
count the number of latex particles. As shown in Figure 2-4, a water suspension of latex

microspheres with an average diameter of 0.8 77 m is drawn to a standard nebulizer. From the

nebulizer the aerosol passes into a mixing chamber. From the mixing chamber the aerosol is
drawn through the T-shaped tube down through the filter media sealed in a circular sample
holder. The aerosol penetrating the filter is drawn into a drying tube. The filtration efficiency is
calculated from the number of particle counts measured at the OPC with and without the filter.
The filtration efficiency measured by the FET is found to correlate with that of the BFE test with
a correlation coefficient value of greater than 0.95. The FET has several advantages over the
BFE tests. Its test time is about 5 minutes compared with a 2-day test for the BFE. FET is more
reproducible than the BFE test. Thousands of different types of particles can be used in FET
rather than approximately 100 types of bacteria that can be used in BFE. It can provide rapid

feedback in the production of the filter media. [38]

Particle Capture Mechanisms by Filters
The filtration mechanisms of aerosol particle captured in filters are principally based on
the “single-fiber” model. Several partial mechanisms are combined in integral particle collection
on the surface of a fiber. (Figure 2-5 [39]) Mechanisms of interception, inertial impaction,
diffusion, gravity, electrostatic capture and combined effects of these mechanisms are discussed

briefly in the following sections.
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Figure 2-4. Latex FET apparatus: a, magnetic stirrer; b, test suspension; c, tubing to nebulizer; d,
peristaltic pump; e, nebulizer; f, mixing chamber; g, sample holder; h, drying tube; I, tubing to
particle counter; j, optical particle counter; k, exhaust line; A, inlet air to nebulizer; B, Millipore
filter (25 mm); C, flowmeter (nebulizer air); D, three-way stopcock; E, dilution air to drying

tube; F, Millipore filter (45 mm); G, flowmeter (dilution air); H, line to drying tube [38]
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Figure 2-5. Particle-capture mechanisms [39]

Theory of Single Fiber Efficiency

The single fiber efficiency is defined as the quotient of the number of particles actually
removed and the number that would be removed by a 100% efficient fiber. [40] Single fiber

efficiency (E,) has the value,

S

g, =2Y 2-8
dy

where the parameters y and d, are illustrated in Figure 2-6 [40]. This definition is satisfactory

provided that the fiber is isolated and that a limiting trajectory can be defined in such a way that
particles originating nearer to the axis than this trajectory will be captured and those originating

further away will not be captured. [40]
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Figure 2-6. Single fiber efficiency [40]

Interception

Interception involves a particle following a stream and then being captured if this results
in it coming into contact with the fiber. [40] Interception occurs when particles are subject

neither to inertial effects nor to diffusive motion. As shown in Figure 2-7 [40], the particle

touching the fiber at the point g = % is on the limiting streamline. The single fiber efficiency for

capture by interception, E, can be expressed as following expression: [40]

where y = stream function,

U = the velocity of approach,

d; = diameter of fiber.

23



For the Kuwabara model [40], the most popular of the single fiber models,

L

By = 204 NR)In(1+NR)-(1+NR)(l_C)+(1+NR)_l(l_%)_%(“NR)S 510

where N =the dimensionless parameter describing capture by interception,
Ku =Kuwabara’s hydrodynamic factor,
¢ = packing density.
Equation 2-10 is a complete expression and it can be reduced to a simple form [40]:

_ (1_C)NR2

=R 2-11
Ku(+ Ny)

Figure 2-7. Particle-capture mechanisms: A, particle capture by interception, B, particle

captured by inertial impaction, and C, particle captured by diffusional deposition [40]

Inertial Impaction

In inertial impaction the capture is affected by the deviation of a particle because of its
own inertia. Particles may deposit on the fiber due to their inertia. A particle with zero inertia

will be taken past the fiber and the single fiber efficiency for inertial capture, E, , will be zero. A
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particle of infinite inertia will ignore the flow and the E, will be unity. The particles with high

mass or velocity will be most susceptible to this mechanism. The efficiency of this mechanism
depends on the Stoke drag force on the particles. The Stokes number is used to evaluate the
Stoke drag force. [40]

The relationship between single fiber efficiency and Stokes number is shown in
Figure 2-8 [36]. In general, the single fiber efficiency increases with the increasing of the Stokes
number. When the Stokes number is large, the single fiber efficiency approaches unity
asymptotically. Fitting analytical expressions to data obtained for filtration efficiency by inertial
impaction is more difficult than it is for other filtration processes. In inertial impaction, theory
gives an analytical description only in limiting situations, and description of the Stokes number
requires curve-fitting. The following equation is fitted to the calculations based on an isolated

fiber model [40]:

St?

E, = — . 2-12
St° +0.775t? +0.22

where St = Stokes number.

Diffusion

In diffusional deposition, the combined action of airflow and Brownian motion brings a
particle into contact with a fiber. Capture due to this mechanism occurs because of the diffusion
motion of the very small particles. These small particles follow the flow lines around the fiber
and may contact with the fiber surface due to the diffusion motion, as shown in Figure 2-7 [40].
The capture of particles by this mechanism will depend on the relative magnitude of the

diffusional motion and the convective motion of the air past the fiber. The Peclet number, Pe,
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relates to these. The particle capture efficiency by diffusion will decrease when the Peclet
number increases. [40]

The exact calculation expression of the single fiber efficiency requires the solution of a
complicated transport equation, therefore a simple approximation has been made to understand
this mechanism. The single fiber efficiency for diffusional capture, E, can be expressed by the
following equation [40]:

E, =2.9z7"3Pe™" 2-13

where z = Hydrodynamic factor.
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Figure 2-8. Calculated values of single fiber efficiency by inertial impaction: (1) ¢=0.11,

(2) c=0.01, (3) c=0.1, N, =0.05, and (4) ¢=0.01, N =0.05 [40]

Gravity

In gravity capture, the aerosol particles will tend to settle out under the influence of

gravity. The effect of gravity during filtration will depend on the direction of airflow, with the
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result of that gravitational settling may either augment or diminish the transport of the particles
towards the fibers. [40]
Hinds defines a dimensionless number, G, which controls the deposition due to

gravitational settlings: [28]

r.d:c
G= ch 2-14
18V
where C, = Cunningham slip correction factor,
r, = particle density,
d, =particle diameter,
h = viscosity of air,
V = aerosol velocity,
g = acceleration due to gravity.
When the flow is vertically downward, the single fiber efficiency for gravitational
capture, Eg, is:
d p
E; =G@1+—). 2-15
dy
When the flow is vertically upward, the E; is:
d p
E; =-G(1+—). 2-16
dy
When the flow is horizon, the E; is:
E, =G°. 2-17
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Electrostatic Capture

The particles and the fibers of a filter often carry electrostatic charges that may influence
particle deposition considerably. The electrostatic charge on the fibers, in the majority of cases,
IS not stable and decreases with time mainly owing to the following factors: (1) conductivity of
the fibers, (2) passage of ionized gases, (3) X or radioactive irradiation, (4) deposition of the
charged particles, and (5) humidity. The charge on fibers and particles may influence the process
of filtration in two ways: (1) the particles may be attracted to the fibers surface from a greater
distance, and (2) the charge makes the particles “adhere” to the fiber surface. [41]

The electrostatic capture mechanism applies only to electrically charged particles. Davies

uses the following equation to express the single fiber efficiency due to electrostatic capture: [42]

w-1 2
E, = ()" A ] 2-18
w+1 “3pnd d:V(2-InRe,)

where w = Dielectric constant of the particle,

g = Charge on the particle,

Re, = Flow Reynolds number.

Combined effects of two or more capture mechanisms

In investigative work to validate a theoretical prediction, it is best to arrange filtration
parameters so that one mechanism acts alone; but in reality several mechanisms usually work
together. It is difficult to express such a situation if those processes are exclusive. The simplest
approach is to assume that the two processes are independent. If this assumption is correct, and

the processes have calculated single fiber efficiencies E, and E, , then a fraction (1- E,) would

escape capture by the first process if it acted alone. A fraction (1- E,)(1- E,) will escape capture
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by both processes. The total single fiber efficiency E,, can be expressed by the following
equation: [40]
E,=E +E,-EE, 2-19

and for several independent processes, [40]

i
1-E, ;= (-E) 2-20

i=1
where E, = the single fiber efficiency of ith process,

J = jth process.

Diffusion and interception

The particle capture by diffusion alone can be extended to the situation where
interception is included, because with the assumption that it is possible to define a limiting
trajectory, which ends not at the rear stagnation point but at a distance of one particle radius
above the fiber surface. The single fiber efficiency for capture by diffusion and interception,

Eor . can be expressed as following expression: [40]

2
i[3DzR P,

d
Py\3 2/3' 2_21
R? 2U ( 2 )]

Epr =

One particular value of this equation is that it indicates the existence of a most

penetrating particle size, which is that value of d ; that gives the minimum of the expression.

Gravity and Interception

The relationship between gravity and interception depends on the fiber diameter because

the single fiber efficiency of interception is inversely proportional to the square of the diameter
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while the single fiber efficiency of gravity is independent of the square of the diameter.
Therefore the fine fibers are more likely to exhibit these two mechanisms together. [40]
The single fiber efficiency for capture by gravity and interception, (E; ), can be
expressed as following equations [40]:
E.s =E(1+2 COSg, + ?)"* 2-22

+
where = M’

R

g = the velocity vector of gravity,
N, =the dimensionless parameter describing capture by gravity.
When g, =0, the flow is downward, and the E; is:
Eer = Eq +Ng @+ Np). 2-23
When g; > Ng, the flow is upward, and the Eg; is:
Ees = Eq - Ng(1+Ny). 2-24
When g, = p/2, the flow is cross, and the E; is:

Eer =[Eq” + NS+ N2 2-25

Laser Scanning Confocal Microscopy
Mellors and Silver developed the concept of automated scanning using a fluorescence
microscope in 1951. [43] In their study, cancer cells were scanned with a narrow excitation beam
and the emitted light was detected and quantified. The use of a narrow beam enabled one to
irradiate only one small area at a time. The confocal microscope was first introduced in 1957,

when Marvin Minsky submitted a patent application for a microscope that used a stage-scanning
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confocal optical system. [44] However, the lack of an adequate light source prevented full
development of the confocal microscope at that time. Advancements in laser technology in the
1960’s stimulated the development of confocal microscope. Lasers are well suited for
microscopy work because they produce light beams with a high degree of monochromacity and
polarization. [45] With continued advancements in video technology, it became possible to store
the images produced by scanning. Advances in computer technology have allowed for large
enough memory to store the images produced and to complete image manipulation and
enhancement. [46] During the 1970’s, a laser-illuminated confocal microscope was developed.
This had a significant influence on the field of cellular biology and soon thereafter the first Laser
Scanning Confocal Microscopes were made commercially available by Sarastro, Olympus, Zesis
and Leitz. [44] LSCM has been extensively used in numerous applications of cellular biology.
Considerable interest now exists in the use of LSCM as a diagnostic and therapeutic tool. For
example, LSCM can help to elucidate drug interactions at the cellular and molecular levels by
dividing the signals from probes spatially into three dimensions (3D). [43]

LSCM has had limited uses in the material sciences, including the textile area. In 1998,
Leonas [44] discussed the history, principles and advantages of LSCM, and also studied the
feasibility of using LSCM to investigate the three dimensional structure of the fabric. In a later
study, Leonas and Huang used LSCM to evaluate the movement of small particles through
fabrics traditionally used in surgical gowns and drapes. Four fabrics, two
Spunbond/Meltblown/Spunbond (SMS) type polypropylene composites, a spunbond high-
density polyethylene and a spunbond nonwoven fabric laminated with a microporous polymeric
membrane, were selected. The fabrics were exposed to a solution containing fluorescently tagged

microspheres similar in size to common bacteria found in hospitals. Cross-sectional specimens of
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the exposed fabric were prepared and evaluated using LSCM. The results showed that it was
possible to evaluate the movement of microsphere particles through fabrics commonly used in
surgical gowns and drapes using LSCM. The particles were forced from the face and upper
surfaces of the fabric to the back of the fabric as the pressures applied to the fabric were
increased. Fabric construction influenced the movement of the particle through the fabric. The
two fabrics with the SMS construction had particle strikethrough adjacent to the bond point. The
microporous film prevented penetration of the particles. [47]

LSCM is a valuable tool for obtaining high resolution images and 3-D reconstructions of
a variety of specimens. Figure 2-9 [46] shows the optics of a typical LSCM. In a LSCM the laser
beam passes through a beam splitter and is moved in a raster pattern by a set of pivoting mirrors.
These mirrors cause the beam to move in an X and Y pattern. The beam then passes through a
tube lens and then an objective lens that focuses it on the specimen. This produces a diffraction
limited light spot only in one plane of the specimen. The mixture of reflected light and emitted
fluorescent light is captured by the same objective and is focused onto a photomultiplier via a
diachronic mirror. The reflected light is deviated by the diachronic mirror while the emitted
fluorescent light passes through to the direction of photomultiplier. A pinhole is placed in front
of the photodetector so that only illumination from the one point in the focal plane is brought to
focus.

LSCM has several advantages over the conventional optical microscopy, they are: [46]

1. Contrast and resolution are improved since out of focus information is greatly reduced,

2. Images can be acquired as single planes to produce three-dimensional representations
of serial optical sections,

3. LSCM can use a variety of excitation illuminations and change the scan pattern,
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4. Non-destructive examination of surface topography can be done using LSCM.
However, LSCM has two disadvantages: [46]

1. The real time imaging is impossible because the raster pattern is established by
physically moving mirrors,

2. The operator can only see the resultant image as it is presented on the CRT.

SIMPLIFIED OPTICS OF A LSCM
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Figure 2-9. Simplified optics of a LSCM [46]
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CHAPTER 3

MATERIALS AND METHODS

Nonwoven Fabrics and Repellent Finish

An investigation conducted by Leonas [13] identified those surgical face masks currently
available on the market. Fourteen surgical face masks, representative of varying fabric structures,
were reported and descriptions of each are shown in Table 3.1. Face mask characterization tests
(Table 3.2) including weight, thickness, water repellency spray, hydrocarbon resistance, dynamic
contact angle and fluid resistance were preformed. The results of that investigation were
reviewed and the types and the weight range of nonwoven fabrics were found. Based on this
information, categories and target weights of nonwoven fabrics used for this study were selected.
Since the primary objective of this research is to study the impacts of repellent finish and
layering order on the properties of face masks, other variables such as the type and the weight of
nonwoven fabrics were fixed in this study. Four nonwoven fabrics were obtained from the

industry, including one polypropylene meltblown nonwoven fabric the weight of which is about
20 g/m? for the filtration layer, one polypropylene spunbonded nonwoven fabric the weight of
which is around 26 g/m? for the support layer, one polypropylene spunbonded nonwoven fabric
the weight of which is around 20 g/m? for the cover layer and one polypropylene spunbonded

nonwoven fabric the weight of which is about 18 g/m? for the shell layer. Types of these

nonwoven fabrics were selected as same as those found and reported by Leonas.
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To enhance the resistance of the surgical face mask to penetration by fluid, a
fluorochemical finish was applied to the fabric to be used as the outside layer (cover layer) of the
simulated surgical face masks to be prepared in this study. Fluorochemical repellents are unique
in that they confer both water and oil repellency to fabrics. This property is important because
low surface tension liquids such as alcohols often exist in the operating room. Zonyl® PPR
Protector is a low curing temperature oil and water repellent fluoropolymer available from Ciba
Specialty Chemicals. [48] It can provide excellent oil and water repellent properties to a range of
products such as protective wear, sportswear/active wear, upholstery, home furnishings and even
technical textiles. [49] It is a typical fluorochemical finish and mainly applied to polypropylene.

Therefore Zonyl® PPR Protector was used in this study.

Nonwoven Fabric Property Tests

A previous study [47] showed that nonwoven fabric properties including thickness,
weight, repellency and contact angle were related to barrier effectiveness. In this study, these
nonwoven fabric properties were measured. Fabric thickness was measured in accordance with
ASTM D 1777-96, Standard Method for Thickness of Textile Materials [50]. Fabric weight was
measured according to ASTM D 3776-96, Standard Method for Mass per Unit Area (Weight) of
Fabric [51].

The repellency of the fabric was determined according to standard tests AATCC 22-1996
Water Repellency: Spray Test and AATCC 118-1997 Oil Repellency: Hydrocarbon Resistance
Test [52]. Water repellency was measured to give an indication of the ability of a fabric to resist
wetting by water. A zero rating reflects complete wetting of whole upper and lower surfaces of

the fabric. A rating of 100 reflects no sticking or wetting of the upper surface of the fabric. Oil
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repellency was measured to give an indication of the ability of a fabric to resist wetting by oily
liquids. A zero rating reflects no resistance to wetting for an oily liquid of the highest surface
tension, Kaydol. A rating of 8 reflects no resistance to wetting by an oily liquid of low surface
tension, n-heptane. A fabric with a high rating has a lower surface energy than one with a low
rating and will resist wetting better.

The contact angle of the nonwoven fabric was measured using the Dynamic Contact
Angle (DCA) analyzer manufactured by Cahn Instruments and following the manual. The fabrics
were cut to 5 mm width and 10 mm length. In this study, synthetic blood was used as the
challenge liquid because it often exists in the operating room and it is also the challenge liquid
used in the fluid resistance test for face masks. The advancing angle indicates the wetting ability
of the fabric. One hundred and eighty degrees is the highest value and any value above 90
degrees indicates non-wetting of the fabric. The receding angle reflects how the liquid reacts

after the fabric has been wet out. The lower receding angle value indicates adhesion.

Two-way Factorial Design
There are two independent factors in this study, the repellent finish and the layering order
of the face mask. Therefore a two-way factorial design was used. The add-on level of the
repellent finish is critical to impart the desirable properties to products. In the study of Huang
and Leonas [8], a fluorochemical finish add-on range, 0% to 1.75%, was applied to hydrophobic
nonwoven surgical gown fabrics. Therefore, three fluorochemical finish add-on levels, 0%, 0.6%

and 1.2%, were initially selected in this study.
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Table 3.1. Face mask descriptions [13]
Code Name Manufacturer Description
Aseptex Fluid Resistant Molded Surgical
Face Mask 3M Healthcare Molded
Tie-on Surgical Face Mask 3M Healthcare 3-ply, pleated
Johnson & Johnson
3 Surgine Face Mask Medical Inc 3-ply, pleated
Johnson & Johnson
4 Softloop Extra Protection Mask Medical Inc 3-ply, pleated
Johnson & Johnson
5 Barrier Extra Protection Mask Medical Inc 4-ply, pleated
Johnson & Johnson
6 Surgine Il Soft Arch Mask Medical Inc 3-ply, pleated
Johnson & Johnson
Surgine Il Cone Mask Medical Inc Molded
8 Surgical Grade Cone Style Mask Cellucap/Melco Manuf. Molded
9 Classic Surgical Mask Kimberly-Clark 3-ply, pleated
TECNOL" FLUIDSHIELD" Fog-Free
10 Surgical Mask / Orange Kimberly-Clark 4-ply, pleated
TECNOL" FLUIDSHIELD" Fog-Free
Surgical Mask yvith WrapAround _
11 Splashaquard” Visor/ Orange Kimberly-Clark 4-ply, pleated
TECNOL FLUIDSHIELD Fog-Free _
12 Pracedure Mask / Oranae Kimberly-Clark 4-ply, pleated
13 Fluid Resistant Earloop Mask 3M 4-ply, pleated
14 Respirator N95 Particulate 3M 4-ply, pleated
Table 3.2. Face mask characterization tests [13]
Test Description Method Number Title

Thickness

ASTM D1777-96

Materials

Standard Test Method for Thickness of Textile

Weight

ASTM D 3776-96

Standard Test Method for Mass per Unit Area
(Weight) of Fabric

Water Repellency

AATCC 22-1996

Water Repellency Spray Test

Oil Repellency

AATCC 118-1997

Hydrocarbon Resistance Test

Dynamic Contact Angle

Following the manual of the CAHN Dynamic Contact Angle Analyzer
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The fluorochemical finish, Zonyl® PPR protector with 1.2% of add-on, was first applied
to the cover layer polypropylene fabric to determine the effect of this repellent finish. The
dynamic contact angle of the treated fabric was measured to assess whether the 1.2% add-on
repellent finish offered the desired repellent properties. The dynamic contact angles of the treated
cover fabric are reported in Table 3.3.

The results in Table 3.3 show that the advancing contact angle of the treated cover fabric
for synthetic blood is 85.03 degrees which is smaller than 90 degrees, indicating that the
expected repellency has not been achieved by the 1.2 % add-on level. Therefore, higher add-on
levels than initially thought were required. Other add-on levels greater than 1.2% were selected
for application and evaluated to find the desired repellent finish. 3%, 6%, 9% and 12% add-on
levels were selected, then the fluorochemical finish was applied to the cover layer polypropylene
fabric at those add-on levels. Finally, dynamic contact angles at 3%, 6%, 9% and 12% add-on
levels were measured to assess whether the finish offered the desired repellent properties. The

dynamic contact angles of these treated cover fabrics are reported in Table 3.4.

Table 3.3 Contact angle of cover fabric treated with 1.2% add-on level of Zonyl® PPR protector

for synthetic blood

Advancing|Receding Advancing|Receding

Replication (Degree) |(Degree) Replication (Degree) |(Degree)
1 85.23 76.24 7 84.54 78.60
2 84.92 74.57 8 85.32 75.88
3 82.88 75.67 9 88.21 74.78
4 84.32 72.65 10 84.97 75.28
5 86.11 75.89 Mean 85.03 75.38
6 83.79 7421 | CV (%) 1.68 2.06
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The results in Table 3.4 show that the higher the add-on level, the greater the advancing
contact angle of the treated cover fabric. When a 3% add-on level of the repellent finish was
applied to the cover fabric, the advancing contact angle, 87.68 degrees, was still smaller than 90
degrees. When a 6% add-on level of the repellent finish was applied to the cover fabric, the
advancing contact angle, 91.22 degrees, was greater than 90 degrees. From this preliminary work
where limited add-on levels of the repellent finish were evaluated, the 6% was the lowest add-on
level where repellency was achieved. Therefore, 6% was selected as the low level of repellent
finish that would be applied to the cover fabric to obtain the repellent property. However, 6% is
not necessary the lowest level of add-on where repellency is achieved. In this study, three add-on
levels of repellent finish were used to study the effect of repellent finish on the properties of face
masks. An add-on level of 0% was used as the control. Although 9% add-on level could offer
greater advancing contact angle (92.76 degrees) than 6% add-on level, 12% was selected as the
high level repellent finish that would offer much better repellent property because it offered
much greater advancing contact angle (96.62 degrees) to the cover fabric than the 9% add-on
level.

To determine the effect of layering order on the properties of face masks, the following
three layering orders* [9] were used:

1) Three-layer face mask and a layer arrangement of cover fabric, filtration fabric and
shell fabric from outside to inside,

2) Four-layer face mask and a layer arrangement of cover fabric, filtration fabric, support
fabric and shell fabric from outside to inside,

3) Four-layer face mask and a layer arrangement of cover fabric, support fabric, filtration

fabric and shell fabric from outside to inside.
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Table 3.4 Contact angle of cover fabric treated with additional add-on levels of Zonyl® PPR

protector for synthetic blood

Add-on Level of Repellent Finish | 3% 6% 9% 12%
1 88.35 | 9152 | 91.16 93.15

2 82.95 | 90.55 | 83.82 94.6
3 84.46 | 9151 | 92.18 | 101.42

) 4 86.79 | 89.94 | 90.75 98.67
Advancing Contact 5 | 8753 | 9151 | 9157 | 9594
Angles of Ten

Replications 6 89.54 | 90.55 | 92.66 95.53

7 88.53 | 90.29 | 93.15 95.94

8 9239 | 9141 | 92.74 98.67

9 88.42 | 90.86 | 107.25 | 95.43

10 87.86 | 94.08 | 92.36 96.48

Mean 87.68 | 91.22 | 92.76 96.62

S.D. 2.6 1.15 5.76 2.37

CV (%) 2.97 1.26 6.21 2.45

1 78.45 70.35 | 83.67 62.25

2 75.62 | 85.04 | 69.23 83.25

3 64.58 | 57.23 | 80.78 60.45

) 4 75.06 82.83 | 55.02 72
Receding Contact 5 7594 | 5723 | 8343 | 73.93
Angles of Ten

Replications 6 74.31 85.14 | 56.09 71.81

7 85.39 81.61 | 76.45 73.93

8 72.32 78.59 | 79.87 72.06

9 75.54 7435 | 73.89 70.05

10 73.96 75.07 | 72.66 68.77

Mean 75.12 | 7474 | 73.11 70.85

S.D. 5.15 10.41 | 10.36 6.36

CV (%) 6.86 13.93 | 14.17 8.98

Based on the repellent finish add-on level and the layering order, the following two-way
factorial design (Table 3.5) was used. This two-way factorial design has three repellent add-on

levels and three different layering orders. Nine simulated face masks can be formed in
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accordance to the two-way factorial design and the codes of these face masks are also listed in

Table 3.5.

Table 3.5. Two-way factorial design and the codes of nine simulated face masks

Layering Order of the Face Mask

Repellent Finish Add-on (%)

(From outside to inside)

0 6 12
Order One (Three layers): Cover layer, Filtration 1 61 191
layer and Shell layer (From outside to inside) 0- ) )
Order Two (Four layers): Cover layer, Filtration
layer, Support layer and Shell layer 0-2 6-2 12-2
(From outside to inside)
Order Three (Four layers): Cover layer, Support
layer, Filtration layer and Shell layer 0-3 6-3 12-3

Application of Repellent Finish and Evaluation of Repellent Property

The pad-dry-cure method was used to apply the repellent finish to the cover fabric.

There are three steps in this method: (1) applying the fluorochemical finish by passing the fabric

through the chemical bath and then the padder (padding), (2) removing of excess water (drying)

and (3) heating the treated fabric to a temperature that causes crosslinking between the fabric and

the chemical (curing). [26].

A Cromax@ laboratory padder was used and the cover fabric was passed through a bath,

and then one pair of rubber rollers twice (two dips and two nips) at 60 psi and a rate of 2.5

m/min.

The concentration of repellent finish necessary in the solution to achieve the desired add-

on level was determined using the following formula:
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add - on(%)
wetpick - up(%)

g/l = -1000. 3-1

To calculate the concentration of the fluorochemical dye bath, the wet pick-up of the cover fabric
was determined first using the following formula:

WetWeight - DryWeight
DryWeight '

WetPick - up(%) = 3-2

The results are reported in Table 3.6. The mean wet pick-up was 200% with a standard deviation
of 2.92%. Therefore wet pick-up 200% was used in equation 3-1. Then the necessary chemical
concentration was calculated according to the wet pick-up and the desired add-on level. In this
study, 30 g/l and 60 g/l concentrations of repellent finish were prepared to obtain the 6% and
12% add-on levels respectively. Fabrics were passed through the fluorochemical finish bath

using the parameters described above. Finally, the fabrics were dried at 176 ° F for two minutes

and then cured at 250 ° F for two minutes in a Mathis laboratory curing oven according to the

Zonyl® PPR Protector Technical Bulletin [48].

Table 3.6 Wet pick-up determinations

Replication| Dry Weight (gram) |Wet Weight (gram)| Wet Pick-Up (%)

1 2.74 8.15 197

2 2.75 8.3 202

3 2.93 8.73 198

4 3.04 9.25 204

5 3.07 9.19 199
Mean 2.91 8.72 200
S.D. 0.16 0.5 2.92
CV (%) 55 5.73 1.46
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Order Fabric Layers to Simulate Face Masks
After the application of the repellent finish, the treated cover fabric layer and filtration
layer, support layer and shell layer were arranged to simulate different face masks according to
the predetermined layering orders. There are three layering orders and three add-on levels of
repellent finish, therefore nine (three - three) different simulated face masks were formed. For
each of the nine face masks, a minimum of 39 specimens were formed for the evaluation of

different properties.

Evaluation of Fluid Resistance
The fluid resistance of the face masks was evaluated according to the Standard Test

Method ASTM F 1862-00, Standard Test Method for Resistance of Surgical Mask to Penetration
by Synthetic Blood [5]. Prior to the evaluation of fluid resistance, the simulated face masks were
conditioned for a minimum of four hours in conditions of 21 + 5°C and a relative humidity of
85 + 5%. The resistance to synthetic blood was evaluated by the apparatus shown in Figure 3-1,
of which the primary components are a plastic box, a pneumatic control valve, a valve controller,
a valve control switch and a fluid reservoir. The three pressures identified in the test method,
80 mmHg, 120 mmHg, 160 mmHg, were used in the testing and two mls of solution was
delivered. Since the fluid resistance was tested at specific pressures, the effect of fluid pressure
as well as repellent finish and layering order was studied. The following two equations [5] were
used to determine the necessary velocity and the valve time to deliver two mls of fluid.

v =[(2.0081-10°)P]°°, 3-3
where P = blood pressure, mmHg,

v = stream velocity, in/s.

43



t =3620/v, 34

where t = time for delivery of 2 mL synthetic blood.

Figure 3-1. Fluid resistance test apparatus

Evaluation of Filtration

In chapter two, filtration and particle capture mechanisms were introduced. One of the
objectives of this research is to study the impact of repellent finish and layering order on
filtration ability of face masks, so the method used in this study to evaluate filtration of face
masks is described in this section.

Evaluation of filtration was composed of three steps: (1) exposure of the face mask to
challenge aerosol containing small particles, (2) LSCM examination, and (3) image analysis.
First, the face masks were exposed to a challenge aerosol composed of synthetic blood and small
particles. Then techniques using LSCM were used to determine particle capture. Small particles

present on/in nonwoven fabrics were located using LSCM to determine that the particles were
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captured. Finally, the image analysis was used to quantify the number of small particles by area

to evaluate the filtration ability of the face mask.

Exposure of the Face Mask

The face masks were exposed to a challenge aerosol by modifying Standard Test Method
ASTM F2101-01, Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE)
of Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus aureus [6]. Prior
to the exposure, the simulated face masks were conditioned for a minimum of 4 hours in
conditions of 21 + 5°C and a relative humidity of 85 + 5%. The test apparatus is shown in Figure
3-2. To study the filtration ability of face masks against small particles, a challenge liquid
containing small particles rather than a S. aureus suspension was used to generate the aerosol.
This challenge liquid was composed of latex microspheres and synthetic blood. The spheres are
fluoreshirte™ carboxylate microspheres (Polysciences, Inc.) the average size of which is 1.0
micron, and they are round in shape. These physical properties are similar to that of bacteria S.

aureus, and spheres were used in previous studies [13,47] to simulate S. aureus. The

concentration of this solution is 2.5 - 107

LSCM Examinations

After the exposure of the face mask to the challenge aerosol, the face mask specimen was
examined with a Leica TCS SP2 Spectral Confocal Microscope to locate the small particles
present on/in the structure of the face mask. To study the effect of the repellent finish on the

filtration ability of face masks, the LSCM was used to examine the surfaces of individual layers
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of the face masks. The LSCM surface examination of small particles on various layers of the
face masks was composed of the following steps:

1. A one square inch specimen that contained an exposed area was removed by cutting
from the face mask,

2. Then specimen was immediately frozen using liquid nitrogen,

3. The layers of each specimen were separated and individually placed on glass slides,
then covered with cover slips,

4. The surfaces of specimens were examined using LSCM.

For each face mask, three specimens were examined and for each specimen, five different
locations of the surfaces of the face masks were randomly selected and examined using LSCM.

To study the effect of layering order on the filtration ability of face masks, the
transmission of small particles through the entire face mask is necessary and the LSCM surface
examination did not provide appropriate information for this component of the study. Therefore,
a technique involving LSCM cross sectional examination was used to study the impact of
layering order on filtration ability.

The LSCM cross sectional examination on the face mask was composed of the following
steps (Figure 3.3):

1. The face mask was cut into one square inch specimen that contains the exposed area,

2. The specimen was immediately frozen by liquid nitrogen,

3. The specimen was mounted and kept in the liquid nitrogen,

4. A cross section of the specimen was cut when it was still in the frozen status,

5. The cross section was observed using LSCM.
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For each face mask, three specimens were examined and for each specimen, five different

locations of the cross sections of the face masks were examined using LSCM.

Figure 3-2. Bacterial filtration efficiency test apparatus
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1)

(4) | )

Figure 3.3 Procedure for the cross sectional observation technique; (1) cut specimen, (2) freeze

specimen, (3) mount and preserve specimen, (4) prepare a cross section, and (5) observation

Image Analysis

Image Processing and Analysis in Java (ImageJ) was used to complete the image
analysis. ImageJ was selected because it is a pubic domain Java image processing program that
can analyze 8-bit, 16-bit and 32-bit images and read a variety of image formats. The area
represented by pixel value statistics of a selected area can be calculated using ImageJ. ImageJ
also supports standard image processing functions such as contrast manipulation, sharpening,

smoothing, edge detection and median filtering. [53] Total area (as determined by square pixels)
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was used to represent the small particles captured on the surface of individual fabric layers of
face masks. The total area was calculated by the product of the number of particle spots with the
mean area of all particle spots. The procedure of image analysis was composed of the following
steps and depicted by the micrograph in Figure 3.4:

1. The original LSCM image was obtained,

2. The original image was adjusted using a threshold with parameters of 100 pixels to 255
pixels,

3. The adjusted image was analyzed to obtain the simulated image. The minimum
analysis size was 1 pixel and the maximum was 9999 pixels,

4. The number of particle spots and the mean area of all particle spots in the simulated

image were determined.

(@) Original image (b) Adjusted image (c) Simulated image

Figure 3.4. Three images in the image analysis process

Evaluation of Differential Pressure
Differential pressure (Delta-P) is the measured pressure drop across a medical face mask

material. Delta-P is used to determine the breathing resistance of a surgical face mask.
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Differential pressures of the nine simulated face masks were determined at Nelson Laboratory,
Salt Lake City, Utah. Two replications of each of the nine face masks were sent to Nelson

Laboratory for determination of the differential pressure.

Statistical Analysis
Statistical analysis was performed on the properties of fluid resistance, filtration ability
and differential pressure of face masks using the SAS system. Add-on levels of repellent finish
and the different layering orders of face masks were the independent variables. The fluid
resistance, filtration ability and differential pressure were the dependent variables respectively.

All statistical analyses were conducted using 1% significance level.

Statistical Analysis of Fluid Resistance

A particular type of regression, logistic regression, was used. In logistic regression, the
response variable is an indicator variable and the predictor variables can be either continuous or
class variables. In this study, the response variable, fluid resistance, is an indicator variable. If
the face mask passes the fluid resistance test (ASTM 1862-00), the response variable is 1. If the
face mask fails the test, the response variable is 0. Since the fluid resistance was tested at specific
pressures, the effect of fluid pressure as well as repellent finish and layering order was studied.
Therefore, the predictor variables are the add-on level of repellent finish, the layering order of
face masks and the fluid pressure. They are different types of variables. The layering order of
face masks is a class variable because it only has three levels. Level one is cover layer, filtration
layer and shell layer. Level two is cover layer, filtration layer, support layer and shell layer.

Level three is cover layer, support layer, filtration layer and shell layer. However, both the fluid
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pressure and the add-on level of repellent finish are continuous variables that in theory can be
any number between zero and infinite. Therefore, logistic regression fits very well with this
study.

In addition, the logistic regression was used because it overcomes many of the restrictive
assumptions of the linear regression: [54]

1. Logistic regression does not assume a linear relationship between the dependents and
the independents. However, it is also possible and permitted to add explicit interaction and power
terms as variables on the right-hand side of the logistic equation, as in linear regression,

2. The dependent variable need not be normally distributed,

3. There is no homogeneity of variance assumption,

4. Normally distributed error terms are not assumed,

5. Logistic regression does not require that the independents be interval,

6. Logistic regression does not require that the independents be unbounded.

Statistical Analysis of Filtration Ability

To study the impact of repellent finish on filtration ability of face masks, assumptions of
Analysis of Variance (ANOVA) were tested first to determine whether it is an appropriate
method for this study. ANOVA is based on the following assumptions:

1. The samples should be independent,

2. The populations from which the samples were obtained should be normally or
approximately normally distributed,

3. The variances of the populations should be equal.
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Therefore, these assumptions were tested first before ANOVA were applied. The nonparametric
techniques will be used instead if any of the three assumptions of ANOVA does not fit with this

study.

Statistical Analysis of Differential Pressure

To study the impacts of repellent finish and layering order on the differential pressure of
face masks, assumptions of two-way ANOVA were tested first to determine whether it is an
appropriate method for this study. The nonparametric techniques will be used if any of the three

assumptions of ANOVA does not fit with this study.
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CHAPTER 4

RESULTS AND DISCUSSION

The results and discussion are presented in five sections. The first section is the results of
the nonwoven fabric property tests; the second section is the application of the repellent finish
and the order of various nonwoven fabric layers to simulate face masks; the third section
includes the results of the fluid resistance of face masks and the statistical analysis of the impacts
of repellent finish, layering order and fluid pressure on the fluid resistance; the fourth section
includes LSCM surface examination, image analysis, LSCM cross sectional examination and the
statistical analysis of impact of repellent finish on the filtration ability; and the fifth section is the
results of differential pressure of face masks and the statistical analysis of impacts of repellent

finish and layering order on the differential pressure.

Nonwoven Fabric Property Tests

Nonwoven fabric properties related to the barrier effectiveness were measured in this
study and the results are presented in Tables 4.1 - 4.5. The results of fabric thickness are shown
in Table 4.1. The mean thickness of the polypropylene spunbonded cover fabric is 0.236 mm
with a standard deviation of 0.027 mm. The mean thickness of the polypropylene spunbonded
support fabric is 0.247 mm with a standard deviation of 0.008 mm. The mean thickness of the
polypropylene meltblown filtration fabric is 0.190 mm with a standard deviation of 0.007 mm.
The mean thickness of the polypropylene spunbonded shell fabric is 0.201 mm with a standard

deviation of 0.012 mm. For the same type of nonwoven fabric, barrier effectiveness improves
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with increased thickness because small particles need to transmit deeper to penetrate through a
thicker fabric.

Fabric weights are reported in Table 4.2. The mean weight for the polypropylene
spunbonded cover fabric is 21.98 g/ m?® with a standard deviation of 2.24 g/m?. The mean
weight for the polypropylene spunbonded support fabric is 25.95 g/ m? with a standard deviation
of 1.08 g/ m?. The mean weight for the polypropylene meltblown filtration fabric is 19.33 g/ m?
with a standard deviation of 0.92 g/ m?. The mean weight for the polypropylene spunbonded

shell fabric is 18.84 g/m? with a standard deviation of 1.14 g/m?®. For the same type of
nonwoven fabric, greater weight indicates more fibers. According to the “single-fiber” model,
more fibers can provide better filtration ability because each fiber has the same single fiber
efficiency.

Oil repellency of the fabric is reported in Table 4.3. The oil repellency rating for all
fabrics is 0, indicating that all those nonwoven fabrics offer the minimum oil repellency.

Water repellency of the fabric is reported in Table 4.4. The water repellency rating for all
fabrics is 80 which reflects wetting of upper surface at spray points and indicates that all those
nonwoven fabrics offer median water repellency.

Contact angle is reported in Table 4.5 which contains the advancing and receding contact
angles for all nonwoven fabrics used in this study. The receding angles for these nonwoven
fabrics ranged from 71.62 degrees to 76.10 degrees, indicating that the adhesion is high. The
advancing angles of these nonwoven fabrics for the synthetic blood ranged from 81.56 degrees to
84.18 degrees. All advancing angles are lower than 90 degrees, indicating that synthetic blood
can wet out those nonwoven fabrics. Therefore, repellent finish should be applied to offer them

the ability to resist synthetic blood.
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Table 4.1 Thickness of nonwoven fabrics

Replication Thickness (mm)
Cover Fabric | Support Fabric | Shell Fabric | Filtration Fabric

1 0.236 0.252 0.207 0.188

2 0.259 0.245 0.190 0.197

3 0.247 0.239 0.203 0.197

4 0.287 0.245 0.183 0.199

5 0.236 0.237 0.191 0.180

6 0.241 0.262 0.205 0.187

7 0.211 0.253 0.214 0.180

8 0.190 0.253 0.186 0.190

9 0.218 0.239 0.211 0.195

10 0.237 0.241 0.215 0.193
Mean 0.236 0.247 0.201 0.190
S.D. 0.027 0.008 0.012 0.007
CV (%) 11.220 3.280 5.990 3.420

Table 4.2 Weight of nonwoven fabrics

o Weight Mass Per Unit Area (Gram Per Square Meters)
Replication Cover Fabric | Support Fabric | Shell Fabric | Filtration Fabric

1 21.04 26.32 19.52 18.96
2 19.04 25.84 17.68 18.80
3 22.24 26.08 18.72 20.32
4 22.40 24.88 18.32 20.64
5 22.08 27.68 18.72 18.88
6 19.20 25.44 18.08 19.12
7 24.16 26.88 17.84 18.48
8 26.16 26.72 18.80 18.56
9 23.36 25.84 21.68 18.64
10 20.08 23.84 19.04 20.88
Mean 21.98 25.95 18.84 19.33
S.D. 2.24 1.08 1.14 0.92
CV (%) 10.19 4.16 6.05 4.76

Table 4.3 Oil repellency of nonwoven fabrics

S Oil Repellency Rating
Replication Cover Fabric | Support Fabric | Shell Fabric | Filtration Fabric
1 0 0 0 0
2 0 0 0 0
Result 0 0 0 0
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Table 4.4 Water repellency of nonwoven fabrics

Replication Water Repellency Rating*
Cover Fabric| Support Fabric| Shell Fabric | Filtration Fabric
1 80 80 80 80
2 80 80 80 80
3 80 80 80 80
Result 80 80 80 80

* AATCC 22-1996 Water Repellency Rating: 0 - complete wetting of whole upper and lower
surfaces of the fabric, 100 - no sticking or wetting of the upper surface of the fabric.

Table 4.5 Contact angle of control nonwoven fabrics for synthetic blood

Fabric Cover Fabric |Support Fabric| Shell Fabric |Filtration Fabric
1 85.83 80.96 82.26 87.87
2 82.34 83.21 77.67 84.09
Contact 4 82.67 82.15 84.31 83.77
Angleof |5 79.67 82.30 85.32 81.22
Ten 6 78.94 84.63 82.77 81.98
Replications | 7 81.75 82.33 83.24 81.59
(Degree) [g 81.45 79.48 76.06 82.50
9 89.00 80.26 81.81 82.54
10 88.72 83.10 79.62 89.66
Mean 83.26 81.83 81.56 84.18
S.D. 3.48 1.65 2.92 2.9
CV (%) 4.18 2.02 3.58 3.44
1 79.96 71.25 73.90 78.94
2 74.56 69.34 63.90 73.91
Contact 4 71.80 71.61 70.80 73.20
Angleof |5 72.88 70.55 75.34 73.03
Ten 6 71.82 77.44 74.93 71.67
Replications | 7 75.83 76.40 69.50 74.32
(Degree) [g 76.18 74.69 65.38 74.97
9 81.30 70.38 74.33 74.07
10 82.28 70.40 73.60 74.40
Mean 76.10 72.48 71.62 74.32
S.D. 3.84 2.78 4.13 1.89
CV (%) 5.05 3.84 5.77 2.54
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Application of Repellent Finish
and Order Various Fabric Layers to Simulate Face Masks

Add-on levels of 6% and 12% of fluorochemical finish Zonyl® PPR protector were
applied to the cover fabric using the pad-dry-cure method as previously described in the chapter
of Materials and Methods.

After the application of the fluorochemical repellent finish, the treated cover fabric was
ordered with support fabric, filtration fabric and shell fabric to simulate different face masks
according to the two-way factorial design. Three layering orders and three add-on levels of
repellent finish were used, therefore nine (three - three) different simulated face masks were
formed. The codes of those face masks are listed in Table 3.5 in the chapter of Materials and
Methods. For each of the nine face masks, a minimum of 38 specimens were formed for the

evaluation of fluid resistance, filtration ability and differential pressure.

Evaluation of Fluid Resistance of Simulated Face Masks

Fluid resistance of the simulated face masks was evaluated according to the Standard
Test Method ASTM F 1862-00, Standard Test Method for Resistance of Surgical Mask to
Penetration by Synthetic Blood [5]. In this study, three pressures (80 mmHg, 120 mmHg and 160
mmHg) were used to measure the fluid resistance test of each face mask. Ten replications of
each of the nine face masks were tested at each pressure. The results of fluid resistance are
reported in Tables 4.6 - 4.14. The letter “P” indicated that the face mask passed the fluid
resistance test at the specific pressure. The letter “F” indicated that the face mask failed the fluid

resistance test at the specific pressure.
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Table 4.6 Fluid resistance (ASTM F 1862-00) of face mask 0-1

Replication 1 2 3 4 5 6 7 8 9 10
80 | P P | P P P P P P P P
Pressure o
(mmHg) 120 | F F F F F F F F F F
160 | F F F F F F F F F F
* P: The face mask passed the fluid resistance test at the specific pressure;
** F. The face mask failed the fluid resistance test at the specific pressure.
Table 4.7 Fluid resistance (ASTM F 1862-00) of face mask 0-2
Replication 1 2 3 4 5 6 7 8 9 10
80 P P P P P P P P P P
Pressure
(mMmHg) 120 | F P F F F F P F F F
160 | F F F F F F F F F F
Table 4.8 Fluid resistance (ASTM F 1862-00) of face mask 0-3
Replication 1 2 3 4 5 6 7 8 9 10
80 P P P P P P P P P P
Pressure
(mmHg) 120 | P P P P P P F P P P
160 | P F P P F P P F P P
Table 4.9 Fluid resistance (ASTM F 1862-00) of face mask 6-1
Replication 1 2 3 4 5 6 7 8 9 10
80 P P P P P P P P P P
Pressure
(mmHg) 120 | P P F P P P P F P P
160 | F F F F F F F F F F
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Table 4.10 Fluid resistance (ASTM F 1862-00) of face mask 6-2

Replication 1 2 3 4 5 6 7 10
80 P P P P P P P P
Pressure
(mmHg) 120 | P P P P P P P P
160 | F F F P F F F F
Table 4.11 Fluid resistance (ASTM F 1862-00) of face mask 6-3
Replication 1 2 3 4 5 6 7 10
80 P P P P P P P P
Pressure
(mMmHg) 120 | P P P P P P P P
160 | P P P P P P P P
Table 4.12 Fluid resistance (ASTM F 1862-00) of face mask 12-1
Replication 1 2 3 4 5 6 7 10
80 P P P P P P P P
Pressure
(mMmHg) 120 | P P P P P P P P
160 | F F F F F F F F
Table 4.13 Fluid resistance (ASTM F 1862-00) of face mask 12-2
Replication 1 2 3 4 5 6 7 10
80 P P P P P P P P
Pressure
(mMmHg) 120 | P P P P P P P P
160 | P P P P P P P P

59




Table 4.14 Fluid resistance (ASTM F 1862-00) of face mask 12-3

Replication 1 2 3 4 5 6 7 8 9 10

sgo| P | P|P | P| P|P|P|P| P|P

Pressure

(mmHg)| 120 | P P | P Pl Pl P| P| P| PP

60| P | P| P | P| P| P|P| P| P| P

Statistical Analysis of Fluid Resistance

Logistic regression was used to analyze the impacts of repellent finish, layering order and
fluid pressure on the fluid resistance of face masks. A SAS program (Appendix A, Fluid
Resistance Logistic Model) was developed and used to complete the analysis. Effects of
parameters are shown in Table 4.15 and parameters estimates are shown in Table 4.16. The
following null hypotheses were tested to study the main effects of the continuous variables,
repellent finish and fluid pressure, and the class variable, layering order:

Hypothesis 1: Ho: The main effect of repellent finish was not significant,

The results show that the P value of repellent finish is smaller than 0.0001. Therefore, the
hypothesis was rejected and it was concluded that the finish influenced the fluid resistance.

Hypothesis 2: Ho: The main effect of fluid pressure was not significant,

The results show that the P value of fluid pressure is smaller than 0.0001. Therefore, the
hypothesis was rejected and it was concluded that fluid pressure influenced the fluid resistance.

Hypothesis 3: Ho: The main effect of layering order was not significant,

The results show that the P value of layering order is smaller than 0.0001. Therefore, the
hypothesis was rejected and it was concluded that the layering order influenced the fluid

resistance.
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Table 4.15 Effects of parameters of fluid resistance logistic model

Variable DF | Chi-Square| Pr>Chi-Square
Finish 1 21.5636 <.0001
Order 2 25.6027 <.0001

Pressure 1 25.9681 <.0001

Table 4.16 Parameter estimates of fluid resistance logistic model

Parameter DF Standard Error | Chi-Square | Pr>Chi-Square
Estimate
Intercept 1 18.6602 | 3.7286 25.0456 <.0001
Finish 1 0.9267 0.1996 21.5636 <.0001
Pressure 1 -0.1959 | 0.0385 25.9681 <.0001
Order 2 - Order 1 1 4.1486 1.1896 12.1609 0.0005
Order 3 - Order 1 1 13.1485 | 2.6545 24.5343 <.0001

Since all three parameters had significant main effects on the fluid resistance, the
following model could be obtained according to the results in Table 4.16:

In (P/Q) = 18.6602 + 0.9267 Finish — 0.1959 Pressure + 4.1486 (Order 2 —Order 1) +
13.1485 (Order 3 — Order 1) 4-1
Where: P = Probability of a specific face mask passes the fluid resistance test,

Q=1-P,

Finish = Add-on level (%) of repellent finish,
Pressure = Fluid pressure (mmHg),
Order 1 = Layering order one,
Order 2 = Layering order two,
Order 3 = Layering order three.
This model clearly describes the impacts of repellent finish, layering order and fluid

pressure on the fluid resistance qualitatively as well as quantitatively. A positive coefficient of
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finish indicates that the fluid resistance pass probability of face masks is increased with
increasing add-on level of repellent finish. Therefore, a face mask treated with the 12% add-on
of repellent finish on the cover fabric would provide greater pass probability than a face mask
treated with 6% add-on of repellent finish on the cover fabric. However, a face mask treated with
the 6% add-on level repellent finish on the cover fabric would provide greater pass probability
than a control face mask without any repellent finish on the cover fabric. The higher the add-on
level of repellent finish applied to the cover fabric, the better the fluid resistance of the face
mask. In addition, the model shows that fluid resistance pass probability is linear related to
0.9267 of the add-on level of repellent finish.

Transmission of a fluid into a fabric involves three steps: (1) the fluid contacts the surface
of the fabric, (2) the fluid wets out the surface of the fabric, and (3) the fluid transmits into the
fabric. Since the surface energy of the fabric is decreased by repellent finish to a point below the
surface tension of the fluid, synthetic blood, the ability of the fabric to resist being wetted out is
increased by repellent finish. It is difficult for the fluid to transmit into the finished fabric
because it is harder for the fluid to wet out the treated fabric. Therefore, the fluid resistance of
the fabric is improved by repellent finish.

A negative coefficient of pressure indicates that the fluid resistance pass probability of a
face mask is decreased with increasing pressure of the fluid. Therefore, the pass probability of
the face mask tested at the pressure of 160 mmHg is lower than the pass probability of the face
mask tested at the pressure of 120 mmHg. However, the pass probability of the face mask tested
at the pressure of 120 mmHg is lower than the pass probability of the face mask tested at the
pressure of 80 mmHg. The fluid resistance of the face mask decreases with increased fluid

pressure. In addition, the model shows that fluid resistance pass probability is linear related to
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0.1959 of the pressure. The force behind the impacting fluid is increased by fluid pressure,
therefore the fluid resistance of the fabric is decreased by increased fluid pressure.

The coefficient of difference between orders level two and level one, 4.1486, indicates
that the pass probability of the face mask with order level two is greater than the pass probability
of the face mask with order level one and the fluid resistance pass probability is linear related to
4.1486 of the difference between orders two and one. The coefficient of difference between
orders level three and level one, 13.1485, indicates that the pass probability of the face mask
with order level three is greater than the pass probability of the face mask with order level one
and the fluid resistance pass probability is linear related to 13.1485 of the difference between
orders three and one. Since 13.1485 is greater than 4.1486, the difference between orders level
three and one is greater than the difference between orders level two and one. Therefore, the pass
probability of the face mask with order level three is the greatest. So face masks with layering
order of cover fabric, support fabric, filtration fabric and shell fabric can provide the best fluid
resistance.

Compared with the face masks with layering order one, there is one more layer, the
support layer, in the face masks with layering order two or three. The increased strength offered
by the spunbonded fabric provides the support layer a greater ability to resist the penetration of
fluid. Therefore, the layering orders two and three can provide better fluid resistance to the face
mask than the layering order one. The only difference between layering order two and three is
the location of the support layer. In layering order three, the support layer is before the filtration
layer. Therefore, the support layer can take full advantage of its great ability to resist the
penetration of fluid. The lower strength provided by the meltblown nonwoven fabric offers the

filtration layer smaller ability to resist fluid. However, with the protection of the support layer,
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the filtration layer can use more of its potential to resist the penetration of the fluid. Therefore,
the layering order three can offer better fluid resistance to the face mask than the layering order
two.

This model can also be used to predict the fluid resistance pass probability of a face mask
with specific parameters. Table 4.17 shows the results. For example, with 3.0% add-on level of
repellent finish on the cover fabric and a layering order two, the pass probability is 88.85% at
pressure of 120 mmHg. Optimum parameters can also be estimated using this model. The
statistical analysis shows that layering order three can offer the best fluid resistance. To reduce
the cost, the minimum add-on level of repellent finish for desired effectiveness can be
determined. Table 4.18 shows that 4.5% is the minimum add-on level of repellent finish for a
100% pass probability of fluid resistance at pressure of 160 mmHg. Therefore, according to
repellent finish and layering order, a face mask treated with 4.5% add-on of Zonyl® PPR
protector on the cover fabric and layering order of cover fabric, support fabric, filtration fabric,
then shell fabric would provide a 100% pass probability of fluid resistance at 160 mmHg with
the lowest cost.

Table 4.17 Results of parameter prediction

Specific Parameters | Layering Order | Pressure (mmHg) | Predicted Parameter
Add-On Level of I 0
Repellent Finish = 3% 2 120 Pass Probability=88.85%
Pass Probability = 3 160 Minimum Add -on Level

100% of Repellent Finish=4.5%

Evaluation of Filtration Ability of Simulated Face Masks
Both individual fabric layers and the entire face mask of each of these nine simulated

face masks were examined to evaluate the filtration ability. LSCM surface examination was used
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to study the filtration ability of individual fabric layers and LSCM cross sectional examination

was used to study the filtration ability of entire face masks.

LSCM Surface Examination

To locate the latex microspheres on/in the structure of nonwoven fabrics, a variety of
combinations LSCM parameters were evaluated to determine those that produced the most
effective images for this study. Table 4.18 shows the parameters actually used in this study. To
locate the small particles on/in nonwoven fabrics, two detectors were used to identify different
components by selective signal detection. Therefore, there were three images obtained by LSCM
for each specimen. The left image was obtained by PMT one that was optimized to show the
fabric. The middle image was obtained by PMT two that was optimized to show the small
particles. The right image was the merged image that combined the left and the right images to
show the distribution of small particles on the fabric.

The liquid used to generate the challenge aerosol was first examined by the LSCM with
the parameters in Table 4.18 and the results are shown in Figure 4.1. In these color micrographs*,
the microspheres are represented by red. When these three images are evaluated, it is apparent
that nothing is identified by detector one while latex microspheres are clearly identified by
detector two and the merged image is the same as the image obtained by detector two. This was
expected as only the liquid that contains small particles was examined.

The cover fabric, filtration fabric, support fabric and shell fabric were also examined by
the LSCM with the same parameters and the results are shown in Figure 4.2 - 4.5. In these color
micrographs’, the fabrics are represented by shades of gray. The left images in Figures 4.2, 4.4

and 4.5 clearly show the structures of the spunbonded cover fabric, support fabric and shell
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fabric. Both fibers and the diamond-shaped bonding point were identified by LSCM. The left
image in Figure 4.3 clearly shows the structure of the meltblown filtration fabric. When all these
images are evaluated, it is apparent that the structure of fabrics is clearly identified by detector
one while nothing is identified by detector two and the merged images are the same with the

images obtained by detector one. This was expected as only control fabrics were examined.

Table 4.18 Parameters of LSCM

Source Ar/He Ne
L aser Excitation Wavelength (nm) 100% 476
Emission Wavelength of PM 1 (nm) 478-493
Emission Wavelength of PM 2 (nm) 499-576
Dichroic Mirror TD 488/543/633
Beam Expander Beam Exp 3
Pinhole (micron) 459.26
Zoom 1
Image Dimension (micron*micron) 1.50*1.50
Voxel Size (micron*micron) 1.46*1.46
Objective Lens 20
Scan Mode Xyz
Speed (HZ) 400
Format 512*512
Gain PMT 1 (V) 503
Offset PMT 1 (%) 0
Gain PMT 2 (V) 799
Offset PMT 2 (%) 0
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(a) (b) (c)
Figure 4.1 LSCM image of challenge liquid which was composddsynthetic blood and
microspheres; (a) image obtained by PMT one, (agenobtained by PMT two, and (c) merged

image

(a) (b) (c)
Figure 4.2 LSCM image of cover fabric; (a) image obtained bTPone, (b) image obtained by

PMT two, and (c) merged image
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