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ABSTRACT 
This work assesses the current characterization framework of single-use personal protective 
equipment (PPE) per recognized consensus standards and presents a novel quantitative 
approach to refining characterization of barrier materials and predicting PPE performance. 
Scanning electron microscopy (SEM) and image analysis software (Diameter J) were used to 
examine the microscopic fiber and pore structure of filter layers of surgical N95 filtering 
facepiece respirators, before and after exposure to chemicals used in decontamination 
modalities (vaporized hydrogen peroxide or ozone). The effect of porosity on penetration 
was assessed by bacterial filtration efficiency (BFE) testing. Results from these experiments 
were incorporated into a physics-based computational model of overall filtration efficiency 
(OFE). Material thickness, fiber thickness, and packing density were introduced as inputs into 
a sequence of mathematical expressions to calculate OFE for filtration layers from surgical 
N95 respirators. OFE derived from the computational model was compared with experimen
tal data for Staphylococcus aureus filtration (per ASTM F2101-23). The resulting output from 
the model is conservative and predictive when compared with experimental results to 
assess OFE and filtration efficiency relative to specific particle-size ranges. The model func
tions may be used to help inform or expedite design or manufacturing decision-making on 
surgical N95 respirators.
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Introduction

The COVID-19 pandemic was driven by the many 
variants of severe acute respiratory syndrome corona
virus 2 (SARS-CoV-2), which originated from Wuhan 
City in the Hubei Province of China in December 
2019 (Hu et al. 2021). The World Health 
Organization (WHO) (2021) COVID-19 case tracker 
(Worldometer; https://www.worldometers.info/corona
virus/) reported on March 7, 2024, that the pandemic 
resulted in 700 million cases with 7 million deaths. In 
the U.S., there were approximately 111 million cases, 
with 1.2 million deaths.

Due to the virus’s highly contagious nature, 
respiratory protective devices (e.g., N95 respirators), 
frequent handwashing, and use of disposable gowns, 
face shields, and gloves were needed to protect against 
its transmission (Hu et al. 2021). Real-world analysis 
following SARS-like events showed reductions in viral 
transmission with the use of PPE (reductions were 
reported at rates of 68% with masks, 91% with N95 
respirators, 77% with gowns, and 57% with gloves), 
along with other methods (handwashing 10x daily), 
together decreased transmission by 55% (Adanur and 
Jayswal 2022; Jefferson et al. 2009).
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Surgical N95 filtering facepiece respirators (FFRs) 
are commonly used in healthcare settings. These devi
ces are N95 FFRs approved by NIOSH as meeting the 
respiratory protection requirements of 42 C.F.R. Part 
84. Worn by healthcare personnel to protect both the 
patient and the healthcare personnel from the transfer 
of microorganisms, body fluids, and particulates at an 
N95 filtration efficiency, they additionally conform to 
recognized standards for biocompatibility, flammabil
ity, and fluid resistance. These respirators filter out at 
least 95% of particles in the air, including large and 
small particles (10 mm–0.1 mm) if the respirator is 
properly fitted; however, improperly fitted respirators 
can significantly reduce PPE performance (Lawrence 
et al. 2006; Lin et al. 2021; National Institute for 
Occupational Safety and Health SB 2020).

The onset of the pandemic and the resulting global 
demand for PPE resulted in unprecedented demand 
(Chaib 2020; Cohen and Rodgers 2020). In 2020, esti
mated PPE for medical personnel alone was 89 mil
lion masks per month (Chaib 2020). Through national 
surveys in the U.S., 87% of nurses reported having to 
re-use single-use, disposable masks, and 27% reused 
disposable FFRs (Check et al. 2021; Cohen and 
Rodgers 2020).

As single-use disposables, most PPE, including 
gowns, gloves, surgical masks, and respirators, have 
been minimally studied for physics-based modeling 
(Hu et al. 2021; Masandawa et al. 2021). Therefore, 
there is both a need and an opportunity to examine 
single-use PPE with more quantitative methods with 
the intent of providing more precision in the informa
tion available to stakeholders involved in PPE manu
facturing and testing (Bai et al. 2021; Hu et al. 2021). 
Needs in this area include technologies that support 
reuse of single-use PPE, along with decontamination 
modalities such as those that use vaporized hydrogen 
peroxide, ozone, UV, steam sterilization, microwaves, 
methylene blue treatment, and combinations of these 
technologies (Lendvay et al. 2022).

There is a wide range of barrier fabric types used 
in PPE, including nonwoven webs, woven fabrics, 
knitted fabrics, and aluminized laminates, among 
others (Dolez et al. 2022; Lou et al. 2021). In the cur
rent work, the focus was on the respective barrier fab
rics of four de-identified commercially available 
surgical N95 respirators and compared these to a dis
posable face mask.

Reviewed and assessed in this current characteriza
tion, per relevant testing standards, are surgical N95 
respirators (Rahman et al. 2022). This assessment 
included identifying limitations of the current 

framework that could be improved or refined, thus 
motivating the current study. Presented in this study 
is a novel characterization protocol using SEM, and 
results from standard Bacterial Filtration Efficiency 
(BFE) testing were employed. The combination 
informs a computational approach from well- 
established transport phenomena to yield a conserva
tive performance model that is stratified along particle 
size ranges. The effect of chemical decontamination 
modalities on the physical properties of the barrier 
material is assessed using SEM and BFE and used to 
inform the model. The model is accessible on a web- 
based graphic user interface (GUI) and may be used 
to inform and expedite decisions around the design, 
manufacture, and potential use of surgical N95 respi
rators. A compendium of SEM images of surgical N95 
respirators, along with Levels 3 and 4 surgical gowns 
and their quantitative physical characterization, is 
described in American Standards for Testing and 
Materials (ANSI/AAMI 2012).

Recognized standards for mask or respirator 
performance testing

Innovation focused on PPE development resulted in 
wider acknowledgment of recognized consensus stand
ards to evaluate PPE performance and novel scientific 
tools to obviate some testing (Avinash Patil et al. 
2022; Check et al. 2021; Lendvay et al. 2022; Rahman 
et al. 2022). Examples include the American Society 
for Testing and Materials International (ASTM) and 
the International Organization for Standardization 
(ISO). Recognition of standards by regulatory bodies, 
including these, ensures that protocols follow defined 
paths and the evaluation of data quality.

NIOSH evaluates particulate filtering respirators 
using a worst-case method (TEB-APR-STP-0059), 
exposing N95s to charge-neutralized NaCl aerosol 
(CMB 0.075 ± 0.02 mm, GSD < 1.86) at 85 L/min to 
approximate MPPS conditions (�0.050 mm for N-type 
respirators). A surgical N95 FFR offers the protection 
of both an N95 respirator and a surgical mask as a 
physical barrier to larger droplets. These respirators 
require testing for fluid resistance, biocompatibility, 
and flammability properties in addition to N95 filtra
tion efficiency and inhalation and exhalation resist
ance requirements, Medical masks are commonly 
tested for bacterial filtration efficiency, differential 
pressure, submicron filtration efficiency, fluid resist
ance, and flammability per ASTM F2100-23 Standard 
for Performance of Materials Used in Medical Face 
Masks, summarized in Table 1.
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ASTM F2101-23, the standard test method for eval
uating the BFE of medical face mask materials using a 
biological aerosol of Staphylococcus aureus, is one of 
the required test methods to assess the penetration 
properties of protective devices against large droplets. 
It is also a method for assessing surgical N95 clear
ance through the FDA. Barrier function of materials 
can be evaluated and quantified using this standard 
test method that analyzes the penetration of aerosol
ized S. aureus with a mean droplet size of 3.0 mM þ/- 
0.3 mM (though the microorganism is �1.2 mm). The 
advantage of the method is its reproducibility, robust
ness, and sensitivity. The method has been in use for 
many years, but it is not a high-throughput assay and 
requires specialized, expensive equipment and micro
biology expertise to obtain reproducible results.

While the long-established rubric comprising the 
consensus standards described above provides valuable 
information, its labor-intensive and complex nature 
compels the creation of tools to inform and expedite 
decision-making. For example, the ability to expedite 
and narrow material options could prevent testing of 
poorly performing PPE candidates. Several improve
ments regarding the testing of submicron particle fil
tration are progressively better addressed and 
harmonized with the other PPE filtration efficiency 
assessments through methods, including the recently 
modified F2100-23 Standard Specification for 
Performance of Materials Used in Medical Face 
Masks.

Yet, gaps remain in the assessment of viable micro
organisms such as S. aureus (�1.2 mm), with respira
tors, not masks, being the appropriate device to 
protect against exposure to critically important size 
ranges (2.2 mm and smaller).

Computational modelling of PPE

Interest in examining PPE through statistical or com
putational modeling expanded during the COVID-19 
pandemic. Several prior studies highlighted empirical 
relationships between fiber thickness, negative space 
produced through fiber overlap (pores), material fiber 

packing density, and other physical parameters for 
masks, respirators, or gowns (Bai et al. 2021; Paul 
et al. 2020). A recurring theme in these studies was 
the importance of pore size in BFE from PPE con
structed using spunbond and meltblown polypropyl
ene (Avinash Patil et al. 2022; Bai et al. 2021; Nandy 
et al. 2020; Schwerin et al. 2020). Particles are filtered 
by fibers by way of diffusive, interceptive, electrostatic, 
gravitational, inertial, and/or other mechanisms (Bai 
et al. 2021; Paul et al. 2020; Payet et al. 1992; 
Schwerin et al. 2020).

Drawing analogous insight from studies on inhal
ation and deposition patterns in pulmonary tissue, 
reports indicate that particles 3.0–5.0 mm or larger are 
subject to inertial deposition, and they typically affect 
the upper respiratory tract (Rostami 2009). Particles 
that are 0.5 mm or smaller, including SARS-CoV-2 at 
� 0.01 mm (or droplet nuclei), experience Brownian 
diffusion and have random particle motion while also 
remaining suspended in the air for longer periods 
(Rostami 2009).

The above-mentioned mechanisms of particle cap
ture in the context of PPE led to the single fiber filtra
tion efficiency (SFFE) equation for modeling 
respirators (Bai et al. 2021). Notably, SFFE defines the 
filtration efficiency of one fiber; this metric is then 
incorporated into the filtration efficiency (OFE) equa
tion for a filter (Bai et al. 2021; Corbin et al. 2021). 
Multiple mechanisms of deposition may coincide and 
potentially influence each other depending on envi
ronmental parameters, and more than one mechanism 
may be described to predict the filtration efficiency of 
fibrous filters (Bai et al. 2021; Corbin et al. 2021).

Importantly, the current filtration efficiency (BFE or 
OFE) equations do not consider the number of patho
genic particles that penetrate a respiratory protective 
device as per ASTM F2101-23. Therefore, one objective 
of this effort was to develop a computational model to 
assess PPE materials that provides insight into particle 
filtration across a range of particle sizes as captured 
through a six-stage cascade impactor (an instrument 
that models particle deposition along the human bron
chus alveoli). This computational model aims to 

Table 1. Classification of barrier performance of masks (Redrawn from ASTM 2100-23).

Barrier level
Bacterial Filtration 
Efficiency (BFE), %

Differential pressure, 
mmH2O/cm2

Sub-micron particulate 
filtration efficiency, %

Resistance to 
penetration by 

synthetic blood, 
minimum pressure in 

mm Hg for pass result Flame spread

1 �95 <5.0 �80 80 Class 1
2 �98 <6.0 �85 120 Class 1
3 �98 <6.0 �85 160 Class 1

838 W. KASTOR ET AL.



identify the effectiveness of a given filter material with 
respect to the concentration of viable particles able to 
penetrate a respirator, described as a log10 reduction.

Motivation for current work

The standards described above call for a more effi
cient and, importantly, quantitative experimental per
formance output. To meet these needs, we describe a 
computational model that may eventually, in turn, be 
used to expedite current assessment practices. The 
approach includes examining the microstructure of 
surgical N95 respirator barrier materials, employing 
SEM as outlined by the FDA-recognized standard 
ASTM F2450-18 Standard Guide for Assessing 
Microstructure of Polymeric Scaffolds for Use in 
Tissue-Engineered Medical Products to image fibers 
and pores, followed by ImageJ analysis (Schindelin 
et al. 2012). It continues with performance testing of 
surgical N95 respirators based on test methods 
described in ASTM F2101-23. The information gath
ered from the microstructural and performance assess
ments was then incorporated into a conservative 
computational model. The advantage of this approach 
is that it provides a rapid means of estimating the fil
tration efficiency for viable microorganisms using a 
GUI to serve as a filtration efficiency calculator. The 
objectives regarding gown testing included the meas
urement of microstructures using SEM image analysis 
of critical zones from material layers, including the 
assessment of these materials following exposure to 
chemical treatments used as decontamination modal
ities during the pandemic.

Methods

Surgical N95 respirators

Four different commercially available surgical N95 
respirator products were purchased through Amazon 
Inc. (amazon.com) and CIAMedical (ciamedical.com). 
Respirator models were de-identified and classified for 
testing purposes as R1, R2, R3, and R4. Three manu
facturers were used, with R1 and R2 made by the 
same manufacturer. Due to limited supply, these four 
specific N95 surgical models were available for testing. 
In addition to these respirators, a mask was used as a 
negative control—the mask did not require FDA 
clearance or NIOSH approval as it is not a regulated 
product, and the indications of use do not demon
strate product performance as a surgical mask or sur
gical N95 respirator.

Respirator sample preparation

The sampling process involved cutting 1 cm x 1 cm 
samples from the top (nasal bridge), middle (nostrils), 
and bottom (mouth) regions of all respirators, sepa
rating the samples into base material layers (i.e., 
“inside”—layer in contact with skin; “middle”—filter 
layer; “outside”—layer exposed to the environment). 
Samples were acquired from the described locations, 
which are notable points of contact for the user. 
Samples were loaded onto 12.77-mm flat top SEM 
stages using double-sided tape, then sputter-coated 
with 10 nm of gold and imaged at a magnification 
that was relative to the material layers (i.e., each layer 
of each respirator was unique to a given product, with 
magnification for each layer determined based on the 
dimensions of a given layer; magnification for each 
layer is provided with SEM image data in the 
Supplemental Materials section) using the TESCAN 
Mira 3 scanning electron microscope with a secondary 
electron detection setting and a beam voltage of 5 kV. 
Figure 1 provides a schematic description of SEM 
analysis, along with locations of fabric acquisition 
from each respirator (including individual layers). 
ASTM F2450-18 was used for SEM analysis to inform 
these methods.

Cross-sectional imaging of respirators

Cross-sectional images were taken from all four res
pirator models to generate a side profile of each layer. 
These images were analyzed for the width and pack
ing density of fibers in each fabric layer. Data from 
the filtration layers were incorporated into the compu
tational model. The sampling process involved 1 cm �
0.5 cm samples from the middle (nostrils) region of all 
respirators, separating the samples into layers, as 
described in Figure 1 (II). Samples were loaded onto 
12.77-mm 90� slant SEM stages using double-sided 
tape. Imaging was performed on control respirators 
(n¼ 3 per respirator model). These samples were then 
sputter-coated using 10 nm of silver and imaged with 
the TESCAN Mira 3 scanning electron microscope 
using a secondary electron detection setting and a 
beam voltage of 5 kV. Silver was used for sputter- 
coating of these samples due to the degradation of the 
gold target on these specific samples. The silver did 
not show a significant effect on image quality and 
acquisition. From each of the three respirators, five 
measurements were taken from a cross-sectional 
image. Cross-sectional thickness was measured in 
ImageJ. The ellipse function was used to draw a circle 
such that its diameter reaches both the inner and 

JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE 839

https://doi.org/10.1080/15459624.2025.2499611


outer surface edges of the material. The diameter of 
the concentric area was recorded as the material 
thickness.

Analysis of SEM images using ImageJ/Diameter J

Images generated from SEM were modified to 8-bit 
black-and-white images using ImageJ (Fiji v1.51) for 
input compatibility into image processing (Hotaling 
et al. 2015). Using the Diameter J plugin for ImageJ, 
processed images were subjected to segmentation by 
way of 16 default algorithms and turned into sets of 8 
binary images representing the type of algorithms 
chosen (Hotaling et al. 2015). Images were segmented 
using the Diameter J plugin, which provided 16 
default algorithms from one SEM image (Hotaling 
et al. 2015). Diameter J was used again to analyze 
these binary images for fiber characteristics and fur
ther organized, combined, and analyzed to extract an 
average fiber diameter.

Bacterial filtration efficiency testing

BFE testing of respirators was performed according to 
ASTM F2101-23. The details of the operating parame
ters are described in Figure 2, and additional informa
tion regarding the instrumental setup is shared in 

Supplemental Figure 1. Following air sampling, agar 
plates were incubated at 37 �C for 24–48 h, and colo
nies were counted to examine the concentration 
(CFU/ml) of cells that penetrated PPE.

BFE assembly

A ThermoPro TP50 temperature/humidity sensor 
(Amazon, WA) was used to track temperature within 
the safety cabinet. Zip ties were used to fasten the 
laboratory ring stand and the TE-10-800 six-stage 
viable Andersen cascade impactor (Tisch 
Environmental, OH) onto a large laboratory retort 
stand. WANMIN clear car door edge guards 
(Amazon, WA) were attached to the bottom end of 
the KETELAMP hurricane glass column with dimen
sions: 6.35 cm � 25.4 cm (Amazon, WA). Laboratory 
clamps were used to align and hold the glass column 
to the opening of the Andersen cascade impactor. 
Attached to the bottom of the glass column was a 
concentric silicone ring cutout (outer diameter 7 cm; 
inner hole diameter 5 cm) from TDHDIKE silicone 
sheets (Amazon, WA). A glue gun and parafilm were 
used on the top end of the glass column to attach a 
3D printed adaptor with conductive filaments 
(ProtoPasta, WA). The exit of the collision nebulizer 

Figure 1. Schematic of standard SEM sampling and imaging process. (I) The schematic shows the R1 respirator as an example of 
average throughput—four surgical N95 respirator models were examined (R1, R2, R3, R4). Three respirators from each respirator 
model were tested. From a single respirator sample, nine sections were imaged. Sections for imagining were collected from the 
following locations: top (nasal bridge); middle (nostrils); bottom (mouth). At each of these locations, three distinct layers were indi
vidually imaged. In sum, 27 SEM images were captured from each individual respirator. Importantly, the computational model was 
informed by the images of the filtration layers (n¼ 9 images per respirator model). (II) Schematic of cross-sectional sampling and 
imaging process. Described is the typical throughput for three layers from each respirator. Triplicate respirator samples (n¼ 3) 
were examined per respirator model. Three images were acquired from each respirator, and a total of nine images were acquired 
from each respirator model. These images provided information on the thickness of each layer. The visual field size of SEM images 
was 184.84 mm � 158.84 mm (for portrait orientation of SEM images) and 184.84 mm � 126.35 mm (for landscape orientation of 
SEM images). From each image, five measurements were acquired for thickness, with a detailed description provided in the title, 
“Cross-Sectional Imaging of Respirators.” A more descriptive catalog of magnification used for each layer of respirator (outer, mid
dle, inside) is provided in the Supplemental Material section. The computational model was informed, exclusively, with the images 
of the filtration layers (n¼ 3 images per respirator model).
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unit (BGI Inc, MA) was inserted into the 3D printed 
adaptor. The nebulizer was held by a clamp and con
nected to an external house air source with 10 liters 
per minute. The outlet tubing to the Andersen cascade 
impactor was then connected to a flask to collect all 
particles existing in the Andersen cascade impactor. 
Seventy-percent ethanol was used to disinfect the BFE 
tower before placing the system into the biosafety cab
inet. Aluminum foil was used to ensure that the sys
tem was fully grounded.

BFE reservoir installation

Laboratory clamps were used to hold the QWORK 
Liebig glass condenser (Amazon, WA). EDSRDUS 
SG01A high-vacuum grease (Amazon, WA) was 
applied to the connecting end of the glass adaptor 
before a connection was made from the opening of a 
Buchner flask (Thermo-Fisher Scientific, MA) to the 
bottom of the condenser. A clamp was used to secure 
the Buchner flask to the stand. The opposite opening 
of the Buchner flask was connected to the inlet of a 
CNBTR Acrylic LZQ-7 gas flowmeter (Amazon, WA) 

with Tygon tubing (Lowes, NC). The outlet of the 
flowmeter was connected to the compressor of the 
Andersen cascade impactor. The condenser was con
nected to a sink via Tygon tubing. The outlet tubing 
connected the Andersen cascade impactor to the inlet 
of the condenser.

BFE operation

Eight mL of distilled water was added to the reservoir 
unit. Continuous cold water was supplied to the con
denser. Both compressors were monitored to ensure a 
flow rate of 28.3 L/min. A candle-based smoke test 
was used to ensure negative pressure at the top of the 
glass column and the opening of the reservoir. Soapy 
water was applied around the junctions of the BFE 
tower and reservoir to ensure no leakages. Bacterial 
samples were loaded into the Collison nebulizer. 
Sterile NA plates were loaded into each of the six 
stages. Each compressor for the Andersen cascade 
impactor and nebulizer was operated for 60 s. After 
the completion of a test, Nutrient Agar (NA) plates 
were incubated, inverted at 37 �C for 48 hr, and 
inspected for CFU.

Figure 2. Diagram of bacterial filtration efficiency complex for PPE microbial penetration/filtration testing. A: Collison nebulizer; 
B: air intake; C: 3D printed elbow joint/adapter; D: glass column; E: rubber stopper/respirator testing site; F: six-stage Andersen cas
cade Impactor; G: tubing; H: condenser w/flask; I: gas flowmeter; J: compressor. Test conditions are provided in the adjacent table. 
Further details regarding the assembly, installation, and operation are provided in greater detail with descriptions of the corre
sponding materials and methods.
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Decontamination exposure methods

Ozone treatment of PPE
The ODC used in this study comprised the following com
ponents: an air pump, an ozone generator, a nebulizer, 
and a D16 PortaSens detector (Supplemental Figure 1). 
Once ozone concentration reached greater than 10 PPM 
and relative humidity was greater than 80%, the respirators 
were treated for 90 min (ozone concentrations stabilized 
approximately 10 min into the decontamination run), at 
which time the nebulizer and ozone generator were turned 
off. When the PPM level dropped to less than 0.1 PPM, 
the respirators were retrieved and placed in a biological 
safety cabinet overnight. Figure 3 provides an overall lay
out of the ODC complex.

Vaporized hydrogen peroxide treatment of PPE
Samples were loaded into the hydrogen peroxide 
decontamination complex (HPDC) (Schwartz et al. 
2020). See Figure 3. The fundamental complex was 
similar to the ODS described above, but with the 
replacement of the D16 PortaSens ozone sensor with 
the VHP sensor (Supplemental Figure 3). The HPDC 
was carefully placed into the secondary container and 
moved to a certified chemical ventilation hood 
(Supplemental Figure 3). The VHP sensor was placed 
within 1 cm of the sample.

When treatment was complete, the nebulizer was 
shut off. When PPM levels dropped to less than 
10 PPM, samples were retrieved and aerated overnight 
on racks in a Biosafety Level-2 cabinet (BSL2). Figure 
3 illustrates the fundamental experimental setup of the 
HPDC.

Computational modelling methods
The physics-based computational model comprises a 
set of constitutive equations that depend on measured 
filter properties. The distribution of these properties 
are used in a Monte Carlo simulation to provide a 
distribution of filtration efficiencies. The details of the 
model, equations, and resulting OFE are provided 
below, along with a glossary of terminology.

Considered are mechanisms most relevant to the 
standard protocol that will be described herein for 
BFE testing, following:

� Interception: particles deviate from the air stream 
and encounter the fiber surface, effectively remov
ing the particle from the air stream.

� Inertial impaction: particles with greater inertia 
will not follow the change in flow as air passes 
through a random assortment of fibers, causing 

these particles to encounter fibers and become 
trapped.

� Diffusion: random Brownian motion causes small 
particles to be captured by the fibers.

� Combinatorial diffusion and interception: A com
binatorial mechanism of diffusion and interception 
for when the effective particle size range of diffu
sion and interception overlaps, with these mecha
nisms complementing each other.

The equations mentioned below consider the phys
ical dimensions of the filter fibers, their packing dens
ity, the challenge particle to be filtered, and the flow 
velocity, along with other characteristics of the carrier 
fluid, as well as concepts such as particle drag.

Variables incorporated into the computational 
model
To assist with demonstrating mechanisms and equa
tions used in the development of this model, the fol
lowing is a list of terminology to describe each trait 
incorporated into the model:

df Fiber diameter: length of a straight line 
through the center of a cross-section of a 
fiber (mm)

a  Packing density: describes how tightly packed 
the fibers are in the respirators (1 − porosity) 
(unitless)

L  Thickness: distance from the inner-facing side 
to the outer-facing side of the respirator filter 
layer (mm)

gI  Filtration efficiency due to inertial impaction 
(unitless)

gR Filtration efficiency due to interception 
(unitless)

gD  Filtration efficiency due to diffusion (unitless)
gDR  Filtration efficiency due to interception and 

diffusion (unitless)
g  Total SFFE: the combined SFFE of all mecha

nisms of deposition (unitless)
E  Combination of SFFE with fiber diameter, 

packing density, and thickness: the filtration 
efficiency of a fibrous filter material (unitless)

Stk Stokes number: ratio of characteristic time of a 
droplet to characteristic time of flow (unitless)

Cu Cunningham slip factor for a particle in a fluid 
(unitless)

qd  Particle density (kg/m3)
dp  Particle diameter (mm)
V  Face velocity: speed of fluid at the challenge 

area of the material (m/sec)
l  Fluid viscosity (N � s/m2) or (kg/m � sec)
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Pe  P�eclet number: ratio of the rate of advection to 
the rate of diffusion (unitless)

Kn Knudsen Number: ratio of the molecular mean 
free path of gas to the particle or fiber radius 
(unitless)

kKu  Kuwabara flow field equation: the flow sur
rounding a fiber (unitless)

Cd  Coefficient of correction for diffusion (unitless)
D  Diffusion coefficient (m2/sec)
k  Boltzmann constant (N � m/K)
Cn  Cunningham slip factor at the fiber surface 

(unitless)
T  Temperature (K)
k  Mean free path of an air molecule (nm)
ks Kuwabara flow field equation altered by 

Kirsch and Stechkina (unitless)

Summary of mathematical equations
The following equations were used to describe filtra
tion efficiency attributed to the respective mechanisms 
of particle deposition:

Overall filtration efficiency (Bai et al. 2021):

E ¼ 1 − exp −
4gaL

pdf ð1 − aÞ

� �

(1) 

Total SFFE (Bai et al. 2021):

g ¼ gD þ gR þ gI þ gDR (2) 

Diffusion and interception (Stechkina et al. 1969):

gDR ¼ 1:24
R2=3
ffiffiffiffiffiffiffiffiffi
ksPe
p (3) 

ks ¼ −0:5ln að Þ − 0:52þ 0:64aþ 1:43 1 − að ÞKn (4) 

Diffusion (Payet et al. 1992):

gD ¼ 1:6
1 − a

kKu

� �1
3

Pe−2
3

1þ 0:388Kn 1−að ÞPe
kKu

� �1
3

1þ ðgD, LiuÞ

0

@

1

A
(5) 

gD, Liu ¼ 1:6
1 − a

kKu

� �1
3

Pe−2
3Cd (6) 

Cd ¼ 1þ 0:388Kn
1 − að ÞPe

kKu

� �1
3

(7) 

Pe ¼
df V
D

(8) 

D ¼
kCnT
3pldp

(9) 

Kn ¼
2k

df
(10) 

Figure 3. Diagram I—ozone decontamination complex (ODC). Highlighted are the fundamental components of each of the decon
tamination complexes. The outer container is the secondary containment system, and the inner container is the primary containment 
system. A: ozone/VHP sensor; B: nebulizer; C: ozone generator; D: air pump; E: nebulizer reservoir; F: respirator samples; G: temperature 
and humidity sensor; H: Carulite; I: glass wool; J: small fan; K: primary container; L: secondary container. Diagram II—vaporized hydro
gen peroxide decontamination complex (HPDC). The fundamental components of the system included the following: in the secondary 
container (H) (A: VHP sensor (nozzle extends into primary container for readings); B: nebulizer); in the primary containment system (G) 
(C: nebulizer reservoir D: temperature and humidity sensor E: small fan F: respirators). Multiple detailed images of the ODC and HPDC 
are provided in the Supplemental Material section to further complement detailed methods.
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Interception (Liu and Rubow 1990):

gR ¼
1 − a

kKu

R2

ð1þ RÞ
2
3−3a

(11) 

R ¼
dp

df
(12) 

Impaction (Gougeon 1994):

gI ¼ 0:0334Stk3=2 (13) 

Stk ¼
Cuqpd2

pV
18ldf

(14) 

Statistical analysis methods and computational 
model development
The programming languages used were R and Python. 
R was used for statistical analysis and computational 
model generation. Python was used for the tool 
framework and web framework. Code was created 
using Rstudios v1.1.456 with R v4.2.3 and VS Code 
v1.91.1 with Python v3.9.13.

The Student’s t-test was used to compare the 
experimental results for viable S. aureus (CFU/mL) 
from each of the six stages of the Andersen cascade 
impactor and compared with the mean and the distri
bution from the Monte Carlo simulation (data not 
shown).

The model was informed by distributions for fiber 
diameter, packing density, thickness, and particle size 
based on values obtained thus: (1) fiber diameter, 
thickness and mean values thereof (þ/-SD) were 
measured from SEM images using Diameter J; (2) 
Packing density was calculated using the mass per 
unit area (g/m2) combined with density of the nonwo
ven fabric (polypropylene, g/m3) and the thickness of 
the layer (m). The sections used were approximately 
3.8 cm x 2.5 cm; (3) Particle size ranges at each of the 
six stages of the Andersen cascade impactor are 
described as provided in the operational manual 
(Tisch Environmental, Cleves, OH). Normal distribu
tions were generated using the means and standard 
deviations; fiber diameter was truncated using the 
minimum and maximum values from Diameter J, 
while packing density was truncated to the range of 
0.01 to1.0.

Monte Carlo simulation
The parameters were subjected to a Monte Carlo 
simulation by generating 10,000 replications of each 
parameter following a truncated normal distribution 
(Mooney 1997). Ten thousand overall filtration effi
ciency (E) predictions were generated by the Monte 

Carlo simulation. The 10,000 OFEs were converted 
into log10 reduction values using the following equa
tion:

½−Log10 1 − Eð Þ� (15) 

This value has a maximum value corresponding to 
the limit of detection (LOD) of each respective stage 
of the cascade impactor:

 LOD ¼ −Log10
1

positive control

� �� �

: (16) 

Log10 reduction values were normalized to a value 
within the range 0-1 by factoring out the total positive 
control values per stage from experimental data.

Model verification
We verified the model by determining the minimum 
number of iterations needed to converge the model pre
dictions, starting with 101 iterations, and increasing by a 
factor of 10 up to 107. The log reduction in viable S. aur
eus for each Andersen cascade impactor stage was meas
ured at each stage and for each experimental iteration. 
Log reduction refers to the logarithmic (base 10) decrease 
in the number of viable S. aureus cells at each stage. 
Values for fiber diameter, packing density, and thickness 
were set to the mean value of each of the individual respir
ator models. A standard deviation equal to the mean for 
parameter distribution was used to represent the worst- 
case scenario for model accuracy. The criteria for success
ful verification—results for each stage—are within 0.1 of 
the next two iterations. The minimum required N to meet 
this criterion was 10,000 (this is further described in the 
Monte Carlo Simulation section). Model verification was 
conducted using R packages tidyr and ggplot2.

Model validation
Models were validated by comparing the normalized 
log reduction values from modeling and experiments. 
Validation is confirmed when the experimental values 
fall within the reported 5th percentile from the model 
for each stage of the Andersen cascade impactor. 
Model validation was conducted using R and 
Microsoft Excel. Normal distributions were generated 
using the truncnorm package in R.

Model sensitivity
Sensitivity analysis was conducted using the R package 
ggplot2 to generate contour plots comparing the 
effects of fiber diameter, thickness, packing density, 
and particle size on OFE. Six plots were generated to 
represent the minimum particle size of the six stages 
of the Andersen cascade impactor. Contour lines 
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represent the 95% threshold of OFE at four different 
packing densities. For each respirator model or mask, 
the fiber diameter and thickness were plotted for com
parison to the contour lines (Figure 4).

Results

SEM imaging for surgical N95 respirators

SEM imaging of filter layers reveals fibrous microstruc
ture, as shown in example images of Figures 5 and 6. 
Analysis by ImageJ yields ranges of values for measure
ments of fiber diameter, two-dimensional porosity 
(negative space) from which packing density is calcu
lated, and thickness of the filter layer for each model of 
respirator. These values are summarized in Table 2. The 
mean fiber diameters for the surgical N95 respirators 
fall into a tight range, with the mask demonstrating the 
smallest mean fiber diameter and the lowest mean 
packing density (�0.069 mm). Similarly, the mean 
material thickness in the mask is less than the surgical 
N95 respirators. R2 has the greatest mean fiber diam
eter (�5.01 mm) and the highest mean packing density 
(�0.13 mm). R3 has the lowest material thickness 
(714.34 mm) and second highest packing density 
(0.096 mm). The most variable property measured 
among respirators was thickness, which demonstrated a 
greater range in standard deviation for surgical N95 res
pirators compared with the mask.

SEM imaging also allowed examination for measur
able changes in the four respirator models and masks 
due to exposure to decontamination modalities (VHP 
or ozone). A Student’s t-test of two samples assuming 
equal variances was performed between controls and 
compared with decontamination modalities. No dis
cernible changes to fiber diameter, thickness, or por
osity were identified from samples treated with one or 
three cycles of ozone when compared with untreated 
controls. Two respirator models showed a significant 
difference after exposure to VHP (3x treatment cycles) 
when compared with the controls for two-dimensional 
pore size as indicated through Diameter J (R1; 
(p� 0.043573 and R4; (p� 0.023273). More SEM 
images of respirators are referenced in the 
Supplemental Material section and located at GitHub: 
https://github.com/OSEL-DBCMS/PPECalculator.

Bacterial filtration efficiency test and overall 
filtration efficiency: Comparison of results from 
experimental and computational models

In this examination of the BFE system, 1� 103 CFU/ 
ml was tested for the positive control conditions (no 

respirator). Five biological replicates were tested, and 
the results showed no significant variation between 
test runs and no significant difference in the viable 
concentration of S. aureus recovered from nutrient 
agar (NA) plates from each stage of the Andersen cas
cade impactor, demonstrating that the conditions of 
the system were reliable and reproducible (data not 
shown) (Figure 7).

After completing validation of the BFE system as 
previously described, all four respirator models and 
one mask were tested with triplicate biological samples 
(n¼ 3), and BFE was calculated for each respirator 
model using the equation provided in ASTM F2101- 
23. Results for all four respirator models demonstrated 
BFEs above 95%, including the mask. The results of 
this study were further examined relative to the 
Andersen cascade impactor stages (1–6) and for 
decontaminated samples. Results from samples exam
ined from all six stages of the Andersen cascade 
impactor showed a statistically significant difference 
in microbial penetration observed at stage 6 for respi
rators R1, R4, and the mask. Additionally, a 

Figure 4. Verification plot (N convergence graph). Log reduc
tion values were measured relative to the number of replica
tions. The mean for fiber diameter was set at 4 mm, and the 
standard deviation was also set at 4 mm. Packing density was 
set at a mean of 0.1 mm (S.D. ± 0.1 mm). The mean for thick
ness was specified to 1,000 mm (S.D. ± 1,000 mm). Minimum 
values were predetermined for each parameter such that nega
tive values were not included. For the x-axis, N¼ number of 
simulations, and the y-axis shows log10 reduction in filtration. 
Each stage (1–6) represents a particle size range of the 
Andersen cascade impactor.
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Figure 5. Surgical N95 respirators and mask filter layers. Provided are three images for each filter layer from the four respirator 
models and the mask. Images of this quality and magnification (1.5kx for respirators and 1.41kx for masks) were analyzed for each 
of the parameters incorporated into the computational model.
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Figure 6. Cross-section of respirators and mask filter layers. Provided are cross-sectional images of each of the three layers that 
compose a single respirator. Displayed are the four respirator models tested in this study. The middle image in each row is the fil
ter layer. Cross-section magnification was variable and relative to the respirator (R1 112x; R2–R4 150x; Mask 141x).

Table 2. Quantitative traits captured through SEM from filtration layers of surgical N95 masks.
Sample Mean Fiber Diameter (lm) Mean Thickness (lm) Mean Packing Density (lm)

R1 4.88 ± 0.32 1628.37 ± 84.97 0.082 ± 0.0038
R2 5.01 ± 0.48 955.99 ± 118.62 0.13 ± 0.0061
R3 4.52 ± 0.32 714.34 ± 53.62 0.096 ± 0.0044
R4 4.36 ± 0.43 1008.59 ± 155.83 0.084 ± 0.0044
Mask 3.12 ± 0.61 374.90 ± 9.25 0.069 ± 0.0043

Fiber diameter and mean fiber thickness were identified from SEM images, with packing density calculated from these 
parameters.

Parameters incorporated into the computational model.
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statistically significant difference was observed for 
VHP, or ozone-treated samples (included were R1, 
R2, R3, and R4). However, OFE was above 95% for 
the mask and surgical N95 respirators for all the 
experimental conditions tested and controls, per cal
culations performed with ASTM F2101-23 (data not 
shown).

Illustrated in Figure 8 are the log10 reduction of viable 
particles for normalized data; compared are the experi
mental minima versus the 5th percentile of the model pre
dictions for controls (Figure 8, 1), ozone-treated (Figure 8, 
II), and VHP-treated (Figure 8, III) samples of each surgi
cal N95 respirator. The trend for log10 reduction from the 
model shows higher sensitivity than in the experimental 
data. However, the model complements the experimental 
data with respect to the penetration of particles in the 
smallest size ranges, demonstrating less efficiency. It 
should be noted that the model is more conservative in 
the predicted log reduction compared with the experi
mental outcome.

Experimental results for untreated samples show that 
the greatest log reductions occurred with R2 and R3 res
pirators. R1 demonstrates a smaller log reduction for 
particles at the smallest particle size ranges (i.e., Stages 4 
and 5, corresponding to 2.2 lm–0.65 lm), while R4 
showed a notable reduction at Stage 6 (1.1 lm–0.65 lm). 
The 5th percentile normalized log reduction predictions 

fall below their respective minimal experimental value as 
the particle size decreases, indicating that the model is 
conservative. Stages 5 and 6 had the smallest calculated 
log reduction across all the respirators, with R1 and R2 
performing better compared with R3 and R4. Similar 
trends for experimental results and model predictions 
were observed for ozone- and VHP-treated respirators.

Model sensitivity

Model sensitivity was determined by comparing four 
parameters: fiber diameter, filter thickness, particle 
size, and material packing density. Specific values 
were maintained as constants: (1) the particle size 
ranges (per comparison to Andersen cascade impactor 
stages 1–6) and (2) the packing density, respective of 
each of the respirator models and mask. The fiber 
diameter and filter layer thickness were varied to 
examine their effect on OFE.

The combination of all four parameters was used 
to generate a table of corresponding overall filtration 
efficiencies as contour plots (Figure 9). As seen in 
Figure 9, the contour lines represent the 95% thresh
old for each respective packing density that corre
sponds to a given respirator or mask. Overall, OFE 
decreases as the graph shifts to the right and 
increases as it shifts upward. The points indicate the 

Figure 7. Comparison of BFE from experimental versus the 5th percentile OFE output from the computational model for each res
pirator model and one mask. BFE and OFE were calculated for respirators that were subject to three cycles of decontamination by 
ozone and VHP. The horizontal line indicates the 95% threshold. The x-axis describes the experimental conditions, and the y-axis 
shows the percentage filtration efficiency. From the model, R2 had the highest predicted OFE for untreated samples, followed by 
R1, R4, and R3, respectively. The least efficient product was the mask.
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respective fiber diameter and thickness for each 
product, and the ellipses represent the standard devi
ation of the means for the two parameters. The col
ors correspond to a value closest to the respirator’s 
packing density. Additionally, the values that are to 
the left of each contour line demonstrate filtration 
efficiency per corresponding respirator. This change 
then indicates whether the respirator performs within 
the 95% threshold or deviates outside of this range.

Incorporation of the model into the GUI

The model, coded in R, was translated into Python 
and compiled into a web hosting service. 
Accompanying information for the use of the calcula
tor is housed in GitHub (https://github.com/OSEL- 
DBCMS/PPECalculator). The GUI for the tool can be 
seen in Figure 10. Users can enter measurements of 
fiber diameter (df), packing density (a), and thickness 
(L), and insert the mean and standard deviations in 
the respective input boxes.’ from the user’s inputs 
result in these outputs: the normalized log10 reduction 
values, the 5th, 25th, 50th, 75th, and 95th percentile as 
graphical and tabular results (see Figure 10).

Discussion

Notable observations from this study included the fol
lowing: First, decreasing the droplet size from 3.0 mm 
to a median particle size of �2.1 mm in BFE tests 

generated penetration at the submicron particle range. 
Secondly, ASTM F2101-23 requires a droplet size of 
3.0 mm (S.D. 0.1 mm); this particle size, however not 
effective for testing surgical N95 respirators, as it is 
currently recommended. The current results show 
experimental and modeled data indicate testing with a 
smaller particle size would provide critical penetration; 
this particle range does not apply to respirator FE 
tests. Thirdly, calculating overall filtration efficiency as 
described in ASTM F2101-23 for respirator testing 
may overestimate product effectiveness at particle 
sizes that are below 3.0 mM (S.D. 0.1 mm), the median 
viable particle size recommended by this standard for 
mask and respirator testing.

Limitations

This conservative computational model provides 
unique insight into conditions resulting in microbial 
penetration for materials used in respiratory protec
tion devices. As indicated, these products pass filtra
tion efficiency tests and demonstrate filtration 
efficiency above 95% according to standard protocols. 
However, upon closer examination for particle size 
ranges of 2.2 mm and below, penetration was statistic
ally significant between experimental and modeled 
results. The focus of this computational model was on 
the filtration layer of surgical N95 barrier material. 
This model was optimized for the filtration layer; 
other layers were not assessed.

Figure 8. (I) Untreated (control) surgical N95 respirators. Comparison of normalized log reduction values for BFE from experimental 
minima versus the 5th percentile normalized log reduction values for OFE from the computational model. The x-axis describes the 
particle size ranges captured at each stage of the Andersen cascade impactor and the performance of respirators (R1–R4). The Y- 
axis shows the log reduction in filtration of S. aureus-bearing particles. The experimental and computational results show minimal 
difference at particle sizes 7 mm–2.2 lm. At particle sizes 2.2 lm and below, the model shows less efficiency than the experimental 
values, and the model is therefore conservative. (II) Ozone-treated respirators. This graph illustrates the comparison of normalized 
log reduction values for BFE from experimental minima versus the 5th percentile normalized log reduction values for OFE derived 
from the computational model. Comparable to observations made at particle sizes at 2.2 lm and below for controls, the computa
tional model of ozone treated R1 and R4 respirators show lower filtration efficiency than in the experimental results, and all of the 
respirators perform below the expected 95% in the conservative computational model. (III) VHP-treated respirators. Comparison of 
normalized log reduction values for BFE from experimental minima versus the 5th percentile normalized log reduction values for 
OFE from the computational model. Similar to results observed for untreated controls and ozone-treated respirators, VHP-treated 
respirators demonstrate less filtration efficiency when tested for viable particles 2.2 lm and smaller.
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Conclusions

A goal of this study was to provide PPE stakeholders 
with a computational model/tool to inform and 
expedite decision-making in ideation, design, and 
manufacturing. The SARS-CoV-2 pandemic exposed 
PPE supply chain vulnerabilities, notably with N95 
respirators and surgical gowns. This study presents a 
conservative, uniquely SEM informed, physics-based 
computational model with a user-friendly GUI to 
assess the filtration efficiency of the respirator filter 
layers based on material thickness, fiber diameter, and 
packing density. TEB-APR-STP-0059, ASTM F2100- 
23, and ASTM F2101-23 remain the standard for fil
tration testing and are important to biologically rele
vant evaluation of filter materials. Accordingly, this 
study evidences (1) the value of viable microbial par
ticle testing along with other physical test methods 
and (2) approaches to incorporate these data into 
computational models to build less labor-intensive 
technology with biologically relevant evaluation of 
new and decontaminated PPE materials.

Computational modeling and similar tools expedite 
product evaluation for emergency preparedness (Bai 
et al. 2021; Corbin et al. 2021; Zhang et al. 2024). 

This model could be expanded to test latex beads or 
other submicron particles to assess the efficacy of the 
model, stratify its use, and expand the functions of 
the tool to examine filtration efficiency using compu
tational methods.

An objective of the study described herein was to 
develop an approach to analyze PPE fiber structure 
via physical testing in conjunction with a physics- 
based mass transport computational model for the 
purposes of obviating labor-intensive testing. 
Although testing for validation would likely always be 
required, this could be a useful tool at the R&D 
(material selection) stage or during PPE shortages (as 
experienced during the COVID-19 pandemic). 
Specifically, the model may be leveraged to interpret 
the penetration of a broad range of particle sizes (not
ably, microorganisms) that can impact the lower 
bronchoalveolar tissues of the lung. The model might 
also be used to help probe additive effects of decon
tamination modalities and mechanical stresses/strain 
on PPE characteristics, as highlighted by the charac
terization of Level 3 and 4 surgical gowns (see 
Supplemental Tables 4 and 5). These findings are of 
relevance in discussions and decisions around the 

Figure 9. Model sensitivity contour plots. Each plot corresponds to a particle size range captured by each of the Andersen cascade 
impactor Stages (1–6). The x-axis describes the fiber diameter, and the y-axis describes filter thickness. The contour lines represent 
the 95% threshold for the packing density values of 0.07, 0.08, 0.09, and 0.13 (left to right). The points represent the average fiber 
diameter and thickness for each respirator model and the mask. The colors represent each respirator and correspond to a packing 
density of a given respirator model—as such, “mask” is indicated as a red dot with the ellipse showing the 95% confidence inter
val, and the red line indicates the corresponding packing density. Mask¼ red; R1 & R4¼ orange; R2¼ green; R3¼ blue.
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demand, sustainability, and environmental impact of a 
PPE supply chain (Cubas et al. 2023; Gunasekaran 
et al. 2022; Lendvay et al. 2022).
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Figure 10. PPE Risk Calculator GUI. (I) The input parameters are material characteristics. (II) a table display outputs that included 
the following information: user inputs OFE of the test subject. (III and IV) Graphical outputs display the performance of a material 
compared with a reference surgical N95 at different particle size ranges; if the outcome of the user’s product performs significantly 
less than the reference, the “violin plot” is red, but if the output is comparable or better than the reference, the output is green. 
Additional characteristics detailed in the plot include the mean, distribution density, and log10 reduction at the 25th and 75th per
centiles. The bottom table summarizes the normalized log10 reduction output per particle size range for the 5th, 25th, 50th, 75th, 
and 95th percentiles. In sum, this tool allows the user to examine materials and compare performance with a reference surgical 
N95 and estimate filtration efficiency. The data that support the findings of this study are available at: https://github.com/OSEL- 
DBCMS/PPECalculator.
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