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Mathematical optimization of filters used in N95 filtering facepiece

respirators

Patrick T. O'Shaughnessy

Department of Occupational and Environmental Health, The University of lowa, lowa City, lowa

ABSTRACT

The filter used in an N95 filtering facepiece respirator (FFR) has a collection efficiency and
pressure drop that are primarily influenced by filter depth and solidity, as well as the aver-
age diameter and electrostatic charge of its fibers. A sensitivity analysis was performed to
determine the influence of each property on particle collection efficiency at the most pene-
trating particle size (MPPS) and pressure drop using previously verified N95 FFR filter per-
formance models. Collection efficiency was most influenced by changes in filter solidity and
least influenced by fiber charge. Likewise, pressure drop was most influenced by fiber diam-
eter, least influenced by changes in filter depth, and was not affected by fiber charge. Given
the competing desire for low pressure drop and high collection efficiency, the use of a qual-
ity factor demonstrated that increasing filter charge and fiber diameter had a nearly equal
positive association with overall filter efficacy. A filter optimization process was also con-
ducted that employed a non-linear optimization routine to first determine the filter depth
required to obtain a collection efficiency criterion of > 95% collection efficiency at the
MPPS for sets of fiber diameter and filter solidity values, and to determine the pressure
drop resulting from each combination of the three property values while holding fiber
charge constant. This analysis demonstrated that filters with low solidity, high fiber diam-
eter, and high depth produce the lowest pressure drop. However, all combinations of filter
properties within the ranges analyzed produced acceptable pressure drops, indicating that
an upper limit on filter depth can be applied based on N95 FFR design constraints and still
maintain a reasonable pressure drop. To aid filter design efforts, linear regression models
were developed to first predict the filter depth needed to meet the efficiency criterion given
known fiber diameter and filter solidity, and then to predict the pressure drop from those
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three properties.

Introduction

Respirators are a common form of personal protective
equipment used to reduce exposure to harmful air
contaminants in the workplace. Filtering facepiece res-
pirators (FFRs) are a class of respirators that includes
the N95-designated respirator, designed to reduce
exposures to airborne particulate matter in scenarios
that contain dry aerosols and cannot otherwise be
controlled to reduce aerosol concentrations. FFRs are
approved by NIOSH using a specified procedure
(NIOSH 2019b) in which the penetration of a sodium
chloride aerosol through a sealed N95 FFR is assessed.
The collection efficiency of 20 representative FFRs of
the type to be tested must be > 95% when subjected
to a consistent inflow rate of 85L/min to pass the test.

While designing N95 FFR filter media to meet the
efficiency-passing criteria, manufacturers must also
consider the pressure drop developed by the filter
media. An N95 FFR cannot produce a pressure drop
greater than 35 mm H,O at 85L/min of inflowing air
(NIOSH 2019a). Respirators must obtain a relatively
high collection efficiency together with a low filter
pressure drop, which is the primary design concern
when developing filter media used in FFRs. However,
there are few scientific investigations of the primary
properties of N95 filter media (both fiber and filter
characteristics) and their individual influences on both
particle capture efficiency, E, and pressure drop (Ap)
in the literature. The studies by Chen et al. (1993)
and Huang et al. (2013) are two of the few studies
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that systematically altered a variety of filter media
properties to identify their effect on filter efficiency
and pressure drop. Whereas many other papers have
described the combined effects of filter properties to
determine FFR performance under various conditions,
such as changes in face velocity (Balazy et al. 2006),
changes in relative humidity (Ramirez and
O’Shaughnessy 2016), and fiber charge levels (Barrett
and Rousseau 1998), they did not isolate the individ-
ual effects of filter properties.

Filter optimization (attaining the highest efficiency
with the lowest pressure drop) can be enhanced if the
individual influence of each filter and fiber property
on both E and Ap is known. The important properties
of the fibers include their diameter and amount of
electrostatic charge. Likewise, the influential properties
of the entire filter include its depth (thickness) and
solidity (packing density). Filter solidity is the ratio of
the volume of all fibers to the volume of the filter
(Hinds 1999) and is therefore the direct opposite of
the filter’s porosity. Factors external to the filter can
also affect its E and Ap. They include the density and
the charge state of the aerosol particle being captured
that directly affect E. Likewise, the rate of inflowing
air, which influences the velocity of the inhaled air
through the filter, affects both E and Ap.

Theoretical equations have been developed to esti-
mate the E of particulate filters based on their proper-
ties (Davies 1973; Brown 1993; Hinds 1999). These
equations determine the filtration of particles by simu-
lating the effects of the forces of interception, impac-
tion, diffusion, gravitational settling, and electrostatic
attraction. With the use of equations to simulate these
collection mechanisms based on the properties of sin-
gle filter fibers, the total collection efficiency of a filter
can be determined based on its depth and solidity.
Two related papers by this research group provide a
thorough explanation of these capture efficiency equa-
tions (O’Shaughnessy 2022) and refine their attributes
to maximize their ability to simulate the capture
efficiency of currently available N95 FFRs
(O’Shaughnessy et al. 2023).

Although papers have recently been published that
report on optimized filter production processes (Niu
et al. 2021; Kamil and Munir 2023), few have been
written that attempt to optimize the magnitude of fil-
ter properties relative to the competing interests of
low pressure drop and high efficiency. Of those,
Pradhan et al. (2016) employed a three-component
lattice design, each with a different blend of coarse
and fine fibers, to test and compare for efficiency and
pressure drop. With equations from experimental

data, they were able to develop contour plots within
the triangular space of the lattice design that showed
gradations of filtration efficiency and another for pres-
sure drop. Ptak (1993) also explored the use of opti-
mization procedures for enhancing filter performance
but focused on the use of simple criterion functions,
including the “quality factor” (QF) described in texts
(Brown 1993; Hinds 1999), which combines the com-
peting effects of E and pressure drop Ap, where a fil-

ter that produces a higher QF is considered
advantageous:
—In(1-E
1= »
p

Ptak (1993) also suggested other criteria, such as a
simpler form of QF, Q = E/Ap, and a differencing
criterion, Q” = A; E - A,Ap, where the weights A,
and A, can be given the same value (0.5) or different
values depending on which filter quality is of most
importance.

The primary objective of this study was to perform
numerical simulations focused on the optimization of
an N95 FFR to determine the characteristics of filter
properties that result in minimizing pressure drop
while maintaining a particle capture efficiency criter-
ion of E>95% at the most penetrating particle size
(MPPS). Optimization steps involved adjusting filter
solidity and average fiber diameter values, and using
an optimization routine to obtain a filter depth that
meets the efficiency criterion while holding air flow
rate and electrostatic charge constant. A sensitivity
analysis was also performed to determine which phys-
ical properties had the greatest effect on E and Ap.

Methods
Efficiency and pressure drop models

The particle capture efficiency model used in this
study is fully described in O’Shaughnessy (2022). The
efficiency model was developed using theoretical mod-
els from a variety of sources to simulate single-fiber
collection efficiency using equations for the following
forces: diffusion (Wang et al. 2007), interception (Lee
and Liu 1982), impaction and gravitation (Stechkina
et al. 1969), and fiber charge (Lathrache and Fissan
1987). These equations were applied as described in
their respective papers, except for the diffusion equa-
tion. Wang et al. (2007) suggested that the diffusion
force, Ep, can be described by the power law. Ep =
b-Pe™, where Pe is the Peclet number. Values for the
constant (b=0.19) and exponent (m=—0.42) were
empirically determined by O’Shaughnessy et al. (2023)



to best represent the effect of the diffusion force asso-
ciated with the filtering layer of a typical N95 filter by
maximizing the correlation between model output and
measurements of N95 FFR filter efficiencies over a
range of particle sizes. From the sum of all single-fiber
efficiency equations (E;), total filter layer efficiency
(E) was computed using Equation 2 (Lathrache and
Fissan 1987):

E=1-—exp [ e o ] (2)

ndp(1 — o)

where o is the solidity of the filter, L is the filter
depth, and d¢ is the average fiber diameter.
The aerosol applied to the model was assumed to

3 and

be sodium chloride with a density of 2.16 g/cm
the dielectric constant of 5.9. Equations were added to
the model to compute the charge per particle diameter
assuming a Boltzmann equilibrium charge distribu-
tion, which develops on aerosols given sufficient time
to reach this equilibrium state (Lathrache and Fissan
1987; Chen et al. 1993). The properties of the simu-
lated conditions included an air temperature of 20°C
flowing with a face velocity through the N95 FFR of
8 cm/s that was similar to the face velocity of a typical
N95 with a surface area of 175cm” subjected to an
inward flow rate of 85L/min (O’Shaughnessy et al.
2021). Likewise, the filter fibers were assumed to be
100% polypropylene that had a dielectric constant of
2.2. A reproduction of a plot from O’Shaughnessy
et al. (2023) showing the relationship between meas-
ured efficiency and the best-fit model curve is pro-
vided in Figure S1 of the Supplement.

The equation for Ap used in this work was origin-
ally developed by Davies (1953):

ap = 1O )

f
where p is the fluid viscosity, and U, is the face vel-
ocity. The original function (f(«)) of Equation 3, given
by Davies, was modified by O’Shaughnessy et al.
(2023) by changing the leading constant from 64 to
8.3, as shown in Equation 4, to cause Equation 3 to
best represent the pressure drop across a typical N95
FFR:

flo) = 8.30"3(1 + 560). (4)

The E and Ap models were developed in a
Microsoft Excel Version 2503 spreadsheet. The E
model was designed to calculate filter efficiency across
31 particle diameters evenly spaced (ten per decade)
on a log scale over the range of 0.001-1 pm.
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Note that a typical N95 FFR consists of three
layers: outer, filtering, and inner. The outer layer is
composed of stift fibrous material required to support
the shape of the FFR, whereas the inner layer is com-
posed of finer material that provides a comfortable
feeling against the skin. Both the inner and outer
layers are designed to minimize additional pressure
drop and therefore do not add substantially to E. The
middle “filtering” layer is composed of charged non-
woven fibrous strands that serve as the primary means
of particle capture by the FFR. The E and Ap models
were developed to best simulate the performance of
the filtering layer under the simplifying assumption
that if the optimization process results in the filtering
layer meeting the NIOSH approval criteria, then a
multi-layer FFR is bound to meet the criteria. A
comparison of the efficiency and pressure drop of a
three-layer FFR (Model 8510, 3M Corp., St. Paul, MN)
relative to the filtering layer was conducted to justify
this assumption. The properties of those additional
layers are described in Ramirez and O’Shaughnessy
(2016).

As described in O’Shaughnessy et al. (2023), meas-
urements of the filtering layer from six N95 FFRs
were obtained to compute average values of filter
depth (0.12 cm), the average fiber diameter (or effect-
ive diameter) of their distribution of diameters
(2.5um), and solidity (0.085) of the filtering layer,
which were used in this study to represent those of a
typical N95 FFR. Likewise, they performed a literature
search to determine a typical charge per fiber area of
23.5uC/m*. When applied to the E model, these val-
ues produced an efficiency curve relative to particle
diameter that is like that of most N95 FFRs, with a
minimum efficiency of 96.4% and a most penetrating
particle size (MPPS) of 0.039 um. Likewise, the Ap
model produced a filter pressure drop of 6.1 mm H,O
under these conditions, which was reasonably close to
the average of measured Ap for the six N95 FFRs of
6.2 mm H,O.

Sensitivity analysis

A sensitivity analysis was conducted that involved
changing the magnitude of each of four fiber and fil-
ter properties (fiber diameter and charge; filter solidity
and depth) over a range of their values (Table 1). To
facilitate comparisons between properties, the range of
each was established by using the typical value as the
middle value of each range with three evenly spaced
values above and below the middle, and with lowest
and highest values that were 50% and 150%,
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Table 1. Range of values of filter properties applied to the efficiency and pressure drop models.

Filter Solidity Filter Depth cm Fiber Diameter um Fiber Charge pC/m?
Minimum 0.043 0.06 1.25 11.8
Middle 0.085 0.12 2.50 235
Maximum 0.128 0.18 3.75 353

respectively, of the middle value. This construct pro-
duced seven values for each property such that the
highest value was threefold higher than the lowest
value.

As will be demonstrated in the Results section,
most properties caused nonlinear changes in either E
or Ap with changes in their values. Therefore, a sensi-
tivity analysis was performed by determining the dif-
ference in responses of an outcome resulting from
application of the minimum and maximum property
value to a model, given that each property was eval-
uated over the same proportional range (3x) of values.
The sensitivities of E and Ap to small, nearly linear
changes near the property values associated with a
typical N95 FFR were also assessed after making 1%
changes in the property values.

Although not a property of the filter, the inspir-
ation flow rate, and, therefore, the face velocity of air
through the filter (U,) has been shown to affect both
efficiency and pressure drop (Huang et al. 2013;
O’Shaughnessy et al. 2023). The filter model was
therefore also used to determine the effect of varying
inspiration flow rates during sinusoidal breathing with
a minute volume of 85L/min. A minute volume of
that magnitude can be considered “heavy breathing,”
for which a high breathing rate of 30/min was chosen,
resulting in 2.8 L/breath (Janssen et al. 2005). As
shown in Figure S2, the inspired flow rates over the
Is inspiration increased above 85L/min after 0.1 s and
reached a maximum of 267 L/min, which is equivalent
to U, = 25.6 cm/s for an FFR surface area of 175 cm?.
Figure S2 was created while applying the simplifying
assumption that human breathing is sinusoidal,
whereas actual breathing patterns exhibit steeper rises
and falls during a breath (Napoli et al. 2022).

Filter optimization

Filter optimization was conducted in an unconstrained
and a constrained manner. Unconstrained optimiza-
tion was conducted with the use of Equation 1 to cal-
culate the QF during which each of the four
properties was adjusted from their minimum to max-
imum value as given in Table 1, while the other three
properties were held constant at their typical value.
To compute QF, the value of E applied to Equation 1

was the minimum efficiency associated with the effi-
ciency of the MPPS.

Given the focus of this study on the performance
of filters applied to N95 FFRs, a second optimiza-
tion analysis was performed in which E was con-
strained to > 95% at the MPPS as the success
criterion. Note, however, that the NIOSH test
(NIOSH 2019b) does not involve N95 FFR approval
based on this criterion. Rather, that test provides a
single efficiency across all particle sizes of the aero-
sol detected by a photometer that cannot discrimin-
ate by particle size. Since the optimization model
used here involved calculations of efficiency across
a wide range of particle diameters, constraining the
efficiency at the MPPS to > 95% was applied as a
conservative measure of filter performance. An ana-
lysis was also conducted to demonstrate that a filter
meeting this criterion will necessarily pass the less
restrictive NIOSH approval process.

To initiate this analysis, the total combination of all
four properties, each having seven values, potentially
applied to the E model was reduced from all possible
combinations (n=2,401) in two ways. First, the
assumption was made that a manufacturer of filter
media would be able to control both the fiber diam-
eter and filter solidity during the production process.
Likewise, by theory, the fiber charge did not affect the
pressure drop because it did not alter the structure of
the filter. Therefore, the optimization process pro-
ceeded by systematically varying both the fiber diam-
eter and filter solidity through their 49 (7 x7)
combinations while solving for the filter depth that
satistied the efficiency criterion, while the fiber charge
remained fixed at its typical value of 23.5uC/m* and
with an inflowing air velocity of 8 cm/s.

The non-linear optimization code (Solver) in
Microsoft Excel was used to perform the optimization
process. Before using Solver, the MIN() function was
added to a cell to find the minimum efficiency across
all collection efficiencies calculated at each of the 31
particle diameters by the E model. One of the 49 pos-
sible combinations of fiber diameter and filter solidity
values was added to cells in the optimization. The
Solver function was opened to display the “Solver
Parameters” window. The default Generalized
Reduced Gradient (GRG) Nonlinear solving method
was chosen (Fylstra et al. 1998). The default options
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of the GRG method, such as a constraint precision
of 0.000001 and convergence of 0.0001, were also
used. The cell containing the filter depth value was
chosen as the “Set Objective.” Options in the win-
dow were then chosen to minimize the value of the
objective cell while also using that cell as the
“Changing Variable Cell.” Solver found a solution
by adding the constraint that the cell containing the
MIN() function must be > 0.95. Using the Solver
routine, therefore,
depth, which, as a consequence, resulted in the low-
est Ap for a set of fiber diameter and filter solidity
values while also meeting the efficiency criterion.
This process was repeated for all other fiber diam-
eter and filter solidity combinations.

To facilitate filter design efforts, two general linear
models (GLMs) were developed from the optimization
output. A GLM was developed to predict the filter
depth needed to meet the efficiency criterion with
fiber diameter and solidity as the independent varia-
bles. A second GLM was then developed to predict
the pressure drop resulting from the combination of
the three filter properties: fiber diameter, solidity, and
filter depth at a fixed fiber charge level of 23.5 uC/m?
and inflow face velocity of 8 cm/s.

resulted in the lowest filter

Results and discussion
Model output

An example of model output after applying all prop-
erty values at their typical (middle) level is given in
Figure 1, in which the total efficiency, E, of the filter-
ing layer of an N95 FFR is shown relative to particle
diameter (Table 1). The E curve shown in Figure 1
demonstrates the “dip” in efficiency caused by the
reduction in the diffusion force and the increase in
the charge (dielectrophoretic) force with increasing
particle diameter, which caused the MPPS to fall
between the particle diameters of 0.03 and 0.05pm
(O’Shaughnessy 2022).

Also shown in Figure 1 is the total efficiency curve
developed when the three layers of a typical N95 FFR
were considered. Model simulations together with
photomicrographs of the fibers in each layer are given
in Figure S3. The addition of the two layers only
increased E from 96.4% to 97.2%, primarily because
they do not consist of charged fibers. Likewise, there
was only a slight increase in pressure drop from
6.06 mm H,0O to 6.32mm H,O due to their low
solidity.
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Figure 1. Efficiency model results for the single filtering layer
and for an N95 consisting of two additional layers.

Sensitivity analysis

The sensitivity of each outcome to minimum E and
Ap over their three-fold range is displayed and enum-
erated in Figure 2. As shown in Figure 2A, the effect
of fiber charge across its range was smaller than the
nearly equal effect of the other three properties on
minimum efficiency. Fiber diameter is the only prop-
erty that oppositely affected both outcomes—a larger
diameter resulted in a lower outcome value and hence
the negative difference (—21.5mm H,O) associated
with that property as shown in Figure 2A.

Furthermore, Figure 2B demonstrates the counter-
intuitive finding that changes in filter depth did not
affect Ap as much as changes in fiber diameter over
their respective three-fold ranges. However, as shown
in Equation 3, Ap is directly proportional to filter
depth but is inversely proportional to the square of
fiber diameter, which markedly increases the effect of
fiber diameter on Ap. Note also from Figure 2B that
fiber charge did not affect pressure drop since changes
in that property did not result in structural changes
that influenced Ap.

The related curves developed across the range of all
seven property values applied for filter depth, filter
solidity, fiber diameter, and fiber charge are shown in
Figures $4-S7, respectively. The lower effect of fiber
charge on minimum efficiency across its range is
shown in Figure S7A relative to that of the other
properties (Figures S4A, S5A, and S6A). However, the
advantage of applying a charge to filter fibers can be
seen in Figure S7C, where an additional charge level
at 0.0 uC/m” was plotted. With no charge applied, the
minimum efficiency dropped to 59% (for the same
depth, solidity, and fiber diameter). However, applying
a fiber charge as low as 11.8uC/m” considerably
increased the minimum efficiency to 91.3%. Relatively
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Figure 3. Plot demonstrating the effect of increases in air vel-
ocity on the filter minimum efficiency at the most penetrating
particle size. The corresponding inflow rates at each air vel-
ocity evaluated are also shown.

less additional gain in minimum efficiency was then
achieved by increasing this force as the fiber charge
per area tended toward a maximum possible. Figure
S7C and D also reveal that changes in filter charge
had a large effect on the MPPS, which shifted from
0.15pm with no charge to 0.03um at the highest

Table 2. Percent changes in filter efficiency and pressure
drop relative to a 1% change in the typical property value.

Property Change in Efficiency, % Change in Pressure Drop, %
Depth 0.11 1.01
Diameter —0.17 —1.98
Solidity 0.12 1.61
Charge 0.07 0.00

charge value applied. This effect resulted from filtra-
tion relying on interception when no charge force was
applied, which also increased with increasing particle
diameter, but did not influence the capture of smaller
particles to the extent of fiber charge. Reliance on
interception to establish the right side of the efficiency
dip, therefore, results in the MPPS being shifted to
larger diameter particles (O’Shaughnessy 2022).

The effect of 1% changes from the typical property
values is given in Table 2. In general, those changes
had a much greater impact (approximately 1%) on
pressure drop than on collection efficiency (approxi-
mately 0.1%). Furthermore, as demonstrated in the
previous analysis, changes in fiber diameter had the
most influence on both efficiency and pressure drop.

The effect of changes in inspiration flow rate while
breathing with a minute volume of 85L/min is given
in Figure 3. The very low flow rates and related veloc-
ities at the start of a breath resulted in nearly 100%
capture efficiency. However, as flow rates increased
from 42L/min (4cm/s) to the peak of 267 L/min
(25.6cm/s), a nearly linear decrease in efficiency was
achieved. This effect is caused by a reduction in both
the diffusion and dielectrophoretic charge forces as
velocity increases, which are most influential in creat-
ing the efficiency dip of the dielectric filters used in
N95 FFRs (O’Shaughnessy et al. 2021).

Unconstrained filter property optimization

A comparison of the effect of each filter and fiber
property on QF is given in Figure 4. A range of values
was applied to each property such that they consisted
of the same proportional differences from the middle
(typical) value and extended from 0.5 to 1.5 times the
middle value. Therefore, to enable a direct comparison
of the influence of changes in each property, the QF
values are displayed in Figure 4 in relation to the frac-
tion of each range value relative to the middle value
for each property. Given that the middle value of each
range is also the declared typical value and is applied
for each property while all other properties were held
at their typical value, the minimum efficiency and
pressure drop values are the same for each middle
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the middle value over the range of values applied to each of
the four filter and fiber properties.

value of the four property values, thus producing the
same QF value for a fraction of 1.

Fiber charge and diameter had a very similar posi-
tive effect on QF with increases across their range of
values spanning from QF = 0.38 to 0.71. Fiber charge
did not affect filter Ap; therefore, the denominator of
Equation 1 remained unchanged as the numerator
increased and as efficiency increased (and conversely,
penetration decreased), which had an overall positive
effect on QF. Conversely, changes in fiber diameter
had the largest effect on Ap of all properties across
their respective ranges, dropping from 24.2 to 2.7 mm
H,O while all other properties remained at their typ-
ical value (Figure S6B). This large decline in Ap due
to the inverse-squared effect of fiber diameter more
than offsets decreases in efficiency with increases in
diameter (Figure S6A) to result in a steady increase
in QF with an increase in diameter. However, changes
in filter depth caused an increase in both minimum E
(Figure S4A) and Ap (Figure S4B) that offset each
other to result in a negligible decrease in QF from
0.60 to 0.52.

As shown in Figure 4, the lowest value of solidity
applied while all other properties remained at their
middle value resulted in the highest QF value of 0.84.
This condition resulted in the lowest Ap (Figure S5B),
which greatly offset the lower efficiency (Figure S5A)
obtained under this condition. However, the QF
declined with increases in solidity (Figure 4) as the
pressure drop increased relatively more than the
increase in efficiency.

Constrained filter property optimization

When constraining the filter efficiency to > 95% at
the MPPS, the Solver optimization routine in Excel
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Figure 6. Relationship between fiber diameter (um), filter
solidity, and filter pressure drop (mm H,0) while achieving
95% capture efficiency at the most penetrating particle size.

provided results that always converged on a minimum
filter efficiency at a certain particle diameter of exactly
95%. Therefore, the concept of a quality factor was no
longer useful because the numerator of Equation 1
does not change, which left comparisons restricted to
conditions that minimize Ap. A contour plot showing
the relationship between the three properties that
resulted from the optimization procedure is given in
Figure 5. The intersection of any two combinations of
filter solidity and fiber diameter is in a region of filter
depth that satisfies the efficiency criterion. As can be
seen in Figure 5, increasingly greater filter depth was
required as fiber diameter increased and solidity
decreased to meet the criterion.

The Ap values resulting from the optimization rou-
tine are shown in Figure 6 in relation to changes in
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filter solidity and fiber diameter. Although any com-
bination of properties shown in Figure 5 meets the
efficiency criterion, Figures 5 and 6 together demon-
strate that filters with low solidity, high fiber diameter,
and high depth result in producing the lowest Ap,
which therefore results in the optimum set of filter
properties. However, there is latitude within the
ranges of each property, given the results shown in
Figure 6, in which even the worst-case combination
produced a Ap (9.3mm H,0O) that is much lower
than the NIOSH limit of 35mm H,O for inflowing
air. Therefore, a reduction from optimal conditions
can be afforded to reduce filter thickness and still
retain pressure drop at a reasonably low level.

The results shown in Figures 5 and 6 were pro-
duced while holding the fiber charge to its typical
value of 23.5uC/m”. Figure 7 demonstrates the effect
of changes in fiber charge on filter depth and pressure
drop while satisfying the efficiency criterion. Changes
in fiber charge levels could result from different man-
ufacturing methods (Larsen et al. 2021) affecting dif-
ferent filters or, for example, from changes in
humidity that affect the charge level of a single filter
(Motyl and Lowkis 2006). The plots in Figure 7 were
produced while holding the fiber diameter to 2.5 um.
With no charge, both filter depth (Figure 7A) and
pressure drop (Figure 7B) markedly increased as
expected relative to conditions within the range of
charges evaluated in this study. The effect of an
increase in filter charge enables thinner filters to meet
the efficiency criterion, the effect of which is a lower
pressure drop. In effect, Figure 7B displays the transi-
tion from thick uncharged filters of the past to the
thin charged filters of contemporary N95 FFRs on fil-
ter Ap.

As mentioned, using the criterion of > 95% at the
MPPS does not accurately relate to the NIOSH
approval method that evaluates the efficiency of all
particles of the challenge aerosol collectively. The
NIOSH test requires the use of a salt aerosol with a
lognormal distribution having a geometric mean of
0.075 um and a geometric standard deviation of 1.80.
The relative frequencies of particle diameters having
such a distribution were computed for 31 evenly
spaced values on a log scale between 0.001 and 1 um
using the equation for a lognormal distribution, which
encapsulated >99.99% of the distribution. The model
was developed to determine the capture efficiencies at
each of the 31 diameters. Solver was then used to
repeat the process of determining the filter depth,
given a fiber diameter and filter solidity, which caused
an overall 95% reduction in the frequency values of
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Figure 7. Relationship between filter solidity and filter depth
(A) and pressure drop (B) for varying levels of fiber charge
while achieving 95% capture efficiency at the most penetrating
particle size and with fiber diameter held at 2.50 um.
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Figure 8. The filter efficiency curve and related upstream and
downstream aerosol size distributions resulting when the
NIOSH N95 FFR approval test was applied to the model.

the distribution as being proportional to their count
values.

An example of the aerosol frequency distribution
and resulting total efficiency curve satisfying the
NIOSH criterion when all typical property values were
applied is given in Figure 8. The efficiency at the
MPPS was 91.2%. Such an efficiency of <95% at the
MPPS is possible because the test’s measure of



efficiency is derived from the removal of all particles
within the aerosol distribution, which includes those
in the tails of the distribution that are captured with
>95% efficiency. An analysis of the differences
between the NIOSH criterion and the criterion based
on the MPPS demonstrated that use of the less
restrictive NIOSH criterion resulted in filter depths
that met the NIOSH criterion that were 73% to 84%
of those using the more stringent criterion based on
the MPPS, with commensurate reductions in filter
pressure drop.

Filter depth and pressure drop regression models

A GLM to predict the filter depth needed to meet the
efficiency criterion based on fiber diameter and filter
solidity as independent variables was best developed
using the natural logarithm of filter depth as the
dependent variable. The GLM was created as a
second-order linear model to allow for curvature in
the regression model. Likewise, interaction terms were
added if found to be significant (p <0.05). The result-
ing coefficients of the GLM are given in Table 3. The
model adjusted R-squared value was 0.9990, and all
coefficients were significant with p-values < 0.001.

A second GLM to predict Ap with an inflow face
velocity of 8 cm/s was developed using Ap in units of
mm H20 as the dependent variable and the fiber
diameter, filter solidity, and filter depth as the inde-
pendent variables, where the first GLM was used to
obtain the filter depth values. The resulting second-
order model with significant interactions had an
adjusted R-squared value of 0.9996. All coefficients
were significant with p-values < 0.001, except the
solidity-squared term, for which p =0.005. The result-
ing coefficients are given in Table 3. The randomness
and normal distribution of the residuals are shown in
Figure S8, which demonstrates that the model
accounts for all but random variations in pressure
drop. However, it is noted that this model is necessar-
ily subject to multicollinearity, given that filter depth
is first predicted by fiber diameter and solidity using
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the optimization routine and then used to predict
pressure drop. These models intend to provide a sim-
ple method for predicting depth and a resulting pres-
sure drop given known fiber diameter and filter
solidity values.

Limitations

There are sources of error in the models used to
obtain the results presented in this paper that may
cause the GLMs to provide results that deviate from
an actual N95 FFR. The first is related to the accuracy
of the pressure drop model given in Equations 3 and
4. O’Shaughnessy et al. (2023) produced an adjust-
ment to a filter pressure drop model developed before
the advent of contemporary N95 FFRs based on meas-
urements of filter depth, fiber diameter, and solidity
of six N95 FFRs, all of which contain uncertainties
related to the measurement processes for each. The
magnitude of these properties also highly influenced
the modeled estimation of total filter efficiency. In
particular, fiber diameter is difficult to accurately
measure, and the fibers of a filter have a distribution
of diameters. O’Shaughnessy et al. (2023) demon-
strated that applying a distribution of diameters to the
model produced an efficiency curve relative to particle
diameter that was more accurate than using the aver-
age diameter over the entire dip in efficiency.
However, applying a distribution of diameters results
in additional model complexity that does not contrib-
ute to an accurate prediction of the MPPS, which is
nearly identical whether the average diameter or the
entire distribution of fiber diameters is applied to the
model. Furthermore, the N95 FFR modeled here was
treated as having a single layer of filter media,
whereas most N95 FFRs have two to three layers,
which may add to both the E and Ap of the actual
respirator. For example, Purdy (2019) determined that
the Ap contributed by the particle filtering layer of 10
N95 FFRs ranged between 61% and 94% of the
total Ap.

Table 3. Coefficients and related p-values applied to general linear models to predict filter depth and

pressure drop.

Term In(Depth) In(cm) p-value Pressure Drop mm H,0 p-value
Constant -3.103 <0.001 7.172 <0.001
Diameter 1.400 <0.001 —4.500 <0.001
Solidity —27.009 <0.001 54.310 <0.001
Depth -1.934 <0.001
Diameter*Diameter —0.145 <0.001 2.103 <0.001
Solidity*Solidity 78.750 <0.001 33.500 0.005
Diameter*Solidity —13.804 <0.001
Diameter*Solidity*Depth —238.200 <0.001
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Conclusion

Two mathematical models were developed previously
by this research group in which key aspects of the
equations applied were adjusted to best represent the
particle capture efficiency (E) and pressure drop (Ap)
of contemporary N95 FFRs. Those equations were
used in this study to determine the combination of fil-
ter properties that caused the greatest changes in both
outcomes, as well as to determine the set of property
conditions that minimizes pressure drop as an opti-
mization goal.

Study results demonstrated that E was most influ-
enced by changes in filter solidity and least influenced
by fiber charge. Likewise, Ap was most influenced by
fiber diameter and least influenced by changes in filter
depth. As a relative indication of filter performance
that considers the positive effect of more E and the
negative effect of Ap, an assessment of the quality fac-
tor (QF) demonstrated that QF
increases in the fiber properties, charge, and diameter,

increased with

and decreased with increases in the filter properties,
solidity, and depth. This study was conducted while
using an intuitive approach to filter optimization in
which the fiber diameter and filter solidity were
assumed to be previously known properties of the fil-
ter. Filter depth was then computed for each set of
diameter and solidity to minimize Ap while meeting
an E criterion of > 95% at the most penetrating par-
ticle size. When the associated sets of the three prop-
erties were then applied to the Ap model, the results
indicated that the combination of high fiber diameter,
low solidity, and high filter depth produced filters
with the lowest pressure drop. There was no localized
minimum pressure drop within the ranges of the
properties analyzed, suggesting that the primary con-
straint to developing filters with ever lower pressure
drop is the extent to which additional filter thickness
can be tolerated in the N95 FFR design. A secondary
analysis also demonstrated that increasing fiber charge
will diminish the filter depth needed to meet the E
criterion, with the consequence of also diminish-
ing Ap.
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