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Passive filtering is a common strategy to reduce airborne disease trans-
mission and particulate contaminants across scales spanning orders of
magnitude. The engineering of high-performance filters with relatively
low flow resistance but high virus- or particle-blocking efficiency is a
non-trivial problem of paramount relevance, as evidenced in the variety of
industrial filtration systems and face masks. Next-generation industrial fil-
ters and masks should retain sufficiently small droplets and aerosols while
having low resistance. We introduce a novel 3D-printable particle filter
inspired by animals’ complex nasal anatomy. Unlike standard random-
media-based filters, the proposed concept relies on equally spaced channels
with tortuous airflow paths. These two strategies induce distinct effects: a
reduced resistance and a high likelihood of particle trapping by altering
their trajectories with tortuous paths and induced local flow instability.
The structures are tested for pressure drop and particle filtering efficiency
over different airflow rates. We have also cross-validated the observed effi-
ciency through numerical simulations. We found that the designed filters
exhibit a lower pressure drop, compared to commercial masks and filters,
while capturing particles bigger than approximately 10 μm. Our findings
could facilitate a novel and scalable filter concept inspired by animal noses.

1. Introduction
The control of airborne disease transmission and contaminants has been of cen-
tral priority across various scientific and engineering disciplines in the last
decades. Despite the technological advancements, the emergence of new
material designs [1] and a better understanding of the particle-capture pro-
cesses, passive filtering remains a widely used method to address multiple
needs across scales and operational requirements. Most standard filters on
the market rely on porous membranes and fibrous structures [2,3]. However,
high filtration efficiency requires sufficiently small pores and holes, which
may induce excessive pressure drop and, eventually, clogging [3]. Fibre-based
filters consist of random arrangements of fibre networks of different compo-
sition [4], where interception, inertial impact, diffusion and gravitational
settling [5] are the main mechanisms to capture particles.

Physical experiments, numerical simulations and mathematical modelling
[6,7] have been extensively used to characterize the filtration efficiency, which
provide new insight into an optimal design and underlying working principles.
Analysis of pores in a statistically homogeneous, isotropic or anisotropic grid of
fibres by Castro & Ostoja-Starzewski [8] and Bliss et al. [9] showed that the
probability of particulate retention approaches unity only in the limit of infi-
nitely dense systems. They pointed out that there are always comparatively
large pores where particles can percolate in any randomly structured filters.

© 2022 The Author(s) Published by the Royal Society. All rights reserved.
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Fibre-based filters are ubiquitous in heating, ventilation,
air conditioning (HVAC) systems, industrial processes and
personal respirators. Both solid and liquid aerosols, which
are primary targets in designing such filters, can severely
impact human health. For instance, particulate matters of
sizes smaller than 2.5 μm can reach the thoracic region and
the circulatory system and cause respiratory and cardiovascu-
lar diseases [10]. In particular, droplets (typically*5mm) and
aerosols (&5mm) generated via coughing, sneezing and
speech have been shown to transport various pathogens
[11–13]. While the hazardous size range for inhaled droplets
and aerosols that may trigger the initial infection hot-spot
along the upper airway is roughly 2−20 μm [14], data from
the same study suggest that more than 80% of the viral
load responsible for launching upper respiratory tract infec-
tions is carried by inhaled droplets with diameters greater
than 9 μm; here we have focused on testing the filtration par-
ameters for such particle sizes. Note that although increasing
a filter’s particle-capture efficiency could be modulated by,
e.g. smaller inlet holes and multiple layers of fibres, the pro-
cess is still at the expense of higher power requirements to
drive air transport. Capturing efficiency and associated
pressure drop are central factors in designing a filter [15].
The latter is linearly related to velocity in Stokes flows
and exhibits a quadratic relationship at sufficiently high
Reynolds numbers.

Animals are known to have a much better sense of smell
than humans; e.g. approximately 50 times for mice, 200 times
for dogs and 700 times for pigs [16]. Most of those with
highly evolved olfactory systems have tortuous air pathways
along the nasal cavity with long and curved turbinates that
split and stretch the inhaled air’s streamlines. The multiscale
morphological structures and other biological features help
capture tiny particles from the inhaled air onto the olfactory
epithelium [17,18]. Airpath twists induce secondary flows,
including the so-called Dean’s pattern. Such motions increase
the residence time of particles travelling into the nose system
and the likelihood of capture, resulting in highly efficient
filtering.

Inspired by this biological mechanism, we have devel-
oped three-dimensional (3D)-printable filters that employ
distinct features of animals’ nasal structures. Our passive
filter concept comprises a parallel array of conduits with
organized, simplified tortuosity set by analysing the charac-
teristic dimensions of animals’ nasal cavities through
computed tomography (CT) scan images. The pressure
drop and particle filtering efficiency of the proposed concept
are measured through experiments and simulations and are
compared with their commercial counterparts. It is also
worth pointing out that fibre-based commercial filters may
change filtration efficiency and pressure drop when exposed
to solid–liquid and liquid–solid aerosols [19]; however, the
performance of the proposed concept is agnostic to the consti-
tution of particulates and droplets.

2. Results
2.1. Animal nasal cavity analysis
We first characterized the nasal cavity structure of nine dis-
tinct mammal species (see Methods). Figure 1a,b illustrates
cross-sectional views of nasal cavities of selected adult mam-
mals. These images are anatomical or CT-scanned photos in a

plane perpendicular to a line connecting the nostril and the
nasopharynx, i.e. coronal view. Many animals have very
thin and elongated turbinates in the nasal cavity, which
increases the cavity space for air. The air pathway has a com-
plicated labyrinth-like structure; the inhaled and exhaled air
takes tortuous paths. The actual air pathway follows a com-
plex 3D trajectory in the connected paths of the coronal and
sagittal planes induced by the changes in direction and
local gap thickness. This contributes to most olfactory airflow
departing from the main respiratory airflow path in the sagit-
tal plane to the dorsal side in the coronal plane [24]. We
particularly explored the geometric properties in the coronal
plane to understand how odorant particles can be captured
by the olfactory mucosa on the nasal wall.

Basic assessment is done by quantifying and comparing
features of nasal cavity geometries, including the gap thick-
ness, W, the radius of curvature, κ−1, and the tortuosity, T ,
which are illustrated in figure 1c,d. Here, the tortuosity is
defined as the ratio of the arc length of a branch, Larc, to
the shortest Euclidean distance between two points, L. We
skeletonized the cross-sectional images and defined a
branch as connected lines between neighbouring pixels to
determine T ; see electronic supplementary material, section
A for details.

In general, the nasal cavities of large animals, except for
humans, have large characteristic length scales, namely, the
radius of curvature, κ−1 (mm), and gap thickness, W (mm),
which follow an allometric relation κ−1≈ 1.14 W0.98 or
κW0.98≈ 0.88 (R2 = 0.89). However, the nasal structure of
humans does not adhere to this trend; it has a comparatively
much larger radius of curvature to its gap thickness. The
distinct geometric features shared by the animals and not
by humans may contribute mechanically to their superior
sense of smell. The nasal cavity of pigs shows that the air
passage swirls in a spiral fashion (figure 1a), which produces
the highest tortuosity among the other animals. Compara-
tively, small animals such as marsupials and rodents,
potoroo with longer curvy branches, exhibit the second-high-
est tortuosity. Other animals also have similar complex nasal
structures, but shorter and more straight branches resulting in
comparatively low tortuosity. The air is locally connected
through various routes within nasal networks, resulting in
a broad range of tortuosity measured around 1.31 for oppo-
sum, 1.30 for northern quoll, 1.45 for guinea pig, 1.72 for
potoroo, 1.20 for rabbit, 1.20 for dog, 1.49 for human and
3.31 for pig. The method of measuring the tortuosity in this
study is limited because it does not reflect the complex
route of airflow. Instead, by measuring the tortuosity of the
branches, the pathway of odorant particles can be inferred.
Consequently, the tortuosity on the coronal plane approxi-
mately captures the complexity of the structure of the nasal
bones of animals and provides a guide for the design of
synthetic filters.

2.2. Basic filter geometry
Taking into account the value of the basic parameters
obtained in the animal noses, we designed test filters consist-
ing of arrays of conduits containing five levels of tortuosity,
T , following the allometric relationship shown in figure 1c.
Figure 2 illustrates a straight (T ¼ 1:0) and tortuous
(T ¼ 1:4, 1.8 and 2) channels with square cross-sections.
The conduits are tortuous with sharp 90" turns and side

royalsocietypublishing.org/journal/rsif
J.R.Soc.Interface

19:20210849

2

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

26
 M

ay
 2

02
2 



3D reconstruction of Pig (PG)
nasal cavity

cross-section (for PG) 

ra
di

us
 o

f c
ur

va
tu

re
, k

–1
 (m

m
)

PG

5 cm
1 cm

1 cm

(b)

5 mm

(c)

(d)

northern quoll (NQ)

greater glider (GG)

opossum (OS)

potoroo (PR)
dog (DG)

HMDGPR RBGGGPNQOS

to
rt

uo
si

ty
,

0 1 2 3
0

2

4

6

1

2

3

0

5

4

6

10–1

10–1

1

1

10

10

W (mm)

PG

human (HM)

DG
PR

RB

GG
GP

NQ
OS

our filter design

gap thickness, W (mm)

W

k –1

coronal scan (for PG)

rabbit (RB)

guinea pig (GP)

(a)

T

T

Figure 1. (a) Three-dimensional reconstructed model and coronal view from CT imaging of an adult pig. In the leftmost image, the light blue part represents the
nasal structure. The image on the far right shows only the nasal airspace (in black), extracted from the CT scan. Detailed CT images are shown in electronic
supplementary material, movies S1, S2, and S3. (b) Coronal views of the nasal structure of various animals (northern quoll, opossum, greater glider and potoroo
images are adapted from Macrini et al. [20] with permission from T. E. Macrini. The guinea pig image is adapted from Rodgers [21] with permission from T. Rowe at
DigiMorph.org. The rabbit image is adapted from Casteleyn et al. [22] with permission from Elsevier. The dog image is adapted from Craven et al. [23] with
permission from B. Craven). (c) The relationship between the gap thickness and the radius of curvature measured in eight animals’ skulls (blue-dotted line).
The measured values have an R2 of 0.89 to the diagonal line. The black-dotted line of unity slope is included for reference. (d ) Measured tortuosity from the
various animals’ nasal cavity structures. Here, the x-axis is defined by the animal’s weight.
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Figure 2. (a) Schematics of the filter with a 6 cm outer diameter and 5 cm inner diameter. The filter structure is tightly fit in the pipe system of (b). (b) Exper-
imental set-up for pressure drop measurements; the left side has an open pipe structure with a filter in the middle. On the right side, the piston reciprocates due to
a moving linear stage. (c) Schematics of filter conduits with different tortuosity, T ; (d ) examples of simulated streamlines in a single filter pathway highlighting
complex mean flow trajectories; (e) example of ‘packed’ conduits for reduced pressure drop; ( f ) illustration of experimental particle characterization using
Gaussian kernel.
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walls of W = 1 or W = 0.4 mm. The range of tortuosity set,
T [ ½1, 2:0$, covers most animal’s nasal characteristics
except for pigs.

2.3. Filter pressure drop
The tortuous filters are first tested for the pressure drop, ΔP,
across 60mm circular cross-section cartridges of 10mm thick-
ness containing 312 conduits arranged regularly within a 50
mm diameter region; see details and a view of the bulk geo-
metry in figure 2a. Note that the geometry of the conduits
allows for compact packing that minimizes material require-
ment and pressure drop (see an example in figure 2e).
However, cartridges with an optimized layout are not
needed here; a single conduit arrangement in an aligned pat-
tern is better than typical filters such as N95, surgical mask
and HEPA. As expected, the configurations with a higher
level of tortuosity produce higher pressure drop for a given
flow rate due to the local loss induced by the channel
bends and longer pathway (figure 3a). Surgical mask, N95
and HEPA filters that share similar capturing efficiency
range to our tortuous filters are used as reference cases to
compare the relative pressure of the proposed filters.

The bulk pressure loss coefficient, K, of the various filters
can be characterized as ΔP/ρg =K U2/2g. Here, ρ is the air
density, g is the gravitational constant and U is the averaged
incoming airspeed. The pressure drop and characteristic coef-
ficient K for each filter are shown in figure 3b. The new filters
have a substantially lower pressure coefficient than the N95,
surgical mask and HEPA filters. In particular, the highest
pressure coefficient of the filter cartridge is still less than
half of those of the surgical mask; KðT ¼ 1:8Þ ' 0:5Ksurgical.
It is worth noting that the lower pressure drop is partially
attributed to the hole size too, which we have not taken
into account in this study. Such lower pressure drop indicates
the direct benefit of these filters when used as respirators, and
the reduced likelihood of air leakage from the boundaries of
commercial masks. Complementary numerical simulations of
filter cartridges performed for four flow rates using averaged
Navier–Stokes equations are shown with open symbols in
figure 3b.

2.4. Particle capture performance
The particle capture efficiency of the filters as a function
of flow velocity and tortuosity is illustrated in figure 4.
The higher filtering efficiency is achieved by both decreasing
freestream velocity and increasing filter tortuosity. A com-
paratively greater increase in efficiency for smaller particles
(i.e. diameter d≤ 12 μm) is achieved with reduced inflow vel-
ocity; increasing tortuosity from 1.3 to 2, produces a small
increment in efficiency for all particle sizes as shown in
figure 4a. Figure 4c shows the filtering efficiency versus the
particle Stokes number, Stk. Here, Stk = dρp U/(18μ) is
the Stokes number and ρp is the density of particle and μ
is the air dynamic viscosity. Two critical Stokes number
values are observed for inflow velocities U = 0.2 and
0.4 m s−1, where the typical positive correlation between
deposition efficiency and Stokes number [27–29] is followed
for different particle sizes; however, this does not hold for
the change in inflow velocity. This can be explained by the
lower tangential rebound angle for higher inflow velocity
caused by a much lower coefficient of restitution [30], demon-
strating that both rebound angle after a collision and Stokes

number effects are crucial during the particle trapping
process within tortuous passages.

The particle capturing simulations in single tortuous
pathways of tortuosity 1.3 and 2 agree with the trends from
the experimental results. The higher velocity of airflow
shows lower capturing efficiency at smaller diameters,
whereas above 13 μm particles, both tortuosities reported a
filter efficiency greater than 80%, which are comparable to
those reported for cloth and surgical mask ranging from
85% to 99.9% [26,31]. Tortuosity increase (turns in the
pathway geometry) showed enhanced capturing efficiency.

3. Discussion and remarks
Underlying bioinspiration of our filter design takes elements
of the well-evolved morphological nasal structures seen in
high-olfactory animals. Those allow for efficient capture of
fine air particles onto the olfactory epithelium while main-
taining a low-pressure drop and easy breathing. The newly
engineered filter system aims to achieve similar goals: high
particle capturing efficiency at a relatively low-pressure
drop. The CT scan images of nine mammal nasal structures
showed very tortuous intranasal air paths, which are quanti-
fied by the tortuosity parameter T that varied between 1.2
and 3.3, and the radius of curvature that was proportional
to the gap thickness. Based on these basic morphological
relationships in animals, we designed filters with simplified
geometries and manufactured them using home-use and pro-
fessional 3D-printers. Laboratory tests showed that the
pressure drop across the filter increases with tortuosity
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Figure 3. (a) Pressure drop across filters with different tortuosity values, T .
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owing to the additional curves; however, the pressure differ-
ence requirement was almost two times smaller than that of
commercial filters (surgical, N95 and HEPA), despite the
arrangements of the tortuous conduits being not efficiently
packed. If needed, the filtration capability can be adjusted
easily by changing the tortuosity levels and adding filter
layers. Pressure drop may be also substantially reduced
with efficient conduit packing. Indeed, an increase of over
three times in the effective conduit area can result from the
compact packing (shown in figure 2e) applied in the cartridge
used for testing.

The proposed filter design replicates the tortuosities of the
animal airway passages as measured on the coronal sections,
which has been illustrated in electronic supplementary
material, figure S1. We did not measure the tortuosities on
the axial and sagittal planes, as they have somewhat limited
role in facilitating particle capture from the inhaled air. Tur-
binate structures in high-olfactory animals (e.g. dogs,
opossum, etc.) are distinctly more convoluted than in
human nasal cavities. Such complexity of the nasal mor-
phology on the coronal cross-sections promotes mixing [32]
of the inhaled air leading to increased capture of the small
odorants along the olfactory epithelium (located along the
roof of the upper airway). Note that the novelty of our filter
design is implicit in the use of the highly tortuous air trans-
mission passages that ensure particle trapping along the
internal walls of each passage, thereby accommodating rela-
tively large inlet holes at the filter surface that facilitate
breathability and less energy expenditure. Comparable fil-
tration technologies (e.g. cloth masks, surgical masks, N95
covers) rely [33] on small hole sizes with random spatial
arrangements of fibres.

As illustrated in figure 4, the filter prototypes for two tor-
tuosities (viz. T ¼ 1:3, 2.0) were tested to evaluate their
particle capturing efficiency for particle sizes d∈ [9, 14] μm.
In a recent study [14], we computationally tracked inhaled
air embedded with representative particulate size distri-
bution [34]. The initial airway infection hot spots for
airborne respiratory viruses are at the nasopharynx, with
ciliated epithelial cells bearing ACE2 surface receptors,
located at the back of nose and throat. Inhaled particles that
land directly at the hot spots, thereby triggering the infection,
belong to the size range of ≈2− 20 μm. In such context, a re-
processing (see electronic supplementary material, figure S4)
of the published in silico data indicates an interesting trend:
84.4% of the viral load transmission is orchestrated by par-
ticles with diameter ~d ( 9mm. To implement effective air
sanitation, our filter prototypes hence carry out a targeted

screening of only the more pathogenic particles at lower
energy expenditure (figure 3) when compared to other
state-of-the-art filters across scales.

Our novel filter design can be helpful in many industrial
and biomedical applications in which high collection effi-
ciency and low-pressure drop are crucial. For example,
many have experienced a shortage of personal protective
devices and medical ventilators during the peak of the pan-
demic in 2020. At a small scale, our 3D-printed model can
replace other mask filters to reduce the pressure drop while
supporting high particle capturing rates. For example, 31 g
of filament in a 3D-printer are enough to print one of our
filter cartridges, which costs only about $2.1 based on the
Ultimaker PLA market price as of 2021. Our filters are not
disposable, and can be usable multiple times after steriliza-
tion. Hence, in the long run they are cheaper and help
reduce waste. It should be also be noted that this bioinspired
filter concept is also significantly scalable for various
applications that may demand industry-level air filtering.

4. Methods
4.1. Animal nasal analysis using computed tomography

scan images
CT scan images for the pig were taken using Toshiba Aquilion
16-slice CT scanner, which provides 0.5 mm slice resolution.
The Dasyurus hallucatus (northern quoll), Caluromys philander
(bare-tailed woolly opossum), Petauroides volans (greater glider)
and Potorous tridactylus (long-nosed potoroo) CT scan images
were acquired by Dr Macrini [20]. For the rabbit, the dorsal
view of histological section was acquired from Casteleyn et al.
[22]. The high-resolution magnetic resonance image of the dog
was obtained from Craven et al. [23]. The guinea pig’s CT scan
images were obtained from Ms Jeri Rodgers [21]. The nasal
cavity portion from the coronal view of nasal images obtained
from MATLAB impage processing toolbox was processed as a
black and white binary image to measure the gap thickness, cur-
vature and tortuosity using IMAGEJ software. The measurement
method of each characteristic is described in the electronic
supplementary material, section A.

4.2. Design and three-dimensional printing of mask
filters

We used key common features of the nasal structure of mamma-
lian turbinates. This structure compartmentalizes the incoming
airflow into several tortuous channels in a distinct way that
maximizes particle capture. Following a similar relation between
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the tortuosity and channel width, we design 3D mask structures.
The designed filters (T [ ½1, 1:8$) were sliced through Cura
software (Ultimaker Ltd). The print settings for slicing are set
as 0.2 mm for the layer height, 0.4 mm for the line width, 100%
for the infill percentage and 0.8mm for the wall thickness. The
filters were 3D printed by using Ultimaker S5 (Ultimaker Ltd)
with Ultimaker 2.85mm NFC PLA (Ultimaker Ltd). For the high-
est tortuous filter T ¼ 2:0, Shapeways Corp. used the ProJet®

MJP 3500 (3D System Ltd) printer with the VisiJet® M3 Crystal
material.

4.3. Experimental set-up for pressure drop
measurements

A piston was used to control the airflow through the filter, while
measuring the pressure drop across the filter (figure 2b). The
piston setting consisted of three parts. A 2-inch clear rigid pipe
(49035K48, McMaster-Carr Supply Co.) was used for the inlet
part. A two-pipe female socket connector (9161K46, McMaster-
Carr Supply Co.) was used for the middle part where the filter
cartridge was located. The last outlet part was composed of a
2-inch clear rigid pipe (49035K48, McMaster-Carr Supply Co.)
and piston. To construct the piston, a 3-inch clear rigid pipe
(49035K49, McMaster-Carr Supply Co.) was used for the inner
piston, and a 4-inch clear rigid pipe (49035K51, McMaster-
Carr Supply Co.) was used for the outer surrounding inner
piston. In addition, a straight reducer (4880K018, McMaster-
Carr Supply Co.) was used to connect 2-inch and 4-inch clear
rigid pipes.

Small holes upwind and downwind the filter cartridge were
used to measure pressure drop. A 90° anemometer was con-
nected to the pressure sensor and Data Acquisition Card (DAQ
Card, DAQ Systems by NITM). The analogue input voltage
data were measured through the DAQ Card was converted to
pressure through a calibration curve following standard pro-
cedure (see electronic supplementary material, section B). Also,
the speed of airflow versus piston speed was measured by
using laser sheets, fog particles and a high-speed camera. The
fog particle was injected into the left side of the filter, then it
was inhaled to the right side by the piston moving. High-speed
videos were used for velocimetry using Tracker software as
a complement.

4.4. Experimental set-up for particle capturing
efficiency

The particle capturing efficiency of the designed filters was
experimentally measured in a 500mm long, 40mm wide, and
40mm high wind tunnel located in the Renewable Energy and
Turbulent Environment Laboratory at the University of Illinois.
A Sunon Fans 12V DC brushless fan was installed upwind of
the inlet followed by a contraction section with an area ratio
of 25 : 1. A flow straightener was installed near fans and
another was installed at the beginning of the channel to ensure
flow uniformity. The fan generates volumetric airflows up
to 24 cubic feet per minute (CFM). A single ADG-SK508
compression-type nozzle was used to generate particles of diam-
eters ranging from 9 μm to 15 μm, which approximately mimics
the particle condition of human breathing [35]. Aqueous chloro-
phyll solution of approximately 2.4% by volume was used as the
fluid feeding into the nebulizer to increase particle light reflectiv-
ity to a 532 μm wavelength laser. This allowed for particle sizing
and distribution.

Two field of views (FOVs) of interest are selected with their
centre located 40 and 80mm upwind and downwind the filter.
The incoming and filtered particle size and shape distributions
were acquired across a streamwise plane using a low-speed,

high-resolution planar PIV system from TSI. Two cameras both
equipped with 25mm, F 2.8 LOWA ultra macro-lens with ×5
magnification, were used to interrogate two 3.87 × 2.90 mm
FOVs. The FOVs were located at the centre of the wind tunnel
in both spanwise and wall normal direction. The FOVs were
illuminated from a 250 mJ pulse−1 Quantel double-pulsed laser.
Five sets of 100 image pairs were collected at an acquisition fre-
quency of 2.4 Hz, using a pair of 8MP (3320 × 1560 pixels) CCD
cameras with 16 bit frame-straddle; see additional information in
electronic supplementary material, figure S3.

4.5. Particle size analysis
Iterative Laplacian of Gaussian (LoG) filtering was used for par-
ticle sizing. The generalized LoG filter, as introduced by Kong
et al. [36], was used to detect the blobs in the images. The two-
dimensional LoG kernel was generated by applying the Lapla-
cian operator r2 in the Gaussian function G(x, y; σ), resulting
the following kernel:

r2Gðx, y; sÞ ¼ x2 þ y2 * 2s2

ps4 exp * x2 þ y2

2s2

! "
: ð4:1Þ

The LoG kernel was then convoluted with the blob-like struc-
tures to return a fitting score. This process was performed in
an iterative manner with increasing σ LoG kernels, where the
best fit scale of σ0 was determined when the fitting score con-
verges to a local maximum, the radius of particle was then
obtained as r ¼

ffiffiffi
2

p
s0 [37]. This algorithm was applied to each

blob-like structure in the image with an adaptive threshold to
filter out the unfocused outliers allowing accurate particle size
distribution from the PIV images; see the example in electronic
supplementary material, figure S4d.

4.6. Computational model
The in silico geometrical set-up to track the pressure drop across a
filter consisted of short upwind and downwind conduits with
the circular filter (extracted from the filter stereolithography
files) being placed in between. To explore the transport mechan-
ism in more detail, we also reconstructed a single air passage
pathway (≈300 of which placed in a circular grid assembly
would comprise one complete filter prototype) for each of the
tortuous designs and simulated the inhaled airflow and particle
transport therein.

4.7. Airflow simulation
The numerical simulations in the meshed filter domains con-
sidered four airflow rates, viz. 15, 30, 55 and 85 l min−1. The
low flow rate, even in tortuous pathways, is dominated by vis-
cous-laminar steady-state flow physics [38–43]; the higher flow
rates trigger separation from the tortuous walls, resulting in
flow fluctuations. We have replicated such regimes through
large eddy simulation (LES), accounting for the small fluctu-
ations with a sub-grid scale kinetic energy transport model
[44]. The computational scheme employed a segregated solver,
with pressure–velocity coupling and the second-order upwind
spatial discretization. We monitored solution convergence by
minimizing the mass continuity and velocity component
residuals, and through stabilizing the mass flow rate and
static pressure at the airflow outlets. The density and
dynamic viscosity of inhaled air were set to 1.204 kg m−3 and
1.825 × 10−5 kg m−1 s.

4.8. Particle capturing efficiency
Particle dynamics against the ambient airflow passing through
the filter were tracked by Lagrangian-based discrete phase inert
transport simulations with the localized deposition and
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clustering along the filter walls obtained through numerically
integrating the transport equation:

dup

dt
¼ 18m

d2rp

CDRe
24

ðu* upÞ þ g 1* r

rp

 !

þ FB: ð4:2Þ

Hereup represents the particle velocity,u is the airflow field velocity,
ρ and ρp, respectively, are the density of inhaled air and the particle
material density, g is the gravitational acceleration, and FB accounts
for any other additional body forces per unit particlemass (e.g. Saff-
man lift forcewhich is exerted by a typical flow-shear field on small
particulates transverse to the airflow direction). The term 18μCD-

Re (u− up)/24(d2ρp) quantifies the drag force contribution per
unit particle mass, with CD representing the drag coefficient, d
representing the particle diameter, and Re is the relative Reynolds
number. Also, the particle size range is considered large enough
to neglect Brownian motion effects on their dynamics.

To replicate the physical conditions of dehydrated airborne
particles in the numerical simulations, the particle material den-
sity was kept at 1100 kg m−3. Trap boundary condition, whereby
a particle motion would cease when it reaches the cells adjacent
to the geometry surface, is not applied on all inner walls, but on
selected walls with comparatively low wall shear stress. Particles
are assumed to shear away and separate from the walls with
higher wall shear values. Details of the numeric protocol
(based off published findings, e.g. [30,45]) can be found in
electronic supplementary material, section D.

Data accessibility. All scripts used in this study are openly accessible
through https://github.com/StochasticBiology/boolean-efflux.git.
The data supporting the findings of this study are available in elec-
tronic supplementary material.l [46]. Other datasets analysed
during the current study are available from the corresponding
author upon request.
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