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Abstract
Ram suspension-feeding fish, such as herring, use gill rakers to separate small food particles from
large water volumes while swimming forward with an open mouth. The fish gill raker function was
tested using 3D-printed conical models and computational fluid dynamics simulations over a
range of slot aspect ratios. Our hypothesis predicting the exit of particles based on mass flow rates,
dividing streamlines (i.e. stagnation streamlines) at the slots between gill rakers, and particle size
was supported by the results of experiments with physical models in a recirculating flume. Particle
movement in suspension-feeding fish gill raker models was consistent with the physical principles
of lateral displacement arrays (‘bump arrays’) for microfluidic and mesofluidic separation of
particles by size. Although the particles were smaller than the slots between the rakers, the particles
skipped over the vortical region that was generated downstream from each raker. The particles
‘bumped’ on anterior raker surfaces during posterior transport. Experiments in a recirculating
flume demonstrate that the shortest distance between the dividing streamline and the raker surface
preceding the slot predicts the maximum radius of a particle that will exit the model by passing
through the slot. This theoretical maximum radius is analogous to the critical separation radius
identified with reference to the stagnation streamlines in microfluidic and mesofluidic devices that
use deterministic lateral displacement and sieve-based lateral displacement. These conclusions
provide new perspectives and metrics for analyzing cross-flow and cross-step filtration in fish with
applications to filtration engineering.

1. Introduction

Ram suspension-feeding fish, including many her-
ring, anchovy, mackerel, paddlefish, basking sharks
and whale sharks, extract small food particles (e.g.
phytoplankton or zooplankton, ∼10 µm–4 mm) as
they swim with an open mouth [1]. Water must
pass between the filter elements in the pharynx (e.g.
denticles, gill rakers and branchial arches) to exit lat-
erally as filtrate from the operculum on the side of the
head. Particles that are not retained by the filter ele-
ments also exit laterally with the filtrate. Particles that
are retained inside the conical pharynx become more

concentrated as they travel posteriorly. To identify
factors that significantly affect particle concentration
and transport in ram suspension-feeding fish, here
we studied the function of generalized gill rakers in
ram suspension-feeding fish by applying computa-
tional fluid dynamics (CFD) and experiments using
physical models with varying aspect ratios. Our focus
was on the location andmovement of particles as they
exited laterally from the model. Our hypothesis pre-
dicting the exit of particles based on mass flow rates,
dividing streamlines at the slots between gill rakers,
and particle sizewas supported by the results of exper-
iments in a recirculating flume. These results indicate
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thatmodels of suspension-feeding fish gill rakers with
a generalized shape operate using the physical prin-
ciples of lateral displacement arrays in microfluidics
and mesofluidics [2–4].

Historically, all suspension-feeding fish were
assumed to use dead-end mechanical sieving [5].
The discovery that many vertebrate suspension feed-
ers use a crossflow filtration mode shifted attention
from the conventional view of perpendicular fluid
flow through the filter during dead-end sieving, to
the benefit of moving fluid parallel or tangentially
across the filter during cross-flow (supplementary
figure S1(a)) [6–8]. However, inertial migration and
shear-induced diffusion during cross-flow filtration
[9–11] in suspension-feeding fish mouths are at least
an order of magnitude too low to be the main causes
for the retention of particles during fish suspension
feeding [6].

Vortical cross-step filtration in suspension-
feeding fish is a modification of cross-flow filtration
that takes advantage of the vortices generated down-
stream from the filter elements to suspend, concen-
trate and transport particles with reduced clogging
(supplementary figure S1(b)) [12–15]. This applic-
ation of vortices inside the gaps between filtration
structures is distinct from cross-flow filtration modes
used for industrial processing of beverages and foods,
wastewater and pharmaceuticals [16]. Like cross-
flow filtration, cross-step filtration incorporates the
hydrodynamics of tangential flow across the filter sur-
face. However, cross-step filtration differs by recog-
nizing that persistent trapped (i.e. captive) vortices
are generated as cross-flow passes over the 3D struc-
ture of the branchial arches and gill rakers [12, 17].
These oral structures serve as a series of ‘steps’ [18, 19]
that generate vortices along the filter surface. These
steps generate trapped vortices at Reynolds numbers
(Re) across at least seven orders of magnitude [19].
Specialized filtration mechanisms involving vortices
have also been reported to operate in models of the
unique gill raker configurations of manta rays [20]
and silver carp [21].

The branchial arches and the gill rakers of
suspension-feeding fish form a d-type ‘rib-and-
groove’ arrangement of steps, with a slot aspect ratio
(slot width divided by raker height, figures 1(d)–
(f)) less than 3–4 [12, 22]. Unlike fluids engineering
systems of rough channels or corrugated pipes [23,
24], the slots between fish gill rakers do not have a
completely solid floor. Instead, fish filtration surfaces
are porous, and the gaps between the gill rakers are
referred to here as slots rather than grooves. Because
the boundary layer of the fluid above each step sep-
arates at the edge of the step, a vortical recirculation
region is trapped downstream from each raker [13].

Here, our experiments in a recirculating flume
introduced the use of physical models with a series
of gill rakers that have varied slot aspect ratios in a
conical pharynx, to analyze themovement of particles

smaller than the gaps between the gill rakers. Rather
than measuring particle retention inside the mod-
els, our experiments quantified the location and
movement of particles as they traveled posteriorly
and exited eventually through the slots between the
gill rakers. The unexpected particle movements and
exit patterns in these physical models are consist-
ent with deterministic lateral displacement (DLD)
and sieve-based lateral displacement (SLD) oper-
ating as bump arrays in an inertial flow regime
[4, 25–28]. The geometry and hydrodynamic prin-
ciples of lateral displacement devices provide a
new direction for exploration in future experiments
and CFD simulations on suspension-feeding anim-
als. In turn, bioinspired models of the diverse gill
raker morphologies in suspension-feeding fish could
expand the fluids engineering applications of lat-
eral displacement devices for particle separation and
filtration.

Specific objectives of our study were to:

1. Test the hypothesis that the fraction of particles
that exit from each slot of the conical physical
models is proportional to the fraction of the
model’s total mass flow rate of water that exits
through that slot;

2. Test the hypothesis that the dividing streamlines
identified from the CFD simulations provide a
predictive tool for particle exit;

3. Categorize particle exit trajectories within the
slots;

4. Assess the effects of variation in slot aspect ratio.

2. Methods

2.1. Physical model construction
The oral morphology of American shad (Alosa sap-
idissima, Clupeidae) was used to quantify gill raker
proportions for the four generalized conical models.
The designs were based on dissections of the mouth
and pharynx and measurements of gill rakers from
SEM (figure 1) [29].

Ribs in the physical and computational models
represented regularly spaced bony gill rakers, and
slots between adjacent ribs were analogous to the gap
between two rakers through which filtrate must pass
when exiting the pharynx. Themodels altered two key
gill raker dimensions that vary between and within
suspension-feeding fish species: the width of the gap
between gill rakers (slot width, w, 1.35 or 1.8 mm)
and the height of the gill rakers in the downstream
direction as water exits the slots (rib height, h, shallow
models ∼1.5 mm, deep models ∼3.5 mm) (figures 1
and 2). As a result, the four model designs differed in
slot aspect ratio [12] (wh−1, slot width w divided by
raker height h; supplementary table S1). For ease of
reference, the four models are referred to by the gap
distance between rakers followed by a hyphen and the
raker height, i.e. 1.35-shallow, 1.35-deep, 1.8-shallow
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Figure 1.Morphology of American shad (Alosa sapidissima) used for mouth and pharynx proportions and gill raker dimensions
in the physical and computational models. (a) Gape view inside the mouth and pharynx showing branchial arches, with gill rakers
extending laterally. (b) Lateral view with operculum removed from the side of the head to show branchial arches and gill rakers.
Gill filaments are involved in respiration rather than filtration. White box illustrates the approximate location depicted in c.
(c) Enlarged view of the gill rakers. Protrusions on the rakers are tooth-like denticles. (d) Scanning electron microscopy (SEM) of
gill rakers where h is the height of an individual raker. Height of the gill rakers is greatest at the attachment point with the
branchial arch and decreases towards the distal end of the raker. (e) SEM of gill rakers where w is the slot width between two
adjacent rakers. (f) Lateral view with operculum removed to show the mainstream flow entering the mouth, while filtrate exits
through the slots between the gill rakers. © Virginia Greene/virginiagreeneillustration.com, all rights reserved, not covered by the
CC BY license, used with permission. BA, first branchial arch; E, eye; Es, esophagus; F, solid midline on floor of pharynx; Fi,
filtrate; D, denticle; GF, gill filaments; GR, gill rakers; h, raker height; MF, mainstream flow; R, solid midline on roof of pharynx;
Vo, vortex; w, slot width.

and 1.8-deep. The models did not include the micro-
scopic denticles present on the gill rakers ofmany ram
suspension-feeding fish species including American
shad [29, 30].

Values reported for the slot aspect ratio of the
branchial arches in suspension-feeding fish species
range from 0.4–2.0 [12]. Slot aspect ratios in the
1.35-deep models and 1.8-deep models were most
consistent with the approximate slot aspect ratio
of 0.5 calculated from measurements of American
shad gill rakers. The higher slot aspect ratios for the
1.35-shallow and 1.8-shallow models best represen-
ted dimensions towards the distal ends of the rakers,
where the distance between the gill rakers increases
and the raker height decreases [29].

The models were designed using SketchUp
(Trimble Inc., Sunnyvale, CA) and 3D printed in

acrylic polymer (frosted ultradetail, Shapeways Inc.,
New York, NY) for experiments in the recirculating
flume. The gill raker and slot dimensions meas-
ured from the SEM specimens were scaled up by a
factor of three and the flow speed for the experiments
was adjusted correspondingly to preserve dynamic
similarity.

The length of each conicalmodel, from themouth
center to the posterior internal wall of the model, was
60 mm. The solid wall at the posterior of the model
(figure 2) simulated the dead-end created by a fish’s
closed esophagus and by the American shad’s reduced
epibranchial organs [31]. The hydraulic diameter and
entrance area of the gape were identical for all mod-
els. The ratio of exit area to entrance area [13] for
the four models was 2.27 ± 0.05 (mean ± SD). We
used a conical pharynx rather than a cylinder or a
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Figure 2. Four designs were used for the physical and computational models (lateral views, left; gape views, right). The gap
distance between consecutive gill rakers in the models (slot width, w), representing the inter-raker distance (figure 1(e)), was
either 1.35 mm (a), (b) or 1.8 mm (c), (d). In addition, two values for the raker height (h) were used, representing the height of
rakers in the direction of water exiting the slots (figure 1(d)):∼1.5 mm (termed ‘shallow’; a, c) versus∼3.5 mm (termed ‘deep’; b,
d). To maintain a similar surface area for water to exit the models [13], the 1.8 mmmodels were constructed with 21 slots,
whereas the 1.35 mmmodels had 28 slots. Line Z1 to Z2 denotes anterior to posterior direction along the mid-frontal plane. GR,
gill rakers; Es, solid wall simulating esophagus; F, solid midline on floor of model; Fi, filtrate; MF, mainstream flow; R, solid
midline on roof of model; S, slots.

flat sheet because (1) the gape of the mouth and the
anterior buccal cavity during ram suspension feed-
ing are larger in diameter than the pharynx where
the gill rakers and esophagus are located, and (2) the
branchial arches are typically angled slightly, causing
each consecutive raker to be offset slightly in a ver-
tical direction from the preceding raker (e.g. figures 1
(a) and (b)).

2.2. Computational fluid dynamics
2.2.1. Geometry, boundary conditions and meshing
The CAD geometries of the physical models (figure 2)
were imported into ANSYS DesignModeler 2019 R1
(ANSYS Inc., Canonsburg, PA, USA) to create a flow
domain for CFD. A half-cylinder-shaped virtual flow
tunnel 5 m in length and with a radius of 0.4 m
was created around the conical pharynx model. The
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longitudinal plane of this half cylinder sectioned the
fish head model midsagittally at 0.6 m from the inlet
and is defined as a symmetry plane. The curved side
face of the tunnel is modeled as a non-permeable
surface that moves at the same speed as the water.
The downstream base plane is defined as a pres-
sure outlet set to zero gauge pressure. The no-slip
(i.e. ‘wall’) condition was enforced at the surfaces
of the gill raker models. The posterior wall of the
cone was solid enough to simulate the closed eso-
phagus of fish. The upstream base plane was defined
as a velocity inlet with a flow speed of 0.193 m s−1

to match the (physical) flume speed, with default
values for turbulence (intermittency = 1; turbu-
lent intensity = 5%; turbulent viscosity ratio = 10).
These boundary conditions were assigned to the
respective surfaces in the CFD solver software ANSYS
Fluent.

The flow domain geometry was imported into
ANSYS Meshing to create a finite-volume mesh
consisting of a mixture of tetrahedra, hexahedra
and quadrilateral cells as optimized by the mesh-
ing algorithm to fit the fluid spaces. The fineness of
the mesh is controlled by imposing an edge length
maximum for surface mesh elements at the sur-
faces of the pharynx model (0.05 mm) and at the
outer boundary (50 mm). The mesh element size was
allowed to increase away from the pharynx model at
a growth rate of 1.1. The final meshes consisted of
about 115 million cells. A mesh convergence test was
conducted by comparing the solutions for mass flow
rates entering the 1st, 14th and 28th slot of the 28-slot
model. While a change of about 10% was observed
between refining the mesh element edge length at the
cone from 0.2 to 0.075 mm, less than 1% difference
was found when refining from 0.075 to 0.05 mm. We
can therefore safely conclude that the 0.05 mm mesh
was sufficiently fine.

2.2.2. CFD solving
In ANSYS Fluent, the physical properties assigned to
the main fluid zones were those of normal water at
20 ◦C (density 998.2 kg m−3, viscosity 1.003 mPa s).
The CFD solver was used to calculate the time-
independent (i.e. steady-state) Re-averaged flow solu-
tions. To account for the effects of turbulence asso-
ciated with internal flows at Re above 4000 or in
the transitional flow regime between 2000–4000 [32]
(here Re at the mouth aperture = 4420 for a 40 mm
hydraulic diameter, and 0.111 m s−1 posterior water
flow), the four-equation shear stress transport (SST)
modelwas used in theCFD solver ANSYSFluent. This
model combines two commonly applied models: the
κ − εmodel in the free stream and the κ − ω model
near the walls. These are twomodels of the fluid’s tur-
bulent kinetic energy (κ) and its dissipation rate (ω or
ε), which have been shown to provide stable and close

estimates of turbulence intensity when used together
as the SST formulation in pipe flows [33].

The default solver settings of ANSYS Fluent 2019
R1 were used (SIMPLE scheme; least squares cell-
based gradient treatment; second-order pressure dis-
cretization; second-order upwind for momentum;
first-order upwind for turbulent kinetic energy, spe-
cific dissipation rate, intermittency and momentum
thickness Re). Calculations were run for 1500 iter-
ations on a computer with 36 processor cores.
Iterative convergence is ensured by monitoring
mass flow rate at the entrance of the middle
slot and drag force on the entire filter model,
together with the scaled residuals of the governing
equations.

Mass flow rates were computed for water flows
entering each slot. Due to mass conservation, this is
equal to themass flow rate at the exit of the slot. These
values apply to a single side of the physical model due
to the imposed symmetry plane. In the interior of the
conical model, the dividing streamline was determ-
ined for each slot at the level of the center of the
model. The dividing streamline was identified as the
most lateral streamline not exiting through that slot
(i.e. the stagnation streamline).

2.3. Recirculating flume experiments
Data were collected in a recirculating flume
(18 cm× 18 cm× 90 cm working section, 100 l total
volume) fittedwith aHexcel collimator (Plascore Inc.,
Zeeland, MI). The models were suspended using an
L-shaped sting attached to the closed downstream
end of the model.

For each trial, five portions (0.2000 ± 0.0001 g)
of Golden Pearls pellets (800–1000 µm dehydrated
size, Aquatic Foods & Blackworm Co., Fresno, CA)
were hydrated with 35 ml of tap water for 5 min.
Particles were released at 5 s intervals at a con-
sistent location in the flume downstream from the
model. From this location, the particles dispersed
randomly as they were circulated through the flume
before reaching the entrance of the model. Hydrated
particles are non-rigid and roughly spherical (dens-
ity 1.02–1.09 g cm−3). The median minimum Feret’s
diameter was 91% of the slot widths in the 1.35 mm
models and 68% of the 1.8 mm slots (supplement-
ary figure S2). The mean minimum Feret’s diameter
measured in Image J (version 2.0.0-rc-43/1.51d) was
1.25 ± 0.13 mm (median 1.23 mm, range 0.94–
1.64 mm, n= 270). The mean maximum Feret’s dia-
meter was 1.53 ± 0.18 mm (median 1.51 mm, range
1.20–2.26 mm).

American shad adults of the size modeled
here consume zooplankton ranging in size from
approximately 400 µm–30 mm (e.g. Cirripedia lar-
vae, calanoid and cyclopoid copepods, and mysid
juveniles) [34–36]. Thus, the particles used in the
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experiments were at the smaller end of the size range
reported for adult American shad feeding, relative
to the scale of the gill rakers in the physical models.
The first 30 particles that interacted with the lateral
side of the model were analyzed frame-by-frame (240
frames per second) in each of the four trials for each
of the four models (480 particles in total). Use of the
first 30 particles in each trial minimized the effects of
particle–particle interactions within the models and
any potential effects of filter clogging. In all models,
slot number 1 is designated as the most posterior slot,
with slot number increasing towards the gape of the
model.

Most ram suspension-feeding teleosts for which
data are available swim at 0.75–2.5 body lengths s−1

[37]. The American shad specimens on which the
models for the current study were based were approx-
imately 48 cm total length [29]. Because the shad
raker dimensions were scaled up by a factor of three
in the models, the flume speed was scaled down by a
factor of three. This scaling of model dimensions and
flume speed was done to maintain dynamic similar-
ity between the flow past the simulated gill rakers and
the flow past the gill rakers in a 48 cm suspension-
feeding American shad swimming forward at approx-
imately 60 cm s−1. The flow speed (19.3± 0.1 cm s−1,
mean ± SD) was measured before each trial using a
Geopacks MFP51 flowmeter (Devon, UK) in the cen-
ter of the flume, when the model was absent from the
flume.

2.4. Particle movement in the physical models
Like realistic prey, the hydrated particles were
deformable and had slightly asymmetrical shapes.
The particles were too small to be trapped inside the
slots of the 1.8 mm models. However, approximately
15% of the particles that were carried by water into
the 1.35 mm slots could become trapped between the
walls of the slot instead of exiting the slot. Rather than
focusing on particle retention, we focused primarily
on particle movement inside the model, including
the slot locations of particle exiting and trapping.

Particles that contacted the gill rakers were cat-
egorized as either (1) exiting or becoming trapped
in the slot nearest to the location where the con-
tact occurred or (2) contacting on a gill raker and
subsequently continuing with the mainstream flow
towards the posterior of the model. Particles that
contacted the solid dorsal or ventral midline of the
model were not included in the analysis of particle
contacts because these contacts involved non-porous
surfaces.

Each slot was divided into three zones of equal
width for analysis: anterior, posterior and middle
(supplementary figure S3). Exiting particles were
categorized based on specific types of particle
movement and raker contact within the slots

(supplementary table S2). There were two main exit
trajectory categories for particles, each with subtypes.
Particles that became trapped within a slot instead of
exiting were not included in the analysis of the exit
trajectory.

2.5. Hypothesis 1 for particle exit and trapping
based onmass flow rate
Because all particles eventually exited or were
trapped, RStudio (Mac v 2022.02.3 Build 492) with R
(v 4.2.0) was used to test Hypothesis 1 that the frac-
tion of exiting/trapped particles at each slot was pro-
portional to the fraction of themodel’s totalmass flow
rate of water (kg s−1) exiting that slot (figure 3(a)).

Hypothesis 1 was rejected if the actual number of
exiting/trapped particles at a slot in the flume experi-
mentswas greater than or less than that obtained from
97.5% of the 10 000 random distributions. Thus, the
cutoff value for significance at each slot was P< 0.05.
Because there were multiple tests for each model
(one for each of the 28 slots in the 1.35 mm mod-
els and 21 slots in the 1.8 mm models), the false dis-
covery rate control (FDRC) [38–40] was applied to
adjust formultiple comparisons. Using the FDRC, the
experiment-wise likelihood of acceptance of a falsely
significant result was set at α < 0.05.

2.6. Hypothesis 2 based onmass flow rate, dividing
streamlines and particle size
RStudio was also used to test Hypothesis 2
(figure 3(b)) that the number of particles exit-
ing/trapped at each slot was proportional to the frac-
tion of the model’s total mass flow rate of water that
exits through that slot, with an additional constraint
on the particle size that could exit or be trapped based
on the shortest distance between the medial surface
of the raker preceding the slot (i.e. the medial sur-
face of the anterior wall of the slot) and the dividing
streamline that had been identified from the CFD.

The quantification of particle movement in the
physical model, themeasurement of particle sizes, the
identification of dividing streamlines in the CFD, and
the coding in R were each conducted by a different
researcherwithout reference to the other data sets that
might influence the data collection and analysis.

2.7. Two-way ANOVAs on slot width and raker
height
Using RStudio (version 4.2.1), Bartlett’s tests for
homogeneity of variances and Shapiro–Wilk tests for
normality were conducted on the particle movement
parameters quantified from the four physical models.
When variances were homogenous and the data had
a normal distribution, two-way ANOVAs were per-
formed to determine whether slot width and raker
height (fixed factors) significantly affected the para-
meters quantified from the models. The sequential
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Figure 3. Bootstrap statistical analyses in R to (a) test Hypothesis 1 based on mass flow rate and (b) test Hypothesis 2 based on
mass flow rate, dividing streamlines and particle sizes. Tests were performed independently for each of the four physical models.
(a) Bootstrap analysis for Hypothesis 1 generated 10 000 random distributions of predicted slots for particle exiting/trapping
according to a probability distribution based on the fraction of the model’s total mass flow rate that exits through each slot. (b) In
the 10 000 trials of the bootstrap analysis for Hypothesis 2, particles were assigned a radius at random from the size distribution
of the minimum Feret’s diameter measured for hydrated particles (n= 270) used in the flume experiments (supplementary figure
S2). When the radius of a particle assigned randomly to that slot was less than or equal to the shortest distance between the
dividing streamline (identified from the CFD simulations) and the medial surface of the raker preceding that slot, the program in
R specified that the particle would be transported into the slot to exit or be trapped. When the radius of a particle assigned to that
slot was greater than the shortest distance, Hypothesis 2 predicted that the particle would not exit or be trapped at the assigned
slot because the center of the particle would lie medial to the dividing streamline (i.e. closer to the center of the model). In this
case, the R program randomly reassigned that particle to one of the downstream slots in the model. Reassignment probability was
based on the proportion of the remaining mass flow rate that exited through each of the downstream slots. Reassignment
continued until the radius of the particle was less than or equal to the shortest distance calculated from the CFD for the dividing
streamline exiting the randomly assigned slot.

Bonferronimethod ofHolm [41, 42]was appliedwith
the probability of a Type I error less than an α value
of 0.05 for the family of all two-way ANOVAs per-
formed in the study. While the sequential Bonferroni

method indicated significant differences between slot
widths and raker heights, Tukey’s honest signific-
ant difference (HSD) post-hoc tests were performed
using RStudio.
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Figure 4. (a) Pressure contours and (b) velocity plots with vectors along the mid-frontal plane, with anterior (Z1) to posterior
(Z2) corresponding to line Z1–Z2 in figure 2(b). Since the models are bilaterally symmetrical, only one-half of the mid-frontal
plane is shown in (a). Black box in (a) indicates the location of velocity plots in (b). Flow separation occurred immediately
downstream of each gill raker, resulting in a region of vortical flow inside the anterior of each slot. To exit the model, water
traveled along the perimeter of the recirculation region. Fi, filtrate; MF, mainstream flow.

3. Results

3.1. CFD simulations: pressure and velocity, flow
patterns, dividing streamlines
In the four models, flow separation occurred imme-
diately downstream of each gill raker, resulting in a
recirculation region of lower flow velocity and lower
pressure inside the anterior of each slot (figure 4)
[43]. Subsequently, as the exiting fluid traveled tan-
gentially across the recirculation region at the slot
entrance and approached the posterior wall of the
slot, the exiting fluid curved sharply around the vor-
tical region and into the slot (figure 4(b)).

For each slot, the dividing streamline (i.e. the stag-
nation streamline) was identified as the streamline
that separated (1) the fluid parcels exiting through
that slot from (2) the fluid parcels that traveled
farther posteriorly inside the model. Thus, the divid-
ing streamline traveled towards the stagnation point
on the posterior wall of the slot, where the flow
diverged to either exit the slot or passed medially
across the slot (figures 5 and 6). In practice, a dividing
streamline was determined as themost lateral stream-
line not exiting through that slot after iterative adjust-
ment of the streamline’s point source position with a
precision of 10 µm.

Streamlines that were located more lateral than
the dividing streamline (i.e. closer to the slot)
curved to exit that slot. Flows along streamlines that

were located slightly more medial than the dividing
streamline (i.e. closer to the center of the model)
approached the posterior wall of the slot but then
curved medially away from the slot to continue pos-
teriorly towards the next slot in the model rather
than exiting immediately (figures 5 and 6). As the
mainstream flow traveled towards the posterior of the
model, the dividing streamline approached the pos-
terior wall of each slot at an increasingly steeper angle
(figure 6). Therefore, the distance increased between
the dividing streamline and the medial surface of the
raker preceding the slot.

The Re calculated for slot width (1.35 or 1.8 mm
gap between the gill rakers) was 260–350, and for the
particle diameter (1.25 mm) was approximately 240.
When the dimensions of the CFD model were scaled
down by a factor of three with the input flow speed
scaled up by a factor of three (i.e. constant Re) as a
test of dynamic similarity to match the fish gill rakers
in vivo, the overall flow patterns did not change but
the pressure in the center of the model increased to
approximately 50 Pa.

3.2. Particles that made contact with physical
model surfaces and continued posteriorly
Of the 480 particles quantified across all four phys-
ical models in the recirculating flume, 82.7% ± 4%
(mean ± SD) made contact with rakers at least once
and continued posteriorly with the mainstream flow.
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Figure 5. CFD simulation video of the flow through a 3D physical model depicting the location of the dividing streamlines.

The raker surface contacted by these particles was
always the anterior wall of the raker, i.e. the wall on
the posterior of the slot, which is exposed directly
to the oncoming flow (figure 4(b)). Particles in con-
tact with the anterior wall of the raker were observed
to roll over the edge as they continued to travel
posteriorly (figures 7(a) and (b), supplementary
video S1).

On average, each particle that made contact did
so on four or five independent occasions (range
1–12) on the anterior walls of subsequent rakers
as it traveled towards the posterior of the mod-
els (figure 7). The mean number of slots across
which a particle traveled between two successive
contacts was approximately two slots (supplement-
ary table S3). Neither the slot width (1.35 versus
1.8 mm) nor the raker height (1.5 versus 3.5 mm)
had a statistically significant effect on the number of
particles that made contact with a raker, the num-
ber of contacts with a raker per particle (supplement-
ary table S4) or the number of slots across which
particles traveled between successive contacts (two-
way ANOVAs, P > 0.05).

Although the particles were smaller than the gaps
between the gill rakers, only 3.6% of the 480 particles
tracked in the four models exited or were trapped
within the anterior one-third of the models’ por-
ous region (i.e. ∼35% of the distance from the most
anterior slot to the most posterior slot). This limited
loss of particles anteriorly occurred even though that
region accounted for approximately half of the total

model exit area (i.e. half of the total cross-sectional
area of the slots) and more than a third of the total
mass flow rate of water that exited the models. In
contrast, the majority of the particles (77% ± 3%,
mean ± SD) exited or became trapped inside slots
in the posterior 22% of the models’ porous region,
although this posterior region accounted for only
19%–23% of the total mass flow rate through the
models.

Particles traveled an average of 1.6 ± 0.7 cm
(mean± SD) from the initial contact with the interior
surface of the model to the subsequent exiting/trap-
ping of the particle in a downstream slot. The aver-
age distance traveled between the initial contact and
eventual exiting/trapping was approximately 30% of
the distance between the first and last slots in the
models. The total number of slots moved between
the initial contact of a particle with the interior sur-
face and eventual exiting or trapping was signific-
antly greater for the 1.35 mm models compared to
the 1.8 mm models (two-way ANOVA, P < 0.01).
However, further analysis indicated that there were
no significant differences between models when the
number of slots was converted to distance traveled
between initial contact of a particle with the interior
surface and subsequent exiting or trapping (two-way
ANOVA, P > 0.05).

3.3. Patterns in exiting particle trajectories
Of the particles that were tracked in the physicalmod-
els as they exited through a slot (n= 364), 94% began
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Figure 6. Dividing streamline (i.e. the stagnation streamline) travels towards the stagnation point on the posterior wall of the slot,
where the flow diverged to either exit the slot or pass medially across the slot. For each slot in (a), the location of the dividing
streamline is indicated by a solid black line. Black box in (a) indicates the location of the magnified view in (b). As the exiting
fluid travels along the recirculation region at each slot and approaches the posterior wall of that slot, the exiting streamlines curve
sharply into the slot. Shortest distance (red arrows) at which the dividing streamline for each slot passes the medial surface of the
raker preceding the slot increases from the anterior to the posterior of the model.

the exit trajectory by making contact with the pos-
terior wall of that slot (i.e. the anterior wall of the
raker, supplementary video S1). None of the exiting
particles began the exit trajectory by making contact
with the anterior wall of a slot, and only 6% exited
through a slot withoutmaking contact with a slot wall
at least once.

Of the exiting particles thatmade contact with the
posterior wall of the slot, 65% then reversed direction
within the slot and either approached or made con-
tact with the anterior wall of the same slot prior to
exiting (e.g. supplementary video S1). Many of these
particles even made contact with the anterior wall of
the slot before exiting themodel, and 24% of the exit-
ing particles thatmade contact with the posterior wall
of the slot reversed direction twice within a single slot
before exiting (i.e. made contact with the posterior
wall, reversed to make contact with the anterior wall,
reversed again to exit the middle or posterior zones of
the slot).

Although this pattern of particle contact on a
wall followed by a reversal of direction during exit-
ing occurred across all four model designs, the per-
centage of particles that reversed direction inside
a slot differed significantly between raker height

(1.5 versus 3.5 mm) but not between slot width (1.35
versus 1.8 mm) (two-way ANOVA with interaction,
P < 0.0002 for raker height, P > 0.05 for slot width).
For the 1.35 mm as well as the 1.8 mm slot widths,
there was a significant difference in particle exit tra-
jectory between raker heights, with the deep mod-
els having significantly more particles exiting with
reversal between zones (category 1, supplementary
table S2) and fewer particles exiting without reversal
between zones (category 2, supplementary table S2),
compared to the shallow models. Specifically, the
deep models had significantly higher percentages of
particles that reversed direction after making contact
with the posterior wall of the slot and subsequently
approached or made contact with the anterior wall
of the slot before exiting (supplementary figure S4,
Tukey’s HSD, 1.35-shallow:1.35-deep, P< 0.05; 1.35-
shallow:1.8-deep, P < 0.05; 1.8-shallow:1.8-deep,
P < 0.003; 1.8-shallow:1.35-deep, P < 0.003).

3.4. Hypothesis 1 for particle exiting and trapping
based onmass flow rate
A bootstrap statistical analysis tested Hypothesis 1
that the sum of exiting and trapped particles at each
slot during the flume experiments was proportional
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Figure 7. (a) Video of two particles (∼1.2 mm diameter) that contact/roll on the anterior wall of multiple rakers (i.e. the posterior
walls of the slots) in the 1.8-shallow model before one particle exits slot 3 (240 frames s−1, flume speed 19.3 ± 0.1 cm s−1,
mean± SD). (b) Series of images from the video (frames 2, 4, 6, 8, 10 not shown) illustrating one particle ‘bumping’ over the
raker between slot 6 and slot 5 while traveling posteriorly in the 1.8-shallow model. Frames in the figure are numbered from
right-to-left as water travels from right-to-left inside the model. Top: orientation of the model with respect to flow in the flume.
Frame 3: particle makes contact with the posterior wall of slot 6 (i.e. anterior wall of raker). Frames 5 and 7: particle rolls over the
edge of the raker. Frame 11: particle is in contact with the raker between slot 5 and slot 4 and is beginning to roll over the raker.
Horizontal red lines illustrate that the particle is displaced towards the centerline of the model as the particle travels posteriorly.
Particle eventually exited through slot 3; complete sequence provided in (a). Fi, filtrate; MF, mainstream flow; S, slot.

to the fraction of the model’s total mass flow rate
of water exiting that slot (figure 3(a)). Hypothesis 1
is based on conventional dead-end sieving, in which
the water acts simply as a carrier of the particles.
At approximately 80% of the slots in the four phys-
icalmodels, probability distribution analysis followed
by the FDRC showed significant differences between
the number of particles exiting/trapped in the flume
experiments and the mass flow rate at each of those
slots (figure 8, two-tailed tests, FDRC α < 0.05).
Significantly fewer particles exited or were trapped in
slots in the anterior half of the models than expec-
ted based on the mass flow rate exiting those slots.
Conversely, significantlymore particles exited or were
trapped in slots in the posterior 20%–25% of the
models than expected (figure 8). Thus, Hypothesis

1 was rejected because the actual numbers of exit-
ing/trapped particles were within the 95% confidence
intervals in only a few transitional slots between the
anterior region and the posterior region.

3.5. Hypothesis 2 based onmass flow rate, dividing
streamlines, and particle sizes
Hypothesis 2 (figure 3(b)) proposed that the num-
ber of particles exiting/trapped at each slot during the
flume experiments was constrained by the percent-
age of the model’s total mass flow rate of water that
exits through that slot, but with an additional con-
straint on the maximum particle size that could exit
or be trapped in that slot based on the shortest dis-
tance between the medial surface of the raker preced-
ing the slot (i.e. themedial surface of the anterior wall
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Figure 8. For most slots in the four physical models, the percentage of exiting and trapped particles in each slot (histogram, y-axis
on left) was not proportional to the percentage of the model’s total mass flow rate of water that exits through that slot (circles,
y-axis on right) in (a) 1.35 mmmodels and (b) 1.8 mmmodels, rejecting Hypothesis 1. Posterior wall of the posterior slot is
located at 0 cm, and the distance on the x-axis increases towards the gape of the model. Inverted solid triangles at the top right
indicate slots where significantly fewer particles exited or were trapped than predicted based on the mass flow rate (two-tailed
tests, FDRC α < 0.05). Triangles at the top left denote slots where significantly more particles exited or were trapped than
predicted. Orange triangle, deep slot only; blue triangle, shallow slot only; purple triangle, deep and shallow slots.
Inverted triangles at the top right denote slots where significantly fewer particles exited or were trapped than predicted. Orange
triangle, deep slot only; blue triangle, shallow slot only; purple triangle, deep and shallow slots. Hypothesis 1 was not
rejected for slots not designated with a triangle.

of the slot) and the dividing streamline that had been
identified from the CFD (figure 6). The calculations
based on Hypothesis 2 (figure 3(b)) were consistent
with the data from the flume experiments at nearly all
slots in the anterior region of the four physical mod-
els (figure 9, two-tailed tests, FDRC α < 0.05). The
predictions and the data from the flume were signi-
ficantly different at some slots across the transition
between the anterior region and posterior region of
the physical models (slots 6 and 9 in figure 9(a), slots
7 and 9 in figure 9(b) and slots 8 and 9 in figure 9(d)).
In the posterior five slots of the models, Hypothesis 2

predicted too many exits/traps in slots 1 and 2 of the
1.35mmmodels and slot 1 of the 1.8mmmodels, and
tended to predict too few particles in slots 4 and 5 of
the 1.35 mmmodels and slot 3 of the 1.8 mmmodels
(figure 9).

4. Discussion

Multiple lines of research in fluids engineering have
converged on the use of lateral displacement sys-
tems to achieve particle separation across an extensive
range of Re numbers from 10−3 to 103 and particle
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Figure 9. Actual particles exiting (solid circles) compared to the predictions of Hypothesis 2 (open circles), which are based on the
mass flow rate and dividing streamlines for each slot, with particle sizes assigned to slots randomly in the model from a size
distribution of 270 measured particles (supplementary figure S2). Regions in gray are within the upper and lower bounds of 95%
confidence intervals calculated based on Hypothesis 2.

sizes from submicrons to millimeters, encompassing
both the Stokesian and non-Stokesian regimes [2,
26–28, 44, 45]. Here, through our study of gener-
alized gill raker function in ram suspension-feeding
fish, we introduced a biomimetic model that explores
the operation of lateral displacement principles in
suspension-feeding fish.

While the morphometrics of American shad were
used to represent ram suspension-feeding fish dimen-
sions, our biomimetic model is applicable to multiple
species with a comparable rib-and-slot arrangement
of steps. For example, suspension-feeding species
that, like American shad, have gill rakers form-
ing d-type ribs with a slot aspect ratio of less
than 3–4 include Atlantic herring (Clupea haren-
gus, Clupeidae) [46], European anchovy (Engraulis
encrasicolus, Engraulidae) [46] and basking sharks
(Cetorhinus maximus, Cetorhinidae) [47]. Therefore,
the generalized gill rakers and oral cavity configura-
tions used in our physical and computational models
are broadly applicable and can be readily modified to
reflect the specific dimensions of many species that
have gill rakers with a d-type rib-and-slot arrange-
ment of steps.

4.1. Biomimetic model of a lateral displacement
array
Lateral displacement arrays consist of staggered
obstacles for the separation of particles by size [2].
Each obstacle row is offset slightly from the preceding
upstream row. This staggering of the obstacles causes
all larger particles to make contact with the upstream

edges of the obstacles by direct interception, result-
ing in consistent lateral displacement of the larger
particles towards one side of the obstacle array [26,
45] (figure 10(c)). In contrast, smaller particles are
not displaced laterally because they follow streamlines
that weave between the obstacles in a ‘zigzag’ pat-
tern (figure 10(d)). The deterministic physical prin-
ciple in lateral displacement devices is that particles
with a radius larger than the critical separation radius
are displaced laterally upon direct interception with
the obstacles and are therefore separated from smal-
ler particles [2, 4, 45] (figure 10(a)). The critical sep-
aration radius is approximated by the shortest dis-
tance between the protruding edge of an obstacle and
the streamline passing over that obstacle to termin-
ate at the stagnation point on the next downstream
obstacle. Numerical models for calculating the size of
the critical separation radius in lateral displacement
devices are still under development since the critical
separation radius is affected by interactions between
obstacle geometry and material, particle properties
and flow properties [2].

In our flume experiments, most particles that
entered the model gape (83% ± 4%, mean ± SD,
n= 480) eventually bumped into the wall on the pos-
terior of a slot (i.e. the anterior wall of a gill raker)
and then made contact an average of 3–4 additional
times on the posterior walls of subsequent slots as
the particles were displaced towards the posterior of
the models before exiting (figure 7, supplementary
video S1). This ‘sliding’ or ‘bouncing’ of particles
in cross-flow along the porous branchial arches and
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Figure 10. (a), (b) Schematics of particle separation observed in our physical models of fish gill rakers compared to (c), (d) DLD
arrays of microposts [48, 49] that are used for microfluidic and mesofluidic separation of particles at gap Re ranging from 10−3 to
103 and particle sizes from submicrons to millimeters, encompassing both the Stokesian and non-Stokesian regimes. Principles of
SLD are similar [3]. Gill rakers in (a) and (b) are shown in cross-section, as in figures 4 and 6 ; DLD microposts in (c) and (d) are
shown in top view. Fish pharynxes and lateral displacement arrays have extensive numbers of gaps; only the minimum number of
obstacles needed to illustrate particle separation is depicted. Largest particle that can exit through the slot between rakers (red
arrows in (a), (b)) is approximated by the location of the dividing streamlines in the CFD analysis, analogous to the critical
separation radius for particles in lateral displacement devices. In our physical models (a) and in DLD (c), particles with a
diameter larger than approximately twice the critical separation radius have a different trajectory compared to smaller particles.
Larger particles ‘bump’ on the obstacle and therefore travel across streamlines in a ‘displacement’ mode (solid green arrow in (c)).
In contrast, smaller particles follow a different trajectory by exiting with the filtrate through the slots between the gill rakers (b) or
by traveling with streamlines in a ‘zigzag’ mode with no net lateral displacement (solid green arrow in (d)). Fi, filtrate; MF,
mainstream flow.

gill rakers has been quantified previously using endo-
scopic videos inside the pharynx of multiple species
of live fish during suspension feeding [6, 50–52].

CFD simulations provided insight into the flow
patterns at the walls of the slots where particles
made contact with the models and subsequently con-
tinued to travel posteriorly. As is characteristic for
backward-facing steps in engineering applications
involving tangential flow [12, 17, 20, 53], the gen-
eralized gill rakers in our models caused flow sep-
aration and a recirculation region (i.e. vortical flow)
along the anterior wall of the slot downstream from
each raker (figure 4(b)). The separated shear layer
generated at each slot then proceeded to exit through
that slot by traveling tangentially across the anterior
of the slot entrance (figures 5 and 6). Subsequently,
as the exiting fluid passed the vortical recircula-
tion region and approached the posterior wall of

the slot, the streamlines curved sharply into the slot
(figures 5 and 6).

For each slot, our CFD analysis identified the
dividing streamline as the most lateral streamline not
exiting through that slot (i.e. the stagnation stream-
line). Thus, for each slot, the dividing streamline was
the demarcation between the streamlines that turned
to exit through that slot versus the streamlines that
continued traveling toward the posterior of themodel
(figures 5 and 6(b)). The flume experiments support
our hypothesis that the shortest distance at which the
dividing streamline passes across the surface of the
raker preceding the slot is the maximum radius of a
particle that can exit the model by traveling through
that slot (figures 5, 6(b) and 10(a), (b)). When a
particle with a radius equal to or smaller than the
maximum approaches the anterior wall of the sub-
sequent raker, the exiting water carries the particle
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through the slot (figure 10(b)). Larger particles are
excluded from that slot because the center of these
particles will be located in the flow that continues past
the slot entrance (figure 10(a)).

The maximum radius of a particle that could exit
our physical models by traveling through the slot
is analogous to the critical separation radius identi-
fied with reference to the stagnation streamlines in
DLD and SLD devices that operate using principles
of lateral displacement [2, 4, 26, 28, 48]. The bump-
ing/rolling motion of particles in contact with the
anterior edges of the rakers in the flume experiments
(figure 7, supplementary video S1) is analogous to
the ‘bumping’ motion of larger particles along the
obstacle surfaces in a lateral displacement array [2]
(figure 10).

The physical principle for the separation of
particles by size in lateral displacement arrays is
that particles with a radius larger than the crit-
ical separation radius are displaced laterally upon
direct interception with the obstacles in the array
[2, 45], causing the particles to cross streamlines
(figure 10(a)). The ‘bumping’ of particles on obstacles
in a lateral displacement array is a physical mech-
anism of particle sorting that occurs across lam-
inar and turbulent regimes over at least six orders
of magnitude of Re, operating in the Stokesian as
well as non-Stokesian regimes. Although the exact
size of the critical separation radius is dependent
on the specific fluid dynamics and obstacle geo-
metry of each lateral displacement device, the phys-
ical principle resulting in particle displacement is
identical for all lateral displacement arrays. Our
physical and computational modeling have demon-
strated that the location of the dividing streamline for
each slot, specifically the shortest distance between
the dividing streamline and the raker surface pre-
ceding the slot, predicts the maximum radius of a
particle that exited the model by passing through that
slot.

Our 3D models provide a new platform for
research on lateral displacement arrays inspired by
biological systems. Relative to DLD devices operating
in the Stokes regime at Re < 1, lateral displacement
devices operating in an inertial flow regime [25–27]
and SLD devices [3, 28] present unique design chal-
lenges and opportunities due to the increased com-
plexity of the fluid dynamics involved. Given the
hydrodynamic complexity and evolutionary success
of particle separation in suspension-feeding fish,
microfluidic and mesofluidic lateral displacement
systems could benefit from consideration of the
diverse gill raker structures, oral cavity configura-
tions and operating parameters found in suspension-
feeding fish. For example, the recently developed
single-column DLD devices [54] and lattice-shaped
microchannel networks [55, 56] share certain design
features with oral cavity configurations that are

common in suspension-feeding fish but are uncon-
ventional in microfluidics; further exploration of
these intriguing design features could expand their
applications.

4.2. Future improvements in biomimetic model
design
4.2.1. Terminus for conical model
Rather than designing an unrealistic zero-pressure
boundary condition at the posterior of the model,
we used a solid wall that simulated the fish’s closed
esophagus (figures 1 and 2), but this caused dis-
ruptions of particle movement at the model pos-
terior. As the mainstream flow traveled posteriorly
in our models, the streamlines of the exiting fluid
approached the slot entrances at increasingly steeper
angles (figure 6(a)). Therefore, similar to the hydro-
dynamics reported as the flow approaches the ter-
minus of SLD devices [28] and the lateral boundaries
of DLD devices [44], the dividing streamline for each
slot was increasingly distant from the surface of the
raker preceding the slot.

Based on the extremely large distances between
the dividing streamlines and the medial surfaces of
the rakers preceding each slot at the posterior of the
models, Hypothesis 2 predicted that slots 1 and 2 of
the physical models would have the greatest percent-
age of exiting/trapped particles. However, in all phys-
ical models, slots 3–5 (the posterior ∼0.5–1.0 cm of
the slotted region) had the greatest percentage of exit-
s/traps (figures 8 and 9). In the flume experiments
using physical models, the trajectories of particles
within 1–2 mm of the solid wall were observed to
be altered, occasionally even resulting in a reversal of
the particle direction from posterior to anterior away
from the esophageal wall. The actual slot number of
exiting/trapping was recorded in the flume experi-
ments, even if the particles had reversed direction
while approaching the posterior of the model.

This discrepancy between the actual versus pre-
dicted distributions of particle exiting/trapping at the
posterior of the models (figure 9) illustrates the com-
plexities of designing realistic models for the entire
pharynx in ram suspension-feeding fish and suggests
that a more appropriate model could be achieved by
extending the slotted region of the cone to minim-
ize the cross-sectional area of the solid esophagus
and reduce the higher pressures there (figure 4(a)).
All lateral and posterior wall boundaries in a lat-
eral displacement device cause a flow resistance that
adversely affects particle separation [28, 44]. In addi-
tion, data on variation in slot width and raker height
in specific regions of the fish pharynx [29] could
be used to modify the slot dimensions and thereby
fine-tune the pressure and flow velocity contours in
slots near the terminus of the model, as suggested by
Dijkshoorn et al for SLD devices [57].
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4.2.2. Simplifying assumptions in physical and
computational models
All current filtration models at the level of the gill
rakers in suspension-feeding fish rely on steady flow
with intra-oral velocities, pressures and streamlines
that are not time dependent [15, 17, 20, 21]. This
contrasts with the swimming kinematics of ram sus-
pension feeding, during which yaw can generate cyc-
lical intra-oral flow speed and pressure variations that
could affect vortex formation and shedding down-
stream from the rakers [58, 59]. Additional simpli-
fying assumptions of current filtration models for
suspension-feeding fish, as well as lateral displace-
ment devices [2], are that particle–particle interac-
tions and the effects of particles on the surround-
ing flow field are neglected. These assumptions do
not invalidate the current physical and computational
models but should be recognized as potential areas for
refinement in future models.

4.2.3. Denticles, microstructures and surface properties
In previous models of cross-step filtration by paddle-
fish and basking shark branchial arches, the closely
spaced comb-like gill rakers that retain small particles
were simulated using a porous mesh that covered the
exterior of the slots between branchial arches (sup-
plementary figure S1(b)). These earlier studies pro-
posed that cross-step filtration could also operate in
other suspension-feeding fish species, with the gill
rakers rather than the branchial arches functioning as
d-type ribs that form thewalls of the slots andwith the
denticles or other protuberances serving the function
of the porous mesh [12, 29]. Our study demonstrates
that in the absence of such a porous mesh connec-
ted to the gill rakers, particles exited eventually from
the conicalmodels after being transported posteriorly
towards the esophageal wall. Therefore, in order to
retain particles smaller than the slot width between
gill rakers [60] at the terminus of the conical pos-
terior pharynx or in unsteady flow, modifications or
additional components present in live fish should be
incorporated in future models.

3D-printed gill rakers lack two important features
that are present on the gill rakers ofmany suspension-
feeding fish species: (1) goblet cells that produce
mucus [21, 29, 61, 62] and (2) denticles or other
protuberances (e.g. knobs, broom-like tufts, ridges)
that extend from the gill rakers (e.g. figure 1(e))
[29, 62]. Both mucus and protuberances have been
hypothesized or demonstrated in experiments with
a diverse variety of live suspension-feeding fish to
play key roles in particle retention and fluid dynamics
[46, 63]. Microridges detected on the leading edge of
basking shark gill rakers have recently been demon-
strated in CFD simulations to have the potential for
profound effects on flow patterns during filtration
[47]. Given the extensive interactions reported here

between particles and the gill raker walls, modi-
fications of the wall surface properties and micro-
structures by mucus, tissue layers and/or protuber-
ances will alter particle trajectories within the slots.
Preliminary flume experiments with physical models
of gill rakers indicate that these particle movements
can be affected by the presence of a sticky mucus
analog and by protuberances on the gill rakers.
Surface properties, including surface roughness and
protuberances, are an active area of research in
DLD [2, 45, 64, 65]. Biomimetic models of the
diverse protuberance geometry (e.g. denticles and
other microstructures) found on suspension-feeding
fish gill rakers could further inform the design of
lateral displacement devices in microfluidics and
mesofluidics.

5. Conclusion

Our biomimetic model of suspension-feeding fish
gill rakers applies the principles of lateral displace-
ment arrays that are used for the size separation of
particles in microfluidics and mesofluidics. Flume
experiments with physical models combined with
flowprofiles fromCFD simulations demonstrate that,
at each slot, the shortest distance between the divid-
ing streamline and the surface of the raker preceding
the slot predicts the maximum radius of a particle
that exited the model by passing through the slot.
This theoretical maximum radius is analogous to the
critical separation radius identified with reference to
the stagnation streamlines in DLD devices (‘bump
arrays’) and SLD. Particle exit trajectories in our phys-
ical models indicate that improvements in model
design inspired by suspension-feeding fish biology
should include modifications of raker surface prop-
erties (e.g. sticky mucus analogs) and microstruc-
tures (e.g. denticles, ridges). The specialized mor-
phological features of the denticles, gill rakers and
branchial arches that have evolved in suspension-
feeding fish are a rich source of material for future
quantification of the relationships between filter ele-
ment structure, fluid dynamics, feeding behavior
and ecology in suspension-feeding fish. The geo-
metry and hydrodynamics of suspension-feeding fish
oral structures provide a biomimetic model that
can be explored with the goal of designing more
efficient particle separation and filtration devices
for a range of applications. Since our models use
a basic gill raker structure that is common across
many orders and families of suspension-feeding fish,
these results open a new direction for experiments
to quantify connections between gill raker struc-
ture, dividing streamline position, critical separ-
ation radius of particles, and food particle sizes
consumed.
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