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Microplastic (MP) fibres from washing machines are a major source of environmental pollution, yet,
existing domestic filtration solutions are prone to clogging and have limited retention. Inspired by the
gillarch system of ram-feeding fishes, we developed a bio-inspired filter that employs semi-cross-flow
filtration with a conical filter element geometry, periodic self-cleaning and optimised inflow. Laboratory
tests show that the fish-inspired filter (FiF) retains up to 99.6 % of MP test fibres. Clogging is reduced by
collecting up to 85% of the fibres outside the FiF through a periodic cleaning mechanism. CFD and
flow tank experiments demonstrate that filtration performance is strongly influenced by the angle of
attack and inlet geometry. The FiF achieves a low concentrate volume (~5%), increasing yield and
minimising post-treatment. Our findings highlight the potential of bio-inspired filtration mechanisms
for engineering applications such as washing machines requiring high efficiency and modular design.

Microplastics (MPs), plastic particles and fibres smaller than 5 mm, are
ubiquitous pollutants found in water', soil” and air’. In all these environ-
ments, MPs have adverse effects, for example, they accumulate fungal
pathogens in soil’, cause phytotoxicity on vascular plants’, enter marine top
predators through trophic transfer’, and induce oxidative stress, inflam-
mation, and metabolic disorders in humans’. It is widely acknowledged
that a diverse combination of mitigation strategies is necessary to reduce
MPs from entering the environment. Long-term strategies include shifting
to a circular economy, developing new materials and sustainable products,
and conducting educational work to change societal mindset* . Short-
term measures include, for example, legislation to ban MPs in cosmetics,
the use of substitute materials, or cleaning activities'"'"”. Filtration is
another short-term means to reduce MPs close to their sources and entry
points, but current filtration solutions are hindered by low retention effi-
ciencies for MPs, as well as rapid clogging.

Washing machines are a major entry path for MPs, releasing between 10
and 120 g of MP fibres from textiles per person per year, and are one of the
major MP sources""°. Washing machines have coarse filters to protect the
pump by retaining stones or coins, but no MP filter'®. Hence, MPs are
brought unfiltered into the sewage system. Wastewater treatment plants
equipped with secondary and tertiary treatment stages retain 84-94% of
MPs". However, retained MPs accumulate in the sewage sludge, with
63-90% coming from washing machines'”. The MPs are then reintroduced

into the environment when the sewage sludge is disposed of on agricultural
fields, as is common practice globally'”'*. Therefore, despite the high reten-
tion rates within wastewater treatment plants, intercepting MPs before they
reach the sewage system is a critical and underdeveloped intervention point.

We present a biomimetic, fish-inspired filter (FiF) with high filtration
efficiency of standardised MP fibres and a self-cleaning process. Our filter
module is based on the filter-feeding process in ram-feeding fishes because
aspects of this filtration process, in principle, fits some of the requirements in
washing machines such as particle size, flow regime, and filter size (Supple-
mentary Note 1 and Supplementary Fig. 1). Ram-feeding fishes are pelagic
fishes that use their forward motion to induce flow through the gill arch
system'>”". The gill arch system is composed of gill arches with elongated gill
rakers. The morphology of the gill arch system is species dependant with some
having denticles on the gill arches and gill rakers'”’, while others produce
mucus to accumulate particlesZI, have surface structures that induce local
vortices to retain particles” or use a combination thereof. In most filter-
feeding fishes, the gill arches form a cone-shaped geometry that tapers down
towards the oesophagus within the buccal cavity'**. While swimming
forward with an open mouth, a tangential flow transports the food particles
towards the oesophagus, and the cleared water exits between the gill arches
and under the operculum. This process was previously described as cross-flow
filtration with variations found in some species called cross-step filtration™*.
Based on morphology and video analysis of their feeding behaviour”, it is
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likely that the filtration process in ram-feeding fish like anchovy, pilchard, and
Atlantic mackerel, in fact, combines cross-flow and dead-end filtration. In
these fishes, the gill rakers form a flat surface that induce particles rolling
towards the oesophagus where they accumulate before being swallowed".
Particle rolling is enabled by the conically tapered geometry of the gill arch
system. The geometry is described by an angle, the angle of attack a (Fig. 1A),
and may range between 0°(dead-end filtration) and 90° (cross-flow filtration,
Fig. 1B). Therefore, the filtration process was previously called semi-cross-
flow filtration” (Fig. 1B). Our FiF mimics the functional morphology in
selected ram-filter-feeding fishes to take advantage of the semi-cross-flow
filtration process. Furthermore, by varying parameters like filter size, mesh
size or angle of attack in physical and numerical experiments, we demonstrate
that filter performance depends on specific parameter combinations and can
thus be tailored to a wide range of potential applications, including retention
of MPs in washing machines. Our fish-inspired filter (FiF) is unique in its
combination of (i) a cone-shaped filter element with a filter medium at a set
angle of attack a to induce semi-cross-flow filtration, (i) a filter housing with
adapted inflow and separate permeate and concentrate outlet, and (iii) an
adjustable periodic cleaning mechanism that delays clogging.

Results

Effect of angle of attack on particle deposition during semi-
cross-flow filtration

The gill arch system inside the buccal cavity is tapered towards the oeso-
phagus, bilaterally symmetric, and consists of five gill arches that bear
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Fig. 1 | Interaction of particles with filter media at different angles of attack a.
A Volume render cross-section through the frontal plane with view on the ventral
side of the buccal cavity of Micro-CT scans the Indian mackerel Rastrelliger
kanagurta. The blue arrow and blue line indicate the inflow and midline of the fish,
and one side of a. The yellow, orange and red lines indicate the orientation of the
four gill arches (GA1-4) and the other side of a. B Schematic drawing of (i) dead-
end filtration with a = 90°, (ii) semi-cross-flow filtration with a ranging between 0°
and 90°, and (iii) cross-flow filtration with a = 90°. Depending on inflow and the a
of the filter medium, the tangential flow induces particles to stop or roll along the

elongated gill rakers with denticles forming a mesh (Fig. 1A). In micro-CT
scans of five ram-feeding fishes, the angle of attack a was measured between
the hyoid bone and an extended line of the GR of the first four arches in
virtual cross-sections of the fish’s head (Fig. 1A). Across all five species, o
ranged between 4° for more anterior and 47° for more posterior gill arches
(Supplementary Fig. 2). Based on the semi-cross-flow filtration process”,
this would indicate that particles entering the fish’s mouth would experience
higher tangential forces at lower a at the more anterior gill arches. Conse-
quently, particles would roll along the gill rakers and denticles so that they
accumulate close to the oesophagus due to higher a before being swallowed
(Fig. 1A, B). In order to test this hypothesis, we observed particle rolling on
filter meshes at a ranging from 0° to 60° under a range of other parameter
variations in a series of flow tank experiments. We found that the share of
rolling MP and non-MP particles —with no ‘permanent’ deposition and
potential clogging of the filter mesh- increases with lower a, but the strength
of that effect varies with particle type and mesh size (Fig. 1C). Round brine
shrimp eggs, a part of the natural food of ram-feeding fishes, keep rolling up
to an angle of 40° after which the probability to roll drops and reaches <30%
at 60°. Brine shrimp adults show a similarly high probability to roll at low
angles but a more linear decrease with higher a. The probability of rolling for
MP fragments decreases in a cubic relation and is generally lower than for
the natural particles. The probability of rolling is overall the smallest for the
MP fibres compared to the other particle types. The probability of rolling
drops from 20% at 10° to 0% at 40° with the 53 um mesh size and from 37.5%
at 10° to 0% at 50° with the 100 pm mesh size. With the 300 um mesh size,
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surface of the filter medium. C Probability of particles rolling after contact with the
filter medium for each a (10°-60°), particle type (Brine shrimp eggs, Brine shrimp
adults, MP fragments, MP fibres), and mesh size (53, 100, 300 um). Polynomial
regression, with y on x, was used to describe the influence of « on the probability of
rolling. There are no results for the brine shrimp eggs and MP fragments because
the mesh size was too big to retain the smaller particles. D Boxplots of all R* of the
Boltzmann fit to describe the motion of all four particle types. For more details of
particle characteristics and results of preliminary experiments, see Table 2 and
Supplementary Fig. 3.
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Fig. 2 | Abstraction of morphological traits of ram-feeding fishes into CAD
models and physical models. A The cone-shaped gill arch system with a given angle
of attack a is mimicked by the support structures of the filter elements (blue arrows).
The filter element is described by an inflow opening diameter Ly; and an outflow
diameter L¢ with a filter length of Ly and a total length of Lt. B The gill rakers (GR)

and denticles (D) form the meshes (red box) and are mimicked with a purchased
filter mesh that is glued onto the support structures. C Surface structures as observed
in ram-feeding scombrids are mimicked by a row of ellipsoids that mimic the short
GR, and hooked tape mimics the denticles and teeth, and is glued in the Large-11
filter element.

the probability of rolling first increases from 50% at 10° to 70% at 20° and 30°
and then decreases to 20% at 60° (Fig. 1C). Another difference between the
brine shrimp adults in comparison to the brine shrimp eggs and MPs is the
quality of the Boltzmann fit to the velocity profile of the particles when in
contact with the filter mesh (Supplementary Fig. 3). For the brine shrimp
adults, R?is 0.60 + 0.34 whereas it is 0.95 + 0.03, 0.97 + 0.05, and 0.98 + 0.06
for the brine shrimp eggs, MP fragments and MP fibres, respectively
(Fig. 1D). This indicates a different behaviour of the motile brine shrimp adults
in comparison to the other, non-motile particles. Hence, for MP retention, the
angle of attack should preferably be lower than 20° to keep the MPs in
suspension or rolling for longer and reduce clogging of the filter medium.

Design of fish-inspired filter element

In order to design a filter that separates particles based on semi-cross-flow
filtration, we mimicked the gill arch system morphology with the filter
element. The basic design of a filter element is radially symmetric and has
several arched support structures that resemble the gill arches and can hold
commercially available and standardised filter meshes (Fig. 2A, B). The filter
mesh creates a flat filter medium as observed in the Atlantic herring, the
Atlantic pilchard, and the Atlantic anchovy formed by the gill rakers and
denticles (Fig. 2B). The filter element is described by an inflow opening,
resembling the mouth, with diameter Ly; and an outflow opening, resam-
pling the oesophagus, with diameter Lc and a filter length of Ly (Fig. 2A).
Since Ly > L, the gill arches and the associated mesh decrease in diameter,
which results in the angle of attack, a. By changing the filter element length
or the opening diameter, a can be adjusted to lower or higher angles to
increase particle rolling towards the outflow opening, while clean fluid exists
laterally through the mesh. Overall, we built four different filter elements
that covered three different length, i.e. small, medium and large, and two «,
i.e. 11° and 22° (Table 1). Some of the species, i.e. Atlantic mackerel and
Indian mackerel, also show shortened gill rakers and teeth that point
inwards into the buccal cavity (Fig. 2C). These structures were mimicked by

the hooked side of Velcro or 3D printed row of ellipsoids that can optionally
be added inside any of the filter elements. For comparing the FiF element to
a conventional dead-end filter design, one filter element had an « of 0° and
no outflow opening. The length was chosen so that the filtration area Ar was
kept similar to the Large-11 filter elements to allow comparisons of these
different designs (Table 1).

Integration into a functional filter housing
The filter element was encased in a filter housing consisting of an inlet, a
flange, a transparent pipe for visual inspection, and an outlet (Fig. 3A, B).
The outlet has two outlet pipes to separate the clean fluid that exits laterally
through the filter element, i.e. the permeate (Vp) with potentially lost MPs
(Mp), and the drainage of concentrate (V) through the outflow opening
that contains the accumulated particle mass (Mc). Both outlet pipes are
equipped with automated valves to mimic the periodic cleaning and swal-
lowing in the fishes. During filtration mode, the concentrate valve is closed
and the permeate valve is open which accumulates particles in the filter
element and allows outflow of cleaned water through the mesh. For cleaning
of the filter, the permeate valve closes while the concentrate valve opens so
that the fluid with the particles is directed out of the concentrate outlet and
the filter element is cleaned, here shown with MP fibres (Fig. 3C, D). In the
fishes, periodic cleaning, i.e. swallowing, was observed in intervals between
0.17 s in the Atlantic herring, 0.27 s in the Atlantic herring, 0.53 s in the
Atlantic mackerel and 3.7 s in the Indian mackerel”. For the FiF experi-
ments, the cleaning intervals were set to clean after half of the test suspension
passed and right before the total test suspension passed. Since volume flow
depends on filter size and inlet type (Supplementary Fig. 5), the cleaning
intervals were adjusted according to the particular filter setup and ranged
between 0.6s and 1.3 s.

To investigate whether the inlet design and different cleaning setups
will influence the flow patterns inside the filter element, we tested two
different inlet geometries and two cleaning modes using computational fluid
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Table 1 | Overview of four filter elements used in the FiF and a dead-end filter for comparison

|

|
|

Small-22 Small-11 Medium-11 Large-11 Dead-end
Filter length Lg [mm] 62.6 52.7 7.7 102.7 60.8
Angle of attack a [°] 22 11 11 11 0
Inner diameter at inlet dy [mm] 50 30.5 40.3 50 50
Inner diameter of outlet dc [mm] 10 10 10 10 0
Filtration area Ar [nm?] 5075.4 3415.5 6248.0 9861.1 9860.0

The filter mesh inside each element is not shown here.
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Fig. 3 | Design of the filter housing and cleaning mechanism. A The modular filter
housing consists of an inlet with a screw to de-air the system, a flange, a
transparent pipe, and the outlet with a separation of concentrate and permeate.
The FiF separates the feed suspension, which consists of a fluid volume (V) and
a particle mass (M), into a concentrate volume (V) with a particle mass
fraction (Mc) and the clean permeate (Vp) with a second particle mass fraction
(Mp). The particle mass fraction that remains in the filter element is called the

I

retentate (My). The cleaning mechanism is regulated by the permeate valve and
the concentrate valve at the respective outlets. B Set-up of the FiF with the long
inletand the Large-11 filter element. C Observations of MP fibres in the Large-11
filter element with the snail inlet at the start of the experiment, before cleaning,
and after cleaning. D Observations of MP fibres in the Small-11 filter element
with the snail inlet at the start of the experiment, before cleaning and after
cleaning.

dynamics (CFD) (Fig. 4). The geometry consisted of a rotational symmetric
Large-11 filter element. To quantify the effects on the flow, we measured the
effective angle of attack a(eff). While the angle of attack « is defined by
the filter element geometry and remains static, a(eff) is the resulting angle
by the streamlines at contact with the filter mesh when the flow exits laterally
through Gap 1-Gap 7 (Fig. 4B). A lower positive a(eff) should result in
flatter, more parallel streamlines towards the filter mesh and, hence, further
increase the probability of rolling for any particles that follow the
streamlines.

The CFD results reveal that the presence of an internal wall in the inlet
alters the local flow field and improves a(eff) at the filter mesh, especially at
Gapl and Gap2 (Fig. 4Ai, Di). Without the internal wall, the incoming flow is
not deflected but hits the filter mesh in a straight line and creates a recircu-
lation zone with backflow through Gap 1 and Gap 2 indicated by negative
a(eff) (Fig. 4C, E and Supplementary Fig. 4). This dead zone reduces the
effective filtration area, potentially leading to uneven particle accumulation

and a less favourable flow distribution for semi-cross-flow filtration. In con-
trast, the internal wall guides the flow more uniformly along the filter surfaces,
thereby leading to a low, but still positive a(eff). Besides the filtration mode
(permeate outlet open, concentrate outlet closed, Fig. 4Ai, Di), we also tested
two cleaning modes, i.e. single cleaning (permeate outlet open, concentrate
outlet open, Fig. 4Aii, Dii) and double cleaning (permeate outlet closed,
concentrate outlet open, Fig. 4Aiii, Diii). The three operating modes have a
significant impact on the local flow orientation near the concentrate outlet.
During both cleaning modes, backflow forms at Gap 6 and Gap 7, leading to a
negative a(eff) (Fig. 4C, E). This effect is especially strong in the double
cleaning mode and may be beneficial for the FiF’s performance. The reverse-
throughflow could detach particles adhering to the filter mesh and flush them
towards the concentrate outlet. As positive a(eff) increases from Gap 1 to Gap
7 during the filtration mode, most particles will likely deposit in the posterior
region during semi-cross-flow filtration. Consequently, this backflushing
effect may be particularly advantageous at these gaps to prevent clogging.
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Fig. 4 | Flow through a 2D half of the FiF with a
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Proof of concept of the fish-inspired filter

Our FiF retains 99.6 + 0.8% of MP fibres in the lab experiments (Fig. 5A, B).
While this filtration efficiency Eg is similar compared to the filter design
based on dead-end filtration with 97.7 + 3.1% for the same filtration area,
our FiF delays clogging through a cone-shaped geometry in combination
with a periodic cleaning mechanism, and collects up to 84.8 + 3.5% of the
retained 2 mm MP fibres, outside of the FiF in the concentrate (concentrate
filtration efficiency Ec). In the FiF with a conical-shaped filter element and
an angle of attack a = 11°, the concentrate is collected through an outlet at
the terminal end (Fig. 5A). The concentrate contained only 850 ml, i.e.
4.25% of the filtered fluid volume. At the same time, 14.3 + 3.7% of the MP
fibres remain as retentate in the filter element, which is approximately one
seventh of the MP fibres in the filter element of the dead-end filter. In the

dead-end filter, no MP fibres are collected outside the filter element as it has
no concentrate outlet and all fluid has to pass the filter medium, which is
typical for example in cartridge filters (Fig. 5C). This comparison shows that
our FiF keeps the MP fibres rolling or in suspension, prevents the accu-
mulation of MP fibres in the filter itself, and allows removal of the MP fibres
through periodic cleaning. The majority of MP fibres are collected in the
concentrate outside the FiF.

Parameter adaptation for the application in washing machines

Based on the conditions found in washing machines, a filter should fit the
available space in the washing machine housing, not add additional drag for
the pump, withstand changing volume flow and flow velocities, and have
high filtration efficiencies (see washing machine requirements in
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Fig. 5 | Comparison of the fish-inspired filter (FiF)
with a dead-end (DE) filter element. A Atlantic
mackerel Scomber scombrus with open mouth dur-
ing filter-feeding and CAD design of the Large-11
FiF element. B Performance comparison of the DE
and FiF filter element design based on MP fibre share
in permeate, retentate and concentrate. C Common
engineered filter cartridge of a MP washing machine
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area as the FiF element. For filter element dimen-
sions, see Table 1.
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Supplementary Note 1). FiF performance was evaluated on three para-
meters: filtration efficiency of MP fibres retained in the FiF (Eg), ie. the
concentrate and retentate, MP fibres retained in the concentrate (Ec), and
yield in concentrate (#c), which includes the fibre mass in the concentrate
(Mc) and the concentrate volume (V). Yield in concentrate is especially
relevant for applications in washing machines, because a small concentrate
fluid volume is preferable to reduce post-treatment and user interaction.

First, we decreased the initially designed filter element length Ly of
102.7 mm (large) and designed two smaller sizes of 77.7 mm (medium) and
52.7 mm (small) (Table 1). Even though a lower a would increase particle
rolling, the length of the filter and therefore a is limited by the available space
in the washing machine. Therefore, we kept a =11° (denoted by ‘11’ in
‘Large-11’, ‘Medium-11" and ‘Small-11’ filter types) as presented in the
initial experiment to compare the FiF with the dead-end filter (Fig. 5). While
Eg remains relatively similar in Large-11 with 93.2 + 2.8%, Medium-11 with
94.0 + 4.2% and Small-11 with 96.0 + 5.5%, the MP fibre share in the con-
centrate Ecincreased from 35.0 + 12.6%, t0 50.6 + 9.4% in Medium-11 up to
65.3 +13.7% in Small-11 (Fig. 6A). The yield in concentrate ¢ also slightly
increased with 83.2 +6.5% in Large-11, 84.9 + 10.3% in Medium-11 and
88.8 £15.3% in Small-11.

When increasing « to 22° in the Small filter element (‘Small-22’), we
observed that Ep decreased from 96.0 + 5.5% to 84.5 + 6.7%, E. decreased
from 65.3 + 13.7% to 37.9 + 14.8%, and n¢ decreased from 88.8 + 15.3% to
62.0 £ 14.8% (Fig. 6B), suggesting that a larger angle of attack may adversely
affect performance.

As there are not only MP fibres of different sizes in the washing
machine effluent, but also sand, dust, pollen, hair and detergents (Supple-
mentary Note 1), we tested three mesh sizes (53, 78 and 100 um) for the
Large-11 and two mesh sizes (53 and 100 pm) for the Small-11 (Fig. 6C).
Although mesh size is expected to influence filtration performance para-
meters, the changes showed no trend related to an increase or decrease in
mesh size (Fig. 6C).

To verify the influence of different inlet geometries on filtration per-
formance, as was indicated by the CFD experiments, we tested the long inlet
at 9° with an internal wall (long inlet), a swirl inlet with a helical internal wall
and a snail inlet (Fig. 6D). The swirl inlet and the long inlet performed
similarly with Eg being 96.0 £ 5.5% and 96.2 + 3.6%, Ec being 65.3 + 13.7%
and 66.8 + 7.8%, and 7 being 88.8 + 15.3% and 89.9 £ 9.4%, respectively.
The snail inlet showed a less high Ep with 85.5+14.1% and #c with
67.4 £23.0%, but Ec was slightly higher with 68.0 + 38.3% (Fig. 6D).

We also investigated the relevance of surface structures on the inside of
the filter element (Fig. 2C) because some fish species showed surface
structures directed perpendicular to a (Fig. 2C). We fitted the Large-11 filter
element with three different surface structure designs but the results suggest
that these did not improve performance (Fig. 6E).

Discussion

The best-performing FiF combination, based on the lowest share of MP
fibres in the permeate and the highest yield in concentrate, is the Large-11
filter element with a mesh size of 78 pm, in combination with the swirl inlet.
It retains over 99% of the MP fibres with 0.8 + 2.2% left in the permeate (Ep,
Fig. 6C). The yield in concentrate #¢ is 97.5 £ 5.6%. However, the best

performing FiF configuration based on MP fibre share in the concentrate is
the Small-11 filter element with a mesh size of 53 um in combination with
the swirl inlet with 79.8 + 6.8% (Fig. 6C). This may indicate that the cleaning
mechanism covers a larger share of the filtration area in the Small-11 filter
element. Specifically, the shear forces in semi-cross-flow filtration will move
the particles along the filter mesh at a low o until they deposit near the
concentrate outlet as observed in the Large-11 and Small-11 filter elements
(Fig. 3C, D), similar to the forces in cross-flow filtration®*””. Consequently,
the reversed flow near the concentrate outlet during the double cleaning
mode, as shown in the CFD simulations (Fig. 4), detaches more particles,
flushes them out of the filter element, and increases the share of MP fibres in
the concentrate. Both best performing FiFs used the swirl inlet, which might
be due to the creation of a rotational, likely turbulent flow that further
reduces the positive effective angle of attack a(eff) laterally towards 0° so
flow becomes more parallel to the filter medium. In cross-flow filtration,
turbulent flow is preferred over laminar flow because it increases the shear
rate and prevents particle deposition on the filter mesh”. The poorest
performing FiF combination is the Small-22 with Eg being 15.5 + 6.9% and
#ic of 62.0 + 14.8%. This indicates that a higher angle of attack substantially
reduces the benefits of semi-cross flow filtration (Fig. 1).

Another advantage to cross-flow filtration is the low concentrate
volume and, therefore, an increased yield in concentrate #c. In established
cross-flow ultra-, nano- and microfiltration processes, the concentrate
volume ranges between 10% and 50% of the feed, depending on system
design®". With the conical FiF and the periodic cleaning, we achieve a
concentrate volume of 4.9 + 1.6% of the feed across all FiF combinations
(N'=70). A smaller concentrate volume lowers post-treatment or disposal
costs, improves the cleaning efficiency, and reduces fouling through smaller
stagnant volume and cake layer formation. Additionally, the FiF collects
most of the MP fibres outside the filter housing, and only one seventh of the
MP fibres remain in the filter element (Fig. 5B). This indicates that clogging
may be delayed by up to a factor of seven. An increase in cleaning frequency
could prolong the delay; however, this might come at the expense of a high
fluid volume in the concentrate. A thorough cleaning in which the filtration
process was set back to starting conditions was not observed as all FiF
combinations still had some MP fibres remaining in the retentate (Fig. 6).
During examination of the filter elements after the experiments, we noticed
that some MP fibres were stuck in the pores in areas glued to the support
structures. Remaining MP fibres may necessitate that the filter element be
removed for cleaning, which is common practice in many filtration pro-
cesses, such as dead-end filtration®'. But since most MP fibres are collected
outside and the dirt-holding capacity is not limited to the volume of the filter
element, cleaning time and required energy are kept to a minimum. By
collecting most MP fibres outside the FiF, wear on the filter medium from
mechanical cleaning (e.g. scrapes or brushes) is reduced, helping to over-
come a key limitation of conventional domestic filters™.

Besides the FiF presented here, other bio-inspired filtration processes
also show potential for technical applications. The particle separator by
Piedrahita et al.”” is inspired by cross-flow filtration in pump-feeding fish. In
simulations, a maximum of about 70%” and in experiments with proto-
types, a maximum of 43% of particles were retained”. The concept of
‘ricochet separation’ was discovered in manta rays by Divi et al.”*, which

npj Emerging Contaminants| (2025)1:18


www.nature.com/npjemergcontam

https://doi.org/10.1038/s44454-025-00020-2

Article

>
w

fibre share [%]

i1 22 53 78 100 53 100
filter size angle of attack mesh size mesh size
D E
100- T 100. _;I _I_ &
\
T 75- g 75- 1 - . Permeate
— (0]
o ] & Retentate
@ 50- £ 50- 1 |
< [7]
g ] . Concentrate
5 25 £ 25
= ®
'[ )
ot sl MR emen s Lwois |
swirl long snail a Large-11 L-50 L-100 L-B .
inlet ¥

Fig. 6 | Filtration performance of the FiF (each N = 5) based on fibre share in
permeate (brown), retentate (green), and concentrate (blue). Yield in con-
centration #¢ is indicated by the mean with error bars (black). Variations include (A)
filter size with Small-11 (S), Medium-11 (M) and Large-11 (L) filter element, snail
inlet and mesh size 100 um, B angle of attack a with the small filter element, snail
inlet and mesh size 100 pum, C mesh size with the Large-11 (left) and Small-11 (right)
filter element and snail inlet, D inlet type (swirl, long inlet at 9° with internal wall,

snail) with Small-11 filter element and mesh size 100 um, and E bio-inspired surface
structures on a Large-11 filter element (100 pm mesh size) with half way hooked tape
(L-50), full way hooked tape (L-100) and bumpy structures (L-B), and the snail inlet.
Surface structures made from hooked tape and 3D-printing mimic teeth and bumpy
gill rakers found in ram-feeding mackerels (Fig. 2). Please note that the experiments
presented in E were done with a different test volume and, therefore, cannot be
directly compared to the other results.

describes a mechanism in which particles bounce off the filter lobes, i.e.
specialised gill rakers. A simplified filter lobe geometry was used to manu-
facture surface patterning on membranes to manipulate local flow fields and
inhibit particle deposition™. In small-scale experiments under cross-flow,
the membranes with a pore size between 3.5 and 10.5 pm removed 97.6% of
MP particles of 700 nm in diameter from water’. In 2025, the filtration
process was also virtually tested in CFD simulation for an application in fuel
filtration, where it showed a significant reduction in pressure drop”. The
‘cross-step filtration’ is another process found in ram-feeding fishes such as
the American paddlefish and was first described by Sanderson et al.**. The
proof-of-concept was shown in abstracted models for the collection of
harmful algae™ and fibre collection in washing machines'®. The commercial
VORTX filter by CLEANR®, a spiral adaptation of this principle, reportedly
achieves 90% efficiency for MP fibres 250 um, a 300% longer life and
operates without a replaceable filter”. While promising, its performance
data are currently based on manufacturer claims and focus primarily on
domestic washing machine applications. These examples reflect the diver-
sity of bio-inspired filtration designs serving a wide range of applications—
from nanoparticle removal to domestic washing machine filtration. This
diversity not only highlights the versatility of biological inspiration but also
demonstrates a growing demand for bio-inspired solutions to complex
separation challenges. In this context, the FiF offers a valuable addition and
represents an alternative route, particularly suited to applications requiring
coarse fibre separation, low concentrate volumes, and modular cleaning
systems.

Currently, the MP fibre length is larger than all tested mesh sizes and
the rod-shaped MP fibres can only pass when they encounter the mesh
perpendicularly. Smaller MP fibre sizes should be tested to see if the semi-
cross-flow process also keeps smaller MP fibres in suspension or if a smaller
mesh size is required. The cut-off size of retained MP fibres is a crucial value
to determine if the FiF can compete with other washing machine filters. So
far, it was suggested that a filter should retain >80% of MP fibres larger than

100 um to be competitive***". While conventional cross-flow filtration is

typically applied to particle sizes below 10 um using membrane-based
systems (e.g. microfiltration or ultrafiltration), our tests with the large MP
fibres show that the design extends semi-cross-flow filtration to the reten-
tion of larger, elongated fibres.

Fibre shape might also be a factor that influences filtration efficiency.
The here used standardised MP fibres are rod-shaped, whereas textile fibres
are of different lengths and irregularly shaped®”. In the preliminary
experiments, we could show that different particles show different recovery
ratios and even the MP fibres with the best recovery ratio show a relatively
high variance in the results (Supplementary Note 3). We suspect that a small
share of MP fibres deposited somewhere in the setup. Resuspension could
even contaminated the next experiment despite rinsing the test stand in
between trials, because sometimes the sum of all fibres exceeded 100%. In
contrast, we showed that lab contamination and scale accuracy did not have
much influence (Supplementary Note 3). More computational methods,
such as finite element modelling (FEM) and CFD can complement physical
experiments with the biological model or engineered prototype, e.g. the
stability and hydrodynamics of GR or the role of boundary layers around
denticles in mesh formation. Though the CFD experiments were not used to
verify the physical experiments but as supplementing method, they
increased the understanding of flow patterns during semi-cross-flow fil-
tration under changing geometries and filtration modes (Fig. 4). Based on
these results, we would also expect that a(eff) will increase more evenly from
inlet to concentrate outlet when the support structures are not present. This
could be achieved, for example, through the use of a stainless steel filter mesh
that is rigid enough to maintain its conical shape. However, the results must
be interpreted with certain limitations in mind. The numerical model was
implemented as a two-dimensional, rotationally symmetric approximation
of the actual filter geometry and the simulations were conducted under
steady-state conditions with water as a homogeneous Newtonian fluid. In
real-world applications such as washing machines, flow conditions may
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Fig. 7 | Experimental setup to study the interaction
of particles and filter medium with varying angle
of attack a. A Small circular flow tank with a pump,
honeycombs before and after the test section, and a
holder for the filter medium. B The holder consists
of a plate with a rotating disc, featuring 10° incre-
ments, and a frame that holds the filter media with
mesh sizes of 53, 100, and 300 um, allowing the
passage of fluid through these mesh sizes. Four
particle types were tested: C brine shrimp eggs,

D brine shrimp adults, E MP fragments, and F MP
fibres (for particle specifications, see Table 2).

Scale =1 mm.

vary dynamically over time, complex 3D vortices may occur, especially with
the swirl and snail inlet, and the fluid may contain particles or exhibit non-
uniform properties. These factors can influence local flow patterns, filtration
efficiency and fouling behaviour, which could be subject of future CFD
analysis of the FiF.

In the future, the cleaning process will be one of the major challenges to
improve the FiF. Cleaning includes the reduction of the fluid volume in the
concentrate, drying and disposal of retained MPs and dirt. Therefore, it
could be beneficial to further analyse the inherent cleaning process in fishes
such as whale sharks, which use back-flushing”. Another advancement
would be a sensory system that couples the cleaning intervals to the pressure
difference across the filter medium. As more fibres will accumulate in the
filter element, the pressure difference will increase. Automatic cleaning at a
specific pressure threshold could prevent clogging and inform the user when
manual cleaning or replacement is required. Additionally, the FiF will have
to be tested with mixed particles, a higher particle load to determine the dirt-
holding holding capacity before clogging and failure, and other particle
types, especially those that are present in washing machine effluents, like
textile fibres from natural sources, oils, sand, dust, pollen and hair and
detergents"*. It is estimated that washing machine filters must work in the
presence of around 30 g of potential solids when using powder detergents
and around 10 g when using liquid or gel detergents*. These quantities are
relevant for the size of the filter, its ‘dirt-holding’ capacity and cleaning
intervals™.

When biological models are investigated, functional constraints need
to be considered. For example, the gill arch system serves as the filter
medium for retaining food particles, while also being involved in gas
exchange and ensuring a constant flow along the gill filaments. This poses a
trade-off, which might limit the performance of both traits”. For solid-
liquid separation, Hamann and Blanke* identified 35 different particle
separation mechanisms in suspension-feeders®. Even within ram-feeding
fishes—a single category among those mechanisms—a following study
found three morphotypes just within five species"”. This variation demon-
strates the significant potential for developing bio-inspired filters and fur-
ther optimising the FiF. For example, the filter elements could be more
tailored towards a single morphotype based on characterised traits. The
angle of attack could vary from anterior to posterior, as seen in the Atlantic
mackerel, or the radial geometry could be modified to more closely mimic
the upward-bending gill arches of the Atlantic pilchard and Atlantic
herring"”. Notably, biomimetic research is not only a means of technological
innovation, it also contributes to a deeper understanding of the biological
models themselves. As demonstrated in the angle-of-attack experiments
(Fig. 1), particle shape influences rolling behaviour and deposition, a factor
often overlooked in models that assume spherical particles™. For instance,
the behaviour of adult brine shrimp in contact with the filter was less

consistent than that of other particle types (Fig. 1D). At low angles, post-
contact velocity occasionally exceeded pre-contact velocity (Supplementary
Fig. 3B), suggesting a possible repulsion response”’. Such findings are both
relevant to interpret the adaptations in biological models and optimisation
of engineered filters to certain particle types.

Methods
To design and validate a self-cleaning FiF for microplastic retention, we
conducted a series of design, flow and performance tests.

Angle of attack and particle retention experiments

The working principle of the filter is based on the semi-cross flow filtration
described in our previous study on the feeding morphology in ram-feeding
fishes”. In models for particle deposition in cross-flow filtration, it was
found that the probability of particle rolling increases with increasing lateral
crossflow velocity parallel to the filter medium and vice versa™. Similarly, we
hypothesise that a decrease in the angle of attack increases the chance of
particle rolling. At higher angles, the crossflow velocity is less parallel to the
filter medium and the force in direction of the permeate increases, which
increases the change of particle deposition. In order to test the influence of a
on particle retention, an experimental setup was designed in which a filter
medium can be positioned at angles from 0° (parallel) to 90° (perpendicular)
in increments of 10° towards the unidirectional flow in a small, circular
water tunnel (Fig. 7A, B). Only angles from 10° to 60° were studied because
this is the range measured in the micro-CT scans of the gill arch system of
the fish (Supplementary Fig. 2). Three filter media with a mesh size of 53 um
(open area 40%, PES 53/40, Saati S.p.A, Italy), 100 um (open area 44%,
PA6.6-100/51-44, Biickmann GmbH & Co. KG, Germany), and 300 um
(open are 45%, 300/45/FDA, Franz Eckert GmbH) were selected, and four
types of particles were tested: brine shrimp eggs (0.242 + 0.019 mm) and
adults (6.112£0.993 mm) to represent natural food sources, and MP
fragments (Polyamide, median diameter 130 pm,) and MP fibres (Poly-
amide, 2 mm length) to represent different MPs (Fig. 7C-F and Table 2).
The flow velocity was set to around 11 cm/s, which is in a similar range of
flow velocities in washing machine outlet pipes with <0.5 m/s and particle
velocities inside fish mouths during filter feeding with 0.2-0.65m/s”. A
camera (Nikon D850, Macro lens Nikkor AF-S 24-120 mm 1:4 G ED) was
positioned outside the tank to film the particle encounter on the filter
medium. After each rotation, the camera’s focal plane was adjusted, and the
scale was recorded by filming a ruler close to the filter medium. The videos of
the brine shrimp eggs, adults, and MP fibres were analysed manually with
Image] (Version 2.3.0) and the manual tracking plugin. A fixed point was
selected on the particles to track their motion. Each particle that came in
contact with the mesh was tracked when it entered the recorded video
section and ended when it was out of frame. The frame in which the particles
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Table 2 | Overview of the five different test particles and fibres used for the experiments in this study

Particles Length [mm] Material Density Additional information Source/fabrication

Brine shrimp eggs 0.242 +0.019 NA 1.09 g/cm® - University of Bonn

Brine shrimp adults 6.112 + 0.993 NA 1.09 g/cm® - Breeding by Sea Life Oberhausen
Cotton fibres 0.2-4 Cotton, white 1.51 g/cm® DMT Prufstaub Typ 8 Provided by Hengst SE

Polyamide fragments (MP 0.00002-2 Polyamide, orange 1.08 g/cm® #see manufacturing process  VESTAMID® LX9057 orange E20081 by
fragments) Evonik

Flock fibres (MP fibres) 2 mm (dtex 3.3) Polyamide, green 1.08 g/cm® Dtex =22 Borchert + Moller GmbH & Co. KG

“The orange polyamide polymer (VESTAMID® LX9057 orange E20081) was selected because its density is close to water and its bright colour to be able to observe the particles during the experiments. The
polymer came in pellets and was reduced in size through a cryogenic grinding process at Fraunhofer UMSICHT, Oberhausen. The particle size distribution in the obtained powder was characterised by a
Malvern Mastersizer 2000 (Hydro2000S). Particle size ranges between 0.020 and 2000 with a median of around 130 pm.

touched the mesh was noted as ‘contact. Before further analyses, the
number of frames was reduced to a maximum of 20 frames before and after
the contact frame. The MP fragments were semi-automatically analysed.
Therefore, only the frame of contact and the position of the MP fragment
within the frame were noted. Afterwards, Python (Python Software Foun-
dation) was used to automatically track the pre-identified particles and
extract the particle velocity in each frame to a maximum of 20 frames before
and after the contact frame.

Based on the extracted particle velocity in a maximum of 40 frames
for all four particle types, a Boltzmann sigmoidal curve* was fitted to the
data using Python (Python Software Foundation). Based on the fit, the
average velocity before contact, average velocity after contact, and R* of
the fit were extracted for further analysis in the R programming envir-
onment (R Core Team, R version 4.2.2, 2022). The mean of R* was
calculated to compare the quality of the fits of each particle type and
describe the steadiness of particle motion (see Supplementary Fig. 3A for
examples). A threshold value was set to 0.3 cm/s (20% of the average
minimum velocity of all observed particles after contact with the filter
medium) to distinguish rolling particles (>0.3 cm/s) and particles that
stopped on the filter medium (<0.3 cm/s). The ratio of the number of
rolling particles to all particles gives the probability of rolling for each «,
mesh size, and particle type. Polynomial regression was fitted to the data
to describe the influence of « on probability of rolling. Because only six
points are available for the fit, linear to cubic polynomial regression
(degree 1-3) was applied to prevent an over-fitted high-polynomial
regression. The Akaike’s Information Criterion (AIC) was used to
identify the best fit".

Biological models and filter design

The technical requirements of washing machines were matched with the
suspension feeding mechanisms (SFMs) (Supplementary Note 1) of sus-
pension feeders reviewed in a previous publication to identify analogous
traits in biological models. The geometry should be flat or funnel-shaped in a
pipe, the desired retained particle size should be 100 um-10 mm, the driving
force should be passive, pumping, or forward movement, and SFMs should
work with a water velocity of >1 cm/s. Ram-feeding fish meet all those
criteria. As proposed by Hamann et al."”’, we define the filtration process with
0° < & < 90° as semi-cross-flow filtration'®. Similar to cross-flow filtration,
the particles in semi-cross-flow filtration can either be retained on the
surface of the filter medium as retentate (My), collected in the concentrate
(Mc), or pass the filter medium and end up in the permeate (Mp). The
volume flow is diverted into the clean permeate (Vp) and particle-loaded
concentrate (V) (Fig. 3A).

The basic shape of the filter element is a cone. The base of the cone
is the fish mouth opening and was set to a diameter of 50 mm. The apex
of the cone was designed as the concentrate outlet to resemble the
oesophagus and has a diameter of 10 mm (Fig. 2A and Table 1).
Depending on the filter element size, four to six curved struts, resem-
bling the appearance of the GA, were implemented to support the filter
mesh. The support structures of the filter element were 3D-printed
(PolyJet multi-material 3D Printer, StrataSys J35TM Pro) with a

Polyacrylate polymer resin (VeroUltra, StrataSys). The off-the-shelf
filter mesh forms square meshes and mimics GR and denticles (Fig. 2).
Across all FiF experiments, we used three different mesh sizes, i.e. 53 pm
(open area 40%, PES 53/40, Saati S.p.A, Italy), 78 um (open area 50%,
PES 78/50, Saati S.p.A, Italy) and 100 um (open area 44%, PA6.6-100/
51-44, Bickmann GmbH & Co.KG, Germany). This is within the range
of mesh sizes calculated for the ram-feeding fish, which ranges from
0.007 to 0.148 mm” for the mesh sizes with an open area of 51.8-71.4%",
and as recommended in studies to retain MPs fibres in washing
machines**”. The filter mesh was glued inside the support structures
using acrylic super glue.

The hyoid bone, the short GR, denticles, and teeth form a structured
surface in the two scombrid species (Fig. 2C). The function of these
structures is not clear yet, but the hair and denticles might capture par-
ticles. Alternatively, we assume that the surface structures could create
additional turbulence to keep the filter medium clean, similar to the d-type
structure found in the American Paddlefish” or dynamic cross-flow
filtration®". In order to observe the influence of surface structures and
study their effect on the filter performance, a line with ellipsoids was
designed, 3D-printed (PolyJet multi-material 3D Printer, StrataSys
J35TM Pro), and glued onto the first half of the lengthways support
structures of the filtering element to mimic the short GR and hyoid bone in
the scombrid species (Fig. 2C). The teeth and denticles were mimicked by
hooked tape (VELCRO® HTHS820) consisting of rows with hooks facing
opposite directions. In one filter element, the hooked tape was glued in the
posterior half of the filter, and in another, it was glued on the entire length
(Fig. 2C).

The filter housing is modular and consists of an inlet, a flange, a
transparent pipe, and an outlet (Fig. 3). The inlet leads the suspension
towards the filter element. The brass flange connects the inlet, transparent
pipe, and outlet with four stainless steel screws. A small screw in the flange
to release air from the filter housing. The transparent pipe allows us to
observe the filtration process in and around the filter element and comes
in two sizes to test different filter element lengths. The outlet features two
separate outputs for concentrate and permeate, which are connected to
pipes and containers. Due to the unique design of the inlet, flange, and
outlet sections, they had to be custom-made. The flange was manu-
factured in the workshop at the University of Bonn. The inlet and outlet
were 3D-printed (PolyJet multi-material 3D Printer, StrataSys J35TM
Pro) using a waterproof acrylate resin polymer (VeroUltra, StrataSys).
Two automatic valves at each of the outlet pipes control the outflow and
mimic the cleaning behaviour of the fish (for the development of the test
setup, see Supplementary Note 2). The valve at the permeate outflow was
normally open (EPK-1502-NO, 24V, Takasago, BMT Fluid Control
Solutions GmbH), and the valve at the concentrate outflow was normally
closed (EPK-1502-NC, 24 V, Takasago, BMT Fluid Control Solutions
GmbH). Both valves were connected in parallel and adjustable with a
custom-made control unit. During cleaning, the valve at the concentrate
opens, and the valve at the permeate closes simultaneously. The cleaning
interval can be set to durations between 13 and 86 s, and the cleaning
process itself can be set to 0.6-6.5 s.
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Fig. 8 | Virtual setup for the computational fluid
dynamics (CFD) study of the FiF. A The 2D geo-
metry was based on a FiF with the Large-11 filter
element and the long inlet tapered at 9°. The inlet
was modelled with and without inner wall (indicated
by yellow line). The cross section of the filter element
led to seven gaps between the support structures °
(Gap 1-Gap 7). The filter mesh at the gaps was
modelled with the COMSOL® inbuilt screen func-
tion (indicated by dashed orange lines). The direc-
tion of the flow is indicated by the blue arrow. B The
free tetrahedral mesh is extra fine at the filter ele-
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ment and has two boundary mesh layers on all solid
surfaces.
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Computational fluid dynamics of filter element

We performed CFD to investigate the stationary flow behaviour in the FiF
using COMSOL Multiphysics® (Version 6.3) and the CFD Module. The 2D
geometry is half of the cross-section of the FiF with the Large 11 filter element
(Fig. 8A). At the inlet, a constant normal inflow velocity of 0.05 m/s was
applied. The inlet diameter is 0.02 m, resulting in a Reynolds number below
1000 for water at 10 °C, which justifies the assumption of laminar flow (with a
water density of 999.7 kg/m’ and a dynamic viscosity of 0.001308 kg/m/s).
The simulation assumes incompressible, laminar flow solving the Navier-
Stokes equations and a pressure boundary condition (p = 0) was applied at
the outlets (permeate and concentrate). The filter element consists of seven
separate gaps (Gap 1-Gap 7) between the gill arch like support structures
(Fig. 8A). Each gap was modelled as a ‘Screen’ boundary condition in
COMSOLP, with a solidity o (blocked area/total area) of 0.56 (Screen Type:
Square mesh), which is similar to the open area of the filter media used in the
physical experiments. The solidity o is calculated from the resistance coef-
ficient K (K=0.98((1 — 05) > — 1)'” and the refraction coefficient # (5 =

£/ (KTZ) + 1— (K/4))™. The domain was discretized using a free tetrahedral

mesh with two boundary mesh layers on all solid surfaces (Fig. 8B). We found
no dependence of the solution (flow velocity vectors at the mesh) on the mesh
in the range from 18,000 domain elements and 1100 boundary elements up
to 140,000 domain elements and 3800 boundary elements. The final mesh
consisted of approximately 42,000 elements with a maximum element size of
1.65mm in the main domain, and refined elements of 0.12 mm near
boundaries (Fig. 8B). Convergence criteria as well as monitoring the solution
variables of the model was automatically ensured by the COMSOL® software
using the default settings of the CFD module™. The simulation aims to
qualitatively analyse the flow field, with a particular focus on the effective
angle of attack a(eff). This angle was measured in COMSOL® between the
filter mesh and the flow vectors of the individual streamlines relative to
the filter mesh. We tested the influence of three different operational modes if
the filter house: (1) permeate outlet open and concentrate outlet closed
(filtration mode), (2) concentrate outlet open and the permeate outlet open
(single cleaning mode), and (3) concentrate outlet open and the permeate
outlet closed (double cleaning mode). Additionally, we tested the influence of
an additional inner wall inside the long inlet at 9 ° to further observe the effect
on a(eff) along the filter element. The angle a(eff) along the filter element was
exported as an excel file and plotted over the length of the filter element using
the R Programming Environment (R Core Team, R version 4.2.2, 2022).

Filtration efficiency testing

A test stand was built to test the FiF’s volume flow and particle filtration
efficiency. The basic setup consists of a water reservoir (FastBrewing Starter
Kid, 30 L Volume) with a mixer, a pipe that leads the feed (V, M) towards
the FiF, a pipe for the concentrate, a pipe for the permeate, and two

containers to collect both fractions (Figs. 9A, B and 3A). The simple setup
reduces dust and dirt from influencing mass fraction measurements (Sup-
plementary Notes 2 and 3) and has steady flow conditions. The volume flow
will naturally decrease due to the decrease of hydrostatic pressure. Pre-
liminary experiments were performed to test, optimise and measure volume
flow through the test stand (Supplementary Note 2). During these experi-
ments, we observed that cotton fibres would lead to a higher chance of
clogging and that the MP fragments had a very low recovery ratio. We
observed that MP fragments adhered to the inner surface of the reservoir,
which could be one reason for the low recovery ratio. Therefore, we pro-
ceeded with MP fibres only and added liquid detergent to increase MP fibre
suspension, which had no influence on the analytical procedure (Supple-
mentary Note 3).

In a first set of experiments, the Large-11 filter element was compared
to the dead-end filter element (DE) with the same filtration area (Table 1).
The dead-end filter element has a cylindrical shape with a of 0°, which
resembles the cartridge filter design of a commercial washing machine filter
(Fig. 5C). It is closed at the end, so the retentate cannot be removed through
the concentrate outflow during filtration. Both were equipped with a
commercial filter medium from Polyamide 6.6 with a mesh size of 100 um
and an open area ratio of 44% (Biickmann PA6.6-100/51-44). The filter
mesh is temperature-resistant up to 140-180 °C and stable in soapy water.
To test the influence of surface structures as observed in ram-feeding
mackerels in previous studies by the authors, the same Large-11 filter ele-
ments were equipped with hooked tape 50% of the length of the support
structures (L-50), 100% of the support structures (L-100) and with 3D
printed bumps of 50% of the support structures (L-B) (Fig. 2). Before each
trial, the valves were closed, the FiF was filled with clean water and de-aired,
and 0.625 g of MP fibres, 5 ml of liquid detergent were mixed in 251 of clean
water in the water reservoir. The valve in the permeate pipe was opened to
start the experiment. Cleaning was automatically set when 10 and 201
passed the FiF. After the second cleaning when the valves were closed again,
the experiment was stopped. The test stand and FiF were rinsed with clean
water between each trial. The order of the experiments was chosen at ran-
dom and each test condition was replicated five times (n =5).

In a second set of experiments, several factors were changed to
investigate their effects filtration performance for the application in washing
machines (Supplementary Note 1). To test the FiF’s performance and
understand the effects, only one factor was changed at a time. Overall, we
tested the influence of three different filter element length with a=11°
(Small-11, Medium-11, Large-11, Table 1), of & in the small filter element
with a = 11°and « = 22° (Small-11, Small-22), of three different inlets (long,
snail and swirl), and of three different mesh sizes with 53, 78 and 100 pm in
the Large-11 and with 53 and 100 pm in the Small-11 filter element. Before
each trial, the valves were closed, the FiF was filled with clean water and de-
aired, and 0.5 g of MP fibres, 5 ml of liquid detergent were mixed in 201 of
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Fig. 9 | Design of the test stand to measure filter
performance. A The test stand consists of a water
reservoir with a mixer, the filter housing with a de-
airing option, and two containers to collect the
permeate and concentrate. B The filter housing
allows for testing of different filter elements. A
manual valve enables regulating the inflow, and two
automatic valves regulate the outflow and cleaning
of the filter element. C After each experiment, three
MP fibre fractions (green) were analysed: MP fibres
collected in the concentrate (top), MP fibres col-
lected in the permeate (middle), and MP fibres
retained in the filter element, the retentate (bottom).
For details of the test procedure, see Supplementary
Notes 2 and 3.

concentrate

water reservoir

manual valve

de-airing

o
retentate — SO
concentrate

clean water in the water reservoir. The valve in the permeate pipe was
opened to start the experiment. Cleaning was automatically set when 5 and
101 passed the FiF. Note that the second set of experiments used a smaller
feed volume. After the second cleaning, when the valves were closed again,
the experiment was stopped. The test stand and FiF were rinsed with clean
water between each trial. The order of the experiments was chosen ran-
domly, and a total of five trials per combination were tested.

Three fluid volume (V) and mass (M) samples were taken after each
trial: (1) the total volume of the concentrate (V- and M), (2) one litter of the
permeate (Vp and Mp), and (3) all the MP fibres that remained within
the filter, i.e. the retentate (Mp) re-suspended in a maximum of one litter. The
MP fibre mass fractions were separated from the water using a suction filter
(Nalgene Reusable Bottle Top Filter) with round filtering papers (ROTI-
LABO Type 11 A, 0 45 mm, retention range 12-15 um) and a vacuum pump
(Vaccubrand MZ 2 C, 1.7 m*/h = 28.3 /min). Prior to the vacuum filtration,
the filtering papers were labelled, dried in a heating cabinet (minimum
30 min), cooled down in a desiccator (minimum 30 min), and weighted with
a precision scale (Sartorius ED153-CW, weighing capacity 150 g, readability
0,001 g, repeatability (std. deviation) <+0.001 g). After the samples were
poured onto the suction filter, the bottle, bottle cap, and walls of the suction
filter were rinsed with deionized water, so all MP fibres were collected on the
filtering paper. Afterwards, the filtering papers with the MP fibres (Fig. 9C)
were dried in a heating cabinet and a desiccator and weighed again. The
weight difference determined the fibre mass fraction of each sample. The
samples of the permeate were thereby multiplied by the total filtered volume
minus the volume in the concentrate to account for the subsample taken
from the total permeate volume.

Contamination controls

To test the lab contamination and the scale’s accuracy, three control samples
of 1000 ml of clean tap water were analysed using the same analytical
procedure and weighed three times. The weight difference of the filter
papers without experimental samples are 0.00107, 0.00010, and 0.00010 g.
Additionally, we ran three blank trials after rinsing the test stand and
without adding MP fibres to determine the contamination of the test stand
and the influence of previous trials. The weight difference of the filter papers
with the blank samples are 0.00082, —0.00029 and —0.00059 g for the
concentrate samples and —0.00667, —0.01148 and —0.01574 g for the
permeate samples. Due to these differences in the permeate samples, all
results are rounded to two decimal places. Additionally, when the weight
difference of permeate samples were negative (difference of filter paper
before and after experiments) but within +0.01 g, they were changed to
0.00 g as we assume that contamination had an influence. We changed a
total of nine negative values to 0.00.

Performance metrics

The different FiF combinations were evaluated based on a set of established
filtration performance metrics. The main goal of solid-liquid filters is to
separate solid particles from a fluid and is usually expressed as the filtration
efficiency. The filtration efficiency is the ratio of upstream particle con-
centration to the downstream particle concentration of the filter medium
and is expressed in per cent’".

We calculated two filtration efficiencies to account for the three dif-
ferent MP fibre mass fractions of the FiF. Ey is the share of MP fibres that are
retained in the filtration system, i.e. the concentrate and retentate (Eq. 1),
which can also be expressed as the subtraction of the share found in the
permeate and is a typical performance criterion for filters, also for filters in
washing machines®. If all particles were retained within the filter and none
were lost to the permeate, Ex would be 100%.

Mc+M M
Ep = (@) %100 = (1 - (—P)) 100 (1)
MC+P+R MC+P+R

with Eg = Filtration efficiency in concentrate and retentate, M¢ = Particle
mass in concentrate [g], Mp = Particle mass in permeate [g], My = Particle
mass in retentate [g].

The other filtration efficiency parameter is E¢, which is the share of MP
fibres that is retained in the concentrate (Eq. 2). E should be as high as
possible because the FiF is designed to accumulate most of the MP fibres in
the concentrate to avoid clogging.

M
E. = —C) 100 @)
¢ (MC+P+R

E = Filtration efficiency in concentrate, M = Particle mass in concentrate
[g], Mp = Particle mass in permeate [g], My = Particle mass in retentate [g].

The concentrating factor X is the ratio of the feed volume in the water
reservoir to the fluid volume collected in the concentrate (Eq. 3). The aim is
to keep the concentrating factor as high as possible so that post-filtration
treatment of the concentrate is kept minimal.

V
-
Ve
with X = Concentrating factor, Vy="Feed volume [],
volume [1].
Because the FiF is similar to a cross-flow filter, the performance is also

described as the yield in concentrate nc. This parameter combines the MP
fibre mass in the concentrate Ex and the concentrating factor X as is

V¢ = Concentrate
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expressed in percent (Eq. 4). The function is nonlinear and increases sharply
as Eg approaches 100%. A high value indicates a good-performing cross-
flow filter.

fe = X199 5100 4)

with #c=Yield in concentrate [%],
Er = Filtration efficiency.

The volume flow rate was determined as part of the preliminary
experiments and is described in the Supplementary Material (Supplemen-
tary Note 2 and Supplementary Fig. 5).

All data were analysed in the R Programming Environment (R Core
Team, R version 4.2.2, 2022) and visualised using the ggplot2 package™. We
report mean values with standard deviation in the text. The experimental
studies conducted served to elucidate the filter mechanism. More and dif-
ferently designed experimental data would be needed for a comprehensive
statistical analysis. The available data for the filter performance were
therefore primarily evaluated qualitatively. All figures were laid out with

Scribus (Version 1.5.8).

X = Concentrating factor,

Data availability

All data is available in the main text or the supplementary materials.
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