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drum.



Supplementary Text

Capillary skimming with Cheerios effect.

A solid object floating on water experiences the directional force from the surrounding curved
capillary water meniscus (34, 5/—53). This phenomenon has been studied in the context of water-
walking insects, such as the larva of the waterlily leaf beetle Pyrrhalta, which climb on water
meniscus by adjusting their body shape to take advantage of the directional force generated by the
curved water meniscus (54). The phenomenon of directional force between two solid objects,
which is generated by a curved liquid meniscus, is commonly referred to as the "Cheerios effect".
This term originates from the behavior of Cheerios breakfast cereal floating in milk, which tend to
clump together or adhere to the walls of the container. (34). The Cheerios effect has been used to
explain a range of natural phenomena, such as the clustering of aquatic plants in certain areas due
to the adherence of floating seeds to one another and to other plants or rocks (55, 56). It was
observed that MPs floating on the water also exhibit interactions with one another and with
surrounding object. The direction of the force is determined by the shape of the water meniscus
formed between the two objects. Figure S9 shows the direction of the force depending on the shape
of the water meniscus. When the menisci between the plate and the ball are formed by combining
concave and concave shapes (magenta contour in fig. S9A), or convex and convex shapes (blue
contour in fig. S9B), attractive force is generated. Conversely, when the menisci are formed by
combining concave and convex shapes (fig. S9C), or convex and concave shapes (fig. S9D), the
plate and the ball experience repulsion force. When the plate is tilted in the negative (—) direction,
the height of the concave water meniscus increases, resulting in an increase in the magnitude of
the repulsion force generated (fig. SOE). When the plate is tilted in the positive (+) direction, the
height of the concave water meniscus decreases (red contour in fig. S9F), resulting in the
disappearance of the repulsion force. In this way, the MP floating on water can receive directional
force in various ways depending on the buoyancy of the MP and the angle of inclination of the
plate (517, 52, 57-59).

The buoyancy of MPs could vary due to the wide range of shapes, densities, and sizes. The EPS
foam balls and PE pellets were shown floating in water in a glass container (fig. SI0A) and a PS
container (fig. S10B), respectively. On the hydrophilic glass container wall, a concave water
meniscus was formed, and the EPS foam ball was observed to form the concave water meniscus
and contact the container due to the attraction force. Furthermore, EPS foam balls were observed
to float at a distance from PE pellets, which formed convex water meniscus in their vicinity. As
shown in Figure S10B, the formation of convex meniscus on the hydrophobic PS container wall
indicated that the PE pellets were in contact with the container wall. We have confirmed that MPs,
which form concave water meniscus in their vicinity, such as EPS foam balls, can assist in capillary
skimming by providing attraction force when utilizing hydrophilic surface. MPs with density
similar to that of water, such as PE and PP pellets, were found to experience a repulsive force near
the concave water meniscus formed on the hydrophilic surface, resulting in no contact with the
plate surface. Even on a hydrophilic surface, tilting in the + direction resulted in the formed
concave water meniscus being almost identical to the free surface of water, thereby eliminating
the repulsion force generated by the Cheerios effect (Fig. 7B in the main text). Eventually, the PE
pellets were capillary skimmed by tilting the ratchet plate (Fig. 7D in the main text).




Fig. S1. Surface characteristics of oxygen plasma treated Polylactic Acid (PLA). (A) SEM
images of the oxygen plasma treated surface of PLA. (i) 100X, showing the rastered line pattern
by a 3D printer and (i1) 10,000X, showing a high-aspect-ration nanostructures formed by oxygen
plasma etching. (B) Optical images showing the sequential behavior of the water spreading
behavior on the hydrophilic PLA surface.
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Fig. S2. Formation of a stable capillary adhesion with a water bridge. Optical images showing
EPS foam balls held on (A) the flat plate normal to gravity and (B) the flat plate parallel to gravity.
Optical images showing the EPS foam ball held on (C) the ratchet plate normal to gravity and (D)
the ratchet plate parallel to gravity. Arrows indicate the capillary water bridge formed between the
ratchet tooth.



Fig. S3. Sequential images of failed attempts to skim a 3-mm polypropylene (PP) ball using
a flat plate tilted at + 60°. For the initial 2s, the PP ball adhered to the plate and lifted before
sliding down as the upper water bridge receded (4 s).



Fig. S4. Sequential images of capillary skimming a 3-mm polypropylene (PP) ball using a
ratchet structure. The water bridge formed around the PP ball, maintaining stable capillary
adhesion.
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Fig. SS. Surface characteristics of Polylactic acid (PLA) with ratchet structure. An optical
image of the plate and a SEM image of the indicated area captured at a higher magnification

(5,000X), 1) the flat plate, ii) the ratchet plate in the side view. All surfaces are hydrophilic, with
the ratchet in particular being capable of containing a significant amount of water internally.
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Fig. S6. Optical images of EPS foam balls skimmed on the four different plates with three
different sets of the ball diameters (1.5-2.0, 3.0—5.0 and 6.0—8.0 mm in diameter). Optical
mages in the front view showing the 4 different types of the skimming surfaces; (A) the
hydrophobic flat, (B) the hydrophobic ratchet, (C) the hydrophilic flat, (D) the hydrophilic ratchet.



Fig. S7. Optical images of the meniscus evolution sequentially upon dipping the ratchet plate
in water in the side view. When the water contained inside the ratchet came into contact with the
external water, the meniscus thickened and transformed into an outwardly curved shape with time.
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Fig. S8. 3D-printed ratchet structures in various shapes and a setup for direct MP recovery
with the ratchet drum system. Optical images showing (A) the plate-type ratchet and (B) the
drum-type ratchet. (C) A schematic for the experimental set-up collecting the microplastics by the
drum-type ratchet structure. MPs are skimmed from the right side of the ratchet drum and released
into the left side, at which the released MPs are collected within the reservoir. An inset image
showing the ratchet surface having several types of MP particles such as EPS foam balls, PP pellets,
PP particles, PE pellets and PE particles in various size and density (see the data for the density
and shape in Table S2).
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Fig. S9. Schematics of the meniscus formation on the plate and MPs, and the resulting
directional force direction. When the menisci between the plate and the ball are formed by
combining concave and concave shapes (magenta contour) in (A), or convex and convex shapes
(blue contour) in (B), attractive force is generated. Conversely, when the menisci are formed by
combining concave and convex shapes (C), or convex and concave shapes (D), the plate and the
ball experience repulsion force. (E) When the plate is tilted in the — direction, the height of the
concave water meniscus increases, resulting in an increase in the magnitude of the repulsion force
generated. (F) When the plate is tilted in the + direction, the height of the concave water meniscus
decreases (red contour), resulting in the disappearance of the repulsion force.
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Fig. S10. Top-down view of an optical image capturing EPS foam balls and PE pellets floating
on the water. Cheerios phenomena with EPS foam balls (white) and PE pellets (translucent)
contained in a water-filled hydrophilic glass container (A) and a hydrophobic PS container (B).
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Ball Material Diameter Infill density Mass Density

Name (mm) (%) (mg) (gem?)
ED1 2 - 0.15+0.02  0.04 + 0.005
ED2 6 - 26+02  0.02%0.005
ED3 10 - 12+£0.2  0.02 + 0.005

EPS foam
ED4 15 - 29+ 05  0.02+0.005
ED5 20 - 73+05  0.02+0.005
ED6 30 - 225+ 05  0.02 % 0.005

PD1I0 0 85+ 0.5 0.75 + 0.02

PD1125 6 25 88 + 0.5 0.78 + 0.02

PD1I50 50 93+ 0.5 0.82 + 0.02

PD2I0 0 224£05  0.59 + 0.02

PD2I25 :i gy;?ifwt:g :g&) 9 25 235+05  0.61+0.02

PD2I50 50 299+ 05  0.78 + 0.02

PD3I0 0 400 £+ 0.5 0.4 + 0.02

PD3125 12 25 469+ 05  0.52 +0.02

PD3I150 50 625+ 05  0.69 + 0.02

Table. S1. The properties of the ball used in the skimming experiment. The table shows the
diameter, mass, and density of 3D printed PLA balls and EPS foam balls. The density of 3D printed
PLA balls varied depending on the infill density. ED represents EPS diameter in order, PD
represents PLA diameter in order, and I represents infill density.
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Chemical Density

Plastic tormula (g cm3) Contact angle (°) Shape
Foam :0.02 -0.04
PS (CaHa)n (1.04 — 1.5) (44 60) 88 — 92 (67 Foam
Pellet
PE (C,H,),  0.92-0.97 (44 60) 100 — 103(62-64)
Particle
Pellet
PP (C3He), 0.88—0.91 44 99.8 — 111.5 (65.66)
Particle

Table. S2. Material properties of the plastic commonly found floating in the ocean. The types
and conditions of plastics were classified into five categories. The table shows the chemical
formula, density, contact angle and shape (44, 60—66). The white scale bar is 5 mm, the black
scale bar is 0.5 mm.
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Supplementary Movie Legends

Movie S1. Collecting the various MPs using the hydrophilic ratchet drum. A movie clip shows
the recovery of the various MPs floating on water. The ratchet drum recovered EPS foam balls,
PP pellets, PP particles, PE pellets, and PE particles (played at 1x speed).

Movie S2. EPS foam ball being skimmed by the hydrophilic ratchet plate. A movie clip shows
a series of processes where EPS foam ball was skimmed and released using a ratchet plate. (played
at 1x speed).

Movie S3. Skimming small and large EPS foam balls using a hydrophilic flat plate. A movie
clip shows the skimming of EPS foam balls with diameters of 2 mm and 5 mm at a lifting speed
of 1 mm/s using a hydrophilic flat plate. (played at 1x speed).

Movie S4. Flow vector field generated while lifting the ratchet plate. A movie clip shows the
flow vector field generated by the lifting of the ratchet plate at a speed of 50 mm/s (played at 1/75x
speed).

Movie SS. Flow vector field generated while lifting the flat plate. A movie clip shows the flow
vector field generated by the lifting of the flat plate at a speed of 50 mm/s (played at 1/75x speed).

Movie S6. Capillary water bridge ruptured and skimming failed. A movie clip shows that
when the size of the ratchet and the ball became too large, the capillary water bridge inside the
ratchet ruptured and skimming failed (played at 1x speed).

Movie S7. The ratchet plate failed to skim a single PE pellet (P = H =6 mm). A movie clip
shows the failure to skim a single PE pellet (played at 1x speed).

Movie S8. Tilting the ratchet plate at + 30° to skim a single PE pellet (P = H =6 mm). A movie
clip shows the tilted ratchet plate skimming a single PE pellet (played at 1x speed).

Movie S9. Skimming and release behavior of PP on the hydrophilic ratchet drum. A movie

clip shows the skim and release behavior of the MPs floating on water. It exhibited a skimming
behavior for the first 4-5 seconds, followed by a releasing behavior (played at 1x speed).
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