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Objects floating on water are ubiquitous in nature and daily life. The floating states of
objects are significant for a wide range of fields, including assembly, mineral flotation,
nanostructured construction, and floating robot design. Generally, an object exhibits a
unique and fixed floating state. The real-time regulation of floating states by a simple
method is attractive but challenging. Based on in-depth analysis of the different floating
states of fruits falling on water, we reveal that the mutable floating states are caused by
the three-segment three-phase contact line dynamics. Accordingly, we propose a
“buoyancy hysteresis loop” for the transformation of objects between different floating
states. More importantly, we demonstrate the potential applications of floating state
transformation in solar-powered water evaporation and interface catalysis. The evapora-
tion and catalytic efficiencies can be changed several times by switching the floating
state. These findings deepen the understanding of the interfacial effect to the floating of
micro-objects and show great potential for floating-related fields.
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Objects floating on the fluid interface are crucial for various applications (1–6). For
example, porous materials floating on water surfaces show great potential in oil spill
remediation (7, 8) and solar-driven steam production (3, 9, 10), and the assembly of
microparticles on the air/water or oil/water interface is widely exploited for emulsifica-
tion (11, 12) and fabrication of superarchitectures (13, 14). After Archimedes’ law
revealed the effect of hydrostatic pressure on the floating state, the influence of material
surface properties on the floating state has been recognized in recent decades (15–17).
Especially for small floating objects at the scale of centimeters or millimeters, the influ-
ence of surface properties might become more dominant than buoyancy, with typical
examples including water striders and alkali flies, whose superhydrophobic legs produce
adequate surface tensions (10 times greater than buoyancy) to help them slide on the
water surface (18, 19). In these studies, surface tension exerts a fixed effect on the float-
ing objects. Considering the fixed morphology and chemical property, it is generally
believed that a floating object exhibits a single and unique floating state.
To regulate floating states, the hydrophobization or hydrophilization of the material

surface through chemical vapor deposition, plasma treatment, and laser etching are typ-
ically used, which undeniably complicates the manufacturing (20–25). Here, we realize
the transformation of an object between different floating states under the guidance of
a “buoyancy hysteresis loop” and reveal the mechanism of the mutable floating states as
the three-segment three-phase contact angle evolution (pinning–slipping–pinning).
Moreover, we demonstrate the applications of the controllable floating state in control-
ling solar-powered water evaporation, interface catalysis, and drug release. These
findings will deepen the understanding of the interfacial effect on floating objects and
provide a strategy to regulate the floating state.

Results

Mutable Floating States of Objects. We demonstrate that the fruits of Ardisia crenata,
a kind of shrub that prefers to disperse seeds by water flow (26), display different float-
ing states when falling on the water surface from different heights (Movie S1). To elim-
inate the influences from the weight and the shape of the fruits, we repeatedly drop the
same fruit on water and measure the immersion depths (Fig. 1A). As shown in Fig. 1 B
and C, after falling, the fruit dropped from a height of 1 cm shows a large immersion
depth (6.1 mm) and a small contact angle (70°) compared with the 0.5–cm-dropped
fruit that has a small immersion depth (5.1 mm) and a large contact angle (102°). The
results indicate that the fruit can display different floating states and buoyancies when
falling from different heights.

Significance

Adjusting the floating states when
objects float on water shows great
potential for assembly, mineral
flotation, nanostructured
construction, and floating robot
design, but the real-time
regulation of floating states is
challenging. Inspired by the
different floating states of a falling
fruit, we propose a facile strategy
to transform the object between
different floating states based on
a three-segment three-phase
contact line evolution. In addition,
the potential of floating state
transformation in solar-powered
water evaporation, interface
catalysis, and drug delivery is
demonstrated. These findings
provide insights into floating
regulation and show great
potential for floating-related
applications.
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For verification, we performed 30 independent dropping and
flotation tests using a cuboid box that has a uniform morphol-
ogy and surface property to make the results more controllable
and reliable (Movie S2). Detailed parameters and mutable float-
ing states of the box are shown in SI Appendix, Fig. S1. As
shown in Fig. 1 D and E, the results clearly manifest the muta-
ble floating states and buoyancies of the box. Interestingly, we
find that the contact angles of the box lie in the range of 33° to
115°, which are exactly the receding and the advancing con-
tact angles of the box surface (27). In addition, unlike the
physical aging of the three-phase contact line (TCL) on float-
ing particles (28), the linearly increased immersion depth
with the contact angle fits well with the force balance curve
(the black dashed line), indicating that the floating box is in
an equilibrium state (29) (SI Appendix, Fig. S2). The results
indicate that objects can indeed exhibit mutable floating
states and buoyancies even in force equilibrium. Actually, the
phenomenon of variable floating states and buoyancies are
widely existed in daily life, as demonstrated in SI Appendix,
Fig. S3.

Analysis of the Falling Process. We explored how the falling
process affects the stable floating state. A high-speed camera
was used to record the box-falling dynamics, as displayed in
Movie S3. When releasing the box on the water surface, it falls
into water and then floats up. The falling–floating vibration
(Fig. 2A) lasts about 30 s before the stable floating. During
the vibration process, the real-time contact angle obtained from
the side view varies periodically with time, as shown by the

sequenced images in Fig. 2B and the plot in Fig. 2C. When the
box starts to fall, the contact angle first increases from 107° to
the advancing contact angle of 115° (0 to 67 ms) and then
remains at 115° in the further falling (67 to 170 ms). Subse-
quently, the contact angle varies as the box floats up and down
but will not reach the advancing or receding contact angles
(Movie S4).

In this process, the TCL exhibits a three-segment evolution
of pinning–slipping–pinning, as shown in Fig. 2D, Top. In
addition, the TCL slip distance varies with the falling height.
This can be explained by the following. When releasing the
box, its gravity is larger than the buoyancy and solid–liquid
adhesion, resulting in the box falling downward with the TCL
pinned (0 to 67 ms). Then, the increase in contact angle
enlarges the solid–liquid adhesion until reaching the maximum
solid–liquid adhesion at the advancing contact angle. In this
process, the TCL slips for a distance, and the box velocity
reduces to zero (67 to 170 ms). The large falling height con-
tributes to a large slip distance. During the subsequent floating
up, the upward inertia is not large enough to overcome the
resistance from gravity and solid–liquid adhesion, and the TCL
remains pinned. The pinning of TCL lasts until reaching stable
floating. Therefore, we can conclude that the three-segment
behavior of the TCL dynamics, caused by the solid–liquid
adhesion, is the origin of the different floating states of
the object. For verification, we dropped a superhydrophobic
box on water, and there was only a two-segment TCL evolu-
tion (pinning and slipping) before reaching stabilization
(Fig. 2D, Bottom, and SI Appendix, Fig. S4). As a result, the

Fig. 1. A. crenata fruits exhibit mutable floating states. (A) Scheme of fruit falling on the water from different heights; G, gravity. (B and C) The same fruit fall-
ing from different heights shows different immersion depths and contact angles. (Scale bars in B and C, 5 mm and 2 mm, respectively.) (D) Distribution range
of contact angle θ. The contact angle is obtained by dropping a cuboid box in water 30 times. The red dashed lines are the receding contact angle (θrev, 33°)
and the advancing contact angle (θadv, 115°). (E) Plot of the immersion depth D versus the exhibited contact angle θ (red dots). The contact angle and the
immersion depth are measured when the box is stabilized. The calculated data are shown by the black dashed line.
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superhydrophobic box only shows a certain floating state even
when released from different heights (SI Appendix, Fig. S5).
Similar behaviors appear when the raspberry, a kind of superhy-
drophobic fruit, falls from different heights and shows an iden-
tical floating state (SI Appendix, Fig. S6). Detailed analysis of
the falling dynamics is provided in SI Appendix, Supplementary
Information Text.

Buoyancy Hysteresis Loop. Diverse floating states can be real-
ized by falling from different heights, but this method has great
limitations. The above analysis of the mechanism, the three-
segment TCL evolution, inspired us to propose a simple and
effective strategy to adjust the floating state. As the floating
state relates to the TCL slipping distance, we can control the
TCL slipping using a loading�unloading cycle (30) and
achieve transformation of the object between different floating
states. Fig. 3A shows the scheme of the apparatus, in which a
box is held by a platform that can apply periodical force to the
box. The force balance on the box is mg + F = Fb � 4γacosθ,
where F is the applied force (Fig. 3A), a is the side length of
the box, and Fb is the buoyancy and can be obtained by the
immersion depth D from Fb = ρga2D. Variation of the buoy-
ancy versus the applied periodical force is shown in Fig. 3B.
During the loading�unloading cycle (i to ii to iii), the change
of the buoyancy first equals and then lags behind the change of
the applied force. Meanwhile, the TCL first slips (i to ii) and
then remains pinned (ii to iii). A similar behavior appears in
the unloading�loading cycle (iii to iv to i), forming a rhombic
loop that is named the buoyancy hysteresis loop (Movie S5).
The contact angles further confirm the TCL evolution during
the loading�unloading cycles (SI Appendix, Fig. S7).

The buoyancy hysteresis loop provides general guidance to alter
the TCL position and, more importantly, to adjust the floating
states of objects. For example, the first loading–unloading cycle
transforms the floating object from a small-immersion state to a
large-immersion state, while the first unloading–loading cycle
transforms the floating object from a large-immersion state to a
small-immersion state. In addition, the loop can be used to evalu-
ate the influence of the mutable floating states on the floating
objects. We find that enlarging the width of the box narrows the
loop, while diminishing the width contributes to a wide loop (SI
Appendix, Fig. S8). This is because the shape of the buoyancy
hysteresis loop is determined by the slope of ii to iii section (or iv
to I section), which is denoted by k. A negative relationship exists
between k and the object perimeter/cross-section area ratio ε, that
is, 1/k ∼ γε/ρglc (here, ε = 4a/a2 for the cuboid box), explaining
why the mutable floating state is easy to observe in small objects
and can often be ignored in large ones. As shown in Fig. 3C, the
experimental data (dots) are well fitted with the theoretical results
(dashed line), suggesting the validity of this evaluation method.
Furthermore, the disappeared loops of superhydrophilic and
superhydrophobic boxes confirm the effect of the TCL evolution
on the mutable floating states, as shown in SI Appendix, Fig. S9.

Without complex surface treatments, our research shows a
simple way to adjust the floating states. For demonstration, we
designed a floating-adjustable robot that can switch between
surface state and dive state. As shown in Fig. 3D, a cylindrical
magnet is placed inside the semiellipsoidal robot; thus, a down-
ward or upward force can be applied to the robot when using
another magnet to approach the robot from the top or the
bottom (SI Appendix, Fig. S10). The advancing and receding
contact angles of the robot surface are 115° and 70°,

Fig. 2. Dynamic process of falling. (A) Curve of immersion depth versus time. (B) Snapshots of the box falling on the water. (Scale bar, 5 mm.) (C) Curve of
contact angle versus time. (D) TCL dynamics of the boxes falling from different heights.
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respectively. According to the buoyancy hysteresis loop, the first
loading–unloading cycle makes the robot sink and finally stabi-
lize with a large immersion, turning the robot into a dive state.
By contrast, the first unloading–loading process reverts the
robot to a surface state with a small immersion depth (Fig. 3E
and Movie S6). Based on this, the autonomous interface collec-
tion and locomotion are realized, as demonstrated in SI
Appendix, Fig. S11, and Movies S7 and S8.

Applications of the Mutable Floating States. The floating state
of an object determines the contact and wetting of liquid on
the solid surface. Therefore, the adjustment of the floating
states can exert significant influence on the interfacial-related
application. In the following, we take controllable water evapo-
ration, interfacial catalysis, and drug release as examples for
illustration. Solar-powered water evaporation, which can evapo-
rate water at the surface using solar energy, has shown promis-
ing prospects in clean water production and water treatment
(31). Here, we find that accelerating or slowing evaporation
can be easily achieved by adjusting the floating state of the
solar-heated floaters. The carbon black–coated foam particles
are used as solar-heated floaters for evaporation. Carbon black
has been proven to effectively convert solar power into heat,
and the foam core prevents the thermal conduction between
the heated carbon black and water (32, 33). As shown in Fig. 4
A–C, when placing at surface state, the floaters prevent both
the direct illumination of the water surface and the contact
between the solar-heated areas with water. Hence, the heat
insulation effect reduces water evaporation. Conversely, adjust-
ing the floaters to dive state results in the illumination of water
and the direct contact of the solar-heated areas with water to
accelerate evaporation. The infrared images of the different
floating-state floaters at the simulated solar illumination (1 kW
m�2) confirm the mechanism of accelerating or slowing evapo-
ration, as shown in Fig. 4 D and E. Under this circumstance,
the evaporation efficiency of the floaters at dive state reaches

0.9 kg m�2 h�1, while the floaters at surface state reduce the
efficiency to 0.15 kg m�2 h�1 (Fig. 4F). Fig. 4G demonstrates
the different evaporation efficiencies of the floaters at different
floating states by illuminating the floater-covered water at
1 kW m�2 for 3 h.

In addition, we demonstrate the controllable interface cataly-
sis using a platinum metal-coated polypropylene bead to cata-
lyze the decomposition of hydrogen peroxide. As shown in
Fig. 4H, controlling the floating state of the bead contributes
to different contact areas between platinum and hydrogen per-
oxide, which results in diverse catalytic efficiencies. We esti-
mated the catalytic efficiency of the two states by calculating
the number and volume of the generated bubbles and found
that the catalytic efficiency of the dive-state bead (Fig. 4J) is
about three times higher than that of the surface-state bead
(Fig. 4I and Movie S9). In addition, the different drug-release
capabilities by transforming the capsule floating state are real-
ized, as displayed in SI Appendix, Fig. S12.

Discussion

In this work, we illustrate how three-segment TCL evolution
induces the mutable floating states of objects. More importantly,
we propose the buoyancy hysteresis loop and achieve facile and
efficient transformation of the objects between different floating
states through loading�unloading cycles. Moreover, we fabricate
different floating-adjustable floaters that show great potential for
applications, such as autonomous interface collection, innovative
floating robots, controllable drug delivery, interface catalysis, and
solar-powered water evaporation.

Materials and Methods

Preparation of A. crenata Fruits. The fruits used in Fig. 1 are similar in
weight and size. After being picked up from the A. crenata, the fruits were
washed with ethanol and deionized water and then blown dry with nitrogen.
Deionized water was used to float the fruits.

Fig. 3. Buoyancy hysteresis loop. (A) Schematic of the apparatus. A cuboid box is fixed under a platform, which can slowly apply force to the box. The box
is subjected to the buoyancy Fb, the surface tension Fs, the gravity G, and the applied force F. (B) Variation of the buoyancy with the applied force during the
loading�unloading (i to ii to iii) and unloading�loading (iii to iv to i) cycles. The buoyancy lags behind the applied force in the sections of ii to iii and iv to i,
resulting in a rhombic loop. (C) Dependence of 1/k on the box's perimeter/cross-section area ratio ε. The theoretical prediction is plotted with a black dashed
line. (D) Illustration of the floating robot. (E) Surface state and dive state of the robot. A loading�unloading process sinks the robot to dive state with a large
buoyancy. An unloading�loading process can float the robot up to a surface state. (Scale bar, 5 mm.).

4 of 6 https://doi.org/10.1073/pnas.2201665119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2201665119/-/DCSupplemental


Preparation of the Cuboid Box. The hollow cuboid box used in Fig. 2 was
made of 6061 aluminum alloy and processed by a numerical control machine
(CNC). The length, width, and height of the box were 10 mm, 10 mm, and
20 mm, respectively. The wall thickness of the hollow box was 0.9 mm. After
CNC machining, we used 100-mesh, 200-mesh, 500-mesh, and 1,000-mesh
sandpaper to polish the box. Then, the box was washed with ethanol and deion-
ized water and blown dry with nitrogen. To increase the hydrophobicity, the box
was modified with 1H,1H,2H,2H-perfluorodecyltrimethoxysilane by chemical
vapor deposition at 80 °C for 4 h. The equilibrium, advancing, and receding con-
tact angles of the obtained box were 95°, 115°, and 33°, respectively.

Floating Tests for the Buoyancy Hysteresis Loop. The apparatus was com-
posed of a platform and a force sensor. The box was attached to the lower sur-
face of the platform and was preimmersed in water. The initial immersion depth
was 8 mm. The contact angle was the advancing contact angle. The platform
applied forces to move the box. The applied force can be measured by the force
sensor with an accuracy of 1 μN.

Preparation of the Floating-Adjustable Robot. The semiellipsoid robot was
made of resin and prepared by three-dimensional printing. The bottom radius
was 5 mm, the height was 8 mm, and the wall thickness was 1 mm. The weight

Fig. 4. Applications of the transform of object floating states. (A–C) Schemes of the water evaporation control strategy by solar-heated floaters with differ-
ent states. (D and E) Infrared images of floaters at surface state (D) and dive state (E). Inset images are the optical photos of the floater at different states.
(Scale bars, 2 mm.) (F) Mass change curves of water covered by different state floaters. (G) Optical photos of water covered by different state floaters after
3 h of illumination. (Scale bar, 10 mm.) (H) Scheme of the effect of different floating states on catalysis efficiency. PP: polypropylene, Pt: platinum. (I and J)
Optical photos of the catalytic efficiency of floaters at different floating states. (Scale bars, 2 mm.)
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of the robot was 183 mg. The surface of the robot was sequentially polished by
500-mesh, 2,000-mesh, 5,000-mesh, and 10,000-mesh sandpaper, respectively.
The advancing and receding contact angles of the robot surface were 115° and
70°, respectively. We placed a micromagnet with a diameter of 1 mm and a
height of 3 mm in the robot. The magnetic field intensity of the micromagnet
was 14.1 mT. When we controlled a magnet (magnetic field intensity of 64.4
mT) to approach the robot from the bottom, a downward attraction force made
the robot sink into the water. The robot remained static at the dive state after the
removal of the magnet. Similarly, approaching the magnet to the robot from
the top made the robot float up to the water surface. The robot remained static at
the surface state after the removal of the magnet. The microfloaters were polypro-
pylene spheres with a diameter of 2.3 mm. The weight of the sphere was 6 mg.
When the spheres were gently placed on water, the contact angle was about 105°.

Preparation of the Solar-Heated Floaters. The float was obtained by coat-
ing carbon black on commercial spherical polystyrene foam. After drying polysty-
rene foam immersed from a commercial carbon black solution, a carbon black
layer was constructed on the surface of the foam. The diameter of the foam
was 4 mm, and the thermal conductivity of porous polystyrene was around
0.04 W m�1 K�1. A xenon lamp was used to simulate solar illumination. The

mass change of water was measured by using a high-accuracy balance (FA 2004,
0.1 mg in accuracy).

Preparation of the Interface Catalysis. A polypropylene bead coated with
platinum metal was used to demonstrate the interface catalysis. The density and
diameter of the polypropylene bead were 0.9 g cm�3 and 2 mm, respectively.
Platinum was sprayed onto polypropylene pellets by vacuum magnetron sputter-
ing. The current was 20 mA, and the time was 300 s. The mass fraction of hydro-
gen peroxide used in the catalytic experiments was 5%.

Data Availability. All study data are included in the article and/or supporting
information.
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