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S O F T  R O B O T S

Underwater maneuvering of robotic sheets through 
buoyancy-mediated active flutter
Junghwan Byun1,2,3, Minjo Park1,2, Sang-Min Baek1,2, Jaeyoung Yoon4, Woongbae Kim1,2, 
Byeongmoon Lee4, Yongtaek Hong4, Kyu-Jin Cho1,2*

Falling leaves flutter from side to side due to passive and intrinsic fluid-body coupling. Exploiting the dynamics of 
passive fluttering could lead to fresh perspectives for the locomotion and manipulation of thin, planar objects in 
fluid environments. Here, we show that the time-varying density distribution within a thin, planar body effectively 
elicits minimal momentum control to reorient the principal flutter axis and propel itself via directional fluttery 
motions. We validated the principle by developing a swimming leaf with a soft skin that can modulate local buoyancy 
distributions for active flutter dynamics. To show generality and field applicability, we demonstrated underwater 
maneuvering and manipulation of adhesive and oil-skimming sheets for environmental remediation. These find-
ings could inspire future intelligent underwater robots and manipulation schemes.

INTRODUCTION
Thin, planar bodies manifest unique, nonrectilinear paths when they 
fall or rise freely in a fluid (1). For instance, leaves and paper cards 
in air, or coins in water, periodically flutter from side to side when 
falling. Although often seemingly random, extensive theoretical and 
experimental studies have revealed that this passive flutter dynamics 
is governed by intrinsic parameters of the moving object and sur-
rounding fluid, such as body geometry, body-to-fluid density ratio 
(/f), and Reynolds number (Re) (2–7). In the well-delineated case 
of axisymmetric geometry such as a disk (diameter D and thickness 
t), for example, four distinctive behavioral phases—steady descent, 
periodic fluttering, tumbling, and chaotic—are explicitly observed 
and mapped to a “phase diagram” as a function of the dimension-
less moment of inertia I* (=Idisk/fD5 = t/64fD) and Re (fig. S1) 
(2). Geometries with patterns (8, 9), asymmetric passive appendages 
(10), linkages (11), and density distributions (12) also yield addi-
tional branches of the passive flutter behaviors. Such a series of 
investigations suggests that even an object lacking in actuation and 
muscular agility for thrust generation has inherent cues for locomo-
tion in fluids (12–14). In reality, many wingless insects and animals, 
such as ants (15, 16), frogs (17), and flying lizards (18), demonstrate 
their aerial maneuverability through instinctive coupling between 
passive body geometries and air, together with the minimal adjust-
ment of body alignment or rotation for steering control.

Attempts to improve the compactness, flexibility, and adaptability 
of artificial systems that maneuver through a fluid have been pur-
sued for the last decade (19). In practice, a newer class of robot 
architectures consisting of soft bodies, muscles, and actuators has 
clearly demonstrated their strength in mimicking locomotion 
strategies of biological organisms (20–24) or in achieving intimate 
interaction with natural environments (25–28), compared with con-
ventional remotely operated vehicles (ROVs), submarines, and other 
underwater machines. In a similar context, reducing the geometric 

form factor of underwater robots to its extreme, e.g., paper sheet–
like structure, can maximize the flexibility and adaptability as well 
as the surface area–to–volume ratio (29–32). Underwater locomo-
tion of such thin, planar system has promise to address some of the 
existing underwater tasks by much simpler designs that possibly 
benefit from the capability of folding/unfolding and wrapping. As 
has been theoretically suggested for decades by several researchers 
(33–36), the most promising locomotion strategy so far was to achieve 
undulatory propulsion throughout the whole body. However, ex-
ploiting natural flutter dynamics, driven by intrinsic fluid-body 
coupling, would broaden the perspective of underwater locomotion 
and manipulation of artificial systems having thin, planar form factors.

Here, we present a strategy for controllable underwater maneu-
vering of thin, planar bodies, such as a leaf, based on the buoyancy-
mediated active modulation of flutter dynamics. We demonstrate how 
the kinematics and principal axis of flutter behavior can be con-
trolled by means of local buoyancy modulation, and we implemented 
this governing principle in realizing a “swimming leaf” (movie S1). 
The swimming ability of thin bodies based on the intrinsic fluid-
body coupling, rather than complex muscle patterning and actuation, 
would provide an unprecedented opportunity for the interaction and 
transport of many functional systems with extreme form factors.

RESULTS
Flutter dynamics modulation by inhomogeneous  
density distribution
We took initial inspiration from a freely falling leaf with inhomoge-
neous density distributions (Fig. 1). Recent studies have considered 
the contribution of internal body torque to symmetry breaking in 
flutter dynamics (12–14). To investigate this effect in a more general 
spatial domain, we designed a synthetic leaf with spatially distributed 
nine mass spots (P0 to P8; Fig. 1, A and B). The point mass integrated 
onto each spot causes an offset between the centers of mass and 
buoyancy, which generates an internal body torque coupled with a 
surrounding fluid (Fig. 1C; see note S2) (12). Although torque mod-
ulation is minimally induced by the offset with values smaller than 
a few percentages of the characteristic length (i.e., wingspan), the 
resulting effects on the leaf’s flutter dynamics lead to a net propul-
sive momentum in the offset vector direction (Fig. 1, D to F, and 
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fig. S2). This is because the biased downward torque accelerates the 
rotation of one side and decelerates the other side, creating asym-
metrical lifts. Despite the path instability caused by geometric 
anisotropy, this propulsive momentum regulates the principal axis 
of flutter behavior, which, in turn, guides the net direction of move-
ment (Fig. 1G and figs. S3 and S4).

Swimming leaf design based on a buoyancy skin
To show how this flutter dynamics modulation can be used in under-
water maneuvering and manipulation of thin, compact systems, we 
developed a skin-like platform, namely, “buoyancy skin,” that can 
actively modulate local density (in turn, buoyancy) distributions 
(Fig. 2, A and B). Out of possible mechanisms for the local density 
change of elastomers, such as compressed air flow (37) or light-driven 
crystal phase change (38), the heat-induced liquid-to-gas phase tran-
sition was used due to scalability and compactness (39). The buoyancy 
skin consists of two major components: a liquid-filled elastomer 
(termed “muscle”) and a soft heating circuit (Fig. 2, A and B, and 
fig. S5). Analogous to the buoyant cuttlebone function (40) in which 

osmotic forces alter the liquid-to-gas ratio 
to help cuttlefish to efficiently change 
their density, the muscle here can change 
its density through continuous and drastic 
volume changes under an application 
of heat above the boiling point of the 
enclosed liquid (Fig. 2C and fig. S5D). 
In particular, thin, copper (Cu) wires 
(diameter, 22 m) were connected to 
deliver sufficient power to the heating 
circuit without effective structural inter-
ference. Geometries of the muscle and 
electronic circuitry take the form of an 
axisymmetric, regular hexagonal struc-
ture with spatially distinct three activa-
tion sites for efficient spatiotemporal 
body torque modulation (Fig. 2, D and E). 
Provided that the mass distribution is 
uniform throughout the muscle, the ac-
tive heat modulation could continuously 
change the volume and the correspond-
ing density and buoyancy distributions. 
The result, in turn, leads to the occur-
rence of the triangular domain of the 
offset vector () between the centers of 
buoyancy and gravity (Fig. 2E, bottom).

The buoyancy generation (FB) and 
the corresponding density changes in-
duced by the buoyancy skin are charac-
terized by the profiles in Fig. 2F. Given 
the nature of phase transition, FB curves 
could not be a step function. Instead, we 
found that this buoyancy profile arises 
from unique underwater heat responses 
generated by the heating circuit (fig. S6, 
A and B). As a result, the characteristics 
of the temporal buoyancy response could 
be normalized regardless of the heating 
condition and actual saturation value, 
and we could estimate them by two-part 

exponential decay curves (Fig. 2G and figs. S6C and S7; see Materials 
and Methods). Specifically, FB reaches (or loses) 80% of the satu-
ration value within ~22 s under heating (or ~18 s under cooling). 
The resultant FB capacity was reliable and repeatable (Fig. 2H), and 
its operation window (accessible FB range) could be engineered to 
be ~5.6 mN depending on the input current level (Fig. 2F) and muscle 
thickness (fig. S6D). We observed that the design and FB capacity 
of our buoyancy skin were optimized to reverse the sign of the net 
buoyancy–corrected gravity of the leaf, allowing it to take off and 
stabilize to flutter through the path analogous to that of a falling leaf 
(Fig. 2I, fig. S8, and movie S1). This active lifelike behavior was an 
experimental demonstration where a single geometry experienced 
flutter paths continuously throughout the falling and rising motions.

Analysis on buoyancy skin-mediated active flutter
Active buoyancy control through the buoyancy skin fundamentally 
fuels flutter dynamics and its modulation in two ways: (i) Uniform 
FB changes the overall density and the corresponding kinematic 
parameters such as velocity (or Re) and frequency, and (ii) spatial 

Fig. 1. Flutter dynamics modulation of a falling leaf by inhomogeneous density distribution. (A) Schematic of 
a leaf with inhomogeneous mass distribution defined by nine mass points (P0: initial center of mass; P1 to P8: mass 
points with 3 mm intervals, numbered in a counterclockwise manner). (B) Magnified schematic of nine mass points. 
An iron ring with a density of 7.87 g cm−3 and a weight of 150 mg was used as a point mass. (C) Body torque generated 
by a point mass located individually in separate mass points defined in (B). (D) Average displacement of the leaf freely 
falling in water, induced by the torque in (C). The error bars indicate SD. (E) Representative horizontal movements of 
the falling leaf with a point mass located in different positions (P0 to P8) (see also fig. S2). (F) Time-evolving height 
difference of the falling leaf shows that body momenta coupled with flutter dynamics modulation dominantly affect 
net horizontal movement rather than vertical one. (G) Typical falling trajectories suggest that body torque can be a 
minimal impetus for active modulation of flutter-combined locomotor traits (see also fig. S4). Scale bars, 2 cm in (A), 
5 mm in (B), and 5 cm in (G).
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FB distribution produces body torques that reorient the principal 
flutter axis, providing a dynamic cue for versatile fluttery swimming 
gaits (Fig. 2E). To investigate these effects, we first minimized the 
geometric anisotropy by proposing a circular disk–shaped base sheet 
(diameter D). We established an empirical geometric criterion in 
which the flutter dynamics of a buoyancy skin-integrated disk, 
considered simply as a stacked disk, can be approximated by that 
of a homogeneous disk with density  and effective thickness t*, 
which reads as

	​​ ​(​​ ​  ─ ​​ f​​ ​ − 1​)​​​(​​ ​ ​t​​ 
*​ − ​t​ 1​​ ─ D  ​​)​​  <  0.001​​	

where t* ≈ 1t1/ + (2t2/)(a/D)4, (1, D, t1), and (2, a, t2) are the 
density, diameter, and thickness of the base disk and muscle, respec-
tively (fig. S9; see note S1 for details). On the basis of this criterion, we 

defined the swimming disk design that satisfies (/f − 1)(t* − t1)/D = 
2.23 × 10−4 and I* ~ 7 × 10−4 (Fig. 3B, inset). In this design, uniform 
muscle activation changes the overall density from 1.02 to 0.86 g cm−3 
in response to tunable input currents ranging from 0 to 0.35 A 
(Fig. 3, A and B). This tunable density enabled a single, predefined 
disk to actively change the flutter behaviors, realizing a “swimming 
disk”: The disk was initially stationary in an aquatic environment 
(f = 1 g cm−3), began to take off with FB ≈ 0.25 mN, and exhibited 
periodic upward fluttering motions characterized by frequency 
f = 0.1 to 0.35 s−1, amplitude A = 1.1 to 2.5 cm, and vertical velocity 
Uz = 0.98 to 2.56 cm s−1 under FB = 0.26 to 1.68 mN (Fig. 3, C and D, 
fig. S10, and movie S2). These results show good agreement with 
theoretical values particularly for Re, which is expressed by [2t*g 
(1 − /f)]1/2D/υ based on the terminal velocity with a square drag 
term in modest FB ranges above which wake instability disturbs 
flutter kinematics (Fig. 3C). It is also identified that the resultant 

Fig. 2. A swimming leaf based on a buoyancy skin. (A) Exploded-view schematic illustration of a swimming leaf consisting of a buoyancy skin and a base sheet (leaf). 
(B) Optical cross-sectional image of a swimming leaf. (C) Operating mechanism of a buoyancy-control muscle. When heated, the liquid enclosed by the elastomer transits 
from the liquid to gaseous phase, producing continuous and drastic volume changes of the muscle. (D) Photograph of a leaf integrated with a buoyancy skin. (E) Thermo-
graphic images (top) and the corresponding offset vectors, , (bottom) in response to uniform and nonuniform buoyancy distributions. (F) Buoyancy generation (FB) 
profiles and the corresponding density changes of a 2-mm-thick muscle in response to varying input currents. (G) Normalized buoyancy profiles obtained under more 
than 20 different operating conditions about current levels, muscle thicknesses, and activation areas. (H) Cyclic buoyancy profile in response to a 0.025-s−1 square wave 
input current of amplitude 0.204 A. (I) Composite images of a falling and swimming leaf. The uniform FB generated by electric current of 0.282 A allows the leaf to swim 
through a fluttery path. Thin, insulated Cu tethers were connected to transfer power. Scale bars, 500 m in (B), 2 cm in (D), and 5 cm in (I).
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dynamics and maneuvering window hew to the deterministic scaling 
relation of falling disks in terms of f (Fig. 3E) and dimensionless 
swimming number [Sw = 2fAD/υ, where υ is the kinematic viscosity 
(41)] (Fig. 3E and fig. S11), both of which validate the effectiveness 
of our design criterion.

Spatially nonuniform FB distribution induces the specific offset 
vector () between the centers of buoyancy and gravity, which has 
symmetry in dynamics with those originated from mass distributions 
as depicted in Fig. 1 (Fig. 2Eand fig. S12). Typical control commands, 
in which two of the three sites are coupled, are used to generate  at 
120° intervals, and their combinations form the accessible triangular 
-space (red area) within which the movement of the center of 
buoyancy is limited (Fig. 2E). The biased , together with time-varying 
FB, produces an internal body torque ( = ||FBcos), which has 
the maximum experimental value of ~5.2 mN/mm in our design 
(fig. S13). Simultaneously coupled with the surrounding fluid dy-
namics,  modulates the upward flutter dynamics by generating net 
propulsive momentum as discussed in Fig. 1 (Fig. 4, A and B, and 
movie S3). The analysis on the resulting behaviors qualitatively 
verifies that  modulation reorients the flutter axis with some delays 
and accordingly determines the average direction of motion (Fig. 4B, 
right inset, and fig. S14). In addition, we see that the contribution of 
 to flutter dynamics modulation yields inverse and linear correla-
tions with the path angle () and horizontal velocity (Ux), respectively 
(Fig. 4, C and D), which are in good agreement with predictions 
from numerical and experimental studies of falling objects (12, 13). 

The maximum performance of the swimming disk with D = 45 mm 
achieved Ux of ~2 cm s−1 (=0.44 body length/s) with  of ~35°.

Time-evolving flutter axis reorientation for fluttery 
swimming gaits
Temporal variations in FB distribution (or ) induce a sequential 
reorientation of the principal flutter axis, showing the potential of 
various fluttery swimming gaits. To investigate such behavior, we 
compared the flutter behaviors of the swimming disk responding to 
three representative  instructions driven by uniform, nonuniform, 
and clockwise time-varying nonuniform FB distributions (Fig. 5A). 
As shown in Figs. 1G and 4, the flutter axis is randomly oriented for 
uniform FB distribution (i.e.,  = 0), whereas  originated from 
nonuniform FB distribution triggers directional symmetry break-
ing in overall flutter dynamics, achieving horizontal drifts charac-
terized by the alignment of the flutter axis with  (Fig. 5, B and C, 
top and middle, and fig. S14). Our key observation here is that ad-
ditional changes of , easily instructed by temporal combinations of 
the commands shown in Fig. 2E, sequentially drive flutter axis re-
orientation in ways that follow and, more ideally, reach the direction 
of  (Fig. 5, B and C, bottom; fig. S15; and movie S4). This attractive 
movement was the outcome of the time-varying active flutter, and 
it could be controlled in a desired manner by modulating  profiles 
in time domain (fig. S15). Representative Ux-Uy relationships further 
support the flutter axis reorientation and the corresponding style of 
movement (fig. S15, E to G).

Fig. 3. Active flutter dynamics under uniform buoyancy distributions. (A) Active modulation of the saturated FB of a typical 2-mm-thick muscle in response to uni-
form heating with varying input currents. The inset shows a typical thermographic image of uniform heating. (B) Active modulation of muscle density (yellow) and the 
corresponding changes in the total density of a standard swimming disk (gray) under FB in (A). The inset image shows the design of a standard swimming disk. Scale bar, 
2 cm. (C and D) Buoyancy-mediated active modulation of the flutter behavior of a swimming disk that has geometric form factors of (1, D, t1, 2, a, and t2) = (1.334 g cm−3, 
45 mm, 0.125 mm, 0.971 g cm−3, 32 mm, and 2.085 mm) satisfying (/f − 1)t*/D = 2.22 × 10−4 (movie S2). (E and F) Characterization of the buoyancy-mediated active 
flutter of the swimming disk (red) in comparison with the passive flutter of falling disks (gray) in frequency (E) and Re-Sw (F) domains (41).
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Achieving directional propulsion and steering control by buoyancy-
mediated minimal body torques offers a new strategy for underwater 
maneuvering and manipulation of thin, flat bodies. To highlight the 
effectiveness of this principle, we demonstrated that the leaf could 
swim in a 90 cm–by–90 cm–by–60 cm space (Fig. 5, D and E, and 
movie S5). We first developed a set of gait protocols based on time-
varying combinations of seven different control commands (fig. S16). 
This simple protocol allowed us to accomplish desired forward/
backward and left/right turning gaits with depth maintenance that 
is necessary to prevent the leaf from reaching the surface of water 
(fig. S17). Although the geometric anisotropy of the leaf complicated 
the quantitative interpretation of the flutter dynamics, the overall 
motions of the leaf could be controlled and maneuvered solely by 
buoyancy-mediated active flutter (Fig. 5, D and E). Upon sequential 
command combinations, we see that  time-dependently moved on 
the leaf. Such effects effectively modulated flutter dynamics to 
demonstrate consecutive rising and falling motions that combined 
multiple forward and turning gaits with the fluttery nature (fig. S18). 
The resulting journeys were characterized by the trajectories of a 
“star” (Fig. 5D) and “3” (Fig. 5E) with an average speed of ~1.5 cm 
s−1 over a total distance of ~400 cm, which is 85 times longer than 
the leaf’s body length (fig. S18D and movie S5).

Multifunctional swimming robotic sheets
The principle of buoyancy-mediated active flutter can be a generic 
locomotor trait of functional platforms formulated in thin, planar 
geometry. The unique merits of the sheet-like robot design and the 
fluttery swimming strategy include compactness, flexibility, adapt-
ability, and several related functions originated in the large surface 
area–to–volume ratio. To show potential applications, we present 
some proof-of-principle scenarios of multifunctional swimming 
robotic sheets that can negotiate undesirable environments and/or 
perform environmental remediation in terms of underwater plastic 
debris (42) and oil spills (43). First, we fabricated a highly flexible 
swimming sheet and challenged it to pass through a gap whose size 
(4 cm) is less than half of the robot (10 cm) (Fig. 6A, fig. S19, and 
movie S6). We modified the standard design of the swimming disk, 

as shown in Fig. 3B, by replacing a 4.5-cm and 125-m-thick poly-
ethylene naphthalate (PEN) (Young’s modulus, ~5 GPa) base sheet 
with a 10-cm and 25-m-thick thermoplastic polyurethane (TPU) 
(Young’s modulus, ~14 MPa) base sheet (fig. S19A); the bending 
stiffness was reduced by five orders of magnitude. Sequential con-
trol protocols of directional and vertical active fluttery gaits allowed 
the robot to reach, negotiate, and pass through the gap by structural 
adaptation of the whole body. Next, we incorporated a wet-tolerant 
adhesive sheet with an adequate buoyancy skin to investigate the 
intimate interaction with and removal of underwater plastic debris 
(Fig. 6B). The geometry of the swimming robotic sheet featured a 
web-like kirigami structure that increases conformability and thus 
the probability of physical interaction (fig. S20A). The used buoyancy 
skin has a muscle configuration that is more spatially distributed to 
easily adjust the body torque. The sequential control protocol allowed 
the sticky robotic sheet to approach and perform environmental 
remediation by carrying plastic debris toward the surface of water 
(Fig. 6B and movie S7). The last scenario demonstrates large-area 
oil-skimming capabilities by combining origami design (Fig. 6C). 
In this case, the swimming robotic sheet integrated a bioinspired 
self-deploying origami frame (44), superhydrophobic-superoleophilic 
sorbent sheets (HP-156, 3M; 16 units, each 18 mm by 18 mm), and 
an adequate buoyancy skin (fig. S20D). The total oil absorbency of 
the robotic sheet was ~16.3 g [>1200 weight % (wt %) of the sorbent 
sheet units] (fig. S20, H and I), and the embedded origami structure 
permitted both rapid unfolding (<6.4 s in water) and self-locking, 
which supported reliable swimming under hydrodynamic drags 
(Fig. 6D). A series of motions including placement, origami deployment, 
skin activation, controlled maneuvering, and oil skimming showcases 
an attractive solution to the long-standing marine environmental and 
engineering problems, by fully exploiting the thin geometric nature 
of the swimming robotic sheets (Fig. 6E and movie S8).

DISCUSSION
Inspired by how the falling trajectory of a leaf could be changed 
by inhomogeneous density distributions, we have shown that the 

Fig. 4. Directional active flutter under nonuniform buoyancy distributions. (A and B) Body torques generated by  in Fig. 2E modulate overall flutter dynamics in 
ways that not only align the principal flutter axis but also produce directional propulsion (see also figs. S13 and S14 and movie S3). Scale bars, 5 cm. (C and D) Path angle, 
 (C), and horizontal speed, Ux (D), of the directional fluttery gaits as a function of .
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fluttery gaits, originating in the generic nature of fluid-coupled thin 
bodies, can be controlled through local buoyancy modulation and 
leveraged for unique locomotion modes of bodies lacking in 
muscular components. Such a principle was accomplished solely by 
a soft, thin, compact skin, without any conventional propellers, ser-
vomotors, pneumatic or hydraulic artificial muscles, or short-range 
phototactic and magnetic steering. The outcome was unique func-
tionalities originating in thin and flexible form factors that were 
previously unattainable by conventional ROVs, submarines, under-
water gliders, and other emerging underwater soft robots; for example, 
the buoyancy skin-integrated swimming robotic sheets could be 
folded/unfolded for large-area field applications (Fig. 6) and wrapped 
around various surfaces for better interaction with surrounding en-
vironments (fig. S21 and movie S9), as in the case of electronic (45) 
and robotic (46) skins that activate inanimate objects. Similarly, the 
capabilities to modulate local density distribution on the body lack-
ing in actuation and muscular agility (fig. S21) have the potential to 

directly transport various onboard elec-
tronics (e.g., printed circuit boards, sen-
sors, display, and solar panels) and 
membrane/patch-type function (e.g., oil-
water separation, drug delivery, and 
chemical adsorption) without any under-
water carrier machine.

With respect to locomotion strategy 
and performance, the buoyancy-mediated 
active flutter principle can be a generic 
locomotor trait of thin, planar bodies at 
scales ranging from a few millimeters 
to meters over which flutter dynamics 
governs the motion (Re > 100; see fig. S1). 
This principle is not only effective in 
vertical movement-combined motions 
but also complementary to the existing 
directional propulsion mechanisms, such 
as helical propulsion (20) and undulatory 
swimming (47). The total energy conver-
sion efficiency (total) is ~1.88 × 10−4 (%), 
which is comparable with other mobile 
soft robots (48) due to the inefficiency 
of Joule heating (see note S4). However, 
the efficiency could be improved by us-
ing a low-melting-point liquid or an 
optimized muscle and heater design.

The naturally occurring turbulence 
is also an essential factor to consider for 
realistic locomotion. Our experimental 
results show that the turbulence flow 
negatively influenced on the gait of the 
swimming sheets; in particular, the ver-
tical flow was disadvantageous to our 
robot design (fig. S22). Precise steering 
of fluttery gaits was still difficult when 
the turbulence effect was much larger 
than the size and power of the swimming 
sheet despite efforts to control the robot 
during turbulent flow. Conversely, how-
ever, we can envision that the sheet-like 
design, which is easily affected by cur-

rent flows due to its lightweight and large surface area properties, 
could travel long distances in a very energy-efficient way, if followed 
by further optimizations.

The untethered version of the proposed locomotion strategy is 
also an important ingredient for better applicability to aforemen-
tioned real-world tasks. Although the demonstrations of the swim-
ming robotic sheet prototypes that performed underwater missions 
in unprecedented ways, as shown in Fig. 6, successfully verified the 
feasibility of practical functions, it is ultimately necessary to bridge 
the gap between the tethered and untethered robot design. Possible 
approaches to wirelessly transmit power for local buoyancy modu-
lation include magnetothermal effects (49) and laser-driven heating 
(38). However, the constraints of workspace, system appendages, 
and line of sight are outstanding challenges. The integration of thin-
film batteries is another promising candidate (50), but structural 
and/or performance optimization and encapsulation should be ad-
dressed. Although power transmission and efficiency issues should 

Fig. 5. Fluttery swimming gaits through sequential reorientation of the principal flutter axis. (A) Typical profiles 
of  vectors responding to uniform, nonuniform, and time-varying nonuniform buoyancy distributions. (B) Fluttery 
swimming gaits of a disk driven by buoyancy-mediated active flutter with  instructions in (A), represented by the 
normalized time. (C) Time-evolving reorientation of  (adjusted with the body orientation, yellow), flutter axis (red), 
and overall body movements (black) of a swimming disk in (B). (D and E) Two scenarios of long-term journeys of a 
swimming leaf (design is shown in Fig. 2E) steered by sequential combinations of control commands defined in fig. 
S16C (movie S5). Inset images show time-varying  vectors. All swimming experiments were powered externally by 
thin, insulated Cu wires. Scale bars, 5 cm in (B), and 10 cm in (E).
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continue to be discussed, we expect that time-varying density distri-
bution in thin, flexible systems and their flutter-combined under-
water locomotion strategy could be a step toward a new generation 
of intelligent, naturally adaptive underwater robots.

MATERIALS AND METHODS
Falling leaves with inhomogeneous mass distribution
A synthetic leaf design was selected and reproduced by laser cutting 
a 125-m-thick PEN (Teonex Q51, Plastic Films Company Ltd.) film 
(density, 1.347 g cm−3). Nine mass points were defined with 3-mm 
intervals (Fig. 1B), and a point mass (iron ring, density of 7.87 g cm−3 
and weight of 150 mg) was assembled onto each spot by a double-
sided adhesive tape. The addition of the point mass shifts the center 
of mass position by 0.46875 mm for P1 to P4 and 0.9375 mm for P5 

to P8, respectively. For each mass distribution, 12 to 18 free-fall ex-
periments were conducted inside the water chamber with dimensions 
of 90 cm by 90 cm by 60 cm. We observed that flutter behaviors, 
directionally guided by an internal body torque, were composed of 
three typical types of flutter cycles, each of which consists of a pair 
of forward and backward flutter edges (fig. S3, A and B). Therefore, 
a principal flutter axis could be defined within a horizontal domain, 
and its time-evolving reorientation was investigated in comparison 
with  (fig. S4).

Fabrication of a swimming leaf and disk
The soft heating circuit was made using a conventional fabrication 
method of flexible printed circuit boards. A heat-tolerant 12-m-thick 
PEN film was bonded with a stainless steel roll sheet (25 m; SUS304) 
using epoxy resin (25 m; HGB-E250WG) and then pressed at 

Fig. 6. Demonstration of multifunctional swimming robotic sheets driven by buoyancy-mediated active flutter. (A) Composite images of a swimming ultrathin 
robotic sheet that negotiates a small gap (movie S6). (B) Composite images of a swimming robotic adhesive sheet for the removal of marine plastic pollutants (movie S7). 
(C) Composite images of a swimming robotic oil-skimming sheet for the removal of oil spills (movie S8). The contaminated area (highlighted in red) is bounded by a circular 
tube with a diameter of 30 cm. (D) The robotic origami sheet can be deployed within a few seconds and self-locked using a ladybird beetle–inspired compliant origami 
mechanism (44). (E) Image sequence of the successful oil-skimming through underwater maneuvering. All experiments were performed inside the water chamber with 
dimensions of 90 cm by 90 cm by 60 cm and powered externally by thin, insulated Cu wires. Scale bars, 10 cm.
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150°C for 30 min. Subsequent photolithography and wet etching in 
hydrochloric acid were performed to obtain well-defined heating 
circuits (width of 100 m and pitch of 400 m). The soft heater’s 
performance depends on several factors such as geometry, electrical 
resistance, and operating environment (air or water). Here, we used 
a regular hexagon-shaped circuit (fig. S5) divided into three sepa-
rate regions with serpentine wiring components to match the resist
ance with sufficient levels. For the hexagonal heater with sides of 
12 mm, the initial resistance was ~230 ± 10 ohms, and it could be 
stably maintained under cyclic bending and folding. The mass-
produced heating circuits were then attached to heat-tolerant, soft, 
double-sided adhesives (thickness, 175 m; 300LSE, 3M) and cut 
into a 16-mm-side hexagon by a CO2 laser cutter (VLS3.50, Universal 
Laser Systems). Thin, insulated Cu tethers (diameter, 22 m; Tianjin 
Ruiyuan Electric Material Co. Ltd.) were then connected to the pre-
pared circuits via silver epoxy (ABLESTIK 84-1LMISR4, Henkel), 
and the circuits were passivated by Kapton (12.5 m) to prevent the 
robot from direct water contact.

The liquid-filled elastomer muscle is made of Ecoflex 0050 
(Smooth-On Inc.) and ethanol (99.9%; Daejung Chemicals & Metals 
Co. Ltd.). Using a previously reported fabrication method (29), we 
dissolved 16.7 wt % ethanol in the part A and B mixture of Ecoflex 
0050 and stirred for about 5 min. The mixture was then poured onto 
three-dimensional (3D) printed polylactic acid molds (constructed 
using Ultimaker 3) and cured for 2 hours at room temperature 
(~22°C). The muscle takes the form of a thin regular hexagonal col-
umn (fig. S5D), whose sides are 16 mm, which is defined to be 4 mm 
longer than that of the heating circuit to fully transfer the generated 
heat energy to the muscle. In particular, the center hole (hexagonal 
column with sides of 3 mm) was formed into the hexagonal geometry 
not only to provide a space for electrical tethers (Cu, diameter, 22 m; 
Tianjin Ruiyuan Electric Material Co. Ltd.) but also to improve the 
cooling efficiency by increasing the contact area with water. Thick-
ness is easily tunable from 1 to 5 mm depending on the effective t* 
range and target demonstration, and this variation results in the 
control of buoyancy density from 0.35 to 2 mN cm−2 (fig. S6D). For 
the ease of characterization for several demonstrations, we fixed the 
geometry and dimension of the unit muscle as a 16-mm-side regu-
lar hexagon with a thickness of 2 mm and then normally increased 
the number of muscles and changed their configurations to meet 
target applications.

There is a wide space for the choice of materials for a base sheet. 
Given the heat-driven mechanism and ease of initial density engi-
neering, heat-tolerant polymeric materials are preferred. Among 
several candidates, we mainly used PEN sheets, which offer thermal 
stability up to 200°C. We cut a PEN sheet with a thickness of 125 m 
into the circular or leaf geometry and completed the assembly with the 
muscle part for demonstrations of the swimming disks and leaves.

Design and fabrication of swimming robotic sheets
The underwater maneuvering principle via buoyancy-mediated active 
flutter is a priori material independent, and its operation window can 
be easily engineered to endow swimming capabilities on a variety 
of objects, similar to electronic (45) and robotic (46) skins that can 
activate inanimate objects (fig. S21). To show potential applications 
(42, 43), we developed three types of underwater machines with 
design as thin as a paper sheet, namely, “swimming robotic sheets”: 
the first one is for the negotiation of a small gap (fig. S19) and the 
other two for the removal of underwater plastic debris (fig. S20, A to C) 

and oil spills (fig. S20, D to I). The robotic sheet for the gap negotia-
tion was designed by modifying the standard swimming disk. To 
showcase its extreme flexibility, we used a thinner (thickness, 25 m) 
and softer TPU material (Young’s modulus, 14 MPa) as a base sheet. 
In particular, we added thin Kapton frames (thickness, 12.5 m) to 
compensate the swimming reliability (fig. S19A). The robotic sheet 
for plastic pollutants consists of a buoyancy skin with six muscles 
with 12-mm sides, a PEN base sheet with a thickness of 12 m, and 
a wet-tolerant adhesive sheet that is composed of a soft double-sided 
adhesive (170 m) and sticky elastomers (polydimethylsiloxane, 
Sylgard 186, Dow Corning). The total size and thickness are 15 cm 
by 15 cm and about 4 mm, respectively (fig. S20A). In addition, we 
constructed the robotic sheet for oil spills by incorporating capabil-
ities of maneuverability, scalability, and oil absorbency into a single 
sheet platform (fig. S20D). To show the large-area feasibility, we 
designed a rapidly self-deployable origami base sheet that can also 
resist drag forces applied during swimming (Fig. 6, C and D). A base 
geometry was selected as a three-by-three Miura-ori pattern with 
total sides of 13.5 cm, and, subsequently, the ladybird beetle–inspired 
compliant origami (target radius of curvature, 88.45 mm) was de-
signed into four sets of three collinear fold lines [see (44) for fabrication 
details]. The oil-skimming capability was added by the integration 
of superhydrophobic-superoleophilic membrane sheets (HP-156, 3M), 
which were cut into square units with sides of 18 mm. The total size 
and thickness are 13.5 cm by 13.5 cm and about 4 mm. The field 
experiment was conducted inside the chamber with dimensions of 
90 cm by 90 cm by 60 cm. Reddish oil spills (NEW PSF-3, Hyundai) 
were artificially formed on the certain area of the water surface, 
bounded by a circular buoyant tube (Fig. 6E). The deployment of the 
origami sheet was passively triggered by dissolving the 3D printed, 
water-soluble string (diameter of 0.4 mm; polyvinyl alcohol, eSUN) 
that initially bound it.

Buoyancy measurement
To measure the real-time buoyancy variation in muscles, a widely 
known hydrostatic weighing method was used (51). Although there 
were some limiting factors in this method, such as the meniscus 
formed around the suspension wire at the air-liquid interface and 
entrapped gas, we minimized them by decreasing the sample size 
and by conducting aging steps. An isolated system consisting of a 
muscle sample and a control weight (5 g) was set up and immersed 
into deionized (DI) water (~22°C) while connected only by thin con-
ductive wires (fig. S6A). Upon activation, the muscle experienced 
variations in hydrostatic weight [w(t)] as

	​ w(t ) = ​​ f​​ V(t)​	

which allowed us to recalculate the time-dependent buoyancy [FB(t)] 
and density [(t)] values of the muscle. The operation window and 
characteristic profiles of buoyancy generation were measured by per-
forming repeated heating (60 s) and cooling (30 s) steps at several 
different current levels from 0 to 0.35 A (Fig. 2G).

Buoyancy characterization
The hydrostatic weighing method is effective in measuring the entire 
buoyancy variations but not in providing information of buoyancy 
distributions throughout spatial domains. To surmount this limita-
tion, we established an alternative route for characterizing spatio-
temporal buoyancy modulations. We found that buoyancy profiles 
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of more than 20 different activation conditions about input current, 
muscle geometry, and heating area could be reduced to a characteristic 
curve when normalized about the saturation buoyancy value (Fig. 2G). 
Without loss of generality, this governing curve could be expressed 
in the form of the first-order exponential decay curves, respectively, 
for the heating and cooling part: Ah + Bh exp(−t/Ch) and Ac + Bc 
exp(−t/Cc), where the constants (Ah, Bh, and Ch) and (Ac, Bc, and Cc) 
can be determined by t0.2, t0.5, t0.8, and tsat, which are the time re-
quired for the buoyancy to reduce to 0.2, 0.5, 0.8, and 1 times its 
saturation value (fig. S7). On the basis of this indirect approach, 
we could successfully characterize transient responses of uniform 
buoyancy generation by the series of these generic buoyancy fitting 
curves (fig. S7, C to E). In addition, those of various nonuniform 
buoyancy modulations could be estimated by separate characteriza-
tion in each activation site (fig. S13C), which provided us with qual-
itative information of buoyancy and torque distributions.

Experimental setup for locomotion test
All swimming tests were performed in a 90 cm–by–90 cm–by–60 cm 
water chamber filled with DI water (fig. S23). Thin, insulated Cu 
wires (diameter, 22 m) were connected to the swimming leaf and 
robotic sheets to apply the required power from the power supply 
(TDP-1003B, TOYOTECH). Because of the small diameter, the 
electrical resistance of the Cu wires (Rw ≈ 35 ohms) was needed to 
consider for control protocols. If necessary, then the density of 
the Cu wires was compensated by buoyant foam materials (density, 
~0.77 g cm−3). Three synchronized digital cameras were placed and 
captured the top, front, and side views with 60 frames per second 
(fps), the combination of which was used for the swimming analysis.

Control protocol
The swimming locomotion of our swimming sheets were controlled 
by modulating buoyancy independently in three separate activation 
sites based on the underlying heating circuit design (fig. S5). De-
spite the reduced number of activation sites compared with the leaf 
design with nine mass spots in falling leaf experiments as shown in 
Fig. 1, this three-degrees-of-freedom control scheme enabled nearly 
continuous control of  instruction within a -space, typically de-
fined as a triangle in a swimming leaf and disk (Fig. 2E). Among a 
wide set of  instructions, we defined the seven representative control 
commands (fig. S16). Specifically, we used coupled pair combinations 
of two out of three activation sites due to the efficacy in delivering 
directional momentum by modulating  (Fig. 2E). The resultant 
buoyancy distributions could generate directional upward or down-
ward fluttery motions and vertical upward fluttery motion (or tran-
sition between each mode). Depending on the desired swimming 
behaviors, seven different pairs of input voltages (or currents) could 
guide versatile gaits: Uk (k = 1, 2, and 3) for directional upward mo-
tions, Dk for directional downward motions, and Trans for transition 
states (fig. S16C). To produce such control commands, we designed 
a simple control circuit consisting of a microcontroller unit and pairs 
of high-voltage p-channel MOSFET (IRF9540, Devicemart, Korea) 
and n-channel MOSFET (IRL530N, Devicemart, Korea) (fig. S16B). 
Because of the nonnegligible electrical resistance of the Cu wires 
(Rw ≈ 35 ohms), we took it into account for control circuits. On the 
basis of the control circuit diagram, combinations of three different 
voltage levels (Va, Vb, and Vc) could be selectively applied to three 
different activation sites (R1 = R2 = R3 = R ≈ 80 ohms) of which 
currents (ik, k = 1, 2, and 3) are defined as

	​​ i​ k​​  = ​   ​V​ k​​ ─ R + ​R​ w​​ ​ − ​  ​R​ w​​(​V​ a​​ + ​V​ b​​ + ​V​ c​​)  ───────────  (R + ​R​ w​​ ) (R + 4 ​R​ w​​) ​​	

Each voltage value (Va, Vb, and Vc) was selected such that the 
buoyancy generated by the corresponding current value satisfies (i) 
FB > Fth, (ii) FB ~ Fth, and (iii) FB < Fth, respectively. For example, 
we determined the following set of voltage, (Va, Vb, and Vc) = (19, 
36.1, and 44.8 V), for swimming leaf demonstrations shown in Fig. 5 
(D and E) and fig. S18.

Data analysis
All 3D kinematics data were obtained by three synchronized digital 
cameras and analyzed by a free video analysis and modeling tool 
(Tracker 5.1.3). We first marked a black arrow on the base sheet of 
a swimming leaf and disk and filmed the swimming behaviors in 
60 fps from three orthogonal views (top, front, and side). The center 
of mass position and angle of the marked arrow were analyzed in 
every 10 pixels (~0.166 s), and the relative coordinates and angles 
were used to calculate the full trajectory, velocity, acceleration, body 
angle, and angular velocity.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/6/53/eabe0637/DC1
Note S1. Conceptual design of a swimming leaf and disk.
Note S2. A quasi-steady 2D model for active flutter dynamics.
Note S3. Purpose and details of the experiments.
Note S4. Energy conversion efficiency of a swimming sheet.
Fig. S1. Falling styles of disks.
Fig. S2. Time-evolving horizontal movements of the falling leaf with a point mass located in 
different positions (P0 to P8).
Fig. S3. Definition of the principal flutter axis.
Fig. S4. Flutter dynamics modulation induced by inhomogeneous density distribution and 
corresponding reorientation of the principal flutter axis.
Fig. S5. Component design and structure of a swimming leaf and disk.
Fig. S6. Transient responses and characterization of a buoyancy skin.
Fig. S7. A strategy for estimating time-varying buoyancy responses.
Fig. S8. A swimming leaf based on a buoyancy skin.
Fig. S9. Geometric criterion for disk approximation.
Fig. S10. Kinematics of a swimming disk responding to quasi-static uniform buoyancy 
distribution (movie S2).
Fig. S11. Active flutter behaviors of a swimming disk under quasi-static uniform  
buoyancy distribution.
Fig. S12. Comparison and symmetry in dynamics of falling/swimming behavior.
Fig. S13. Directional active flutter behaviors of a swimming disk under quasi-static nonuniform 
buoyancy distribution (movie S3).
Fig. S14. Flutter axis reorientation in directional active flutter behaviors.
Fig. S15. Time-evolving flutter axis reorientation for steering control (movie S4).
Fig. S16. Control scheme for the swimming leaf.
Fig. S17. Straight, directional fluttery gaits with depth maintenance.
Fig. S18. A long-term journey of a lifelike swimming leaf (movie S5).
Fig. S19. Ultraflexible swimming robotic sheet negotiating a small gap (movie S6).
Fig. S20. Swimming robotic sheets for marine environmental applications.
Fig. S21. A buoyancy skin for underwater cup manipulation (movie S9).
Fig. S22. A standard swimming disk under turbulence.
Fig. S23. Experimental setup for swimming locomotion and characterization.
Movie S1. A swimming leaf versus a falling leaf.
Movie S2. Active flutter of a swimming disk under uniform buoyancy distribution.
Movie S3. Directional active flutter of a swimming disk under nonuniform buoyancy 
distribution.
Movie S4. Versatile fluttery swimming gaits through sequential reorientation of the principal 
flutter axis.
Movie S5. Long-term controlled maneuvering of a swimming leaf.
Movie S6. Demonstration of an ultraflexible swimming robotic sheet negotiating a small gap.
Movie S7. Demonstration of a swimming robotic adhesive sheet.
Movie S8. Demonstration of a swimming robotic oil-skimming sheet.
Movie S9. A buoyancy skin for underwater cup manipulation.
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