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Fig. 3. Simulations and experiments of robot swimming stability. (A) Simulation of the robot center of mass motion when it is driven at 11 Hz. The color scale
represents vehicle speed and has units of millimeter per second. The flapping frequency is 11 Hz. (B) Robot center of mass velocity. (C) Robot body rotation. f, q, and y
represent the body yaw, pitch, and roll motion, respectively. (A to C) Results of the same simulation. (D) Composite image of an unstable swimming robot operating at 5 Hz.
(E) This robot experiences notable body pitching (14.8°) when it flaps wings at 5 Hz. (F) Composite image of an upright stable robot ascending to the water surface. (G) The
robot pitching amplitude reduces to 9.4° when swimming frequency increases to 11 Hz. Scale bars, 1 cm (D to G). (H) Simulation results of wing stroke (a) and pitch (b)
amplitude and relative phase (d) as functions of flapping frequency. (I) Experimental and simulation comparison of robot pitch amplitude as a function of flapping frequency.
(J) Experimental and simulation comparison of robot ascent speed as a function of flapping frequency. (H to J) Red and blue colors distinguish regions that are either stable or
unstable, respectively. Both experiments and simulations show that the robot is unstable when the flapping frequency is lower than 9 Hz.
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water (Fig. 3, D and E, and movie S5). When flapping frequency
increased to 11 Hz, the robot ascended to the water surface (Fig. 3F),
and its body pitch amplitude reduced notably (Fig. 3G). This observation
supports the model prediction. To quantify the robot body oscillation,
we extracted the body kinematics from the recorded videos. (Details and
examples of the tracking method can be found in text S6.)

To explore the influence of flapping frequency on robot swimming
stability, we repeated the simulations with frequencies in the range of
1 to 30 Hz. Figure 3 (H to J) shows robot pitching and ascending
speed as functions of frequency. The definition of pitch stability is given
in text S7. A simulation terminates if the robot state violates the stability
conditions, and the corresponding frequency is colored blue. If the
simulation satisfies the stability conditions, then the corresponding fre-
quency is colored red. Figure 3H illustrates the wing stroke and pitch
kinematics. (The definition and illustration of wing stroke, pitch, and
phase shift are available in text S5.) The red curve shows that the wing
stroke amplitude reduced as the frequency increased. The green curve
shows that the wing pitching remained nearly constant. The blue curve
shows that the relative phase shift increased as driving frequency
increased. The effects of frequency increase and stroke amplitude de-
crease on lift production approximately cancel each other out. The in-
crease in phase shift implies that the lift force is reduced at high flapping
frequencies (16).

Body pitching and robot ascending speed are decreasing functions of
frequency (Fig. 3, I and J). These simulations show that there are two
competing effects influencing robot aquatic locomotion. At low flap-
ping frequencies, large body rotations destabilize the vehicle; at high
frequencies, large phase shifts between the wing stroke and pitch kine-
matics reduce lift. These simulations show that the robot becomes stable
at high frequencies, but the mean lift force and maximum ascending
speed decrease (Fig. 3J) due to unfavorable flapping kinematics. To cor-
roborate the simulation results, we conducted experiments by driving
the previous robot design in the range of 5 to 15Hz. In these experiments,
the robot’s actuators failed at frequencies greater than 15 Hz (due to ex-
cess stress on the piezoceramic caused by the increased loading). Our
simulation results agree well with experimental measurements of the
maximum ascending speed, body pitch amplitude, and stability con-
ditions (Fig. 3, I and J, and movie S6). In summary, the robot becomes
passively upright stable at appropriate frequencies due to damping on the
robot body and body-wing coupling. For the previous robot design, the
lowest stable swimming frequency is almost twice that of the system
resonance (resonance refers to the frequency corresponding to the largest
wing stroke motion). As a consequence of driving the actuator beyond
the resonant frequency, the actuator lifetime is severely reduced. The
phase difference between the actuator tip motion and the wing flapping
motion grows markedly beyond resonance. As a consequence, the actu-
ator experiences large stress, and this leads to cracking of the actuators. In
the new robot design, we aimed to ensure robot swimming stability at the
system resonant frequency. These experiments and simulations offer im-
portant guidelines for the new vehicle design. Achieving passive stability
during swimming is important for our experiments because the current
infrared-based motion-tracking system does not operate in water due to
refraction. Consequently, all swimming experiments were conducted
open-loop without feedback control, and the robot must maintain
passive stability. For future aquatic flapping-wing robots that are
equipped with attitude and position feedback, achieving passive stability
is still beneficial to reduce the cost of sensing and control.

Our simulation and experimental results suggest that the appropri-
ate swimming frequencies are in the range of 9 to 13 Hz. To achieve
Chen et al., Sci. Robot. 2, eaao5619 (2017) 25 October 2017
such flapping frequency in water, the robot aerial flapping frequency
needs to be increased to 220 to 300 Hz. On the basis of a scaling rela-
tion between frequencies and wing size (21), we reduced wing area by
40% to accommodate the required increase of flapping frequency. In
addition, the simulation further suggests that robot body pitching can
be reduced by increasing moment of inertia along the pitch axis and
lowering the body center of mass. These findings were incorporated
into the new vehicle design to improve stability and water-to-air tran-
sition capability. The gas collection chamber and sparking plates were
placed below the robot center of mass; the frontal area served to increase
body damping, and the distribution of mass away from the pitch axis
increased the pitch inertia.

We conducted swimming experiments using the new robot design
to demonstrate vehicle stability. In accordance with our prediction, the
resonant frequencywasmeasured to be about 9Hz. Figure S2Ademon-
strates that the robot swam stably toward the water surface at 20 mm/s.
The robot sank passively to the aquarium bottom when it was switched
off. Figure S2B further shows that at the resonant frequency, the robot
experienced small body pitching, which is notably smaller than that
of the old design (Fig. 3E). Unlike the previous robot design, which
suffered from short actuator lifetime due to operating at twice the robot
resonant frequency in water, the new design was able to maintain
upright stability when operating at its resonant frequency in water.
We further conducted swimming experiments by varying the driving
frequency from 7 to 11 Hz. The robot swims stably to the water surface
for frequencies larger than 7 Hz. At 7 Hz, the robot is unable to lift off
due to insufficient lift. In the following sections, all simulations, mea-
surements, and experiments were done using the improved robot de-
sign to investigate air-to-water and water-to-air transitions.

Surface tension effects on air-to-water and
water-to-air transitions
Surface tension imposes extreme difficulties on air-water transitions for
mobile objects at themillimeter scale.Whereas impact forces from large
diving objects (22–24) can easily break the water surface, water entry for
millimeter-scale objects is difficult because surface tension is compara-
ble with vehicle weight. To take off from the water surface, the robot
must overcome surface tension and gravity while maintaining upright
stability.We quantified the surface tension effects on our robot and pro-
posed strategies for air-to-water and water-to-air transitions.

To quantify the surface tension effect on water entry and takeoff, we
mounted the robot on a capacitive force sensor (Fig. 4A). The robot was
lowered into or pulled out of water at a constant speed of 0.2 mm/s.We
conducted experiments using either soapywater or tapwater and quan-
tified the effects of the surfactant. Instead of coating the robot with sur-
factant, we put three to five drops of Joy liquid detergent in about 200ml
of tap water.

First, we lowered a robot that was completely dry into soapy water
andmeasured the corresponding forces (Fig. 4B). The robot experienced
an upward buoyant force as it was lowered into water. In addition, de-
formation of the water surface caused an upward surface tension force
during water entry. The net buoyant force is given by the sum of con-
tributions from the robot body, the sealed buoyant chambers, and the air
trapped in the gas collection chamber:

Fbouy ¼ Fb;robot þ 4rwgVc þ rwgVg ð1Þ

In this equation, rw is the water density, Vc is the small chamber
volume, and Vg is the volume of trapped air. Without any trapped air
5 of 11
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(Vg = 0), the net buoyancy force was estimated to be about 1.1 mN. For
the case of lowering a dry robot into soapywater, wemeasured themax-
imum force of 1.8 mN. The net force after the robot fully submerged is
1.3 mN, which implies that 20mm3 of air is trapped in the gas chamber
or the robot body.

The experiment was repeated with a wetted robot (Fig. 4B). A thin
film of water covered the micro-openings and trapped air during water
entry. The maximum measured force was 6 mN, which implies that
490 mm3 of air was trapped in the gas chamber or the robot body. The
red colored region in Fig. 4B shows the amount of captured gas due to
covering of the micro-openings. Next, we lowered a wetted robot into
tap water and observed a substantial increase in surface tension. The
maximum force for tap water entry is 11 mN (Fig. 4C). The net buoy-
Chen et al., Sci. Robot. 2, eaao5619 (2017) 25 October 2017
ancy force on trapped air, small buoyant outriggers, and the robot body
sum to 7.6mN,which implies that surface tension is about 3.4mN in tap
water. These experiments suggest that themicro-openings are necessary
to reduce trapped air and enable water entry. The Bond number—the
ratio of the robot weight to surface tension—is a convenient metric to
assess whether the robot will penetrate the water surface or not.Without
a surfactant (soap), the Bond number is 0.7, which prohibits direct air-
to-water transition. With the addition of soap, the Bond number in-
creases to 2, which indicates that direct transition is possible.

To demonstrate water entry, we coated the robot balance beams
and air frame with surfactant and conducted a number of freefall tests
under different heights (movie S2) and configurations (fig. S3). Movie
S2 shows that the robot can break the water surface when it falls from
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Fig. 4. Robot surface tension experiments. (A) Illustration of the experimental setup. The robot is mounted on a capacitive force sensor and is slowly lowered into
water or pulled out of water. (B) Force trace when the robot is lowered into soapy water. (C) Force trace as the robot is lowered into tap water. (D) Picture of the robot
and force trace immediately before one of its balance beams (red circle) pops out of the water surface. (E) Picture of the robot and force trace immediately after one of
its balance beams (red circle) pops out of the water surface. (D) and (E) are taken 0.33 s apart. (F) Force trace as the robot is pulled out of soapy water. (G) Force trace as
the robot is pulled out of tap water. Scale bars, 1 cm (A, D, and E).
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between 2 and 10 cm above the water surface. Without applying sur-
factant, the robot cannot break the water surface. Figure S3 shows suc-
cessful robot water entry when it lands from different orientations.

Next, we measured the forces on the robot as it was pulled out of
water. As the balance beams emerged from the water surface, a thin
water film formed and stretched to the free surface (red circled re-
gion of Fig. 4D). This thin film collapsed as the robot continued to
rise, and consequently each balance beam popped out of the water
(Fig. 4E). This motion is captured by the discontinuities in the force
plots (Fig. 4, D to G, and movie S7). The magnitudes of these dis-
continuities quantified the surface tension forces on the balance beams
and the chamber. In soapy water, the corresponding forces were 1.3
and 1.4 mN (Fig. 4F). We repeated the experiment in tap water (Fig.
4G) and measured 3.6- and 4.4-mN force on balance beam and cham-
ber, respectively.

We modeled the surface tension forces using the formula (25) Fs≈
2gL, where g is the surface tension coefficient and L is the wetted
length. This equation assumes that the floating object is a one-
dimensional thin wire. In soapy water, we estimated the surface ten-
sion forces on a balance beam and the chamber to be 1.2 and 2.0 mN,
respectively. In tap water, the forces increase to 3.6 and 6.0 mN due to
a larger g. The estimates agree well with balance beam measurements
but overpredict the force on the chamber. The discrepancy is largely
contributed by the chamber corners because they do not satisfy the
one-dimensional assumption.

The robot has four balance beams and one gas collection chamber.
In soapy water and tap water, the total surface forces on these compo-
nents are 6.6 and 18.8 mN, respectively. This result suggests that direct
liftoff from the water surface is infeasible, because a previous work (26)
reports a maximum lift of 3.1 mN. In the next section, we describe en-
ergetic impulsive mechanisms that enable the water-to-air transition.

Water-to-air transition strategy
To achieve a water-to-air transition, our robot uses a two-step process:
gradual surfacing of its wings followed by impulsive takeoff. Upon
reaching thewater surface, the electrolytic plates convertwater into oxy-
hydrogen. Although the gas collection chamber has micro-openings on
its top plate, it can still capture the produced gas through surface tension
effects. (An extended discussion on micro-opening radius influence on
gas collection is given in text S2 and fig. S4.) The gradually increasing
buoyant force of the system gently pushes the robot’s wings out of the
water. In this process, surface tension on the balance beams maintains
the robot’s upright stability (see text S2 and fig. S5, E and F). This ap-
proach protects the delicate wings and transmission from high drag
forces experienced upon impulsive transition to air. The second step
generates an impulse that breaks the water surface. Previously devel-
oped impulsive takeoff methods involved either a fast push off from
the water surface (19, 27) or chemical reaction–based jet propulsion
(11). Because of limited payload, our robot requires a novel method
for repeatable takeoff. Here, the robot uses reverse electrolysis to acquire
energy for takeoff. Compared with other chemical-based propulsion,
this method is repeatable and has benign reaction by-products.

The robot prepares for impulsive takeoff after its wings completely
emerge from the water. At this time, the gas chamber is filled with oxy-
hydrogen that contains sufficient energy to break the water surface. The
robot switches off its electrolytic plates and briefly flaps its wings to re-
move water residue. Next, a 250-V pulsed signal (Fig. 5A) is sent to the
sparker plate, and corona discharge is generated within the 20-mm gap
between the sparker plate electrodes. We found that the ignition energy
Chen et al., Sci. Robot. 2, eaao5619 (2017) 25 October 2017
is about 0.2 mJ by measuring the corresponding current and pulse du-
ration (Fig. 5A). The detonation of oxyhydrogen (28) immediately
increased pressure within the gas chamber (Fig. 5B). This detonation
completed within 1ms, broke the water surface, and exerted an upward
impulse on the robot. The average upward force generated within the
first millisecond was between 7.5 and 9 N, resulting in a device thrust-
to-weight ratio of 19,000 to 23,000.Without themicro-openings, exces-
sive detonation pressure damaged the chamber, balance beams, and
robot wings (Fig. 5C). The robot without micro-openings took off at
3.4 m/s and experienced large body rotation (Fig. 5D). In contrast,
the presence ofmicro-openings reducedmaximumpressure by 3.4 times
and widened the initial pressure pulse width by 39% (Fig. 5B), thereby
minimizing structural damage. The chamber with micro-openings
experienced a smaller pressure rise (Fig. 5B) by releasing gas through
its openings (Fig. 5C). These micro-openings further reduced the ro-
bot’s takeoff speed and body rotation (fig. S6, D and E). With the
micro-openings, the robot took off at 1.8 m/s and the robot was un-
damaged. The balance beams stabilized the takeoff via surface tension
and viscous shear. Consequently, the robot experienced only small body
rotation during takeoff (Fig. 5D and movie S8). (An extended discus-
sion of themicro-opening influence on takeoff is available in text S4 and
figs. S6 and S7.)

Robot landing and post-takeoff flight
Because of motion-tracking limitations, we cannot implement feedback
control for impulsive water surface takeoff. The current Vicon motion-
tracking system uses infrared strobe illumination to capture the motion
of reflectivemarkers attached to the robot. This system needs to operate
in a dark arenawithout reflective surfaces.Water refracts infrared radia-
tion and creates very large tracking noise, making optical tracking in-
feasible. Instead, the robot passively lands after takeoff (Fig. 2F). By
extracting images from movie S4, we measured the maximum jump
height to be 37 cm.

We defined a successful landing as the case when the robot lands
upright on a surface. The probability of successful landing is dependent
on the landing surface. We dropped the robot from 35 cm above differ-
ent surfaces and repeated the experiment 10 times. On pretensioned
nylon cloth, the robot successfully landed 60% of the time. However,
the success rate dropped to 10% on stainless steel surfaces. These results
show that landing success rate is substantially higher on elastic surfaces.
Pretensioned nylon cloth absorbed the landing impact, and there was
very small subsequent bounce. The bounce magnitude notably increased
on rigid steel surfaces and reduced the landing success rate. This exper-
iment suggests that future robot designs may benefit from introducing
compliance to the landing legs or from designs that passively orient the
robot while on land.

To verify system repeatability, we conducted a number of static tests
and flight experiments after impulsive takeoff and landing. In most
experiments, the robot experienced no visual damage after transitioning
from water to land. (Detailed statistics of impulsive takeoff are given in
text S4.) The robot was dried naturally, and it was first tested statically
without any mechanical modification after the explosion. Figure S8
compares the flapping kinematics of the robot operating at 265 Hz
before and after impulsive takeoff. The robot left and right wing stroke
amplitudes before explosion were measured to be 37.5° and 36°, respec-
tively. The robot left and right wing stroke amplitudes after explosion
were measured to be 40° and 36°, respectively. This comparison shows
that the robot can generate similar flapping kinematics, which implies
that its lift capability remains similar.
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Furthermore, we show that the robot is capable of demonstrating
open-loop takeoff after explosion. Figure S9 compares the takeoff dem-
onstration of the robot before and after explosion. For open-loop
takeoff, we only turn on the robot for 0.3 s (~100 flapping periods), be-
cause without control the robotmay experience large body rotation and
its wings may collide with the safety tether. After explosion, the robot
can still lift off with an average acceleration of 20 cm/s2. This implies
that the robot can generate a mean lift force larger than its weight after
the impulsive takeoff.

To achieve similar hovering performance, we performed additional
wing hinge pairing, open-loop trimming, and closed-loop control
parameter identification, because the explosion created small changes
to the robot structure. This tuning process was only required for
hovering flight and was a regular procedure that was frequently done
between flight trials. Details of the tuning procedure are given in
Materials and Methods. For cases that involve small visual damages
(e.g., lost of a leg or a buoyant outrigger), the robot is also capable of
Chen et al., Sci. Robot. 2, eaao5619 (2017) 25 October 2017
hovering after affixing the component and tuning. This implies that
the impulsive takeoff does not cause critical damage to the robot’s main
structure or actuators. However, it creates small changes to the
operating condition such that tuning is needed to demonstrate hovering.
Tuning the operating condition is something that could in the future be
achieved autonomously through either adaptive control or iterative
learning techniques.
DISCUSSION
Our presentation of a hybrid aerial-aquatic, flapping-wing microrobot
includes (i) a detailed analysis of the observation on robot passive
upright swimming stability in water, (ii) the challenges and benefits im-
posed by water surface tension onmillimeter-scale robots, (iii) a discus-
sion of mesoscale device design, and (iv) an impulsive water-to-air
transition method. The observation that a flapping-wing vehicle can
be passively stabilized in water can be generalized to larger, traditional
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robots. Flapping-wing locomotion in aerial and aquatic environments
does not place constraints on vehicle size and weight. Flapping-wing
design has a number of favorable features over traditional fixed wing
and rotorcraft vehicles. For fixed wing aerial vehicles, aquatic locomo-
tion can be inefficient because of large frictional drag on the airfoil sur-
face. For rotorcrafts, the vehicle needs to tilt by 90° (12), and this
configuration induces large form drag because of the large exposed
frontal area. Furthermore, aerial and aquatic propellers have distinc-
tively different shapes because of the difference in fluid properties. An
aerial propeller can cause cavitation in water when it rotates at high
speeds. In contrast, efficient flapping propulsion in water and air does
not require changes to wing planform (18).

Although previous works consider surface tension and demonstrate
either water surface walking (29) or jumping (19), none addressed the
challenges of air-to-water and water-to-air transition at this scale. We
developed a number of mesoscale devices and features that take advan-
tage of surface tension. For instance, the balance beams use surface ten-
sion to stabilize the robot on the water surface in preparation for
impulsive takeoff. The gas collection chamber uses surface tension
effects to capture gas despite the presence of micro-openings on its
top plate. Meanwhile, microrobots need to fight against surface tension
during these transitions. Surface tension can be reduced by coating the
robot with a surfactant for water entry, and it is overcome during water
surface takeoff through an impulsive method. Future aquatic micro-
robots may use surface tension to achieve a variety of interesting appli-
cations. For instance, surface tension effects may be used to adhere to
underwater surfaces or to control surface tension magnitude to either
move on the water surface or transition into water.

Our multifunctional microrobot adapts to multiple environments.
Traditionally, microrobots have limited functionalities because of con-
strained payload (14, 30). To address this challenge, we developed
multifunctional mesoscale devices and demonstrated multimodal lo-
comotion strategies. For instance, the micro-openings (Fig. 1F) on
the robot chamber top plate serve multiple functions. When the robot
is dry, air within the chamber exits through themicro-openings, reducing
buoyancy and facilitating the air-water transition.When the robot is wet,
thin films of water cover the micro-openings due to surface tension. The
gas collection chamber can then generate and capture gas once fully
submerged in water. Upon combustion-based takeoff, these micro-
openings enable excess gas pressure to escape, preventing structural
damage during detonation. In addition, the multimodal locomotive
strategy allows the robot to use one set of actuation to move in different
environments. This robot is an example of bioinspired engineering, but
it is also representative of capabilities that go beyond what nature can
achieve. Although examples of insects that can perform a water-to-air
transition exist (e.g., whirligig beetle family), none can do so impulsively,
largely because of the power density constraints on theirmusculoskeletal
system and the dominance of surface tension at these scales.

Next-step challenges
Our robot cannot yet demonstrate flight immediately upon impulsive
takeoff because of the lack of onboard state estimation sensors and
limitations in our current motion-tracking system. To enable airborne
takeoff from the water surface, future studies will need to incorporate
onboard sensors for fast attitude and position feedback. The current
takeoff speed is about four times the maximum robot flight speed, and
the robot stays aloft for 0.5 s before landing. We estimate that a motion-
tracking system of comparable accuracy needs to operate around 1 kHz
for attitude feedback. Furthermore, low-latency controllers need to
Chen et al., Sci. Robot. 2, eaao5619 (2017) 25 October 2017
compensate for disturbances from the impulsive takeoff, water residue,
local wind gusts, etc. About 30 to 45 mg of water residue add to the
vehicle payload. Although this additional payload is within the current
vehicle’s maximum liftoff capacity, the water residue may offset the ro-
bot center of mass and adversely affect hovering. To account for the
water residue, we estimate that a future vehicle needs 30 mg of addi-
tional payload capacity and ±0.1 mNm of torque capability for pitch and
roll control.
MATERIALS AND METHODS
Robot fabrication
The robot body and wings are fabricated through processes developed
in a previous study (31). Robot actuator, transmission, and wing
planform are redesigned on the basis of recent results (26) to increase
flapping frequency and maximum lift. Each robot half weighs 45 mg.
The weight of each component is detailed in table S1.

The gas chamber consists of five rectangular, planar laminates.
The top piece is made from 50-mm titanium sheet laminated with
12.7-mm polyimide. It is patterned with a rectangular array (39 × 12)
of circular holes with 34-mm radius. The four side pieces are made of
100-mm carbon fiber laminated with 12.7-mm polyimide. The bottom
face is left open for gas collection. The chamber is assembled using
tab-and-slot features to ensure precision and strength. The assembled
chamber is glued using Loctite 60 Minute Epoxy. The chamber weighs
33 mg and has dimensions of 14 mm × 6.7 mm × 4.9 mm.

Each balance beam consists of two 50-mm titanium pieces. These are
assembled manually to form a T-beam using tab-and-slot assembly.
Each balance beam is 25 mm long, 400 mm wide, and 400 mm tall and
weighs 2 mg.

Each buoyant outrigger has dimensions of 2.5 mm × 2.5 mm ×
1mmand attaches to the tip of the balance beam. The buoyant outrigger
consists of three carbon fiber and polyimide laminated pieces: square top
and bottom pieces and a foldable side piece. The foldable side piece is
manually folded along compliant flexures. Then, the top and square
pieces are assembled using tab-and-slot features. Last, the box is sealed
using CA glue (Loctite 416).

The sparker plate consists of 150-mm copper clad FR-4 (glass-
reinforced epoxy laminate sheet) and 25-mm stainless steel laminated
layers. FR-4 provides structural support, the copper serves as a soldering
pad and sparker material, and the stainless steel is used for electrolysis.
The sparker plate has three functional parts: a shared ground, a low
voltage plate for electrolysis, and a high voltage copper plate for generat-
ing sparks. Tether wires are soldered on copper pads, which connect to
corresponding stainless steel plates via conductive epoxy. The sparker
plate weighs 6.5 mg.

Copper is a favorable sparker material because of higher thermal
conductivity. Figure S1 (A and B) compares new stainless steel sparker
tips and shorted sparker tips. The stainless steel sparker tips fused
together after three ignitions, and we observed noticeable discoloration
(fig. S1B). In contrast, the copper sparker can ignite over 40 times.

In contrast, the electrolytic plates are made of stainless steel because
copper anodes easily oxidize in water. Figure S1 compares new copper
plates (fig. S1C) and oxidized plates (fig. S1D) after 120 s of use. Figure
S1E further highlights an oxidized anode. Consequently, we chose stain-
less steel as the anode material. The stainless steel electrolytic plates can
operate for more than 600 s without severe oxidization.

Last, all of the robot componentswere assembled. Four 160-mm-thick
carbon fiber struts securely connected the two robot halves (Fig. 1C).
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Then, four balance beams were inserted into the slots on connection
pieces. Next, each buoyant outrigger was attached to a balance beam.
Then, the gas collection chamber was inserted between the robot halves
(Fig. 1C). The sparker plate was installed to the bottom of the gas collec-
tion chamber. Before conducting flight tests, we applied liquid surfactant
(Joy liquid detergent) on the robot balance beams, airframe, and gas
collection chamber using a microbrush. The robot dried naturally in
24 hours. The addedmass from the surfactant was less than 1mg, and it
did not affect flight or swimming capabilities. To avoid spreading sur-
factant to water, future studies should consider nondissolving hydro-
phobic coatings.

Aerial experiment setup
We conducted the robot hovering demonstration using an existing
setup (14). The closed-loop controller was modified from a previous
study (8). During the hovering experiment, we attached a safety tether
to the top of the robot to prevent crash landing after flight. To achieve
good hovering flight, the robot needed to be mechanically tuned. This
was a frequent procedure that took place between flight experiments,
and the controller parameters were also updated in the process.

The mechanical tuning procedure is as follows: (i) statically flap
the robot near the resonant frequency (265 Hz) to see whether system
resonance slightly shifts, (ii) adjust robot wings and wing hinges for
pairing (this refers to offsetting the wing attachment to account for the
slight asymmetry in the left and right wings; this mechanical tuning
minimizes the torque asymmetry generated by the two wings), and
(iii) perform a number of open-loop flights for choosing the controller
parameters (such as torque bias and mapping from input voltage sig-
nal to compensating torque amplitude).

Aquatic experiment setup
Robot swimming experiments were conducted in a 30 cm × 15 cm
× 15 cm aquarium (fig. S10A). An open-loop controller commanded
the flapping frequency and amplitude through the robot’s tether. The
robot’s swimming kinematics were filmed using a Phantom v7.10 color
camera. The scenewas illuminated by a light-emitting diode (LED) array.

Robot takeoff and landing experiments were conducted in a beaker
of radius 7.5 cm (fig. S10B). A prestretched nylon cloth was placed at
the water level as the landing surface. We filmed the robot takeoff
using a Phantom v7.10 color camera and a v7.3 black and white camera.
The scene was illuminated by a VIC 900590P LED array. We used
a Kistler 601B1 pressure sensor to measure the detonation pressure
upon ignition.
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