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Abstract— Several insect species are able to locomote across
the air-water interface by leveraging surface tension to remain
above the water surface. A subset of these insects, such as
the stonefly and waterlily beetle, flap their wings to actively
move around the two dimensional surface — a locomotion
strategy referred to as interfacial flight. Here, we present
an insect-scale robot, the γ-bot, inspired by these interfacial
fliers. The robot is comprised of a flapping-wing vehicle that
generates a thrust force parallel to the water surface, and
three passive legs utilize surface tension to support the body
mass and maintain contact with the air-water interface. We
developed and validated a simple model to characterize the
drag forces acting on the vehicle and estimate the robot’s
velocity. This 112mg robot can reach maximum velocities of
0.9m s−1 (corresponding to 15BL s−1) and can initiate both
left and right turns, demonstrating high maneuverability along
the air-water interface. In addition, the robot can carry an
additional 419mg, enabling future sensing, control, and power
autonomous operation.

I. INTRODUCTION

The water-air interface provides unique opportunities for
mm-scale locomotion. Surface tension, the force per length
acting on the contact line between a floating body and the
water-air interface, dominates over inertial forces at mm-
scales, enabling small objects to stick to the surface. This
relationship is described by the Baudoin number [1], Ba =
mg/γP , where mg is the object’s weight and γP is the
maximum surface tension force. Insects with Ba < 1, like
water striders and fishing spiders, can remain at the interface
without active locomotion strategies, their legs provide long
contact lines with the surface, increasing surface tension
relative to their low mass [1]–[4]. Thus, insects can remain
at the water interface with very low energy consumption
compared to other aerial and aquatic animals that need to
constantly flap their appendages to remain at on the surface.
In order to move along the interface, these insects generate
surface waves, imparting momentum to the water to generate
locomotion. Honeybees, when trapped on the water surface,
use their wings as hydrofoils, generating asymmetric waves
to achieve thrust [5]. Stoneflies and waterlily beetles perform
interfacial flight, where the insect’s body weight is supported
by surface tension, and flapping wings generate propulsion
along the water’s surface [6]. Water striders use a sculling
motion in their middle appendages to generate the power
stroke along the water [7].

Using these semi-aquatic insects for inspiration, roboticists
have developed a number of high-performance micro-aquatic
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Fig. 1. The 112mg γ-bot. A flapping wing robot that can generate
propulsion along the air-water interface. a) Perspective view of the robot.
The wingspan is 3.6cm, and the overall dimensions of the robot are
5.8cm×3.6cm×2.1cm. b) Interfacial flight demonstration.

vehicles (MAVs). Robots have demonstrated rowing [7]–
[10], walking [11]–[16], jumping [17], capillary climb-
ing [18], and Marangoni propulsion [19]–[21] to locomote
across the air-water interface at up to 2BL s−1(body length
per second). Recently, robots have generated propulsion
through flapping-wing flight along the water surface [22],
[23]. With a single piezoelectric actuator, the 165mg robot
presented in [22] operated at 280V and 105Hz to generate
forward propulsion at 3BL s−1 and could support loads up
to 830mg. The single actuator limits the operating range of
the vehicle because it cannot generate asymmetric forces to
turn the vehicle. The RoboFly has also recently demonstrated
interfacial flight capabilities. The 100mg robot can initiate
turns and travel at more than 1.4BL s−1 while flapping at
35Hz [23].

Adding to this growing field of interfacial flying robots,
our γ-bot (seen in Fig. 1a) generates propulsion through
flapping wings and maintains contact with the air-water
interface using three supporting legs. Two piezoelectric ac-
tuators independently drive each wing, enabling asymmetric
force production around the center of mass. The robot is
capable of performing straight line locomotion (as seen in
Fig. 1b), as well as turning left and right. Our 112mg robot
achieves speeds up to 0.9m s−1, or 15BL s−1, five times
faster than the current state of the art [22]. Because of our
ability to generate high speed horizontal locomotion, it is
important to characterize the forces that act on the vehicle,
including aerodynamic drag on the body, water drag, added
mass of the water, and the capillary drag at higher speeds
(>0.23m s−1) [24]. In addition, our leg design supports an
additional 419mg for future autonomy experiments. The
paper is divided into the following sections: Section II details
the robot design and manufacturing of the legs, Section
III defines the forces acting on the vehicle and presents
a simplified model for straight-line locomotion, Section
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Fig. 2. Overview of the chassis design and leg mold. a) The chassis
fabrication process starting from a 2D laminate to a 3D structure that houses
the legs. b) assembled chassis with legs, before attachment to the airframe.
Total mass is 37mg. c) Chassis attachment location to the robot airframe
(underside of the vehicle). d) 3D printed leg shaping mold.

IV characterizes the robot’s performance and validates the
model, Section V describes additional robot capabilities for
future experiments.

II. ROBOT DESIGN

Our robot incorporates the flapping-wing vehicle described
in [25]. The selection of transmission and wing hinge stiff-
nesses were experimentally characterized to ensure proper
flapping kinematics at resonance (described in Section IV).
To support the weight of the vehicle and minimize drag
force during horizontal locomotion, we explored various leg
designs, described in detail below.

A. Chassis design and manufacturing

The chassis is a simple hinge structure that mates the
legs to the airframe of the vehicle. This additional structure
enables quick attachment and detachment of the legs, allow-
ing us to iterate through multiple leg designs and ensure
consistent attachment. We manufactured the chassis using
the smart composite microstructures (SCM) process [26]
that creates 3D structures from 2D laminates by folding at
flexible joints (see Fig. 2a). To minimize weight, we selected
carbon fiber as our structural element (3-ply QA112, 78 µm
thickness, Toho Tenax) and polyimide as our flexural layer
(100HN Kapton, 25.4 µm). These layers were bonded to-
gether using heat-activated adhesive (Pyralux 1500, 12.7 µm,
Dupont). We patterned individual layers using a UV laser
with 20 µm precision (Protolaser U4, LPKF), pin-aligned and
cured under temperature and pressure. After releasing the
parts from the laminate, the chassis was folded and fixed
using cyanoacrylate glue (Loctite 416). We can then insert
the legs into the chassis using pre-patterned guides. The

chassis then attaches to the airframe, locking the structure
in place with UV glue, see Fig. 2c.

B. Leg design and manufacturing

The legs of the robot play an important role when moving
on the interface — they should be relatively light and stiff to
support the weight of the vehicle, but easy to form. Previous
insect-scale robots that operate on the water surface use a
variety of materials for the legs, including Nitinol [17] to
store energy and jump from the water surface, carbon fiber
to minimize mass in a multimodal vehicle [23], and tita-
nium alloy [22]. Additionally, hydrophobic coatings increase
surface tension, and thus enable larger robot payloads. For
our robot, we selected aluminum wire (1100 aluminum wire,
D =0.33mm, McMaster-Carr) because it is easy to shape
at room temperature.

We designed 3D-printed (i3, PRUSA) molds to bend the
aluminum wire to the desired shape, as seen in Fig. 2d. We
added an additional 3◦ to the curve of the leg to compensate
for the springback of the aluminum wire when released from
the mold [27]. We included FR4 locators to guide the leg into
the chassis and distribute force during assembly to prevent
the legs from being forced out of the desired shape. Finally,
we coated the legs in a superhydrophobic material (Ultra-
Ever Dry, UltraTech International Inc.) to increase the contact
angle with the water surface [22], [23].

To match similar semi-aquatic insects, we want Ba ≈
0.2 [6]. With a vehicle mass of approximately 110mg, the
maximum wetted length, P , needs to be 57mm. The shape
of the curve is a function of the total length and the height of
the meniscus. We selected a height of approximately 4.5mm,
to ensure that we achieve maximum surface tension force
before the meniscus breaks. In addition, rounded legs have a
linear relationship between surface tension force and height
of the meniscus, simplifying control in future work [17].
Finally, we needed to ensure that distal tip of the leg extended
above the surface of the water to not break the meniscus
when driving the robot at high speeds. The final design
incorporated three legs, one in front of the vehicle and two
behind, stabilizing the vehicle during high speed skating
maneuvers and minimizing water drag and steering friction
to increase velocity and execute turns. The final robot can
be seen in Fig. 1.

III. MODELING AND VEHICLE DYNAMICS

During interfacial flight, reaction forces on the body
include horizontal air drag (FD,body), horizontal capillary
drag (Fc), vertical and horizontal water drag (FD,leg), as well
as vertical and horizontal surface tension (Fs,X ,Fs,Y ) [28].
Because the γ-bot’s body angle is parallel with the water
surface, it generates thrust primarily in the horizontal x-
direction (see Fig. 3 for a depiction of the planar dynamic
model). Neglecting asymmetric forces on the wings and
assuming minimal angular velocities in forward locomotion,
we can reduce the linear momentum balance equation to the
sum of the forces in the x-direction:

mẌ ≃ Fthrust − FD,leg − Fc − Fs,X − FD,body. (1)
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In the vertical direction, the mass of the robot (mr) is
balanced by the surface tension force, mrg = Fs, Y (h).
We neglect contributions from buoyant force, as Ba < 1.
In the following subsections, we detail our equations and
assumptions for each component of these force equations.

A. Surface Tension
In the vertical direction, we can model the aluminum legs

as cylinders floating on a liquid-gas interface. As demon-
strated in [17], [29], the surface tension force of the leg
equation becomes:
Fs,Y (h)

N
=

∫
fs,Y (h)dLs ≈

∫
2ρwglch

√
1− (h/2lc)2dLs,

(2)
where fs(h) is the vertical surface tension force per unit
of wetted length, ρw is water density, g is the gravitational
acceleration, lc =

√
γ/(ρwg) is the capillary length of

water [30], and h is the immersed depth of the meniscus.
As can be seen in this equation, the surface tension is both a
function of the wetted length of the legs Ls, and the height,
h of the dimple. While an increase in the wetted length
increases the magnitude of the surface tension force, and thus
the total payload that the robot can carry, it also increases the
amount of drag force acting on the vehicle as it is moving
along the water’s surface, as described later in this section.

During locomotion, the contact angles at the front and rear
of the legs (α1 and α2) will vary, and the meniscus at the rear
part of the leg extends from ψ1 to ψ2, as shown in the inset of
Fig. 3. We assume that the contact angle varies linearly from
the front to the rear part of the leg and employ the method of
infinitesimals to compute the difference in surface tension.
Fs,X(ψ)

N
=

∫
fs,XdLs =

∫ ψ2

ψ1

2γ cosα(ψ)dRL sinψ,

(3)
where cosα(ψ) =slope ratio·(ψ−ψ2)+cosα1, slope ratio=
(cosα2− cosα1)/(ψ1−ψ2), and RL is the curvature of leg
as shown in Fig 3.

B. Aerodynamic Drag
Aerodynamic drag acts on the wings and body of the

vehicle as it moves above the water surface. As seen in [6],
we can model the aerodynamic drag FD,body for interfacial
fliers as follows:

FD,body =
1

2
ρairCD,bodyπb1b2v

2
x, (4)

where ρair is the density of air, CD,body is the coefficient of
drag, b1 and b2 are the major and minor axes of the ellipse
from the aft position of the robot, and vx is the instantaneous
speed along the x-axis. For our robot, we use CD,body =
1.5, which is the typical coefficient of drag on the body
in air for similar-sized interfacial fliers in a low Reynolds
number regime, Re ≈ O(10 − 100) [1], [31]. We quantify
the Reynolds number Re = UD/νair, U is the instantaneous
speed of the robot (estimated to be between 0.01m s−1 to
1.3m s−1 [1], [6], [32]), D is the characteristic length of
the legs (aluminimum wire diameter, 0.33mm), and νa is
the kinematic viscosity of air. Furthermore, we define b1 =
28× 10−3 m and b2 = 8× 10−3 m.

sL

top view

Fig. 3. 2D schematic representation of the dynamics for flapping wing
interfacial locomotion

C. Water Drag

On the water’s surface, the robot has a Reynolds number
of approximately 30-160 (substituting the kinematic viscosity
of air for water). In this regime, we consider the quasi-steady
state water drag at low Reynolds number:

FD,leg = N · 1
2
ρwCD,legDLsv

2
x, (5)

where N is the number of legs and CD,leg is water drag
coefficient. The value of the drag coefficient, CD,leg , can
vary depending on several factors such as the fluid material,
the shape of the object, the flow regime (laminar or turbu-
lent), and other physical conditions. To determine the drag
coefficient, we modeled our rounded legs as a yawed, finite
aspect ratio cylinder with an angle of inclination of 23◦,
based on the shape of our legs. From previous results [33],
cylinders with large aspect ratios (L/D = 20) in a low
Reynolds number regime (Re < 40) have a resulting drag
coefficient, CD,leg = 1.55.

D. Additional Forces

As the robot generates momentum on the water’s surface,
the resulting capillary wave produces a drag force on the
robot [30]. As the robot leg R ≪ H ≪ lc and the speed
exceeds and closes the capillary wave velocity threshold
(cmin =0.23m s−1), the capillary wave drag increases with
increasing leg speed, according to the dipolar approximation
[24]:

Fc ≃ N · ρwc2minlc
√

vx
cmin

− 1 ·D ·H(vx − cmin), (6)

where cmin = (4gγ/ρw)
1/4 [24], and H() is the Heaviside

function.
We can also consider the force of the added mass of the

water as the robot accelerates: Fi = miai, where the added
mass is defined as, mi = πρw(D/2)

2(N · Ls).
Given these representations, we can see that the water drag

has a significantly larger effect than the air drag on the body
FD,body/FD,leg ∼ 5 × 10−2, the force contributed by the
added mass of the water Fi/FD,leg ∼ 5×10−3, the capillary
force Fc/FD,leg ∼ 5× 10−2, and the surface tension in the
horizontal direction Fs,X/FD,leg ∼ 5× 10−2.
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IV. MODEL VALIDATION

We ran a number of experiments to validate the force rela-
tionships presented in the previous section. In the horizontal
direction, we characterized the velocity of the vehicle in two
distinct regimes. First, as the robot is generating thrust, the
velocity should asymptotically increase with time. Second,
when the robot stops flapping its wings, the robot’s velocity
should asymptotically decay due to the effect of water drag
and capillary forces. In the vertical direction, we quantified
the surface tension force in relation to the height of the
meniscus, and validated our simple force balance.

A. Thrust Force

In order to validate the force balance in Eq. 1 and
characterize the robot’s velocity, we need to quantify the
thrust force that the robot can generate. Similar to the method
described in [34], we perform open-loop flight tests and
measure the peak and mean accelerations (α) of the robot
during free flight: Fthrust = m(α+ g) + FD,body.

First, we performed static tests on the robot to determine
the resonant frequency and operating condition to achieve
flapping kinematics similar to those described in [25]. In
these tests, the robot is rigidly fixed, and high voltage
(< 200V), time-varying signals were supplied by a real-
time target machine (Speedgoat) and high voltage amplifiers
(PZD350A, Trek Amplifiers) through a thin, 52-gauge wire
tether to the robot. We recorded the flapping kinematics
using high speed video (VEO 710, Phantom). We observed
resonant behavior of the flapping wings at an operating
condition of 150V and 165Hz, similar to results presented
in [25]. The robot (without legs) was then positioned in a
flight arena, hung above the ground using kevlar thread at a
distance greater than 3× wingspan to avoid ground reaction
forces [35]. Both the kevlar thread and wire tether impart
minimal torques on the robot in free flight [36].

High speed video captured at 7500 fps recorded the
position of the robot during flight. We used the vi-
sion.PointTracker toolbox in MATLAB, defining the bound-
ary tracking box of the robot in the frame and collecting the
displacement data of the centroids. A third-order polynomial
Savitzky-Golay smoothing filter eliminated tracking noise
and a low-pass Butterworth filter at 25Hz (the first peak
of the raw velocity data) derived the mean acceleration. The
vehicle has a maximum thrust force of 139mg, with a mean
thrust force of 134mg.

B. Open-loop Operation on the Water Surface

In order to characterize the dynamic behavior of the γ-
bot, we needed to record the position of the robot during
interfacial flight tests. We built a clear acrylic tank 29 cm in
length, corresponding to 5 body lengths of the robot. At the
start of the experiment, we positioned the robot at one end
of the tank and ensured the wire tether had sufficient slack to
prevent the addition of external forces and torques. Using the
experimental setup described above, we tracked the position
of the robot during short t =∼ 1 s experiments, where the
robot flaps its wings for t = 0.4 − 0.5 s, increasing in
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Fig. 4. Horizontal velocity characterization. a) Robot is driven with a
constant signal of 150V and 165Hz, weighing 208 mg. The predicted
velocity during the drive phase “full signal on” and the passive phase
“signal off” are shown in dashed lines with different models (as described in
Sect. IV-B). Experimental results (mean and standard deviation) are shown
in the yellow, red, and blue traces (colors correspond to leg spacing; see
legend). b) Repeated experiment to a) with the robot weighing 304 mg.
c,d) Bottom view and side view of the flight experiment. Robot weighs
304 mg. As the skates, ripples are generated by the legs with measured
contact angles, and the meniscus loses contact with the rear part of each
leg. e,f) Stills from a flight experiment. Robot weighs 208 mg and has a leg
spacing of 38 mm. As the robot generates thrust, the wave tunnel generated
by the front leg intersects the meniscus of the back leg (brown arrows).

velocity until reaching a steady state, and then stops flapping
to glide with decreasing speed. We quantified the velocity
and displacement of the robot for two maximum velocity
conditions to verify the accuracy of our model. To vary
velocity while keeping thrust force constant, we added small
weights to the vehicle to increase the depth of the meniscus,
increasing the drag forces on the robot and lowering the
maximum velocity. Figure 4a shows the results for a 208mg
robot, while Fig. 4b shows the results for a 304mg robot.
For each operating condition, we drove the robot a total of
three times with the same drive signal, and Fig. 4a,b plot
the mean and standard deviation of velocity with respect to
time.

To increase the lifetime of the piezoelectric actuators,
we prescribe a short period at the start and end of the
experiments for the drive signal to ramp to the desired
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voltage [37]. During these periods, the robot is able to
generate some velocity, but because we do not have accurate
thrust force measurements at these conditions, we neglect
these time periods in our model predictions and only consider
instances when the wings are flapping at either maximum
drive amplitude (150 V) or the minimum amplitude (0 V).

The plots show good prediction of robot behavior while
the robot is actively moving across the water’s surface and
when it is gliding. While the robot is flapping its wings,
we predict an asymptotic increase in velocity, see Fig. 4a,b
dashed lines. The green dashed line represents the full
dynamic model of Eq. 1. We experimentally measured the
contact angles (α1 and α2) in Eq. 3 as well as the wetted
length (Ls) in Eq. 5 using high speed videography, shown in
Fig. 4c,d. The wetted length shortens during operation due to
the meniscus separating from the leg. Based on the previous
section, water drag has a larger effect on performance
compared to surface tension and capillary force by at least
two orders of magnitude. A simplified model, without the
effects of Fs,X and Fc, is shown in the orange dashed line,
which slightly overestimates the measured velocity profile
due to the shortened wetted length. The black dashed line
represents a further simplification, using the predicted wetted
length of the leg instead of experimentally measured value,
eliminating the need to measure the shortened meniscus. In
the glide phase, Eq. 1 we can eliminate the effects of air drag
on the wings, isolating the drag contributions imparted by
the water interface. We plotted the predicted velocity profile
(purple dashed line), which aligns with the experimentally
collected data.

For the lighter vehicle in Fig. 4a, we observe a second
increase in velocity, which we predict is due to the back
legs moving through a low pressure tunnel created by the
front leg, see Fig. 4e,f. Similar effects can be observed in
schools of fish [38]. To elucidate this effect, we modified
the positions of the back legs, varying the distance between
the legs from 29 mm to 38 mm. As can be seen in Fig. 4a,
as the legs increase in width closer to the position of the
low pressure tunnel, the robot’s velocity begins to increase
earlier, and deviates more sharply from the predicted steady
state condition. Future work intends to model this effect in
more detail.

C. Payload capacity

Equation 2 relates the height of the meniscus with the
resultant force from surface tension. We can therefore quan-
tify the total payload that the robot is able to carry before
breaking the meniscus. Increased payload capacity will allow
for future untethered operation, providing additional support
for sensors, drive electronics, and control systems. The model
prediction is plotted in Fig. 5a (purple). As can be seen in
Fig. 5b, we utilized a 30.2 cm carbon fiber rod to amplify the
measured torque of a 6-axis force sensor (Nano17 Titanium,
ATI) to measure the total payload capacity. After static
calibration, we attached the carbon fiber rod to the robot’s
center of mass, ensuring that the vertical surface tension was
evenly distributed across the robot’s legs. We obtained the
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Fig. 5. Surface tension force with respect to leg meniscus depth. a)
Model results (purple solid line) and experiment data (green solid line). The
maximum static weight supported by the meniscus = 647 mg, the maximum
weight for the dynamic case was 566 mg. b) Experimental setup.
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Fig. 6. Peak velocity of robot. a) The robot’s linear displacement on the
water surface. b) The linear velocity on the water interface.

height of the meniscus by adjusting the XYZ stage (PT3,
Thorlabs). The experimental results are plotted in green
in Fig. 5a. The maximum vehicle weight that the current
design can support is 647mg total mass, slightly less than
the predicted maximum of 707mg. This discrepancy was
also seen in [17], as the real contact length decreases with
the deformation of the water surface, decreasing the actual
surface tension acting on the robot.

V. ROBOT DEMONSTRATIONS

In addition to validating the physical model, we wanted to
demonstrate robot performance in terms of maximum speed,
turning angle, and payload while flapping. Payload during
dynamic operation is a critical metric, as the wings and
body oscillations will generate ripples on the water’s surface
effecting the height of the meniscus.

A. Robot Velocity

To quantify the maximum robot velocity, we drove γ-
bot at the resonant frequency with zero additional payload,
minimizing the height of the meniscus and thus decreasing
water drag. As can be seen in Fig. 6, γ-bot reaches steady
state velocity of 0.9m s−1 around t = 0.2 s. Before the end
of the experiment, γ-bot reached the restraining wall at the
end of the tank and sharply decreased in velocity during the
ramp down period.
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Fig. 7. Steering experiment. a) Right turn, left and right actuators driven at
150V and 100V, respectively, at 165Hz. b) Left turn, left, and right actuators
driven at 80V and 150V, respectively, at 165Hz. c) Trajectories of steering
experiments, straight (gray), right turn (yellow), left turn (green).

In addition to quantifying maximum velocity, we ran the
γ-bot under various operating conditions, lowering the drive
voltage from 150V to 60V. At 60V, the robot can still
generate momentum and travel across the water surface at
1.5BL/s. For future autonomous operation, lowering the
drive voltage is an essential aspect to increase the efficiency
of the power electronics.

B. Steering

By providing asymmetric forces to the wings, we can
generate a net torque around the robot’s center of mass
to initiate turns. Steering increases the workspace of the
robot, allowing it to locomote to any destination in the 2D
plane. We generated asymmetric forces by commanding drive
signals of different amplitudes to the left and right wings.
Driving the left wing at 150V and the right wing at 100V
created a larger thrust force on the left side of the center
of mass, resulting in a right turn in approximately 0.32 s,
as seen in Fig. 7a. By driving the left wing at 80V and the
right wing at 150V, we can initiate a left turn in 0.4 s, as
seen in Fig. 7b. The discrepancy in drive voltage is due to
slight variations between the robot halves during assembly.
While not modeled in Sect. III, we can demonstrate that
the robot is able to overcome additional drag forces along
the horizontal length of the leg (not just the cross-sectional
diameter). Trajectories in the 2D plane can be seen in Fig. 7c.

C. Payload during Interfacial Flight

When the robot flaps its wings, the thrust force period-
ically moves from below the vehicle to above the vehicle
as the wings move through the full flapping amplitude. This
results in periodic waves on the water surface as the robot’s
body oscillates, disturbing the meniscus, and increasing the
likelihood that the distal tip breaks the air-water interface.
This is exacerbated by the narrowing of the meniscus at
high payloads, as seen in Fig. 8a. Additionally, Fig. 8b
demonstrates that the meniscus on the back legs is smaller
than on the front, minimizing the expected amount of surface
tension force. In our experiments (represented in Fig. 8c-f),

meniscus
1 cm

c d

e f

t = 0 s t = 0.4 s

t = 0.24 s

meniscus 
breaks

t = 0 s

meniscus 

a

b

t = 0.13s

Fig. 8. Meniscus with critical body weight. a) Top view of the meniscus
with a 566mg robot, diagram of the meniscus edges on top of the leg
(inset). b) The side view of meniscus during operation. c,d) Still shots (top
view) of a successful interfacial flight at 531mg as total mass. e,f) Still
shots (top view) of an unsuccessful interfacial flight at 566mg as total
mass, the meniscus breaks at the start of the test.

we observed that the robot can carry a total weight of 419mg
without breaking the water surface. At 454mg payload, the
meniscus ruptures and the legs enter the water.

VI. CONCLUSION AND FUTURE WORK

We developed a novel robotic platform, the γ-bot, a
112 mg robot that exploits surface tension to remain on
the water surface and generate thrust force with flapping
wings, a locomotion strategy known as interfacial flight. By
orienting the thrust vector parallel to the water’s surface, we
can generate large steady-state velocities up to 0.9m s−1.
By independently driving the wings, we can initiate turns,
increasing the workspace of the vehicle for future operations.
The design of the legs resulted in a surface tension force
that supports an additional 419mg onboard the vehicle for
future autonomy experiments. We presented a simple one-
dimensional model for horizontal velocity, and validated our
assumptions across multiple operating conditions.

In future, we will integrate mm-scale drive electronics to
autonomously power the vehicle [34], [39]. We will explore
the vehicle’s design space (e.g., shape and length of leg,
wing size, flapping frequency, and flapping amplitude) to
decrease cost of transport and increase the efficiency of
power electronics. Because the robot passively rests on the
water surface, we can explore intermittent flight strategies to
conserve power, where periods of passive gliding are inter-
spersed with active periods of interfacial flight. In an effort
to move this platform out of the laboratory environment, we
will also characterize mm-scale sensing and control strategies
to integrate onto a lightweight embedded system.
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