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Abstract—Insect-sized (∼100 mg) aerial robots have advan-
tages over larger robots because of their small size, low weight,
and low materials cost. Previous iterations have demonstrated
controlled flight but were difficult to fabricate because they
consisted of many separate parts assembled together and were
also unable to perform locomotion modes besides flight. This
paper presents a new design of a 74 mg flapping-wing robot
that dramatically reduces the number of parts and simplifies
fabrication. The robot also has a lower center of mass, which
allows the robot to additionally land without the need for long
legs, even in case of unstable flight. We also show that the new
design allows for wing-driven ground and air-water interfacial
locomotion, improving the versatility of the robot. During surface
ambulation, forward thrust is generated by increasing the speed
of the upstroke relative to the downstroke of the flapping wings.
Adjusting relative wing stroke amplitudes also allows for steering.
The ability to land and subsequently move along the ground
first presented here allows the robot to negotiate extremely
confined spaces and underneath obstacles. We present results
demonstrating these capabilities, as well as hovering flight and
controlled landing.

Index Terms—Insect-scale Flapping-Wing Robot, Aerial Sys-
tems: Mechanics and Control, Ground Locomotion, Air-Water
Interfacial Locomotion, Micro-fabrication.

I. INTRODUCTION

ROBOTS the size of common insects like a honeybee

(∼100 mg), have the potential for improved performance

relative to larger robots in tasks that benefit from the small

size or large deployment numbers. Examples include gas leak

detection, assisted agriculture or an operation around humans

without impact hazard. Historically, a key challenge for robots

that small, was finding a suitable manufacturing method to

create the necessary sub-millimeter articulated structure and

actuation systems. Additionally, actuators that are in common

use in larger-scale robots, such as the electric motors that

drive the propellers in most quad-rotor style drones, do not

scale down favorably to insect scale in terms of efficiency

or power density [1]. This is because surface area-dependent
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losses such as Coulomb friction and electrical resistance take

on greater importance as scale reduces [2]. Recently, however,

a suitable manufacturing process and actuation technology

were demonstrated that allowed for controlled flights in an

81 mg robot [3]. This robot was built using a diode-pumped

solid-state laser and pin-aligned sheet adhesion to fabricate the

necessary components [4], and was actuated by piezo-driven

flapping wings that emulated the motion of insects [5]–[8].

The mechanism required to convert the actuator motion to

wing motion for generating aerodynamic lift is discussed in

[9], in which transverse bending of wings as observed in insect

flapping is investigated for efficient flapping.

This paper addresses three deficiencies of the basic design

introduced in [3], introducing a new design that makes robot

flies both more versatile and easier to fabricate.

1) Complex fabrication: The insect robot design of [3]

suffers from being very difficult to fabricate because it re-

quires hand assembly of a relatively large number of discrete

components. It also consists of several failure-prone steps.

An alternative was proposed in [4] that reduced the number

of parts by taking inspiration from children’s pop-up books.

A robotic fly design was demonstrated that consisted of a

fabrication step that required actuating a mechanism with

only a single degree of freedom. But this design approach

is complex, requiring 22 layers with many interdependencies

between layers.

2) Difficulty in landing: The work in [3] demonstrating

controlled flight by an 81 mg robot relied on feedback control

of its upright orientation using retro-reflective marker-based

motion capture. When upright, its long axis extends vertically,

raising its center of mass and making it challenging to achieve

a successful landing without toppling over. Successful landings

with that design required leg extensions that nearly doubled

the vehicle’s size [10]. An alternative is to use switchable

electrostatic adhesion [11] for perching and takeoffs on vertical

or overhanging surfaces, but this adds complexity including

a high-voltage source, requires a small amount of additional

power to remain attached. The electrostatic adhesion relies on

a high-voltage difference (1200 V) between the electrodes,

which is significantly different from the 200–300 V needed

by the piezoelectric actuators used to actuate the wings in

this work. This suggests that electrostatic landing requires

incorporating an additional high-voltage source, also adding
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TABLE II
SUMMARY OF DESIGN PARAMETERS OF LEG

Design Parameter Value/Characteristic/Name

Number of legs 3

Cross-section Cylindrical

Material Carbon fiber

Diameter 0.5 mm

Total Length 50 mm

Distance between adjacent legs 15 mm

Hydrophobic Coating Rust-Oleum NeverWet

Contact angle 135o (Fig. 18)

D. Challenges

When the robot tries to take off, it relies on the wing

lift to generate enough thrust to break its contact with the

water surface. Immediately preceding the contact breakage,

the surface tension which pulls the robot back assumes its

maximum value, 2σL. If we assume, in a failed attempt of

take-off, the robot comes to a static position right before the

contact breaks, the meniscus assumes the maximum height.

For the static analysis at this position, we can set the buoyancy

force FB equal to zero as robot legs are at their maximum

height on the water surface. This will reduce the equation of

motion to as in (5).

FL = FW + FC,max (5)

Now, substituting FC,max = 2σL and values of all the

unknowns, we can see that the value of FL corresponds

to 800 mg of force, which is 10 times the weight of the

robot. It is impossible for this insect scale robot to lift off

with an additional load of 9 times its own weight. That

means it has to rely on some external factor to break the

contact with the water surface. This phenomenon can be

attributed to the behavior that has been observed with its

biological counterpart nymphaeae. These insects, as shown in

[21], oscillates in the vertical direction as they generate lift

only in the downstroke; therefore, the meniscus is observed

to be assuming its maximum height during downstroke and

maximum depth during upstroke. As nymphaeae are seen to

be taking off after some time which varies from a fraction of

seconds to a few seconds, once the oscillations assume large

amplitudes and the inertia is large enough to break the surface.

In nymphaeae study, the required lift-to-weight ratio is

observed to be q = 3.4, whereas it is observed to be q ≈ 10

in the case of its robotic counterpart. The transition from

iterfacial flight to airborne flight with the help of induced

oscillations is considered to be out of scope for this paper.

V. POWER CONSUMPTION

The cost of transport (CoT) is a useful metric to compare

different modes of locomotion. CoT is defined as the energy

expense per unit distance traveled, or equivalently the power

required per unit velocity, as shown in Eq. 6. To calculate

CoT for the robot, voltage and current supplied to the bimorph

actuators was measured at a sampling frequency of 10 kHz,

from the voltage and current monitor outputs of the amplifiers

(Trek 2205, Lockport, New York). The instantaneous power

was time averaged over an integer number of wing strokes in

order to compute the average power consumption of the robot.

In order to estimate power requirements for an untethered

robot, we envision a linear half-bridge driver circuit such

as demonstrated in [24], [43]. In comparison to the desktop

amplifiers, the onboard linear actuator driver would add ineffi-

ciency which would increase power requirements above what

we measure for the tethered robot powered by the desktop

amplifiers. Therefore, to estimate the power requirements an

untethered robot, reverse power from the center node of the

parallel-connected bimorph actuator is zeroed when computing

the integral of V, Ir in Eq. 6. This assumption reflects the

reality for linear half-bridge piezo driver methods that during

the part of the wing stroke in which the sinusoidal drive signal

voltage is decreasing, positive charge leaving the center node

of the actuator must be dumped to ground through the transis-

tor elements of the driver, and that energy cannot be recovered

to the high voltage bias rail or back to the boost converter

power source. Alternate driver topologies which are capable of

bidirectional power flow [44] or which implement the energy

recovery discussed in [45], can be somewhat more efficient

than this proposed linear driver, so the power consumption

and CoT computed here provides an upper bound of power

requirements. The integral of the measured voltage V and

current I from the amplifiers represents the lower bound of

predicted power autonomous robot requirements because that

would assume perfect driver efficiency.

Eq. 6 shows the computation of the cost of transport

(CoT ), that is, the energy used per unit distance traveled. The

measured power was integrated over time and divided by the

estimated distance traveled by the robot as measured by the

motion capture system.

CoT =

∫
V Ir dt

S
(6)

Where S is the 3D distance traveled, V is the driving

voltage, and Ir is the measured current.

To measure CoT for ground ambulation, we set the driving

amplitude to 250 V. The results show that the cost of transport

decreases with increasing flapping frequency (Fig. 22). This

is conjectured to be the result of two competing factors: 1)

Electrical input power increases proportionally with driving

frequency f because the actuators are principally a capacitive

load with current I ∝ C dV
dt

; 2) The aerodynamic lift increases

with f2 for the same reason that drag does (Section III).

Therefore, for small frequency increases the robot is expected

to reduce contact friction during ambulatory and water-striding

motion faster than the power requirements increase. Together

these factors suggest an inverse proportionality between CoT

and flapping frequency which is observed in Fig. 22.

Measurements also indicated the trend of decreasing COT

with increasing frequency while the robot was in flight. The

COT was measured in flights traversing 0.2 m as measured by

motion capture while flapping at 140 Hz. The COT for flying

locomotion was ∼ 0.02 mJ/mm, which is ≈ 25× less than the

most efficient ambulation. CoT is not an applicable metric
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maneuverability in any direction while hovering, the RoboFly

is further modified in its newer version: Robofly-expanded

[49], [50]. While maintaining the lowered center of mass, the

actuators’ long axes are now oriented sideways, along the pitch

axis. This further re-orientation reduced the moment of inertia

about the roll axis and improved the pitch control and the

robot’s maneuverability. A demonstration of controlled yaw

motion in Robofly-expanded was reported in [50].

The locomotion of aquatic and semi-aquatic insects can

be characterized using the thrust generating mechanism. The

water surface locomotion shown by RoboFly is similar to most

semiaquatic insects which utilize their hydrophobic legs for

flotation and propulsion. This locomotion is known as water

walking. Water walking insects also rely on surface tension for

flotation as reviewed in [18]–[20]. Future insect-sized robots

can explore other types of water surface locomotion observed

in nature. The locomotion inspired by Marangoni propulsion of

rove beetle and semiaquatic insects like Microvelia and Velia

is reviewed in [20]. In this locomotion, the thrust is generated

by uneven surface tension because of a chemical released by

the insects. Honeybees, when trapped on the water surface,

show a unique type of locomotion referred to as hydrofoiling

locomotion by [51]. Honeybees are seen to be using their

wings as hydrofoils to generate hydrodynamic thrust. Another

interesting locomotion on water surface similar to honeybee’s

hydrofoiling locomotion is the rowing locomotion shown by

the stonefly as reported in [52]. This locomotion makes use

of both hydrodynamic drag as well as aerodynamic lift for

propulsion.

The differential drag generated in the forward direction for

the ground and the water surface locomotion can be estimated

using a quasi-steady simulation of the flapping wings as was

done in [50], [53]. Gravish and Wood in [53] validated these

estimates using a 2-axis force sensor. The simulation can

also be used to estimate the behavior of the forward drag

and vertical lift as functions of the flapping frequency and

amplitude. The legs can be further modified to achieve a more

uniform coefficient of friction, which can be further used to

predict the robot motion better. There are some known effects

of flapping-wing flight [54], including viscosity, added mass,

and the Kramer effect that can be incorporated in the three-

dimensional simulations to accurately estimate the differential

drag.

VII. CONCLUSION

This paper presents a new design with three major con-

tributions to the field of insect-sized robotics. It 1) simplifies

fabrication, 2) allows the robot to perform landing and ground

locomotion, 3) designs legs for the robot to perform water

surface locomotion similar to its biological counterparts.

In the new design, the airframe and transmission are all

folded from a single multi-layer composite sheet. Compared

to previous work, the design presented here represents an

intermediate solution that lies between the many parts of

[3], [29] and the single laminate sheet composed of many

layers of [27] (Table I). We believe this represents a valuable

intermediate between these two extremes because on the one

hand our design with two laminates gains many of the benefits

of pop-up book manufacturing, such as having few parts

and the ability to precision align small components. And on

the other hand, it does not inherit the substantial complexity

imposed by large number of interdependencies among layers.

This reduces the difficulty of design iteration. Furthermore,

we believe our intermediate approach is still amenable to

automated manufacturing, by assuming that some steps will be

performed by small robotic end-effectors. While simplifying

the design by reducing the total number of distinct parts and

improving the accuracy and precision during hand-assembly,

we made sure that the pin joints made of Kapton film in

transmission are identical to its earlier versions.

We showed that the lowered center of gravity of the robot

allows it to land and ambulate along the ground including

steering, in addition to flight. It was able to land consistently

under feedback control and it was even able to land upright

from an unstable open-loop flight. The cost of transport was

found to be substantially higher than that of free-flight, so this

mode of locomotion is better suited to precise motions, such

as to precisely position a sensor. We additionally showed that

ground ambulation can allow our robot to reach new places

that are not accessible through flight, such as moving under

a typical door. This represents a capability to negotiate an

obstacle that heretofore exclusively the domain of the most

adept ground robots, and impossible with air robots.

We also demonstrated another locomotive capability of the

robot where it can, with the help of a set of three small

horizontal legs, land on water surface and perform a waterlily

beetle-like locomotion along the surface.

Our robot’s multi-modal locomotion capabilities resemble

those of larger robots. For example, [55] developed a larger

bio-inspired robot (393 g, 72 cm) capable gliding flight as well

as the ability to ambulate by rotating its ailerons. [56] devel-

oped a bio-inspired micro-vehicle (100 g, 30.5 cm) capable

of performing aerial locomotion using wings and terrestrial

locomotion using whegs. Similarly, [57] developed a bipedal

ornithopter (11.4 g, 28 cm) with flapping wings for aerial

locomotion and rotary legs for terrestrial locomotion. A 30 g

robot took an approach similar to our robot by using the four

propellers of its flight apparatus to steer its motion. These were

used to steer a simple walking mechanism that was capable of

moving in only one direction [58]. To our knowledge this work

represents the first example of locomotion capability with three

different modes at insect-scale.

A set of actuated legs for ground surface locomotion are

used in other micro-robots such as the HAMR [59]. A minia-

turized version of HAMR, the 22.5 mm long HAMR-Jr [60],

demonstrated ground speed of nearly 14 body-lengths/second.

HAMR recently demonstrated water locomotion both below

and above the water surface and robustly managed the transi-

tion [15]. Even in miniaturized form, such quadrupedal robots

require eight distinct actuators compared to RoboFly’s two ac-

tuators, which manifests in the 320 mg weight compared to the

74 mg weight of RoboFly. While demonstrably more capable

of handling uneven terrain, the weight of articulated leg mech-

anisms precludes flight in HAMR and HAMR-Jr. RoboFly’s

strategy for navigating uneven terrain or disturbances to the
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water surface is fundamentally different: instead of dextrous

ground or surface maneuvers, it is capable of brief hops or

full flight above such obstacles. While flight is the primary

locomotion mode of RoboFly, this work demonstrates three

types of locomotion solely utilizing the vertical propulsion

mechanism.

The capability of landing will allow the robot to perform

intermittent flights. This will be useful for providing power

to the robot. For example, the robot could more easily collect

power from a laser because the laser would not have to follow

it [24], [61], [62], or from magnetic resonance coupling, as

has previously been demonstrated on a ground robot in [63].

Furthermore, landing will be necessary for the robot to collect

energy from ambient energy sources such as indoor light or

radio frequency signals such as WiFi [64] or cellular. In the

case of energy harvesting from aeroelastic flutter [65], ground

locomotion may be needed to position the robot in the flow.

While these sources tend to be very minute and therefore

insufficient to power larger robots, they may be enough to

power the RoboFly for a reasonable fraction of the time, if it

can land and charge between flights. The horizontal design of

this work facilitates the attachment of power electronics [24]

and sensors such as ultralight cameras [25].
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