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Abstract— Efforts to engineer insect-sized (∼100 mg) robots
are motivated by their potential advantages relative to larger
robots, such as greater deployment numbers at the same cost.
Previous iterations have demonstrated controlled flight, but
were limited in terms of locomotion capabilities outside of flight.
They also consisted of many parts, making them difficult to
fabricate. Here we present a re-design that lowers the center
of mass, allowing the robot to additionally land without the
need for long legs. Furthermore, we show that the new design
allows for wing-driven ground locomotion. This is achieved by
varying the speed of downstroke relative to the upstroke of the
flapping wings, which also allows for steering. By landing and
subsequently moving along the ground, the robot can negotiate
extremely confined spaces and underneath obstacles, as well as
navigate to precise locations for sensing operations. The new
design also drastically reduces the number of parts, simplifying
fabrication. We describe the new design in detail and present
results demonstrating these capabilities, as well as feedbackstabilized flights.

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 small
size or large deployment numbers. Examples include gas
leak detection, assisted agriculture, or 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 actuate 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 losses such as coulomb friction and electrical
resistance take on a greater importance as scale reduces
[2]. Recently, however, a suitable manufacturing process
and actuation technology was 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].
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 as in the left
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Fig. 1. The redesigned system: University of Washington RoboFly. Each
wing measures 13 mm in length and is driven by a separate piezoelectric
cantilever actuator. By extending the actuators forward and aft, the center
of mass is positioned near the base of the wing pair so that there is no net
torque during flight. The entire robot weighs 74 mg. The tip of a standard
pencil is shown in the background for scale.

Fig. 2. The U. Washington RoboFly has a low center of mass that allows
for a greater diversity of locomotion capability including flight, landing and
ground ambulation. (left) In the previous design, a high center of mass
precluded landing without long, cumbersome leg extensions. (right) the
RoboFly’s lowered center of mass removes this limitation.

image of Fig. 2, 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, and is
not required for ground-based landings.
The insect robot design of [3] also suffers from being
very difficult to fabricate because it requires hand assembly
of a relatively large number of discrete components. It also
consists of a number of 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
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Fig. 3. (a) An exploded view of the layup before curing. (b) Layup during the curing process under predetermined pressure and temperature. (c) Cured
laminate after initial release cuts, with magnified sectional view showing the transmission portion. (d) Side view of the folded transmission showing the
relative position of the actuator.

Fig. 4. Folding and actuator insertion post-cure. (a) the laminate in its
scaffolding after the transmission component has been folded downward.
(b) The scaffolding is cut from the airframe, and the remaining folds are
performed. (c) and (d) show two different views of the airframe once an
actuator is added.

First, our design has a lower center of gravity. This
facilitates landing on the ground, and furthermore we show
that it is also possible for the robot to use its wings to push
itself along the ground once landed. The difference relative
to the previous design [3], [12] is illustrated in Fig. 2. By
re-using the wings to power ground locomotion, we are able
to avoid the additional complexity and weight of a separate
walking mechanism.
Second, our design introduces a fabrication process in
which the basic wing actuation unit to be composed of a
single laminate, simplifying fabrication relative to earlier
designs.
In section II, we introduce the new design and its fabrication. Multi-modal locomotion capabilities that include
ground locomotion, takeoff and landing are discussed in section III. Power consumption for the newly developed ground
locomotion capability and flight is discussed in section IV.
II. DESIGN AND FABRICATION

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.
This paper describes a new design of an insect-sized flying
robot, which we call the University of Washington RoboFly
(Fig. 1), that is intended to overcome the deficiencies of
previous designs described above.

Our design re-orients the piezo actuators relative to the
transmission, so that they extend horizontally as in Fig. 1.
The new orientation of the piezo actuators allows for a much
lowered center of gravity without causing pitch or rolling
torques.
Our design also simplifies fabrication by combining the
airframe, transmission, and actuator attachment hardware
into a single laminate sheet. In the previous design that flew
[3], these were many separate parts. Combining these into
a single laminate reduces the number of discrete parts and
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Fig. 5. Diagram of the mechanism of piezoelectric cantilever actuation
of the wings. The piezo actuator drives large-amplitude wing motion
through small strain changes. The piezo actuator is configured as a bimorph
cantilever, consisting of a carbon fiber layer sandwiched between top and
bottom piezo sheets. The top surface of the bimorph is charged to a constant
high voltage, while the bottom surface is tied to ground per “simultaneous
drive” configuration. An alternating signal is connected to the middle layer,
providing an alternating electric field in the piezo material. This produces
alternating small strains through the reverse piezoelectric effect, which
is manifested as motion at the tip of the cantilever. A microfabricated
transmission amplifies these tip motions into large (∼ 90 deg) wing motions.
This diagram shows the mechanism as seen from above; motion of the wings
causes airflow downward, into the page.
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Fig. 6. The addition of a second harmonic signal causes a differential
stroke speed. (top) The sinusoidal drive signal to the wings and the second
harmonic at 0.3 times the fundamental amplitude. (bottom) The sum of the
two signals.

8)

facilitates fabrication during prototyping. Many design features and alignment steps can be built into the design of the
laminate. For example, the laminate consists of castellated
folds [13] that impose a precise rotation axis, and mechanical
interlocks that can constrain folds to a specific angle.
The laminate is machined and assembled using the following steps:
1) Two carbon fiber composites are laser machined with
different features using a diode-pumped solid-state frequency tripled Nd:Yag laser with 355 nm wavelength
(PhotoMachining, Inc.) to create the top and bottom
layers.
2) A modified acrylic adhesive (FR1500 Pyralux) is laser
cut to match the respective carbon fiber layer features
and is then used to bond flexible inner layers of the
multilayer design.
3) A layer of 12.5-micron polyimide film (Kapton) is
laser cut and is placed between the two adhesive layers.
4) Polished stainless steel pins align these layers and
ensure that the features are placed correctly.
5) The layup as shown in Fig. 3(a) is cured in a heat press
at predetermined temperatures and pressures: 200◦ C;
ramp up at 1000◦ C/min; 70 psi as in Fig. 3(b).
6) The layup is placed back in the laser system where it
is re-aligned rotationally and in translation relative to
the beam. Release cuts are machined as necessary.
7) The transmission is folded and glued with cyanoacrylate adhesive as in Fig. 3(c). The resulting shape
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can be seen from the side in Fig. 3(d) and from the
top in Fig. 4(a).
The rest of the body is then laser cut to release from
scaffolding as in Fig. 4(b).
An actuator is then carefully placed and glued down
in the slots provided on the airframe, as shown in Fig.
4(c, d).
A wing is glued to a wing hinge, and the assembly is
then glued to the transmission. The wing hinge acts
as a connector between the transmission and the wing,
and allows the angle of attack to change passively [12].
Two of these half-fly assemblies are glued together at
the middle on a specially-designed mating surface to
complete one full RoboFly.
30-micron diameter carbon fiber rods are glued to the
static surface of the transmission and at the front and
back extremes of the body to form the legs.
A wire bundle consisting of four 51-gauge insulated
copper wire is then carefully soldered onto the actuators’ bases to complete the electronic connections.
III. MULTI-MODAL LOCOMOTION

The design presented here aims to develop a robot capable
of intermittent flights. To do so, the robot must be capable
of performing successful takeoffs and landings. In order to
achieve the goal, there are three areas of motion that need
to be addressed— ground locomotion, takeoff and landing.
A. Ground Locomotion
The RoboFly has a set of four passive legs as shown in
Fig. 1. The front and the rear ends have one leg each, and
the center section has two legs. This configuration is chosen
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Fig. 7.

Without a steering command, the robot moves forward over the ground (progress is denoted by black arrow at bottom)

Fig. 8. (left) Ground locomotion allows the robot to navigate under aerial obstacles. (right) The robot is shown ambulating under a closed door, which
would not be possible by flying.

Fig. 9. Ground locomotion velocity increases with increasing signal amplitude and flapping frequency. For comparison, liftoff occurs at approximately
140 Hz.

to balance the need for a stable platform and fabrication
simplicity.
Ground locomotion is performed by flapping the wings
at a lower frequency than is needed for takeoff. The stroke
amplitude remains the same for ground locomotion as flight
and is determined by the amplitude of the drive signal
voltage as can be visualized in Figs. 5, 6. By adding a
second harmonic at double the frequency, so that either the
downstroke or upstroke is faster (Fig. 6), the robot is made
to move forward or backward. For example, forward motion
occurs when the signal to the wings drives them rapidly

Fig. 10. A top view of ground locomotion and steering. Steering can be
performed by driving the wings with unequal signals. Thickness of the
arrows corresponds to the stroke speed. Here, the rearward stroke is faster
than the forward stroke, causing forward motion.

backwards. A similar mechanism was proposed to induce
torques about a vertical or yaw axis in [3].
It was hypothesized that this motion is due to the robot
momentarily exceeding coulomb friction during the fast
period of the wing stroke. To determine whether this motion
was primarily driven by inertial or by aerodynamic forces, an
experiment was performed in which the wings were replaced
by carbon rods with identical mass and moment of inertia.
In these and all subsequent locomotion experiments, the
piezo actuators were driven by a desktop computer running
Simulink Real-Time (MathWorks, Natick, MA, USA) and
amplified using three high voltage amplifiers (Trek 2205,
Lockport, New York). One amplifier supplies the DC ‘bias’
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(a) T=250 ms
Fig. 11.

(b) T=500 ms

(c) T=750 ms

(d) T=1000 ms

(e) T=1250 ms

The RoboFly turns right by 90◦ . A pencil tip is shown in the background for scale.

signal to both actuators; the other two amplifiers each supply
the separate sinusoidal drive signals to the two wings. When
supplied with various different driving signals that moved
the robot when it was equipped with wings, it was observed
that the robot equipped with carbon rods did not move
significantly from its initial position. This indicates that the
forces causing the ground locomotion are mainly due to the
aerodynamic drag acting on the wings. To understand why
this should be so, we note that the Reynolds’ number of
the wing is approximately 3000 [14], that is, dominated by
inertial forces. This indicates that drag is proportional to
the square of the wing velocity according to fd = 12 CD ρAv2 ,
where CD is the aerodynamic drag coefficient, ρ is the air
density, A is the frontal area of the wing, and v is the velocity
of the wing. Therefore, a faster wingstroke with a higher v
will produce higher drag than a slow stroke.
Ground locomotion along a straight line is demonstrated in
Fig. 7 and the supplementary video [15]. Photographs at intermediate time instances in the evolution are overlaid using
transparency. The wings were flapped at 70 Hz at maximum
amplitude (250 V), well below the frequency needed to take
flight. Similarly, a ground ambulation that allows the robot
to navigate under a closed door is demonstrated in Fig. 8
and the video [15].
To determine how the driving signal affects locomotion,
the RoboFly was driven in the forward direction with a range
of different voltages and frequencies as shown in Fig. 9.
Resulting displacements were measured with a ruler, and the
speed was calculated by dividing by the time taken. The
results show that robot velocity increases with increasing
flapping frequency and amplitude. We conjecture that the
large velocity increases that occur at different amplitudes
are the result of the robot overcoming coulomb friction at
a critical phase of wing flapping. The small increase from
225 V to 250 V is likely attributable to the small resulting
additional stroke amplitude.
Steering is performed by varying the signals given to each
flapping wing independently. To steer the body to the left, the
left wing is flapped at a reduced drive signal amplitude than
the right wing, as depicted in Fig. 10. The rate of rotation is
determined by the relative drive signal amplitude difference
in the two wings. A sharp turn can be achieved by keeping
one wing stationary while the other wing flaps. The extreme
continuation of this would be the yaw about the vertical axis
passing through the center of the body, for which the wings

are flapped 180◦ out of phase. A continuous range of turn
angles can be achieved by modulating the difference between
left and right wing drive signals.
Fig. 11 and the supplementary video [15] show that the
robot is able to steer its motion, in addition to moving
forward. Here, the wings were flapped at 70 Hz as above, but
the left wing was flapped with larger drive signal amplitude
(250 V) whereas the right wing was flapped at a lower value
(200 V). Similarly, the robot was made to steer left with
these amplitudes reversed, as well as move backwards.
B. Takeoff and Flight
Frames taken from a clip of a controlled takeoff (included
in the supplementary video [15]) are presented in Fig. 12.
In this video, feedback from a retroreflective marker-based
camera motion capture system (Model Prime13, OptiTrack,
Inc., Salem, OR) was used to stabilize attitude. Using a
model of the robot fly consisting of the predicted thrust
from the wings as estimated from its mass, the length of
the wings, and estimated moments of inertia, control inputs
were abstracted to desired angular accelerations ax and ay
about its body x− and y− axes, respectively. Roll torque
is actuated through differential thrust and pitch torque is
actuated by changing the mean stroke angle, as in [3]. Prior to
this controlled flight, the robot was hand-trimmed by adding
baseline pitch and roll torque commands to overcome any
bias that occurred as a result of manufacturing irregularity.
This was performed by observing the flight in high-speed
video and iteratively applying compensatory torques until
the robot flew approximately vertically in open loop. The
control law simply added rotational damping, which provided
upright stability as in [16]:
ax

= kd ω̂x

ay

= kd ω̂y ,

where ω̂x and ω̂y are the x- and y components of the
angular velocity vector as estimated by motion capture. Yaw
motion was not controlled. The feedback gain kd was tuned
experimentally to balance instability (caused by latency in
the feedback loop) against the need to maximize damping. A
value of -30 was found to give good results. The wings were
flapped at 140 Hz with a 250 V amplitude (peak-to-peak).
The RoboFly can be seen taking off without any significant
change in pitch and roll orientations. The altitude in this case
is approximately 5 cm.
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Fig. 14. The cost of transport (COT ), the energy expended per unit distance
traveled, decreases with increasing drive frequency f .

IV. POWER CONSUMPTION

Fig. 12. A short flight in which the robot is kept upright by controlling
roll and pitch orientations with the help of feedback from a motion capture
arena. The robot is subject to a small yaw bias torque that caused it to rotate
leftward in this video. Frames are captured at 50 ms intervals.

The voltage and current to the bimorph actuators was
measured at a sampling frequency of 10 kHz, from the current measurement port of the amplifiers. 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 as they
would be for an onboard driver circuit implementation such
as demonstrated in [17] which does not utilize the energy
recovery mechanisms discussed in [18], reverse power from
the center node of the bimorph actuator is zeroed in this
work. This modeling assumption reflects the realistic reality
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 (in the conventional current sense)
must be dumped to ground and cannot be recovered to the
high voltage bias rail.
Eq. 1 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.
R

Fig. 13.

V Ir dt
(1)
S
Where S is the 3D distance traveled, V is the driving
voltage, and I is the measured current.
In these experiments, the driving amplitude was 250 V.
The results show that the cost of transport decreases with
increasing flapping frequency (Fig. 14). 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 f 2 for the same reason that drag does (Section III).
Therefore, as frequency increases, the robot is expected to
spend proportionally less of its time in physical contact with
the surface, reducing friction losses. Together these factors
suggest a dependence of COT on frequency, as observed.
Measurements also indicated that the trend of decreasing
COT with increasing frequency continued when the robot
was in flight. The COT was measured in flights traversing
0.2 m as measured by motion capture while flapping at
COT =

A demonstration of open-loop takeoff and landing

C. Landing
The third objective of this work is to achieve successful
landing, which must be robust and repeatable in order to
achieve intermittent flights. This is facilitated by our robot’s
low center of mass (Fig. 2). Lowered center of mass helps
in preventing the robot body from toppling. We were able to
achieve multiple successful landings under open loop control
as demonstrated in Fig. 13 and the supplementary video [15].
For these flights, as above, the wings were flapped at 140 Hz
and 250 V drive signal amplitude. To demonstrate robustness
of landing, the robot was flown in open loop, so that it did not
always land level. In future work, we expect that a feedbackstabilized robot that remains level, as was demonstrated in
the takeoff flight shown in Fig. 12, will allow for repeatable
landings. Once landed on the ground, the robot is positioned
to easily undertake the next desired locomotion task.
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140 Hz. The COT for flying locomotion was ∼ 0.02 mJ/mm,
which is ∼ 25× less than the most efficient ambulation.
V. FUTURE WORK
Leg design can be improved by minimizing friction and
by the addition of shock absorption to improve the resilience
of the robot. Minimizing friction would improve the overground COT discussed in Section IV, and reduce disturbances
while moving over irregular terrain.
Alternative locomotion modes such as jumping should be
evaluated. Hopping locomotion can be quite efficient due to
advantageous scaling effects as robot size and weight are
reduced [19], although additional weight and complicated
hopping mechanisms are ill suited to honeybee-sized flying
robots as discussed in Section III. Fei in [20] demonstrates
bio-inspired jumping mechanisms and discusses the dynamics and optimization.
Ground locomotion may be improved by adopting a
different control signal architecture at low-frequency. This
work uses a 2-component Fourier basis to cause differential
stroke speed and achieve the ground locomotion as shown
in Fig. 6, but the attainable difference in speed between
upstroke and downstroke is limited as frequency decreases.
A higher-order approximation would not have this limitation
because a waveform similar to a ‘sawtooth’ (but still smooth
so as to not damage the actuator) would allow reducing the
frequency f while still executing a very fast wing stroke in
one direction.
It is also important to investigate the underlying mechanisms of the ground locomotion demonstrated here. Although
inertial dynamics of the flapping motion were experimentally
determined to be less significant than the aerodynamic drag
acting on the wings (Section III), there is still uncertainty
as to the role of vibratory mechanisms in the ground locomotion. If vibratory mechanism is significant, then the feet
could be redesigned to exploit this; e.g. directional spines
could serve to selectively favor a direction of motion.
VI. CONCLUSIONS
This paper presents a new design with two major contributions to the field of insect-sized robotics. It simplifies
fabrication, and allows the robot to perform landing and
ground locomotion in addition to flight without cumbersome
leg extensions.
In the new design, the airframe and transmission are all
folded from a single laminate sheet. Compared to previous
work, the design presented here represents an intermediate
solution that lies between the many parts of [3], [12] and
the single laminate sheet composed of many layers of [13]
(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,

# Layers:
# Distinct Parts:

Ma [3]

Sreetharan [13]

This work

5
14

22
1

7
8

TABLE I. Comparison of number of layers and discrete parts required in
different construction methods for creating insect-sized flying robots. Our
design balances layer number and complexity and parts count to facilitate
more rapid design evolution and prototyping while retaining the superior
alignment characteristics of the multilayer designs. (Legs for support are
not counted.)

we believe our intermediate approach is still amenable to
automated manufacturing, by assuming that some steps will
be performed by small robotic end-effectors.
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. 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.
Our robot’s multi-modal locomotion capabilities resemble
those of larger robots. For example, [21] developed a larger
bio-inspired robot (393 g, 72 cm) capable gliding flight as
well as the ability to ambulate by rotating its ailerons. [22]
developed a bio-inspired micro-vehicle (100 g, 30.5 cm)
capable of performing aerial locomotion using wings and
terrestrial locomotion using whegs. Similarly, [23] 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 [24]. To our
knowledge this work represents the first example of multimodal locomotion capability at insect scale.
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 [17], [25], [26], or from magnetic resonance coupling,
as has previously been demonstrated on a ground robot
in [27]. 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 [28] or cellular.
In the case of energy harvesting from aeroelastic flutter [29],
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 UW 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 [17] and sensors such as ultralight cameras
[30].

4881

R EFERENCES
[1] R. J. Wood, B. Finio, M. Karpelson, K. Ma, N. O. Pérez-Arancibia,
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