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Insect-Scale Flapping-Wing
Vehicles
Flying insects are able to navigate complex and highly dynamic environments, can rap-
idly change their flight speeds and directions, are robust to environmental disturbances,
and are capable of long migratory flights. However, flying robots at similar scales have
not yet demonstrated these characteristics autonomously. Recent advances in mesoscale
manufacturing, novel actuation, control, and custom integrated circuit (IC) design have
enabled the design of insect-scale flapping wing micro air vehicles (MAVs). However,
there remain numerous constraints to component technologies—for example, scalable
high-energy density power storage—that limit their functionality. This paper highlights
the recent developments in the design of small-scale flapping wing MAVs, specifically dis-
cussing the various power and actuation technologies selected at various vehicle scales
as well as the control architecture and avionics onboard the vehicle. We also outline the
challenges associated with creating an integrated insect-scale flapping wing MAV.
[DOI: 10.1115/1.4038795]

1 Introduction

Over the past several decades, unmanned aerial vehicles (UAVs)
have found increasing applications in areas including military,
media, and entertainment. As these applications evolve and compo-
nent technologies such as microcontrollers (MCUs), sensors, and
energy storage shrink, a new class of UAVs are being developed on
much smaller scales. These “micro air vehicles (MAVs)” exist on a
scale that is approximately 10 cm to 1 m in characteristic dimen-
sion. There are numerous examples as outlined in past MAV
reviews [1,2]. As these devices are shrunk further, questions for
successful design and operation focus more on materials, mechan-
ics, design, and manufacturing as opposed to control and mission-
level programming and planning for larger UAVs.

As the size of the vehicle is decreased, propulsion becomes a
key consideration. Fixed wing aircraft at human scales can
achieve lift-to-drag ratios in excess of 100. However, as scale is
reduced, the Reynolds number is commensurately reduced, result-
ing in a greater influence of viscous effects that are manifest as
increased drag and reduced lift-to-drag ratios. In extreme cases,
for devices on the scale of small birds, “nano air vehicles” [3], or
insects, “pico air vehicles (PAVs)” [4], fixed wing fluid mechanics
becomes impractical as too much energy would be lost to drag at
the speeds that would be required to maintain sufficient lift. The
same arguments hold for rotary wing vehicles. Quadrotor MAVs
exist down to tens of grams (Aerius, Aerix Drones, Fairport, NY);
however as size is reduced, the decreasing propulsive efficiency
becomes clear in reduced flight times [5]. Furthermore, beyond
reduced propulsive efficiency, for insect-scale PAV, there are
additional challenges for actuation. Traditional electromagnetic
motors are subject to scaling laws that result in degraded perform-
ance at reduced sizes [4]. This is caused by unfavorable scaling of
surface area to volume, unfavorable scaling of electromagnetic
force, limitations on current density, and the need for excessive
gearing given the increase in unloaded revolutions per minute
(RPM) as size is reduced [6]. In addition, there are significant
challenges to manufacturing motors at these scales. Alternative
actuation strategies have been explored and will be reviewed in
this paper as they pertain to MAV designs.

A bioinspired alternative to traditional propulsion mechanisms
is the use of flapping wings. Flapping wing MAVs can overcome
some of the challenges discussed earlier by using oscillating
actuation in place of rotary actuators and can take advantage of
unsteady fluid effects described in the following. However, wing
motions can involve several degrees-of-freedom (DOF), creating
a challenging design problem for how to generate high-speed,
high-efficiency articulating mechanisms at millimeter scales (see
Fig. 1 for a model of insect-scale flapping wing MAVs).

One consequence of flapping wings is highly unsteady fluid
forces. In contrast to continuously translating or rotating wings,
flapping wings experience periodic pressure variations that arise
from a number of phenomena. Rapid wing inversions at the end of
each half stroke enhance circulation resulting in augmented lift
during this phase of the wing cycle [7]. As the wing accelerates
into the next half-cycle, it encounters the wake from the previous
half-cycle, which can significantly affect flapping kinematics and
the corresponding force generation [8]. During the middle of the
stroke, the angle of attack—approximately constant during this
phase—can greatly exceed angles of attack that would result in
stall for conventional aircraft due to leading edge vortex stabiliza-
tion mechanisms [9]. In some animals and flapping wing MAVs,
the wing stroke amplitude can be sufficiently large such that at the
end of one or both half-strokes the wings can come in to physical

Fig. 1 Parameter definition for insect-scale flapping wing MAV
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contact, resulting in more favorable starting conditions for the
vorticity at the start of the next half-cycle [10].

Micro air vehicle designers have sought to navigate the trade-
offs associated with the creation of flapping wing propulsion
mechanisms that exploit some or all of these phenomena. For
example, mimicking the exact kinematics of an insect species
may allow the vehicle to exploit each of these unsteady effects but
would potentially require a large number of actuators and a com-
plex transmission mechanism. Furthermore, with respect to con-
trol, one critical question is whether body torques are modulated
directly by the wings through changes to the nominal wing
motions or through ancillary control surfaces. The question of
which wing motions to target and how to achieve them, with
emphasis on insect-like motions at insect scales, is a key focus of
this review.

This review will also describe power and control systems that
attempt to mirror some functions of the metabolic and sensorimo-
tor systems in insects. As with the propulsion systems, there are
noteworthy tradeoffs in the design of sensing and control electron-
ics that impact energy storage and flight range. For example, the
desired level of autonomy—ranging from uncontrolled, passively
stable flight to teleoperation to full autonomy—will impose
requirements on onboard electronics that will, in turn, also impact
overall power consumption and flight duration and range.

Researchers in Ref. [1] provided a review of bird-inspired flap-
ping wing MAV designs, focusing specifically on the mechanics
of flight control and the design of the wing and drive mechanisms.
That paper discussed vehicles with wingspans in the range from
approximately 5–65 cm and body mass range from approximately
1.5–300 g. Here, we discuss a number of vehicles that have been
developed since its publication, as well as vehicles that use less
traditional actuation strategies. This review primarily focuses on
vehicles at a smaller scale, with a wingspan of less than approxi-
mately 20 cm and a body mass less than 20 g (see Fig. 2 for the
vehicles discussed in this review). As characteristic length
decreases, it is necessary to describe alternatives to component
technologies relative to larger vehicles, such as alternatives to
motors, gears, and rotary bearings, alternative manufacturing
methods, as well as alternative methods for lift generation. In
addition, we survey vehicles that have achieved varying levels of
control autonomy and the necessary avionics at this scale. This
review begins with a survey of actuation technologies and power
electronics for centimeter-scale flapping wing MAVs in Sec. 2.
Section 3 follows with a summary of the control architectures to
generate lift and control torques to maintain flight at various
scales. Representative examples of centimeter-scale vehicles that
have demonstrated autonomy are then discussed in Sec. 4. Finally,
the challenges associated with designing power and control archi-
tectures for an insect-scale vehicle are discussed in Sec. 5.

2 Actuation and Power Electronics

The physics of scaling dictates that as the characteristic dimen-
sion of a device decreases, surface forces, such as friction, electro-
static, and van der Waals, begin to dominate relative to
Newtonian forces. This has many practical implications; one of
the most relevant is that the use of bearing-based rotary joints
becomes inefficient at smaller scales. To overcome frictional
losses, the New York University (NYU) Jellyfish Flyer [13] uses
short segments of low-friction Teflon tubing as a rotary bearing.
At the insect scale, another method to create efficient joints is to
embed flexible layers between two rigid links to create compliant
flexures. These embedded flexures are used in a number of flap-
ping wing MAVs presented in this paper, including the Carnegie
Mellon University (CMU) flapping wing MAVs [12], the electro-
magnetic flyer [17], the University of California, Berkeley Micro-
mechanical Flying Insect (MFI) [22], the Air Force Research Lab
(AFRL) Piezo-Driven flapping wing MAV [20], as well the Har-
vard RoboBee vehicles [23,24]. The fabrication process to create
these composite structures is described in more detail in Ref. [22].

This process was further developed into the “PC-MEMS” process
[25] to create complex three-dimensional structures that are used
in many of the designs described in detail in the following.

While DC motors are used in the majority of flapping wing
MAVs because of their robustness, ease of operation, and ubiquity
in macroscale robotics, electromagnetic forces suffer unfavorable
scaling at small sizes [26]. Thus, insect-scale robots require non-
traditional motors, such as chemical, electrostatic, or piezoelec-
tric, to meet the requirements for power density and bandwidth in
these applications [27].

2.1 Motors. As stated earlier, the majority of flapping wing
MAVs utilizes DC motors as power actuators. Motors typically
operate at low voltages amenable to standard off-the-shelf motor
drivers, eliminating the need for complex power electronics.
Recent vehicle designs that have utilized electromagnetic motors
include the Harvard Robot Moth [11], Aerovironment’s Nano-
hummingbird [3], the NYU Jellyfish Flyer [13], and the CMU
flapping wing MAV [28].

Researchers at CMU [28] integrated a helical spring in parallel
to the motor. In this system, energy stored in the spring during a
half cycle is released in the subsequent half cycle and assists the
motor in reversing the direction of the system inertia. By tuning
the spring stiffness so the system resonates at the flapping fre-
quency, the vehicle can save energy by eliminating reactive power
needed to oscillate the rotor and wing inertias. This also has the
benefit of reducing current spikes by “smoothing” the required
motor torque over a period of cyclic motion [29].

2.2 Nontraditional Motor Selection. There are many
options for creating the oscillating motions associated with flap-
ping wings. Proper actuator choice must reconcile the specific
requirements of the torque, displacement, and flapping frequency
with scaling laws that place limits on the performance of the core
actuation element. More generally, actuators can be classified
based on their force/torque, displacement, bandwidth, mass, and
efficiency characteristics. In addition, there are numerous practical
constraints that must be considered including ease of manufacture
and ease of physical and electrical integration. With respect to the
latter, some electrically driven actuators may require high fields.
This tradeoff will be discussed in more detail in Sec. 5.1.1.

In Ref. [30], Michelson describes the development of a concep-
tual reciprocating chemical muscle to power flapping-wing flight
of the Entomopter. The reciprocating chemical muscle uses a non-
combustive chemical reaction between a monopropellant and an
oxidizer. With this reaction, the muscle can create the oscillatory
wing stroke motion to generate lift. Additionally, the Central
Intelligence Agency developed a dragonfly-inspired flapping wing
MAV in the 1970s. The Insectothopter had a miniature fluidic
oscillator that controlled the wing stroke motion at a fixed fre-
quency. The excess gas from the chemical reaction was vented
out the back of the vehicle creating additional thrust. Video shows
that a 1 g prototype vehicle could fly up to 200 m for 60 s [14].
The use of chemical muscles obviates the need for an onboard
electrical power supply necessary for conventional actuation tech-
nologies but requires a separate electrical system for control and
navigation.

Researchers at Shanghai Jiao Tong University have created an
insect-scale flapping wing MAV using an oscillating electromag-
netic actuator [17]. The vehicle has a mass of 80 mg and a wing-
span of 3.5 cm and was manufactured using the Smart Composite
Microstructures process described in Ref. [22] and in Sec. 5. The
actuator is comprised of a neodymium iron boron magnet attached
to a transmission system consisting of two planar four-bars that
map actuator motion to the rotational wing stroke motion. The
electromagnetic force that acts on the magnet is created by a cop-
per coil attached to the airframe. However, this vehicle consumes
approximately 1.2 W of power during flight, which corresponds to
a minimum power density of 15 kW/kg (calculated using the mass
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of vehicle—no total thrust was reported). The power density of
the onboard energy source will be larger than this—the vehicle
will need to scale to accommodate the mass of the battery, requir-
ing more power while also increasing the required thrust to
accommodate the mass of the battery and drive electronics.

Researchers at the University of Tokyo [16] developed a
butterfly-inspired flapping wing MAV using a rubber band as the
motor and means of energy storage. The vehicle had a wingspan
of approximately 14 cm, a weight of 400 mg, and a flapping fre-
quency of 10 Hz (controlled by the rubber band’s thickness and
length). The vehicle demonstrated stable forward flight with no
active control.

Insects and similar-sized MAVs require relatively high flapping
frequencies, often hundreds of hertz [31]. Piezoelectric actuators
are typically high bandwidth and numerous motion amplifying
mechanisms have been developed to overcome inherent strain
limitations, such as benders [32,33] and flextensional actuators
[34,35]. Researchers at Vanderbilt University [18] designed a
number of vehicles using piezoelectric unimorph actuators to gen-
erate wing motions. By using actuators with different excitation
frequencies between wings, they created differing wing stroke
amplitudes and thus are able to modulate lift bilaterally between
vehicle halves. Researchers at CMU also created flapping vehicles
with piezoelectric cantilever bimorphs (similar to those described
in detail in Ref. [33]); however, these vehicles were not able to
achieve sufficient thrust for flight [12]. UC, Berkeley’s MFI pro-
ject attempted to create an insect-scale flapping wing MAV using
four piezoelectric cantilever bimorphs [22]. These actuators, two
per wing, were mapped to the desired flapping and rotation
motions through planar and spherical flexure-based transmission
mechanisms [22]. This device was able to demonstrate high wing-
beat frequencies and generate lift suitable for takeoff of an insect-
scale device [36]. Additionally, researchers at the AFRL created a
piezo-driven flapping vehicle [37]. Simulations demonstrated that
this vehicle could control horizontal and vertical forces as well as

roll and yaw moments with split-cycle wingbeat control. At the
millimeter scale, researchers at the ARL built a PiezoMEMS-
driven wing which could control wing stroke motion and wing
pitch motion independently [21].

3 Mechanisms for Flight Control

The forward-flight capable vehicles discussed in Ref. [1] use
multiple control surfaces to generate torques to either stabilize or
control the MAV. These include static, rudder, and ruddervator
tails, as well as independently controlled wings that can flap or
four symmetric clapping wings. At the centimeter scale, we see
fewer examples of articulated control surfaces, likely due to the
challenges for small-scale actuation.

3.1 Articulated Control Surfaces and Modification of
Wing Shape. Recently, researchers at the University of Illinois at
Urbana-Champaign have developed the “BatBot” that uses articu-
lated wing joints to actively change wing shape during flight to
initiate controlled flight maneuvers [38]. The wing stroke is con-
trolled by a mechanical oscillator that couples the left and right
sides. Each wing is individually actuated to allow for asynchro-
nous mediolateral motion. By connecting the three primary revo-
lute joints at the shoulder, elbow, and wrist with rigid links, the
robot is able to control the shoulder angle, elbow angle, and wrist
angle with one DOF. Given the arrangement of the mechanical
skeleton, passive DOFs on the wing tip include flexion–extension,
pronation, and abduction–adduction. An additional actuated leg
mechanism on each wing allows for control of the trailing edge of
the membrane wing, which can increase the angle of attack at the
tail. A silicone-based wing membrane adapts to changes in the
wing skeleton.

The Nanohummingbird utilizes a string-based flapping mecha-
nism to generate wing stroke motion [3]. In this system, two
strings are connected to a crankshaft driven by a central motor.

Fig. 2 Representative insect-scale flapping wing MAVs. Top row, traditional motor-driven vehicles: (a) aerovironment nano-
hummingbird (Image Courtesy of Keennon et al. [3]. Copyright 2012 by Aerovironment, Inc.), (b) Harvard Robot Moth [11], (c)
CMU flapping wing MAV (Reproduced with permission from Hines [12]. Copyright 2014 by Carnegie Mellon University.), (d) Jelly-
fish Flyer [13]. Middle row, nontraditional motor-driven vehicles: (e) Central Intelligence Agency insectothopter [14], (f) ento-
mopter [15], (g) Butterfly-inspired flapping wing MAV (Reproduced with permission from Tanaka and Shimoyama [16].
Copyright 2010 by IOP Publishing.), (h) Electromagnetic flapping wing MAV (Reproduced with permission from Zou et al. [17].
Copyright 2016 by IEEE.). Bottom row, Piezo-Driven vehicles: (i) Cox Piezo Flyer (Reproduced with permission from Cox et al.
[18], Copyright 2002 by SAGE Publications.), (j) UC, Berkeley micromechanical flying insect [19], (k) CMU Piezo-driven flapping
flight platform (Reproduced with permission from Hines [12]. Copyright 2014 by Carnegie Mellon University.), (l) AFRL Piezo-
driven flapping wing MAV [20], and (m) ARMY RESEARCH Lab PiezoMEMS actuated wing design [21].
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Each string is attached to two pulleys on the wing hinge flapping
axis, such that as the crankshaft turns, the pulleys oscillate to gen-
erate the wing motion. Additional strings between the two pulleys
maintain the symmetric phasing of the wing motion. This system
reduces the mass of the overall control mechanism by eliminating
the need for heavier, traditional mechanism designs. The vehicle
generates control torques by varying the wing rotation and wing
twist. To generate roll torque, the angle of attack varies between
the wings to create asymmetric lift forces between the halves. In
pitch, the angle of attack is varied between the fore and aft stroke,
creating asymmetric lift forces in front or behind the center of
mass (COM) of the vehicle. The angle of attack is controlled
through wing twisting. During a wing stroke, the wing membrane
is able to passively deform, but the root spar of the wing is
actively controlled in relation to the leading edge spar, similar to a
sail. To generate yaw torque, the angle of attack is varied by con-
trolling the wing rotation amount by actively controlling the stop
angle, creating asymmetric drag forces between the wing halves.
The final vehicle had a wing span of approximately 16 cm and a
total mass of 19 g. The vehicle can hover as well as fly forward at
a maximum speed of 6.7 m/s for approximately 4 min.

3.2 Pure Wing Articulation. In the smaller-scale vehicles
discussed in this paper, the use of additional control surfaces and
actuators becomes impractical given the strict mass and size con-
straints. The dominant mechanisms for body torque control in
insects involves—sometimes subtle—variations to the nominal
wing motion, with no active articulation on the wing surface. The
MFI uses two independent actuators to actively control wing
stroke motion and wing rotation. The flapping motion is generated
by mapping the two independent rotations through a spherical
five-bar differential transmission. The phasing of the actuators
determines the wing stroke and rotation. This vehicle demon-
strated sufficient lift to takeoff, but has not demonstrated open-
loop flight [36].

To reduce the number of actuators necessary for varying wing
morphology, many researchers use a wing hinge that allows the
wing to passively pitch due to the inertial and aerodynamic forces
on the wing during the wing stroke, eliminating an actuator to
control wing rotation. Examples include the Harvard Robot Moth
[11], the electromagnetic flyer from Ref. [17], and the CMU
vehicles [12]. The wing stroke amplitude and frequency for the
Harvard Robot Moth is controlled by a DC motor and transmitted
through a crank-slider mechanism to each wing. In previous ver-
sions, additional elastic elements were added to the transmission
system to store energy, thus decreasing total input power [39].
This vehicle has demonstrated open-loop forward flight through
the use of passive stabilization surfaces. Additionally, the electro-
magnetic flyer in Ref. [17] converts the oscillating motion of the
magnet to wing stroke motion through two planar four-bar trans-
missions. The vehicle demonstrated sufficient thrust-to-weight to
take-off on vertical guide rails. The CMU vehicle from Ref. [28]
uses the helical spring attached to the output of the motor allows
users to vary flapping frequency by adjusting the stiffness of
spring. The vehicle has a wingspan of approximately 20 cm, a
mass of 2.7 g, and produced a thrust-to-weight ratio of 1.4. Two
power actuators are used to power flight and simultaneously gen-
erate torques. Roll torque is generated by varying the amplitude of
the signal between vehicle halves. The vehicle generates pitch tor-
que by introducing a constant voltage bias to the motor. This is
similar to the RoboBee torque generation described in Sec. 5.2.

Researchers at NYU created a flapping wing MAV that
employs a flapping motion that opens and closes four wings,
resembling a jellyfish. This system has one motor attached to two
vertical loops, which attach to an upper loop that acts as a ful-
crum. As the motor rotates, the wings are pushed in or pulled out
through a system of lightweight links. By tuning the voltage of the
motor, the vehicle is able to demonstrate stable upward flight and
by increasing the flapping amplitude of one half relative to the

other by changing the link lengths, the vehicle can fly in a prede-
termined direction. This vehicle has also demonstrated successful
hovering flight without any external control [13].

4 Control Electronics

Much of the research into flapping-wing robots has focused on
the design and construction of the mechanical system to demon-
strate open-loop flight ability. Passive mechanisms, such as sails
[40] or tails, can act as aerodynamic dampers to stabilize the vehi-
cle during flight. Passive stability can also be built into the design
with proper positioning of the wings at a dihedral angle [41] or
lowering the COM of the vehicle relative to the wings. Without
passive elements, active sensorimotor systems like those found in
insects must be developed to stabilize the vehicle and control
flight. Vehicles that have demonstrated autonomous flight using
onboard control electronics are, notably, the Nanohummingbird
and the Delfly [42].

The two-wing, tailless design of the Nanohummingbird creates
an attitude instability that requires low latency sensory feedback
of the vehicle’s orientation to remain in flight. In addition,
researchers included an onboard vision system for navigation and
obstacle avoidance for future missions (currently no vision proc-
essing is completed onboard—information is transmitted to a
ground station). The wings of the Delfly II and the Delfly Micro
are positioned symmetrically at a positive dihedral angle to allow
for passive stability during lateral flight [42]. This relaxes the
requirements for onboard sensors, simplifying the control elec-
tronics. These vehicles have onboard cameras and transmitters to
control flight through teleoperation from a ground station. The
Delfly II was also equipped with an onboard barometer to allow
for autonomous altitude control.

5 Progress on the RoboBee

The Harvard “RoboBee” project represents a concerted effort to
create an autonomous insect-scale flapping wing MAV. The
advances of this project in the fabrication of mesoscale devices,
manufacturing of highly energy dense actuators, and design of
new custom integrated circuits (ICs) have greatly furthered this
goal, and are outlined in the following.

The overall design of the RoboBee flight apparatus has been
described extensively, for example, in Refs. [4], [43], and [44]. In
particular, Whitney et al. described the aeromechanics of the flight
apparatus [45] which assumes a rigid flat wing and a passive rota-
tional hinge that enables quasi-static wing pitching (quasi-static
relative to the resonant wing stroke motion). This relied on the
blade-element method and was further refined by Chen et al. to
describe impacts of stroke-pitching phase on vortex creation,
shedding, and lift generation [46]. This study also explored wing
geometry and scaling in order to match to the actuation and trans-
mission mechanism. More generally, Whitney et al. described
tradeoffs in sizing and actuation frequency for flapping wing
MAVs [47]—those guidelines can be used to describe the size and
specifications for all components of the vehicle’s propulsion sys-
tem, such as the critical choice of actuator type and size.

5.1 Actuation. At the scale and flapping frequency of robotic
insects, the composite piezoelectric bimorph actuators optimized
for energy density outperform similarly-sized DC motors and
other microactuation technologies in terms of bandwidth, effi-
ciency, and power density [33]. The actuators also integrate well
into the fabrication process used for creation of the transmission.
Wood et al. discuss the optimal geometry and drive configuration
of piezoelectric actuators for microrobotic applications, maximiz-
ing force, and displacement in low-mass applications [33].

Researchers in Ref. [32] then developed new manufacturing and
assembly methods to increase energy and power density of piezo-
electric bending actuators by increasing the mechanical flexural
strength and dielectric strength. This paper also discussed methods
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for mass manufacturing, a step toward making piezoelectric actua-
tors more ubiquitous in flapping wing MAVs. The authors then
designed multilayer piezoelectric actuators [48], using four active
layers and thinner materials. This lowers the operating voltage,
which reduces the complexity of the drive circuitry, minimizing
payload, as well as increases efficiency, as efficiency increases
with decreasing drive voltage due to losses in the drive stage.

5.1.1 Power Electronics. The primary limitation of piezoelec-
tric actuators are the high drive voltages (150–200 V) required to
create the necessary force and displacement to maximize the work
that these actuators can perform. However, these fields may be
higher than the depoling threshold of the piezoelectric material.
Therefore, it is important to drive the bimorph with a unipolar
drive signal. Researchers in Ref. [33] describe the drive configura-
tions for a piezoelectric cantilever bimorph that meet these
constraints. In “alternating” drive, two unipolar drive stages are
connected to the outer electrodes, operated 180 deg out of phase,
with a common ground in the center of the electrode. In
“simultaneous” drive, a constant high-voltage bias is applied
across the actuator and the center electrode is driven with a unipo-
lar drive stage. In the simultaneous drive configuration, a number
(n) of actuators can share the high-voltage bias, requiring (n� 1)
fewer drive stages. This reduces the complexity of the power
electronics.

There are a number of circuit topologies to create the high-
voltage drive signals necessary for RoboBee actuation. Research-
ers in Ref. [49] created a hybrid boost converter with a cascaded
charge pump circuit to create the high-voltage bias line. Research-
ers in Ref. [50] discuss the design of custom power electronics
which consists of two stages—a DC–DC conversion stage to cre-
ate the high voltage bias line and a drive stage to generate the
drive signal for a single actuator. To reduce mass, researchers in
Ref. [51] developed a custom power electronics unit which
included a tapped-inductor boost converter and a custom 16 mg
driver IC that produces two sinusoidal drive signals (one for each
wing). The total mass of the power electronics comes to 40 mg.

To increase the efficiency of the power electronics, Lok et al.
analyzed the use of the alternating drive configuration to recover
unused energy using dynamic common mode adjustment, enve-
lope tracking, and charge sharing, which would result in a
30–47% decrease in power consumption while reducing weight
by 37% relative to a version based on discrete components [51].

5.2 Flight Control Through Wing Articulation. Early in
the RoboBee project, critical questions were how to design the
propulsion system, how to modulate body torques, and how to
merge these functions if possible. As described in Sec. 3, it
becomes more rare for small-scale vehicles to have independently
actuated control surfaces. Instead, all body torques in the Robo-
Bee are generated by modulating the wing kinematics. This bio-
inspired approach has taken cues from several orders of insects.
For example, the separation of power and control actuators in
Refs. [44] and [52] has analogies to the direct and indirect flight
muscles in Dipteran insects [53], while the independently con-
trolled wings of the Dual Actuator Bee design are reminiscent of
Odonata (see Fig. 3 for the vehicle generations of the RoboBee
project).

Regardless of the actuator and transmission design, and similar
to the two-winged, tailless vehicles discussed in Sec. 3, the two
wings of the RoboBee are the control surfaces of these vehicles.
To execute control maneuvers, the RoboBee generates torques
through subtle variations of the wing motion. For each wing, we
have control over the wing stroke amplitude, the flapping speed,
wing stroke bias (i.e., fore or aft with respect to the COM), as
well as the wing pitch angle. The wing stroke motion and flapping
frequency are controlled directly through the actuation signal. The
passive hinge at the base of the wing controls the wing pitch
angle. As flapping speed increases, the inertial and aerodynamic
forces on the wing increase and the wing passively pitches due to

the compliance of the flexure hinge at the base of the wing and the
location of this rotational axis relative to the wing leading edge
[43,45]. Resonance is exploited in the system to generate large
wing stroke amplitudes and to avoid reactive losses to the inertia
of the wing. We generate roll torque by varying the relative wing
stroke amplitude, pitch torque by moving the mean stroke angle
fore or aft of the COM, and yaw torque by inducing asymmetric
drag on the wings (see Fig. 1 for axes definition).

Finio et al. took inspiration from Drosophilia, which have
antagonistic “indirect” power muscles and a smaller “direct” con-
trol muscles that inject directly onto each wing to fine tune the
wing motion during flight [53]. Two control actuators were added
to the previous Harvard microrobotic fly (HMF) design [43] to
tune the transmission ratio between the wing and the power actua-
tor during flight. The vehicle demonstrated open-loop pitch and
roll maneuvers [44]; however, these torques were highly coupled
and efforts to control the vehicle in flight were unsuccessful.

To reduce the number of actuators, Ma et al. [23] revisited the
original HMF design and split the power actuator in two, creating
two independent halves, each wing with its own power actuator
(see Fig. 4). This design generated decoupled pitch and roll torques
due to the decoupling of each half. This vehicle, with a mass of
80 mg and a wingspan of 2.5 cm, demonstrated the first controlled
hovering flight of an insect-scale vehicle [23] and has been used as
a platform for many of the control and sensing experiments
described in the following. This design, however, could not create
sufficient yaw torque to control orientation. The vehicle generates
yaw torque by creating asymmetric drag forces on the wings by
varying the speed of the up and down strokes [55,56]. However,
the second-order dynamics of the actuator-transmission-wing sys-
tem filters inputs to the actuators, hindering yaw torque production
by reducing the energy present in higher harmonics of the drive
signal [57].

To this end, Teoh et al. created a single power, single control
actuator design inspired by the fruit fly (D. melanoaster). In this
design, the control actuator biases the wing hinge to create asym-
metric drag forces on the up and down strokes to generate yaw
torque. While this vehicle produced greater yaw torque than previ-
ous designs [52], the single power actuator again led to coupling
between the two halves and could not produce sufficient pitch and
roll torques to control flight. Currently, a new vehicle design is
being explored, decoupling the two halves with a single power
and single control actuator driving each wing. This design has
demonstrated hovering flight and heading control [24]. This vehi-
cle design weighs 110 mg due to the additional mass of the control
actuators, which could limit the payload capacity for the control
electronics necessary to stabilize the vehicle in flight.

5.2.1 Control Demonstrations. The challenges for successful
flight at the insect scale also extend to sensing and control. As the
vehicle becomes smaller, the rate of rotational acceleration
increases, scaling as l�1 [58]. This challenge is compounded by
the inherent dynamic instability of hovering wing kinematics
[59,60]. Therefore, not only must a flight controller perform con-
tinuous corrective maneuvers, but also it must do so with a time
delay that is orders of magnitude shorter because of the smaller
length scale.

Scaling effects on the flapping dynamics and body dynamics
also play a critical role in the operation of the control system. For
vehicles the size of the RoboBee, the closed-loop body dynamics
are approximately an order of magnitude slower than the wingbeat
frequency. This implies that control corrections to the wing
motions can happen over several wingbeats. These two regimes
(body and wing dynamics) converge at larger scales, requiring
control on a per-wing-stroke basis.

Researchers have demonstrated a number of controlled flight
experiments to demonstrate the vehicle’s maneuverability. From
an integration perspective, these controllers must be minimally
computationally expensive while also being sufficient to perform
the desired task. The simplest demonstration of controlled flight

Applied Mechanics Reviews JANUARY 2018, Vol. 70 / 010801-5

Downloaded From: http://appliedmechanicsreviews.asmedigitalcollection.asme.org/ on 01/19/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use



was in Ref. [61], where the addition of a passive mechanism miti-
gated the need for an active controller; however, it greatly reduced
the vehicle’s maneuverability. The first demonstration of con-
trolled hovering flight used an adaptive controller to perform atti-
tude stabilization and control lateral position and altitude to track
a desired trajectory [62]. An iterative learning control algorithm

was then developed to allow the vehicle to perform aggressive
maneuvers such as perching on a vertical surface [63]. Research-
ers have also developed computationally inexpensive controllers.
Using a model-free approach, multiple proportional–integral–
derivative control loops are able to stabilize the vehicle during
flight [64]. While previous controllers performed feedback at a
rate of 5–10 kHz, recently, researchers experimentally determined
that the control loop can control hovering flight (as in Ref. [64]) at
frequencies of 250 Hz. This provides the potential for general pur-
pose MCUs to be sufficient to stabilize flight and perform simple
maneuvers.

5.3 Control Electronics. All of the controlled flight experi-
ments listed earlier were performed inside a motion capture arena,
constrained to a flight volume of approximately one cubic foot.
An external computer was used to compute the updated control
parameters and generate new drive signals, which are supplied
through thin wires to the vehicle’s actuators. To render the vehicle
autonomous, we must integrate onboard sensors, an MCU, and
power electronics (see Fig. 5). An onboard MCU must read
onboard sensor information, compute the vehicle’s state and
update controller commands, as well as generate updated drive
signals to interface with the onboard power electronics. This
MCU must meet the strict mass and power requirements of the
vehicle, eliminating the majority of off-the-shelf MCUs. These
MCUs must also compute control commands and generate drive
signals for the power electronics with a clock frequency of
60 MHz [65].

To meet these demands, researchers have created a custom
“brain” IC with a mass of 6 mg. This chip contains a 32-bit ARM
Cortex-M0; four dedicated hardware accelerators (custom circuits
that perform single functions with high speed and efficiency), one
for image processing, one for estimating rotations, one for body
control (process sensory information, update the state estimate,
and determine the necessary torque command to stabilize flight),
and one for actuator control (convert the torque command to drive

Fig. 3 Generations of the RoboBee. All vehicles designed and manufactured using the SCM [22] and PC-MEMS [25] processes.
Each vehicle is actuated using piezoelectric bimorph cantilever actuators. (a) The “HMF,” with one power actuator and coupled
transmission system, demonstrated successful takeoff but without a means for torque generation [43]. (b) The first generation
RoboBee contained one power actuator and two smaller control actuators. This demonstrated successful torque generation
and open-loop flight [44]. (c) The “dual actuator bee” contains two power actuators and was the first insect-scale device to
achieve controlled flight [23]. (d) In an attempt to control yaw torques, the “angle of attack bee” consisted of one power and one
control actuator that modulated an angle of attack bias on the wing hinge [52]. (e) The subsequent “quad actuator bee” was
able to successfully control flight and heading maneuvers. (f) The “big bee” is a scaled-up version of the dual actuator bee to
meet mass requirements of future onboard control electronics [54]. All scale bars are 1 cm.

Fig. 4 Components of the dual actuator bee [23]. (1) Transmis-
sion, (2) wing hinge, (3) wing, (4) actuator, (5) reflective marker
for motion capture tracking, and (6) leg. All remaining compo-
nents are part of the robot’s airframe.
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signals); I2C, SPI, and GPIO buses; four ADC channels; and an
internal voltage regulator to reduce peripheral components
onboard the vehicle [65]. This IC has demonstrated sufficient per-
formance to meet the real-time demands of an autonomous flight
using simulated flight data and is currently being migrated
onboard the vehicle (see Fig. 6 for control and power schematic).

In addition to custom MCUs, researchers have investigated
many sensors that meet the low mass, power, and latency require-
ments of the vehicle and have demonstrated their use in flight.
These sensors include an off-the-shelf gyroscope [66], magnetom-
eter [67], and custom ocelli [68] to stabilize the vehicle’s attitude;
as well as an off-the-shelf infrared time-of-flight sensor [69] and a
custom optic flow sensor [70] to estimate the vehicle’s altitude
(see Table 1 for mass and power requirements of these
components).

To increase payload capacity to accommodate these electrical
components, Jafferis et al. created a nonlinear resonance model
for under-actuated flapping wing MAVs with passively rotating
wing hinges, like the RoboBee [71]. With this model, they deter-
mined an optimal pitch angle of 70 deg, and a narrow force win-
dow to exploit resonance, increasing the vehicle’s payload from
40 mg to 170 mg. In addition, Ma et al. created a design methodol-
ogy to further scale the vehicle to meet the payload requirements
of onboard power electronics and energy storage [54].

5.4 Future Directions. While there have been significant
breakthroughs in the manufacturing, control, and actuation of
insect-scale flapping wing MAVs, significant research needs to be
conducted to integrate the control electronics onto an autonomous
vehicle. First, we must determine the minimum number of sensors
necessary to stabilize flight. Additional sensors (such as vision)
may be needed for various applications. From this, we must deter-
mine the minimum sensor latency for adequate state estimation in
free flight to determine the minimum computational expense (e.g.,
floating point operations per second or similar). We must also
determine the minimum control requirements to both stabilize the
vehicle and have it navigate in the environment. This will help
determine the minimum number of instructions that a MCU will
need to perform.

The most significant limitation in creating an autonomous
insect-scale flapping wing MAV is an onboard power source that
meets the stringent mass and size requirements while having suffi-
cient energy density. Current options that meet these requirements
include electrochemical and solar. In Ref. [72], researchers per-
formed a system-level optimization on the energetics of flapping-
wing flight motivated by maximizing flight time, specifically
looking at design parameters such as payload mass, battery energy
density, actuator energy density, and power electronics efficiency.

This optimization estimates vehicle size and flapping frequency as
well as the mass fraction of an onboard battery. Given the current
state of the RoboBee project and using this framework, we esti-
mate that a power-autonomous vehicle will consume 400 mW
during hovering flight and can accommodate a battery mass no
more than 100 mg.

Commercial lithium polymer and lithium ion batteries are the
most commonly used energy storage devices for modern robots.
However, there is a dearth of batteries appropriate for the scale of
the RoboBee. Batteries produced by FullRiver contain near con-
stant power density (on the order of 1–3 W/g) as the mass scales
through three orders of magnitude (0.4–100 g). However, these
batteries do not meet the mass requirements of the RoboBee, with
the smallest being 4� larger than the target battery payload.
Recent work in lithium polymer batteries has demonstrated the

Fig. 5 Electrical components of the RoboBee. Left: optic flow
sensor, gyroscope. Right: “brain” IC, “power” IC, DC–DC con-
verter discrete components.

Fig. 6 Control and power schematic of an autonomous
RoboBee. The IMU and vision sensors measure the vehicle’s
state and communicate with the brain IC. The brain IC has a
dedicated accelerator to read the pixels from the vision sensor
and use optic flow algorithms to determine the vehicle’s veloc-
ity. This measurement is then used to compute the vehicle’s
state using another dedicated accelerator. The flight controller
takes the vehicle’s state and computes the necessary torques.
An actuator controller uses these torques to modify the pulse
signals to control the power IC and boost converter. The drive
signals are sent to the RoboBee. Power will first be supplied
through a low voltage tether to be replaced with a battery in the
future.

Table 1 Mass and power requirements of the electrical system
of the RoboBee

Component Mass (mg) Power (mW)

Actuators [54] 196 80
IMU (MPU6500) 15 10
Vision (WhiteOak) 17 10
Brain IC [65] 6 48
Power IC [51] 16 90
Boost converter 50 200
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development of a number of microbatteries at the millimeter scale
(see Refs. [73] and [74] for a review). For example, Lai et al. [75]
created a microbattery with a volume of 6 mm3 and a maximum
dimension of 3 mm with a power density of 150–200 WL�1.
Assuming a density of approximately 2 g/cm3, this would provide
75–100 mW/g.

Solar cells are also a viable option. Recent work has demon-
strated their effectiveness on a 3 g autonomous legged microrobot
[76]. These cells (epitaxial lift-off solar cells 1-6615-8, MicroLink
Devices, Niles, IL) weigh 10 mg per cell and have a 30% effi-
ciency, providing 7.5 mW per cell in 1Sun (1000 Wm�2).

Moving forward, further investigation into the integration of
mechanical and electrical systems to create an autonomous insect-
scale MAV is required. There has been tremendous progress in
the conceptual vehicle design and component-level design, but
emphasis on full vehicle integration and associated tradeoffs is
needed to realize fully autonomous PAVs. Once this is achieved,
the field can move forward to begin taking advantage of the past
decades worth of work on aggressive control methods for larger-
scale MAVs.

6 Conclusions

This paper has presented a summary of power and control
architectures, including propulsive mechanisms, for insect-scale
flapping wing MAVs. Power architectures for centimeter-scale
vehicles were classified into various actuation technologies avail-
able at that scale. We discussed the propulsive mechanisms of
these vehicles, which rely on slight modifications to nominal wing
motion, rather than articulated control surfaces present in larger
UAVs. Due to the stringent payload capacity, there are only two
representative examples of vehicles at this scale that have demon-
strated any level of control during flight. We then outlined recent
advances and current challenges associated with creating an
autonomous insect-scale MAV.

In the design of autonomous insect-scale flapping wing MAVs,
there are inherent tradeoffs associated with actuator, control, and
propulsion methodologies. To design a vehicle at this scale, it is
important to understand the different technologies and their impli-
cations for power consumption, flight time, and range. This
review has summarized the differing designs of insect-scale flap-
ping wing MAVs and explored the advantages and disadvantages
of using various actuation, propulsive mechanisms, control meth-
odologies, as well as onboard control and power electronics.

Due to the physics of scaling, actuation for insect-scale MAVs
is confined to nontraditional actuation technologies, such as chem-
ical muscles, custom electromagnetic actuators, and piezoelectric
actuators. Electromagnetic actuators have a low input voltage but
high power consumption; in comparison, piezoelectric actuators
require high input voltages and additional payload for high-
voltage power electronics but lower power consumption. This
analysis was extended to flapping wing propulsion and the desired
wing motions. While articulated control surfaces on the wings
could allow the vehicle to mimic kinematics of a biological coun-
terpart, the additional actuators and mechanisms may not meet the
mass and power requirements of the vehicle. Additionally, many
designers have chosen passive elements, such as wing hinges, to
further reduce the number of actuators. The level of autonomy
and maneuverability required for these vehicles also dictated the
complexity of onboard avionics and their power consumption.
These tradeoffs were then explored in the insect-scale RoboBee,
where the development of custom manufacturing, actuation, con-
trol, and electronics were necessary to meet the strict mass and
power requirements of the vehicle.
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