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Abstract— Micro Aerial Vehicles (MAVs) have gained a sig-
nificant amount of research lately, with a number of universities
and industry sponsors paving the way with micro flying robots
to perform Intelligence, Surveillance and Reconnaissance (ISR)
Missions. However, much of the work done in flapping wing
MAVs till date has not shown performance improvements over
their Vertical Take Off and Landing (VTOL), rotary-wing
counterparts. Research and development over the years has
shown that insects and birds have unmatched flying capabilities
in the Low Reynolds Number Regime. Their phenomenal flight
performance is attributed to among others the highly energy
efficient actuation systems and their power to weight ratios.
The paper proposes and illustrates new and energy-efficient
actuation mechanisms and incorporating them into MAVs. The
paper begins by elaborating on the background of our research
and the need for energy efficiency in MAVs; followed by
showcasing resonant, elastic / restorative actuation mechanisms
and their control methodology to reduce flight-actuation energy
requirements. In conclusion, the paper contrasts and compares
all the actuation systems for power intake, scalability and
mechanical complexity.

I. INTRODUCTION

The applications for MAVs envisioned thus far have been
largely focused on ISR missions performed in swarm or
stand-alone configurations. The MAVs will be tasked with
surveying and patrolling an area, deemed hazardous or un-
navigable by soldiers, armed personnel or humans in general.
The successful deployment and application of such micro
flyers warrants that the MAVs be able to sustain flight for
appreciably long durations. The prospect of such an MAV
flight has so far eluded researchers. The MAV platforms
inspired from flapping wing, biological counterparts have
shown very limited flight endurance [2], [7], [9], [19],
[20]. The majority of flight capable flapping-wing MAVs
have very limited VTOL/hovering capabilities. Their primary
functionality is to mimic fixed-wing flight with the primary
difference of producing forward thrust by the aid of flapping
air backwards. The requirement is to have MAVs be able to
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TABLE I
DARPA: MAV DEFINITION / DESIGN REQUIREMENTS

Specifications Requirements Details
Size < 15.24cm (6 in) Maximum dimension

Weight ~100 g Objective GTOW
Range 1 to 10 Km Operational Range

Endurance 60 min Loiter time or station
Altitude < 150 m Operational ceiling
Speed 15 m/s Maximum flight speed

Payload 20 g Mission dependent
Cost $ 1500 Maximum cost

hover and sustain long-flight endurance at the same time. The
simultaneous inclusion of these two primary requirements
in an MAV calls for a paradigm shift in the development
of enabling actuation mechanisms and control techniques.
We have presented the design, sensing and control of our
dragonfly inspired Quad-winged MAV, which highlights the
unique features of such a design towards energy saving and
6DoF flight performance [16], [17]. The paper moves in
the same direction by exploring actuation designs to reflect
insect-like restorative/energy-saving features.

Definition 1.1: Micro Aerial Vehicle (MAV) refers to a
class of UAVs, restricted to a maximum size of 15 cm in
any dimension and a Gross Takeoff Weight (GTOW) of less
than 100 g, as specified by the Defense Advanced Research
Projects Agency (DARPA). Other specifications for a MAV
as specified by DARPA[8], [11] are given in Table I.
Fact 1: Till date no VTOL MAV (as per Definition 1.1) has
been incorporated into the Air Force or Security Services,
owing to either limited flight time capabilities and/or limited
avionics payload capacity.

II. PROBLEM ADDRESSED AND STATE OF THE ART

Table II 1 summarizes some of the size, weight and per-
formance metrics for recent MAV designs, in self-powered
flight. Most of the data has been obtained from the literature
[2], [7], [9], [19], [20]. Fig. 12 lists some of the variations of
a crank mechanism used as the primary actuation mechanism
in present date Flapping-Wing MAV designs.

A. Shared Propulsion Characteristics for Present Day MAVs

At present, a uniformity among most of the MAV designs
can be seen in the following shared characteristics of their
propulsion mechanics (Fig. 1) and power systems:

1The table has been augmented from that presented in [11]
2Reference: http://www.ornithopter.org
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TABLE II
DESIGN AND PERFORMANCE PARAMETERS FOR SOME MAVS

Flight Capable Vehicles GTOW
(grams)

Wing-Span /
Rotor Span (cms)

Endurance
(min)

Hover
Time
(min)

Hover
Power (W)

Black Widow (Aerovironment) 80 15.24 30 N/A 24.5
I-Fly Vamp (Interactive Toy) 25 22 7 N/A N/A

Hoverfly (Aerovironment) 180 18 13.2 7.3 70
LUMAV (Auburn Univ.) 440 15.24 20 N/A N/A

Flytech Dragonfly (Wow-Wee) 28.35 31.2 5 N/A N/A
MicroStar (Lockheed-Martin) 110 22.86 25 N/A N/A

Microbat (CalTech) 10.5 15.24 2 N/A N/A
MICOR (UMD) 103 15.24 3 3 11

Da Vinci Ornithopter 8 12.5 5 N/A N/A
DelFly II (Tech. Univ. Delft) 16 28 15 8 -

Nanoflyer (PROX) 3.0 8.5 10 10 -
µFR-II 12.3 13.6 3 3 3.5

Fig. 1. State of The Art: Crankshaft Mechanisms 2000-10. From Left:
Staggered Cranks; Outboard Wing Hinge; Dual Cranks; Transverse Shaft

1) Their propulsion / actuation is a variation of a simple
reciprocating crankshaft mechanism.

2) Both wings are mechanically coupled to the rotary
actuator, thereby flapping in unison.

3) The primary thrust capability is delivered by the use of
“two” wings only, actuated by a single rotary actuator.

4) The flapping mechanisms appear similar to
birds/insects, but differ in the quintessential property
that elastic storage and reuse of pectoral muscle energy
is not facilitated in the design of these systems.

5) Restricted control schemes and low energy efficiency
attributed to the use of Fixed Amplitude and Variable
Frequency Flapping (Frequency Modulation) used, as
opposed to Fixed Frequency and Variable Amplitude
(Amplitude Modulation) used in insect and bird flight
[2], [3], [5], [8], [10], [11], [13], [16], [18], [21], [22].

6) 6 DoF dynamics attained by addition of a tail rudder or
a tail elevator (similar to a fixed-wing airplane design).

III. QUAD WING MAV DESIGN: BACKGROUND

A. MAV Design Conception

Flight mechanism comparison between a bird, humming-
bird, butterfly and a dragonfly was made to choose the
optimal MAV design; a dragonfly-like design [14], [16] was
chosen as the inspiration for the QV3 design. The basic
conceptual design is of the form as shown in Fig. ??.

3QV - Stands for Quad-Winged MAV. The name has been chosen to
abbreviate the most basic appearance of the proposed Quad Winged MAV
Design

Fig. 2. Flight Modes for the QV Design

B. Design Similarities, Differences of QV From a Dragonfly

1) Four wings retained to enable higher propulsion forces,
thereby increasing “per wing energy reserves” and
multiplying the payload capacity of the system [17].

2) The wings have been spaced further apart along the
length of the MAV to simplify Pitch & Yaw control-
lability of the system.

3) Similar to a dragonfly, the wings are mechanically
decoupled and controlled independently of one another.

4) Each wing has one active (flapping) and one passive
(feathering) DoF, reducing the actuators required on
each wing to just one [12].

5) Each wing is fixed-frequency, resonance capable and
facilitates elastic storage and reuse of propulsion en-
ergy. Amplitude modulation is used to vary lift.

C. QV Developmental Plan

The MAV program has been centered around the parallel
research and development scheme of various software /
hardware elements [14], [16], [17]. Fig. 2 illustrates the
in-flight control of primitive maneuvers by the coordinated
control of power distribution to the individual wings [14],
[16].

166



Fig. 3. Kinematic Illustration of the Basic Wing Mechanism

IV. FIXED FREQUENCY, VARIABLE AMPLITUDE

Definition 4.1: Fixed Frequency, Variable Amplitude
(FiFVA) Control Problem: An actuation mechanism
converting a rotary motion to reciprocating motion, by the
use of a crank mechanism exhibits a low efficiency state.
The wing amplitude is always constant, and thus the system
can accelerate or decelerate based on how fast the wings are
flapping (Frequency Modulation). But for a fixed frequency
flight system (insects/birds), changing flapping frequency
disturbs the spring-mass system dynamics, resulting in more
energy consumption and poor performance [2], [3], [4], [5],
[8], [10], [11], [13], [16], [18], [21], [22].

The challenges in producing FiFVA systems include
weight/size issues, mechanical design & coupling issues,
scalability and power efficiency (Poweroutput/Powerinput)
considerations. This section illustrates a compendium of
our FiFVA actuation efforts towards achieving resonance
flapping.

A. Non-Linear State Space Model for Each Wing

The idea of using a system which maintains constant
frequency but controls lift and maneuvering by amplitude
modulation, better exhibits the flight dynamics of insects
and birds. Such a system has been attempted but met with
limited success [8], [13]. The mathematical model of the
actuation mechanism has been defined in [14], [16] and
briefly outlined herein. The model is based on two coupled
mechanisms in series, a four-bar linkage mechanism and an
inverse crankshaft mechanism (Fig. 3).

Ẋ = f(X, u), Y = g(X,u) (1)

X =
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SolenoidLinear V elocity

SolenoidLinear Acceleration[
JointAngular V elocities

]
Joint 3Angular Acceleration
SolenoidCurrentGradient


(2)

Fig. 4. Ultrasonic Piezoelectric Linear Actuators

Fig. 5. Four-Bar (Hard) Linkage Mechanism with Torsional Spring

X vector bundles the mechanical kinematic states and
current (i) state of the solenoid driven four-bar mechanism.
Ẋ bundles the dynamic relationships of state variables in X .
θi are the joint angular positions as shown in Fig. 3, x is the
linear displacement of the solenoid, i is the current intake
of the solenoid. The outputs for the system are the lifting
forces produced by the wings of the MAV, bundled into the
Output Vector Y in Equation 3. The output vector has been
described in detail in our previous work [16].

Y = Kconstantx7 |x7|
[
−Sin x6
Cos x6

]
(3)

where, Kconstant is a fixed constant for each wing and is
comprised of its shape, drag coefficient CD and the density
of surrounding air. The mid-level system, directed toward
vehicle maneuvering and flight control has been described
in our previous work [14], [16] The four non-linear wing
system models act as the substrate for the mid-level linear
system.

B. Linear Actuator - Four Bar Linkage

The linear actuators (Fig. 4) used in the following designs
are small ultrasonic, piezoelectric actuators. The actuators
provided the required linear force capabilities, but were not
very robust to high frequency switching motion due to some
reasons: tuning difficulties, low switching bandwidth (less
than 15Hz) and weight (10 g).

1) Hard Linkage: A four-bar linkage as shown in Fig. 5
and Fig. 6 with torsional and extension springs at the wing
base mechanically hard couples the actuator to the wing. The
system is kinematically constrained to move as explained
in Equations 1 and 2. The extension spring provided less
friction and mechanical parts than the torsional spring.

2) Soft Linkage: The four bar mechanism was also
adapted to a soft contact system as shown in Fig. 7 to
decouple it from the linear actuator. The decoupling provides
the means to extend amplitude of the wing flap beyond that
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Fig. 6. Four-Bar (Hard) Linkage Mechanism with Extension Spring

Fig. 7. Four Bar (Soft) Linkage Mechanism with Extension Spring

kinematically possible by the Hard Linkage. The soft cou-
pling also isolates the actuator and wing to some extent from
each other from environmental disturbances on the wing and
mis-actuation/functional-irregularity by the actuator.

In general converting a linear actuation into a
reciprocating-rotary actuation was given up since the
inclusion of additional links and limbs to convert linear
motion to reciprocating-rotary increased system weight,
friction and mechanical complexity. Additionally the linear
actuators were not high switching bandwidth capable, were
output power/force deficient and required frequent re-tuning
/ maintenance.

C. Direct Geared Motor Drive - Reciprocating Motion

The experimentation gave way to the use of a standard
geared micro rotary motor, coupled to the wing directly
as shown in Fig. 8. The figure also shows the gyroscopic
feedback obtained from the wing to determine its internal
states for executing the closed-loop energy control. The
energy control is described in Section IV-F. The direct drive
system was switched by alternating current at a frequency
determined by the spring / mass combination. The frequency
of flapping was seen to saturate at 11Hz, owing to the band-
width limitations of the rotary motor in the back-forth motion
switching mode. The rotary motor exhibited hysteresis and
coil demagnetization issues when polarity across its terminals
was switched beyond 11 Hz.

Fig. 8. Direct Motor Drive - Geared, with feedback

Fig. 9. Solenoidal Actuator - Direct Drive w/ Ext. Spring

Fig. 10. a) Proximal, b) Distal spiral spring; c) Cantilever Spring; d)
Double Coil

D. Solenoidal Actuator - Direct Drive

The direct drive system from Fig. 8 gave ample informa-
tion and motivation to design a completely new actuation
system, without the need to convert rotary motion to recip-
rocating motion. The design was inspired from some hobby
RC servos, but was re-engineered to produce higher output
torque. Various magnetic coils were designed (a total of 9
different configurations) and were tested with custom de-
signed industrial grade (N52) magnets in the manner shown
in Fig. 9. The magnet was repelled/attracted by switching the
polarity of the solenoidal coils. The output torque produced
by this particular coil (as shown in Fig. 9) was 550 gcm at an
input power consumption of 1.5 W. The flapping frequency
was tested to reach 55 Hz.

1) Solenoidal - One-Spring Configurations: One design
approach was to use spiral springs, since they are impartial
to rotation in either direction and yet adhere to Hooke’s Law
(Fig. 10). A potential disadvantage of the proximal spring
was non-linear operation. A wire form spring can also be
used, as a cantilever beam, as shown in Fig. 10a and Fig.
10b. The use of two coils to allow for a more concentrated
magnetic field density around the magnet was also investi-
gated; however the design was found to be impractical due
to size constraints.

The in-line spring arrangement in Fig. 9 and Fig. 6 was
rearranged to make the system more compact. The benefit
of this arrangement (Fig. 11) is that it allows for a reduced
wingspan. The actuator was also miniaturized to weigh 5 g
and produced an output torque of 75gcm. At 3.6 V, the coil
drew 500 mA and reached a resonant frequency of 20 Hz.

E. Rotary to Reciprocating Drive Systems

Another path towards obtaining resonance flapping was
through rotary motor driven reciprocating systems. However
unlike the solenoidal and linear actuators, the rotary motor
based FiFVA systems needed to have an additional degree
of actuation to control Amplitude Modulation.

1) Vertical-Axis Cam Follower: The first cam design was
a hollowed cylinder that had been cut at an angle across its
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Fig. 11. Micro Solenoidal Actuators: (Left: Ext-Spring; Right: Comp-
Spring)

Fig. 12. Motion of vertical cam and displacement of piston

axial cross-section (Fig. 12).
The tip of the piston contacts the lip of the cam and

is forced upwards/downwards with the cam rotation. When
rotated constantly about its vertical axis, this cam causes
perfect sinusoidal motion in the piston. By placing more
sinusoidal ridges along the circumference, more oscillations
can be achieved (Fig. 13, Right). This is also seen on the
Vertical-Axis cam (Fig. 12, Center). A track with a ball
bearing can also be used instead of a cam shape as shown
in Fig. 12(Right).

2) Horizontal-Axis Cam: Designs involving cams with
a horizontal axis of rotation were also examined. Seen in
Fig. 13. The elliptical cam would allow a piston-follower
to reciprocate twice per cam rotation. The higher the
“major-to-minor axis” ratio (a thinner ellipse), the greater
the deviation from sinusoidal motion. The instantaneous
piston position from the cam pivot is given by R =√

(a.cosθ)
2
+ (b.sinθ)

2, where θ is the angular position
of the point of contact of the piston with the cam and
represent the ellipse semi axis. Larger ratios (elongated
ellipses) experience steep transitions in displacement. A
ratio of 1.333 gives near-sinusoidal motion. Although cams
provide possible mechanical advantages, they also create
issues in friction and scaling when working on the scales
intended for micro air vehicles.

3) Hypocycloidal Gear Train: A hypocycloidal gear train
was examined since by the use of an additional worm gear
arrangement, amplitude modulation is possible, providing
FiFVA control over wing flapping.

A spur gear is pivotally attached to a plate and spun around
the inside of the ring gear. The internal ring gear and the
spur gear have a 2:1 ratio so that the red dot seen in Fig.

Fig. 13. Horizontal -axis cam rotation and piston motion

Fig. 14. Hypocycloidal Gear Train (Amplitude Modulation)

14 will travel in a straight line throughout the spur gear
rotation. The worm gear at the bottom of each diagram in
Fig. 14 has the ability to shift the entire ring gear through 0
to 90º rotation (note the black dot), thus rotating the motion
of the red dot to a horizontal position, rendering none or
minimal vertical displacement depending on whether a yoke
is used or not respectively. Any amplitude between maximum
and zero displacement is attainable simply by rotation of the
internal ring gear. Maximum amplitude obtained equals the
pitch diameter of the ring gear.

A connecting rod was chosen for this system, to extend
from the spur gear (red dot) and to attach to the wing to
create flapping motion, similar to that seen in conventional
ornithopters (Fig. 15).

Note 1: Working of the different actuation schemes has
also been presented in the video accompanying this paper.

F. Hybrid Energy Control: For Non-Rotary Actuators

The MAV plant comprises the Energy Controller[1], [6],
the actuators and the wings as shown in Fig. 16:

Fig. 15. Inter-meshing of the internal gears (Left); Working Prototype
(Right)
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Fig. 17. Angular velocity build-up in wing

Fig. 16. Hybrid Plant Architecture

u = satng

(
k (E − E0) sign

(
θ̇3cosθ3

))
(4)

where, u is the control input (voltage) to the linear
actuator. E is the Normalized Energy of the wing/spring
combination and E0 is the Desired Energy of the wing/spring
combination, satng puts a limit to the maximum actuation
capability of the actuator, k is a design parameter. The result
of the control law implementation on the actuation systems
is the gradual build up of potential energy and in turn, kinetic
energy (as seen from the increase/decrease of wing angular
velocity, shown in Fig. 17).

G. MAV Designs based on Different Actuation Schemes

1) Modular MAV Configurations: At present there are
four different MAV prototypes being constructed in our lab-
oratory conforming to the QV design specifications; each has
four wings to produce Lift & 6DoF control. The main chassis
of the prototypes is common across the four prototypes.
Some of the 3D prototypes are shown in Fig. 18.

2) 6DoF Testing of the First MAV Prototype: A Test-
Bench Simulator has been designed to perform 3DoF mo-
tions and maneuvers. The goal is to test different control
algorithms and their performance on a bench top setup with-
out the need to initially subject the prototype to unnecessary
wear and tear, crashes and in-flight failures. The vehicle will
be made 6DoF-capable by the installation of an indigenous,
low weight Autopilot [15].

Fig. 18. MAV Designs based on Coil Actuators, Micro Linear Actuators,
Cam-Follower Drive Trains

Fig. 19. 3DoF Benchtop Prototype

V. CONCLUSIONS

The paper proposes and presents a new actuation method-
ology for MAVs based on the dynamics of insect flight.
The Fixed Frequency, Variable Amplitude (FiFVA) actuation
was engineered and used to successfully demonstrate the
possibility and effectiveness of replicating insect wing flap-
ping mechanisms. The comparison of all developed designs
was made and presented in Table III4. The research aims to
improve energy efficiency of actuation mechanisms on-board
MAVs, resulting in higher endurance aerial vehicles, with the
capacity for both military and civilian applications.
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