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(57) ABSTRACT 

Multi-wing hovering and gliding flapping Micro Air Vehicles 
("MAY") are disclosed. The MAY can have independent 
wing control to provide enhance energy efficiency and high 
maneuverability. Power to each wing can be controlled sepa­
rately by varying the amplitude of the wing flapping, the 
frequency of the wing flapping, or both. The flapping fre­
quency can be controlled such that it is at or near the natural 
frequency of the wings for improved energy efficiency. The 
wings can be controlled by a gear train, coil-magnet arrange­
ment or many other actuation systems that enable variable 
frequency flapping, variable amplitude flapping, or a combi­
nation of both. The gear train mechanism provides gyro­
scopic stability during flight. The wing flapping can include a 
rotation, or feathering motion, for improved efficiency. The 
wings can be transitioned between flapping flight and fixed 
wing flight to enable gliding and hovering in a single configu­
ration. 
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HOVERING AND GLIDING MULTI-WING 
FLAPPING MICRO AERIAL VEHICLE 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This application claims the benefit of International Patent 
Application Serial No. PCT/US2012/025718, filed 17 Feb. 
2012, and entitled "Hovering and Gliding Multi-Wing Flap­
ping Micro Aerial Vehicle," which claims the benefit of U.S. 
Provisional Patent Application Ser. Nos. 61/443,914, filed 17 
Feb. 2011; 61/466,204, filed 22 Mar. 2011; 61/481,500, filed 
2 May 2011; and 61/481,484, filed 2 May 2011. All of the 
above-referenced applications are incorporated herein by ref­
erence in their entireties as if fully set forth below. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

This invention was made with Government support under 
contract number FA9550-10-C-0036, awarded by the U.S. 
Air Force. The Government has certain rights in the invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention relates to the field of aerial vehicles, and in 

particular, to micro aerial vehicles with flapping wings. 
2. Description of the Related Art 
Micro aerial vehicles (MAVs) are small, unmanned aerial 

vehicles that are typically flown by remote control. MA Vs can 
be, for example and not limitation, small airplanes, helicop­
ters, or ornithopters. Although there is no definite list of 
qualifications that a vehicle must meet to be considered an 
MAY, the Defense Advanced Research Projects Agency 
(DARPA) requires that a particular aerial vehicle-must be 
smaller than 6 inches in any direction or must not have a gross 
take off weight (GTOW) greater than 100 grams. DARPA 
also places limits on, among other things, the range, endur­
ance, operational altitude, maximum speed, maximum pay­
load, and cost of manufacture. Under these tight constraints, 
the size, weight and power available to on-board avionics and 
actuators is drastically reduced compared to larger, conven­
tional aerial vehicles. 

MAVs are useful in several applications because their 
small size and maneuverability yields several advantages. For 
example, MAVs can fly in enclosed or partially enclosed 
areas, such as in buildings and alleyways. MAVs can also fly 
through and around obstacles that are too large or too close 
together to be avoided by conventional aerial vehicles. For at 
least these reasons, MA Vs can perform tasks that other, larger 
aerial vehicles cannot. 

2 
For these reasons, an MAV's control and power systems must 
provide capability for both dynamic maneuvers and extended 
flight times. 

Many types of micro aerial vehicles exist, including air­
plane-like fixed-wing models and helicopter-like rotary-wing 
models. Each of these types has different advantages and 
disadvantages. Fixed-wing MAVs can currently achieve 
higher efficiency and longer flight times, for example, and are 
therefore well suited to tasks that require extended flying 

10 time, higher payloads, and larger ground coverage. Fixed­
wing MAVs cannot hover or fly backwards, however, and 
have a limited ability to fly at slow speeds. Rotary-wing 
MAYS, on the other hand, can hover, fly at slow-speeds, and 

15 
move in any direction. Rotary-wing MAVs are generally inef­
ficient, however, and so their maneuverability comes at the 
cost of shorter flight time and lower payload capacities. 

The inefficiencies of presently known MAVs are due, at 
least in part, to aerodynamics. From an aerodynamic stand-

20 point, MAVs operate in a very sensitive Reynolds number 
regime. This sensitivity is due in large part to the small size of 
the wings, rotors, and/or other lifting surfaces on an MAY. 
The small wings or rotors cause the aerodynamic flow over 
the lifting surfaces to exhibit strong variances from conven-

25 tional aerodynamic effects seen over the wings of larger, 
conventional vehicles. These variances can cause inefficien­
cies iflargervehicles are simply scaled down to MAY size, or 
smaller. For this reason, designing MAVs that can efficiently 
fly in this regime represents a unique and difficult challenge to 

30 design engineers. In many applications, for example, it is 
desirable for an MAY to hover and/or have vertical take off 
and landing (VTOL) capability. In general, however, conven­
tional VTOL capable vehicles do not efficiently scale down to 
the small sizes ofMAVs. This means that large VTOL capable 

35 vehicles cannot simply be reduced to MAY size and maintain 
high flight efficiencies. 

In order to design efficient MAVs, engineers have 
attempted to model MAVs after small flying animals, such as 
birds and insects. Birds and insects are notoriously efficient 

40 flyers, as their body structure and aerodynamic characteris­
tics are very finely tuned. Birds and insects therefore have 
unmatched maneuverability, speed, and agility. 

In addition, to overcome the aerodynamic difficulties 
described above, some small birds and insects utilize vortex 

45 formation and harnessing to keep themselves aloft, especially 
when hovering. To reduce the amount of energy needed to flap 
their wings, many birds and insects also flap at or near their 
wings' resonant frequency. Flapping at or near the resonant 
frequency harnesses the vibrational energy of the wings, 

50 thereby reducing the amount of energy that the bird or insect 
must use. 

Because certain birds and insects flap their wings at or near 
resonant frequency, they do not increase or decrease the fre­
quency of the flapping motion in order to vary the amount of 
thrust produced. Instead, these birds and insects increase the 
amplitude of the flapping motion to increase thrust, and 
decrease the amplitude of the flapping motion to decrease 
thrust. Increasing the amplitude of the flapping motion 
increases the amount ofair displaced by each flap of the wing, 

Like larger aircraft, MAVs can carry cameras and other 
payloads. Unlike conventional aerial vehicles, however, an 
MAY' s small size and maneuverability can make it difficult to 
detect. For this reason, MAVs are particularly useful to the 55 

military, as they can carry out various military operations 
without being detected. In fact, the U.S. military commonly 
uses small, mid, and large sized unmanned aerial vehicles 
(UAV) for search and rescue operations and remote intelli­
gence, surveillance, and reconnaissance (ISR) missions. 60 thereby increasing the amount of thrust produced by each 

flap. Decreasing the amplitude of the flapping motion 
decreases the amount of air displaced by each flap of the wing, 
thereby decreasing the amount of thrust produced by each 

A typical MAY mission involves flight through or in close 
proximity to buildings, tunnels, foliage, rubble, and other 
hazardous areas. These missions require MAVs to maneuver 
using sharp dives and climbs along with tight-radius turns. 
The small size of an MAY generally allows such dynamic 65 

flight operations within confined spaces. In addition, in some 
scenarios, MAVs must also fly for extended periods of time. 

flap. 
Birds and insects also use elastically stored energy to 

reduce the amount of energy that must be put into each flap of 
their wings. When a bird flaps its wings in an upward motion, 
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for example, muscles on the bottom of the bird's body elas­
tically expand and store energy. When the flapping motion 
reaches it upper peak, these muscles tend to contract like a 
rubber band, and this elastic energy is used to help pull the 
wing in a downward flapping motion. Similarly, the down­
ward flapping motion causes muscles on the top of the bird's 
body to expand and store energy, like a rubber band. When the 
flapping motion reaches its downward peak, this stored 
energy is used to help pull the wing in an upward flapping 
motion. The process is repeated, and the elastically stored 10 

energy enables the bird or insect reduce the amount of addi­
tional energy that is expended on each flap of its wings. 

Engineers have recognized some of the advantages of mod­
eling MAVs after birds and insects. Thus, some biologically 
inspired MAY designs have been attempted. Some of these 15 

designs include the MicroBat, Mentor, and Delfly models. 
However, all of these models lack appreciable flight time, 
appreciable payload capacity, the ability to fly in six degrees 
of freedom (i.e., hovering and VTOL capabilities). 

In order to mimic birds and insects, engineers have 20 

attempted to design MAVs with flapping wings 
(ornithopters). The great majority of these designs, however, 
have been modeled after birds and insects with only two 
wings. The use of two wings limits the lifting power that can 
be generated while staying within the MAY sizing param- 25 

eters. In addition, in prior designs, the wings were not inde­
pendently controlled. Because the wings were not indepen­
dently controlled, modifying the flapping amplitude and/or 
frequency of each individual wing was not possible. These 
designs also required a tail rudder, elevator, or other flight 30 

control mechanisms to perform various flight maneuvers and 
movement in six degrees of freedom. 

Unlike many birds and insects, current designs do not 
utilize resonance to reduce the amount of energy needed to 
flap the wings. When an increase or decrease in thrust is 35 

needed, these designs simply flap the wings faster or slower, 
thereby increasing or decreasing the frequency of the flapping 
motion. This can be an inefficient way to produce and/or 
modify thrust. For these reasons, known MAVs with flapping 
wings are inefficient, have low lifting power, and are overly 40 

complex. Moreover, the inefficiencies and low lifting power 
associated with these MAVs require that they either have 
small power supplies that exhaust quickly, or be tethered to an 
external power supply. 

Accordingly, while engineers have modeled MAVs after 45 

some birds and insects, there are many designs that have not 
yet been attempted. Some of these designs can potentially 
offer the benefits of both fixed-wing and rotary-wing aerial 
vehicles, without many of the drawbacks. Specifically, some 
of these designs can offer an efficient MAY with relatively 50 

high payload capacity, the ability to hover, the ability to glide 
or fly like an airplane, VTOL capability, and maneuverability 
in six degrees of freedom. 

What is needed, therefore, is a more efficient MAY with 
improved payload capacity that has the capabilities of both 55 

fixed-wing and rotary-wing aerial vehicles. It is to such a 
system and design that embodiments of the present invention 
are primarily directed. 

4 
and/or independent frequency control for each wing. The 
overall lift of the MAY can be controlled by varying the 
amplitude of the wings, the frequency of the wings, or both. 
The wings can be stopped in flight to provide fixed wing 
flight. 

Embodiments of the present invention can comprise a fly­
ing machine comprising a central chassis section with four or 
more independently controlled wings pivotally coupled to the 
central chassis section. The flying machine can further com­
prise an actuation system for flapping the four or more wings. 
In some embodiments, the actuation system can change the 
lift provided by each of the four or more wings by varying the 
amplitude of the flapping of each wing, the frequency of the 
flapping of each wing, or both. In some embodiments, the 
actuation system can flap the four or more wings at, or near, 
zero amplitude to provide fixed-wing, or fixed-wing like, 
flight. 

In some embodiments, the actuation system can flap the 
four or more wings at a fixed amplitude and vary overall lift by 
varying frequency. In other embodiments, the actuation sys­
tem can flap the four or more wings at a fixed frequency and 
vary overall lift by varying amplitude. In some embodiments, 
the fixed frequency can be approximately the resonant fre­
quency of the four or more of the wings. In other embodi­
ments, the actuation system can vary overall lift by varying 
amplitude and frequency concurrently. In some embodi-
ments, the flapping motion of each wing can further comprise 
a feathering motion. 

In some embodiments, pair of wings can be offset by a 
phase angle. In some embodiments, for example, the four or 
more wings can comprise a front pair of wings and a rear pair 
of wings and the flapping motion of the front pair of wings 
and the rear pair of wings can offset by a phase angle. In a 
preferred embodiment, the phase angle is positive when the 
rear wings lead the front wings and negative when the front 
wings lead the rear wings. In some embodiments, the phase 
angle can be between approximately 15 and 60 degrees. In 
some preferred embodiments, the phase angle is approxi­
mately 45 degrees. In other preferred embodiments, the phase 
angle is approximately 25 degrees. 

Embodiments of the present invention can further com­
prise a variety of actuation systems. In some embodiments, 
the actuation system can comprise a hypocycloidal gear drive 
system. In other embodiments, the actuation system can com­
prise one or more four bar linkages. In still other embodi­
ments, the actuation system can comprise one or more cam 
and follower actuators. In yet other embodiments, the actua­
tion system can comprise one or more magnet and coil actua­
tors. In some embodiments, the actuation system can further 
comprise a spring moving near resonance to reduce actuation 
system power consumption. 

The flying machine can also comprise a control system 
capable of transitioning between hovering flight and fixed­
wing flight and between fixed wing flight and hovering flight. 
In some embodiments, the control system can perform this 
transition while maintaining the frequency of the four or more 
wings at around a fixed frequency. In some embodiments, the 
fixed frequency can be approximately the resonant frequency 
of one of the four or more of the wings. In other embodiments, 

SUMMARY OF THE INVENTION 

Embodiments of the present invention relate to a Micro 
Aerial Vehicle (MAY), and more specifically to a multi­
winged, flapping MAY with independent wing control. The 
device can comprise four or more wings pivotally coupled to 
a central chassis. The MAY can further comprise a control 
system capable of providing independent amplitude control 

60 the fixed frequency is approximately the resonant frequency 
of a pair of the four or more of the wings. In still other 
embodiments, fixed frequency can be approximately the reso­
nant frequency of all of the four or more of the wings. 

Embodiments of the present invention can also comprise a 
65 flying machine comprising a central chassis section and four 

or more independently controlled wings pivotally coupled to 
the central chassis section. The flying machine can also com-
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prise a drive system comprising one or more gear train sys­
tems for flapping the four or more wings and one or more 
drive motors for driving the one or more gear train systems. In 
a preferred embodiment, the gear train systems can flap each 
of the four or more wings with variable amplitude, while the 
speed of the one or more drive motors can be varied to flap the 
four or more wing with variable frequency. 

6 
In a preferred embodiment, the axis of rotation of the transfer 
gears, the ring gears, and the spider gears is about a first axis 
to provide gyroscopic stability about the first axis and a sec­
ond axis and the axis of rotation of the motor is about a third 
axis to provide gyroscopic stability about the second axis and 
the third axis. In this manner, the drive system can provide 
gyroscopic stability in all three axes. 

In some embodiments, the four or more wings can be 
driven by a single drive motor enabling the drive motor to flap 
the four or more wings at variable frequency based on the 10 

speed of the drive motor. In other embodiments, each pair of 
the four or more wings can be driven by a separate drive motor 
enabling each separate drive motor to flap each pairofthe four 

Embodiments of the present invention can further com­
prise a method of providing flight control for a flying 
machine. The method can comprise, for example, providing a 
flying machine with four or more flapping wings, each of the 
wings comprising independently controllable amplitude, 
independently controllable frequency, or both, and varying 
the amplitude or frequency of the flapping of each of the four 
or more wings to vary the lift provided by each of the wings. 
In some embodiments, the method can also comprise reduc-

or more wings at variable frequency based on the speed of the 
drive motor. In still other embodiments, each of the four or 15 

more wings can be driven by a separate drive motor enabling 
each separate drive motor to flap each of the four or more 
wings at variable frequency based on the speed of each drive 
motor. 

ing the amplitude of the flapping of all of the four or more 
wings to zero, which can provide fixed wing flight. During 
fixed wing flight, it may be desirable to intermittently flap one 
or more of the wings to increasing the lift of one or more of the 
wings during fixed wing flight to provide energy savings 

In some embodiments, the drive system can flap each of the 20 

four or more wings at approximately the resonant frequency 
of one of the four or more of the wings. In other embodiments, 
the drive system can flap each of the four or more wings at 
approximately the resonant frequency of a pair of the four or 
more of the wings. In still other embodiments, the drive 25 

system can flap each of the four or more wings at approxi­
mately the resonant frequency of the four or more of the 
wings. 

and/or flight control. 
In some embodiments, the four or more wings can be 

flapped at substantially the same amplitude, substantially the 
same frequency, or a combination thereof such that total lift, 
total thrust, or both produced is same for each wing to provide 
hovering flight. Varying the amplitude, the frequency, or both 
between a first set of wings, located proximate a rear portion 
of the flying machine, and a second set of wings located Embodiments of the present invention can further com­

prise a control gear set located at each of the four or more 
wings. Each of the control gear sets can comprise, for 
example, a ring gear movable between a first position and a 
second position and one or more spider gears located inside 
the ring gear and in geared engagement with the ring gear. In 
some embodiments, a first spider gear of the one or more 
spider gears can comprise a drive pin for converting rotary 
motion to reciprocating motion. In this configuration, when 
the ring gear is in the first position, the reciprocating motion 
of the drive pin can be substantially vertical, while when the 
ring gear is in the second position, the reciprocating motion of 
the drive pin can be substantially horizontal. In other words, 
rotating the ring gear from the first position to the second 
position enables the reciprocating motion of the drive pin to 
transition from substantially vertical motion to substantially 
horizontal motion (and combinations thereof between the 
first position and the second position). 

In some embodiments, each control gear set can further 
comprise a flapping actuator pivotally coupled to the central 
chassis section and in slideable engagement with the drive 
pin. In this configuration, rotating the ring gear in a first 
direction can move the reciprocation motion of the drive pin 
on the first spider gear in the horizontal direction, reducing 
the amplitude of the motion of the flapping actuator, while 
rotating the ring gear in a second direction can move the 
reciprocation motion of the drive pin on the first spider gear in 
the vertical direction, increasing the amplitude of the motion 
of the flapping actuator. In some embodiments, when the ring 
gear is in the second position, the motion of the flapping 
actuator can be reduced to approximately zero amplitude to 
provide fixed-wing, or fixed-wing like flight. In some 
embodiments, each control gear set can further comprising a 
phase gear, which can be in geared engagement with the ring 
gear, and can rotate the ring gear from the first position to the 
second position. 

In other embodiments, the drive system can further com­
prise one or more transfer gears for transferring power from 
the one or more drive motors to each of the control gear sets. 

30 proximate a front portion of the flying machine, can be used 
to control pitch. Similarly, varying the amplitude, the fre­
quency, or both between a first set of wings, located proxi­
mate a right portion of the flying machine, and a second set of 
wings located proximate a left portion of the flying machine, 

35 can provide roll control. Finally, varying the amplitude, the 
frequency, or both between a first set of wings, comprising a 
first wing located proximate a right, rear portion of the flying 
machine and a second wing proximate a left, front portion of 
the flying machine and a second set of wings, comprising a 

40 first wing located proximate a right, front portion of the flying 
machine and a second wing proximate a left, rear portion of 
the flying machine, can provide yaw control. In some embodi­
ments, the amplitude and/or the frequency of the four or more 
wings can be varied to vary the overall lift provided by the 

45 four or more wings. 
Embodiments of the present invention can further com­

prise a modular flying machine. In some embodiments, the 
modular flying machine can comprise two or more flying 
machines that can be coupled to provide, for example, vari-

50 able payload capacity. The modular flying machine can com­
prise, for example, a first flying machine comprising a first 
central chassis section, a first set of two, four or more inde­
pendently controlled wings, pivotally coupled to the first 
central chassis section, a first gear train system for flapping 

55 the first set of two, four or more wings, and a first set of one or 
more drive motors for driving the first gear train system. The 
second flying machine can comprise a second central chassis 
section, a second set of two, four or more independently 
controlled wings, pivotally coupled to the second central 

60 chassis section, a second gear train system for flapping the 
second set of two, four or more wings, and a second set of one 
or more drive motors for driving the second gear train system. 

In this configuration, the first and second central chassis 
sections can be coupleable (i.e., by bolting, welding, gluing, 

65 or other suitable means) to form the modular flying machine. 
As before, the first and second gear train systems can flap the 
first and second sets of wings with variable amplitude, and the 
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speed of the first and second sets of one or more drive motors 
can be varied to flap the first and second sets of wings with 
variable frequency. 

These and other objects, features and advantages of the 
present invention will become more apparent upon reading 
the following specification in conjunction with the accompa­
nying drawing figures. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. 1 depicts a perspective view ofan MA V, in accordance 
with some embodiments of the present invention. 

FIG. 2 depicts a top view of a dragonfly. 
FIG. 3 depicts a perspective view of a wing of an MAY, in 

accordance with some embodiments of the present invention. 
FIG. 4 depicts another perspective view of the MAY of 

FIG. 1, in accordance with some embodiments of the present 
invention. 

8 
FIG. 14h depicts a hypocycloidal gear train with the drive 

pin in an eighth position, in accordance with some embodi­
ments of the present invention. 

FIG. 15 depicts a perspective view of springs coupled with 
a geared actuation system for an MAY, in accordance with 
some embodiments of the present invention. 

FIG. 16 depicts a perspective view of a geared actuation 
system for an MAY having gyroscopic properties, in accor­
dance with some embodiments of the present invention. 

1° FIG. 17 depicts a four-bar linkage flapping and feathering 
system for an MAY, in accordance with some embodiments of 
the present invention. 

FIG. 18 depicts a force diagram for the four-bar linkage 

15 
flapping and feathering system of FIG. 17, in accordance with 
some embodiments of the present invention. 

FIG. l9a depicts a perspective view of the four-bar flap­
ping and feathering system for an MAY in a first position, in 
accordance with some embodiments of the present invention. 

FIG. 5 depicts MAYs with different wing and power 20 
arrangements, in accordance with some embodiments of the 

FIG. l9b depicts a perspective view of the four-bar flap­
ping and feathering system for an MAY in a second position, 
in accordance with some embodiments of the present inven­
tion. 

present invention. 
FIG. 6 is a graph of D versus the weight of the avionics 

divided by the weight of the non-avionics for several embodi­
ments of the present invention. 

FIG. 7 is a graph of actuator energy reserve increase for 
several embodiments of the present invention. 

FIG. 8 depicts a top view of a geared actuation system for 
an MAY, in accordance with some embodiments of the 
present invention. 

FIG. 9 depicts a perspective, detailed view of the geared 
actuation system of FIG. 8, in accordance with some embodi­
ments of the present invention. 

FIG. 10 depicts another perspective view of the geared 
actuation system of FIG. 8, in accordance with some embodi­
ments of the present invention. 

FIG. 11 depicts a side view of the geared actuation system 
of FIG. 8, in accordance with some embodiments of the 
present invention. 

FIG. 12 depicts a perspective view of the geared actuation 
system with wings attached, in accordance with some 
embodiments of the present invention. 

FIG. 13 depicts another perspective-view of the geared 
actuation system, in accordance with some embodiments of 
the present invention. 

FIG. l 4a depicts a hypocycloidal gear train with a drive pin 
in a first position, in accordance with some embodiments of 
the present invention. 

FIG. 14b depicts a hypocycloidal gear train with the drive 
pin in a second position, in accordance with some embodi­
ments of the present invention. 

FIG. 14c depicts a hypocycloidal gear train with the drive 
pin in a third position, in accordance with some embodiments 
of the present invention. 

FIG. 14d depicts a hypocycloidal gear train with the drive 
pin in a fourth position, in accordance with some embodi­
ments of the present invention. 

FIG.19c depicts a perspective view of the four-bar flapping 
25 and feathering system for an MAY in a third position, in 

accordance with some embodiments of the present invention. 
FIG. l9d depicts a perspective view of the four-bar flap­

ping and feathering system for an MAY in a fourth position, in 
accordance with some embodiments of the present invention. 

3° FIG. 20 depicts a perspective view ofanMAYwithmagnet 
and coil actuation systems, in accordance with some embodi­
ments of the present invention. 

FIG. 2la depicts a perspective, detailed view of the magnet 

35 
and coil actuation system, in accordance with some embodi­
ments of the present invention. 

40 

FIG. 21b depicts a side, detailed view of the magnet and 
coil actuation system, in accordance with some embodiments 
of the present invention. 

FIG. 22 depicts a perspective view of the magnet and coil 
actuation system, in accordance with some embodiments of 
the present invention. 

FIG. 23 depicts another perspective view of the magnet and 
coil actuation system, in accordance with some embodiments 

45 of the present invention. 
FIG. 24 depicts a perspective view of a magnet and two­

coil actuation system for an MAY, in accordance with some 
embodiments of the present invention. 

FIG. 25 depicts a perspective view of a horizontal cam and 
50 piston/follower actuation system for an MAY, in accordance 

with some embodiments of the present invention. 

55 

FIG. 26 depicts a perspective view of a vertical cam and 
piston/follower actuation system for an MAY, in accordance 
with some embodiments of the present invention. 

FIG. 27 is a graph of various torques at a wing joint of an 
MAY, in accordance with some embodiments of the present 
invention. 

FIG. 14e depicts a hypocycloidal gear train with the drive 
pin in a fifth position, in accordance with some embodiments 60 

of the present invention. 

FIGS. 28a-28d depicts a control law for a multi-winged 
vehicle with independent wing control, in accordance with 
some embodiments of the present invention. 

FIG. 29 depicts a control hierarchy for a multi-winged 
vehicle with independent wing control, in accordance with 
some embodiments of the present invention. 

FIG. 14{ depicts a hypocycloidal gear train with the drive 
pin in a sixth position, in accordance with some embodiments 
of the present invention. 

FIG. 14g depicts a hypocycloidal gear train with the drive 65 

pin in a seventh position, in accordance with some embodi­
ments of the present invention. 

FIG. 3 0 depicts a Proportional-Integral-Derivative ("PID") 
control system for a multi-winged vehicle with independent 
wing control, in accordance with some embodiments of the 
present invention. 
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FIG. 31 depicts control moments and forces for a multi­
winged vehicle with independent wing control, in accordance 
with some embodiments of the present invention. 

FIG. 32 depicts a PID control system with an energy con­
troller for a multi-winged vehicle with independent wing 
control, in accordance with some embodiments of the present 
invention. 

FIG. 33 is a graph depicting energy buildup near resonance 
for a multi-winged vehicle with independent wing control, in 
accordance with some embodiments of the present invention. 

FIGS. 34a-34e depict response times for the PID control 
system of FIG. 32, in accordance with some embodiments of 
the present invention. 

FIG. 35 depicts a PID control system with Genetic Algo­
rithm (GA) gain tuning for a multi-winged vehicle with inde­
pendent wing control, in accordance with some embodiments 
of the present invention. 

FI GS. 3 6a-36c depict a graph of response times for the PID 
control system after GA gain tuning ofFIG. 35, in accordance 
with some embodiments of the present invention. 

FIGS. 36d-36e depict a Proportional-Derivative ("PD") 
control system for a multi-winged vehicle with independent 
wing control, in accordance with some embodiments of the 
present invention. 

FIG. 37 depicts a coordinate system for a feathering and 
flapping wing vehicle, in accordance with some embodiments 
of the present invention. 

FIG. 38 depicts a spring controlled wing feathering mecha­
nism with hard stops, in accordance with some embodiments 
of the present invention. 

FIGS. 39a-39b depict a graph of the discontinuities in 
motion caused by the hard stops of the feathering mechanism 
in FIG. 38, in accordance with some embodiments of the 
present invention. 

FIGS. 39c-39d depict a graph of a smoothing function used 
to avoid the discontinuities in motion caused by the hard stops 
of the feathering mechanism in FIG. 38, in accordance with 
some embodiments of the present invention. 

FIG. 40 depicts the resultant force angle caused by aver­
tical lift and horizontal thrust angles, in accordance with some 
embodiments of the present invention. 

FIGS. 41a and 41b depict a working model of a micro air 
vehicle ("MAY"), in accordance with some embodiments of 
the present invention. 

FIGS. 42a and 42b depict angle of hovering for an MAY, in 
accordance with some embodiments of the present invention. 

FIGS. 43a-43d depict front and rear wing phasing for 
improved efficiency, in accordance with some embodiments 
of the present invention. 

FIG. 44a is a graph depicting the relationship between 
pitch angle and hovering/gliding, in accordance with some 
embodiments of the present invention. 

FIG. 44b is a graph depicting the relationship between 
front wing power output and rear wing power output with 
regard to hovering/gliding, in accordance with some embodi­
ments of the present invention. 

FIG. 45 is a graph depicting factorial increase in per actua­
tor energy reserves vs. the number of wings on an MAY, in 
accordance with some embodiments of the present invention. 

FIGS. 46a-46c depict perspective views of a magnet and 
coil actuation system for an MAY, in accordance with some 
embodiments of the present invention. 

10 
FIGS. 48a-d depict a MAY transitioning between hovering 

and gliding flight at different pitch angles, in accordance with 
some embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention relate to a Micro 
Aerial Vehicle (MAY) inspired by a dragonfly. The MAY can 
fly in six degrees of freedom. The MAY can have a plurality 

10 of wings, and each wing can flap independently. The wings 
can also flap at various frequencies and amplitudes. In some 
embodiments, the wings can flap at a constant frequency, 
while the amplitude of the flapping motion is varied to 
increase or decrease the thrust produced. In other embodi-

15 ments, the wings can flap at a constant amplitude, while the 
frequency of the flapping motion is varied to adjust thrust. In 
some embodiments, both the frequency and the amplitude of 
the flapping motion can be varied to adjust thrust. 

The wings can be connected to the body of the MAY 
20 through various mechanical linkages and systems. There can 

also be various control systems on, or in communication with, 
the MA V. These control systems can direct the wings to flap at 
different frequencies, different amplitudes, or even in differ­
ent motions. The control systems can control the stability of 

25 the MAY. The control systems can also direct the MAY to fly 
to certain locations and/or perform certain tasks. 

To facilitate an understanding of the principles and features 
of the various embodiments of the invention, various illustra­
tive embodiments are explained below. Although preferred 

30 embodiments of the invention are explained in detail, it is to 
be understood that other embodiments are contemplated. 
Accordingly, it is not intended that the invention is limited in 
its scope to the details of construction and arrangement of 
components set forth in the following description or illus-

35 trated in the drawings. The invention is capable of other 
embodiments and of being practiced or carried out in various 
ways. Also, in describing the preferred embodiments, specific 
terminology will be resorted to for the sake of clarity. 

It must also be noted that, as used in the specification and 
40 the appended claims, the singular forms "a," "an" and "the" 

include plural references unless the context clearly dictates 
otherwise. For example, reference to a component is intended 
also to include composition of a plurality of components. 
References to a system containing "a" component is intended 

45 to include other components in addition to the one named. 
Also, in describing the preferred embodiments, terminol­

ogy will be resorted to forthe sake of clarity. Itis intended that 
each term contemplates its broadest meaning as understood 
by those skilled in the art and includes all technical equiva-

50 lents, which operate in a similar manner to accomplish a 
similar purpose. 

Ranges may be expressed herein as from "about" or 
"approximately" one particular value and/or to "about" or 
"approximately" another particular value. When such a range 

55 is expressed, other exemplary embodiments include from the 
one particular value and/or to the other particular value. 

The words "comprising," "containing," or "including" 
conveys that at least the named compound, element, particle, 
or method step is present in the composition or article or 

60 method, but does not exclude the presence of other com­
pounds, materials, particles, method steps, even if the other 
such compounds, material, particles, method steps have the 
same function as what is named. 

FIG. 47 is a graph depicting the relationship between the 
torque multiplication factor and the ratio of damping torque to 65 

spring torque, in accordance with some embodiments of the 
present invention. 

It is also to be understood that the mention of one or more 
method steps does not preclude the presence of additional 
method steps or intervening method steps between those 
steps expressly identified. Similarly, it is also to be under-
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stood that the mention of one or more components in a com­
position does not preclude the presence of additional compo­
nents than those expressly identified. 

12 
ciency is due to several factors, including, but not limited to, 
the number of wings (four), resonant wing flapping, and 
forewing-hindwing aerodynamic interaction due to phasing. 

Referring now in detail to the drawing figures, FIG. 1 
depicts an MAY in accordance with some embodiments of the 
present invention. FIG. 2 is an image ofa dragonfly.As can be 
seen by comparing FIGS. 1 and 2, although the MAY is 
generally inspired by a dragonfly, there can be structural and 
mechanical differences between the MAY and a dragonfly. In 

The materials described hereinafter as making up the vari­
ous elements of the present invention are intended to be 
illustrative and not restrictive. Many suitable materials that 
would perform the same or a similar function as the materials 
described herein are intended to be embraced within the 
scope of the invention. Such other materials not described 
herein can include, but are not limited to, materials that are 
developed after the time of the development of the invention. 

10 some embodiments, for example, the wings of the MAY can 
be spaced further apart than the wings of the dragonfly. This 
spacing helps to simplify pitch and yaw control forthe system 
by increasing the distance between the wings. This enables 
the wings to create a large moment about the center of mass of 

As described above, fixed-wing MAYs are among the most 
efficient of current deigns, and can therefore fly for relatively 
long periods of time with heavier payloads. However, fixed­
wing MAYs have certain limitations. For example, they can­
not hover or fly backwards, and have difficulty flying at low 
speeds. Rotary-wing MAYS can generally hover, fly at slow­
speeds, and move in any direction. Unfortunately, rotary­
wing MAYS are generally not as efficient as fixed-wing mod­
els, and therefore they have shorter maximum flight times and 20 

smaller payload capacities. 

15 the MAY (and other important locations) without requiring 
additional thrust. 

Embodiments of the present invention, therefore, provide 
an efficient MAY that can hover and take off and land verti­
cally (VTOL capable). The MAY can fly in six degrees of 
freedom, and does not require a tail rudder, elevator, or similar 25 

mechanisms. In some embodiments, the MAY can be gener­
ally modeled after a dragonfly. Therefore, like a dragonfly, the 
MAY can have a body and four wings. If desired, however, the 
MAY can have more than four wings or less than four wings. 
The MAY can also have actuation systems that cause the 30 

wings to flap and lock in a gliding position. The MAY can also 
have various control systems that allow a user, or users, to 
control the MAY from a remote location. 

FIG. 1 shows an embodiment of the MAY of the present 
invention with a body 105 and four wings 110.As shown, the 
body 105 can be long and slender. Of course, the body 105 can 
be a variety of shapes. For example, the body 105 can be 
longer than it is wide, or wider than it is long. The body 105 
can also take on a variety of geometric shapes. The body 105 
can be, for example, generally shaped like a rectangular prism 
or a cylinder. The shape of the body 105 can also be modified 
based on the particular task that the individual MAY is 
designed to carry out, such as carrying a particular pay load. If 
the MAY is designed to carry a camera of a certain size and 
shape, for example, the body 105 can be modified to accom­
modate the size and shape of the camera. 

In addition, the body 105 can be shaped to aid in camou-
flaging the MAY, or to aid in avoiding visual detection, 
audible detection, radar detection, laser detection, infrared 
detection, and/or ultrasonic or other sensor detection. In 
embodiments where the MAY has more than four wings 110, Exemplary general designs, actuation systems, and control 

systems of the present invention are described below, along 
with descriptions of the hovering and gliding capabilities of 
the MAY and the wing phasing capabilities. 

35 the shape of the body 105 can be modified to accommodate 
the additional wings. 

General Designs 
The body 105 of the MAY can be made from various 

materials. In some embodiments, the body 105 can be made 
from one or more thermoplastics, including, but not limited 

40 to, polyethylene, polypropylene, polystyrene, and polyvinyl 
chloride. The body 105 can also be made from metallic com­
ponents, such as aluminum, titanium, or steel. In some 
embodiments, the body 105 can be constructed from a light 

The MAY of the present invention can generally be 
inspired by, and/or modeled after, a dragonfly. Like a drag­
onfly, the MAY can have a body and four-wings. The four­
winged design improves energy reserve utilization for both 
electronics and actuators and generates a large amount of 
propulsion, thereby improving the payload capability of the 
MAY. The four-winged design also utilizes phasing between 45 

and hind wings, thereby improving the aerodynamic effi­
ciency of the MAY. In addition, the four winged design 
improves energy efficiency compared to a two-winged 
design. The 4-wing design is complete it its ability to perform 
maneuvers in six degrees of freedom without additional 50 

actuation, control actuators, or other mechanisms. 

weight wood, such as, for example, balsawood. 
As shown in FIG. 1, the body 105 can comprise a chassis 

section 115 and the wings 110 can be disposed proximate the 
corners of the MA V. One wing 110 can be disposed proximate 
each of the front left, front right, back left, and back right 
corners of the MAY. 

As shown in FIG. 3, the wings 110 can comprise a wing 
spar (or "wing beam") 305 near the leading edge of each wing 
110. The wings 110 can also comprise one or more ribs 310 
and stringers 315. The ribs 310 and stringers 315 can be 
attached to the wing spar 305 and/or to each other. In some 
embodiments, the spar 305, ribs 310, and stringers 315 can be 
the thickest elements on the wing 110 and can provide struc-
tural integrity to the wing 110. In some embodiments, the ribs 
310 can generally extend from the leading edge of the wing 
110 back toward the trailing edge of the wing 110. The string-

As mentioned above, MAYs operate in a different aerody­
namic regime than larger, conventional aircraft. This is due, at 
least in part, to the Reynolds number of the flow over the 
wings of the MAY. Specifically, compared to conventional 55 

aircraft, the Reynolds number over an MAY's wings is gen­
erally much smaller due to the MAY' s small size. The smaller 
Reynolds number means that larger aerial vehicles cannot 
simply be shrunk to MAY size, as significant losses in effi­
ciency result. 

To overcome some of the difficulties presented by small­
scale aerodynamics, engineers have attempted to model 
MAYs after small flying animals, such as birds and insects. 
Birds and insects are notoriously efficient flyers, as their body 
structure and aerodynamic characteristics are very finely 65 

tuned. A dragonfly, for example, flies in a very similar aero­
dynamic regime to an MAY, and is very efficient. This effi-

60 ers 315, on the other hand, can connect a plurality of ribs 310 
together, and can therefore provide additional structural sup­
port. 

The spars 305, ribs 310, and stringers 315 can also support 
the skin 320 of the wing 110. The skin 320 can be a thin layer 
disposed between the spars 305, ribs 310, and stringers 315. 
In some embodiments, the skin 320 can generate most of the 
wing's aerodynamic lift. 
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The spars 305, ribs 310, and stringers 315 can comprise 
rigid or semi-rigid material, including various polymers, such 
as, for example but not limitation, ABS or Nylon. In some 
embodiments, the spar 305, ribs 310, stringers 315, and skin 
320 can be formed together as one polymer piece. In these 
embodiments, the spars 305, ribs 310, and stringers 315 can 
be thickened portions of the polymer piece. 

14 
In this manner certain sets of wings 110 (the front wings, back 
wings, or, if applicable, middle wings) can be phase-con­
trolled with respect to other sets of wine 110. In some 
embodiments, the actuation systems 120 can also hold the 
wings 110 stationary, allowing the MAY to glide. The actua­
tion systems 120 are discussed in greater detail below. 

In some embodiments, like a dragonfly, each wing 110 of 
the MAY can be capable of elastic storage and re-use of 
propulsion energy, which helps reduce the power require-

In some embodiments, the skin 320 can comprise titanium 
mesh with a parylene coating. In other embodiments, the 
spars 305, ribs 310, and stringers 315 can comprise various 
plastics or metals, and the skin 320 can comprise a Mylar 
coating. The spars 305, ribs 310, stringers 315, and skin 320 
can also comprise various thermoplastics, such as, for 
example and not limitation, polyethylene, polypropylene, 
polystyrene, and polyvinyl chloride, and combinations 
thereof. The spars 305, ribs 310, and stringers 315 can also 
comprise one or more of aluminum, steel, titanium, and light 
weight wood, such as balsa wood. 

10 ments to flap the wing 110. In some embodiments, the wings 
110 are flapped at their resonant frequency, or a frequency 
close to their resonant frequency. In some embodiments, the 
wings 110 are flapped at the resonant frequency of the system 
comprising the wing's elastic restoring joint and the wing 110 

15 itself. In some embodiments, the inclusion of a spring in the 
wing's joint can affect the resonant frequency of the flapping 

In some embodiments, the wing 110 can be cambered. A 20 

rigid, cambered wing 110 can catch more air than a wing 110 
that flexes on the downstroke, or a wing 110 that is not 
cambered. The cambered wing 110 can generate more lift and 
operate more efficiently than a wing 110 without a camber. 
The camber can enable the wing 110 to flex during the 25 

upstroke, thereby minimizing drag. The camber can also 
increase the rigidity of the wing 110 on the downstroke. 

motion. 
Flapping the wings 110 at or near resonant frequency can 

reduce the amount of power required to flap the wings 110. 
This is because systems vibrating, or flapping, at or near their 
resonant frequency have a tendency to continue to vibrate, or 
flap, due to the inherent vibrational energy at this frequency. 
Thus, less energy input is required to maintain a flapping 
motion at, or near, a resonant frequency than at other frequen­
cies. 

In some embodiments, therefore, the MAY of the present 
invention can employ Fixed Frequency, Variable Amplitude 
(FiFVA) wing flapping. This means that the frequency of the 
wings' flapping can be constant, while the amplitude of the 
flapping is modified to adjust the amount of thrust produced. 
To produce a larger amount of thrust, for example, the ampli-
tude ofa wing's flapping motion can be increased. To produce 
a lesser amount of thrust, the amplitude of a wing's flapping 
motion can be decreased. Increasing the amplitude of the 

As showninFIGS.1 and4, the wings 110 can bepivotably 
attached to the chassis 115 of the body 105 so that the wings 
110 can flap in a generally vertical direction. In preferred 30 

embodiments, the wing spars 305 are pivotably attached 
directly to the chassis 115, or are attached to struts or braces 
connected to the chassis 115. In some embodiments, the 
wings 110 can fold when the MAY is not in use, thereby 
reducing the size of the MAY for storage. 

In some embodiments, the MAV's wings 110 have only 
one active degree of freedom-that is, they only flap in one 
direction because they are constrained. For example, the 
wings 110 can flap vertically, or at an angle offset from 
vertical. Each wing 110 of the MAY can also have a second, 40 

passive degree of freedom. The second, passive degree of 
freedom gives the wings 110 the ability to feather, or rotate, 
about their longitudinal axis while flapping. In some embodi­
ments, the wings 110 of the MAY have multiple active 
degrees of freedom and can flap in several directions between 45 

vertical and horizontal. These embodiments can also have 
feathering capability. 

35 flapping motion increases the amount of air displaced by each 
flap of the wing 110, thereby increasing the amount of thrust 
produced by each flap. Decreasing the amplitude of the flap­
ping motion decreases the amount of air displaced by each 

The MAY can comprise at least one actuation system 120 
that causes the wings 110 to flap. The actuation system 120 
can comprise, for example and not limitation, at least one 50 

motor, actuator, electrical system, or magnet and coil system. 
In preferred embodiments, there can be a plurality of actua­
tion systems 120. For example, there can be four independent 
actuation systems 120. In these embodiments, each wing 110 
can be mechanically or electrically coupled to one of the 55 

actuation systems 120, allowing each wing 110 to be con­
trolled independently. Each wing 110 can therefore flap at a 
different frequency, amplitude, or in a unique flapping pat­
tern. 

flap of the wing 110, thereby decreasing the amount of thrust 
produced by each flap. 

In some embodiments, the use of an elastic mechanism, 
such as one or more springs, in the actuation system 120 can 
also aid in the elastic storage and re-use of energy. In birds and 
insects, for example, elastic energy stored in the animal's 
muscles helps to reduce the amount of energy that is required 
to flap the wings. In some embodiments, therefore, a spring 
405 can serve a similar function. A torsion spring, for 
example, can engage the wing spar 305 and a strut or brace on 
the chassis 115 of the MAY. In some embodiments, the tor­
sion spring can be in an equilibrium position when the wing 
110 is substantially horizontal. When the wing 110 flaps up or 
down, therefore, the spring can be displaced. The force 
applied to the wing 110 by the displaced torsion spring can 
bias the wing 110 to return to horizontal, thereby introducing 
an elastic element into the flapping motion and reducing the 
amount of energy required to change the direction of the 
flapping motion. This, in turn, can reduce the amount of 
energy required to flap the wing 110 at certain frequencies. 

In some embodiments, the MAY can be modular. The MAY 
As a further example, there can be one actuation system 

120 that controls the flapping frequency of all wings 110 and 
supplementary actuation systems 120 that control the flap­
ping amplitude of each wing 110 individually. In addition, 
there can be one actuation system 120 that controls the flap­
ping frequency of two wings 110 (the front wings or the back 
wings, for example), and supplementary actuation systems 
120 that control the amplitude of each wing 110 individually. 

60 can comprise a first MAY with a body and four or more 
independently controlled wings. The first MAY can have an 
actuation system for enabling the wings to flap. The MAY can 
also comprise a second MAY with a body and four or more 
independently controlled wings. The second MAY can also 

65 have an actuation system for enabling the wings to flap. The 
bodies and the actuation systems of the two MAVs can be 
coupled together so that they are in mechanical communica-
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ti on. In embodiments where actuators and gear trains flap the 
wings of the MAYs, the speed of the actuators can be varied to 
flap the wings of the first MAY and the wings of the second 
MAY with variable frequency. 

16 
double the weight of the MAY. More generally, this implies 
that the amount of energy available per actuator can increase 
as the number of wings increases on the MAY. 

An MAY with four independent, flapping wings 110 can 
have several advantages over conventional fixed-wing or 
rotary-wing MAYs. Four wings 110, for example, can provide 
increased lifting power. As a result, in some embodiments, the 
MAY can carry, for example and not limitation, excess pay­
load, sensors, and processors. In addition, the wings 110 can 10 

flap at a resonant frequency, making it possible to sustain 
longer flight times with reduced energy requirements. An 
MAY with four wings 110 can also provide increased agility 
and maneuverability, while maintaining robust and stable 
flight performance through environmental disturbances like 15 

wind and air gusts. 

The energy reserves per actuator, in general, for a multi­
winged MAY can therefore be given by: 

Thus, it can be determined that: 

As shown in FIG. 5, the MAY can have two, four, or more 
wings 110 (an "N" number of wings). As discussed above, 
one of the advantages of a four-winged MAY is a possible 
increase in payload capability and onboard-energy reserves 20 

versus two-winged designs. This increase can be explained 
through the mathematical equations below. As certain 
assumptions must be made to derive the equations, all equa­
tions provide approximations. Nomenclature used below is 

where equality is held if W Avionics =O. Practically, however, 
since every MAY needs some electronics to drive the actua­
tors and for remote control operations, this situation 1s 
unlikely or impossible. 

Finally, we can determine that for an n-winged MAY: 

explained in Table 1. 25 

WN-MAV 

WActuator 

WBattery 

WAv;on;c, 

W Non-Avionics 

RA 
EAN 

EBattery 

EAv;on;c, 

TABLE 1 

Weight ofN-Wing MAY 
Weight of Actuator (Including wing-mechanism) 
Weight of the on-board Battery 
Weight of the on-board Autopilot 
Weight of Battery, Ac ltuators, wings etc 
Ratio ofW Avionics to W Non-Avionics 

Available Energy/Actuator in N-Wing Configuration 
Energy Reserve of each Battery 
Energy Available to the Avionics 

For a two-winged MAY with one actuator, the weight and 
energy configurations can be: 

2X WActuator + WAvionics + WBattery = W2-MAV 

2xE A 1 +£Avionics =E Battery 

Using these formulas, the available energy per actuator can 
be: 

EA 1 =1;2(£ Battery-£ Avionics) 

For ann-wingedMAY (i.e., an MAY with an "n" numberof 
wings), the weight and energy configurations can be: 

n 
2 X (2X W Actuator+ WBattery) + WAvionics = Wn-MAV 

n 
2XDnXEAn +EAvionics = 2 XEsattery 

In the above energy formula, Dn is dependent on the weight 
of the MAY: 

n 
Wn-MAV 2 X WNon-Avionics + WAvionics 

Dn=---
W2-MAV WNon-Avionics + WAvionics 

As shown in FIG. 6, a four-winged configuration having 
WAvionics=O has D4=2. Dn then falls in value towards D4 =1 as 
W Avionics increases. For this reason, doubling the number of 
wings on the MAY (from two to four, for example) does not 

As shown by the factorial increase in per actuator energy 
reserves in FIG. 7, the energy available to each actuator in a 

30 MAY with more than two wings can be greater than the 
energy available to each actuator in a two-winged MAY 
design. This is because the power consumption and weight of 
avionics can be about the same in all cases, but there can be 
more batteries, and hence more power storage, in a MAY with 

35 more than two wings. 

Example 1 

The above formulas show that, in some embodiments, an 
40 MAY with four wings 110 is more efficient that an MAY with 

two wings 110. For example, ifthe weight of the avionics is 
one-fourth the weight of the MAY i.e., (W Avionics =

114 W 2-MAv) 

and the avionics consume one-half of the onboard energy i.e., 
(EAvionics=

1
hEBattery), then increasing the number of wings 

45 110 from two to four can result in an increase in reserve 
energy per actuator by 7 5% or more. This means that, in some 
embodiments, the flight time of the MAY can increase by 7 5% 
or more, orthepayloadcapacity can increase by 75% or more. 

50 Example 2 

As a further example, assume that the weight of the avion­
ics is one-half the weight of the MAY i.e., (WAvionics=1h 

W 2 _MAv) and the avionics consume one-half of the on-board 
55 energy (in case oflong range communication, video process­

ing, Wi-Fi networking, among others) i.e., 
(EAvionics=

1
hEBattery). In this case, increasing the number of 

wings 110 from two to four results in an increase in reserve 
energy per actuator of 100% or more. This means that, in 

60 some embodiments, the flight time of the MAY can increase 
by 100% or more, or the payload capacity can increase by 
100% or more. 

In addition, as shown in FIG. 45, the energy improvement 
(and the increase in efficiency) falls gradually with an 

65 increasing number of wings. Thus, the maximum percent 
gain can be obtained, in some embodiments, with a four­
winged MAV. 
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Actuation Systems 
In some embodiments, at least one actuation system 120 

can flap the wings 110 of the MAY. The flapping motion, in 
turn, can cause the wings 110 to produce lift, which can 
enable the MAY to fly, hover, and perform various maneu- 5 

vers. In some embodiments, the actuation systems 120 can 
also hold the wings 110 stationary, during certain flight 
regimes, allowing the MAY to glide. 

In preferred embodiments, there can be an independent 
actuation system 120 coupled to each wing 110. In other 10 

embodiments, some components of the actuation system 120 
can be coupled to all of the wings 110, and can control the 
flapping frequency of all the wings 110. In these embodi­
ments, other components of the actuation system 120 can be 
coupled to each wing 110, and can control the flapping ampli- 15 

tude of individual wings 110. In these embodiments, the 
wings 110 can flap at a constant frequency, but each wing 110 
can flap at varying amplitudes. 

In addition, in some embodiments, there can be one actua­
tion system 120 that controls the flapping frequency of two 20 

wings 110 (the front wings, back wings, or middle wings, for 
example), and supplementary actuation systems 120 that can 
control the flapping amplitude of each wing 110 individually. 
In this manner, certain sets of wings 110 (the front wings, 
back wings, or, if applicable, middle wings) can be phase- 25 

controlled with respect to other sets of wings 110. In addition, 
certain sets of wings 110 can flap at different frequencies than 
other sets of wings 110. 

In a preferred embodiment, the wings 110 flap at a constant 
frequency. The constant frequency can be at, or near, the 30 

resonant frequency of the wings 110. Flapping the wings 110 
at resonant frequency, or a frequency near the resonant fre­
quency, improves the efficiency of the system because, at 
these frequencies, the wings 110 have a tendency to flap with 
little outside influence. For this reason, less energy is used to 35 

make the wings 110 continuously flap. 
In fixed-frequency embodiments, varying the amplitude of 

each wing's flapping motion can vary the amount of thrust 
produced by the wing 110. In some embodiments, the actua­
tionmechanisms 120 of the MAY can therefore flap the wings 40 

110 at or near their resonant frequency, while having the 
ability to vary the amplitude of the flapping motion to 
increase or decrease thrust. This type of actuation mimics the 
flight dynamics of insects and birds. 

In some embodiments, shown in FIGS. 1 and 8-9, the 45 

actuation system can include a frequency-controlling drive 
motor (or "frequency controlling motor") 905 that causes a 
rotating driveshaft 910 to spin. The rotating driveshaft 910 
can be mechanically connected through a gear train to a 
hypocycloidal gear train 1105, as shown in FIGS. 10-13. The 50 

hypocycloidal gear train 1105 can have a spider gear 1110 
with a drive pin 1115 extending outwardly from the spider 
gear 1110. The drive pin 1115 can move vertically when the 
rotating driveshaft 910 spins, causing a yoke 1150 to move 
vertically. The vertical motion of the yoke 1150 can cause a 55 

wing 110 of the MAY to flap. In addition, the orientation of 
the hypocycloidal gear train 1105 can affect the amplitude of 
the flapping motion of the wing 110. This embodiment is 
described in greater detail below. 

In some embodiments, as shown in FIG. 9, an actuation 60 

system 120 can include a frequency-controlling drive motor 
905 that causes a rotating driveshaft 910 to spin. A first bevel 
gear 915 (see FIG. 8) can be disposed on the distal end of the 
driveshaft 910, and the first bevel gear 915 can rotate in 
unison with the driveshaft 910. The first bevel gear915 can be 65 

engaged with a second bevel 920 gear such that the second 
bevel gear 920 rotates when the driveshaft 910 rotates. 

18 
The second bevel gear 920 can rotate in a plane that is 

perpendicular to the plane in which the first bevel gear 915 
rotates. The second bevel gear 920 can be in geared engage­
ment with a first spur gear 925 such that the second bevel gear 
920 and the first spur gear 925 rotate in unison. The second 
bevel gear 920 can be disposed on the face of the first spur 
gear 925 or can be connected to the first spur gear 925 by a 
shaft. The first spur gear 925 can be in geared engagement 
with a second spur gear 930. The second spur gear 930 can be 
in geared engagement with a third spur gear 935 such that the 
second spur gear 930 and the third spur gear 935 rotate in 
unison. The third spur gear 935 can be disposed on the face of 
the second spur gear 930 or can be connected to the second 
spur gear 930 by a shaft. The third spur gear 935 can then be 
in geared engagement with a fourth spur gear 940. 

In this manner, when the frequency-controlling motor 905 
causes the rotating driveshaft to spin, the first bevel gear 915, 
the second bevel gear 920, the first spur gear 925, the second 
spur gear 930, the third spur gear 935, and the fourth spur gear 
940 can all rotate. Moreover, the second bevel gear 920, the 
first spur gear 925, the second spur gear 930, the third spur 
gear 935, and the fourth spur gear 940 can all rotate in parallel 
planes. The gear train serves many purposes and has many 
advantages. Among the purposes and advantages are the abil­
ity to improve torque at the wings by gearing down the speed 
on the motor, the ability to distribute power to all four wings 
from one common actuator, and the ability to provide gyro­
scopic stability to the MAY during flight, among others. 

As shown in FIG. 11, in some embodiments, the fourth spur 
gear 940 can be connected to a backplate 1120 so that the 
fourth spur gear 940 and the backplate 1120 rotate in unison. 
The backplate 1120 can be substantially round, and can have 
at least one gearshaft 1125 extending out from a front face of 
the backplate 1120 away from the fourth spur gear 940. Each 
of the gearshafts 1125 of the backplate 1120 can have a spider 
gear 1110, or spur gear, disposed on the gearshaft 1125. The 
spider gears 1110 can rotate about each gearshaft 1125. 

The spider gears 1110 can be engaged with an inner ring 
gear 1130. In this manner, when the inner ring gear 1130 
rotates, the spider gears also 1110 rotate. The inner ring gear 
1130 can be rotatably connected to a fifth gear 1135, which 
can be a worm-gear, a helical gear, a non-helical spur gear, or 
other type of appropriate gear. The fifth gear 1135 can be 
disposed on the outside of the inner ring gear 1130. In this 
manner, the inner ring gear 1130 and the fifth gear 1135 can 
rotate in unison. 

As shown in FIGS. 10, 11, and 13, the fifth gear 1135 can 
also be in geared engagement with a cylindrical worm 1140. 
The cylindrical worm 1140, in turn, can be engaged with an 
amplitude-controlling drive motor (or "amplitude-control­
ling motor") 1145. Optionally, there can be a gear train that 
mechanically connects the cylindrical worm 1140 and the 
amplitude-controlling motor 1145, or the cylindrical worm 
1140 can be directly connected (or connect by a shaft) to the 
amplitude-controlling motor 1145. In this marmer, the ampli­
tude-controlling motor 1145 can cause the fifth gear 1135 and 
the inner ring gear 1130 to rotate, which changes the orien­
tation of the spider gears 1110 in the inner ring gear 1130. In 
some embodiments, the cylindrical worm 1140 can lock the 
fifth gear 1135 in place, thereby preventing the fifth gear 1135 
from rotating when the amplitude-controlling motor 1145 is 
not rotating. In some embodiments, the backplate 1120, spi­
der gears 1110, inner ring gear 1130, fifth gear 1135, and 
cylindrical worm 1140 can be part of a control gear set or a 
hypocycloidal gear train 1105 that can control the amplitude 
of the flapping ofa wing 110 of the MAY. 
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In some embodiments, at least one of the spider gears 1110 
can have a 2:1 gear ratio with the inner ring gear 1130. This 
spider gear 1110 can also have a drive pin 1115 disposed on 
an outer surface of a spider gear 1110. The drive pin 1115 can 
be located proximate to the teeth of the spider gear 1110, or 5 

anywhere on the pitch-diameter of the spider gear 1110. The 
drive pin 1115 can extend out from the face of the spider gear 
1110 in a direction away from the backplate 1120. Other gears 
can be used in place of spider gears 1110 and may have shapes 
that are not from circular. For example and not limitation, 10 

square gears, triangular gears, and elliptical gears can be 
used, among others. 

As shown in FIGS. l4a-d, in embodiments where the spi­
der gear 1110 has a 2:1 gear ratio with the inner ring gear 
1130, the drive pin 1115 can move in a substantially vertical 15 

line when the backplate 1120 rotates and the inner ring gear 
1130 is held still. In FIGS. l4a-h, a dark dot 1405 is shown on 
the inner ring gear 113 0 to illustrate the relative position of the 
inner ring gear 1130, and a light dot 1410 is shown on the 
spider gear 1110 to illustrate the relative position of the spider 20 

gear 1110. The light dot 1410 can represent the drive pin 
1115. In order to cause the drive pin 1115 to move up and 
down in a substantially vertical line, the inner ring gear 1130 
can be rotated by the amplitude-controlling motor 1145 to a 
first position where the drive pin 1115 is at the top of the 25 

spider gear 1110 and the inner ring gear 1130, as shown in 
FIG. 14a. 

Alternatively, the drive pin 1115 can be at the bottom of the 
spider gear 1110 and the inner ring gear 1130 when the inner 
ring gear 1130 is in the first position, as shown in FIG. 14c. 30 

The inner ring gear 1130 can then be held in the first position. 
The frequency-controlling motor 905 can then rotate the 
driveshaft 910, causing the backplate 1120 to rotate. As the 
backplate 1120 rotates, the spider gears 1110 can rotate, and, 
as showninFIGS.14a-d, the 2: 1 gear ratio can cause the drive 35 

pin 1115 to undergo substantially vertical displacement. 
In some embodiments, as shown in FIGS. l4e-h, the drive 

pin 1115 can move in a substantially horizontal line when the 
backplate 1120 rotates and the inner ring gear 1130 is held 
still. In order to cause the drive pin 1115 to move in a sub- 40 

stantially horizontal line, the inner ring gear 1130 can be 
rotated to a second position where the drive pin 1115 is at the 
left or right side of the spider gear 1110 and the inner ring gear 
1130, as shown in FI GS. 14{ and 14h. The second position can 
be a 90 degree rotation compared to the first position. Of 45 

course, this can vary depending on the gear ratio of the inner 
ring gear 1130 to the spider gear 1110. The inner ring gear 
1130 can then be held in the second position, and the fre­
quency-controlling motor 905 can rotate the driveshaft 910, 
causing the backplate 1120 to rotate. As the backplate 1120 50 

rotates, the spider gears 1110 can rotate, and, as shown in 
FIGS. l4e-h, the 2: 1 gear ratio can cause the drive pin 1115 to 
undergo a substantially horizontal displacement. 

If the inner ring gear 1130 is rotated to a position other than 
the first position or the second position, the drive pin 1115 can 55 

undergo both horizontal and vertical displacement. In these 
orientations, the vertical displacement can be less than the 
vertical displacement when the inner ring gear 1130 is in the 
first position. 

In some embodiments, as shown in FIG. 11, a yoke 1150 60 

can be disposed around the drive pin 1115. The yoke 1150 can 
constrain the drive pin 1115 vertically, while allowing the 
drive pin 1115 to move horizontally inside the yoke 1150. In 
this manner, when the drive pin 1115 moves, the yoke 1150 
moves vertically with the drive pin 1115, but does not move 65 

horizontally with the drive pin 1115. As a result, only vertical 
displacement of the drive pin is transmitted to the wings. 

20 
In some embodiments, as shown in FIGS. 12 and 13, the 

yoke 1150 can engage a rocker arm 1305. The rocker arm 
1305 can be coupled to the chassis 1310 of the MAY by a 
hinge 1315. In this manner, when the yoke 1150 moves up and 
down, the rocker arm 1305 can flap up and down. The yoke 
1150 can have one or more yoke shafts 1320 that engage the 
chassis 1310 of the MAY, or a strut of the chassis 1310 of the 
MAY, to add stability to the movement of the yoke 1150. 

In some embodiments, the yoke shafts 1320 can have one 
or more springs disposed thereon. The springs can engage the 
yoke 1150 and at least one portion of the chassis 1310. The 
springs introduce elasticity into the system, which, in tum, 
can harness and release the inertial momentum of the system. 
This can reduce the amount of energy that must be provided 
to the wings 110 by the actuators. 

In some embodiments, as shown in FIGS. 10 and 11, the 
yoke 1150 can have an upper yoke shaft 1155 extending 
upward from portion of the yoke 1150 that engages the drive 
pin 1115. The upper yoke shaft 1155 can engage a rocker arm 
1160. The rocker arm 1160 can be coupled to a chassis 1165 
of the MAY, or a strut of the chassis 1165 of the MAY, by a 
hinge. In this manner, when the yoke 1150 and the upper yoke 
shaft 1155 move up and down, the upper yoke shaft 1155 can 
cause the rocker arm 1160 to flap up and down. 

The yoke 1150 can also have a lower yoke shaft 1170 
extending downward from the portion of the yoke 1150 that 
engages the drive pin 1115. The lower yoke shaft 1170 can 
engage a strut on the body of the MAY to help improve 
stability of the yoke 1150. The lower yoke shaft 1170 can also 
be constrained so that lower yoke shaft 1170, the yoke 1150, 
and the upper yoke shaft 1155 can only move in a substan­
tially vertical, linear motion. The lower yoke shaft 1170, the 
yoke 1150, the upper yoke shaft 1155, and the rocker arm 
1160 can be part of a flapping actuator 1175. 

In some embodiments, as shown in FIG. 15, the upper and 
lower yoke shafts 1155, 1170 can have one or more springs 
1505 disposed thereon. The springs 1505 can engage the yoke 
1150 and at least one portion of the body 105 of the MAY, or 
a strut of the body of the MAY. The springs 1505 introduce 
elasticity into the system, which, in tum, can harness and 
release the inertial momentum of the system. This can reduce 
the amount of energy that must be provided to the wings by 
the actuators. 

In some embodiments, as shown in FIGS. 12 and 13, the 
rocker arm 1160, 1305 can be connected to a wing spar 305 of 
a wing 110 of the MAY. In these configurations, when the 
rocker arm 1160, 13 05 rocks up and down, the wing 110 flaps. 
Also, the amplitude of the flapping motion of the wing 110 
can be controlled by the amplitude of the rocker arm's 1160, 
1305 rocking motion. The rocker arm's 1160, 13 05 motion, in 
turn, is controlled by the vertical displacement of the drive pin 
1115 as the backplate 1120 rotates. The greater the vertical 
displacement of the drive pin 1115, the greater the amplitude 
of the flapping motion of the wing 110. 

The amplitude of the flapping motion of the wing 110 can 
therefore be controlled by the position of the inner ring gear 
1130, while the frequency of the flapping motion stays con­
stant. If the inner ring gear 1130 is in the first position, on the 
other hand, the drive pin 1115 can have maximum vertical 
displacement and the amplitude of the flapping motion can be 
at a maximum. If the inner ring gear 1130 is in the second 
position, the drive pin 1115 can have very little, ifany, vertical 
displacement, and the amplitude of the flapping motion can 
be at a minimum. If the inner ring gear 1130 is in some 
position other than the first position or the second position, 
the drive pin 1115 will have some vertical displacement, and 
some horizontal displacement, and the amplitude of the flap-
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ping motion can be some value between the maximum and 
minimum amplitudes. As mentioned above, only the vertical 
motion of the drive pin is transmitted to the wings. 

When the inner ring gear 1130 is in the second position, the 
frequency-controlling motor 905 can operate without causing 
the wings 110 to flap. This allows the MAY to glide without 
turning off the frequency-controlling motor 905. Moreover, 
since the frequency-controlling motor 905 is in a "neutral" 
state (i.e., it is not flapping the wings 110), the frequency­
controlling motor 905 can use less energy than it otherwise 10 

would. This configuration can therefore save energy while the 
MAY is in the air. Moreover, the ability of the amplitude­
controlling motor 1145 to rotate the inner ring gear 1130 
while the MAY is in flight allows the MAY to smoothly 
transition between wing-flapping flight and gliding flight. 15 

Since the frequency-controlling motor 905 is always running, 
the MAY can transition from a gliding state to a flapping state 
by rotation of the inner ring gear 1130. This provides a 
smoother transition (as described below) than powering off 
and powering on the frequency-controlling motor 905. In 20 

addition, because the gear train is running, gyroscopic stabil-
ity is maintained. 

In preferred embodiments, as shown in FIG. 8, the fourth 
spur gear 940 can be connected to two backplates 1120---one 
on each side of the fourth spur gear 940. In this manner, two 25 

backplates 1120, one on each side of the MAY, can rotate with 
the fourth spur gear 940. The rest of the actuating system 
described above can then be engaged with the second back­
plate 1120. In this manner, the system can cause at least two 
wings 110 to flap. 30 

In preferred embodiments, the first bevel gear 915 can 
engage a plurality of second bevel gears 920. The additional 
bevel gear or gears 920 can then be connected to a gear train 
similar to the geartrain with the first spur gear925, the second 
spur gear 930, the third spur gear 935, and the fourth spur gear 35 

940, described above. The gear train can cause two backplates 
1120 to rotate, and similar systems to the systems described 
above can therefore cause two additional wings 110 to flap, 
for a total of four flapping wings 110. Additional gear trains 
and flapping systems can be added if the MAY has more than 40 

four wings 110. 
In the system described above, the frequency-controlling 

motor 905 and the elements attached to it can cause all of the 
wings 110 on the MAY to flap at one frequency. This fre­
quency can be at or near the resonant frequency of the wings 45 

110, a pairof wings 110, or a single wing 110. In addition, the 
MAY can smoothly transition between gliding and wing­
flapping flight by simply rotating of the inner ring gear 1130. 

In some embodiments, the amplitude-controlling motors 
1145 can control the amplitude of the flapping motion of the 50 

wings 110. In these embodiments, each wing 110 can have its 
own amplitude-controlling motor 1145, enabling each wing 
110 to flap at a different amplitude. 

22 
scope causes the gyroscope to maintain its axis of rotation 
when acted upon by an outside source. The larger the angular 
momentum of the gyroscope, the greater the tendency of the 
gyroscope to maintain stability and resist outside distur­
bances. In the case of an individual gyroscope, the device will 
resist rotation about the two axes that are perpendicular to the 
axis of rotation. By affixing a second gyroscope with an axis 
of rotation perpendicular to the first gyroscope, rotation about 
all three axes can be limited. 

In some embodiments of the present invention, therefore, 
as shown in FIG. 16, the gears in the actuation system can act 
as gyroscopes, improving stability of the MAY. Moreover, 
gyroscopic stability is achieved about all three axis because 
the first spur gear 1605, the second spur gear 1610, the third 
spur gear 1615, the fourth spur gear 1620, and the second 
bevel gears 1625, for example, rotate in a plane perpendicular 
to the first bevel gear 1630. The motor rotating in the hori­
zontal plane provides gyroscopic stability in the two axes as 
well, completing a three degree of freedom gyroscopic angu­
lar stability system. 

The actuation system described above can provide power 
to all wings 110 of the MAY in a fixed frequency, variable 
amplitude manner. The system also provides a means of gyro-
scopic stability. In addition, the system minimizes the number 
of components in the design, therefore reducing weight and 
complexity while improving manufacturability. The reduc-
tion in weight of the actuation system translates to a reduction 
in weight for the entire vehicle, thereby increasing flight 
endurance and maximum flying time. 

There are other possible actuation systems for the wings of 
the present invention. For example, in some embodiments the 
wing can be directly connected to an actuator that recipro­
cates the wing by switching between a linear and/or rotary 
pushing and pulling motion. In some embodiments, as shown 
in FIG. 17, the actuation system can comprise a four-bar 
linkage mechanism 1705 coupled to an inverse crank-shaft 
mechanism 1710. The four-bar linkage is shown in greater 
detail in FIG. 18. 

As can be seen in FIG. 18, a solenoid or linear actuator 
1805 can connect the body 1810 and a first bar 1825. The 
actuator 1805 can have an actuation arm 1820 that recipro­
cates back and forth when the actuator 1805 is in use. The 
actuation arm 1820 can also be pivotably connected to the 
first bar 1825. In this manner, when the actuation arm moves 
back and forth, the first bar 1825 can be forced to rotate. The 
first bar 1825 can be pivotably connected to the second bar 
1830, and the second bar 1830 can therefore be forced to 
rotate when the first bar 1825 rotates. The second bar 1830 
can, in turn, be pivotably connected to the third bar 1835, 
which can be, for example, the wing 1840 of the MAY. Thus, 
the wing 1840 can be forced to flap when the second bar 1830 
rotates. The fourth bar 1845 can be the portion of the MAY 
that connects the origin of the first bar 1825 with the origin of 
the third bar 1835. 

As described and shown, the movement of the actuation 
arm 1820 can therefore cause the wing 1840 to flap through at 
least 110 degrees of motion (as a dragonfly's wings can do). 
The flapping motion can also produce minimal drag on the 
upstroke and significant lift on the down stroke. In some 
embodiments, a torsion spring can be mechanically coupled 
to the base of the wing. The torsion spring can make the 
system elastic. In other embodiments, a linear spring can be 
used instead of a torsion spring. Moreover, in some embodi­
ments, one or more of the first bar 1825, second bar 1830, 

In some embodiments, the system described above can 
provide passive gyroscopic stability to the MAY. MAYs are 55 

much smaller and lighter than traditional aerial vehicles, and 
therefore have smaller actuators and decreased energy-stor­
age capacity. An MAYs small size also makes it much more 
susceptible to disturbance from equilibrium by external fac­
tors, such as the environment (wind, rain) or human interac- 60 

tion. This makes stabilization and control of MAYs more 
difficult since controllers must be highly dynamic and respon­
sive to influences on the system. Thus any and all forms of 
stability, whether aerodynamic, mechanic, or electronic can 
aid the vehicle's flight performance. 65 third bar 1835, or fourth bar 1845 can comprise a spring. 

In general, a gyroscope can be composed of a rotor that can 
rotate about one axis. The angular momentum of the gyro-

FIGS. l9a-d illustrates one embodiment where the movement 
of the four bar linkage causes the wings of the MAY to flap. 
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fied electronically, without the need for geartrains, motors, 
etc. In some embodiments, all of the coils 2105 can be elec­
tronically connected to ensure that all wings 2120 flap at the 
same frequency. In other embodiments, the actuation systems 
of wings 2120 (the front wings, back wings, or middle wings, 
for example) can be electrically connected, while the actua­
tion systems of wings 2120 are separately electrically con­
nected. This can allow for some wings 2120 to flap at an offset 
phase from other wings 2120. For example, in some embodi-

In some embodiments, the four-bar linkage 1705 can be a 
"soft" four-bar linkage. In other words, the second bar 1830, 
which is pivotably connected to the first bar 1825 and the 
wing 1840, can comprise an extension spring. The spring can 
decouple the movement of the wing 1840 from the actuator 
1805, which can provide a means to increase the amplitude of 
the flapping motion. The decoupling can also serve to mini­
mize the effects of environmental disturbances on the wing 
1840 and misactuation or functional-irregularity by the actua­
tor 1805. 

In some embodiments, the actuation system can comprise 
a geared motor drive system. In some embodiments of this 
system, only one motor is mechanically connected to each 
wing. The motor can be directly connected to the wing, or can 
be mechanically coupled to the wing by a gear train of one or 
more gears, strings, or belts, among other mechanical cou­
plings. The gearing system can have a driving gear that is 
fixed to a rotating shaft of the motor. The system can also have 

10 ments, the hind pairof wings 2120 can flap slightly before the 
front pair of wings 2120. In some embodiments, the magnet 
2110 and coil 2105 system also provides a soft linkage to the 
wings 2120 (i.e., a non-mechanical connection between the 
coils 2105 and the magnets 2110), which can allow for larger 

15 flapping amplitudes than hard-linked systems (such as the 
gear train and four-bar linkage systems). 

In some embodiments, a double coil arrangement 2400, as 
shown in FIG. 24, can also be used. This arrangement can 
have two coils 2405 offset from each other at an angle. The a gear that is fixed to the wing beam. The driving gear can be 

in direct geared communication with the gear fixed to the 
wing beam, or there can be intermediate gears mechanically 
connecting the driving gear and the gear fixed to wing beam. 

In order to make the wing flap, an alternating current can be 
fed into the motor, which can cause the rotating shaft of the 
motor to rotate in alternating directions. The alternating rota­
tion of the motor can cause all of the gears in the gear chain to 
alternate rotating direction, which can cause the wing to flap. 
This system can also have a torsion spring mechanically 
coupled to the base of the wing to add elasticity to the system. 

20 double coil arrangement 2400 focuses the magnetic field 
from the coils 2405 onto the magnet 2410, which can create 
higher attraction and repulsion forces than a single coil. The 
double coil arrangement 2400 also keeps the magnet 2410 
aligned with the magnetic field lines of one of the two coils 

25 2405 at all times. 

In some embodiments, the actuation system can comprise 30 

a magnet and coil system 2000, as shown in FIGS. 20-24. As 
shown in FI GS. 21-23, this system can have various magnetic 
coils 2105 and magnets 2110. In some embodiments, a mag­
net or magnets 2110 can be fixed to a wing spar 2115 ofa wing 
2120 of the MAY. The wing can then be attached to the body 35 

2125 of the MAY, or to a mounting bracket, by a hinge. The 
hinge can allow the wing spar 2115, and thus the wing 2120, 
to flap. Magnetic coils 2105 can be disposed around the 
magnet 2110. The magnet 2110 is repelled by or attracted to 
the coils 2105 by switching the direction the current flows 40 

through the coils 2105 (i.e., the polarity of the coils), which 
causes flapping of the wing 2120. 

In some embodiments, as shown in FIG. 21, the magnet 
2110 is located outside of the coil. In these embodiments, the 
alternating current through the coils 2105 causes the coils 45 

1205 to reciprocate angularly, which can cause the wing 2120 
to flap. In other embodiments, as shown in FIG. 22, the 
magnet 2110 is located inside of the coils 2105 proximate the 
hinge. In these embodiments, the alternating current through 
the coils 2105 causes themagnet 2110 to rock back and forth, 50 

which causes flapping of the wing 2120. In other embodi­
ments, the coils 2105 can be located on the wing spar 2115, 
and the magnet 2110 can be fixed in a stationary manner to the 
body of the MAY. In some embodiments, the stationary mag­
net 2110 is located outside of the pivoted, rotating coil 2105. 55 

In these embodiments, the alternating current through the 
coils 2105 causes the magnet 2110 to displace angularly, 
which can cause the wing 2120 to flap, by connecting the 
wing to the coil 2105 instead of the magnet 2110. Other 
magnet, coil and spring arrangement are shown in FIGS. 60 

46a-c. 

As shown in FIGS. 20-23, in some embodiments, the mag­
net and coil system can comprise one or more springs 2135. 
The spring 2135 can be coupled, for example, to the wing spar 
2130. The spring 2135 can add elasticity to the system. The 
spring 2135 can be, for example and not limitation, a spiral 
spring, cantilever spring, linear spring, or a torsion spring, as 
shown in FI GS. 46a-c. In some embodiments, the spring 2135 
can contribute to the system's resonant frequency. In some 
embodiments, the spring 2135 can harness the inertial torque 
from the flapping wing to compensate for a magnet and coil 
system with insufficient power. In this manner, the magnet 
and coil system can deliver enough torque to flap the wings 
2120. 

As shown in FI GS. 2 la-b, in some embodiments, an in-line 
spring arrangement 2100 can be used. In an in-line arrange­
ment 2100, a portion of the wing spar 2115 can be secured in 
a spring 2135 that substantially vertically spans the opening 
of a coil. As the wing spar 2115 flaps up and down, the spring 
2135 can provide elasticity to the system. In other in-line 
embodiments, multiple springs can be connected to the wing 
spar 2115. 

As shown in FIG. 22, the in-line spring arrangement can 
also be used in embodiments where the magnet 2110 rocks 
back and forth inside of the coils 2105. As shown in FIG. 23, 
in some embodiments, the spring 2135 can also be disposed 
around the coils 2105. In these embodiments, one end of the 
spring 2135 is stationary, while the other end can flap with the 
wing 2120. Similar to the embodiments described above, in 
these embodiments, the spring 2135 provides elasticity to the 
system. 

In some embodiments, cam-and-follower systems 2500 
can be used as the actuation systems. As shown in FIG. 25, 
one cam design can be a horizontal cam 2510. This design can 
comprise a cylindrical cam 2510 that has been cut at an angle 
across its axial cross-section. The tip of the piston, or fol­
lower, 2505 can contact the lip of the cam 2510 and can be 
forced upwards and downwards as the cam 2510 rotates. 
When rotated, the cam 2510 can cause the piston/follower 
2505 to move in a sinusoidal path. In some embodiments, the 

One benefit of the magnet and coil system is that it is very 
compact, allowing for a reduced wingspan. In addition, the 
control system of the MAY can switch the polarity of the coils 
2105 at the wings' resonant frequency without the need for 
feedback sensors. Because the coil system is electrical, the 
frequency and the amplitude of the flapping can also be modi-

65 cam 2510 can be shaped such that the piston/follower 2505 
achieves more than one oscillation per rotation of the cam 
2510. In other embodiments, a shaft 2515 can attach the 
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piston/follower to the spar 2520 of a wing 2525. The spar can 
be hingedly connected to the chassis 2530 of the MAY so that 
the spar 2520 and the wing 2525 can flap when the piston/ 
follower 2505 moves upwards and downwards. 

As shown in FIG. 26, in some embodiments, the cam can be 
a vertical cam 2610 with a horizontal axis of rotation. The 
cam 2610 can be elliptical, which can allow a piston/follower 
2605 to reciprocate twice per cam rotation. The instantaneous 
piston position from the cam pivot can be given by R= 
~ f 10 
V (a.cos8)2 +(b.sin8)2

, where 8 is the angular position of the 
point of contact of the piston with the cam. In some embodi­
ments, such as where the elliptical cam 2610 has a major to 
minor axis ratio (alb) of 1.333, for example, the piston/fol­
lower 2605 can move in near-sinusoidal motion, which can be 15 

desirable for flapping. 
As discussed briefly above, the energy efficiency of the 

present invention can go beyond that provided by the four­
wing configuration alone. In some embodiments, for 
example, a spring can be included in the actuation system. 20 

The spring can add elastic and/or restorative wing flapping 
that further improves the energy efficiency of the MAY by 
flapping near resonance. 

In some embodiments, the spring can be in an equilibrium 
25 

position when the wing is substantially horizontal. Thus, 
when the wing flaps up or down, the spring can be displaced. 
The force applied to the wing by the displaced spring can bias 
the wing to return to horizontal, thereby introducing an elastic 
element into the flapping motion and reducing the amount of 30 
energy required to continuously flap the wing near its natural, 
resonance frequency. 

In general, the aim of the spring is to overcome the inertial 
forces applied to the wing so that that wing can vibrate at a 
frequency at or near its resonant frequency. In some embodi- 35 

ments, including a spring in the actuation system can enable 
the system to harness inertial energy for reuse in subsequent 
flapping cycles. The spring can also provide a dampening 
force for inertial motion, so that the rest of the actuation 
system does not have to overcome inertial forces to vary the 40 

flapping direction of the wing, for example. The restorative 
and elastic forces supplied by the spring, therefore, can be 
similar to the restorative and elastic forces supplied by the 
muscles of a bird or insect. In some embodiments, the springs 
work most efficiently when used to flap the wings at their 45 

resonant frequency. 
FIG. 27 shows various torques at the wing joint for some 

embodiments of the present invention. The darkest line (with 
amplitude= 1) represents the spring torque. The spring torque 
is the torque required at the wing joint to flap the wing in a 50 

vacuum (a wing without any air damping). The spring torque 
can also represent the inertial torque required to decelerate 
and accelerate the wing to produce sinusoidal motion. The 
lightest line (with amplitude=0.75) represents the damping 
torque. The damping torque can be the torque required to 55 

sustain wing flapping when air resistance (air damping) is 
taken into account. The damping torque can compensate for 
the loss in energy of the wing caused by air damping. The line 
comprising boxes (with amplitude=l.25) represents the total 
torque. The total torque can be the "vector" summation of the 60 

spring and damping torques at the wing joint. Thus, total 
torque can be the torque that must be provided by the actua­
tion system to cause the wing to flap continuously. 

The advantages of including a spring in the actuation sys­
tem can be shown through the equations below. As certain 65 

assumptions must be made to derive the formulas, all equa­
tions provide approximations. 

26 
The dynamics of the wing-spring combination can be 

stated as: 

J(8)B+bB+K8=-r;Ex!ernal 

where J (8) is the inertia of the wing-limb system, b is the 
damping constant of the second order system, and K is the 
spring constant of the system. 8 is the angular velocity of the 
wing. To simplify dynamics, the non-linear dependence of 
damping on 82 has been reduced to a linear dependence 8. 

In embodiments of the present invention with a spring, the 
average torque required can be: 

i lr . 2biJm= - bem=Sin(wt) d/t = --
T o " 

where T and tare time and co is the angular frequency of the 
sine wave (co can also be the flapping frequency, w=2it/T). 

In a system without a spring, it can be determined that the 
torque required at the wing joint can be: 

2A3 
T2-Ext I Avg = ---;- ' 

where: 

2 ( . )2 ( Kem=) (KBmax) + bemax , 1/J3 = atan - -.-
bBmax 

Thus, when: 

2K()max 
biJ = 0, T2-Ex1 IA,g = -"-, 

and when: 

In embodiments comprising a spring, the system can be, 
for example and not limitation, overdamped, underdamped, 
or critically damped. For an underdamped or critically 
damped system, lbBmaxl is slK8ma)· The average torque 
required at the wing joint to produce reciprocating wing flap­
ping and generate the desired lift can therefore be: 

2biJm= 2K8max 
T2-Ext !spring = -7'- S -7'-

1 
::::} 0 S T2-Ext !spring S "2 T2-Ext ING-Spring 

These equations show that when the system is under­
damped or critically-damped, a system without a spring 
requires about 41.4% more torque to sustain flapping than a 
system with a spring. A significant amount of energy there­
fore can be saved by using a spring to aid in the flapping 
motion, especially when flapping at a resonant frequen~y. 

For an overdamped system with a spring, lb8ma) 
is >IKB maxi. The average torque required at the wing joint to 
produce reciprocating wing flapping and generate the desired 
lift can therefore be: 

2b/)max 2KBmax 
T2-Ext IND-Spring > T2-Ext !spring = -7'- > -7'-
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Thus, as shown in FIG. 47, more torque is required to 
sustain flapping in an over-damped situation without a spring 
than is required with a spring, although the values become 
close as damping increases toward infinity. 

The incorporation of a spring can therefore decrease the 5 

amount of torque that must be provided by the rest of the 
actuation system. This can greatly increase the efficiency of 
the MAY. The exact amount of energy saved by the spring can 
vary as the spring constant, shape of the wing, frequency of 
the flapping motion, amplitude of the flapping motion, and air 10 

density change. 
Control Systems 

Embodiments of the present invention can further com­
prise a system for controlling the MAY. The system can 
comprise both wing actuation and energy control at the wing 15 

level. The system can also comprise overall control of the 
MAY and can provide, for example, 6 DoF flight control. This 
can be especially useful for indoor MAY s, for example, which 
tend to fly in close quarters with sharp turns and maneuvers. 

The three basic motions for flight are pitch, roll, and yaw, 20 

which provide flight control in three degrees of freedom. The 
translation produced as a result of these basic motions (i.e. 
right, left, forward, backward, up, down) provide the other 
three degrees of motion, completing the six basic degree of 
freedom motions required for a hovering MAY. As shown in 25 

FIG. 28a-28d, in some embodiments of the present invention, 
flight control of these motions can be accomplished by coor­
dinating the power distribution to individual wings. By pow­
ering up a given combination of wings, for example, the 
vehicle can be made to perform the required maneuvers for 6 30 

DoF flight. As discussed below, these maneuvers, in tum, can 
be coupled to provide translational motion. 

6 DoF flight can be created by inducing a power differential 
between various pairs of wings. Increasing power to the pair 
of wings on one side of the MAY, reducing power to the other 35 

side, or both, for example, can provide control along the roll 
axis. Similarly, increasing power to the pair of wings on one 
end of the MAY (i.e., the front or rear), reducing power to the 
other side, or both can provide control along the pitch axis. 
Cross-control, i.e., increasing power to the pair of wings on 40 

one diagonal of the MAY, reducing power to the other diago­
nal, or both can provide yaw control. This control is available 
in both hovering flight and fixed-wing flight, as discussed 
below. 

28 
remain at hovering thrust. Additionally, both wings 110 on the 
right side can remain at hovering thrust, while both wings 110 
on the left side can decreased thrust (to 60%, for example). 

In some embodiments, to make the MAY roll right, both 
wings 110 on the left side of the MAY can increase thrust (to 
80%, for example), while both wings 110 on the right side of 
the MAY can decrease thrust (to 60%, for example). Simi­
larly, the both wings 110 on the right side can decrease thrust, 
or both wings 110 on the left side can increase thrust, while 
the other wings 110 remain at hovering thrust. 

In some embodiments, to make the MAY pitch down, both 
front wings 110 of the MAY can decrease thrust (to 60%, for 
example), while both back wings 110 of the MAY can 
increase thrust (to 80%, for example). Similarly, both front 
wings 110 can decrease thrust, or both back wings 110 
increase thrust, while the other wings 110 remain at hovering 
thrust. 

In some embodiments, to make the MAY pitch up, both 
front wings 110 of the MAY can increase thrust (to 80%, for 
example), while both back wings 110 of the MAY can 
decrease thrust (to 60%, for example). Similarly, both front 
wings 110 can increase thrust, or both back wings 110 can 
decrease thrust, while the other wings 110 remain at hovering 
thrust. 

In some embodiments, to make the MAY yaw left, the 
front-right wing 110 and the back-left wing 110 can increased 
thrust (to 80%, for example), while the front-left wing 110 
and the back-right wing 110 can decreased thrust (to 60%, for 
example). Similarly, the front-right wing 110 and the back­
left wing 110 can increase thrust, or the front-left wing 110 
and the back-right wing 110 can decrease thrust, while the 
other wings 110 remain at hovering thrust. 

In some embodiments, to make the MAY yaw right, the 
front-left wing 110 and the back-right wing 110 can increase 
thrust (to 80%, for example), while the front-right wing 110 
and the back-left wing 110 can decrease thrust (to 60%, for 
example). Similarly, the front-left wing 110 and the back­
right wing 110 can increase thrust, or the front-right wing 110 
and the back-left wing 110 can decrease thrust, while the 
other wings 110 remain at hovering thrust. 

In some embodiments, to make the MAY lift vertically 
upward, the thrust produced by all of the wings 110 can be 
increased (to 80%, for example). To make the MAY drop 
vertically, the thrust produced by all of the wings 110 can be 

In some embodiments, the flapping frequency of each wing 
110 of the MAY can be constant, while the flapping amplitude 
of each wing 110 of the MAY can be individually controlled. 

45 decreased (to 60%, for example). 

In these embodiments, the amount of force produced by each 
wing 110 can be controlled by modifying the flapping ampli­
tude of that wing 110. 

The amount of thrust produced by each of the wings 110 
can be varied in order to control the movement of the MAY 
through the air. Specifically, for example, the yaw, pitch, and 
roll of the MAY can be controlled, along with the vertical 
movement of the MAY. In FIGS. 28a-d, 70% thrust produced 
by each wing 110 can be hovering thrust, such that if each 
wing 110 is flapping to produce 70% of its maximum thrust, 
the MAY will hover. This percentage can vary, of course, 
based on the weight of the MAY, aerodynamic characteristics 
of the wings, etc. Moreover, to perform any of the following 
maneuvers, the MAY does not need to be in a hovering state. 

In some embodiments, to make the MAY roll left, both 
wings 110 on the right side of the MAY can increase thrust (to 
80%, for example), while both wings 110 on the left side of 
the MAY can decreased thrust (to 60%, for example). Alter­
natively, both wings 110 on the right side can increase thrust 
(to 80%, for example), while both wings 110 on the left side 

As shown in FIG. 29, in some embodiments, the control 
system can provide a hierarchical control scheme 2900. The 
system 2900 can include, for example and not limitation, 
overall mission control 2905, path/trajectory planning 2910, 

50 target positioning 2915, flight control 2920, and energy con­
trol 2925. In some embodiments, mission control 2905, or the 
mission module, can contain the global mission parameters to 
be met by the MAY. The mission module 2905 can include, 
but is not limited to, things such as flying from point A to point 

55 B, via point C, while avoiding point D. 
Based at least in part on mission information, the path/ 

trajectory planning module 2910 can incorporate the above 
mission goals to calculate and assign one or more trajectories 
to be followed to meet the mission goals. The target position 

60 layer can produce reference Euler angles and rates for the 
MAY to successfully follow the waypoints produced by the 
path/trajectory module 2910. This information can then be 
used in the flight control layer 2920 to produce the actual 
dynamic Euler angles and rates required to follow the desired 

65 path. In some embodiments, target positioning 2915 can 
interface with mission control 2905 to ensure that target posi­
tions are achieved within the larger mission. 
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In some embodiments, a hybrid energy control 2925 can be 
used to sustain the desired wing-beat frequency (i.e., at or 
near resonance). Thus, the energy controller 2925 can control 
the thrust produced by each wing (i.e., by modulating the 
power output to each wing), thereby independently control­
ling the amplitude of each wing beat. In a preferred embodi­
ment, there is an actuator 2930 for each wing to enable the 
control of pitch (and forward/backward translation), yaw, and 
roll (and left/right translation). 

In some embodiments, the flight control system can com- 10 

prise a dual loop control system 3000 as shown in FIG. 30. An 
outer layer linear controller 3005 can generate reference 
thrust values 3010 to be produced by the lower level hybrid 
energy controller 1625. In some embodiments, to simplify 

15 
calculations, the fight control system 3000 can use linear 
model dynamics 3015 that assume a symmetrical MAY con­
figuration. Using this assumption, the flight control system 
3000 can predict the angular parameters of the system, which 
are then updated by an estimation block 3020. 20 

In some embodiments, the estimation block 3020 can com­
prise an appropriate algorithm, such as, for example and not 
limitation, particle filters, Bayesian approximation, fuzzy 
logic, fuzzy-neuro algorithms, or behavior based models etc. 
In a preferred embodiment, a Kalman filter acts as the esti- 25 

mation block 3020. The fusion block 3020 can use sensor 

30 
addition, the X and Y components are the forces on the MAY 
from each wing (as shown in FIG. 30). 

As shown in FIG. 32, embodiments of the present invention 
can further comprise hybrid energy controller 3205. The 
energy controller 3205 can control the actuators 3210 to 
produce the desired frequency and amplitude wing-beats. In 
some embodiments, the actuators 3210 can connect to the 
four wings directly. In other embodiments, the actuators 3 210 
can connect indirectly via an appropriate mechanical linkage. 

The wing/actuator system energy can be calculated from a 
combination of output sensor feedback, internal sensor feed­
back, and various wing/actuator variables including, but not 
limited to, length, mass, angular position, spring extension, 
and angular velocity. Using this information, the energy con­
troller 3205 can regulate the power delivered to the actuators 
3210, and subsequently, the three body angular rates of the 
system. 

The control law used for calculating the desired energy is 
shown below: 

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 actua­
tor and k is a design parameter, which varies with each sys-
tem, and is calculated by the kinematics and dynamics of the 
system and serves to act as the proportionality constant. 

As shown in FIG. 33, the result of the control law imple-

readings obtained from, for example and not limitation, GPS, 
gyroscopes, magnetometers, and accelerometers, to update 
the linear model predictions 3005. The system 3000 thus 
produces instantaneous values for angular position and rates. 
In some embodiments, an adder can be used to introduce an 
error 3025, or differential, between the reference values 3010 
and the actual values 3030. The error 3025 can be fed into the 
linear controller 3005 for regulation. 

30 mentation on the actuation system is the buildup of potential 
energy and, in turn, kinetic energy, as seen from the increase 
of wing angular velocity with time. The actuator is then 
turned off and damping forces on the wing depreciate the 
energy, reducing the kinetic energy. This is shown in FIG. 33 

35 first as an increase in peak angular velocity as the actuator is 
activated and then a decrease in peak angular velocity as the 
actuator is deactivated. 

In some embodiments, the modeling for each axis to deter­
mine the Euler rates for the system can be been done by 
calculating the moment couples between two opposite ended 
forces. As shown in FIG. 31, in the case of pitch control, the 
Euler rates can be represented byY1-Y2 and Y3-Y4. Simi-

40 
larly, in case of roll control, the Euler rates can be represented 
byY1-Y3 andY2-Y4. Finally, in the case of yaw control, the 
Euler rates can be represented by Xl-X4 and X2-X3 

Example 1 

To test the under actuated system step response in simula­
tion, an initial condition of <PRef=-12°, 8Ref=l 1°, 1.j!Ref=l l.5° 
is set and the MAY is commanded to maintain a 20 cm 
altitude. Initially, the system was tested with a manually 
selected constant PID gains. The results are shown in the 
FIGS. 34a-34e. The five graphs show pitch, roll, yaw, altitude 

The equation below represents a basic, mid-level model 
formulation. In some embodiments, to provide more accurate 

45 
modeling, the linear model can be further upgraded with air 
damping/drag, air disturbances, and other nonlinear external 
forces. The opposing forces form moment-couples providing 
the necessary dynamic relationships: 

and actuator thrust response versus time, respectively. As 
shown, settling time for manual selection was approximately 
50-60 seconds, with an overshoot of approximately 4 degrees. 

.. d¢ 
¢ = J¢(Y1 + Y2 - Y, - Y4) 

ii= ~(Y2 + Y4 - Y1 - Y3) 
le 

.. d¢ 
1/1 = "J;(X2 + X, - X4 - X1) 

1 
Z = MMAV (Y1 + Y2 + Y3 + Y4) 

where, lq,; J8 and J'l' are the moments of inertia of the MAY 
about the three axes, and MMAv is the mass of the MAY. In 
addition, de represents the distance between the forces on the 
front and hind wings, d<I> represents the distance between the 
centers of the left and right wing pairs, and~ is the distance 
between the centers of the forces at the diagonal wing pairs. In 

50 As shown, due to the complexities in the system, manual gain 
control is less than ideal and requires extensive experimenta­
tion to set useful values. 

In some embodiments, feedback type controllers can be 
used for improved performance. A Proportional-Integral-De-

55 rivative ("PID") controller, for example, can be used. The 
three components of the PID controller can be tuned to opti­
mize response time, overshoot, or a combination thereof. As 
discussed below, in some embodiments, a PI controller can be 
used, which provides good response and overshoot results 

60 with reduced computing over a PID controller. The PI con­
troller can also be advantageous when, as here, noisy data is 
an issue (i.e., dropping the derivative term steadies response). 

Typically, the gains in the PI controller are adjusted by 
observing characteristic factors such as rising time, settling 

65 time, and overshoot until the desired performance metrics are 
achieved. In this example, however, several factors make this 
approach undesirable for embodiments of the present inven-
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tion. These factors include, but are not limited to, the highly 
non-linear flight dynamics of the system and the under-actua­
tion of the drive mechanism used. In other words, the actua­
tion system used was not strong enough to produce sufficient 
lift by itself. As a result, a spring was added to save inertial 
energy waste by the actuator. 

With the spring in place, the actuator only has to contribute 
to air damping and not to inertial damping and restoration. As 
a result, with the spring, the actuator has sufficient power to 
produce lift. When the spring is added, however, the system 10 

carmot instantaneously flap at maximum amplitude, but 
incrementally gets to that level over a several cycles. This 
buildup continually adds to the spring energy reserve, thereby 
increasing the amplitude over time. Due to the highly experi­
mental and variable nature of the gains necessary for control 15 

over the system with the spring, therefore, manual, or step­
wise, gain control produces slower response times than is 
desired. 

32 
TABLE 2-continued 

Gains (Top Down): Manual Selection, GA Tuning 
(6 Generations); GA Tuning (96 Generations) 

PI Controller Kp Ki Area Sum 

Pitch 
Roll 
Yaw 

4.3874 
6.3704 
2.4128 

Example 3 

3.2975 
1.2216 
7.1614 

1.46E-12 
1.29E-12 
0.00019 

In some embodiments, a PD controller can be used. By 
removing the integral component, faster response times are 
possible, but some accuracy is sacrificed. Thus, while the 
system tends to settle to the reference position, in some cases 
it is slightly off. As with all control systems, accuracy, speed, 

20 and processor pow er can be balanced, as required, to meet, for 
example and not limitation, specific mission, cost, or design 

As shown in FIG. 35, embodiments of the present inven­
tion, therefore, can comprise a control system 3500 compris­
ing a Proportional-Integral ("PI") controller 3505. In some 
embodiments, the PI controller 3505 can use a Genetic Algo­
rithm ("GA") 3510 to improve overshoot and response time 
3515, among other things by optimally tuning the control 
system gains 3520. The performance of the proposed system 25 

3500 can be measured, for example, by measuring the system 
response times to a step input. 

Example 2 

parameters. 
In this example, the system was provided an initial set of 

gains and an initial deflection of 20-30 degrees with a refer­
ence position of zero degrees. As shown in FIGS. 36d and 
36e, the output response is much faster than predicted in the 
simulation model for the PID controller or the PD Controller. 
As shown, response time for both pitch and roll is 1-1.5 
seconds. Of course, these response times are significantly 

30 affected by several factors, including but not limited to, under 
or over actuation, vehicle and/or payload weight, wing span 
and shape, and electrical component design. Smaller MAVs 
with the same PD controller are shown to have sub second 

To measure the effectiveness of the system 3500, the cost 
function for the GA 3510 can be defined as the cumulative 
area under the step response graph until the system 3500 
settles to the commanded, or desired, value. In other words, 
the smaller the area under the curve, the faster the response 35 

time of the system 3500. Generally, to apply the GA 3510 to 

response times. 
Hovering and Gliding 

In addition to the basic control system described above, 
embodiments of the present invention can additionally com­
prise a system capable of hovering flight, gliding (or fixed­
wing) flight, and transition therebetween. Thus, the system 
can comprise three main modes of flight: (1) powered flight 
(i.e., wings flapping and causing translation and/or rotation) 

a selection problem, the gene structure and evaluation method 
should be prepared. In this case, for example, the set of PI 
gains 3520 can be defined as a gene and the fitness function 
can be defined as the cost metric. The crossover rates and the 40 

mutation rates are set as 100% and 10%, respectively. The 
cost function is the area sum under the response curves. 

As shown in the Table 2 below and in FIGS. 36a-36c, there 
is a marked performance improvement using the GA based 
design tuning 3500 over manual gain selection 2900. The 
table highlights the results of gain tuning using the devised 
GA 3510 after 6 generations. As mentioned above, settling 
time for manual selection was approximately 50-60 seconds, 
with an overshoot of approximately 4 degrees. The GA based 
gain tuning 3500, on the other hand, has 0 degrees overshoot 
and the settling time has been reduced to approximately 5 
seconds. 

TABLE2 

Gains (Top Down): Manual Selection, GA Tuning 
(6 Generations); GA Tuning (96 Generations) 

PI Controller Kp Ki Area Sum 

Pitch 12.5 0.05 .3752 
Roll 14 0.02 .3596 
Yaw 7.3 0.05 0.5832 

PI Controller Kp Ki Area Sum 

Pitch 8.3279 0.2546 0.5061 
Roll 9.1720 0.0571 0.3506 
Yaw 5.4359 0.0745 0.6380 

(2) hovering (i.e., wings flapping with no translation) and (3) 
gliding (i.e., fixed-wing, translational flight). This can enable 
the MAY to loiter and perform complex maneuvering, while 

45 providing increased payload and/or duration using fixed­
wing flight. 

With regard to flapping flight, the wings of insects and 
birds, for example, often move in relatively complex patterns. 
For convenient modeling, however, the motion can be sim-

50 plified into two basic motions: flapping and feathering. The 
flapping portion can comprise the basic downstroke and 
upstroke of the wing. Feathering, or supination and pronation, 
can comprise the rotation of the wing about a longitudinal 
axis. Supination and pronation occur at the top (pronation) 

55 and bottom (supination) of each flapping stroke. Pronation 
can increase lift, for example, by rotating the wing to be 
substantially flat (i.e., perpendicular) with respect to the 
direction of the flap (and thus the airflow) as the wing begins 
its downstroke. Pronation, on the other hand, can reduce drag 

60 and negative lift on the upstroke by rotating the wing to a 
feathered, or substantially parallel, position with respect to 
the air flow. 

During modeling, the wing kinematics can be usefully 
defined in terms of rotational velocities as functions of time 

65 for compatibility with dynamic 6 DoF solvers such as, for 
example and not limitation, Fluent. In this nomenclature, 
flapping can be defined as the primary rotation of the wing 
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about a lateral axis of the wing and describes the basic 
upstroke and downstroke of the wing. Feathering can be 
defined as the second rotation, or rotation of the wing about 
the longitudinal axis of the wing, which defines pronation and 
supination. 

The 3D representation of the world frame ofreference (i.e., 
the overall MAY frame of reference) and the wing leading 
edge ("WLE") frame of reference can be represented as 
shown in FIG. 37. Using this nomenclature, a, ~and y rep­
resent the angular rates of the wing in the world frame of 10 

reference. Similarly, ~· can be the angular velocity of the 
flapping motion about the Y axis and 8' can be the angular 
velocity of the feathering motion. Table 2 lists the nomencla­
ture used below. 

15 

Symbol Description 

34 

{ 

2A f,a1wsin(2wt - shift), Upstroke 
&= 

0, Downstroke 

As shown in FIG. 39a, though the velocity function itself 
for this type of motion is continuous, its time derivative is not. 
This manifests itself as a number of jumps in the resulting 
force trace for lift and drag, as shown in FIGS. 39c and 39d, 
respectively. This on/off velocity profile results in numerical 
anomalies in the solution. As a result, in a preferred embodi­
ment, a continuous feathering velocity function approxima­
tion, as shown in FIG. 39b, is used. The smoothing of the 
function leads to the sinusoidal function: 

8=AfealD sin( wt)e<sin(2wt-n2)-I) 

As shown in FIG. 39b, this function approximates the 
previous feathering velocity function very well. This function 
also does away with the on/off velocity steps which tend to 

Instantaneous flapping angle 
Instantaneous Featbering Angle 
Amplitude of Flapping Motion 
Amplitude ofFeatbering Motion 
Lift Coefficient 
Drag Coefficient 
Time 

20 cause discontinuities in the force traces. As shown, when 
integrated over time, however, this function increases the 
maximum feathering angle slightly compared to the discon­
tinuous function. This increase can be easily accounted for in 
the control system, if desired. 

25 
Thus, the coordinate transformation from the WLE frame 

It is important to note that the 4-wing configuration of the 
MAY can maintain equilibrium in hovering mode even if each 
wing is producing a negative drag that is equivalent to thrust, 
which is conventionally important for forward flight. In hov­
ering mode, however, it is desirable to minimize any horizon-

of reference to the world frame of reference can be given by 
the Eq. 1: 

r ~ L rco~(¢) 
l Z j l sin(¢) 

sin(8)sin(¢) 

cos(8) 

sin(8)cos(¢) 

cos(8)sin(¢) 11 x' I 
sin(8) y' 

cos(8)cos(¢) z' 

And the angular velocity transformation can be given by 
Eq.2: 

0 

sin(¢) 

0 

~11 :: 
j ¢' 

30 ta! force, which would tend to create "creep." As shown in 
FIG. 40, due to the configuration of the MAY, the lift and 
thrust components produced by the wing are directed sub­
stantially perpendicular to each other. The net resultant force, 
therefore, is directed at an angle ll. To maintain a stable hover, 

35 therefore, the wings' flapping pivot can be re-oriented to the 
new position, in pitch, roll, or both, such that the resultant 
force on the MAY is directed vertically upwards. 

Thus, the MAY can sustain hovering as long the net hori­
zontal force of all wings together is zero. If there is a net 

40 horizontal force, the solution is to simply re-orient the wings 
at an angle so they flap about a new axis between the Y and the 
Z axis to counteract the side thrust as determined by the vector 
addition of the thrust and lift force components. By directing 

This transformation enables modeling and solution in the 6 45 

DoF solver. 

the net resultant force, along the negative Z axis, each wing 
can be made to produce a substantially upward force. This can 
be seen in the design of the MAY in FIGS. 4la and 41b. This 
configuration enables the 6DoF control to be achieved with 
the control law illustrated in FIG. 28. 

As described above, a hypocycloidal gear train can be used 

Simple flapping motion of the wing, which would occur if 
simple linear actuators were used, for example, results in a 
simple sinusoidal velocity profile as given by Eq. 3: 

~~-Aflap(J) cos( (J)/) 
50 to control the flapping frequency and amplitude of four or 

more wings to provide the aforementioned three modes of 
flight. This arrangement enables amplitude modulation, pro­
viding fixed frequency, variable amplitude control over wing 
flapping. This arrangement also enables variable frequency, 

As discussed above, however, in some embodiments, the 
actuator can use suitable mechanisms to introduce the feath­
ering motion into the flapping motion. In some embodiments, 
cam followers can be used to guide the feathering angle of the 
wing at a precise angle at along the path ofits flapping motion 
(i.e., both through the upstroke and the downstroke ). In other 
embodiments; active servo control can be provided to mag­
netically control the feathering motion during the flapping 
cycle. In this configuration, active feathering can be con- 60 

trolled by, for example, an additional actuator dedicated to 
this purpose. 

55 variable amplitude control when needed or desired by simply 
varying the speed of the one or more drive motors. Of course, 
variable amplitude, variable frequency control is also pos­
sible. 

In a preferred embodiment, as shown in FIG. 38, a spring 
and hard stops are used to feather the wing. This produces a 
feathering motion which, due to the stops, starts and stops 65 

impulsively at the end of the upstroke and downstroke. This 
motion can be described as: 

As described above, by rotating the ring gear, the spur gear 
position is changed. This, in turn, changes the position of the 
drive pin, which leads to a change in the amplitude of the wing 
flapping. This change in amplitude leads to a change in thrust 
and lift outputs from the wings of the MAY. In this configu­
ration, each wing of the MAY can be independently con-
trolled while, for example, keeping the frequency the same 
across the entire vehicle. Changing the amplitude at each 
wing independently, on the other hand, changes thrust and lift 
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from each wing independently. If the MAY is creeping for­
ward, for example, the system can simply increase thrust on 
the front pair of wings. This can enable the MAY to pitch up 
at the nose, for example, until there is no translational motion 
from the MAY. 

36 
of airfoil lift, like in fixed wing aircraft, but enables the 
instantaneous switching to hovering or fast maneuvers, as 
required. 

As discussed above, using the control laws discussed in 
FIG. 28, the pitch of the MAY can be changed. By altering the 
Pitch Angle of the MAY, the MAY can transition from hov­
ering to gliding and back again. As shown in FIG. 44a, when 
the Pitch Angle is zero or slightly nose down, and the ampli­
tude of the flapping is also zero, or near zero, the MAY is 

Referring to FIGS. 42a and 42b, the angle of hovering ll is 
determined primarily by the flapping amplitude, the feather­
ing elasticity, and the flapping frequency of the wings. In 
hovering mode, absent outside forces (e.g., wind), both the 
fore and aft wings can flap at substantially equal amplitudes 
and equal frequencies. The transition to gliding flight or trans­
lational flight can then be commanded, as described below. 

Embodiments of the present invention can also comprise a 
control system capable of transition to fixed wing flight. As 
discussed above, when desired the ring gear can be rotated 
until the drive pin on the spur gear is substantially centered 
within the ring gear. In this configuration, the drive system 
may continue to run to provide gyroscopic stability with 
significantly reduced power consumption or can be stopped 
altogether. With all four wings in this zero-amplitude, or 
fixed-wing, mode, the MAY can assume highly efficient 
fixed-wing flight. 

10 effectively in gliding mode. When hovering, however, due to 
a rearward thrust vector inherently created by the flapping and 
feathering of the wings, to maintain a stable hover, a positive 
pitch angle (i.e., nose up) is required. 

T denotes the Transition zone between hovering mode and 
15 gliding mode. The shape of the transition zone depends on 

several factors including, but not limited to, the gains for the 
MAY, and mechanical, aerodynamic, and electrical system 
parameters. In other words, the shape of the curve in FIG. 44a 
is exemplary and not intended to be limiting. In addition, the 

20 response time between hovering and flapping is largely 
defined by the mechanical and/or electrical parameters of the 
systems and/or the control system implemented. The transi­
tion is shown in FIGS. 48a-d. 

Fixed-wing flight can reduce power consumption and can 
be likened to the neutral gear of an automobile. Of course, if 25 

fixed-wing flight is engaged from altitude, this recovers the 
potential energy therefrom, and can increase flight duration 
and distance. In this configuration, the frequency-controlling 
motor can continue to spin, if desired, but no power is sent to 
the wings. In addition, due to their design (i.e., opposing axes 30 

of rotation), the worm and worm gear arrangement serve to 
substantially lock the wings in position. As in all fixed-wing 
flight, lift is produced almost exclusively by the airfoil shape 
of the wings and the angle of attack. This configuration, 
therefore, enables the wings to be fixed in an optimal fixed- 35 

wing configuration. 
During fixed wing flight, flight control (i.e., roll, pitch, and 

yaw) can be provided by varying lift on individual wings. This 
can be accomplished by transitioning back and forth between 
fixed-wing and flapping flight on individual, or pairs of, 40 

wings, as necessary. In this manner, flight control can be 
provided in substantially the same manner as shown in FIG. 
28. 

As with helicopters and other VTOL aircraft, the flight­
control gains required for effective hovering require a higher 
output power from the wings and hence are different from 
those required whilst gliding. As a result, during transition, 
the flight gains (e.g., PD, PI, or PID gains) can transition from 
Kpgliding' Kigliding' and Kdgliding to Kphovering' Kihovering' 

Kdhovering by specifying a gradient/transition parameter, T g' 

proportional to the Pitch Angle, 8. Where, 

Gain Transition Parameter(T G)~j(8) 

Thus, when the MA Vis purely hovering (and/ or translating 
while close to hovering) the one set of gains can be used 
(Ghover); while when the MAY is purely gliding forward, 
another set of gains (Gglide) can be used. The transition func­
tion, T g' can be used to determine intermediate gains in the 
transition zone (T). 

Embodiments of the present invention can further com-
prise a hybrid, or mode switching, strategy utilizing multiple 
control loops. In this configuration, in hover mode one or 
more control loops pertinent to hovering and around-hover­
ing translation can be devised separately. In addition, one or 

45 more control loops for gliding can be separately formulated to 
perform gliding and near-gliding maneuvers, with linear or 
non-linear controllers. Similarly, one or more transition 
modes can be devised for different Pitch Angles and/or other 

By varying output thrust/lift on individual wings, various 
Euler angle motions can be achieved. In some embodiments, 
the gliding mode can be augmented, for example, by produc­
ing flapping at a reduced amplitude (i.e., moving the drive pin 
slightly away from the centerofrotation of the ring gear). The 
reduced amplitude flapping can providing reduced forward 
thrust, but also incurs minimal power expenditure. In a pre- 50 

ferred embodiment, the reduced amplitude flapping can be 
centered about the ideal fixed-wing configuration to maintain 
optimal lift. 

parameters. 
The number of transition modes can vary depending on, 

among other things, performance requirements and processor 
speed. So, for example and not limitation, the transition 
modes can include a first transition mode for pitch angles 
between 15 and 30 degrees and a second transition mode for 

55 pitch angles between 30 and 45 degrees. Of course, the num­
ber of transition modes can be determined to balance the 

In some embodiments, for example, conversion from hov­
ering flight to fixed wing flight can be achieved by simply 
pitching forward and gradually reducing the flapping ampli­
tude of the wings. As the flapping amplitude of the wings 
approaches zero, the MAY and the control system transition 
into gliding mode. Due to the configuration of the MAY, the 
same control law for pitch, roll and yaw still applies in gliding 60 

mode and during transition between hovering and gliding 
modes. In gliding mode, for example, instead of using servo 
control for elevators, ailerons, and rudders-as with conven­
tional aerial vehicles-the wings are differentially controlled 
in amplitude. This provides the same, or similar, results, but 65 

power consumption can be constrained by keeping the ampli­
tude small. Fixed-wing flight in this manner takes advantage 

response of the system (more modes) with processing 
requirements (less modes). As before, this control loop could 
be a simple PI, PD, or PID controller or another linear or 
non-linear controller (which may include adaptive and/or 
learning algorithms or a hybrid between learning/adaptive 
and linear/non-linear controllers). 

FIG. 44b provides an example of how the wing amplitude 
(i.e., thrust required) would transition between hovering and 
gliding. Zone D indicates the zone where the vehicle will 
transition from gliding motion to hovering motion. Of course, 
the shape of the curves is dependent on, among other things, 
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vehicle mass, wing shape and size, and phase angle, and can 
be different for different configurations. 

Similarly, Zone E indicates the zone where the vehicle 
transitions from hovering mode to gliding mode. As can be 
seen, in this case the front wings have lower amplitudes than 
the rear wings (assuming both front and rear wings are iden­
tical), resulting in lower power output from the front wings 
than the rear wings. This results in a differential moment 
about the center of the body, which results in the gradual 
transition between modes. The response time can depend on, 
among other things, the difference in power output between 
the front and rear wings, shape of the wings, and transition 
gains. 

38 
The determining factors for the separation angle include, 

but are not limited to, separation between the front wings 
4305 and the rear wings 4310, mass of the MAY, angular 
range of the flapping motion, and size of the wings 4305, 
4310. Of course, the wings 4305, 4310 do not feather in the 
downstroke, as shown, maximizing lift. The arrows indicate 
the length of the length of the stroke still left in that cycle. 

Similarly, as shown in FIG. 43b, on the upstroke, the rear 
wing 4310 leads the front wing 4305 by approximately 45 

10 degrees. In addition, the feathering angle of the wing can be 
controlled to optimize phase tuning. The wings will feather 
during the upstroke, with the instantaneous feathering angle 
determined by the position of the wing. In a preferred 

15 
embodiment, the feathering angle is maximum when the wing 
is at its highest velocity point (generally when it is substan­
tially horizontal with respect to the MAY) and the feathering 
angles are minimum (e.g., zero) when the wings are substan-

On The equi-power line, Zone C, the MAY performs pure 
gliding or pure hovering. In other words, if the front and rear 
wings are producing equal output power for flight, then the 
MAY will hold its pitch attitude. For moving back and forth 
between hovering and gliding, therefore, some deviation 
from the equi-power line is required (absent outside forces). 20 

The hovering point for the MAY depends on, among other 
things, the weight of the MAY and its payload. In other words, 
the higher the payload/MAY-weight, the further away from 
the origin the hovering point will be. If the pitch angle goes 
beyond the hovering pitch angle, then the system can simply 
translate backwards, which is compensated for by the control 
system to maintain steady hovering. 

tially at the end of both the upstroke and the downstroke. 
As shown in FIGS. 43c-43d, the phasing angle is highly 

dependent on MAY variables. In this configuration, with, for 
example, short, wide wings and a heavier overall vehicle, the 
phasing angle can be adjusted to approximately 25 degrees. In 
some embodiments, the actuation system (e.g., solenoidal 

25 actuation) can enable variable wing phasing to maximize 
flight efficiency for, for example and not limitation, multiple 
flight regimes, weather conditions, or payload. In other 
embodiments, wing phasing can be included in the feedback 
loop of the control system to enable instantaneous phase 

Wing Phasing 
In some embodiments, wing phasing can be used to 

improve efficiency. With a flapping wing configuration, the 
wing creates high pressure under the wing on the downstroke 
to create lift. On the upstroke, even when feathered, however, 
the wing tends to create a slight vacuum or "void" beneath the 
wing as it ascends. As a result, the subsequent downstroke 
tends to be slightly less efficient than the initial one. To 
address this issue, and due to the multi-wing configuration, 
embodiments of the present invention can further comprise a 
method of phasing the wings such that one wing is "filling the 
void" for the other. 

In some embodiments, both the fore and hind wings can be 
in the same stroke (e.g., the upstroke or downstroke). In this 
manner, one wing can follow the other wing's wake to take 
advantage of the vacuum that forms behind the initial wing. 
This can be especially helpful in the upstroke, when the 
forewing can fill in the vacuum (or low pressure area) in the 
wake of the hind wing, without exerting too much power, and 
thus saving energy. 

It has been shown, for example, that by flapping the front 
wings and the rear wings out of phase, but at the same fre­
quency, significant flight aerodynamic improvement can be 
realized. This is particularly useful ifthe rear wing leads the 
fore wing, though other configurations are possible. The effi­
ciency is provided, in part, by recovering energy from the 
wake that is wasted when flapping the wings together (in 
phase) or co-axially (e.g., as in coaxial helicopters with con­
tra-rotating blades). By carefully adjusting the phasing angle 
between the fore wing and hind wing, additional energy effi­
ciency can be obtained. 

As shown in FIG. 43a, for a flying vehicle with four wings, 
for example, at the top of the downstroke, the rear wing 4305 
can be set to lead the forewing 4310 by between approxi­
mately 45 degrees. Of course, this angle is variable and can be 
optimally determined experimentally and is generally 
between approximately 15 degrees and 60 degrees. Experi­
mental results have shown this angle to be approximately 22 
degrees for a dragonfly, for example, but this angle will vary 
with each configuration of the MAY. 

30 angle adjustment. The hypocycloidal gear train can also be 
hard coupled to an optimum phasing angle between the hind 
and fore wings. Additionally, individual actuators for fore and 
hind wings can be used to dynamically change the phasing 

35 
angle in flight. 

While several possible embodiments are disclosed above, 
embodiments of the present invention are not so limited. For 
instance, while several possible configurations have been dis­
closed (e.g., a MAY generally inspired by dragonfly), other 

40 suitable designs and configurations can be selected without 
departing from the spirit of the invention. Other suitable 
configurations inspired by, for example and not limitation, 
crickets, damselflies, or other multi-winged animals could 
also be used. Embodiments of the present invention can also 

45 have more or less than four wings, for example, or can have a 
shape or body that is adapted to carry various types of pay­
loads. In addition, the location and configuration used for 
various features of embodiments of the present invention can 
be varied according to a particular design need, a design 

50 limitation, or simply user preference. Such changes are 
intended to be embraced within the scope of the invention. 

The specific configurations, choice of materials, and the 
size and shape of various elements can be varied according to 

55 
particular design specifications or constraints requiring a 
device, system, or method constructed according to the prin­
ciples of the invention. For example, while certain exemplary 
ranges have been provided for pitch angles and other param­
eters, other configurations can be used for, for example and 

60 not limitation, different environments or flying regimes. Such 
changes are intended to be embraced within the scope of the 
invention. The presently disclosed embodiments, therefore, 
are considered in all respects to be illustrative and not restric­
tive. The scope of the invention is indicated by the appended 

65 claims, rather than the foregoing description, and all changes 
that come within the meaning and range of equivalents 
thereof are intended to be embraced therein. 
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We claim: 
1. A flying machine comprising: 
a central chassis section; 
four or more independently controlled wings, pivotally 

coupled to the central chassis section, for providing lift 
to the flying machine, each wing of the four or more 
wings having one degree of freedom or two degrees of 
freedom; and 

a drive system comprising: 
one or more gear train systems for flapping the four or 10 

more wings; and 

40 
tially vertical, causing maximum thrust/lift output 
from the wings during flapping and/or hovering 
flight; 

wherein, when the ring gear is in the second position, 
the reciprocating motion of the drive pin is substan­
tially horizontal, causing substantially no flapping 
of the wings, or gliding flight; and 

wherein rotating the ring gear from the first position to 
the second position causes the reciprocating 
motion of the drive pin to transition from substan­
tially vertical motion to substantially horizontal 
motion. 

one or more drive motors for driving the one or more 
gear train systems; 

wherein the one or more gear train systems flap each of 
the ~our or more wings with variable amplitude; 

wherem a speed of the one or more drive motors can be 
varied to flap the four or more wings with variable 
frequency; and 

2. The flying machine of claim 1, wherein each control gear 

15 
set further comprises: 

a flapping actuator pivotally coupled to the central chassis 
sect.ion and in slideable engagement with the drive pin; 

wherein the drive system comprises a control gear set 
located at each of the four or more wings, each of the 20 
control gear sets comprising: 
a ring gear movable between a first position and a 

second position; and 
one or more spider gears located inside the ring gear 

and in geared engagement with the ring gear; 
wherein a first spider gear of the one or more spider 

gears comprises a drive pin for converting rotary 
motion to reciprocating motion; 

wherein, when the ring gear is in the first position, the 
reciprocating motion of the drive pin is substan-

25 

wherem rotating the ring gear in a first direction moves the 
reciprocation motion of the drive pin on the first spider 
gear in the horizontal direction, reducing an amplitude 
of the motion of the flapping actuator; and 

wherein rotating the ring gear in a second direction moves 
the reciprocation motion of the drive pin on the first 
spider gear in the vertical direction, increasing the 
amplitude of the motion of the flapping actuator. 

3. !h~ flying machine of claim 2, wherein when the ring 
gear 1s 1~ the second position, the motion of the flapping 
actuator 1s reduced to approximately zero amplitude to pro­
vide fixed-wing flight. 

* * * * * 


