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Development of a Robotic Hummingbird Capable of Controlled Hover
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This paper details the design, development, and flight testing of a 62-g hummingbird-inspired flapping wing micro air
vehicle with hovering capability. The key barriers overcome in the development of this vehicle included optimizing the wing
design via aeroelastic tailoring techniques, designing insect-based wing kinematic modulation mechanisms for control and
stabilization, trimming, and implementing feedback control during flight. Additionally, a five-bar linkage system was devel-
oped to generate large flap-stroke amplitudes, and thus sufficient lift for hover at moderate flapping frequencies (~25 Hz).
Systematic experimental studies were utilized to design lightweight (~0.8 g) flexible wings, and a fabrication technique was
developed to ensure that the wings could be reproduced consistently. The wing kinematic modulation mechanisms, which
change the magnitude and direction of the lift vectors during flight, are controlled via a custom-built kinematic autopilot
that senses the vehicle dynamics and transmits corrective signals to the mechanism actuators. This has led to several flight
experiments in which the vehicle has successfully demonstrated stability and hover capability.

Nomenclature

d vertical distance from wing aerodynamic center to vehicle
center of gravity, mm

f flapping frequency, Hz

H;  horizontal component of the left wing lift vector, N

Hyr  horizontal component of the right wing lift vector, N

L left wing

L, left wing lift vector, N

Li  right wing lift vector, N

Lext extension of link 4 beyond the pivot point, mm

Ir length of roll trim link in modified five-bar mechanism, mm
I length of link 1 in four-bar mechanism, mm

I length of link 2 in four-bar mechanism, mm

I length of link 3 in four-bar mechanism, mm

n length of link 4 in four-bar mechanism, mm

ls length of link 5 in modified five-bar mechanism, mm

R right wing

Vi vertical component of left wing lift vector, N

Vi vertical component of right wing lift vector, N

B tilt angle of left wing-flapping plane, deg

Br tilt angle of right wing-flapping plane, deg

lL left wing flap stroke amplitude, deg

LR right wing flap stroke amplitude, deg

O, complementary angle of 64: 7/2— 6,4, deg

0, outside angle of link 2 in four-bar mechanism, deg
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03 inside angle of link 3 in four-bar mechanism, deg

04 inside angle of link 4 in four-bar mechanism, deg

0Os outside angle of link 5 in modified five-bar mechanism, deg
Introduction

It is quite fascinating to study Octave Chunate’s Progress in Fly-
ing Machines published in 1894 and examine the many bizarre human-
powered “flying” devices that attempted to replicate the graceful flap-
ping flight of biological flyers (Ref. 1). Each concept that emerged grew
stranger, with its inventor ever hopeful that his machine would elegantly
take to the air like a bird. Ultimately, every one of these devices failed due
to a lack of understanding of the fundamentals of flapping wing flight,
including aerodynamics and thrust requirements, as well as the need
for excellent power-to-weight- and strength-to-weight-ratio systems.
It has only been the recent advent of micro air vehicles (MAVs) that
has made flying using flapping wings a reality. Useful as aerial surveil-
lance vehicles, MAVs are constructed utilizing the latest advances in
lightweight composites, microelectronics, and batteries, enabling design-
ers to miniaturize the vehicles down to an acceptable size for flapping
flight mimicking that of a hummingbird. Importantly, biological flapping
wing flight offers superior maneuverability, gust tolerance, and distur-
bance rejection capabilities (Ref. 2). This could be because flapping
wing aerodynamics involves several unsteady phenomena (such as lead-
ing edge vortices) at low Reynolds numbers that significantly enhance
lift production (Ref. 3). Extensive computational and experimental work
further support the presence of lift coefficients on flapping wings much
higher than that experienced by rotors and fixed wings (Refs. 4, 5).

A few successful flapping-wing MAVs have been built and flown re-
cently. The most notable ones include the DelFly from Delft University
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Flapping mechanism

Fig. 1. Hover-capable flapping wing MAV with a mass of 62 g.

(Ref. 6), the Techject developed initially at Georgia Tech (Ref. 7), the
RoboRaven at the University of Maryland (Ref. 8), the RoboBee from
Harvard University (Ref. 9), the Smartbird built by Festo (Ref. 10), and
the Nano Hummingbird by AeroVironment (Ref. 11). It is important
to note several characteristics of these vehicles, however, which limit
their similarity with hovering biological flyers. Both the RoboRaven and
Smartbird, like most flapping wing MAVs, are ornithopters and therefore
must rely on forward speed to stay aloft. Both the DelFly and Techject
have four wings instead of two, with the DelFly being outfitted with
several external control surfaces very much unlike natural flyers. Fur-
thermore, the RoboBee, while capable of hover, must be tethered to the
ground to power its piezoelectric benders. This leaves the Nano Hum-
mingbird, a much more biomimetic flyer with a mass of 19 g. This vehicle
is prohibitively costly due to its mechanical complexity, is quite small
with limited payload capability, and achieves control through varying the
wing properties instead of, like biological flyers, through wing kinemat-
ics variation. The goal, therefore, of the present study is to design and
build a truly biologically inspired two-winged hover-capable MAV with
mechanical simplicity that implements wing kinematic modulation meth-
ods for control (Fig. 1). Furthermore, this study focuses on developing
a vehicle for the purpose of experimentally understanding the aerome-
chanics, flight dynamics, and controllability of hovering flight similar to
that of an insect or hummingbird. The current vehicle prototype has a
30-cm wingspan, flaps at about 21 Hz, and has a mass of 62 g, heavier
than even the “Giant hummingbird,” the world’s heaviest hummingbird
(Refs. 12, 13). To calculate the Reynolds number at which the present
MAV operates, it is possible to use a concise relationship from Ref. 14
relating the wing length, flapping frequency, and flap amplitude:
2
VAR

Here, the nominal amplitude of the left wing ¢, = 110 deg, the flapping
frequency f = 21 Hz, the wing length Ry = 14 cm, the aspect ratio
AR = 3.7, and the kinematic viscosity of air v = 1.48 x 107> m?/s.
Using these parameters, the Reynolds number for this vehicle is Re =
5.8 x 10* at operational conditions. This is at the lower end of the
bird and represents an MAV flight regime. By comparison, the Nano
Hummingbird has a Reynolds number slightly lower at Re = 4.0 x 10*,
primarily because the wingspan is only slightly more than half of the
wingspan of the present vehicle.

The following sections outline in detail the design and development
of the wings, flapping mechanism for large amplitude generation, and
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Table 1. Component weight breakdown

Component Mass (g) % Total
Wings 1.7 2.7
Motor + flap mechanism 16.7 26.9
Actuators + mechanisms 16.8 27.0
Fuselage/structure 9.5 15.3
Electronics 7.0 11.3
Battery 10.4 16.8
Total 62.1 100

wing kinematic modulation mechanisms for stability and control. Using a
custom-built kinematic autopilot with closed loop control, the vehicle has
been flown successfully, and the results of these flight tests are presented
as well.

Vehicle Design

The primary concern in the design and development of the present
vehicle is its gross weight; therefore, effort was made continuously to
reduce the weight of each of the components while maintaining the nec-
essary strength to withstand the large forces imposed during flapping.
For this reason, every load-bearing structural component was designed to
have a high strength-to-weight ratio. The main body of the vehicle, with
a mass of only 4.3 g, functions as an anchor point for all the mechanical
subsystems (motor, flapping mechanism, actuators, and wing kinematic
modulation mechanisms), is rapid prototyped out of a low-density nylon-
based material with exceptional strength. Using specially designed arches
and reinforcements at stress concentration points, it is engineered to be
as light as possible while maintaining the necessary structural integrity
for high-amplitude dynamic loads. A 2.75-mm-diameter carbon fiber rod
extends from the main body downward to support the remainder of the
vehicle subsystems: the electronics, battery pack, and landing gear. A
weight breakdown of the vehicle components is provided in Table 1.
Designing each of these components for optimal performance was crit-
ical to ensure successful vehicle operation. The subsequent subsections
describe the development of the key subsystem components in detail.

Wing drive mechanism

For the present vehicle, the goal was to increase the stroke amplitude
as much as possible to reduce the disk loading and also to lower the
required operational frequency. An investigation into the methods used
by other flapping wing vehicle designers shows that there is a lack of a
simple and elegant solution to this problem. Traditionally, four-bar mech-
anisms are employed (Refs. 6,8,10,15); however, owing to the maximum
angle limitations of the four-bar mechanism, it is not applicable for truly
hovering flight. The Nano Hummingbird generates 180 deg of flapping
motion, via a complex string and pulley system (Ref. 11). Some design-
ers have placed a spring in serial with the main wing spar; however, it is
difficult to tune the resonant frequency of the spring to the operational
flapping frequency (Ref. 16). Therefore, to obtain large flapping ampli-
tudes for the present vehicle, a simple, yet novel mechanism consisting
of a traditional four linkage system with an added “fifth” bar and slider,
which amplifies the output from the four-bar mechanism was developed
(Ref. 17). This is shown in a photograph in Fig. 2(a), and schematically
in Fig. 2(b). The traditional four-bar crank-rocker mechanism converts
motor rotation into reciprocating flapping motion with approximately
420 deg of stroke amplitude. A close-up schematic of the left wing
four-bar mechanism is shown in Fig. 3, where /, and 6, are the output
bar and its angle, respectively. The fifth bar portion of the mechanism
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Fig. 2. (a) Modified five-bar mechanism implemented on the vehi-
cle. (b) Schematic of complete modified five-bar mechanism with
linkages labeled.

Fig. 3. Four-bar linkage mechanism for left wing.

is shown in Fig. 4 and features a simple bar and slider operated by the
output shaft /,. As I rotates about point C, its end contacts and slides
along /s, which is independently hinged at point E. This motion results
in a large amplification of /5 to £60 deg. The final output flap angle,
¢y, of the modified five-bar mechanism from the input angle 6, can be
predicted analytically using the equations derived in Ref. 18. Using the
linkage lengths from the mechanism design (Table 2), the output angles
of the four- and modified five-bar mechanisms were simulated, and an
amplification factor of 3 can be clearly seen between the two (Fig. 5). The

Table 2. Lengths of modified five-bar
mechanism components

Linkage Length (mm)

11 29.7

I 2.54

I3 29.0

Ia 6.35

Is Varies with flapping
lext 20.3

Ir 14.0
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Fig. 5. Output angles of both four-bar mechanism and fifth bar in
modified five-bar mechanism.

maximum flap angle from the simulation agrees well with that measured
from the vehicle, which is 55 deg, with an error of £5 deg due to the
mechanical play between /, and /5.

The entire modified five-bar mechanism is machined from 6061 alu-
minum with steel ball bearings inserted for hinge points A, B, and C
(Fig. 3). Point O is the output shaft from the drive train, which consists
of a brushless dc motor and reduction gear, both selected to maximize the
output torque while simultaneously minimizing its weight. An experi-
mental approach was taken to test several motors, and the C-10 2900 KV
brushless outrunner motor was finally chosen since it was found to be the
lightest motor available capable of flapping the wings at a high enough
frequency for liftoff. This was followed by a series of experiments to find
the appropriate reduction gear to convert the low torque and high RPM
output from the motor to a high torque and low RPM for flapping. After
systematically varying the gear ratio from 7:1 up to 12.1:1, a reduction
gear of 9.3:1 was chosen as the final design. On the current design, both
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the motor pinion gear and the reduction gear were placed on the opposite
side of the body as the flapping mechanism, with a shaft running through
the body supported by two ball bearings. This effectively transfers only
pure torque and decouples the shear loads, which are taken up by the
shaft bearings (Fig. 2(a)). The motor is driven by a 10-A brushless speed
controller and powered by a custom-built three-cell Li—Po battery pack,
which is wired to supply the drive motor with 11.1 V and the servo
actuators with 7.4 V.

Wing design and manufacturing

The wings are the most critical element of the vehicle, and therefore
extensive effort was put into their design and development. They must be
strong enough to withstand the inertial and aerodynamic forces experi-
enced by the wing, but must also be as lightweight as possible to reduce
inertial loads imposed at high flapping frequencies. For the present vehi-
cle, a pair of flexible wings capable of undergoing passive deformation
was chosen since flexible wings are lighter than similarly sized rigid
wings and replicate biological wings much more closely (Ref. 19). Ad-
ditionally, studies have shown that flapping flexible wings at insect-scale
Reynolds numbers generate greater amounts of lift when compared to
their rigid counterparts (Refs. 20, 21). The motion of flexible wings can
be simplified kinematically down to two degrees of freedom: active flap-
ping from the mechanism and passive twisting (since the pitch angle is
a function of spanwise location) permitted by the torsional compliance
of the wing and resulting from aerodynamic and inertial loading. In light
of this, the wings were designed experimentally using aeroelastic tai-
loring by iteratively changing the wing structural components and their
placement to vary the flexibility and thus the wing deformation during
flapping such that the maximum amount of lift was generated. More than
50 wing designs (Fig. 6) were tested, and their performance evaluated
until a final wing design was chosen that generated the most lift at the
target frequency (baseline design, Fig. 7). The wings have carbon fiber
leading edge and root spars fixed into a wing root made of polyether
ether ketone (PEEK) plastic, a material with exceptional wear-resistant
properties. It was found during testing that the leading edge spar must be
as stiff as possible to limit bending in and out of the flapping plane, both
of which reduce lift. A 0.8-mm foam membrane is stretched across the
carbon fiber spars, so chosen since it is more flexible and also generated
a lower acoustic signature than Mylar, a material often used for flapping
wings (Refs. 6, 15). A free-floating cross-spar (glued to the membrane
but not fixed to the wing root) was added, which aided in improving the
lift generated during stroke reversal. This was because the inertial forces
it generated allowed the wing to take a shape that improved its lifting
capability.

It was found, however, that even this wing design required an unde-
sirably high flapping frequency to generate the required thrust; therefore,
an effort was made to improve the design. A performance goal was set
at 0.32 N of lift generated per wing at 20 Hz. Frequencies much higher
than 20 Hz were found to cause too much vibration onboard, and 0.32 N
was half the vehicle weight. This goal was subsequently achieved and
surpassed through the implementation of a flexible root shim between
the wing root and root spar, much like a flexbeam in a rotor blade, which
allowed the inboard portions of the wing to have a steep angle of attack
(~70 deg) relative to the incoming airstream rather than being com-
pletely vertical to it (Fig. 8). A technique was then developed to integrate
the carbon fiber root spar with a flat flexible shim made of pre-preg car-
bon fiber, which would then be cantilevered to the wing root. Figure 7
shows the new wing design. A systematic manufacturing process was
developed, which resulted in a very lightweight final wing with a mass
of 0.85 g (Ref. 18). To demonstrate the repeatability of this process and
to ensure similar performance characteristics between each wing manu-
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Fig. 6. Sampling of wing prototypes tested before converging on final
design.

LEspar  Baseline design Wing root
Cross spar
Root spar
New design i
LE spar g Wing root

Shim +

Cross spar screw

Root spar

Fig. 7. Previous (baseline) design and new wing design showing flex-
ible shim.

(a) Rigid root spar

(b) Flexible root spar

Fig. 8. Schematic of previous design in which root spar remained
rigid (left) and new design featuring flexible root spar with shim
(right).

factured, a series of six identical wings were constructed and tested. The
total lift generated by each wing from 5 to 22 Hz is compared in Fig. 9.
The results show strong similarity at the target frequency of 20 Hz, in
which there is a maximum variation of 0.02 N of lift, or 5% variation in
vertical force among the six wings.
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Fig. 9. Comparison plot between six wings demonstrating consistent
aerodynamic performance.

Wing performance and optimization

To characterize the wing performance and converge on optimal de-
sign dimensions for the flexible shim, systematic experiments were
conducted, which varied the length of the shim between the root spar
and wing mount, and the thickness, in terms of layers of pre-preg
carbon fiber used in constructing the shim. Varying these parameters
effectively changes the stiffness of the shim, and thus the amount of
flexibility and permissible deformation. Two important quantities were
used in this study to evaluate each wing’s performance. These were
lift/electrical power and lift/ /.

The first quantity is of interest since the electrical power required
to flap the wing comes from the component of the resultant force that
is parallel to the direction of motion. It is desirable to minimize this
component of the force by generating a resultant force that is as vertical
as possible, thereby reducing the input power required to flap the wings.
The power required for flapping manifests itself in the current drawn by
the motor during operation; hence it is a function of electrical power. To
understand the second quantity listed above, it is important to note that
as the flapping frequency is increased, the lift of a flexible wing increases
due to two reasons: (1) the fact that the wing is moving faster (higher
dynamic pressure) and (2) as the forces increase with frequency the
passive wing twist increases and the wing starts morphing. Even though
the first effect monotonically increases lift with frequency, the second
effect increases lift only until the wing achieves the best shape, that is,
the shape that produces the highest lift coefficient, and then decreases
as the frequency increases. Thus it is important to obtain the frequency
at which a wing takes the best shape, and it is important to ensure that
this frequency is close to the operating frequency. Because the lift is a
function of flapping frequency squared, it is necessary to divide by the
quantity f? to remove the effect of speed and isolate the influence of
wing shape on lift.

For this study, the length of the flexible shim was varied from 1 to
2 mm, and the number of carbon fiber layers used in construction of the
flexible shim was varied between two and three layers. Results from these
studies are presented in detail in Ref. 18, including both the variation
in shim length and thickness across a range of flapping frequencies. In
summary, a shim of length 1.5 mm constructed of two layers of carbon
fiber performed most efficiently and was chosen as the final design.

Attitude Control and Stabilization

A two-winged flapping wing system is in general an inherently un-
stable system; therefore, its attitude stabilization scheme is important.
Several hovering flapping wing MAVs use external control surfaces,
much unlike hover-capable biological systems such as hummingbirds,
which are able to achieve stability without such devices (Refs. 6, 15). The
Nano Hummingbird achieves control by changing the wing slack similar
to luffing a sail, which is also non-biomimetic (Ref. 11). The goal for the
present vehicle, however, is true biomimicry with the greatest simplicity
possible; therefore, control and stability is done exclusively by varying
the specific wing kinematics during flapping.

Wing kinematics modulation

The principle of operation for wing kinematic modulation is to alter
the wing-flapping plane through either tilting the plane or changing the
flapping stroke amplitude of each of the wings independently. Combina-
tions of plane tilting and amplitude modulation of each wing are used to
control and stabilize the vehicle in pitch, roll, and yaw.

Pitch: A pitching moment is achieved by synchronously tilting the
flapping plane of both wings either forward or backward such that there
is a component of lift in the horizontal direction, Hz and H, . Since the
lift vector, which originates from the wing aerodynamic center, now no
longer passes through the center of gravity (CG) of the vehicle, a moment
is generated about the CG due to the force Hg and H; acting at a vertical
distance d above the CG of the vehicle. This is demonstrated in Fig. 10,
which shows the outline of the original position of right and left wing
planes, along with the wing planes tilted through their respective angles,
Br and B, to the new pitch forward positon.

Roll: Roll moment is generated by means of differential flap amplitude
modulation, which changes the sweep area and thus the total lift of the
wing. This technique takes advantage of the modified five-bar linkage
mechanism by varying the distance between the hinge points of /4 and /s.
This is the distance between points C and E in Fig. 3 and is denoted /g,

Fig. 10. Schematic of wing plane modulation for pitch stability and
control.
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Fig. 11. Schematic of wing amplitude modulation for roll stability
and control.
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Fig. 12. Simulation of maximum and minimum flap amplitudes pos-
sible with amplitude modulation mechanism.

indicating the length of the roll trim, which varies such that for any change
in roll trim for one wing, that of the other wing will change an equal and
opposite amount. A schematic of the amplitude modulation is shown in
Fig. 11. The original flap plane positions are outlined, along with the
new lengths and amplitudes shown by the shaded region. The flap angles
of the right and left wings are denoted as ¢z and ¢, respectively. The
maximum and minimum amplitudes that can be produced based on the
physical limits of the mechanism were simulated and shown in Fig. 12.
Here the zero-trim amplitude of £60 deg as seen in Fig. 5 is shown, along
with the maximum amplitude of ~+75 deg and minimum of ~+50 deg.

Yaw: The principle of yaw moment generation is similar to that imple-
mented for pitching. Instead of simultaneously tilting the flapping planes
in the same direction, the flapping planes are tilted differentially. The
horizontal components of the lift vectors due to plane tilting are now in
opposite directions, thus generating a yawing moment due to the horizon-
tal distance between the aerodynamic center (AC) and CG of the vehicle.
This is also demonstrated schematically in Fig. 13, in which the outlines
of the original wing plane positions are sketched, and the new right and
left wing planes are shown tilted through their respective angles, Sz
and B;.
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Fig. 13. Schematic of wing plane modulation for yaw stability and
control.

Fig. 14. Wing tilt mechanism for left (L) wing. As the servo arm
rotates, the motion is transmitted via pitch links to the left wing
mount, which rotates in response, effectively changing the tilt of the
flapping plane.

Implementation of wing kinematics modulation

To effectively employ these modulation techniques for attitude con-
trol, simple modulation mechanisms were developed, which tilt the flap-
ping planes and vary the amplitude as necessary for stability. There are
two types of mechanisms present: the pitch—yaw mechanism for tilting
the wing planes (one for each wing) and the roll mechanism for amplitude
modulation. Each mechanism is independently controlled with a Power
HDY DSP-33 digital microservo, which has a relatively short actuation
time of 0.09 s/60° of rotation, high torque output, and minimal weight
penalty. Figure 14 illustrates the pitch—yaw modulation mechanism and
servo for the left wing. The servo arm rotates and transmits this motion
via a set of pitch links to the wing mount, which can tilt the flapping
plane, much like the motion transmitted through helicopter pitch links
changes the blade angle of attack. Since the wing flaps freely on the wing
mount, its plane angle being governed by the tilt of the wing mount, the
angle of the lift vector can be changed as desired. The roll mechanism,
as seen in Fig. 15, converts rotational motion of the servo output shaft
into a linear sliding motion in the direction opposite of desired roll. This
changes the length of the roll trim, /x (Fig. 4). By moving the roll bar
in the direction opposite of desired roll, /x will increase for the wing
toward which the roll bar moved, resulting in increased amplitude and
thus increased lift and a subsequent roll in the opposite direction.
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Fig. 15. Amplitude modulation mechanism. As the servo arm rotates,
the motion is transmitted via the pin to the roll bar, which moves
linearly in response, effectively changing the length of the fifth bar
and thus the flap amplitude.

Autopilot

Attitude stabilization is implemented onboard using an autopilot, a
custom-built embedded processor-sensor board. It weighs 1.3 g and is
powered by a single one-cell 3.7 V 30 mAh Li—Po battery. The autopilot
houses a STM32 microprocessor with a 32-bit ARM Cortex M3 core for
high-end onboard computation tasks. The MPU-9150 IMU integrated on
the board includes triaxial gyroscopes, accelerometers, and magnetome-
ters. Wireless communications are serviced by an onboard nRF24L.01
chip, a low-power 2.4 GHz radio frequency (RF) transceiver. The autopi-
lot has a sensor update rate of 500 Hz and is capable of streaming vehicle
attitude and actuator controls data to the base station with a short latency
(Ref. 22). The autopilot senses the vehicle attitude and sends corrective
signals to the servos for stabilization by varying the pulse width input to
the servos. The full capabilities of the autopilot are described below.

Telemetry

To communicate with the onboard controller, the operator uses a
LabVIEW interface through a wireless IEEE 802.15.4 data link. This
connects the onboard microcontroller to the base station LabVIEW pro-
gram wirelessly via a 2.4-GHz radio link. A separate wired connection
between the base station and a commercially available DX6i Spectrum
transmitter allows the pilot to provide roll, pitch, and yaw inputs. The
base station LabVIEW program allows the operator to modify the feed-
back gains, change the sensitivity of pilot inputs, and record attitude data
transmitted by the onboard processor. All the data processing and feed-
back control calculations are performed onboard by the microprocessor.

Inner-loop feedback control

The onboard gyros measure the pitch, roll, and yaw angular rates,
whereas the accelerometers record the tilt of the gravity vector in the
body frame. The vehicle attitude can be extracted by integrating the
gyro measurements with time. However, it is known that this leads to
drift in attitude measurements (Ref. 23). Accelerometers, on the other
hand, offer stable bias, but are sensitive to vibrations and in general offer
poor high-frequency information (Ref. 24). Therefore, a complementary
filter was incorporated to extract the pitch and roll Euler angles using
a high-pass filter for the gyros (4 Hz cutoff) and a low-pass filter for
accelerometers (6 Hz cutoff). The flapping vibrations were filtered out
since they are sufficiently higher than the body dynamics. An onboard
inner-loop feedback was implemented using a proportional-derivative
(PD) controller as shown in Fig. 16. The feedback states were the pitch
and roll Euler angles 6 and ¢, which have a bandwidth of 10 Hz, and
the attitude rates, p, ¢, and r. The yaw Euler angle is not measured
or stabilized, only rate-based feedback is provided to yaw, which was

. X Frequency
Trim, reference

control inputs B ool d”_e.
Base station /"471?$ pqr
25 e X )2

Onboard inner loop
feedback

Loop time — 3 ms

| Proportional-derivative J—

Outer loop
feedback
Loop time — 10 ms

Fig. 16. Diagram of closed-loop feedback implemented in control
strategy.

found to be sufficient due to the neutrally stable nature of vertical axis
positioning. An outer-loop feedback capability was provided for direct
human piloting and can accommodate a position-tracking system should
it be implemented during later research.

Gimbal Testing

Once all the vehicle subsystems were in place, a series of gimbal
experiments were conducted to observe the behavior of the vehicle in
a controlled setting and establish a level of stability before moving to
free-flight testing. A gimbal was constructed that allows pitch, roll, and
yaw rotational degrees of freedom, and the vehicle was mounted to the
gimbal at the CG location. Although the vehicle demonstrated stability
on the gimbal and provided insights for trimming especially in roll, the
application of these results to free flight was somewhat limited since it
was necessary to flap much lower than the operational frequency because
of the constraining forces imposed by the gimbal. These constraints arise
from the fact that the CG is held stationary from the gimbal instead of
being able to move under vibratory loads during flapping. This is analo-
gous to applying an impulse force to an object constrained against a wall
versus applying the same force to an object free to move backward from
the impulse. Tests were thus performed at a lower frequency for safety of
the vehicle since the potential for physical damage or mechanical failure
increased if these constraint forces became too large.

Flight Testing

For flight testing, a 2.4 m x 2.4 m x 2.4 m safe enclosure was con-
structed out of square aluminum 80-20 members and the sides were
covered by a 90-um-thick plastic sheet to retain the vehicle during flying
and offer a soft impact should the vehicle collide with the walls. Addi-
tionally, a sheet of plastic was suspended from the edges of the frame
a few inches off the ground to protect the vehicle in the case of a crash
landing.

For a flight test to be successful, the vehicle must be in proper trim, and
the closed-loop feedback control gains must be tuned. Only proportional
and differential gains were used to minimize the number of variables to
tune for initial flying, and because other nontraditional flying platforms
have been successfully flown without integral gains (Ref. 25). Finding
and maintaining these required values is difficult, must be redone after
mechanical failures, and must be constantly updated due to imperceptible
physical changes that the vehicle undergoes during flight. Because a given
set of trim and gain values found that generate a stable flight, may, over
the course of a few flight tests, cause the system oscillations to diverge,
mechanical reliability and robustness is of paramount importance to
minimize system variation with time.
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Fig. 17. Successful flight testing of the hover-capable robotic hum-
mingbird resulting from extensive trimming and feedback gain
tuning.

A methodical approach must be taken to finding trim and gain values
quickly and efficiently, and the best method found for achieving this
generally involves first trimming the vehicle without the PD controller,
then turning it on and determining gain values. For trimming, the vehicle
is flown in short hops, its behavior is observed using a high-speed camera
to capture the fast system dynamics, and trim is introduced so as to
ensure liftoff is as vertical as possible, indicating that the magnitude and
direction of both the lift vectors is as similar and vertical as possible.
To trim roll, the amplitude of the wings is adjusted differentially to
eliminate rolling moments, and to trim pitch, the angle of the flapping
planes is tilted either forward or backward and held there. This can
introduce a translational velocity from the horizontal component of lift,
so an alternative method, and more effective, is to shift the longitudinal
location of the CG relative to the AC until the CG is directly under the
AC and pitching moments are eliminated. This shift can be accomplished
by either repositioning the battery pack on board the vehicle or changing
the length of /5 by a small amount to shift the flap stroke mean. Once
roll and pitch have been effectively trimmed and the lift vectors are as
vertical as possible, the wing flap planes can be tilted differentially to
provide a countertorque for yaw trim if needed.

Once the required trim values are obtained, the PD controller is turned
on and the gains are determined. The fast system dynamics prevent the
use of the popular Ziegler Nichols incremental approach to finding gain
values, as this technique requires observing the system in motion for a
lengthy time period relative to the actual amount of time this vehicle is in
the air before going unstable. Additionally, owing to the inherent insta-
bility of the present system, divergent oscillations do not clearly indicate
whether the gain values are too high or too low. Therefore, the method
established for finding the gain values involves steadily increasing roll,
pitch, and yaw differential gains until the vehicle reaches a steady-state
oscillation in flight. At this point, the differential gains are decreased
by 10-15%, and proportional gains are introduced with a value 15-20%
greater than that of the differential gains.

This method has resulted in most flight tests demonstrating both
stable and repeatable flight behavior (see Ref. 26 and Fig. 17). One
remarkably stable flight was an 18-s test conducted in which the Euler
roll and pitch angles oscillated with an amplitude no greater than £10°
during the length of the entire flight, shown in the Euler angle data,
which is provided in Fig. 18. Although these results are promising,
there remain some challenges to overcome to increase flight time and
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Fig. 18. Euler angles during 18-s flight test showing a maximum of
+10° variation.

quality. First, since the motor and gearbox combination were so chosen
on the basis that they were capable of lifting the vehicle, efficiency was
not considered in their selection and motor overheating currently limits
flight tests to ~50-60 s. Therefore, motor and gearbox efficiency must be
improved to increase flying time. Additionally, a larger capacity battery
must be selected to increase the available current and slow the rapid
decrease in battery voltage, which leads to changes in input power and
difficulty associated with maintaining a constant motor RPM. Finally, the
vehicle still drifts within the enclosure to some degree, possibly due to the
absence of integral gains, which will be incorporated in future flight tests.

Summary and Conclusions

The goal of the present work has been to design, develop, and flight
test a hummingbird-inspired, hover-capable flapping wing MAV using
simple and innovative techniques for large flap amplitude generation and
wing kinematic modulation. This paper describes the design philosophy
and development of key vehicle systems and explains the aeroelastic
tailoring techniques for optimizing the wing design. This flapping wing
vehicle has demonstrated several stable flight tests using a closed-loop
PD controller implemented onboard a custom-built kinematic autopilot.
Some of the key conclusions from this study are as follows:

1) Owing to the large inertial and vibrational loads during flapping, it
is necessary to reduce both flapping frequency and wing weight. For the
14-cm wing design on the present vehicle, the flapping frequency must
be 20 Hz or less and the wing mass 0.85 g or less.

2) To improve the lifting capability of the wing, the root spar of the
wing must be attached to the wing root through a flexible shim, which
allows the inboard portions of the wing to have a steep angle of attack
(~70°) relative to the incoming air, instead of being perpendicular to it.

3) Since wing dissimilarities may prevent achieving required trim
for hovering flight, it was important to manufacture the wings such that
lifting performance varied by no more than 5% at the target flapping
frequency.

4) It was critical to select actuators with the quickest response possible
due to the fast dynamics and inherent instability of the system. For this
vehicle, digital servos with an actuation time of 0.09 s/60° were selected
and implemented.

5) It was important to ensure that the lift vectors of each wing are as
vertical as possible for hovering flight. This was achieved by trimming
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the amplitude and tilt of the flapping planes until the vehicle lifted off
vertically without feedback gains.

6) To implement the appropriate feedback control, it was necessary
to first apply high rate-based feedback until constant oscillations
during flight were introduced, then reduce them by 10-15% and apply
proportional gains 15-20% larger than differential gain values to reduce
vehicle drift.

An important result of the present work is the fact that this vehicle,
with a mass of 62 g has achieved stable hovering flight. This is a signifi-
cant accomplishment since there is currently no known biological flyer or
two-winged hover-capable MAV capable of hovering flight with a mass
greater than 20 g. As aresult of its heavier weight, the disk loading of the
present vehicle is 15.6 N/m?, slightly greater than that of other flapping
platforms such as the Nano Hummingbird, which is about 12.9 N/m?.
As a comparison with biological flyers, the Rufous Hummingbird disk
loading is on average 8.6 N/m? for hovering flight. Until now, the effort
of this project has been focused exclusively on achieving stable flight,
with little consideration for endurance. As a result, the maximum flight
time is about a minute in comparison to that of the Nano Hummingbird,
which is about 4 min; therefore, the next goal of this project is to im-
prove vehicle flight time and quality by improving the efficiency of the
electrical and mechanical systems.
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