EXPERIMENTAL CHARACTERIZATION OF THE STRUCTURAL DYNAMICS
AND AERO-STRUCTURAL SENSITIVITY OF A HAWKMOTH WING
TOWARD THE DEVELOPMENT OF DESIGN RULES FOR
FLAPPING-WING MICRO AIR VEHICLES

DISSERTATION

Aaron G. Norris, Lieutenant Colonel, USAF

AFIT-ENY-DS-13-M-40

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY
WRIGHT-PATTERSON AIR FORCE BASE, OHIO

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED



The views expressed in this dissertation are those of the author and do not reflect the
official policy or position of the United States Air Force, Department of Defense, or the
United States Government. This material is declared a work of the U.S. Government and
is not subject to copyright protection in the United States.



AFIT-ENY-DS-13-M-40

EXPERIMENTAL CHARACTERIZATION OF THE STRUCTURAL DYNAMICS
AND AERO-STRUCTURAL SENSITIVITY OF A HAWKMOTH WING
TOWARD THE DEVELOPMENT OF DESIGN RULES FOR
FLAPPING-WING MICRO AIR VEHICLES

DISSERTATION

Presented to the Faculty
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
In Partial Fulfillment of the Requirements for the

Degree of Doctor of Philosophy

Aaron G. Norris, B.S.A.E., M.S.A.E.

Lieutenant Colonel, USAF

March 2013

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

i1



AFIT-ENY-DS-13-M-40

EXPERIMENTAL CHARACTERIZATION OF THE STRUCTURAL DYNAMICS
AND AERO-STRUCTURAL SENSITIVITY OF A HAWKMOTH WING
TOWARD THE DEVELOPMENT OF DESIGN RULES FOR
FLAPPING-WING MICRO AIR VEHICLES

Aaron G. Norris, B.S.A.E., M.S.A.E.

Lieutenant Colonel, USAF

Approved:

S Iuen /3

Date
M2 13
Dr. Richard G. Cobb (Member) Date
WLORL__ 5 Mor 2003
Dr. William P. Baker (Member) Date
Accepted:
oy Bl 200
HEIDI R. RIES, Ph.D. Date

Interim Dean, Graduate School of
Engineering and Management



Abstract

A review of research trends in the area of micro air vehicles (MAV) reveals a
strong affinity toward biologically inspired flapping-wing designs. A case is made for
why the structures discipline must take on a more central role, especially if research
trends continue toward insect-sized and flexible wing designs. In making the case, the
eigenstructure of the wing emerges as a key structural metric for consideration. But with
virtually no structural dynamic data available for actual insect wings, both engineered
and computational wing models that have been inspired by biological analogs have no
structural truth models to which they can be anchored. An experimental framework is
therefore developed herein for performing system identification testing on the wings of
insects. This framework is then utilized to characterize the structural dynamics of the
forewing of a large sample of hawkmoth (Manduca Sexta) for future design and research
consideration. Single wing samples of four other species of insect are also investigated
and reveal uncanny structural dynamic resemblance to the hawkmoth and each other,
raising the possibility for a universal design rule. The research also weighs-in on a
decade-long debate as to the relative contributions that the inertial and fluid dynamic
forces acting on a flapping insect wing have on its deformation (expression) during flight.
The most often cited evidence suggests that fluid dynamic forces play such a minor role
that they can be neglected, allowing for the aerodynamic analysis of the flexible flapping-
wing to be aeroelastically decoupled. The research performed herein, employing a
similar but higher fidelity experimental approach determines that fluid dynamic forces do

have significant influence on wing expression, calling into question the previous work.
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Functional schematic of the apparatus used by C&D. A cubicle
acrylic chamber housed a flapping motor with shaft that a hawkmoth
forewing was glued to at its root. The wing was marked with 3
reflective paint dots on its leading and trialing edges and at the wing
tip. Tests were accomplished in 100% air and >95% helium. High
speed cameras positioned 90 apart captured the motion of the wing
as it flapped at 26 Hz at +/-50° sweep angles. Graphic derived from

original PAPEr [14]. wooeieiieiieee et

Traces of the angular positions of three distinct points on the severed
forewing of a hawkmoth over three wing beat cycles. The points
were measured from frames of two high speed cameras that filmed
the wing while it flapped in air (solid line) and helium (dotted line)

at 26 Hz. Plots derived/digitized from Combes and Daniel [14]...........

Top: Raw frames from high speed video footage captured by C&D
of a hawkmoth forewing flapping in air and helium. Bottom: An
estimate of the shape of the wing’s leading edge and tip and its tip
chordline based off observations of the actual video. Images derived

from archived video [73]. ..cooviiioieieeeeeeee e

Top: Raw frames from high speed video footage captured by C&D
of a hawkmoth forewing flapping in air and helium. Bottom: An
estimate of the tip chordline based off observations of the actual

video. Images derived from archived video [73].......cccceevvieriieniieniennnen.

Snapshots of the side view (left column) and top view (right column)
of a hawkmoth in hover at three distinct positions in the wing
upstroke [66]. Each image represents a frame extracted from high-
speed video footage captured by Hedrick [50] for use in extracting

KINEMAIC AALA. e e e e e e e e e e

Snapshots of the side view (left column) and top view (right column)
of a hawkmoth in hover at three distinct positions in the wing
downstroke [66]. Each image represents a frame extracted from
high-speed video footage captured by Hedrick [50] for use in

extracting kinematic data. .............ccoceeviiiriienieiiiee e

Side and top views of the hawkmoth during hover. The images
underscore the difficulty and even subjectivity of extracting wing
deformation data from the frames of high speed video. However,
qualitatively significant wing deformations are apparent. Image

attributed to [66] derived by Hedrick [50]......cccovvieviiieniiiiiiiieieecies

X1X

Page

.. 137

.. 141

... 146

.. 147



Figure 70:

Figure 71:

Figure 72:

Figure 73:

Figure 74:

Figure 75:

Figure 76:

Figure 77:

Graphical depiction of a hawkmoth wing’s flapping kinematics
during hover (a) with plot of wing sweep, elevation, and feathering
angles throughout a single wing-beat cycle (b). Note that the “wing”
here is a composite overlay of the fore and hind wing. Smooth
kinematic data derived from Liu [62, 61] and Aono [5] based on
experimental data of Willmott and Ellington [112,113]. Graphic

attributed t0 [00]. ..cceeeiiieeee e

Comparison of the flapping (sweep) kinematic of the custom made
flapping mechanism (AFIT) with that of the actual hawkmoth wing
in flight (26 Hz) as recorded by Willmott & Ellington [112,113] and
the approximate harmonic kinematic used by Combes and Daniel

A schematic of the 4-bar mechanism with the relevant dimensions
annotated. Points A and D are the centers-of-rotation of the wing and
drive wheel respectively, and are fixed to ground to constrain

EPANSIALION. .o

The 3D printer used to fabricate the major parts for the flapping

IMECRANIISITL. .o

Front and rear isometric views of the flapping mechanism (top,

middle) and a close-up view of the flapper/rocker. ..........c.ccccvevvrenennee.

The Titan 550 hobby-class electric car motor used to power the
flapping mechanism. Specifications: 14.4V, 23-turn, fan-cooled.
Dimensions: 3.07 inches end-to-end; 1.46 inch can diameter; 0.125

INCH SRATE AIAIMELET. ...

Rear (collet) and front (thread & nut) views of the self-centering,
collet-type adaptor used for attaching the drive wheel to electric
motor shaft. The collet side of the adaptor attaches directly to the
motor shaft. The drive wheel slides over the threaded end and is

held in place with the washer and nut...........c.ccccceeeiiiiiiiiencieeee e,

Only three components were needed to capture and record the
expression of the wing. From left to right are the phaser-strobe light,
infrared emitter/sensor, and digital SLR camera. Captured images
were subsequently processed by the commercially available

PhotoModeler software to extract 3-D wing expressions.......................
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Figure 78:

Figure 79:

Figure 80:

Figure 81:

Figure 82:

Figure 83:

Figure 84:

A calibration grid used to calibrate the digital camera for
photogrammetric analysis performed with the PhotoModler
software. A 12x12 inch grid like this was photographed for

CALIDIATION. <o nne

Coded targets used to correlate and reference objects across multiple
images using the PhotoModeler software tool. Nearly 100 markers
were affixed to the mechanism and chamber to maximize point cloud

ACCUTACY. c.veeuveutettenteestenueenteesteette bt estesbee bt eabesbee bt estesbae bt ensesstenbeennesaeenas

View of the entire aero-structural sensitivity testing apparatus. It
consisted of a transparent vacuum chamber, standard digital SLR
camera, two phaser strobe lights (blue colored devices) with infrared
emitter/sensor, and a flapping mechanism (see close-up in Figure
81). Virtually no changes in setup between system ID and
aeroelastic testing were required. The laser vibrometers heads can

actually be seen through the chamber on close inspection. ....................

A close-up view of the flapping mechanism used in the aero-
structural sensitivity test. The DC hobby car motor (A) is connected
to an adjustable external power supply for controlling flapping
frequency. With the exception of the motor and metal crank (B) that
connects the flapper arm (C) with the drive disk (D) all components
are made of rapid prototype plastic and were printed on a 3-D
printer. Small coded markers are affixed to the mechanism and
surroundings to provide photogrammetric references. The L-bracket
(E) is utilized for the sole purpose of adding additional markers to
the scene. An infrared emitter/sensor (Figure 77) triggers a set of
strobe lights each time a small piece of reflective tape (F), attached
to the drive disk, passes by the emitter. Note the presence of the
green foam within the flapper arm illustrated in the graphical inlay
(F). The final variant of the wing clamp employing a “sandwiching”

method was “built-in” to the mechanism’s flapper/rocker arm...............

Sample images from one motion capture sequence. The quality of
the images is remarkable considering they were taken under

StrObOSCOPIC CONAILIONS. ....eeeeiieeiiieeiiieeiieeeiteeeeeeeiteeereeesveeeereeesaee e

(25 Hz, ¢$=27°, Downstroke, T =0.4, Air (red),Vacuum (green)).

Each wing image is a point cloud consisting of over 200,000 points......

(25 Hz, ¢ =27°, Downstroke, t=0.4, Air (red), Vacuum (green),
100 Torr (blue), Rigid (grey)). Each wing image is a point cloud

consisting of over 200,000 POINES. .......ccccueeeriieeiiieeiieeeiee e e eieeeeiee e

xXx1

Page

.. 158

.. 158

.. 158

.. 163



Figure 85:

Figure 86:

Figure 87

Figure 88:

Figure 89:

Figure 90:

Figure 91:

Figure 92:

Figure 93:

(25 Hz, ¢ =0°, Downstroke, t=0.5, Air (red), Vacuum (green)).
Each wing image is a point cloud consisting of over 200,000 points........ 164

(25 Hz, ¢ =-34°, Upstroke, t=10.76, Air (red), Vacuum (green)).
Each wing image is a point cloud consisting of over 200,000 points........ 164

The differences between the wing expressions of the hawkmoth’s
forewing in air (red/pink) and vacuum (green) at the respective
position in the wingbeat cycle. The grey wing labeled “RBK” (rigid
body kinematic) is the position that a fictitious rigid wing would take
for the given kinematics. Its slight, but apparent expression is due to
the hawkmoth’s natural wing having camber at rest; not due to
apPlied L0AdING. ......cooiiiiiieiieie e 166

Specifications of the shaker head used to excite the wing modes
during for system identification testing [S6]........cccceevueriineriieneenenienenn 172

Rocker arm. With a wing specimen sandwiched between the foam-
lined inserts and pushed into the rectangular void, the rocker served
as both a clamp and the central component of the flapping
mechanism during aero-inertial-elastic testing. ..........ccocevvervienieneeniennnnn. 178

Insert. Hobby foam was adhered to the rear face of the insert. Two
foam-lined inserts were then used to “sandwich” the wing specimen
and subsequently inserted into the rocker assembly..........ccccevvevivennennnee. 179

Bearing support. A small skateboard wheel bearing was press fitted
into the hole on the upright member. The cylindrical boss of the
rocker was then inserted through the bearing. A metallic lock
washer and threaded nut were used to secure the rocker to the
bearing support. The 3D printer material used for fabrication was
both soft and strong enough so that the nut was able to thread the
DIOSS. ittt et b et st b et et sb et st 180

Motor mount. A small, hobby-class, electric car motor (Figure 75)
was secured to the motor mount using plastic zip ties that were laced
through the small circular holes on each side of the semicircle seats
and over the cylindrical chassis of the motor. .........c.cccoceeviiiniininiennn. 181

The flapping mechanism’s drive disk. The drive disk was attached
to the motor by way of a small threaded adaptor (Figure 76) typically
used for securing the propeller to the motor shaft of small hobby-
class R/C @ircraft......coouevieriiiiiiiiiiee e 182

xxii



Figure 94:
Figure 95:
Figure 96:
Figure 97:

Figure 98:

Figure 99:

Figure 100:
Figure 101:
Figure 102:
Figure 103:

Figure 104:

Figure 105:

Page

Front view of the vacuum chamber. .............coccoiiiii, 184
Left side view of the vacuum chamber. ..........cccoceriininiiniinininicce 185
Right side view of the vacuum chamber..............ccccoeeviieiiiinciiiecieeeee, 186
Top view of the vacuum chamber.............cccoovviieiiiiiiiiiiieeee 187

Acrylic door. Hinged acrylic doors were attached to the front and
back sides of the chamber. The large panes permitted maximum
visibility for enabling more convenient laser vibrometry and
photogrammetric measurements as well as more ready chamber
ACCESS. 1eeeutrteutteenitte ettt e et e e ettt e e bt e e ettt e e bt e et e e s bt e e e bt e e e b et e sabe e e st e e e eaneeeeanee 188

Magnetic base plate. The plate permitted maximum flexibility in
positioning the shaker head that was horizontally mounted to an
optical mount with a permanent magnet in its base. The threaded
holes distributed on 1-inch centers enabled easy fastening of the

motor and bearing SUPPOTt MOUNES .......c.eevvreruieriieriienieeieesreeriee e eeeeens 189
(25 Hz, ¢ = 27°, Downstroke, T = 0.4, Air) ...cccceovvieeriieeiieeieeeieeeeeee 191
(25 Hz, ¢ = 27°, Downstroke, T = 0.4, Vacuum) ..........cccceeevvreerrveerreeennne. 191
(25 Hz, ¢ = 0°, Downstroke, T= 0.5, Ail) .cccccccevvuirrieniieiecieeee e 192
(25 Hz, ¢ = 0°, Downstroke, T = 0.5, Vacuum) ...........cccecceevvrenvenreeneene. 192
(25 Hz, ¢ =0°, Downstroke, t=0.5, Air (red), Vacuum (green),

R P T e 1<) 7 ) PR P SR 193
(25 Hz, ¢ =-34°, Upstroke, 1=0.76, Air (red), Vacuum (green),

R P T e 1<) 7 ) RSP RP SR 193

xxiii



Table 1:

Table 2:

Table 3:

Table 4:

Table 5:

Table 6:

Table 7:

Table 8:
Table 9:

Table 10:

List of Tables

Page
DOD UAS classification based on weight, operating altitude, and
airspeed. Note that Grouplincludes lighter than air vehicles hence
the zero entry under weight. A MAYV, by definition, falls into Group
1, but not all Group 1 UAS’s are MAVS. [26]..c..ceevvieriieniieiienieeieeeieeieee 4
Results of system identification testing performed by Sunada, et al.
on multiple species of dragonfly. Derived from their original paper
2 SRS PRRS 69
Properties of the paper beam used in the clamp validation study................ 81
A comparison of the experimentally derived and theoretical natural
frequencies of a simple cantilevered paper beam. ..........cccceeeeverienieniennene 82
Structural dynamic features of an “average” hawkmoth wing are
presented with its modal ratios (MR) provided as 95% confidence
TEETVALS. ...ttt ettt ettt et 99
Material properties used in the fourth and final FEM developed in
this study. The properties are based on those derived by Mengesha,
et al. [70] for a Cicada, with the Modulus of Elasticity of the veins
slightly (7.5 percent) inCreased. ...........oevveeerieeeiieeeiiee e 118
A comparison between the experimentally determined natural
frequencies and modal ratios of a hawkmoth wing specimen with its
finite element MOdel. .........ccooeiiiiiiiiiii e 121
Hawkmoth mass and handling data. .........c...cccccoeeiiiiiiiiniiiieeeeee, 174
Hawkmoth wing specimen modal frequencies. ..........cccceeecveerieeiienrennnnne 175
Hawkmoth wing dimensional parameters............ccceeeveeeeieeeeieesireeesneeens 176

XX1v



EXPERIMENTAL CHARACTERIZATION OF THE STRUCTURAL DYNAMICS
AND AERO-STRUCTURAL SENSITIVITY OF A HAWKMOTH WING
TOWARD THE DEVELOPMENT OF DESIGN RULES FOR
FLAPPING-WING MICRO AIR VEHICLES

1. Overview

We have a habit in writing articles published in scientific journals to
make the work as finished as possible, to cover all the tracks, to not
worry about the blind alleys or to describe how you had the wrong idea
first, and so on. So there isn't any place to publish, in a dignified
manner, what you actually did...

Richard P. Feynman [38]

Anyone who has ever endeavored to conduct research can probably attest to Dr.
Feynman’s opening remarks delivered during his Nobel acceptance speech in December,
1965. The work described herein is no exception. To have documented every blind
alley, wrong idea or false start would have easily filled a volume five times longer than
what follows. Nonetheless, the lessons learned by these detours have proved
immeasurably valuable in arriving at the final results and conclusions presented herein.
Indeed, the process of discovery throughout this research was neither as linear nor
sanitary as this final polished paper may convey.

Because the term is used rather loosely when referring to the smaller class of
unmanned air vehicles (UAVs), this chapter begins by providing the definition of a micro
air vehicle (MAYV) as it was originally conceived and as it is viewed for purposes of this

research. It also describes where the MAV fits, or rather will someday fit, within the



broader class of the unmanned aerial systems (UAS) across the Department of Defense
(DOD). Since this research was made possible by Air Force resources, a brief
exploration of the potential applications that MAV promises is presented and serves as a
motivation for conducting this and other MAV-related research. And, right or wrong,
since all research is ultimately critiqued, or at least its value measured through the prism
of its relevancy to existing or emerging challenges within its sphere of application, a brief
discussion of the current defense climate and how it affects MAV development is
presented. Finally, the chapter concludes by providing the research objectives and a

roadmap for how the rest of the document is organized.

1.1 The MAY Defined

Many have their own conception about what a MAV is, or what it is not, either
based off their own experience or gained second hand. It would be tough convincing the
Airmen, Seamen, Soldiers, or Marines who have been remotely piloting Wasps or Ravens
(Figure 1) that their platforms are not MAVs. At one time their individual Service or
Commands referenced these platforms as such and so did the principal contractors who
build the systems.

The DOD now classifies UASs according to Table 1, with the Air Force
classifying small unmanned aerial systems (S-UAS) as those comprising Group 1 through
Group 3 [3]. By any reasonable definition or conception of them, MAVs are certainly
members of the S-UAS family. Operators currently associate MAVs with platforms that
are man-packable (lightweight, collapsible, and stowable) and able to be hand-launched

and recovered without the need for a runway. Since trying to hurl an airframe weighing



Figure 1: An RQ-11Raven (top) [27] and Wasp III (bottom) UAS being hand-launched
in the field. Bottom image provided courtesy of Aerovironment Inc.

more than 20 pounds into the air is a stretch even for the most fit of operators, nobody
would argue that MAVs are exclusively members of Group 1. But the current
operational airframes that occupy Group 1 are virtually all the size of hobby-class R/C
aircraft with the smallest platforms having wingspans of around two feet. To be precise,
the research herein is not focused on these sized aircraft. Instead it is focused on a UAV
that will actually fit in the palm of the average adult hand (e.g. Figure 2). Specifically the
research in this paper is directly inspired by the definition of a MAV proposed by the

Defense Advanced Research Projects Agency (DARPA) over fifteen years ago:



The term, Micro Air Vehicle, may be somewhat misleading if interpreted
too literally. We tend to think of flying model aircraft as "miniature”, so
the term "micro" now alludes to a class of significantly smaller vehicles.
But MAVs are not small versions of larger aircraft. They are affordable,
fully functional, militarily capable, small flight vehicles in a class of their
own. The definition employed in DARPA's program limits these craft to a
size less than 15 cm (about 6 inches) in length, width or height. This
physical size puts this class of vehicle at least an order of magnitude
smaller than any missionized UAV developed to date.

McMichael and Francis, 1997 [67]

Beyond the limitation that no dimension shall exceed approximately 6 inches,

they further state that a MAV will weigh up to 50 grams and be able to carry up to 20

grams of payload, have approximate endurance and range of 60 minutes and 10

kilometers respectively at airspeeds between 10 and 20 meters per second (22-45 mph).

Table 1:

DOD UAS classification based on weight, operating altitude, and airspeed.

Note that Grouplincludes lighter than air vehicles hence the zero entry under weight. A
MAV, by definition, falls into Group 1, but not all Group 1 UAS’s are MAVs. [26]

UAS

Groups

Maximum
Weight (Ibs)

Normal

Operating

Speed
(kts)

Representative UAS

(MGTOW)  Altitude (ft)
Group 1 0-20 <1200 AGL 100 Raven (RQ-11),
WASP
Fv_Br:xai'lE:agha
Group 2 21-55 <3500 AGL ScanEagle )(
<250
Shadow (RQ-7B),
S R Tier 11 / STUAS
<FL 180
Fire Scout (MQ-8B, RQ-8B),
Group 4 Predator (MQ-1A/B),
Sky Warrior ERMP (MQ-1C)
Any
Sl Airspeed
Reaper (MQ-9A),
Group 5 > FL 180 Global Hawk (RQ-4),
BAMS (RQ-4N)




Figure 2: The “Hummingbird” developed by Aerovironment under contract with
DARPA. Weighing-in at 19 grams with a 6.5 inch wingspan, even this prototype UAS is
slightly larger than the DARPA definition for a MAYV, though it embodies the essence of
how MAVs were originally conceived. Image provided courtesy of Aerovironment Inc.

They also imbue the MAV with qualities that should allow it to perch, operate in windy
conditions, and be able to traverse through urban canyons and even indoors through
complex corridors and passageways (e.g. a maze of hallways in a building). And, in
some cases, perform while maintaining a high degree of stealth, or “hiding in plain sight”
as it has come to be known. According to this definition of a MAYV, there are exactly
zero operational MAVs in any of the Services’ inventories to date. And, while there have
been developmental MAVs that meet, or come close to meeting this definition (Figure 2),
each has been technologically immature, requiring much more research and development
across multiple disciplines in order to approach realization of DARPA’s original vision.
In essence, McMichael and Francis’ description of a MAV is a flying machine

capable of the performance of small birds or large flying insects and in some cases even



mimicking their appearance. It is the latter of these, large flying insects, that this research

concerns itself with; specifically the hawkmoth (Manduca Sexta).

1.2 MAYVs Many Applications

The future uses of MAVs will undoubtedly have limitations due to the very nature
of the size that makes them so exceptional for certain applications. For instance,
juxtaposing the MAV against other airborne platforms suited for such missions as close
air support, long range strike, or rapid global mobility seems paradoxical at best.
Nonetheless, sooner or later the MAV will figure prominently alongside other military
systems, both manned and unmanned, within future battlespaces. It will be their size
primarily, coupled with their inherent maneuverability and unique ability to Aide in plain
sight that will ultimately determine their future roles in military as well as civil
applications. The following passage does an exceptionally good job of painting an image
for the promise of the MAV.

The small speck in the sky approaches in virtual silence, unnoticed by the

large gathering of soldiers below. In flight, its tiny size and considerable

agility evade all but happenstance recognition. After hovering for a few

short seconds, it perches on a fifth floor window sill, observing the flow of

men and machines on the streets below. Several kilometers away, the

platoon leader watches the action on his wrist monitor. He sees his target

and sends the signal. The tiny craft swoops down on the vehicle, alighting

momentarily on the roof. It senses the trace of a suspected chemical agent

and deploys a small tagging device, attaching it to the vehicle. Just

seconds later it is back in the sky, vanishing down a narrow alley. Mission
accomplished....

McMichael and Francis, 1997 [67]



The brief but illustrative passage above speaks volumes about the expected
capability and military utility of the MAV. Similar virtues of the MAV are told by a host
of other authors [72,74,88,93]. It will be small and agile, capable of moving through
tight spaces while remaining virtually undetectable due to its ability to blend in with the
natural surroundings (i.e. hiding in plain sight). Perhaps it will look like a small bird,
butterfly, or dragonfly. No matter its form, it will eventually look and behave as a natural
flier or will be too small and quiet to bring attention to itself. Its capability of hovering
will allow it to persist over its target long enough to collect data with its sensing payload.
Hovering will allow the MAYV to transition to a perch whereby it is able to save energy or
even recharge itself via the sun, surrounding power lines, or absorption of thermal and
vibrational energy. Perching will also allow it to lie-in-wait until it is remotely
commanded or its onboard sensing algorithm commands it to spring into action. After it
has performed its mission, it will return to its base, possibly the shoulder pack of a foot
soldier, or the cargo hold of a larger, loitering UAV, once again undetected by the enemy.

The descriptions above align well with the urban warfare environment for which
the MAV is ideally suited. But, the MAV is suited for other environments as well,
including desert, jungle, maritime, mountain and arctic [74]. The MAYV is also perfectly
suited for the concept of swarming [13] where hundreds, if not thousands, of these small,
autonomous vehicles working in unison could overwhelm enemy radar, communication
or power systems by flying to and landing on specified locations of the system, thereby
disrupting transmission or even shorting circuitry. MAVs could also be used to infiltrate
tunnels, hard and deeply buried targets (HDBT), or other enemy infrastructures that are

otherwise inaccessible to the DOD’s most capable arsenal of penetrating weapons. They



would gain access through “soft spots” such as ventilation shafts or small but temporary
breaches (e.g. opened doors) and defeat the target from within by detonating incendiary
payloads. One author even talks about administering what amounts to immunizations on
the battlefield or even delivery of microscopic weapons through needle-wielding
MAVs [47]. Another author envisions MAVs being able to neutralize enemy jet aircraft
by extinguishing their engines before ever taking off as hundreds of them fly into and
clog engine inlets [54]. And the list of other uses could go on ad nauseam.

From a military point-of-view, while there are obvious limitations to their uses,
the options that the MAV presents seem literally endless. And, the role of the MAV is
not exclusive to military applications, as others have identified civilian applications as
well, including roles for police and fire departments, news and entertainment production,
environmental, meteorological and more [88,89]. In short, there are many valuable

applications of the MAV that make any research in the area a worthwhile investment.

1.3 Has the MAYV Ship Sailed?

For all intents and purposes, this research was conducted between mid-2008 and
the end of 2009. During this period, and for several years prior, the notion of the MAV
was very much popular across the DOD’s research enterprise, including the Air Force
Research Laboratory (AFRL), Army Research Laboratory (ARL), Naval Research
Laboratory (NRL), Air Force Office of Scientific Research (AFOSR), Office of Naval
Research (ONR), and DARPA to name the most prominent organizations with active
MAV research and development investments. There was not a question of iff MAV

research and development would continue, but when MAVs would be ready for



operational use. In fact, in 2005 the Air Force drew a line in the sand announcing that
bird-sized operational MAVs would be in the inventory by 2015 followed by insect-sized
in 2030 [63]. While certainly a lofty goal, there were at least three reasons that many
were optimistic that the goal would be reached.

First, their larger UAV ancestors like Global Hawks and Predators, as well as
their small, but still larger predecessors like the Raven and the Wasp (Figure 1) had
already enjoyed, and were continuing to enjoy widespread use and praise among the
operational warfighting communities.  Since the start of the Global War on
Terror (GWOT) in 2001, the almost insatiable and exponential desire for intelligence,
surveillance, and reconnaissance (ISR) to aid in man-hunting and improvised explosive
device (IED) detection missions kept UAS and S-UAS platforms in a constant state of

demand among theater commanders (Figure 3). There were certainly grounds to think
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Figure 3 The number of UAS hours flown by the DOD from 1996-2011[28] The Air
Force accounted for nearly half of all flight hours of all Services combined. Note the
exponential increase since 2001, underscoring the demand for the UAS during the
GWOT.
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Figure 4: Department of Defense spending from 1946-2011[25]. Note the significant
increase in spending starting in 2001, marking the beginning of the US involvement in
the longest war period in its history.

that an operational MAV would be ushered along atop the shoulders of its successful
predecessors.

Second, despite America’s ailing economic environment at the time, the DOD
was one of the few departments of government “enjoying” significant increases in its
budget. In fact, defense spending nearly doubled between 2001 and 2011 (Figure 4).
Granted, the nation was fighting two wars abroad in Afghanistan and Iraq and had been
for most of the decade, but the years were decidedly marked by massive budgets and the
research and development community (Air Force and DOD) was aptly resourced with the
research, development, test and evaluation (RDT&E) budgets nearly doubling from 2001-
2010 (Figure 5). In fact, a steady stream of MAV-related research was published, and a
host of S-UAS systems acquired since 2001, with no sign of slowing down by 2009.

Third, Osama bin Laden (OBL), the proclaimed leader of the global terrorist
network Al Qaeda and mastermind behind the September 11, 2001 attacks on the

Pentagon and New York’s World Trade Center was still at-large. Given that two
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Figure 5: The RDT&E budget from 2001-2013. The DOD and the Air Force saw the
research, development, test and evaluation (RDT&E) budget nearly double between 2001
and 2010. Derived from data taken from the DoD Greenbook [25].

consecutive presidential administrations and supportive congresses had declared that no
cost would be spared in order to bring this criminal to justice, it was a safe bet that
resources would continue to flow to the DOD until OBL was either caught or killed. The
longer the manhunt went on, and the more intelligence that suggested he was hiding in a
cave in Afghanistan, Pakistan, or somewhere on the border between, the more likely it
seemed that a less conventional technique or platform for collecting ISR would be needed
to ferret him out. Of course, that line of reasoning boded well for MAV technology
development, since the notion of the MAYV is anything but conventional.

Fast forward to December, 2012 at the time this paper is being written. After

successful operations spanning more than 8.5 years, American troops withdrew from Iraq

11



in December, 2011. Osama bin Laden was killed by American forces in Pakistan in May,
2011 ending the longest and most extensive and expensive manhunt in American history.
The President has announced the end of operations in Afghanistan by the end of 2014
with a transition starting in mid-2013. America’s economy, and to a larger extent the
global economy, is still reeling from the financial meltdown of late 2008. The news
wires are dominated by talks of mandatory budget cuts, or “sequestration” as it is known.
Furloughs and personnel cuts, hiring freezes, and possible government shutdowns are
being seriously discussed as budget cuts loom. From a fiscal perspective the outlook for
the DOD budget for the foreseeable future is grim even through the lens of an optimist.
Budget woes aside, as much or more of a concern for the future of MAV
development are the shifting defense priorities due to the developing worldwide threat
environment A shift is well underway from the more asymmetric, unconventional
warfare that has dominated the last decade towards more conventional engagements with
near-peer adversaries and other state actors. Some of the Air Force’s top priorities
include: arming its 5™ and 6™ generation of fighters and bombers with more capable
munitions; developing long range, high speed strike platforms capable of delivering
strategic blows to the enemy within hours, virtually anywhere on the globe; and
developing survivable penetrating munitions capable of defeating emerging HDBT
threats. And all of these priorities must be addressed within environments of heavily
contested airspace where GPS and communications links will be either degraded or
denied, demanding hefty research and development investments all its own. Granted,

there exist some novel concepts for MAVs that could and have been considered in the
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trade space of solutions for meeting some of these challenges. But for the most part they
are not being seriously considered for these applications or others.

At this point in time the 2015 and 2030 “lines in the sand” referenced earlier have
virtually faded from memory. The AFRL technical team (incidentally once led by the
author) charged with leading, inventing, maturing and integrating the technologies for
achieving the Air Force’s stated goals of bird and insect-sized operational MAVs has
disbanded, largely as a direct result of cuts in and redirection of research funds toward
technologies aimed at more conventional uses and with much more near-term payoffs for
the warfighter. Many researchers within the Air Force are convinced that the MAV has
become a “four letter word” among senior leaders who are (appropriately so) addressing
the emerging and higher priorities of the warfighting community.

Admittedly, the above narrative may seem peculiar given that it runs counter to
motivating MAV-related research at-hand. But in the current climate, to promote the
virtues and relevancy of MAVs and any associated research without providing some
caveat based on the current state of things would seem disingenuous and like trying to put
the proverbial “lipstick on a pig”. With that said, the notion of the MAV is out of the
bag. Or, as Peter Singer, Brookings Institute scholar and author of Wired for War [93]
aptly noted, “...they [drones] are here to stay, and the boom has barely begun. We are at
the Wright Brothers Flier stage of this [9].” So the answer to the question posed by the
title of this section is decidedly “no”, the MAV ship has not sailed, but its impending

departure has been delayed.
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1.4 Document Organization and Research Objectives

Research Objective 1

By using existing system identification tools and techniques, develop an
experimental framework that can be used to determine the underlying
structural dynamic features of insect wings and then characterize for
future study those features for the forewing of a hawkmoth.

Research Objective 2

Determine if fluid dynamic forces significantly influence the expression of

a flexible flapping insect wing by comparing the expressions between a

hawkmoth’s forewing undergoing pure inertial excitation (flapping in

vacuum) and coupled inertial-aero excitation (flapping in air).

In the spirit of providing the “bottom line up front” the research objectives are
posed above without development. Chapter II provides the full context for how these
objectives were ultimately settled upon through an exhaustive survey and review of
existing literature. Chapter III focuses on the first research objective by first reviewing,
in detail, previous related research and then describing the experimental framework
developed for extracting the structural system identification parameters of insect wings.
It then provides the results and discussion for both primary and secondary research
findings. Chapter IV follows and is organized in the same fashion as Chapter III but is
focused on the second research objective. Finally, Chapter V provides the conclusions of

the research and summarizes the major contributions offered to the flapping-wing MAV

research community.
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II. Survey and Objectives

Research is to see what everybody else has seen, and to think what
nobody else has thought.
Albert Szent-Gyorgyi

Realization of the full potential that MAVs have to offer can point research
vectors down any number of directions within and across the many diverse disciplines of
mathematics, science, and engineering. With so many options available, both within and
across disciplines, it can be a daunting undertaking just to narrow the field to a few that
are both relevant and of benefit to the broader research community. The winding path to
settling on research objectives is an important part of the research in its own right. So,
the purpose of this chapter is to provide a context for how the research objectives were
settled on. In doing so, this chapter presents a natural segue to the heart of the research

that follows in the remainder of the document.

2.1 AFIT’s MAYV History

Prior to approximately 2007, MAV-related aerodynamics research at the Air
Force Institute of Technology (AFIT), specifically in the Department of Aeronautics and
Astronautics, was exclusively focused on the class of small UAVs consistent with

Group 1 of the DOD UAS classification system (Table 1). Virtually all of the research at
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AFIT up to that timeframe was geared toward small, flexible, fixed-wing platforms
[21,22,40,51,69,81,82,96,103,108] like those shown in Figure 6. Incidentally, AFIT is
adherence to a definition of “MAV” that was inconsistent with DARPA’s was not
intentional, but more an artifact of remaining consistent with the terminology used by
their research sponsoring organizations.

In the 2007-2008 academic year, just before the present research began to take
shape, three students and their advisors began to shift their research focus toward
platforms more aligned with those meeting the DARPA definition for a MAV [17,66,99].
Not entirely coincidental, it was also during this timeframe that the Air Force had “drawn
the line in the sand”, as previously mentioned (section 1.3), for developing bird-sized and
insect-sized MAVs by 2015 and 2030 respectively. The AFRL had begun to make

significant investments in both in-house MAV test infrastructure [59] and allocation of

Figure 6: Typical subjects of “MAV” studies at AFIT prior to 2007 [21].
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basic research funds to MAV te