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Chapter 1: Background and Motivation

1.1 Micro Air Vehicles

Recent advancements in processor power, energy storage, automation, and
sensing have stimulated interest in the development of small-scale aerial platforms.
Particular focus has been placed on micro air vehicles (MAVs), a class of unmanned
aerial vehicle (UAV) generally defined as having a maximum dimension of less than
15 ecm. Development work has been led primarily by the United States Department
of Defense, with the goal of designing a low-cost, small-scale reconnaissance vehicle
that can operate within confined areas such as buildings or tunnels. A general set
of MAV design requirements is shown in Table 1.1.

The area of MAV design is still in its infancy due to the lack of established
design tools for such small-scale flying vehicles and a general lack of understanding
of the low Reynolds number flight regime. Table 1.2 illustrates the performance of
several early MAV vehicles. Most designs have used fixed- or rotary-wing config-
urations, but flapping-wing platforms have seen steadily increasing interest at the
MAV scale. Notable examples include the CalTech/Aerovironment Microbat, the
first MAV to utilize flapping-wing propulsion [2], and the University of Toronto
Mentor MAV, the first bio-inspired MAV capable of hovering flight [3].
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Table 1.1: General design requirements for MAVs. Adapted from [1].

Specification Requirements Details

Size <15.24 cm Maximum dimension
Weight 100 g Objective GTOW
Range 1 to 10 km Operational range
Endurance 60 min Loiter time on station
Altitude <150 m Operational ceiling
Speed 15 m/s Maximum flight speed
Payload 20g Mission dependent
Cost $150 Maximum cost

1.1.1 Comparison of MAV Platform Types

The increased interest in developing MAV platforms has highlighted the chal-
lenge of designing an aerodynamically functional aircraft at such a small scale.
MAUVSs typically operate at a Reynolds number of 10° or below [4], an aerodynamic
regime where the steady-state mechanisms that are utilized by large fixed-wing air-
craft begin to lose effectiveness. Increased flow separation and earlier laminar to
turbulent transition introduce additional drag over an airfoil and decrease overall
performance. The decline in performance with decreasing Reynolds number for
both smooth and rough airfoils is shown in Figure 1.1. Rotary- and especially
flapping-wing aircraft are better suited to such small scales, as they utilize unsteady

aerodynamic mechanisms that allow them to generate much higher lift forces at low



Table 1.2: Performance specifications of early MAV designs. Adapted from [1].

Vehicle properties Black Widow LUMAV  Microbat MICOR
GTOW, g 80 440 10.5 103
Cruise speed, m/s 13.4 5 5 2
Wing loading, N/m? 40.3 - 40 -
Disk loading, N/m? - 185 - 25
Wing span or rotor 15.24 15.24 15.24 15.24

diameter, cm

Max L/D 6 N/A N/A 5
Endurance, min 30 20 2.27 3
Hover endurance N/A N/A N/A 3
Power source Li-ion 2-stroke NiCad Li-ion

batteries IC engine N-50 cells batteries

Energy density, W-h/kg 140 5500 100 150
Hover power, W N/A 70 N/A 11
Hover FM N/A 0.41 N/A 0.55
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Figure 1.1: Aerodynamic performance of smooth and rough airfoils in the low

Reynolds number regime. From [1].

Reynolds numbers than fixed-wing aircraft. Furthermore, fixed-wing aircraft are
generally incapable of hovering or vertical takeoff and landing (VTOL), traits that
are highly desirable for most MAV missions.

Rotary-wing platforms have seen great popularity at the MAV scale due to
their maneuverability and ease of design. The long-time developmental history of
manned rotorcraft has allowed for these concepts to be scaled down, preventing
the need for a blank sheet design. Although the fundamental relationship between
viscous and inertial fluid forces is inherently quite different at such small Reynolds
numbers, the fundamental lift mechanisms used by rotorcraft remain the same at
both scales.

Nevertheless, rotary-wing designs are not ideally suited to MAV scales for two

primary reasons. First, a platform that was created and optimized for high Reynolds
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Figure 1.2: Figure of merit vs. thrust coefficient for MICOR MAV using various

rotor airfoils. From [1].

number applications will inherently face aerodynamic limitations at radically lower
Reynolds numbers. Rotary-wing MAVs suffer from poor efficiency, as shown in
Figure 1.2. In this comparison of rotor airfoil geometries for the University of
Maryland’s MICOR MAV (see Table 1.2), the highest figure of merit achieved is
approximately 0.55. By comparison, full-scale rotorcraft typically operate at a figure
of merit between 0.65 and 0.85 [1]. The decrease in efficiency is primarily due to an
increase in rotor profile losses; at low Reynolds numbers as much as 45 percent of the
rotor power can be consumed by profile losses, as compared to 30 percent for full-
scale aircraft. Rotorcraft are still useful at the high end of the MAV size scale but
encounter design problems at very small scales due to limitations in aerodynamic

efficiency, maneuverability, and energy storage.



1.2 Flying Insects

For the above-mentioned reasons, much attention has turned to flapping-wing
flight mechanisms to propel small MAV designs. Nature has proven that this type
of flight mechanism is effective at a range of Reynolds numbers from as low as
100 (for small insects such as fruit flies) to as high as 14,000 (for large insects
and hummingbirds) [5]. Larger birds such as hawks and eagles can fly at higher
Reynolds numbers, but frequently utilize gliding kinematics and are unable to hover.
Difficulties with scaling down motors and batteries apply to flapping-wing aircraft
as well, but they have the potential to require smaller hardware due to their higher
aerodynamic efficiency. Flapping-wing designs are inherently more challenging to
implement because of the lack of historical development in the area, but nature
provides us with a wide range of species that can be studied to discover the secrets
of low Reynolds number flight.

There exist nearly one million species of flying insects and over 10,000 flying
vertebrates [4], representing an enormous number of variations on biological flight.
Flying insects range in scale from Drosophila, tiny fruit flies operating at a Reynolds
number of 100, to the Ornithoptera alexandrae, a giant butterfly with a wingspan of
25 cm. Some, such as honey bees, employ only one pair of wings, while others, such
as damselflies, use a tandem set of wings. With so many candidates for study, it can
be daunting to choose a particular species for detailed investigation. Nevertheless,
it is apparent that certain insect types are more capable than others and thus serve

as better archetypes for bio-inspired MAVs.



1.2.1 The Dragonfly as a Candidate for Study

Within the world of flying insects, dragonflies (order Odonata, infraorder
Anisoptera) in particular are a primary candidate for kinematic and aerodynamic
study. They are somewhat unique in their use of tandem wing pairs rather than a
single set of flight wings. Odonata possess separate flight muscles for the forewing
and hindwing, giving them fine control of each wing independent of the motion of
the other three [6]. Dragonflies are capable of controlling the pitch, flap, and ele-
vation angles of their wings, and can likely vary the phasing of changes in each of
these parameters. This fine range of control allows dragonflies to be incredibly fast
and maneuverable in the air; they are able to fly forwards and backwards or hover
in place.

This speed and agility is vital to dragonflies’ survival due to their ecological
status as predators - a role they perform extremely well. Dragonflies prey exclu-
sively on insects, including flies, mosquitoes, and even other dragonflies. Because
their prey is highly maneuverable, dragonflies have evolved to become some of the
highest performing fliers on the planet. Furthermore, dragonflies’ high energy out-
put requires them to spend a great deal of their day hunting. A study of Pantala
flavescens in Japan estimated that members of the species needed to consume 14
mg of food each day, corresponding to 185 small insects [7]. They cannot afford
to expend energy in frequent failed pursuits of prey, and they rarely do: studies
have found that once a dragonfly initiates a pursuit of fruit fly prey, its success rate

is 92-97 percent [8] [9]. This greatly exceeds the predatory success rate of other



apex predators such as lions, which successfully capture prey in only 9-17 percent
of pursuits [10].

Apart from Ephemeroptera (Mayflies), Odonata are the only insects that pos-
sess flight muscles attached directly to their wings. Smaller insects such as flies and
locusts rely on indirect flight; they use muscles attached to the walls of the thorax
and flap their wings by compressing their bodies. The method of wing actuation
employed by Odonata is more efficient, and enables them to achieve independent
control of each their wings. In fact, studies have shown that dragonflies and dam-
selflies employ not only a primary set of flight muscles to flap their wings and
produce the flight power required for propulsion, but also a secondary set of smaller
flight muscles which independently control the pitch of each wing [11]. Dragonflies
are able to generate enormous amounts of propulsive power thanks to the staggering
size of their muscles: approximately 40 percent of their body mass can be attributed
to flight muscle, as compared to 20 percent for damselflies [12].

Dragonflies are also attractive candidates for study because of the enormous va-
riety of species that exist within the suborder. There are approximately 6000 named
species within the order Odonata. The suborder Anisoptera is comprised of three
biological superfamilies and ten families, each with distinct biological differences.
Species range in size by nearly an order of magnitude, from the tiny Nannophya pyg-
maea (wingspan 26 mm, body length 17 mm) to the massive Petalura ingentissima
(wingspan up to 160 mm, body length 120 mm) [12]. Dragonflies also vary signifi-
cantly in flight behavior, ranging from ’fliers’ such as Epitheca cynosure (" Common

Baskettail”) which constantly patrol an area and hunt as they fly, to 'perchers’ such



as Pachydiplax longipennis (”Blue Dasher”) which hunt by taking off from perches.
Some species of dragonfly have also been known to migrate great distances; a famous
example is Pantala flavescens (" Globe Skimmer”) which has been known to migrate
from India to Africa across hundreds of miles of open ocean [12]. Dragonflies of dif-
ferent sizes and flight behaviors likely employ wing designs and kinematics that are
optimized for their experience. For example, the aforementioned Globe Skimmer is
known to employ gliding kinematics to maximize its aerodynamic efficiency and be
able to traverse enormous distances without feeding [12]. Thus, dragonflies provide
an opportunity for researchers to determine the differences in flight strategies be-
tween various species and be able to use that information to optimize flapping-wing
MAYV designs to a particular size and mission.

Odonata have an extensive fossil record that goes back to the Paleozoic era,
when the ancient tandem-winged Meganisoptera with wingspan of length up to 70 cm
hunted the skies. Although these insects visually resembled modern-day Anisoptera
and had strikingly similar wing planforms, their wings lacked most of the compli-
cated smart structures present in dragonflies [13]. However, smaller contemporary
relatives such as the Fugeropteridae (which had wingspans of approximately 10
cm) did possess three-dimensional structures in their wings that likely helped in-
duce camber during the wing stroke, as in modern dragonfly wings. By the end
of the Mesozoic period, Odonatoidea had evolved to utilize modern-day dragonfly
wing features such as a leading edge nodus, stiff basal vein complex, and outboard
pterostigma. In fact, dragonflies have undergone very little evolutionary change over

the last 100 million years. Considering the overwhelming changes undergone by the



vast majority of the animal world during that same period, it can be theorized
that dragonflies’ wing design and kinematics are optimized for high-performance
low Reynolds number flight. These insects have been highly effective predators for

millions of years, and as such are prime subjects for bio-inspired MAV designs.

1.3 Flapping-Wing Kinematics

Insect wing kinematics vary between species and have yet to be fully under-
stood for any one type of insect. Nevertheless, certain general kinematics have been
determined that apply to the majority of species. An insect’s full wing-stroke con-
sists of two half-strokes (a downstroke and an upstroke), each of which contains
a translational component and a rotational component. An insect begins its wing
stroke with its wings held back above the dorsal region of the body. The wings rotate
forward and down about their root attachment point and sweep through the air at
a high angle of attack, performing the translational component of the downstroke.
As the wings decelerate and reverse direction, they rotate about their spanwise axis
to establish a positive angle of attack for the upstroke. This rotational period at the
end of the downstroke is called supination. The wings are then swept back up to the
wing stroke starting point, forming the translational component of the upstroke. As
the wings reverse direction to begin a new downstroke, they pitch in the opposite
direction as at the end of the downstroke. The adjustment in the angle of attack at
the dorsal point of stroke reversal is called pronation. As the wings complete each

half-stroke, they trace out a stroke plane with their spanwise axis which provides a
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reference for the time-history of wing orientation and force production throughout
a stroke.

Insects are capable of adjusting many aspects of their wing kinematics either
through direct control inputs or indirect changes in aerodynamic or inertial forces.
Wingbeat frequency, stroke amplitude, wing velocity, stroke plane orientation, wing
pitch amplitude, wing pitch phasing, and deviation from the stroke plane are merely
some of the parameters that can vary between insects of different species or insects
undergoing different flight modes. In an effort to avoid the inclusion of unnecessary
information, detailed discussion will be limited to the current knowledge of dragonfly

wing kinematics, as that is the focus of the present work.

1.3.1 Dragonfly Wing Kinematics

The current body of knowledge regarding dragonfly kinematics is extremely
lacking, particularly in the case of free-flying studies. One of the first categorizations
of free-flying dragonfly kinematics was performed by Ruppell, who used slow-motion
footage to determine that typical dragonfly wingbeat frequencies ranged from 35
to 45 Hz, with outliers of 29 Hz for large species (Tramea lacerate, 600 mg) and
73 Hz for small species (Perithemis tenera, 55.9 mg) [14]. His results showed that
dragonflies did not flap their wings at a fixed frequency, but rather showed variability
of approximately 37 percent. Ruppell also found several cases of hindwing frequency
differing from forewing frequency as the phasing of forewing-to-hindwing flap motion

was changed.

11



Table 1.3: Mean dragonfly kinematic parameters as measured by Wakeling. Val-
ues in parentheses indicate minimum and maximum values measured. Values are
presented as mean =+ single standard deviation (minimum value, maximum value).

Adapted from [15].

Velocity V' (m/s) 1.31£0.13  (0.70, 1.66)
Acceleration A (m/s?) 8.39+2.25  (2.62, 18.33)
Thrust 7' (mN) 1.93+0.29 (1.11, 3.46)
Mean body angle y (deg) 29.1+£1.97  (22.6, 35.7)
Forewings Hindwings
Wingbeat frequency n (Hz) 38.7£0.82 39.2+1.61

(35.3,40.8)  (31.6, 44.4)
Stroke plane inclination 8 (deg)  19.34+2.66 21.1£2.92
(8.8, 27.9) (7.0, 28.6)
Stroke amplitude ¢ (deg) 90.5+4.95  101.64+3.92
(64.1, 107.0) (88.5, 115.8)
Mean elevation angle 6 (deg) 17.140.61 -3.4+0.82

(14.7,19.5)  (-7.2,-1.6)

12



More detailed dragonfly wing kinematics for flights with linear acceleration
were measured eight years later by Wakeling using a film camera recording at 3000
frames per second. Due to being limited to a single camera view, Wakeling was
only able to measure kinematics for one forewing and hindwing at a time. A sample
of the mean body and wing kinematics measured by Wakeling are shown in Table
1.3. He found that dragonflies of the species Sympetrum sanguineum (body mass
approximately 120 mg) flapped at a frequency of 38.7+0.82 Hz (with a range of
35.3-40.8 Hz) for the forewings and 39.24+1.61 Hz (with a range of 31.6-44.4 Hz)
for the hindwings [15]. A novel result of the Wakeling study was the measurement
of the flap and out-of-plane angles of a free-flying dragonfly’s wings throughout a
wing stroke, as shown in Figure 1.3. We see that the flapping kinematics of the
forewing and hindwing are very similar, with a 30 percent phase offset between the
two. The out-of-plane angle # stays below a magnitude of approximately 15 degrees
at all times for the hindwing, and varies in such a way that the dragonfly traces
a figure-eight pattern with its wingtip during the flapping cycle. This is shown in
Figure 1.4, which depicts the dragonfly wingtip trace and stroke plane inclination
during the corresponding wing stroke. This figure-eight pattern was found in most
of the flights analyzed, although in some the crossover point was located much closer
to stroke reversal than mid-stroke.

Additional free-flying kinematics were presented by Li and Dong, who used 3D
photogrammetry to track artificial markers placed on the wings of an untethered
dragonfly undergoing turning flight [16]. Because of the significantly higher accuracy

of the photogrammetry method, they were able to measure detailed stroke, pitch,
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Figure 1.3: Dragonfly wing flap angle ® and elevation angle 6 over a full wing stroke
for an unaccelerating flight. Blue markers indicate the forewing and red markers

indicate the hindwing. From [15].

and out-of-plane wing angles for all four wings simultaneously over two wing strokes,
as plotted in Figure 1.5. By comparing the stroke and pitch angles, it can be seen
that the periods of greatest pitch change occurred during stroke reversal. However,
the dragonfly did not maintain a fixed pitch during the translational period of the
down- and upstroke, but rather continued to rotate its wings throughout the wing
stroke. The pitch of the wings does not appear to ever stay fixed, but its rate of

change decreases, reaches zero, and reverses sign at a point near the mid-stroke.

14



*% L °
o e oW~ ° 2
¢ o ° ® o o
2 s o\‘ ‘w o Forewing
<o, o % %o
< o oOODo
0% 9% %
ooooo‘%
Hindwing
LR
o oooo%%
°<><> o o \
)_t 24° °<><><sf°§ .
T A —031
ng 40 Hz ny 41 Hz

Figure 1.4: Wingtip trace for forewing (blue markers) and hindwing (red markers)

corresponding to Figure 1.3. From [15].

1.4 Methodology for Measuring Insect Wing Kinematics

The accurate measurement of insect wing kinematics has presented a daunting
challenge to decades of researchers. Insects flap their wings at frequencies high
enough that the human eye generally cannot distinguish individual wing strokes,
requiring the use of high-speed film to allow any kind of measurements to be made.
They tend to avoid maintaining a fixed position or orientation for any substantial
length of time, forcing many experimentalists to tether their bodies in order to
constrain them to a measurement volume. Finally, their wings undergo simultaneous
translation, rotation, and deformation during a wing stroke, further increasing the

difficulty of accurately measuring any given parameter.
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Figure 1.5: Flap angle ¥, elevation angle ¢, and pitch angle § for an untethered
dragonfly in turning flight. Shaded regions indicate downstrokes. Note that the flap
angle sign convention used here is opposite to that used in this work and in [15].

From [16].

1.4.1 High-Speed Video

Initial attempts to quantify insect wing kinematics involved the use of a single
camera to capture high-speed film of their flight. Before the advent of digital imag-

ing, it was nearly impossible to combine detailed quantitative data from multiple
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cameras. Thus, early methods were constrained to the use of information from a
single imaging plane.

Nevertheless, important initial approximations of basic dragonfly body and
wing kinematics were made using this approach. Ruppell collected over 12,000
m of film while capturing high-speed video of various dragonflies and damselflies
flying out of a box [14]. He was able use this data to make estimates of various
kinematic parameters such as flight velocity, wingbeat frequency, wingbeat phasing,
upstroke/downstroke ratio, stroke amplitude, and even angle of attack.

Several studies used single-camera views to provide wingtip traces [17], with
more sophisticated experiments making use of projected wing length ratios and man-
ually digitized wing landmarks to calculate stroke plane inclination and geometric
angle of attack [15]. However, these methods had suboptimal accuracy due to the
inherent limitation of using only one camera view and generally had to assume kine-

matic symmetry between near and far wing pairs due to optical obstruction [15].

1.4.2 ’Strips’ Method

A more advanced approach named the ’strips’ method was developed which
allowed for the measurement of wing angle of attack for free-flying insects [18] using
only a single high-speed camera. This technique involves dividing the insect wing
into a series of spanwise strips which are free to rotate about the wing’s longitudinal
axis, as shown in Figure 1.6. For every image frame, the wing outline is manually

digitized and an optimization algorithm attempts to adjust the orientation of each
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Figure 1.6: Example of ’strips’ method applied to an insect wing. From [18].

strip such that the outline of the digital wing model matches the true outline of the
wing. The resulting data provide an approximation of the spanwise geometric angle
of attack distribution, which can be used as both a measure of the twist of the wing
and the wing’s overall geometric angle of attack.

This technique does have significant disadvantages, however. It requires man-
ual digitization of the wing outline for every test frame where data are to be collected.
Due to the absence of alternative techniques, this amount of manual involvement
in the analysis process was acceptable when the ’strips’ method was first proposed;
in the present day, however, other methods that yield additional data with equal or
lesser amounts of human input are preferable.

Perhaps the most significant disadvantage to the strips technique is its inability
to account for the presence of camber in the wing. The spanwise strips are assumed
to be flat, causing chordwise camber in the wing to be inaccurately represented

as spanwise twist [18] [19]. Although it was an advanced method for its time, the
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‘strips’ approach is somewhat outdated today.

1.4.3 Projected Laser-Line

Only a few years later, a new technique was created which was capable of
measuring insect wing camber with impressive accuracy. Called the projected comb-
fringe method (also known as the projected laser-line method), this approach in-
volved using a laser-based projector to place an array of thin laser lines on the
wings of a dragonfly [20]. A single camera was then used to record the distortion
of the bright chordwise fringes throughout a section of the wing stroke. Figure 1.7
illustrates the experimental setup used to implement the method, and Figure 1.8
shows examples of the chordwise fringes as captured by a CCD camera. By tracking
the deformations of the illuminated laser lines, the camber of the wing can be mea-
sured. In addition, the three-dimensional coordinate of any point along each fringe
can be calculated if the location of the fringe pattern projector and the imaging
camera, as well as the angle of the given fringe, are known. Thus, this method
allows for the measurement of both wing kinematics and deformations [21].

The projected laser-line method is one of the most advanced approaches for
measuring insect wing kinematics, especially considering that it only requires a single
camera to be used. However, it is limited in the amount of detail it can provide by
the number of laser lines that can be projected on each wing [19]. In addition, it
does not allow for the measurement of data at specific points on the wing due to

the fact that the comb-fringe pattern is fixed in space while the insect wing moves
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Figure 1.7: Diagram of a projected laser-line system. From [20].

Figure 1.8: Sample test images showing illuminated chordwise lines. From [20].

through it. In the initial development of the method, Song found that because of
the angle of the fringe projector and camera, measurements had to be restricted to
within 30 degrees of the wing mid-stroke [20]. This also presents challenges with
implementing the method for free-flying insects, as the test subjects must fly directly
through the small area in which the fringes are being projected. While the method
was initially tested on tethered dragonflies [20], it has been successfully used with

free-flying insects as well [21]; nevertheless, constraining free-flying insects to small
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imaging volumes is very difficult.

1.4.4 3D Photogrammetry

The most recent and advanced technique to be implemented for the measure-
ment of insect wing kinematics and deformations is three-dimensional photogram-
metry. This approach is based on a technique that is thoroughly proven and used
in a wide range of applications such as cinematography, video game development,
and veterinary studies, thanks to the existence of turn-key systems (such as those
from Vicon Motion Systems). Photogrammetric systems have routinely been used
to measure the kinematics of birds and bats [22], but have only recently been applied
to the study of insect wing kinematics [16] [19] [23].

Photogrammetric reconstruction refers to the use of projective geometry to
determine the three-dimensional coordinates of a set of points imaged in a spatially
calibrated multi-camera system. This technique is much more computationally ex-
pensive than those previously discussed, but allows for unprecedented accuracy and
resolution in wing kinematic measurement. Although insect flight must occur in a
constrained imaging volume, this volume is generally large enough to allow for free-
flying subjects. Furthermore, this method allows for specific points on a wing to be
tracked throughout an entire wing stroke, a distinct advantage over the projected

laser-line method.
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1.4.5 Tethered vs. Free-Flight Testing

Many past studies of insect aerodynamics or kinematics have used tethered
specimens when testing live subjects. This was done primarily out of necessity;
most measurement methods place constraints on the subject that make it impossi-
ble to allow insects to fly freely. For example, early force measurement studies of
dragonflies required the insects to be physically attached to a force balance in order
for data to be collected [24]. Similarly, initial dragonfly flow visualization experi-
ments used tethers to keep the specimen in the camera imaging area [25]. Tethers
include rigid struts or loose strings that keep dragonflies from escaping a given test
area. They are generally attached to the thorax of a dragonfly through the use of
an adhesive.

Although the application of a tether does not directly damage an insect, it
introduces several factors into the experiment that can negatively affect the quality
of the data, particularly for kinematic investigations. First, the body of the insect
will be constrained to a fixed orientation in the case of rigid tethers, and may be
angled unnaturally in the case of an insect compensating for a loose tether. Body
orientation is an important kinematic parameter for flying insects, and specimens
may be forced to alter their wing kinematics in an effort to adjust for an atypical
body orientation. Furthermore, even if the body orientation of the insect is correct,
the kinematics of their wings while tethered cannot be trusted to accurately repre-
sent those used in free flight. Past studies have found that the wingbeat frequencies

of tethered locusts were significantly lower than those of free-flying specimens, as
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Figure 1.9: Comparison of observed wingbeat frequencies for tethered vs. untethered

locusts. From [26].

shown in Figure 1.9 [26]. In addition, substantial discrepancies have previously been
noted between tethered and free-flying fly wing kinematics [27].

In the specific case of dragonflies, observations during the course of the present
work have shown that Anisoptera have a lack of awareness regarding the fragility of
their body and will often cause damage to themselves when trapped or threatened
if they are given enough space to do so. Dragonflies have incredibly powerful flight
muscles, and could severely injure themselves while trying to escape from a tether.

Therefore, it is preferable to study free-flying specimens whenever possible. A
major objective of the present work is to develop an experimental setup that enabled

experiments with free-flying dragonfly subjects. Nevertheless, it is recognized that
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untethered testing brings additional challenges that cannot be ignored; in some
cases, tethered testing is a necessary compromise in order to make the collection of

data possible.

1.5 Summary

As interest in developing MAV platforms continues to grow, it is clear that
insect-based flapping-wing designs hold much promise as a means of lift and thrust
production. Flying insects provide a biological inspiration for these designs, as
they have been evolutionarily optimized to fly in the low Reynolds number regime.
Dragonflies in particular serve as model candidates for bio-engineered designs due to
their incredible aerodynamic performance over a wide range of size scales. Knowl-
edge of dragonfly wing kinematics is limited because of a historical lack of accurate
measurement techniques, but recent advancements in the field of three-dimensional

photogrammetry have made detailed free-flying wing kinematic studies possible.

1.6  Objective of Current Work

The objectives of the current work are threefold: to first develop an experi-
mental setup that allows for repeated untethered dragonfly flights, to second apply
the well-established technique of photogrammetric reconstruction to simultaneously
track the position of all four dragonfly wings within a flight, and to finally use the
resulting wing position data to calculate detailed kinematic data for a variety of

flight maneuvers.
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1.7 Outline of Thesis

This thesis began with an overview of the motivation behind the study of drag-
onflies as well as a review of the current body of knowledge of free-flying dragonfly
wing kinematics and the techniques used to measure them. In order to understand
the significance of dragonfly wing kinematics, it is important to establish at least
basic knowledge of how certain wing motions relate to aerodynamic performance.
To this end, Chapter 2 provides a detailed review of the current understanding of the
aerodynamics of flapping-wing flight, with a focus placed on the unsteady aerody-
namic mechanisms responsible for lift on insect wings. Chapter 3 gives a thorough
explanation of the experimental techniques used to extract kinematic data from
flying dragonflies, including the development of a suitable test setup, the imple-
mentation of photogrammetric techniques, and the analysis of wing position data.
Chapter 4 presents body and wing kinematic results for free-flying dragonflies under-
going a range of flight maneuvers: unaccelerating flight, accelerating flight, climbs,
and turns. A brief comparison of the kinematics of three different species of drag-
onflies is also included. Chapter 5 summarizes the conclusions of the study, and

provides recommendations for future kinematic experiments to be undertaken.
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Chapter 2: Flapping-Wing Aerodynamics

2.1 Steady-State Analysis

The aerodynamics of insect flight are complex and challenging to analyze. Re-
searchers have struggled to identify the primary aerodynamic mechanisms involved
in flapping-wing flight for over a century. Even today, our understanding of the field
is far from complete.

Early work in the subject sought to apply established steady and quasi-steady
aerodynamic laws to basic insect wing kinematics. Initial focus was placed on the lift
produced by a hovering insect during the translational phase of the wing stroke, in
between periods of stroke reversal. During the translational period, the wing appears
to hold a relatively steady angle of attack as it rotates about its root attachment
point. Thus, it seemed possible that conventional aerodynamic analysis tools could
be relevant to the analysis of the translational period of flapping flight.

Initial investigations included the application of thin airfoil theory (and thus
the Kutta-Joukowski theorem) to linearly translating insect wings, yielding the clas-

sical expression for lift coeflicient:

Cr =2nd (2.1)
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where o/ = o — a;— is the incidence angle of attack. However, experimental results
showed that thin airfoil theory could not fully represent the lift measured for insect
wings translated orthogonally to their spanwise direction in a wind tunnel at low
angles of attack. An ideal lift curve slope dC} /da’ has a value of 27, but this value
was found to be 2.2 for a fruit fly wing [28], 4.0 for a crane fly wing [29], and 5.1
for a model locust forewing [29]. Conversely, dragonfly model wings were found to
exhibit a lift curve slope of 11 and model pigeon wings were found to have a lift
curve slope of 14 [29].

The discrepancies between classical thin airfoil theory and experimental results
was primarily attributed to the fact that thin airfoil theory was developed and
validated for high Reynolds number flight. The Reynolds number describes the

relationship between inertial and viscous forces in a fluid and is defined as:

Re = — (2.2)

Thin airfoil theory had been extensively validated for Re > 10°, but insects flight
generally occurs at Re < 10*. The Reynolds number governs flow separation and
boundary layer flow, both of which play a vital role in aerodynamic function. Flow
separation in particular can negate the applicability of thin airfoil theory because
it results in a change to the effective airfoil shape, which classical theory does not

account for.
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2.2 Quasi-Steady Analysis

Quasi-steady theory was applied to more accurately reflect the aerodynamic
forces produced by a wing while undergoing flapping motion. A key assumption
made in quasi-steady analyses is that the aerodynamic force coefficients are time-
invariant across the wing stroke. These are typically measured on wings in a wind
tunnel, where the flow encountered is steady. The influence of unsteady flow effects
present during the translational phase of the wing stroke (such as stall avoidance)
is accounted for in the measured coefficients due to the analogous nature of the
experiments and actual flight. Coefficients corresponding to force production caused
by wing rotation at stroke reversal can also be experimentally measured. However,
by calculating average force coefficients separately for wing translation and rotation,
the unsteady flow effects occurring near periods of stroke reversal are ignored. These
include wake capture, added mass, and possibly other unknown flow mechanisms.
Lehmann notes that for this reason, early quasi-steady calculations significantly
under-estimated the lift coefficients measured for flying insects [30].

Current quasi-steady analyses are capable of providing more accurate esti-
mates of aerodynamic force production by accounting for added mass effects follow-
ing stroke reversal [31]. However, no reliable wake capture model exists because the
related forces are not well understood and are inherently associated with the time
history of the flow. Ultimately, quasi-steady models provide a convenient approach
for estimating the aerodynamic forces produced by a flapping-wing and can be use-

ful in determining the contribution of lift-enhancing effects that are not included in
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the model. Nevertheless, these models cannot provide a comprehensive measure of

the aerodynamic performance of a flapping-wing insect or MAV.

2.3 Unsteady Effects: Leading Edge Vortex

As previously mentioned, operating at a low Reynolds number can cause
changes in the boundary layer and induce flow separation that would not be seen
in the flight regime of large fixed-wing aircraft. Ellington and his contemporaries
noted that the insect wings they studied stalled at a much more gradual rate than
expected. Flow visualization studies showed a large region of separated flow at the
leading edge of the wings, which was determined to be the cause of the delayed
stall [29]. Because the flow was observed to reattach itself to the surface of the
wing aft of the separation bubble, the primary effect of the bubble was argued to be
an increase in camber and thickness for the effective airfoil shape, thus improving
aerodynamic performance near stall where the region of separation occurred.

These early studies were a precursor to the discovery of an unsteady flow
structure responsible for much of the lift on a low Reynolds number flapping-wing:
the leading-edge vortex (LEV). A leading-edge vortex can occur when an airfoil
experiences a rapid change in angle of attack or a swift translational acceleration
at a high angle of attack, both key components of flapping-wing kinematics. Flow
separation at the leading edge can cause a roll-up in the flow on the upper side
of the airfoil, creating a vortex. Insect wings are particularly susceptible to flow

separation at the leading edge due to their thin profile and sharp edges.

29



The resulting vortex contains high-velocity flow and thus is a region of low
pressure. If the vortex stays attached to the airfoil, meaning that a streamline
traveling over it creates a stagnation point on the upper surface of the airfoil behind
the LEV, the low-pressure zone serves to increase the lift (and drag) produced by
the wing. This increase can be substantial; the difference in lift between initial (LEV
present) and steady-state (stalled) values was in one case found to be approximately
200 percent [32].

Leading-edge vortices have also been known to appear on rapidly pitching high
Reynolds number airfoils, but are quickly shed into the wake. Therefore, their benefit
in this flow regime is minimal, unless the pitching motion is oscillatory in nature
(creating the lift-enhancing phenomenon of dynamic stall). However, in insect flight
the presence of the LEV is significantly more beneficial because once formed, the

vortex tends to stay attached throughout the duration of each half-stroke.

2.4 Unsteady Effects: LEV Stability

Consensus has not yet been reached on what mechanism keeps LEVs attached
to the upper surface of insect wings, but a primary suspect is axial flow from the
root to the wingtip [33]. This is caused by a multitude of factors, including the
presence of the tip vortex and the spanwise pressure gradient due to higher incident
velocities at the wingtip than at the wing root. Axial flow can promote leading-edge
vortex stability by continuously removing vorticity from the vortex core, preventing

the vortex from growing too large and detaching or bursting. It is well-known that
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delta-wing aircraft employ axial flow in this manner to maintain leading-edge vortex
stability at high Reynolds numbers and increase lift beyond steady values. Although
insect wings operate at much lower Reynolds numbers, it is possible that axial flow
is responsible for LEV stability here as well.

However, Birch and Dickinson called this theory into question by testing model
fruit fly wings fitted with partial chordwise fences to block axial flow [34]. They
found no decrease in LEV stability or force production due to blocked axial flow at
the leading edge, although they did find that trailing-edge-mounted fences resulted
in a 25 percent decrease in aerodynamic force. This suggests that axial flow does not
play a primary role in keeping the LEV attached for fruit fly wings, although it is
uncertain if this conclusion applies to the wings of larger insects at higher Reynolds
numbers. Birch and Dickinson suggested that the combination of the downwash due
to lift production and the downward induced flow caused by the tip vortex forms a
momentum jet that could serve to inhibit the strength of the LEV and prevent it
from growing too large and detaching.

Further doubt was cast upon the axial flow theory by Bomphrey, who used
stereo particle image velocimetry (stereo-PIV) to categorize the flow field around the
wings of free-flying dragonflies. Although the measurements were limited to periods
when the wing was approximately horizontal (i.e. near the mid-stroke point), it was
found that spanwise flow velocity along the wing varied in direction and at times

was close to zero despite the presence of an attached LEV [35].
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Figure 2.1: Diagram of the kinematics and aerodynamic forces associated with (a)

advanced rotation, (b) symmetric rotation, and (c) delayed rotation. From [30].

2.5 Unsteady Effects: Rotational Circulation

Initial studies focused on quantifying quasi-steady aerodynamic forces in the
translational phase of the wing stroke, because the periods of rotation during stroke
reversal were seen primarily as a kinematic adjustment meant to align the wing to
the appropriate angle of attack for the next half-stroke. However, it was recognized
that the rotation of the wing must produce some circulation that contributes to the
overall lift produced during a wing stroke [29]. Tt was later discovered that this
rotational circulation had a much greater impact than initially believed, causing

significant force peaks at the end of each half-stroke [36].
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The pitch change of the wing does not occur at rest, but rather during periods
of translational deceleration, translational acceleration, or both, depending on how
it is distributed over the end of one half-stroke and the start of another. The
timing of the rotation has been found to have a profound effect on the overall
lift produced during a flapping cycle, as shown in Figure 2.1. Column A depicts
advanced rotation, occurring entirely at the end of a half-stroke. Here, rotational and
translational circulation act in the same direction, complementing each other. As
can be seen in the plot of rotational lift in the lower panel, this results in significant
lift peaks just before stroke reversal (identified by a solid black dot). Column C
depicts delayed rotation, in which rotation occurs at the beginning of a half-stroke.
Since the rotational circulation acts against translational circulation, we see large
negative rotational lift peaks and an overall substantial reduction in the force on
the wing. Rotational timing can also occur in between these two extremes, and
Lehmann notes that symmetrical rotation (column B) has been found to produce
only several percent less overall lift than advanced rotation. These studies have
made clear that understanding the rotational phasing employed by an insect should

be a key goal of any kinematic study.

2.6 Unsteady Effects: Wake Capture and Added Mass

As the wing completes a half-stroke and begins to travel in the opposite di-
rection, it encounters its own wake. This interaction has several profound effects.

As mentioned previously, induced flow in the wake may serve a role in limiting the
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growth of the LEV and maintaining its attachment. However, the presence of the
wake itself can increase lift on the wing through the mechanism of wake capture [36].
If the wing is at a positive angle of attack at the beginning of the half-stroke (i.e.
if the wing undergoes advanced rotation), the incoming wake will generate a pos-
itive lift force as it passes over the wing. If the wing rotation phasing is delayed
and the angle of attack is negative at the start of the half-stroke, the transfer of
momentum from the wake to the wing will result in negative lift. The forces caused
by wake capture in each scenario are shown in the lower panels of columns A and
C of Figure 2.1, respectively, and are identified by an open circle. As can be seen,
the timing of the wake capture lift peak is independent of rotational phasing, but
its sign and magnitude is not. Some computational fluid dynamics (CFD) results
have indicated that this lift peak may not be the result of momentum transfer due
to wake interactions, but rather an added mass effect caused by the inertial forces

of the fluid being accelerated by the wing at the start of the half-stroke [37].

2.7 Tandem Wing Effects

Understanding the aerodynamics of dragonfly flight poses an additional chal-
lenge because of their use of tandem wings. Each wing of a dragonfly interacts not
only with its own wake but also with the wake produced by the other wings. Drag-
onflies are able to control each of their four wings independently, allowing for many
kinematic combinations of wing stroke phasing.

In straight flight, dragonflies have been found to flap their forewings and hind-
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wings approximately 180 degrees out-of-phase with each other when cruising, but
flap in-phase during periods of high acceleration [14] [38]. CFD studies have shown
that adjusting the phasing of the wings yields large changes to the performance of
a dragonfly model; in-phase flapping results in high thrust production but low lift
efficiency, while 90 and 180 degree out-of-phase flapping results in lower thrust pro-
duction but much higher lift efficiency [39] [40]. The loss of propulsive efficiency in
counterstroking flight has been attributed to the hindwing extracting energy from
the wake of the forewing [39] [6].

Flow visualization studies on tethered and free-flying dragonflies have shown
that during counterstroking flight, a leading-edge vortex is present on the forewing
while in downstroke, but the flow remains attached during the forewing upstroke
and throughout the entire hindwing stroke. Conversely, in-phase stroking produces
greater flow separation and results in the presence of a single large LEV attached
across both the fore- and hindwings [35] [41]. The large size of this attached vortex

is likely responsible for exceptionally high lift coefficients.
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Chapter 3: Methodology

3.1 Overview

A custom test environment in which free-flying dragonfly experiments could
be conducted was iteratively designed and constructed. A multi-camera setup and
three-dimensional photogrammetric techniques were used to reconstruct the spatial
coordinates of artificial wing markers. This chapter details the capture and prepara-
tion of dragonfly specimens, the test environment design process, the tracking and
reconstruction of body and wing marker coordinates, and the kinematic analysis

techniques used in the current work.

3.2 Specimen Collection and Preparation

Free-flight experiments were conducted with live dragonfly specimens which
were collected in the wild. The photogrammetric technique used for kinematic
reconstruction required the presence of markers on the wings of the specimens;

thus, each dragonfly had to be prepared for testing.
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3.2.1 Specimen Collection

Dragonfly specimens of the Blue Dasher species ( Pachydiplax longipennis) were
collected from Lake Artemesia near the University of Maryland campus with per-
mission from local park authorities. It was observed in the field that male Blue
Dashers spent significantly more time on the wing than females, which tended to
use their natural green coloration to remain camouflaged among plant life. Males
were also significantly more abundant and easier to catch due to their 'percher’ na-
ture; they tended to frequently assume a perch, take off to catch passing prey or
challenge another male, and return to their perch. Thus, only male Blue Dashers
were captured and tested.

Specimens were collected using standard insect nets and immediately placed
in folded sandwich bags. The bags were carefully flattened out to fully confine the
dragonflies and prevent them from damaging themselves, but were left unsealed to
allow air to circulate. It was found that if dragonflies were stored in large containers
such as rigid plastic containers, they would continuously attempt to escape by flying
into the walls of the container and injure themselves in the process.

The bags were then placed into a small cooler at a temperature of approxi-
mately 50 degrees Fahrenheit to slow down the dragonflies’ metabolism and prevent
them from wasting energy. Once a sufficient number of specimens were captured

(generally four to six dragonflies), the insects were brought back to the laboratory.
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3.2.2  Species Selection

The Blue Dasher species was chosen for study due to its moderate size, relative
abundance, and clear wings which allowed for easy identification of artificial markers.
The Blue Dasher has a body mass ranging from 140 to 250 mg and a body length of
28-46 mm. This size is well under the MAV scale limit, but larger dragonflies were
not studied for reasons related to experimental setup constraints and ease of capture.
First, testing larger specimens would require a physically larger experimental setup.
The number of wing strokes that a dragonfly can complete within the imaging
volume is inversely proportional to its size; therefore, testing smaller dragonflies
allowed for the potential to study multiple consecutive wing strokes. The imaging
volume could be made larger, but this would require spacing the cameras further
away from the test area, which was not possible due to the geometry of the support
structure of the wind tunnel in which tests were held. Second and most importantly,
it was observed that large dragonflies were much less abundant than smaller species,
and those that were present tended to patrol over the surface of water well out of
net’s reach.

Blue Dashers were not the only moderate-size dragonfly species present in the
local area. Other species included Tetragoneuria cynosura (Common Baskettail),
Erythemis simplicicollis (Common Pondhawk), Celithemis fasciata (Banded Pen-
nant), and Celithemis eponina (Halloween Pennant). The Banded and Halloween
Pennants possess large opaque markings on their wings, making them unsuitable for

study. Common Baskettails were much less abundant than Blue Dashers. Common
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Pondhawks were easily found in local areas, but tended to perch on water lilies
where capture was difficult. Blue Dashers were found to be easier to capture, and
thus became the primary test species.

Nevertheless, experiments were done with several other species with the goal
of investigating the presence of any differences in their flight kinematics. This thesis
will present comparisons of unaccelerating flight kinematics for the Blue Dasher,
the Common Pondhawk, and a slightly larger migratory species, the Spot-Winged

Glider (Pantala hymenaea, body length 43-51 mm, mass 200 mg).

3.2.3 Specimen Preparation

Following capture in the field, the test subjects were transferred out of the
cooler and placed in a refrigerator at a temperature of approximately 40 degrees
Fahrenheit. It was found that chilling the dragonflies for 30 to 45 minutes slowed
down their metabolism enough that they would be completely immobilized for ap-
proximately five minutes once they were withdrawn from the refrigerator. This
made it possible to place artificial markers on the wings of the dragonflies, the po-
sition of which could then be tracked through a multi-camera video sequence and
reconstructed using photogrammetric methods.

Fine-tip felt pens were used to apply 30 to 50 circular markers on each wing,
as illustrated by Figure 3.1. Approximately six to eight markers were applied to
the leading edge of each wing, two markers were placed on the wing tip, at least

eight markers were applied to the trailing edge, and the remainder were applied on
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Figure 3.1: An example of a Blue Dasher with artificial markers placed on its wings.

the interior of the wing. The exact number of markers placed on each wing varied
according to the area available for marking. Marker spacing was kept dense enough
to ensure good resolution for wing reconstruction while still allowing relatively easy
marker recognition. Based on previous studies showing that the wing mass of a
dragonfly is approximately 2% of its body mass [42], the markers were estimated
to weigh less than 2% of the total wing mass for a small (150 mg) Blue Dasher
specimen. After the dragonflies were marked, their masses were recorded using a
covered laboratory scale and they were placed back into the cooler at 50 degrees
Fahrenheit for transport to the test location. Specimens were tested within 2 hours of
capture, and released into nature after an average of five tests to prevent exhaustion.

Dragonflies were allowed to warm up for approximately 10 minutes prior to
testing. The temperature in the laboratory was kept at approximately 70 degrees,
although Blue Dashers appeared to be most active at temperatures above 75 degrees

in the field. It is possible that the lower temperature in the laboratory reduced
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the frequency of successful flights. It is not known if dragonfly kinematics vary

significantly with temperature.

3.3 Experimental Setup

Free-flight experiments were conducted in a custom-built test environment
structured around the University of Maryland Autonomous Vehicle Laboratory
small-scale wind tunnel. This allowed for testing in both gusting and gust-free

environments, although only the latter is detailed in the present work.

3.3.1 [Initial Flight Arena Design

Initial tests were attempted in a simple acrylic wind tunnel test section with
dimensions of 11.75” by 11.75” by 23.75”. Three high-speed cameras were placed
above the test section, and three incandescent floodlights were used to illuminate
the test section from below. Dragonfly subjects were inserted into the test section
and guided onto a bent-wire perch, which they would typically willingly grasp.

The perch was positioned within the camera imaging volume and the intention
of the test was to trigger the cameras as the dragonfly took off from the perch,
thus capturing high-speed video data of untethered flight. However, the dragonflies
proved extremely reluctant to fly of their own volition, often spending up to 20
minutes on the perch without moving. If a subject did move, it generally dropped
off the perch and flew upside-down against the bottom glass of the test section,

as if it were attracted to the floodlights. Altering the test setup and placing the
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floodlights above the test section with the cameras underneath did not remedy the
situation. After weeks of testing, the most useful test footage recorded was merely
that of a dragonfly warming up its wings with small amplitude fluttering while

perched.

3.3.2 Challenges Related to Live Subject Testing

It was clear that working with live insects posed a much greater challenge than
expected, and that a new test section design would have to be created that could
entice the dragonflies to fly. Prototypes of several different flight arena arrangements
were tested to investigate the effect of many different parameters on the dragonflies’
willingness to fly.

The greatest success in achieving repeatable free-flight was found when placing
dragonflies in a dark tube that led to an open and well-lit enclosure. The dragonflies
appeared to be drawn to brightly lit areas, and were observed to periodically fly
directly out of the dark tube and continue through the enclosure in a straight line for
multiple wing beats. This behavior was far from consistent, but occurred frequently
enough to present a strong case for implementing this type of layout in the revised
flight arena design. No other test configuration was found to yield a comparable

ratio of successful flights.
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Figure 3.2: CAD model of the revised wind tunnel test section.

3.3.3 Revised Flight Arena

A new, revised test section was constructed for the AVL wind tunnel to ac-
commodate an updated experimental configuration (Figure 3.2). The test section
tapered inwards to form an 8” cubic test volume which was initially constrained on
its upwind and downwind sides by plastic mesh walls. These were removed follow-
ing the first round of testing in order to increase the contrast between the dragonfly
wing markers and the background, at the cost of allowing the free-flying dragonflies
to turn within the test volume and fly into the tapered corners of the test section.

A diagram of the full test system is presented in Figure 3.3. The primary
flight arena is contained within the acrylic test section of the wind tunnel, allowing
visual access for an array of high-speed cameras placed underneath the enclosure
(A). Dragonflies were first placed into a darkened staging tube (B), from which they

were encouraged to fly out into the test section by the bright lights illuminating the
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Figure 3.3: Diagram of the revised test set up used to collect free-flying kinematic

data.

flight area. The opposite side of the test section was left open to lead into a large
mosquito net (C). This allowed the dragonflies to take off from the staging tube, fly
directly through the imaging volume in the wind tunnel test section and into the
net, from which they could be easily retrieved. The primary advantage of the test
environment was the ability of the dragonflies to perform untethered flights while

passing through a constrained imaging volume.

3.3.4 Imaging Equipment

Five high-speed cameras were used to record video data of the experiments
at 7200 frames per second. The cameras used included various configurations of
the Vision Research Phantom v2512, Phantom v710, and Phantom v311, with the

v2512 and v710 cameras recording at a resolution of 1280 by 800 pixels and the v311
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Figure 3.4: A sample test image showing the pixel-level detail measured by each

camera.

recording at 768 by 584 pixels. Exposure time was kept at approximately 130 us,
which was sufficient to prevent motion blur effects.

The cameras were arranged underneath the test section with a minimum spac-
ing of approximately 30 degrees, allowing sufficient visual coverage of the wings to
track the markers through most test image frames. Increasing the angular spacing
of the cameras has a beneficial effect on subject visibility and reconstruction ac-
curacy, but in this case the geometry of the wind tunnel support structure placed
constraints on the positions of the cameras. Nevertheless, the camera spacing used
was adequate to allow for the markers on all four dragonfly wings to be visible in at

least two cameras throughout the majority of the sequence.
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3.4 Photogrammetric Methods

3.4.1 Three-Dimensional Photogrammetric Theory

The technique of photogrammetric reconstruction is based on the central per-
spective projection. Figure 3.5 illustrates this projection for a single camera. A
given point of interest in three-dimensional space is depicted as object point X,,.
This point has coordinates (X,,Y,, Z,) in a global coordinate system (axes X,Y, Z)
that can be arbitrary, but for this work is based on the orientation of the central cam-
era. This object point is projected onto the given camera’s imaging plane as image
point z,, with the line X,-x, passing through the camera perspective center located
at (Xo, Yo, Zo). The perspective center lies a distance ¢ away from the projection
plane, and the line from the center to the projection plane to the perspective center
is called the principal axis. A second coordinate system (axes z,y,z) is defined
for each camera with an origin located at the corresponding camera’s perspective
center. The x and y axes are aligned with the horizontal and vertical axes of the
camera projection plane, while the 2z axis coincides with the principal axis. Thus,
the image point on the camera projection plane has the coordinates (z4, yq, —¢) in
the image coordinate system.

The photogrammetric model is described by the collinearity equations as de-

fined in [43]:

—clrin(Xo — Xa) +1r12(Yo — Ya) +113(Zo — Za)]
(131 (Xo — Xa) + 1r32(Yo — XY4) 4+ r33(Zo — Za)

Ty =

(3.1)
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Figure 3.5: Hlustration of the projection model used for photogrammetric recon-

struction. From [19].

—clro1(Xo — Xa) +122(Yo — Ya) +123(Zo — Z4))
[131(Xo — Xa) +1r52(Yo — XYa) +133(Z0 — Za)

Ya = (32)

These equations relate the object coordinates (X, Ya, Z,) to the corresponding im-
age coordinates (x,, y,) through the use of the rotational matrix R which transforms
the the object coordinate system to the image coordinate system. Equations 3.1 and
3.2 also require the principal axis distance ¢ to be known, as this is the z-coordinate
of the image point in the camera frame. According to these equations, each im-
age point can be considered to create a line in three-dimensional space when it is
reprojected from the projection plane through the perspective center.

When a system of m cameras is used to track n image points, the equations
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become generalized for each camera k and image point i:

_ =Gk 7611 (Xog — Xi) + ri12(Yor — Yi) +1613(Zog — Zi))
(76,31 (Xog — Xi) + rrs2(Yor —Yi) + 133(Zog — Zi)

(3.3)

ik — —cglrror(Xog — Xi) + rroo(Yor — Y5) + 1h23(Zos — Zi)] (3.4)
" o3 (Xog — Xi) + Te32(Yor — Yi) + riss(Zox — Zi) .

The three-dimensional coordinates of object point X, can then be calculated by
solving the resulting system of collinearity equations. This can be visualized as
finding the intersection point of a series of three-dimensional lines generated by
reprojecting the image points from each camera projection plane. In practice, no
exact solution is possible due to inherent measurement errors in the optical sys-
tem. Instead, the system of equations becomes a minimization problem where the
distance between each reprojected line and the estimated object point coordinates
is minimized. Thus, the result is an estimate of the object point coordinates, the

accuracy of which increases as more cameras are introduced into the system.

3.4.2 Camera Calibration

Knowledge of camera parameters ¢ and R is essential to solving the collinear-
ity equations. Thus, calibration is required to calculate these parameters for each
camera and allow for photogrammetric reconstruction to be performed. A bundle
adjustment technique ( [43], [44]) was used to calibrate the system of cameras and
provide estimates of the camera parameters. This technique is preferred over other
techniques such as Direct Linear Transformation (DLT) because it does not require
the knowledge of the relative three-dimensional positions of object points during
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Figure 3.6: Diagram of the central perspective model implemented for a system of

cameras. From [23].

calibration. Photogrammetric studies using DLT techniques have used high-detail
3D printed solids with reference markers arranged on their surface as calibration
objects [23]. Conversely, bundle adjustment techniques require only a simple 2D
grid of circular markers with known spacing. The calibration object is then used to
produce reference images that allow for the calculation of the camera parameters.
A detailed description of the bundle adjustment calibration procedure can be found
in [19]. Walker et. al. have made their bundle adjustment software freely available,
and it has been used to calibrate the system of cameras used in the present work.
Optical distortion effects such as lens offset and lens distortion were assumed

to be negligible based on validation experiments conducted on insect-oriented pho-

49



togrammetric studies in the past [19] [23]. Mean reprojected pixel error (RPE)
values during calibration were approximately 0.1 pixels. It was found that if the
image-coordinate position of a marker had an error of 1 pixel in every camera, the
resulting three-dimensional position error after photogrammetric reconstruction was
about 0.1 mm.

Approximately thirteen calibration images were taken with a calibration grid
placed in the imaging volume with systematically varying orientation. Calibration
was performed whenever any component of the optical system was altered; this
included new cameras being introduced into the system and any changes being made
to the focus or aperture of the camera lenses. In order to account for unexpected
disturbances to the alignment of the camera system, calibration was also performed

every other test day even when no changes had been made to the system.

3.5 Body and Wing Marker Tracking

3.5.1 Dragonfly Body Tracking

The first step of the analysis process involved collecting bulk body kinematics
by fitting a geometric model of a dragonfly body (as illustrated by Figure 3.7)
to the image of the specimen in each camera view and frame. The body model
fitting software used was created by Nathan Shumway of the University of Maryland.
For every frame in the sequence, the body model was placed in an initial position
and various parameters were iteratively adjusted until an optimal fit was found.

This resulted in the generation of three-dimensional body position and orientation
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frame for the collection of body kinematics.

data for the duration of this sequence. The body model was projected onto the
test sequence images and optically verified to be qualitatively accurate in its scale,
position, and body orientation angles.

Some difficulty was encountered in the estimation of the roll orientation of the
dragonfly due to the symmetry of its body about the longitudinal axis. Asymmetries
in the geometry of the thorax did make the estimation of the roll angle possible,
and the resulting data were generally found to be optically accurate. Nevertheless,
errors in the roll angle of up to 30 degrees are possible. Therefore, conclusions drawn
from kinematic parameters that depend strongly on the body roll angle (namely, the
in-stroke wing elevation angle and the stroke plane inclination angle with respect to
body axes) were limited. Key kinematic parameters such as wing stroke duration,

phasing, amplitude, wing flap angle, and wing pitch angle are not strongly affected
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by discrepancies in the body roll angle.

3.5.2  Wing Marker Tracking

Once body kinematic data were available, wing marker tracking was performed
using a custom-written semi-automated MATLAB routine. This software was cre-
ated by Nathan Shumway with assistance from the author. Due to the high number
of markers visible in each frame, automatic tracking was essential for maintaining
acceptable analysis time. Nevertheless, optical issues such as body obstruction and
wing overlap made partially manual analysis unavoidable. Not all markers were
identified for every frame, but due to the amount of markers placed on each speci-
men there were almost always sufficient data for the calculation of wing kinematics.

Although the marker tracking software was designed to be primarily auto-
mated, the level of operator involvement required for successful data acquisition
remained high. A trained worker is capable of using the marker tracking program
to extract marker position data at an average of ten frames each hour. This rate is
highly dependent on wing visibility, and ranges from 5 frames per hour for periods
of extensive wing overlap to 80 frames per hour during low-flapping-frequency flight
where the wings are not obscured. Over 6300 frames of marker data were extracted
from twelve separate flights, representing nearly six months of half-time work for

two operators.
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3.5.3 Marker Data Smoothing and Accuracy

Three-dimensional global marker position data were transformed into a body-
centered set of coordinate axes (P, S,T) as defined in Figure 3.7 and smoothed using
previously developed code which utilized third-order spline fits. The time histories
of the smoothed position data for each marker were verified against the raw data,
and erroneous sections were either manually adjusted or eliminated.

The accuracy of the photogrammetric reconstruction was verified by attaching
a marked dragonfly wing to a 3-axis linear stage and comparing the actual distances
traversed to the average marker displacements found using the marker tracking code.
Using unsmoothed marker data resulted in an average three-dimensional displace-
ment error of 0.1 mm. This value was similar to those found in previous insect-based
photogrammetric studies [16] [19]. The wing was also pitched using a rotational
stage. The mean error found in the pitch angle of the wing was approximately 2.5°
during times of small pitch change and 5° during periods of greater pitch change
when marker visibility suffered due to poor alignment of the wing with respect to
the cameras.

Minimal smoothing was performed on the final kinematic data presented in
Chapter 4. A simple 8-point moving average was applied to smooth out small (1-2°)
discontinuities caused by the periodic loss of position data for certain wing markers
which were incorporated into the wingtip direction vector. Certain sections where
data were scattered due to nearly all of the wing markers not being visible were

manually removed. However, this was done very rarely. The missing sections of
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kinematic data seen in Chapter 4 were primarily caused by a failure to identify an

accurate wingtip vector due to poor marker visibility.

3.6 Kinematic Analysis

3.6.1 Kinematic Parameter Definitions

Wing kinematic motion was described using two primary parameters, as de-
fined in Figures 3.8 and 3.9. The flap angle ¢ of each wing was defined as the angle
between the projection of the wingtip line onto the stroke plane and the mid-stroke
line of the corresponding half-stroke. Following the convention used in [15], positive
values of ¢ indicate that the wing is closest to the point of pronation, while nega-
tive values of ¢ indicate that the wing is closer to the point of supination. Thus, a
downstroke begins at a positive flap angle and ends at a negative value. The stroke
amplitude ¢;,; was calculated as the difference between the maximum and minimum
flap angles for a given half-stroke.

The wing geometric pitch angle # was defined as the angle between the wing
plane and the stroke plane after the wing vector was aligned with the mid-stroke
axis using the methods described in the following section. The pitch angle was
calculated according to right-hand convention as in [16], resulting in positive angles
throughout the wing stroke. This meant that the wing was expected to have a pitch
angle between 0 and 90° during the downstroke, and between 90 and 180° during

the upstroke.
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Figure 3.8: Side view of a dragonfly body model, illustrating the definition of the

wing geometric pitch angle 6.

Top View

Stroke Plane

Wingtip Line
Mid-Stroke Line

Figure 3.9: Top view of a dragonfly body model, illustrating the definition of the
wing flap angle ¢. Note that the flap angle is positive when the wing is aft of the

mid-stroke line in the body frame.

3.6.2 C(Calculation of Kinematic Parameters

The bulk motion of each wing was approximated by fitting a least-squares plane

to the available marker position data for each frame. This approximation prevented
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wing deformations from being modeled, and the presence of any deformations of
the wing (most commonly, twist at the wingtip) contributed to minor errors in the
kinematic wing angle calculations. Marker points found to be more than 5 mm away
from the wing plane were treated as erroneous and were not considered for the final
plane fit. The motion of the wing plane was then tracked in the body coordinate axes
(P, S,T) as defined in Figure 3.7. Wingtip marker positions were traced throughout
each sequence in order to identify stroke reversal points (i.e., points of pronation
and supination). These points were used along with the respective wing root point
in order to define a stroke plane for each half-stroke of the wing.

Four markers comprising a line between the wing root and the wingtip marker
were selected for each wing to define a wingtip direction vector that could be tracked
even if data were not available for the wingtip marker itself. For every frame, this
wingtip line was projected onto the stroke plane and the flap angle was calculated as
the angle between the wingtip line projection and the mid-stroke line. The wingtip
vector (and the wing plane normal vector) were then rotated by this angle around
the stroke plane normal axis to place the wingtip vector within the plane drawn
by the mid-stroke line and the stroke plane normal axis. The angle between the
wingtip vector and the mid-stroke line was calculated as the elevation (or out-of-
plane) angle, and the wingtip and wing plane vectors were rotated about the cross
product of the mid-stroke and stroke plane normal lines in order to align the wingtip
vector with the mid-stroke line. At this point, the wing plane normal vector became
entirely perpendicular to the mid-stroke line, and the pitch angle was found as the
angle between the wing plane and stroke plane normal vectors.
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Although the time history of the elevation angle was found for every test, only
the flap and pitch angle data will be presented due to uncertainties regarding the
accuracy of the body roll angle estimate provided by the body model and the direct

dependence of the elevation angle on the roll angle of the dragonfly.
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Chapter 4: Results and Discussion

4.1 Overview

More than one thousand free-flight tests were performed over the course of two
summers. Data was saved for 669 of the trials, with 295 representing non-gust tests.
Approximately half of the attempted trials resulted in the dragonfly falling out of the
staging tube into the test section, flying against the test section walls, or otherwise
not engaging in useful flight within the imaging volume. Table 4.1 describes the
number of tests in which data were recorded for each species of dragonfly.

Of the 295 gust-free tests where data were kept for initial analysis, approxi-
mately 10 were reasonably straight flights that were well-suited for additional anal-
ysis. Several other tests included various accelerations and maneuvers that made
them suitable for study. However, the majority of the recorded tests were limited
in usefulness due to poor flight patterns or compromised visibility. For example,
in many tests the dragonfly flew through the corner of the imaging volume and an
insufficient amount of data were recorded for kinematic analysis. Due to the time-
intensive nature of the marker data extraction process, only twelve individual runs

were selected for complete analysis. These represent four types of maneuvers:
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1. Straight, unaccelerating flights: Flights 1-4

2. Accelerating (diving) flights: Flights 5-6

3. Climbing flights: Flights 7-8

4. Turning flights: Flights 9-10

In addition, one unaccelerating flight each of a Common Pondhawk and a
Spot-Winged Glider were fully analyzed to investigate any significant kinematic
differences between these two species and the Blue Dasher. This chapter contains
separate sections for each of the five flight comparisons. All sections follow a similar
format, with individual body and wing kinematic data presented for every flight.
Body kinematic data include three-dimensional positions, orientations, and bulk
velocities. Wing kinematic data focus primarily on stroke amplitude, wing phasing,
wing pitch values throughout the stroke, and the relationship between flapping and
pitching motions. The masses of the specimens for each tests are presented in Table

4.2.

Table 4.1: Total number of tests where data were acquired for each dragonfly species.

Dragonfly Species Number of Tests

Blue Dasher 221
Common Pondhawk 68
Spot-Winged Glider 3
Slaty Skimmer 3
Total 295
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Table 4.2: Masses of dragonfly specimens for Flights 1-12.

Flight Number 1 2 3 4 D 6

Dragonfly Mass (mg) 153 220 153 231 178 262

Flight Number 7 8 9 10 11 12

Dragonfly Mass (mg) 231 129 164 234 219 197

4.2 Unaccelerating Flights

Four straight, level, and reasonably unaccelerating flights were analyzed to
determine standard wing kinematics in cruising flight and investigate the level of
kinematic variability between similar flights. The four flights chosen for kinematic
analysis were the most turn-free, level, and constant-speed of the flights categorized
as "straight” based on video data. The body kinematic data are presented in Figures
4.1 and 4.2. The upper left plots depict the path of the dragonfly in the global x-y
plane, with the x-direction corresponding to the longitudinal axis of the staging
tube and the y-direction corresponding to the longitudinal axis of the wind tunnel.
All four flights were free of turns. Flights 1-3 involved the dragonfly flying directly
through the imaging volume from the staging tube into the mosquito net, while
Flight 4 was recorded later in the course of a test after the dragonfly had made a
turn.

All four flights exhibited minimal changes in vertical position. Flights 2 and

4 included minor climbs near the end of the sequence, but kinematic data were
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Figure 4.1: Body kinematic data for Flights 1 and 2.

drawn primarily from the earlier portions of the tests. Flight velocities aligned
extremely well for Flights 1 and 2, with both dragonflies flying at approximately 1.7
m/s. Flight 3 was slightly faster than this at 2 m/s, while Flight 4 was slower at
approximately 1.3 m/s.

The most prominent body kinematic differences between the four tests ap-
peared in the orientation angles. Although Flights 1-3 were all in the same direc-

tion, the dragonflies exhibited substantial variation in their heading angles. The
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Figure 4.2: Body kinematic data for Flights 3 and 4.

dragonfly in Flight 1 began by pointing its body in the direction of its velocity,
but yawed significantly during the last half of the flight to end up pointing about
40° off of its velocity vector. Flight 2 involved a similar maneuver in the opposite
direction, while the test subject in Flight 3 kept its body closely aligned with the
velocity vector at all times. The dragonflies tended to keep their bodies pointed
upward approximately 50° off of the horizontal plane, but the dragonfly in Flight

4 maintained a near-zero degree (and sometimes slightly negative) body elevation
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angle.

The wing kinematic data also exhibited substantial amounts of variability,
although several consistent trends were observed. All four flights displayed in-phase
flapping and pitching between the forewings as well as between the hindwings. The
motion of the forewings and hindwings was never observed to be in-phase, but
instead the forewings always lagged behind the hindwings. The phase differences
between the forewings and the hindwings were 94°, 98°, 93°, and 75° for Flights 1-4
respectively, with an average value of 90°. As expected, there was generally a high
degree of symmetry between left and right wing pairs. The flapping motion typically
followed a sinusoidal profile, although a surprising ”two-step” upstroke profile was
observed on two occasions: first for the left forewing of Dragonfly 1 (Figure 4.3) and
again for the right forewing of Dragonfly 2 (Figure 4.4). This could be indicative of
a change in the flow structure of the forewing at mid-upstroke, which could serve
to briefly slow the flapping motion of the dragonfly. In the case of Flight 2, this
change in flap profile actually results in the right forewing moving out-of-phase
with the left forewing. The two-step flap angle profile was not observed for any
other tests except for the unaccelerating flight of the Spot-Winged Glider (Flight
12). The stroke amplitudes were found to be approximately 95° for both forewings
and the right hindwing, but 105° for the left hindwing. This difference is within
the standard deviation of the hindwing stroke amplitudes, and is not likely to be
significant. The stroke amplitude values ranged from 79° to 130° despite a lack
of overt maneuvers, suggesting that dragonflies may significantly alter their stroke

amplitudes to adjust their trim conditions. Similar variations in stroke amplitude
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Figure 4.3: Flap and pitch angles for Flight 1. Shaded regions indicate downstrokes.
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Figure 4.4: Flap and pitch angles for Flight 2. Shaded regions indicate downstrokes.

65



for free-flying dragonflies were found by Wakeling, who reported values ranging from
64.1° to 115.8° [15].

A primary observation of the given comparison is the asymmetry in downstroke
and upstroke durations, as presented in Table 4.3. This can also be readily observed
by noting the proportional width of the shaded downstroke sections in Figures 4.3-
4.6. The downstroke vs. full wing stroke duration ratio was approximately 45%
for all four wings. There was a significant amount of variability in this parameter,
with values ranging from 35.6% to 59.4%. All wings experienced instances when the
downstroke was longer than the upstroke. Wing stroke frequencies were found to be
approximately 30 Hz for both the forewings and the hindwings, but ranged from as
low as 24.6 Hz to as high as 34.4 Hz. This is approximately 5 Hz below the standard
wingbeat frequency observed for free-flying dragonflies by Ruppell [14], and 9 Hz
below the wingbeat frequency found by Wakeling [15].

The progression of the wing pitch angle throughout the flapping cycle was
captured with high detail. As expected, the highest rates of change in the pitch
angle occurred during stroke reversal for all flights. However, pitch angles were not
steady during the translational phase of the stroke, but instead varied throughout.
The dragonflies utilized moderately advanced rotation in nearly all cases, completing
most of the wing pitching motion before the point of stroke reversal. However,
some pitch change always occurred after stroke reversal. Thus, purely advanced
rotation was never observed. Symmetrical rotation was found to occur in several
cases, such as for both forewings in Flights 1 and 2, and for the right forewing in
Flight 3. Moderate delayed rotation was also noted for the hindwings in Flight 1,
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the right hindwing in Flight 2, and both hindwings in Flight 3 (during pronation
only). Thus, it appears that while moderately advanced rotation is standard for
unaccelerating Blue Dashers, the phasing of the pitch change is often altered to
adjust the aerodynamic forces produced during a wing stroke.

Two types of mid-stroke pitch profiles were observed: a ”plateau” profile and
a "peak” profile. The plateau-type profile, where the pitch angle was held relatively
constant for a significant portion of the translating stroke period, was most common.
This was most prominently seen during Flights 1 and 4. The peak-type profile
involved higher rates of change in pitch angle during mid-stroke, with a maximum
value being held only briefly as the pitching motion reversed direction. Primary
examples of this motion are the left forewing and hindwing of Dragonfly 2, and first
and second upstrokes of the left and right forewings, respectively, of Dragonfly 3.
Some pitch profiles were a combination of the two, with moderate pitching rates
throughout the mid-stroke. The pitch angles presented in Li’s photogrammetric
study of a dragonfly in turning flight exhibit primarily peak-type profiles during the
midstroke [16]. However, only three wingbeats were analyzed in that study versus
the eight wingbeats presented here, which may explain why the plateau-type pitch
angle profiles were not represented.

Statistical data on the variation of the pitch angle 6 are cataloged in Table
4.4. The dragonflies exhibited a wide range of peak pitch angles during each half-
stroke. Values during the downstroke varied from relatively low angles such as 8°
up to conventionally post-stall angles such as 56°. Pitch angles during the upstroke

were more aggressive, with a maximum of 169° (only 11° off of the stroke plane)
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and a minimum of under 90° in two cases. Although a pitch angle of less than 90°
during the upstroke suggests negative lift production, the magnitude of this effect
can be lessened when the forward flight velocity of the dragonfly is accounted for.
It is possible that the dragonfly used such unusually high values of pitch angle to
perform adjustments to its body orientation.

Despite the variability in peak pitch angles, the mean values calculated for
the forewings and hindwings were remarkably similar. As shown in Table 4.3, the
mean peak value of # for both forewings was 35° during the downstroke and 135°
during the upstroke. For the left and right hindwings, this value was found to be
44° and 40° (respectively) during the downstroke, and 114° and 111° during the
upstroke. Thus, we see that the hindwings employed an approximately 10° higher
pitch angle during the downstroke and a 20° higher pitch angle during the upstroke.
Both wings exhibited more aggressive pitch angles during the upstroke. The mean
forewing pitch angle was 10° higher off of the stroke plane during the upstroke than
the downstroke, while the mean hindwing pitch angle was about 25° further off of

the stroke plane during the upstroke.
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Table 4.3: Stroke amplitude and peak pitch angle data for Flights 1-4. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Wing Stroke Amp. Stroke Amp. Orin Oz
(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)
Left Forewing 96+£8° 98+9° 35+16° 135+19°
(86°, 105°) (79°, 106°) (8°, 55°) (99°, 169°)
Right Forewing 95+11° 100+16° 35+11° 135414°
(89°, 120°)  (83°,130°)  (14°,48°)  (113°, 150°)
Left Hindwing 104+8° 106+£11° 44+10° 114+£19°
(91°, 116°)  (90°, 122°)  (24°,56°)  (89°, 142°)
Right Hindwing 92412° 96+14° 40+£11° 1114+9°
(82°,114°)  (82°,120°)  (20°,53°)  (88°, 118°)
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Table 4.4: Stroke duration and frequency data for Flights 1-4. Values are presented

as mean =+ single standard deviation (minimum value, maximum value).

Wing tstroke tstroke Wing Stroke Downstroke

(Downstroke) (Upstroke) Frequency Ratio

L. Forewing 15.1£2.3 ms 18.6+£3.5 ms 29.7+2.0 Hz 44.8+7.7%
(12.2, 17.6 ms) (14.0, 23.2 ms) (27.3, 32.1 Hz) (36.7, 54.9%)
R. Forewing 15.241.9 ms 19.3+3.6 ms 29.3£2.7 Hz 44.5+6.7%
(12.2, 17.8 ms) (12.6, 22.9 ms) (24.6, 34.4 Hz) (35.6, 56.5%)
L. Hindwing | 15.2£1.1 ms 18.0£2.7 ms 30.1+2.2 Hz 45.4+4.9%
(13.1, 16.3 ms) (14.3, 22.1 ms) (26.2, 32.7 Hz) (40.0, 53.2%)
R. Hindwing | 15.6£1.8 ms 17.5£3.1 ms 30.842.6 Hz 47.44+6.8%

(13.3,18.1 ms) (12.4,21.8 ms) (26.6, 34.4 Hz) (41.0, 59.4%)

4.3 Accelerating Flights

Two straight, accelerating flights were analyzed for comparison to the baseline
unaccelerating flight case. Despite the high number of recorded flights, no level
accelerating flights were captured. The only significant linear accelerations observed
occurred during periods of diving flight. Therefore, as shown in Figure 4.7, both
Flights 5 and 6 involve significant diving maneuvers. The abrupt change in dive rate
and velocity for Flight 5 corresponds to the dragonfly colliding with the bottom of

the test section; however, no kinematic data are presented following this point.
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Figure 4.7: Body kinematic data for Flights 5 and 6.

Once again the flapping motion was generally in-phase for the forewings and
hindwings individually, but there was phase lag of 80° for the forewings compared to
the hindwings as shown by Figures 4.8 and 4.9. Interestingly, the right forewing of
dragonfly 6 exhibited faster downstrokes and slower upstrokes than the left forewing,
causing the two wings to be in phase for pronation but slightly out of phase during
supination. This was not observed for Flight 5. The stroke amplitudes for the diving

flights were slightly smaller than for Flights 1-4, particularly for the forewings. One
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forewing wing stroke was found to have an amplitude of only 66°, 13° smaller than
the shortest wing stroke of the unaccelerating flights.

As with Flights 1-4, the downstrokes were found to be faster than the upstrokes
in nearly all cases. The downstroke to full wing stroke ratio was slightly lower
for the accelerating flights, and was observed to be only 33.8% for one forewing
stroke. Wing stroke frequencies were similar to the unaccelerating flights, averaging
approximately 31 Hz. Once again, relatively high amounts of variability were found
in this parameter.

The dragonflies primarily employed moderately advanced or symmetrical ro-
tation during the accelerating flights. Both the plateau- and peak-type pitch angle
profiles were observed, althought the plateau-type was more common during up-
strokes while the peak-type appeared most often during downstrokes. Flight 5 ex-
hibited an unusually small range in pitch angle for the hindwings throughout each
wing stroke. The hindwings held a pitch angle of approximately 50° during the
downstroke and 100° during the upstroke. This range was generally found to be
higher for most tests, although Flight 1 exhibited similarly low amounts of pitch
variation for the hindwings. Average values for peak pitch angles reached during
the half-strokes were not found to be significantly different between the accelerating
and unaccelerating flights, and similar differences in peak forewing and hindwing

pitch angles were observed (Table 4.6).
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Table 4.5: Stroke amplitude and peak pitch angle data for Flights 5-6. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Wing Stroke Amp. Stroke Amp. Orin Oz
(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)
Left Forewing 94+13° 94+11° 364+12° 131£10°
(80°, 108°) (86°, 110°) (27°, 54°) (123°, 149°)
Right Forewing 88+2° 85+11° 40+16° 129+14°
(86°,90°)  (66°,92°)  (26°,61°)  (114°, 144°)
Left Hindwing 90+12° 95+6° 46+6° 1124+16°
(71°,98°)  (90°,102°)  (38°,51°)  (89°, 126°)
Right Hindwing 97+8° 93+5° 31+£14° 11148°
(90°, 106°)  (89°,99°)  (17°,49°)  (98°, 117°)
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Table 4.6: Stroke duration and frequency data for Flights 5-6. Values are presented

as mean =+ single standard deviation (minimum value, maximum value).

Wing tstroke tstroke Wing Stroke Downstroke

(Downstroke) (Upstroke) Frequency Ratio

L. Forewing 15.8£0.9 ms 17.24£2.7 ms 30.5+£2.8 Hz 48.1+2.2%
(14.9, 16.9 ms) (13.9, 20.4 ms) (26.8, 34.8 Hz) (45.4, 51.7%)
R. Forewing 13.8£2.3 ms 18.5£1.9 ms 31.1£1.2 Hz 42.1+6.5%
(10.7, 16.0 ms) (16.5, 21.0 ms) (29.1, 33.2 Hz) (33.8, 49.1%)
L. Hindwing | 13.7£2.4 ms 17.5+0.4 ms 32.3£1.9 Hz 43.3+4.5%
(10.7, 16.1 ms) (17.1, 17.9 ms) (30.1, 35.0 Hz) (37.4, 48.5%)
R. Hindwing | 13.5£0.7 ms 19.0+1.2 ms 30.6+0.9 Hz 41.14+2.5%

(12.6, 14.0 ms) (17.6,20.4 ms) (29.3, 31.6 Hz) (38.2, 44.3%)

4.4 Climbing Flights

Flights 7 and 8 consist of straight, constant-speed, steady climbs. These flights
were selected due to their turn-free nature and close alignment in climb rate. It
should be noted that dragonfly 7 weighed 79% more than dragonfly 8 which may
correspond to differences in wing kinematics. As shown in Figure 4.10, all body
angles except roll are similar for the two specimens, and the dragonfly yaw angles
are small. The climb rates are approximately 0.6 m/s for both dragonflies, but the

mean flight speed of dragonfly 8 is approximately 80% higher than the mean speed
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Figure 4.10: Body kinematic data for Flights 7 and 8.

of dragonfly 7.

Figures 4.11 and 4.12 show the wing flap and pitch angles for the two climbing
flights. Out-of-phase stroking is observed for both flights, with an average phase
difference of 79°. Once again, the forewing and hindwing pairs are each individually
in phase with each other in terms of both flapping and pitching motion. As shown
in Table 4.7, the stroke amplitude values are not greatly different from those found

in Flights 1-6. However, the right forewing and hindwing were found to have ap-
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proximately 10° higher stroke amplitudes. Since the dragonflies were not turning,
this could correspond to an adjustment in roll angle or another trimming maneuver.
Wing stroke frequencies were marginally higher for the climbing flights, averaging
approximately 32 Hz. The greatest change was found in the downstroke ratio, which
was higher than usual for the left wings. Notably, the left forewing was found to
generally have a longer downstroke than upstroke.

A key difference observed between the climbing and unaccelerating flights is
that the dragonflies in Flights 7 and 8 exclusively employed advanced rotation for
the forewings, while generally using symmetrical rotation for the hindwings. The
advanced rotation of the forewings did not entirely take place before stroke rever-
sal, but was noticeably more aggressive than the advanced rotation observed for
the unaccelerating flights. As with Flights 1-4, both plateau- and peak-type pitch
angle profiles were present, but plateau profiles were generally favored. The clearest
examples of peak-type pitch profiles occurred during the downstrokes. Peak pitch
values were considerably less aggressive than usual for all four wings for Flights 7
and 8. Minimum pitch angles were approximately 10° lower during the downstroke,
and maximum pitch angles were approximately 5° higher during the upstroke. The
right forewing was not included in this trend during the upstroke, and exhibited an
unusually low peak pitch value of 118°. This could be related to the trimming ma-

neuvers hypothesized to be responsible for the right-side stroke amplitude increases.
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Figure 4.12: Flap and pitch angles for Flight 8. Shaded regions indicate downstrokes.
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Table 4.7: Stroke amplitude and peak pitch angle data for Flights 7-8. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Wing Stroke Amp. Stroke Amp. Orin Oz

(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)

Left Forewing 90+5° 9344° 2940° 14447°
(83°, 95°) (89°, 99°) (17°,39°)  (137°, 153°)
Right Forewing 98412° 99415° 274+10° 118+8°
(86°, 115°)  (84°, 114°)  (15°, 38°)  (112°, 130°)
Left Hindwing 9449° 93411° 3644° 116+10°
(84°,108°)  (81°,102°)  (32°,41°)  (106°, 126°)
Right Hindwing |  109+9° 107+3° 324+16° 120416°

(102°, 125°)  (105°, 110°)  (12°,47°)  (99°, 137°)
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Table 4.8: Stroke duration and frequency data for Flights 7-8. Values are presented

as mean =+ single standard deviation (minimum value, maximum value).

Wing tstroke tstroke Wing Stroke Downstroke

(Downstroke) (Upstroke) Frequency Ratio

L. Forewing 16.6£2.1 ms 15.8£1.0 ms 30.9£1.5 Hz 50.7+3.8%
(14.7, 19.2 ms) (14.3, 16.8 ms) (28.5, 32.6 Hz) (46.7, 55.0%)
R. Forewing 14.0£2.9 ms 18.040.8 ms 31.943.2 Hz 42.74+4.2%
(11.7, 17.5 ms) (17.1, 18.6 ms) (27.7, 34.8 Hz) (38.9, 48.5%)
L. Hindwing | 14.9£3.3 ms 15.941.6 ms 32.1£2.6 Hz 47.9+7.0%
(11.7, 189 ms) (13.9, 17.8 ms) (28.7, 35.1 Hz) (39.6, 57.6%)
R. Hindwing | 13.7£2.3 ms 18.0+0.7 ms 31.6+2.5 Hz 43.6+4.3%

(11.8,17.1 ms) (17.2, 18.6 ms) (28.0, 34.4 Hz) (39.0, 49.4%)

4.5 Turning Flights

Two turning flights were analyzed to investigate asymmetries between the
left and right wing pairs during radial accelerations. Flight 9 consists of 2.5 wing
strokes, while Flight 10 is much shorter at just under 1.5 wing strokes due to poor
wing visibility. Very few level turns were captured during testing, thus limiting the
quality of the videos that could be analyzed. As can be seen in Figure 4.13, the
radius of curvature of both turns is approximately equal. Dragonfly 9 is turning left

while Dragonfly 10 is turning right. Flight 9 is relatively level, but the turn in Flight
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Figure 4.13: Body kinematic data for Flights 9 and 10.

10 includes a moderate dive. Both dragonflies were observed to perform primarily
pitching, rather than yawing, turns.

As shown in Figures 4.14 and 4.15, the forewings and hindwings are once again
found to be out of phase, with the hindwings leading the forewings. The average
phase difference between the forewings and hindwings was 74°, although the phase
difference in Flight 9 was only 61°, the lowest of all 12 flights. Tables 4.9 and 4.10

catalog the wing kinematic data organized by the inside and outside wings with

85



respect to the turn direction. The stroke amplitudes of the inside forewings were
found to be 5-10° larger than those of the outside forewings. This was not found to
hold true for the hindwings. The stroke amplitudes of all four wings were observed
to be smaller than those found in Flights 1-4. The hindwings had a stroke amplitude
10-20° smaller than seen for the straight flights, while the forewing stroke amplitudes
were 20-30° smaller for the turning flights. In one instance, the outside forewing
had a half-stroke with an amplitude of only 58°.

The wing stroke frequencies were found to be about 15% higher for the turn-
ing flights than the straight flights, averaging approximately 35 Hz and reaching
values as high as 36.9 Hz. In fact, three of the four wings had minimum wing stroke
frequency values that were higher than the maximum frequency values for the cor-
responding wings in Flights 1-4. A unique quality of the turning flights was that
three of the four wings exhibited downstrokes that were longer in duration than
the upstrokes; this was the only set of flights where this was observed. The inside
forewing and hindwing exhibited higher downstroke ratios than the outside wings.

Moderately advanced or symmetric rotation was used in nearly all wing strokes,
although the right hindwing of dragonfly 9 showed nearly fully delayed rotation. In
this flight, the dragonfly was turning left, so the use of delayed rotation on the right
side is surprising as it would be expected to cause a reduction in aerodynamic force.
However, this rotation occurs near the end of the sequence where marker data were
most sparse, so it is possible that the phasing of the rotation was not characterized
accurately.

The dragonflies in Flights 9 and 10 generally exhibited much higher peak pitch

86



Flap Angle, ¢ (deg)

Flap Angle, ¢ (deg)

Pitch Angle, £ (deq)

Pitch Angle, £ (deq)

Figure 4.14

) /\
0 y/ \/\
50f = |_eft Forewing
e Right Forewing
1 1 1 1 1 I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
50
0
50f et Hindwing
e Right Hindwing
1 1 1 1 1 I I I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Relative Time (s)
150
100
501 = eft Forewing
=== Right Forewing
0 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
' ' ' ' ' " | m—Left Hindwing
150 m== Right Hindwing
100 7
50 7
0 1 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Relative Time (s)

: Flap and pitch angles for Flight 9. Shaded regions indicate downstrokes.

87



Flap Angle, ¢ (deg)

Flap Angle, ¢ (deg)

Pitch Angle, ¢ (deq)

Pitch Angle, ¢ (deq)

Figure 4.15:

strokes.

50
0
50F | eft Forewing
= Right Forewing
1 1 1 1 1 I I I
0 0.005 001 0.015 0.02 0.025 003 0.035 0.04
T T T T T T T
50 b
0
X
50F = |_eft Hindwing | |
== Right Hindwing
1 1 1 1 1 I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
Relative Time (s)
| = | eft Forewing
150 === Rjght Forewing
100 [
50
0 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
| = |eft Hindwing i
150 === Rjight Hindwing
100 [ J
50 7
0 1 1 1 1 1 1 1 1
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

Relative Time (s)

88

Flap and pitch angles for Flight 10.

Shaded regions indicate down-



angle values than those in Flights 1-4, as shown in Table 4.9. Forewing peak pitch
angle values were 10-20° higher during the downstroke and 5-10° higher (representing
a less aggressive pitch angle) during the upstroke. Hindwing peak pitch values

were approximately 10° higher during the downstroke and 15-20° higher during the

upstroke.

Table 4.9: Stroke amplitude and peak pitch angle data for Flights 9-10. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Wing Stroke Amp. Stroke Amp. Orrin 0oz
(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)
Inside 80£7° T8E2° 48£9° 148+6°
Forewing | (72°,84°)  (75°,80°)  (34°,57°)  (145°, 155°)
Outside 74£13° 64£7° 56120° 139+7°
Forewing (65°, 83°) (58°, 72°) (29°, 73°)  (133°, 149°)
Inside 8HET7° 8445° 54410° 1274+9°
Hindwing | (81°,92°)  (80°,87°)  (47°,69°)  (121°, 137°)
Outside 9348° 8447° 48+18° 13542°
Hindwing | (87°,98°)  (79°,92°) (28, 71°)  (133°, 136°)
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Table 4.10: Stroke duration and frequency data for Flights 9-10. Values are pre-

sented as mean =+ single standard deviation (minimum value, maximum value).

Wing tstroke tstroke Wing Stroke Downstroke
(Downstroke) (Upstroke) Frequency Ratio
Inside FW 16.64+0.3 ms 12.440.7 ms 34.7+1.0 Hz 57.3£0.9%
(16.3, 16.8 ms) (119, 13.2 ms) (33.3, 35.5 Hz) (56.0, 58.2%)
Outside FW 14.9+0.7 ms 13.740.7 ms 35.0+0.9 Hz 52.3£2.0%
(14.4, 154 ms) (129, 14.2 ms) (33.8, 35.8 Hz) (50.5, 54.4%)
Inside HW 15.041.6 ms 12.64+0.9 ms 35.0+1.8 Hz 55.3+3.6%
(13.9, 16.8 ms) (11.9, 13.2 ms) (33.3, 36.9 Hz) (51.3, 58.5%)
Outside HW | 13.840.8 ms 13.84+1.4 ms 35.84+0.8 Hz 48.6+1.8%

(13.2, 143 ms) (12.2, 15.0 ms) (35.3, 36.7 Hz) (46.8, 50.5%)

4.6 Species Comparison

In order to investigate any significant differences in kinematics between vari-

ous dragonfly species, straight and unaccelerating flights of a Common Pondhawk

(Flight 11) and a Spot-Winged Glider (Flight 12) were analyzed for comparison with

the data presented in Section 4.2. Common Pondhawks are approximately equal in

size to Blue Dashers, and exhibit similar ”percher” flight behavior. Spot-Winged

Gliders, on the other hand, are slightly larger (body mass 200 mg) and are highly

migratory in nature. Spot-Winged Gliders are relatives of the Globe Skimmer, and
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have been known to migrate over hundreds of miles. Thus, the objective of this
comparison was to investigate the presence of kinematic differences between drag-
onflies of both similar and different sizes and flight behaviors. It should be noted
that because only one flight was analyzed for each species of dragonfly, kinematic
differences must be major to be considered statistically significant.

As illustrated in Figure 4.16, the vertical position, orientation angle, and ve-
locity data for these two flights are remarkably similar. Flight 12 does include a
mild turn that precedes the straight section, but this period is omitted in the kine-
matic analysis. As shown in Figure 4.17, the availability of wing kinematic data
is intermittent throughout Flight 11 due to visibility problems for certain wings,
as well as a section of the test where the roll angle was not determined accurately.
Nevertheless, most kinematic parameters were still able to be found for this test.

Both the Common Pondhawk and the Spot-Winged Glider were observed to
flap highly out of phase, with the Common Pondhawk exhibiting 88° of phase dif-
ference and the Spot-Winged Glider employing 96° of phase difference. The Spot-
Winged Glider exhibited a mild version of the two-step flap profile observed in
Flights 1 and 2. Downstroke ratios for both the Common Pondhawk and the Spot-
Winged Glider were approximately 45% for all four wings (see tables 4.11 and 4.13),
similar to that of the Blue Dasher in unaccelerating flight. The Common Pondhawk
utilized wing stroke frequencies between 32.2 and 34.1 Hz, which were approxi-
mately 10% higher than those of the Blue Dasher. Meanwhile, the Spot-Winged
Glider flapped its wings much more slowly, with a mean wing stroke frequency of

24.5 Hz and a lower limit of 22 Hz. This is much lower than any wingbeat fre-
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Figure 4.16: Body kinematic data for Flights 11 and 12.

quencies observed by Ruppell in his 1989 study of free-flying dragonfly species: the
lowest frequencies he observed were 29 Hz for large (600 mg) dragonflies.
Wingbeat angle, duration, and frequency data were calculated collectively for
both forewings and hindwings for each flight, since insufficient data were present
to perform statistical analysis for each wing individually. Table 4.12 shows that
the Common Pondhawk utilized 10-20° smaller amplitudes for its forewings than

the Blue Dasher in Flights 1-4, but approximately equal stroke amplitudes for its
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Figure 4.17: Flap and pitch angles for Flight 11. Shaded regions indicate down-

strokes.
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Figure 4.18: Flap and pitch angles for Flight 12.

strokes.
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hindwings. On the other hand, the data for Flight 12 (Table 4.14) show that the
Spot-Winged Glider used significantly shorter strokes for all four of its wings than
both the Common Pondhawk and the Blue Dasher. The right forewing of the Spot-
Winged Glider in particular saw very small stroke amplitudes; its amplitude of 55°
during the third half-stroke was the smallest stroke amplitude observed across all
12 tests. The stroke amplitude values for the left forewing were slightly larger for
half-strokes 1 and 2, but 36° greater for half-stroke 3.

As seen in Figure 4.17, the Common Pondhawk primarily utilized highly ad-
vanced rotation, and did not favor symmetrical rotation around the stroke reversal
point like the Blue Dasher. The Spot-Winged Glider, on the other hand, utilized
rotation that was almost fully symmetrical (Figure 4.18). The Common Pondhawk
exhibited both plateau-type and peak-type pitch angle profiles, while the Spot-
Winged Glider tended to hold its pitch angle fairly steady throughout the transla-
tional period of the wing stroke. The Common Pondhawk reached peak forewing
pitch angles that were comparable to those from Flights 1-4, but its hindwings held
slightly higher maximum pitch values during the upstroke and slightly lower min-
imum values during the downstroke. The Spot-Winged Glider exhibited similar
peak wing pitch angles to the unaccelerating Blue Dashers, but its right forewing
and hindwing held much higher pitch angles during their respective upstrokes than
the wings on the left side of the dragonfly. It is possible that the higher pitch an-
gles were used to compensate for the shorter stroke amplitudes of the right wings,

although it is not known why the dragonfly chose to flap its wings asymmetrically.
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Table 4.11: Stroke duration and frequency data for Flight 11. Values are presented

as mean =+ single standard deviation (minimum value, maximum value). Standard

deviation values are omitted if insufficient data are available.

Wing tstroke totroke Wing Stroke Downstroke
(Downstroke) (Upstroke) Frequency Ratio

Forewings 15.7 ms 15.5£2.7 ms 33.6£2.1 Hz 50.6+7.1%
(12.5, 18.5 ms) (12.4, 18.1 ms) (30.6, 37.9 Hz) (40.9, 59.9%)

Hindwings | 12.841.5 ms 17.4 ms 33.3£1.8 Hz 44.4+4.5%
(11.3, 14.7 ms) (174, 17.4 ms) (30.9, 36.0 Hz) (39.1, 53.5%)

Table 4.12: Stroke amplitude and peak pitch angle data for Flight 11. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Standard deviation values are omitted if insufficient data are available.

Wings Stroke Amp. Stroke Amp. Orrin, 0rraa
(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)
Forewings 95° 91° 38E17° 130£9°
(78°,116°)  (73°,105°)  (15°,58°)  (115°, 139°)
Hindwings 91£4° 93° 39£19° 136£25°
(87°,97°)  (85°,101°)  (14°,65°)  (94°, 162°)
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Table 4.13: Stroke duration and frequency data for Flight 12. Values are presented

as mean =+ single standard deviation (minimum value, maximum value). Standard

deviation values

are omitted if insufficient data are available.

Wing tstroke totroke Wing Stroke Downstroke
(Downstroke) (Upstroke) Frequency Ratio

Forewings 16.8£1.8 ms 21.24+2.4 ms 26.1£1.5 Hz 44.2+4.2%
(15.7, 189 ms) (185, 23.9 ms) (24.2, 28.0 Hz) (39.6, 50.6%)

Hindwings 18.6 ms 25.5 ms 22.740.9 Hz 42.1+2.6%
(17.1,20.7 ms) (24.9, 26.1 ms) (22.0, 23.8 Hz) (39.5, 45.4%)

Table 4.14: Stroke amplitude and peak pitch angle data for Flight 12. Values are

presented as mean =+ single standard deviation (minimum value, maximum value).

Standard deviation values are omitted if insufficient data are available.

Wings Stroke Amp. Stroke Amp. Orrin, 0rraa
(Downstroke)  (Upstroke)  (Downstroke) (Upstroke)
Forewings 71° 69+14° 36+11° 116426°
(68°,75°)  (55°,87°)  (23°,48°)  (91°, 143°)
Hindwings T7£10° 81° 33£13° 127+£20°
(67°,91°)  (75°,8%°)  (16°, 48°)  (103°, 152°)
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Chapter 5: Conclusions

5.1 Overview

The work presented in this thesis serves as a first look into the tandem-wing
kinematic data collected for free-flying dragonflies in a custom-made experimental
system. The unique experimental setup, iteratively designed over the course of
twelve months, proved to be successful and video data of nearly 700 individual tests
were collected. Basic kinematic data were presented for twelve individual flights.
Blue Dashers undergoing unaccelerating flight, accelerating flight, climbing flight,
and turning flight were studied, and one flight each of a Common Pondhawk and
a Spot-Winged Glider were compared to investigate kinematic differences between

dragonfly species.

5.2 Conclusions of the Study

1. Perhaps the most significant conclusion of the present study is that dragon-
flies exhibit an enormous amount of variation in their wing kinematics between
flights, even if the bulk body motion remains similar. As found when compar-

ing the four unaccelerating Blue Dasher flights, the pitch angles employed by
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dragonflies varied significantly between specimens and on a few occasions even
between subsequent wing strokes. This held true for nearly all of the kinematic
parameters discussed, including stroke amplitude, wing stroke frequency, and

downstroke-to-upstroke duration.

. As a consequence of this kinematic variability, it must be warned that drawing
significant conclusions from the kinematics of a single dragonfly flight, as has
been done by researchers in the past [16], may lead to falsely characterizing
uncommon kinematic profiles as standard. Instead, if a typical wing stroke is

to be described, it must be based on kinematics found across multiple flights.

. Although significant kinematic differences were observed between flights con-
taining similar maneuvers, certain common factors were found as well. In the
unaccelerating flights, the forewings were found to reach peak pitch angles of
35° during the downstroke and 135° during the upstroke. Thus, the wings
were rotated 35° off of the stroke plane during the downstroke and 45° off of
the stroke plane during the upstroke. The hindwings utilized more aggressive
pitch angles, reaching values of approximately 40° during the downstroke and

115° (65° off of the stroke plane) during the upstroke.

. A significant amount of asymmetry was found between the downstroke and
upstroke durations. The downstroke was found to be shorter than the upstroke
for the unaccelerating, accelerating, and climbing flights of the Blue Dasher,
and for the unaccelerating flights of both the Common Pondhawk and the
Spot-Winged Glider. In some cases, the downstroke represented less than
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34% of the total wing stroke duration. This is directly opposed to what has

been found in previous free-flying dragonfly kinematic studies [14] [15].

. Large amounts of variability were also found in the wing stroke amplitudes.
These ranged from 79 to 130° for the unaccelerating flights, but were typically
held between 95 and 105°. It is theorized that since large differences in stroke
amplitude were present despite the lack of noticeable maneuvers, dragonflies
may use variations in their wing stroke amplitude as a tool to make small

adjustments to their trim conditions.

. The unaccelerating dragonflies utilized both moderately advanced rotation and
symmetrical rotation about the stroke reversal point. This is consistent with
past work which suggests that advanced and symmetric rotations both result

in increased lift production during stroke reversal [30].

. Two types of wing pitch angle profiles were observed during the translational
period of the wing stroke: a plateau-type profile where the pitch angle was
held fairly steady throughout the mid-stroke, and a peak-type profile where
a maximum angle was held only briefly before the next wing rotation began.
The plateau-type profile appeared to be most prominent in the unaccelerat-
ing dragonflies, but the peak-type (as well as combinations of the two) was

common as well.

. A unique two-step flap angle profile was observed for three separate upstrokes.

Two of these occurred during unaccelerating Blue Dasher flights, and one dur-
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10.

11.

ing the unaccelerating Spot-Winged Glider flight. The brief pause and sub-
sequent acceleration in flap rate could be a symptom of a change in the flow
structure around the wing at mid-stroke, and may be worth further investiga-

tion.

All twelve flights involved out-of-phase flapping between the forewings and
the hindwings. In-phase flapping was never observed, suggesting that such
kinematics are rarely employed. By comparison, in one study of tethered
dragonflies flying in a wind tunnel, periods of in-phase flapping were observed
in 48 of 91 flights [38]. Since it has been theorized that in-phase flapping is
used for maximum force production, it is possible that in-phase flapping is
more commonly seen in tethered flight than free-flight because the dragonflies

are utilizing escape-mode kinematics.

Fully counterstroking (180° out of phase) flapping was not observed for any
flight. Phase differences ranged from 61 to 98°, with the motion of the

forewings lagging that of the hindwings for all flights.

The aforementioned kinematic variability between individual flights of the
same type made it difficult to confidently attribute any changes in wing kine-
matics to variations in flight description. The only notable kinematic differ-
ence between the accelerating and unaccelerating flights was that the forewing
stroke amplitudes were approximately 5° smaller for the accelerating flights.
However, additional accelerating flights must be analyzed to determine if this
trend is significant.
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12.

13.

14.

The primary kinematic difference observed for climbing Blue Dasher flights was
that the dragonflies employed significantly more aggressive advanced rotation
of the forewings than observed for the unaccelerating flights. The hindwings,
however, primarily exhibited symmetrical rotation about the stroke reversal

point.

The turning flights exhibited 15% higher wing stroke frequencies than the
unaccelerating flights. Furthermore, three of the four wings were found to
have longer average downstroke durations than upstroke durations. This was
not found for any other types of flights. Left-right asymmetries were found
in the form of larger stroke amplitudes on the inside wings, as well as a case
where the dragonfly used nearly fully delayed rotation during pronation. The
peak pitch angles were also found to be more aggressive than typical during
the downstroke and less aggressive during the upstroke, although this was in

effect for both the left and right wing pairs.

The Common Pondhawk in Flight 11 was found to exhibit similar wing kine-
matics to the Blue Dasher in unaccelerating flight. This was expected, as
the two species are of approximately equal size and exhibit similar behavioral
patterns in the wild. The only notable kinematic difference observed was that
the Common Pondhawk tended to favor more highly advanced rotation and
higher wingbeat frequencies than the Blue Dasher. However, since only two
complete wing strokes were analyzed, this difference may not be statistically

significant.
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15. The Spot-Winged Glider was found to flap at much lower frequencies and with
significantly shallower stroke amplitudes than the Blue Dasher, or any dragon-
fly described in Ruppell’s study [14]. This is likely related to the larger size of
the Spot-Winged Glider and its highly migratory nature, which emphasizes ef-
ficient flight over peak thrust production. It can be tentatively concluded that
dragonflies of different sizes and flight behaviors are likely to exhibit somewhat
different wing kinematics. As such, if dragonfly kinematics are being investi-
gated as an inspiration for an MAV design, care should be taken to select a
species that displays flight behavior that is best matched to the desired role

of the MAV.

5.3 Considerations for Future Work

The present work represents only an initial analysis of the data recorded for
hundreds of free-flying tests. Due to the time-intensive nature of the marker track-
ing process, it was not possible to analyze every useful flight for the purpose of
this thesis. Thus, additional flights can be analyzed to more confidently establish
standard wing kinematics for each type of flight. There are also many other types
and sizes of locally available dragonflies that could be tested to further investigate
the range of differences found in kinematics between various species.

A primary weakness of the current data is the inability to determine the roll
orientation of the dragonfly with a high degree of accuracy. This prevents certain

kinematic parameters (such as wing stroke plane deviation angle) from being inves-
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tigated as they are directly dependent to the roll orientation of the dragonfly. Future
photogrammetric investigations of dragonfly wing kinematics should ensure that an
accurate method for determining the roll angle is used. For example, bright or re-
flective markers placed on the thorax of the dragonfly could be tracked throughout
a sequence to identify the roll angle in every frame. It is also likely that spacing
the video cameras further apart (assuming the absence of the physical constraints
encountered in the present study) would result in more accurate body model fitting.

Of course, it must be noted that simple bio-derived flapping-wing kinematic
data are not sufficient for the development of effective design tools for MAV-scale
flapping-wing platforms. In order to develop a true understanding of how dragonflies
utilize unsteady low Reynolds number mechanisms to fly, the flow structure around
the wings must be understood through the use of tools such as computational fluid
dynamics (CFD). Past CFD investigations have used greatly simplified flapping
kinematics and have often neglected the effect of tandem wing pairs to focus on
the performance of a single wing. The detailed flapping and pitching kinematic
data presented here can serve as a realistic basis for future CFD studies and allow
for more accurate modeling of the aerodynamic mechanisms responsible for keeping

dragonflies aloft.
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