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Abstract

In nature, only three organisms have been able to successfully achieve sustained flight; birds,
bats and insects. Among these, insects are by far the most proficient and evolved flight over 300 million
years ago. With advances in visualization techniques, high speed camera systems, experimental
methods as well as computational fluid dynamics (CFD) simulations, Engineers have unraveled some
of the mechanisms of flapping flight which govern aerodynamic force generation due to wing motions
and body deformation.

The current consensus is that during flight, the downstroke flapping phase generates most of
the aerodynamic forces with unsteady mechanisms, primarily, a leading edge vortex (LEV) aiding the
forewings but this LEV is absent on the hindwings in the case of four-wing fliers. The upstroke is also
mostly inactive and subsequently generates minimal aerodynamic forces during flight compared to the
downstroke. However, these conclusions are based on well-studied flight modes such as forward flight,
maneuvers and hovering and a considerable amount of the works were based on tethered flight. The
coordination of wing and body motions and the role of unsteady aerodynamic mechanisms in other free
flight modes such as flight initiation and reverse flight is not well known.

Auxiliary flight mechanisms such as body deformation may also influence flight mechanics.
Most previous works on auxiliary flight mechanics have been based on observations in tethered flight
where abdominal deflection may be exaggerated. Body deformation has been proposed as a mechanism
for fine-tuning moments, ensuring pitch stability, modifying effective stability derivatives, and as an
aerodynamic rudder during flight. However, it is not known whether there are energy savings benefits
due to body deformation in free flight.

In this thesis, insight is provided on aerodynamic force generation, flow physics and body
deformation during free flight from unique perspectives and methods. The roles of the wings in
aerodynamic force generation in previously unstudied flight modes of four-winged fliers are
investigated. Emphasis is placed on high-lift mechanisms employed during flight, the roles of the

downstroke and more importantly the upstroke in generating flight forces, and the coordination of wing



and body motion in flight. To this end, CFD simulations were employed to study novel flight modes
which include non-jumping takeoffs in damselflies and backward flight in dragonflies. Additionally,
an auxiliary flight mechanism such as body deformation was studied. The main question sought to be
answered is whether there could be energy savings benefits from body deformation during free flight
maneuvers. An optimization algorithm was employed to study body deformation in free flight
maneuvers of Dragonflies.

The findings from this work advance knowledge on the physics of flapping flight by clarifying
which mechanisms could benefit flight in different modes with relevant applications in the design of

next generation robust MAVS.
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Chapter 1: Introduction to Insect Flight

“From Leonardo da Vinci to the Wright brothers, flight has inspired engineers more than any other form of animal behavior.
Like any aircraft, an animal capable of active flight must possess three critical features: a light but powerful engine; wings
capable of generating sufficient aerodynamic forces; and a control system to keep it from tumbling to the ground”. — M. H.
Dickinson [1]

Flying on a macro-scale used to be one of the greatest mysteries in human history. Since the
beginning of time, man has been fascinated with the flapping flight of birds and this preoccupation has
been documented in many ancient sources. In many ways, man has always looked to nature for
inspiration in order to solve engineering problems. In Greek mythology, Daedalus and Icarus attempted
to achieve flight with feathers fastened to their arms by wax. They were quite successful in escaping
from the island of Crete but Icarus flew too close to the sun, the wax melted and he fell to his death [2].
The Babylonians, in their awe of flight, also opined that “To operate a flying machine is a great
privilege. Knowledge of flying is most ancient, a gift from the gods of old for saving lives” [3]. Other
common traditions about flight can be found in Indian mythology and Egyptian hieroglyphics
respectively. And even in biblical traditions, angelic beings called the Cherubim, had six wings with
two functional wings for flight. “...Above him were seraphim, each with six wings: With two wings
they covered their faces, with two they covered their feet, and with two they were flying” (Isaiah 6:2).

Since the development of engineering concepts and mathematical principles, many have
reattempted to achieve flapping flight. Leonardo da Vinci, designed ornithopters™ in the 1400°s but
there is no evidence that they flew [2]. Even if they flew, they were not viable means for flight because
unlike birds, humans do not have arm muscles evolved for flapping continuously. Hence one will fall
to his death once one gets tired. Since flapping flight seemed unattainable to man, man had to resort to
achieving flight by other means. The Montgolfier brothers flew the first lighter-than-air balloon (LTA)
in 1783 and George Cayley in 1799, invented the fixed wing concept of flight. In Cayley’s treatise, the

fixed wing generated the lift, a separate mechanism provided thrust and vertical and horizontal tails

* Ornithopter is an aircraft that flies by flapping its wings.



ensured stability. As a result of the groundbreaking work on gliders after Cayley’s treatise, assisted
takeoffs" were possible and finally in 1903, the Wright brothers finally achieved the first heavier-than-
air (HTA) flight in History [2]. Since then, man has expanded the boundaries of flight from subsonic
to supersonic, fixed-wing to rotary, and recently flapping flight in the form of drones and Micro Aerial

Vehicles (MAVs).

Figure 1: Ancient to Modern Flying Concepts. (A) Icarus with flying wings?. (B) Leonardo da Vinci’s
Ornithopter model®. (C) Wright Flyer 1™, (D) SR-71 Blackbird'™. (E) Quadcopter MAV*#, (F) Harvard’s
Robobee$.

 Assisted takeoffs are flights initiated from catapults or from hill.

t https://dreamtravelblog.files.wordpress.com/2012/03/triumphstudy1.jpg

§ http://rikitterman.deviantart.com/art/Leonardo-da-Vinci-Ornithopter-479609315

™ https://upload.wikimedia.org/wikipedia/commons/8/86/First_flight2.jpg

T http:/fwww.migflug.com/jetflights/remarkable-airplanes-of-the-world-part-1-the-fastest.html
H http://sensors.ini.uzh.ch/tl_files/sensors/pics/student%20projects/Quadcopter.jpg

88 http://therichest.imgix.net/2014/03/robobee-
feat.jpg?auto=format&q=100&lossless=1&w=1500&h=785&fit=crop



1.1 Flight in Nature and Advances in Insect Flight Studies.

According to evolutionary biologists, only three organisms have been able to successfully
achieve sustained flight. They include birds, bats and insects. Among these, insects are by far the most
proficient and were the first to evolve flight [4]. They have the ability to glide, fly very slowly and very
fast, hover, evade looming predators in the blink of an eye and are capable of many other aerodynamics
feats such as backward flight. Today, scientists and engineers are tasked with uncovering their secrets
of flight and designing vehicles that can replicate their behavior. Research interest in the area of insect
flight has peaked since the 1940s. However, most of the current understandings of insect flapping flight
were made beginning in 1970s with the advent of better technologies such as Flapper apparatuses [5],
Dynamically Scaled Robots™[4], High Speed Camera systems for observing insects in great detail and
in slow motion, visualization techniques such as Particle Image Velocimetry (PIV) [6], low fidelity
aerodynamic models such as Local Circulation Method (LCM) and Quasi-Steady Models [7, 8], and
High Fidelity Computational Fluid Dynamics (CFD) tools [9, 10]. A summary of major experimental
and numerical studies in insect flight from 1970-2005 has been documented by Viieru et al. [11]. From

those studies and many more within the last decade, several axioms have been developed to explain

how insects fly.

1.2 Axioms of Insect Flight

Many axioms in insect flight have been able to explain how insects function from the
perspective of force production (aerodynamics), flow physics (vortex dynamics), wing motion
(kinematics), neurobiology, dynamics and control. However, here, emphasis is placed on
aerodynamics, flow physics and body dynamics (body deformation). During flight, many insects such

as dragonflies flap their wings while simultaneously deforming their bodies. Hence, two major

™ Kinematics of insect is replayed on a larger sized robot tuned to have the same Reynolds Number as the
insect.



questions will be explored here. 1) How do insects generate forces for flight?™'T 2) If insects also deform

their bodies while flapping, what is the role of body deformation (airframe morphing) during flight?

1.2.1 Unsteady Aerodynamics of Flapping Wings

Insects are nature’s micro aerial vehicles (MAV). Hence, in order to design MAVS, it is
important to understand flapping flight thoroughly. Insect fly by flapping their wings back and forth
with frequencies ranging between 20-800Hz [12]. Most of insect flight occurs in the laminar flow
regime (Reynolds numbers, 102-10%) [13]. For large insects, the onset of turbulence occurs at Reynolds
numbers (Re) of 10*[14]. While beating their wings, insects are capable of varying the orientation of
the wing surface along the stroke. The result of the reorientation of the wing surface is in the variation
of the geometric angle of attack*!! as well as the effective angle of attack®®® during a flapping stroke.
Insects generally flap at very high angles of attack compared to their fixed wing counterparts [14].
Under these conditions, an airfoil should stall and lose lift but somehow insects remain aloft. In
addition, steady aerodynamics is insufficient to explain the flight of insect because the lift coefficients
predicted are too small to sustain flight [8]. Rather, insect are able to utilize unsteady/high lift
mechanism to sustain flight. These high lift mechanisms include Dynamic Stall/Absence of Stall,
Rotation circulation, Wing-Wing/Wing Wake interactions, Clap and Fling [15].

In well-studied flight modes such as forward, maneuvering and hovering flight, the downward
flap of the wing (downstroke) generates the lift forces for weight support. The wing excurses at high
angles of attack during the downstroke. Flow separates at the sharp leading edge but reattaches before
the trailing edge forming a leading edge vortex (LEV) (Figure 2). The LEV is a region of low pressure
which enhances the bound circulation of the wing [16]. The LEV is stable and remains attached to the
wing during excursion and sheds during reversal [17]. Depending on the Reynolds number, there may

be a spanwise flow or the absence thereof in the LEV. Because of observations of a LEV on delta wings,
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888 Angle between oncoming flow and the wing surface



it was long thought that the spiraling flow in the LEV core is responsible for its stability. Birch and
Dickinson [18] showed that a wing flapping at Re=120 and Re=1400 can generate a stable LEV.
However, at low Re, spanwise flow is absent. Lentink and Dickinson [17], then showed that the stability
of the LEV is due to the rotational acceleration of the wing, mainly the quasi-steady centripetal and
Coriolis accelerations. They also showed that these mechanisms of LEV stability is independent of Re.

The leading edge vortex formed during translation is due to Dynamic stall/Delayed
stall/Absence of stall and it is the most important high lift mechanism in insect flight. Ellington et al
[19], demonstrated this finding using a smoke visualization on a flapping apparatus which replayed
the kinematics of a hovering hawkmoth. Liu et al [9], further verified their observation using CFD
simulations. Willmott et al [20] also visualized the LEV on tethered hawkmoths. Recently, Johansson
et al [6], observed an LEV in free flight of hawkmoth and observed a dual-core structure using PIV.
Up until this point, all observations were made on tethered flight or flapping apparatus or model
problems. For more information of leading edge vortex topology, see [21-23]. Due to rapid changes in
angle of attack at reversal, another leading edge vortex could be formed due to rotational effects [19].
Other high lift mechanisms such interactions between the wings due to their proximity as well as with
the previous wake may be beneficial to flight [24]. The LEV has been observed mostly in the
downstroke flapping phase.

The role of the upstroke (US) in flapping flight is somewhat controversial. The major
conundrum is whether the upstroke is active or not. An active upstroke means that the upstroke can
generate substantial forces for weight support or thrust production. Normally, the upstroke only
generates forces that are at most 10-20% of the body weight [25]. The only exceptions are in the
hovering flight of Drosophila and Mosquitos where the US generates majority of the force for weight
support [12, 26]. In four-wing fliers, such as dragonflies reverse is the case. Unlike the downstroke
(DS), most studies have reported the absence of an LEV during the upstroke [27]. The reason is that
during the upstroke, the wing slices through the air like a knife, resulting in very low effective angles

of attack. Wang and Russell [28] measured these angles to be as low as 8° during hovering flight of



dragonflies. Even under steady conditions, a conventional airfoil will not stall at this angle. Hence the
absence of an LEV during the upstroke. Wang and Sun [27], using computational simulations also
verified the absence of the LEV in the upstroke in hovering as well as forward flight. Using smoke
visualization in a wind tunnel, Thomas and Taylor [21] showed that dragonflies only utilized an LEV
on the forewings during the downstroke phase. They reported attached flows on dragonfly hindwings
as well as during the upstroke phase of flight in forward flight. Using a similar smoke visualization
technique, Willmott et al. [20], also showed the absence of an LEV during the upstroke of hawkmoths

in forward flight.

Figure 2: Leading Edge Vortex. (A) Flow over an airfoil (B) Leading Edge Vortex Suction Analogy
(C) Leading edge vortex on a dynamically scaled robotic wing. Bubbles around the leading edge show the
vortex for visualization purposes. Figure 2A,B were adapted from Sane [24]. Figure 2C was adapted from
Lentink and Dickinson [17].

While all these aforementioned studies have helped foster the understanding of insect flight,
majority of the work has been based on specific flight modes primarily forward flights and hovering.
Many experimental studies have also been based on tethered flight. It is not known whether the same
aerodynamic mechanisms, flow features and wing motions apply to other flight modes such as flight

initiation (takeoff) and backward flight.

1.2.2 Role of Body Deformation.
As insect flap their wings, they also morph their bodies. Although less attention has been paid

to body deformation (airframe morphing), there have been pioneering studies over the years to uncover



its relevance in flight; especially in flight control. Body deformation has been observed in a wide range
of insects from Desert Locusts (Schistocerca gregaria) [29, 30], Fruit flies (Drosophila melanogaster)
[31], Moths (Manduca sexta) [32], Honey Bees (Apis Mellifera) [33]. The primary take away here is
that an insect’s body may serve as an auxiliary mechanism to effect aerodynamic, dynamic and control
changes during flight in addition to input from the wings. Airframe morphing usually is a compensatory
behavior based on stimuli. Airframe morphing can be elicited in animals by visual stimuli as in the case
of moths and honeybees or external stimuli such as wind direction in the case of locusts. Camhi [29]
first observed that by angling the incoming direction of wind toward a tethered locust, the animal
deflected it abdomen by almost the same angle as the wind direction i.e. a somewhat linear response
was elicited for yaw correction. He further demonstrated in another work [30] that flying locusts use
their abdomen as aerodynamic rudders. In essence, the drag produced on the body due to deflection can
lead to increased moments (drag-based yaw torques). However, in a recent publication, Berthe and
Lehmann [34] showed that abdominal deflection is for the purpose of fine-tuning moments rather than
generating large moment during maneuvers (saccades) of fruit flies.

Another implication of airframe morphing is that it shifts the center of mass relative to the
center of pressure, to produce lateral moments. Although, this should produce a roll-torque, in hanging-
pendulums such as fruit flies (body angle ~ 30-50°), it induces a yaw moment [35]. Luu et al. [33], by
visually stimulating (virtual reality) forward motion in honey bees observed that instead of leaving the
abdomen hanging at an angle to the head and thorax, the insects actively aligned the abdomen to the
thorax to achieve greater streamlining. During free flight, the streamlining of the abdomen could reduce
drag. Dyhr et al. [32], approached the body deformation problem from a systems identification
approach in order to quantify the stability or agility of the system which was a hovering hawkmoth.
From their analysis, they observed that the experimentally measured body deformations was necessary
for ensuring pitch stability during hovering flight. Results were also corroborated by Taylor [35].

Finally, Zeyghami et al. [36], demonstrated that without wing kinematics changes, the agility and



stability of the system can be modified through body deformations which changes the MOI and
effective stability derivatives.

While all these aforementioned studies have helped foster the understanding of body
deformation, most studies were performed on tethered flight where abdominal responses may be
exaggerated. In addition, there exists no study of body deformation in dragonflies although dragonflies
display obvious body deformations during flight. For these highly skilled fliers, could body deformation
be important and could they be using body deformation to achieve another effect during flight other

than stability, such as energy minimization?

1.3 Aim of Thesis

The aim of this thesis is to reexamine the aforementioned current axioms in insect flight and
perform seminal investigations on new flight modes using computational approaches, both CFD and an
optimization algorithm, to ascertain which rules govern flight in different modes in four-winged fliers.
The major question sought to be answered in this thesis are as follows. 1) How do kinematics and
aerodynamic/flow mechanisms change when flight mode changes? 2) If an insect deflects its abdomen
during flight for maneuvering, what is the role of body deformation? Could airframe morphing be
beneficial? To answer these questions, the mechanisms of force generation (aerodynamics), vortex
dynamics (flow features) and particularly the roles of the upstroke and downstroke were investigated
by considering less studied flight modes such as non-jumping takeoffs in damselflies and backward
flight in dragonflies. In addition, the role of body deformation during dragonfly maneuvers was

investigated.

1.4 Organization of Thesis

Chapters 2 and 3, characterize kinematics, force generation and unsteady aerodynamic
mechanisms in new flight modes. Chapter 2 investigates, for the first time, the aerodynamic force

production and flow features during non-jumping takeoffs of a damselfly. Chapter 3 focuses, for the



first time, on the kinematics, aerodynamics and flow features of a dragonfly in backward flight. As
insects flap their wings, they also deform their bodies. To close the loop, Chapter 4 examine the role of
body deformation in flight. The problem is studied using a novel optimization algorithm. In all the
chapters of this thesis, Four-winged fliers (evolved 300 million years ago) are used as case-studies.
Chapter 5 presents the accomplishments of the thesis. Current and future research efforts are also

enumerated.



Chapter 2: Aerodynamic Force and Flow Features of a Damselfly
(Hetaerina Americana) in Takeoff Flight
Abstract

Here, for the first time, using a high fidelity CFD simulation, we identified the three dimensional flow
features of a damselfly during a non-jumping takeoff. The damselfly initiated flight from a steeply
pitched down orientation (-50°) and flew up and forward thereafter. Our results show that a damselfly
is capable of generating about 3 times its body weight during the first halfstroke. In generating forces,
the wings flap through a steeply inclined stroke plane with respect to the horizon, slicing through the
air at high angles of attack. Consequently, a leading edge vortex (LEV) is formed on both the fore and
hind wings. During takeoff, we discovered that an LEV of equal strength (circulation) is formed both
in the down and up strokes in the initial wing beat (WB). Thus, indicating the presence of both an active
upstroke and downstroke. Comparing the upstroke forces in the takeoff stroke versus subsequent
strokes where no LEV was formed, we hypothesize that the LEV helped substantially boost force
production on the wing surface. Our work shows that damselflies are capable, depending on the flight
scenario or challenge, to switch between an active and an inactive upstroke to maximize force
generation.
Keywords: takeoff flight, Damselfly, low Re aerodynamics, leading edge vortex (LEV), active
upstroke, flight initiation.
2.1 Introduction

Most forms of flight are initiated by a takeoff. From airplanes to birds, bats and insects, all
share this common behavior. Particularly, for living organisms, takeoff is essential for survival, escape
from predators and lifting payload from one flower to another during pollination, etc. For scientists and
engineers, emphasis is placed on understanding the behavioral mechanisms during flight initiation in
order to apply the findings to applications such as micro-aerial vehicle (MAV) design [37].

In understanding flight initiation, a lot of research has focused on jumping takeoffs of locusts

[38], crickets [39], fruit flies [40], leafhopper insects [41] and birds[42, 43]. However, a few studies
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have analyzed non-jumping takeoffs of insects. During non-jumping takeoffs, majority of the forces for
flight are generated by the wings and the body motion is slow in comparison to those achieved during
jumping takeoffs. Furthermore, most slow takeoffs are stable. Takeoff is considered stable if the
rotational velocities of the body are not too high to induce tumbling in the insect [40, 44].

Truong et al. [45], analyzed a non-jumping takeoff of a rhinoceros beetle (flapping frequency
~37-38 Hz). The authors observed that takeoff did not occur during the first flapping stroke but at the
end of the 3rd wing beat (WB). The impulse produced during the first wing beat was not sufficient to
ensure liftoff. By modulating the pitch angle/geometric angle of attack (AOAgeom) Of the wing and
increasing flapping frequency, the insect achieved liftoff with the hindwings generating most of the
necessary forces for flight. Additionally, Chen et al. [44], studied a smooth slow takeoff of drone flies.
For this high flapping frequency insect (~170 Hz), the legs left the ground after the 13""wing beat. Prior
to liftoff, the aerodynamic forces increased to a value greater than the body weight while the flapping
amplitudes also increased gradually and the leg forces decreased monotonically. In both papers ([44]
and [45]), the insects pitched up while ascending during flight initiation. However, these studies
although essential, did not identify the important flow features as well as the connection between the
wing kinematics and aerodynamics mechanisms that enabled flight initiation.

Here, we study the takeoff of a damselfly (~27-28 Hz). Damselflies are known to initiate flight
solely by flapping their wings [46]. However, none but one study has focused on an aspect of the takeoff
mechanism of damselflies. Marden [46], measured the maximum payload a damselfly can carry during
takeoff to determine the maximum lift production of the wings in still air. The maximum lift per unit
mass ranged between 21.5-50 N/kg. Nevertheless, no information on the wing kinematics or further
aerodynamic data was provided.

To understand the mechanics of takeoff, we enumerate some findings from previous literature
on forward and hovering flight of true four-winged fliers; Odonata and Zygoptera, to which we can
later compare our findings. During forward flight, counterstroking wherein the hindwings lead the

forewings is the normal flight mode preferred by dragonflies [21, 47, 48]. In contrast, Zygoptera fly
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forward with the forewings leading the hindwings by quarter of a cycle [7]. In both insects, the stroke
planes are inclined and the majority of the force is generated in the downstroke during which the wings
flap with higher pitch angles [49]. The upstroke, however, is primarily for thrust production, generating
minimal forces about 10-20% of the body weight [8, 19, 25, 47, 50]. In regard to body posture, during
hovering flight, the dragonfly body is horizontal while in forward flight the body angle is dependent on
the flight speed [51]. Body angle reduces with increasing speed in order to reduce parasitic drag [25,
52, 53].

To reconcile the relationship between the flapping motion of wings and the corresponding force
production, some unsteady aerodynamic mechanisms have been suggested such as absence of
stall/delayed stall, clap and fling, rotational circulation and wing-wake interactions [24]. Among these,
the leading edge vortex (LEV) formed during delayed stall is the most potent and has been observed in
multiple insect species such as hawkmoths[6], bumblebees[54], and dragonflies [21]. The LEV is
responsible for about two-thirds of the total lift force in insect flight [55] but has just recently been
measured in free flying hawkmoths in forward flight [6]. All previous studies have been based on
tethered flight. The LEV is a region of low pressure formed on the upper part of the wing surface toward
the leading edge and it enhances lift by adding its circulation to the bound circulation of the wing [16].
An LEV is formed either during translation or rotation of the wing during reversal. When a wing
excurses at high angle of attack, flow separates at the leading edge and reattaches to the wing surface
before the trailing edge. The wing has dynamically stalled [15]. During this period, the LEV is stably
attached to the wings surface and breaks down as the wing approaches the end of the stroke. In the
course of rotation, an LEV can also be formed. Rapid increases in angles of attack during reversal could
lead to the formation of an LEV. So far, the presence of LEVs has been extensively reported in the
downstroke phase of flight. Conversely, a small LEV or attached flow has been reported during the
upstroke phase of flight as well as on the hindwings of dragonflies [19, 21, 56].

Apart from the LEV, another important unsteady mechanism relevant to takeoff is “clap and

fling”. Fling was observed as a mechanism for generating large forces in butterfly takeoff [57]. Fling
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eliminates slow development of circulation but creates large circulation values independent of wing
translation or the Wagner effect [24, 58]. When weights were attached to damselflies during takeoff,
they used the mechanism [46]. However, in free flight with no attached payload, the mechanism was
not used [7, 25]. Other insects also choose to shun this mechanism [25].

Our work adds to a handful of studies on damselflies (Zygoptera) flight mechanics [7, 46, 59].
Previously used quantifications of force and unsteady effects involve the local circulation method
(LCM) for circulation measurement and quasi-steady models for approximating the force [7, 52, 59].
PIV has also been used to study tethered flight of insects, the free flight of birds and bats and recently
free flight of Hawkmoth and dragonflies [6, 42, 55, 56, 60-62]. For the first time, however, using a high
fidelity CFD simulation, we are able to identify the 3D flow features of a damselfly during takeoff.
Furthermore, we discuss unique wing and body kinematics not previously mentioned in damselfly
literature. And finally, we elucidate how the kinematics influences the aerodynamics to ensure a

successful flight.
2.2 Materials and Methods

2.2.1 Damselflies, High speed photogrammetry and 3D surface reconstruction
Damselflies (Hetaerina Americana) were caught outside during the summer of 2012 in Dayton,
Ohio for experiments. Prior to the experiments, the caught damselflies’ wings were dotted for tracking
purposes (Figure 3). The video footages were then recorded shortly after their capture in a quiescent
environment of about room temperature (70°F) in order to prevent inactivity during the time of

experiments.

Table 1: Morphological data for the damselfly species in this experiment. The mass and length uncertainties
are about £1 mg and £1 mm, respectively.

Body Body Forewing Forewing Hindwing Hindwing  Wing Flapping

Species weight  length length chord length chord Area frequency
(mg) (mm)  (mm) (mm) (mm) (mm) (mm?) (Hz)
Hetaerina
Americana 75 42 29 6 29 6 136 27
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The damselflies initiated flight autonomously in the shooting area. Their flight triggered a
photogrammetry setup consisting of three orthogonally arranged and synchronized cameras shooting at
1000 frames per second (fps). After recording the flight, the wings were removed and morphological
parameters were measured. We selected one of the recorded footages for analysis. In this recording, the
damselfly initiated flight from a pitch down body orientation and flew upward and forward thereafter.
The dotted wings of the insect were tracked manually frame by frame in Autodesk Maya (Autodesk
Inc.). Figure 3B shows a visual representation of the reconstructed insect placed on top of an image.
The accuracy of this reconstruction technique is discussed extensively in [63] and has been applied in

the study of damselflies and cicadas [10, 59, 64].
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Figure 3: Damselfly Species with Morphological Parameters. (A) A representative of the damselfly
(Hetaerina Americana) in this study is shown. (B) An image of the reconstructed dragonfly is overlapped on
the real damselfly image. The dots are the marker points placed on the wing for tracking the wing motion.
Morphological parameters are also labelled. T is the mid-chord length, L is the damselfly body length, R is
the wing length and d is the distance between the wing roots (0.465T ).

2.2.2 Wing Kinematics and Deformation Metrics

The wing kinematics and deformations were measured by defining a least-square reference
plane (LSRP) generated based on the points on the reconstructed wing surface. The LSRP is the plane
of least wing deformation. For details of how the LSRP was calculated see the work of Koehler et al.
[63]. A mean stroke plane was also defined based on the average trajectory wing tip trajectories per

stroke. The orientation of the wing in the stroke plane is described by three Euler angles; flap, deviation
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and pitch. Flapping motion is the revolution of the wing in a back and forth manner and is positive
during the downstroke. The up and down rotations with respect to the stroke plane is expressed by the
deviation angle as is positive when the wing is above the stroke plane. The wing pitch angle is
characterized by the rotation of the wing about its pitching axis close to the leading edge. The pitch
angle is measured clockwise from the intersection between the LSRP and the line defining the stroke
plane hence varies between 0° to 180°. The geometric angle of attack (A0Ageom), is defined as the angle
between the normal to LSRP and the normal to the stroke plane. It is equivalent to the wing pitch. The
effective angle of attack (AoAe), is the angle between the wing and the incident flow upon it. For wing
deformation metrics, the local twist angle is reported. Visual representation of these definitions is

rendered in Figure 4.

A
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) Reference Plane
Horizontal Plane

Stroke Plane

Figure 4: Definition of the Kinematics Parameters. (A)Wing Kinematics. The geometric angle of attack
(AOAgeom) is the angle between the normal to the chord (cyan arrow) and the normal to the stroke plane (purple
arrow). The Euler angles of the wings in the stroke plane; flap, pitch and deviation are denoted by ¢, « , and

6 respectively. The green arrows represent a coordinate system placed at the wing root. (B) Body Kinematics.
The coordinate system is fixed at the Centre of Mass. Roll, pitch and yaw are denoted by ¢, , 6, and y,

respectively.

2.2.3 CFD simulation

To elucidate the flow field around the damselfly in flight, we obtained the flow information
from computational simulations. A high fidelity CFD solver based on the immersed boundary method
was used in this study. We solved the incompressible Navier-Stokes Equation (Eqn.(1)) using a finite

difference method with 2" order accuracy in space and a 2" order fractional step methods for

15



progressing in time. More details of this method and its application in studies on dragonflies and cicadas

can be found in the works of Liu et al., Koehler et al., and Wan et al. [10, 63, 65].

V-u=0; a—u+u-Vu:—le+uV2u (1)
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The vortex structures were characterized by the Q-criterion [66] shown below.

Q= %UQF -[sf]>0 ?)

1 1 . - .
Where S = E[Vu +(Vu)TJ and Q= E[Vu -(Vu)TJ are the strain rate and vorticity tensors respectively.

The simulation was run on a non-uniform Cartesian grid. The computational domain size was about 50
C x50C x 50C with about 13.8 million grid points in total. The high resolution uniform grids
surround the insect inavolume of 14.5C x12C x13.5C with aspacing of about 0.06 € . This ensured
sufficient resolution for capturing the 3D flow field. The stretching grids move in all three directions
from the fine region to the outermost boundaries. The boundary conditions of the domain on all sides
are zero gradient.

U- —
The Reynolds number for the flight is defined by Re = w and is about 1220. It is measured
19

based on the average wing tip speed (U, =3.05m/s), mid-chord length (T =0.006m ), kinematic

tip
viscosity of air at room temperature (v =1.5x10°m?s™* ). Validation for the flow solver can be found
in another recent work [65].

The current grid set-up was selected based on checks to ensure the grids are refined to preclude
grid dependence of the simulation. Figure 5B shows the comparison of the lift coefficient history of the
second flapping stroke in three grids (coarse, medium and fine). The difference of both the mean value
and the peak value of lift between the medium-grid case (adopted in this paper) and the fine-grid case
is about 2% thereby, establishing that the aerodynamic force calculations in the current study were grid-

independent.
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Figure 5: CFD Simulation Setup. (A)This figure shows the schematic of the computational mesh and
boundary conditions employed in the current simulation for the Damselfly Flight. For ease of the display, the
meshes are made less dense 4 times in each direction. (B) Grid Independent Study. The coefficient of lift is
shown during the second flapping stroke. The gray shading indicates the downstroke of the forewings.
Coarse=9.8 million; Medium=13.8 million; Fine=15 million. The medium grids are shown in (A).

2.3 Results
2.3.1 Kinematics

2.3.1.A Body Kinematics

To evaluate flight behavior during and after flight initiation, we studied the kinematics based
on the reconstruction output. Figure 6A, shows the body motion of the damselfly during the takeoff
stage of flight. After being stationary for some time, the wings begin to slowly peel off during the
preparatory stages before initiating takeoff. The preparatory stage lasted for 30 ms. During the
preparatory stage, the insect adjusted both the stroke plane of the wings relative to the body and the
pitch angle of the body. At the start of the takeoff, the body was at a pitch down orientation (about -
509). Liftoff is defined as the time duration within which the legs of the insect leave the platform, starts
with the wings moving downward in a steep stroke plane. Our observation suggests that legs do not
play a significant role in pushing the body up. It takes about one wingbeat for the insect to get airborne.

This is a relatively short time among the insects which do not jump to initiate flight [44]. The peak
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vertical acceleration measured based on the center of mass motion during liftoff was about 3g. The
value was less than the vertical acceleration for fruit fly takeoff (6g) [40] and butterfly takeoff (10g)
[57].

The duration liftoff was about 18 ms and the direction of motion is up and forward while the
damselfly also turns slightly. Nevertheless, the translational displacement is significantly higher than
the rotational displacement. The focus of our work is on the translational displacement. The mean body
Euler angles during the first wing beat are -5.5°, 46.6°, 8.4° and the maximum rotational velocities
during the first wing beat 500°/s and 200°/s for roll, pitch and yaw respectively. The takeoff is slow and
stable and no tumbling was observed. The body was kept straight and no body deformations were
obvious. We include two subsequent flapping strokes in our analysis to document latter events during
flight. During the latter strokes, the damselfly ascends, travels further and attains a more horizontal

posture as flight speed increases (Figure 6C).
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Figure 6: Kinematic events during an autonomous take-off in a damselfly (Hetaerina Americana; body

weight=0.735-mN). (A) A series of images depicting the sequence of events during the takeoff stroke. (B)Wing

Kinematics. The kinematics are reported in the stroke plane. The definitions of the angles are in Figure 4. The

angles of attack are reported at mid-span (C). Body Kinematics. The top figure shows the displament of the

insect during flight. The bottom figure shows the body euler angles.

Euler Angles
(degs)

i
(o2}
o

18



2.3.1.B Wing Kinematics and Deformations

The average kinematics of the left and right wing measured in the stroke plane are shown in
Figure 6B. The gray shading denotes the downstroke of the forewings. From the onset of flight, the
motion of the fore and hind pairs of wings are offset by a slight phase difference which increases over
time. The forewings lead the hind wings by about 26° in the initial stroke (takeoff stroke) and about 37°
in the latter strokes (2" and 3" strokes) as shown in Figure 6B.

Averaged across the three flapping strokes, the wings sweep through a stroke plane that
maintains an orientation of about 18.6+5.3° for the forewings and 21.6+6.1° for the hindwings,
measured clockwise with respect to the longitudinal axis of the body. We will refer to this as the

geometric stroke plane angle ( 3,). 3, is measured based on the trajectory of the wing tips. Wing

kinematics including the geometric stroke plane varies from one stroke to the next, which indicates
constant adjustment of the wing kinematics by the insect [67]. In the global orientation, due to steep

body angle, the stroke plane with respect to the horizon ( 3,) is heavily influenced. The fore and hind

wings flap at a stroke plane angle of 49.8+21.1° and 52.8+21.4°, relative to the horizon, respectively,
with the highest stroke plane inclination occurring in the takeoff stroke. At this instant, the stroke plane
is titled steeply downwards while a less tilted stroke plane is utilized as the body becomes more

horizontal in subsequent strokes. During the takeoff, g, are very similar both in up and downstroke

with variations of a couple of degrees (1° for FW and 7° for HW), whereas the difference in other
strokes is more obvious wherein downstroke stroke planes are more inclined than the upstroke (15° for
FW and HW) due to a faster rate of change of body posture compared to 3, .

In the 1% wing beat, the wings flap with the highest stroke amplitude recorded throughout the
flight (120° and 140° for FW and HW respectively). At all times, the hindwings flap with a higher stroke
amplitude (Figure 6B). As the wings flap, they are oriented at high pitch angles/A0Ageom. The
instantaneous values are shown in Figure 6B. The half-stroke average A0Ageom during the 1%

downstroke is 51° and 65° for the fore and hindwings respectively. Whereas, the half-stroke average
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A0Ageom IS 71° and 81° during the upstroke fore and hindwings respectively. During takeoff, it is evident
that the hindwings flap at higher pitch both in the upstroke and downstroke. Though, in subsequent
strokes, the forewings flap with higher pitch during the downstrokes (Figure 6B). In latter upstrokes,
the average pitch of the fore and hindwings are similar even though the hindwings still flap with greater
stroke amplitude. The upstroke AoAgeom in the takeoff stroke is about 20° higher than the downstroke.
Comparing the initial upstroke with latter upstrokes, the average upstroke AoAgeom is about 30-35°
greater. On the contrary, the stroke average downstroke AoAgeom Only varies by at most 13°. At reversal,
the wings rotate and experience the highest AoA. During this period, the wings may generate
instantaneous A0Ageom in excess of 90°.

The effective angle of attack ( «,, ) measured at 0.5R is reported here. The half-stroke average
a,; during the 1st downstroke is 44° and 45° for the fore and hindwings respectively. In the upstroke,
half-stroke average «, and 45° and 51° for the fore and hindwings respectively. During the
downstroke, the «,, for the pair of wings is very similar, whereas, in the upstroke, slight differences
are evident with the hindwings having a slightly higher «,, . Comparing the initial upstroke with latter
upstrokes, the average upstroke «,, is about 15° and 23° greater for the fore and hindwings
respectively. On the contrary, the downstroke «,, only varies by at most 6° and 11° for the fore and

hindwings respectively. The effective angles of attack during this flight are higher than previously

reported values. Sato et al [7] recorded a maximum «,, of 15° for majority of the downstroke during

forward flight of damselflies.

The wings of damselflies are flexible, deforming and twisting as they swap through the air.
Figure 7A shows the local twist distribution of the wing. Three cross sections are chosen for display;
0.5R, 0.7R, 0.9R. Similar to the wing kinematics, the twist profiles of the wings are averaged between
the left and right wings. The measured twist angle across the cross-sections is at most 20° and occurs

at the cross-sections nearest to the wing tip (0.9R). The maximum twist recorded occurred during the
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mid-stroke with the forewings deforming more than the hindwings. The mid-chord of the wing (0.5R)
has minimal twist. The AoAgom decreases from mid-span to tip due to the twist distribution. Figure 7B
shows that in the downstroke, when twist is minimal, there are minor variations A0Ageom from mid-
span to tip. During the upstroke, when the wing twist is more pronounced, there is more obvious

variation in AoAgom. Observing the effect of twist on the wing on the «,, , we found that the values

remain relatively constant from mid-span to tip regardless of differences in AoAgeom.
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Figure 7: Local Twist and AOA Distribution from Mid-Span to Tip. (A)The local twist distribution and
(B) AoA distribution at different spanwise locations (.50R,.70R,.90R) is reported here

2.3.2 Identification of Vortical Structures during Takeoff Flight

2.3.2.A 3D Flow Structures

Having quantified the wing motions and deformations, here, we present the three-dimensional
(3D) flow phenomena based on the CFD simulation to study how the wing motions and corresponding
deformations influence the aerodynamic mechanisms responsible for force generation. Figure 8 shows
the evolution of the wake structures in the takeoff stroke. The start, mid and end of the downstrokes
and upstrokes are shown on the left and right columns respectively. The snapshots are selected based
on the timing of the hindwings. This way, we can capture the details of both pairs of wings since the
forewings lead by a small phase difference. The left wings are shown. However, the same flow

phenomena occur on the right wings. The vortex structures are visualized by plotting the iso-surface of
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the Q-criterion. Two iso-surface values (Q=3% and 6% of maximum Q) are chosen to identify the wake
structures. The flow structures evident on both pairs of wings are mainly characterized by tip vortices

(TV) and an LEV.

Start

Mid

End

i\ / \ 9)
Figure 8: A time course of vortex development in the Takeoff Stroke. The vortical structures are visualized
by the Q-criterion. The downstroke and upstroke are abbreviated as DS and US respectively.

At the onset of the downstroke, a starting vortex sheet (SV) sheds from the trailing edge of the
wing surface. Simultaneously, an LEV is formed due to wing translation both on the fore and
hindwings. The vortex rapidly grows in size and strength as the wing flaps at high AoAs. The LEV
remains attached to the wing surface till wing reversal when it is shed and another LEV develops for
the first upstroke only, on the anatomical lower surface of the wing which has become the aerodynamic

upper surface (Figure 8 D). We do not observe multiple LEVs rather a single LEV across the wing
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surface. The excess vorticity is concentrated near the tip and sheds into a strong trailing vortex. During
the upstroke, an LEV develops immediately after completion of the downstroke in the first stroke only
(Figure 8C, D). The LEV actually forms first at the distal part of the wing where the combination of

high wing AoAgeom and wing velocity, consequently leads to high «,, , and causes flow separation. At

about mid-stroke, an LEV covering the wing surface is observed (Figure 8E). The LEV is similar in
size to the first downstroke LEV (Figure 8B) at this instant. Therefore, the magnitude of circulation and
thus the lift production capacity of the wing surface should be similar. The LEV remains attached to
the surface and sheds during rotation. The wing-wing/wing-wake interactions are reported in another

section.

2.3.2.B Comparison of First and Subsequent Strokes.

To understand the flow structures observed in the takeoff stroke, we compared the findings to
the 2" stroke. Figure 9 shows selected snapshots of the evolution of the near wake in the first two wing
beats. These snapshots are taken at both the fore (top row) and hindwing (bottom row) mid-strokes.
The vortex structures on the wing during the downstrokes are similar. A well attached LEV is present
on the wing surface and excess vorticity feeds into a TV. The upstroke is quite different, however. In
comparison to the first stroke, an LEV is not observed during the translation of the wing in the 2"
upstroke which indicates that the wing does not dynamically stall (Figure 9C, D). However, an LEV
appears for a short duration during the wing pronation due to rotation effects where the angle of attack
increases rapidly as the wing rotates (Figure 9D). The appearance of the LEV is for a short duration
and cannot compensate for the inability of the wing to generate substantial lift during the translational
part of the stroke. Due to the absence of an LEV, no excess vorticity spirals toward the tip. The wing
simply translates with attached flows on its surface which is not visible with the Q-criterion. The
vortical structures around the hindwings in (Figure 9 D), are the remnants of the shed LEV during the

downstroke reversal of the 2™ stroke originating from the anatomical dorsal surface of the wing.
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1st Stroke 2nd Stroke K6

HW mid-DS HW mid-US HW mid-DS HW mid-US
Figure 9: Flow Features at mid-stroke visualized by the Q-criterion. (A) and (B) represents the flow
features during the 1% stroke at the fore and hindwing mid-strokes respectively. (C) and (D) represents the flow
features during the 2" stroke at the fore and hindwing mid-strokes respectively. FW- Forewing, HW-
Hindwing, TV-Tip Vortex, LEV- Leading Edge Vortex. Dashed circle in Figure 9D shows the LEV formed as
the wing approaches reversal.

2.3.3 LEV Circulation
Having identified the vortex structures, the time history of the LEV circulation of the left wings
presented in Figure 10A, is calculated at the mid-chord of the wings shown in Figure 9. The circulation

is calculated by measuring the flux of the vorticity and is non-dimensionalized by U, and ¢ . The

circulation curves lag behind the wing kinematics a bit due to the delay in vortex formation at the onset
of flapping. A discontinuity in the curve exists around wing reversal because of the deterioration of one
vortex and the emergence of another on opposite surfaces on the wing. The circulation grows from
inception of flapping, attains a maximum around the mid-stroke region and begins to attenuate as
reversal approaches. This is an indication of the evolution and strength of the vortex over time. Negative
LEV circulation indicates clockwise rotation of vorticity and occurs during the downstroke. The reverse

happens in upstroke.
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The total circulation as well as the fore and hind wing circulation in the 1% downstroke and
upstroke are similar with the only difference being the rotational direction of the LEV. In subsequent
strokes, another pattern emerges. The DS circulation is much higher than the US circulation. The
hindwings, in general, have a higher circulation than the forewings over the course of the flight.

Since our method of calculating vorticity cannot distinguish between a vortex and the
underlying shear layer, both on the wing surface and in between the vortices, we can attribute the
circulation observed in the 2" and 3" US to the shear layer/attached flow or a very tiny and weak LEV

in the subsequent upstrokes (see Figure 9C).
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Figure 10: Quantitative measurement of Velocity and Pressure Difference on the Wing Surface. (A)
Circulation at mid-Span of the left wings. (B) Pressure difference on the wing surface. (C) Isosurface of

pressure coefficient (C, =-0.3 )
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2.3.4 Pressure Distribution and Correlation to flow structures

To probe further into how the flow structures affect the force distribution on the wing surface,
the distribution of the pressure difference between the top and bottom surface of the left wings is shown
in Figure 10B. We show the pressure distributions at exactly the same snap shot as Figure 9. The
pressure difference is projected onto a top view image of the wings for clarity. Moreover, the forewing
mid-strokes are superimposed on the hindwing mid-strokes. The same range of contours is plotted for

the 1% and 2" stroke only for ease of comparison. The pressure is non-dimensionalized as

C,=(p- pw)IO.SpUﬁpz. The pressure difference distribution indicates what part of the wing produces

the greatest velocity difference or circulation. The greatest pressure difference is generated on the distal
part of the wing toward the wing tip in both US and DS. At this point, the tip speed is greatest.

When we compare the mid-upstrokes of both the 1%t and 2™ strokes, we find drastic differences
in the pressure distribution. Figure 10B, shows the pressure difference contours with the darker shade
(dark blue) contours indicating regions of low pressure difference. An observation of Figure 10B
indicates lower pressure difference distribution on the wing during the 2" upstroke as compared to the
1%, Comparing the flap velocities of the wing in these two phases of flight (see Figure 6B ), we find
their velocities to be similar with the 2" upstroke’s slightly higher. The major difference is in the pitch

angle and «,, . In the second stroke, the instantaneous «,, is as low as 7° and 11° for the fore and
hindwings during translation, which means the flow, did not stall. Conversely, the instantaneous «,

is as low as 29° and 46° for the fore and hindwings in the first upstroke, indicating flow separation at
the leading edge of the wing. Figure 9, shows the presence of an LEV in the 1% upstroke and its absence
in the 2" upstroke. The presence of an LEV should cause a higher pressure difference between the top
and bottom surface of the wing. We hypothesize that the 220% boost in the maximum pressure
difference measured (1.6 in 1% Upstroke and 0.5 in 2" upstroke) on the wing surface is attributed to the
presence of the LEV which generates a low pressure region on the wing top surface. We also showed

the pressure iso-surface around the wing and found that the regions of low pressure correspond to the
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regions where the leading edge vortex was present. Consistent with the conclusion based on the iso-
surface of the Q-criterion as well as the pressure difference on the wing surface, we observe no low

pressure region on the wing surface in the 2™ US.

2.3.5 Force Generation

The damselflies in this study did not use the clap and fling to boost force production. Figure
6A shows that at rest (-30ms) the wings are clasped together. However, before flight, the wings had
slowly separated from each other indicating no extra vorticity to help in lift production due to peeling
is present. At the end of the 1% upstroke, the wings do not touch. The same was observed in the
subsequent strokes. Since takeoff also occurred on a thin platform, ground effect is ignored. Therefore,
only the flow structures and pressure distribution on and around the wing influence force generation.

The forces on the damselfly’s wings were computed by the integration of the surface pressure
and viscous shear stress. The force history is rendered in Figure 11A,B. FW and HW indicate the sums
of the forces from the left and right forewings and hindwings respectively. For ease of visualization,
the average force vectors during each half stroke are shown in Figure 11C for both the fore and
hindwings. The colors of the force vectors in Figure 11C correspond to the lines in Figure 11A. The
vectors show the relative magnitude and direction of the forces on a halfstroke basis.

During the 1 WB, the insect generates substantial forces in the up and down strokes. Since the
motion is up and forward, the damselfly produced significant horizontal and vertical forces as the wings
flapped in a steeply inclined stroke plane. The positive lift forces, which are generated in the
downstroke, supersede the negative lift generated in the upstroke. The negative lift causes vertical
deceleration of the insect. The subsequent downstrokes then compensate for the negative lift support
by generating larger vertical forces.

The downstroke is primarily for weight support. The maximum lift forces occurred around the
mid-down stroke region with magnitudes ranging between 2-2.5 mN (3-3.5 times the body weight). It

is during the first downstroke peak that the damselfly leaves the takeoff platform (18ms). The maximum
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lift per body mass is about 36 N/kg which is in the measured range for Zygoptera [46]. In the subsequent
strokes, the downstroke lift forces supersede the initial lift forces but generate no lift in the upstroke.
However, for thrust production, it appears that both the down and upstrokes are responsible. The
maximum thrust generated during the entirety of flight occurs in the first upstroke. The thrust force is
as great at the lift generated in the 1 downstroke.

In the takeoff stroke, the fore and hind wings share the burden of force generation evenly.
However, in following strokes, it is obvious that the hindwings generate more force than the forewings
(Figure 11B). Overall, the damselfly generates about twice the amount of total force of the 2" and 3"
WB during the 1st WB indicating that the takeoff stroke was the most energetically demanding for an
insect during this flight. The aerodynamic power has the same trend as the resultant force generation
and peak power consumption occurs in the first stroke. However, unlike the subsequent strokes, in the
initial stroke, the total forces are evenly split for both lift and thrust generation (Figure 11B). The
damselfly only produces half of the total forces as of the 1st stroke in subsequent strokes with the
entirety consolidated for force generation in the downstroke. This indicates that for the damselfly in
this study, the upstroke is either inactive for substantial force generation (2" and 3™ stroke) or active

(1% Stroke) depending on the kinematics employed during the different stages of flight.
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Figure 11: Force generation. (A) and (B) show the time traces of vertical and horizontal forces, and resultant

forces, generated by the wings. The blue line, black line and red line represent the forces generated by the

forewing, hindwings, and the sum of the fore and hind wings, respectively. (C) is a rendering of the force vector

whose components are shown in (A). The colors of the vectors correspond to the line in (A).

2.3.6 Effect of Wing-Wing Interaction (WW!1I) on Force generation

Lastly, we quantify the effect of WWI. Previous studies on WWI have indicated its dependence
on the phase difference between the wings [27, 68]. Proper phasing can lead to energy saving.
Maximum for lift for both pairs of wings is generated when the hindwings lead by a quarter of the cycle
and the distance between the wings is closest [68]. However, when the forewings lead the hindwings,
the hindwing, the hindwing lift can decrease by 20-60% [69].

To quantify the effect of WWI, we ran 3 sets of simulations; forewings only, hindwings only,
and all the wings together (ALL). We ran ALL simulation with the fore and hindwings separated by
real spacing between the wings of this species (Figure 3). These simulations also take into account any
wake capture or wing-wake interaction effects. We observed that when there are WW]1 benefits on the
FW, HW lift is attenuated. Most of the benefit occurred during the downstroke. During the takeoff, the
FW vertical and horizontal forces were boosted by 14.3% and 12.8% respectively. On the contrary, the
HW vertical and horizontal forces were attenuated by force 5.2% and 4.8% respectively. Nevertheless
during the US, the HW vertical and horizontal forces were boosted by 12.9% and 10%. In subsequent

strokes, the lift forces were boosted by 12% (2" stroke), 16% (3" stroke) and thrust forces were boosted
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by 4% (2™ DS) and 14% (3 DS) on the FW. The HW benefitted from interaction in the 2" DS, by
generating a 2.4% increase in vertical force production and 10.7% increase in thrust. Whereas in the 3"

DS, both HW vertical and horizontal forces are attenuated by 3%..
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Figure 12: Effect of Wing-Wing Interaction on Force generation. The dashed lines represent the cases
when the wings are isolated from each other. The solid lines represent the case where all the wings were
present in the CFD simulation.

2.4 Discussion

Non-jumping takeoffs of damselflies are characterized by kinematics adjustments, which
influence force generation. Our study indicates that while initiating flight from a steep-down body
posture, the damselfly flaps its wings in steeply inclined stroke plane. The wings flap at high angles of
attack and flow separates at the leading edge to form an LEV. Once the insect becomes airborne, the
stroke plane becomes less inclined, and the aerodynamics of the wings change. An LEV was observed
in both the DS and US during the 1% WB where liftoff occurred. Whereas in subsequent strokes, the
LEV during the US phase was absent. During the flight, majority of the forces were generated during
the initial WB. Substantial forces were generated both in the US and DS. In subsequent strokes,
however, substantial forces were only generated during the DS.

Here we are interested in understanding the factors led to the generation of high forces (about

3-3.5 times the body weight), equal to the total downstroke forces (Figure 11B), during the first upstroke
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of the damselfly in this study. Hence, we investigate the role of the upstroke in insect flight. Current
literature indicates that the downstroke generates 80% of the total force during forward flight of Cicadas
[65],50-100% total vertical force in bumblebees as flight speed increases from 1-4 m/s [70] and 75%
of total force for damselflies in forward flight [7]. The upstroke seems to contribute minimally to force
generation but could be useful in thrust generation which is usually about 10-20% of bodyweight [25].
However, when flight mode demands an extra boost of force, the upstroke may become active such as
during hovering or flight initiation.

The primary factor responsible for high forces in the US was the LEV on the wing surface (see
Figure 9). This LEV was present on both the fore and hindwings contrary to previous studies on free

flight [21, 56]. The most important parameter for the formation of the vortex is the «,, of the wing [21].

As shown in Figure 6 and reported in the results section, the AoA in the first upstroke of both pairs of
wings is the highest measured throughout the flight. This creates this creates the LEV. The presence of
the LEV produces the extra pressure difference on the wing as shown in Figure 10 and is responsible
for amplifying the forces on the wings. We hypothesize that the LEV boosted the pressure difference
in the first upstroke by as much as 220% compared to other strokes as the wings in all strokes flapped
with similar velocities in the US.

The orientation of the stroke plane determines whether the pressure difference induced by the
LEV will be used for lift (vertical force) or thrust (horizontal force) production. The steep body angle
and the small change (1° for FW and 7° HW) in the stroke plane between the first downstroke and
upstroke means that the kinematic adjustment of the orientation of the wing surface i.e. pitch, is not
sufficient to redirect the aerodynamic force to generate positive lift but more suited to thrust production.
In subsequent strokes, as the stroke plane inclination attenuates due to body posture, the majority of the
force component is consolidated for vertical force production (Figure 11C).

Our findings indicate that in initiating flight from a steeply pitched down body orientation, the

upstroke during the takeoff is critical and does not necessary play an auxiliary role to the downstroke.
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Rather, it is equally essential in ensuring a successful flight. An LEV present in the upstroke makes this
possible. When the body posture becomes more horizontal, the upstroke then plays an auxiliary role to
the downstroke. Therefore, depending on the flight scenario, damselflies have the ability to switch

between an active and an inactive upstroke to maximize force generation.
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Chapter 3: Flying in Reverse: Kinematics and Aerodynamics of
Dragonfly (Erythemis simplicicollis) Backward Free Flight.

Abstract

Here, the backward flight of a dragonfly was investigated. In this flight, the insect took off
from a platform and flew backward and upward for about 3 wingbeats (WB) traveling a distance of
over 3 body lengths with an advance ratio of 0.41. The dragonfly initiated flight with a body pitch angle
of 87° and continued to pitch up to about 95° as it flew. The stroke planes of the wings were tilted
backward towards the body, thus, reducing the stroke plane angle when compared to forward flight by
15° Due to the global reorientation of the stroke plane owing to the vertical body posture, the
aerodynamic roles of the downstroke and upstroke were switched, with the downstroke generating the
propulsive force and upstroke generating the lift force. Unlike forward and hovering flight, a stronger
leading edge vortex (LEV) was present during the upstroke when compared to downstroke, resulting
in generation of larger aerodynamic forces in the upstroke necessary for weight support.
Keywords: backward flight, downstroke-upstroke reversal, active upstroke, low Re aerodynamics,
leading edge vortex (LEV), CFD simulation
3.1 Introduction

Insects are capable of many aerodynamic feats including but not limited to flying forward,
sideways or even hovering. Although not commonly written about, it is well known that many insects
can fly backward. Hence, the concept of backward locomotion in nature is not new. Sapir and Dudley
[71] recently opined that this form of locomotion could be a mechanism shared due to convergent
evolution among several species because organisms such as Hummingbirds [71, 72], insectivorous
birds [47, 73, 74], aquatic organisms such as anguilliform swimmers [75], electric fish [76], and
terrestrial organisms such as hexapods, apart from insects have evolved to perform this type of motion
with ease. For engineers and scientists, the possibilities of incorporating backward locomotion in the

bid to design more robust and versatile small scale bio-mimetic vehicles seems exciting.
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Here, a dragonfly in backward flight is investigated. Backward flight is of interest because it
provides an alternative in traveling from one point to another without having to reorient the body in the
direction travel (Figure 13). For example, during a takeoff maneuver with the same initial body posture
and intent to flight in a particular direction, a dragonfly has two major options. The dragonfly can take
off from the platform, turn around and then face its final destination head-on or simply fly backward.
Fully equipped with a sophisticated visual system [77] and advanced flying strategy, flying backward
without having to turn around becomes a reality. To date, however, a small number of kinematics and
no aerodynamic data and flow visualization are available in the literature on backward flight. The
existing studies indicate that insects may use backward locomotion for predator evasion, prey capture,

takeoff, station keeping and load lifting [47, 71, 78, 79].

Figure 13: Forward Flight versus Backward Flight. This figure shows the two possibilities of travelling
from one point to another by the same dragonfly. (A) shows a takeoff maneuver in which the insect initiates
flight, turns around and heads to its destination. (B) shows a backward flight initiation which does not
necessitate a maneuver .

To change flight direction, titling of the stroke plane is a popular choice used by many different
flying species. To reorient the force relative to the flight path, several insect species slightly tilt their
stroke plane up during backward flight. The major reorientation of the force, however, may occur due
to modulation of the body posture. Mukundarajan et al. [80] observed the relationship between the body
angles and the orientation of the stroke plane angles of Waterlily beetles (Galerucella nymphaeae) and
its influence on their choice of flight mode. They found that a stroke plane titled upward as well as a
body angle between 50-70° was sufficient to induce backward flight. From an anecdotal perspective,

Ellington alluded to the tilt of the stroke plane to induce retro-locomotion [25]. Large angles of attack
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have also been postulated to be employed as auxiliary mechanisms [47]. Additionally, a recent work
on hummingbird flight enumerated other wing kinematics patterns employed in backward flight such
as higher wingbeat frequency, higher upstroke (US) to downstroke (DS) duration ratio, higher stroke
amplitudes and smaller advance ratio relative to forward flight [71].

To understand backward flight, we briefly summarize some findings from studies on hovering
and forward flight of dragonflies to which we can compare our results throughout this disquisition.
During forward flight, dragonflies usually flap their hindwings ahead of the forewings
(counterstroking) [21, 47, 48]. In hover flight, the wings beat out of phase at about 180 degrees [28,
48]. The dragonfly beats its wings in an inclined stroke plane and generates most of the flight force in
the DS [28, 49]. The DS is conventionally regarded as lift (vertical force) producing and the upstroke
thrust (horizontal force) producing [28, 47, 50]. However, the forces produced during the US are
significantly less and account for about 10-20% of the body weight [20, 25]. Body posture also differs
during forward flight, hovering and backward flight. During hovering, the dragonfly body is kept
horizontal [51]. In forward flight the body angle tends to be horizontal but decreases as speed increases
to reduce drag [53]. On the contrary, an upright body posture (100°) was observed for a dragonfly flying
backwards [47].

To generate forces, dragonflies may take advantage of high-lift mechanisms while flapping.
These mechanisms include delayed stall, clap and fling, rotational circulation and wing-wake
interactions (WWI1). The leading edge vortex (LEV) formed during delayed stall is the most important
of these mechanisms. The LEV is a region of low pressure formed on the upper part of the wing surface
toward the leading edge as the wing flaps at high angles of attacks. It enhances lift by adding its
circulation to the bound circulation of the wing [16]. The LEV usually stays stably attached to the wings
surface and breaks down as the wing approaches the end of the stroke. So far, the presence of LEVs
have been extensively reported in the downstroke phase of flight. For four-wing fliers, LEVSs were
observed on the forewings only. Thomas et al. [21], using smoke visualization, and Wang and Sun [27],

in a computational study, reported the existence of attached flows on the hindwings of dragonflies in
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forward flight at moderate advance ratios (J). Attached flows and the absence of LEV have been
reported in upstroke phase of flight [19, 20]. Apart from LEV formation, Wing Wing/Wing wake
interactions could also be significant. In backward flight, it has been reported that WWI could boost
force production as much as 15% [81].

A lack of a comprehensive discussion of backward flight of insects, therefore, serves as a
catalyst in this study to improve the understanding of the kinematics, aerodynamic and flow
mechanisms that make backward flight in dragonflies possible. We are interested in understanding how
the motion of the wings and body is coordinated and how the flight forces are generated in this unique
kind of flight. To this end, a high speed photogrammetry setup coupled with 3D surface reconstruction
techniques [63] and a high fidelity Computational Fluid Dynamics (CFD) flow solver [65] were used

to elucidate both the kinematics and aerodynamic features, respectively.

3.2 Materials and Methods

3.2.1 Dragonflies, High speed videography and 3D surface reconstruction

The dragonflies were captured in the grassy area of Nutter Center in Dayton, Ohio during the
summer of 2012. After transporting the insects to the laboratory and cooling them down to prevent
flying around in the cage and causing wing damage, their wings were dotted so that they could be
tracked easily. The video footages were recorded shortly after their capture in a quiescent environment
of about room temperature (70°F). After warming up, the insect initiated flight without external
stimulation such as prodding.

A photogrammetry setup consisting of three orthogonally arranged and synchronized cameras
was used to capture the flight of the dragonfly reported in this study. After recording the free flight
data, the motion was then reconstructed in Autodesk Maya (Autodesk Inc). The accuracy of the
reconstruction technique as well as a thorough evaluation of the preparation methods of the insects for

high speed video motion capture is identified elsewhere [63, 83] and just briefly outlined here. The
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methods for analyzing the free flight kinematics are also discussed therein. The morphological

parameters of the dragonfly is reported in Table 2.

Table 2: Morphological Parameters for the Dragonfly in this Study. The mass and length measurement
uncertainties are +1 mg and +1 mm respectively.

Body Body Forewing Forewing Hindwing Hindwing Flapping

Species weight  length length chord length chord frequency
(mg) (mm) (mm)  (mm)  (mm)  (mm) (Hz)
Erythemis
simplicicollis -0 40 34 8 31 10 27

3.2.2 Wing Kinematics and Deformation Metrics

The wing kinematics were measured with respect to a coordinate system fixed at the wing root
(X’, Y’, Z’). The orientation of the wing can be described by three Euler angles; stroke angle (flap),
deviation and pitch. Flapping motion is simply the redundant back and forth motion of the wing around
the Y’ axis and is positive during the downstroke. The up and down rotations with respect to the X’
axis is expressed by the deviation angle as is positive when the wing rotates clockwise. The wing pitch

angle is the rotation angle of the wing about the Z’ axis. The effective angle of attack ( «,, ) is the angle

between a wing section and the oncoming flow to the wing. The oncoming flow is comprised of the
vector sum of the freestream velocity and the flapping velocity of the wings. To quantify wing
deformation in the torsional axis, the local twist angle is reported. A plane of least wing deformation
i.e. a least-squares reference plane (LSRP) is generated based on the nodes on the reconstructed wing
surface (see [63] for more discussion). Twist is the angular displacement in the torsional axis from the

LSRP. These definitions are rendered in Figure 14.
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Figure 14: Kinematics Definitions. g, is the stroke plane with respect to the horizontal plane. g, is the
stroke plane with respect to the longtiduinal axis of the body. @,6,« are the flap, pitch and deviation angles
respectively. o, is the effective angle of attack. y is the body attitude angle. It is the angle between the
longitudinal axis of the body and the horizontal plane.

3.2.2 CFD Simulation

The computational fluid dynamic simulations in this study were carried out using an in-house
second-order finite difference sharp interface immersed boundary method flow solver for simulating
incompressible flows around 3D moving objects based on Cartesian grids. We solved the
incompressible Navier-Stokes Equation (Eqn. (3)) using a finite difference method with 2" order
accuracy in space and a 2™ order fractional step methods for progressing in time. The convective and
diffusive terms of the NS-equations were discretized using the Adams-Bashforth and implicit Crank-
Nicolson schemes respectively. The boundary conditions were imposed by the ghost cell procedure.
More details of this method and its application in other insect flight and hummingbird studies can be
found in [10, 63, 65, 84].

V-u=0; a—u+u-Vu=—£Vp+uV2u (3)
ot p
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The vortex structures are visualized by the 4, -criterion. The simulation was run on a non-

uniform Cartesian grid. The computational domain size was about 50C x 50C x 50C with about 14
million grid points in total. The high resolution uniform grids surround the insect in a volume of 13C
x 15C x 23C with a spacing of about 0.06T . The stretching grids move in all three directions from the
fine region to the outermost boundaries. The boundary conditions of the domain on all sides are zero
gradient.

o U,,C . .
The Reynolds number for the flight is defined by Re = wC and is about 1480. It is measured
1%

based on the average wing tip speed (U, =2.78m/s), mid-chord length (T =0.008m ), kinematic

viscosity of air at room temperature (v =1.5x10° m?s™ ). The current grid set-up was chosen to ensure

that the domain is sufficient and the grids are refined to ascertain grid independence of the simulation.
Figure 15 shows the comparison of lift coefficient history of the second wing beat in three grids (coarse,
medium and fine). The difference of both the mean value and the peak value of lift between the medium-
grid case (adopted in this paper) and the fine-grid case is less than 2%. Therefore, the aerodynamic

force calculations in the current study were grid-independent.
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Figure 15: Computational Setup. (A) Schematic of the computational mesh and boundary conditions
employed in the current simulation for the current study. For ease of the display, the meshes are made less
dense 4 times in each direction. (B) Grid Independent Study. The coefficient of lift is shown during the second
flapping stroke. The gray shading indicates the downstroke of the forewings. Coarse=10 million; Medium=14
million; Fine=16 million. The medium grids are shown in (A). The gray shading is based on the downstroke.

39



3.3 Results
3.3.1 Kinematics

3.3.1.A Body Kinematics

At the onset of flight, the dragonfly rests on a paper stool at the middle of the shooting area in
a vertical posture. The initial body attitude angle is 87°. Figure 16B shows a selected sequence of images
from the high speed cameras depicting the general motion of the body. The three-dimensional (3D)
reconstruction of the body motion is also shown in Figure 16C. Just as observed during maneuvers,
during backward flight the dragonfly deformed its tail and this was considered in the motion
reconstruction [85].The quantitative body kinematics, time histories of the body pitch angle as well as
the tail angle, defined as the angle between the thorax and the tail, are all recorded in Figure 16D.

All four wings of the dragonfly as well as the tail started moving backward (upstroke) at the
onset of the motion (t=-20 ms) albeit for a brief period. However, obvious body translation did not
occur until the successive downstroke. This time instant is denoted as the start of the flight (t=0s). The
insect left the platform smoothly while simultaneously pitching up (increasingly leaning backward).
Both the body backward velocity and the attitude angle continued to increase within the next 2.5
flapping cycles of the forewings. Comparing the body attitude to the tail motion, it appears that the
trend of changes in the tail angle are similar to the body attitude angle, with tail following the body
attitude. The changes in the tail angle lag behind the changes in the body attitude angle by about half a
stroke. At the beginning of the third upstroke, as the insect slowed down, it decreased its body attitude
and tail angle.

The average body attitude angle was about 90° during the backward flight. The wings propelled
the body backward with an average velocity of about 1.1 m/s. The advance ratio, defined as the ratio
of the body to the wing tip velocity is 0.41. The center of mass of the body was also elevated about 7
chord lengths during the last two flapping cycles. However, most of the body motion occurred in the

horizontal direction.
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Figure 16: Body Motion During Backward Flight. (A) Orignal image reconstructed dragonfly is overlapped on the
real damselfly image. The dots are the marker points placed on the wing for tracking the wing motion. (B) Snapshots
(side and top views) of the dragonfly in backward flight during each wing beat. (C) 3D model of dragonfly in backward
flight. (D) Body Kinematics during the flight. The gray shading here is based on the forewing timing.

3.3.1.B Wing kinematics and Deformations

Both wing pairs of the dragonfly sweep through a stroke plane ( 4, ) that maintains an average

orientation of about 35+5°, measured counterclockwise, relative to the longitudinal body axis
throughout the flight. However, in the global frame, the stroke plane of the wings in backward flight is
tilted upward by about ~90° relative to forward flight because of the large body attitude angles. This
upright body posture is evident in Figure 13 and Figure 16. The tilt angle of the stroke plane relative to

the horizon (3, ) is 47+4° with no significant difference between the forewings and hindwings.

Figure 17, shows the measured wing kinematics. The hindwings lead the forewings, but the

overall flapping amplitude and velocity are similar for the fore and hind pairs of wings. The phase
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difference increases slightly from one stroke to another; 22°, 32° and 46° for the first, second and third
strokes respectively. Throughout the flight, the average position of the hindwings is shifted backward
relative to the forewings. The phase shift may help with preventing oscillation in the body posture
during flight. The ratio of the duration of US to DS changed throughout the flight increasing in the
second stroke to about 1.3 and flapping back to about 1 in the third stroke.

The effective angle of attack ( «,, ) is reported at 0.70R. Averaged across the 3 flapping strokes,
the a, for the downstroke was 32.2+2.3° and 35.1+5.8°, and upstroke 24.3+2.8° and 26.8+5.6° for the
fore and hindwings respectively. These results indicate higher «,, on the hindwings in both US and

DS. These angles of attack (AoA) are high enough to form an LEV during excursion and rotation in
both US and DS.

In addition to the rigid wing kinematics, we analyzed the twisting of the wing surface. The
twist angle quantifies the difference between the local pitch angles of a specific chord line across the
wing length compared to the LSRP. The twist angles at three spanwise locations (0.5R, 0.7R, 0.9R) are
shown in Figure 17. The twist angle increases from mid-length to tip with hindwings showing larger
twisting. The twist angles are greater for the hindwings and during the upstroke phase. Our

measurements show that the twist angles could be as large as 40°.
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Figure 17: Wing Kinematics and Deformation Metrics. The Euler angles as well as deformation (twist) are
reported here. «,, is reported at 0.70R. The gray shading denotes the downstroke phase.

3.3.2 Identification of Vortical Structures during Backward Flight
The effect of the motion and deformation of the wings is manifested in the aerodynamics
footprint of the dragonfly. To visualize the 3D flow structures on and around the wing surface, we

plotted the iso-surface of the A, criterion at two different values. Here, we present snapshots of the

flow field during the second flapping stroke. The snapshots are shown at the respective timings of the
fore and hindwings separately for clarity since the phase difference is obvious. In addition, the flow
features on the right wings are shown although the flow phenomena are the same on both sides of the
wings. Most of the emphasis presented here is in the near field.
3.3.2.A 3D Flow Structures

As the wings flap during the downstroke, an LEV is formed due to the translation. The wing
dynamically stalls during the DS. Over the course of the stroke, the LEV grows in size and strength

before deteriorating as the approaches reversal. We did not observe multiple LEV’s rather a single LEV
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was stably attached to the wing surface. During the DS, the flow over the fore and hindwings comprise
of an LEV and TV. However, this leading edge vortex does not cover the entirety of the wing. There is
no LEV around the wing base (0-0.20R) during the downstroke. For the rest of the wing surface, the
excess vorticity in the LEV feeds into a tip vortex (TV). As the wing approaches reversal, the vortex
deteriorates and is shed from the trailing edge. Simultaneously, another vortex forms on the anatomical
upper surface of the wing during reversal because of the rapid increase in AoA during this period.

The LEV formed during the rotation remains on the wing during the start of the upstroke. It is
quite difficult to distinguish between the LEV formed due to rotational effects or dynamic stall during
wing translation. In the upstroke, the LEV formed covers the entirety of the wing surface. The LEV in
the upstroke is larger in size and probably stronger than that formed during the downstroke. The tip
vortex is also more pronounced and indicates the circulation strength may be greater than observed in
the downstroke. The observation of the LEV in the upstroke indicates that the LEV is not limited to the
downstroke phase of flapping alone. In addition, both pairs of wings (FW and HW) have an LEV on
them. The flow on the FW are characterized by an LEV and TV. However, during the mid-downstroke,
the HW flow consists of an LEV, TV and a trailing edge vortex (TEV) connected together to form a

vortex loop. The loop will create a downward jet which will boost vertical force production.
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Figure 18: Flow Features at Maximum Force Production. The vortical structures are visualized by the A,

-criterion. FW- Forewing, HW-Hindwing, TV-Tip Vortex, LEV- Leading Edge Vortex, TEV- Trailing Edge
Vortex.

3.3.3 LEV Circulation
To further probe the near field flow features of the dragonfly backward flight, we investigated
the strength of the LEV throughout the second and third stroke. We measured the circulation on the

wing surface due to the presence of an LEV. The circulation is calculated by taking the surface integral

of the flux of the vorticity over a stroke and is non-dimensionalized by the product of U, and ¢ .

tip
The instantaneous LEV circulation at mid-chord (0.5R) is shown in Figure 19. There is a discontinuity
in the curve at wing reversal because of the deterioration of the vortex and the emergence of another
on opposite surfaces on the wing. Sometimes the circulation may also lag behind the kinematics due to

the delay in the vortex formation process as a result of gradual growth of circulation during wing

excursion. As aforementioned, the «,, of excursion, which triggers LEV formation is greater for the
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hindwings and during the upstroke flapping phase. However, the angles of attack are high enough to
induce flow separation at the leading edge.

We observe that the hindwings have larger LEV circulation values than the forewings. More
importantly, the upstroke circulation is greater than the downstroke circulation. To further buttress

this finding, we have included quantitative values for comparison in

Table 3. All the ratios of LEV circulation in the US to the DS are greater than unity. The
spanwise distribution of circulation at maximum force production in both the 2" and 3 stroke are
reported in Figure 19B and C. The circulation increases along the span and tapers toward the tip. The
US circulation shown in dashed lines is much higher than the downstroke circulation. This is evident
in the offset of the dashed and solid lines. Thus, further indicating the role of the upstroke in
producing greater flight forces. Around the root region of the wings shown in Figure 19B and C, the
US circulation values are much higher than the downstroke circulation values which corroborates the

observation of the absence of the LEV around the root region in the DS visualized by the 4, criterion.
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Figure 19: Leading Edge Vortex Circulation. (A) Time History of LEV during the 2" and 3™ stroke. The gray
shading denotes the downstroke phase for the forewings. (B)&(C) Spanwise Distribution of LEV circulation at
maximum force production during the 2" and 3™ Stroke respectively.
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Table 3: Quantification of Leading Edge Vortex Circulation. Table documents the LEV circulation US to DS
ratio. T"represents the time halfstroke averaged values. 1°, represents the maximum circulation per halfstroke.

All values are measured at 0.50R

f == * I:US maXys
Flapping Stroke T | - == —s
1—‘DS max pg
DS -0.94 -1.52
o FW us 148 189 1.57 1.24
DS -1.36 -1.87
HW Us 164 2 80 1.21 1.50
DS -0.50 -1
5 FW us 15 205 2.50 2.05
hw DS 126 184 1.89

us 2.12 3.1

3.3.4 Force Generation: Aerodynamic Force and Power
The forces on the dragonfly’s wings were computed by the integration of the surface pressure
and viscous shear stress with the latter being negligible. The aerodynamic power, which is power

needed to overcome air resistance, is defined as follows p,,, =—[[(s-n)udswhere & denotes the

stress tensor, u velocity of the fluid adjacent to the wing surface, and nand ds the unit normal direction

and the area of each element, respectively. The force and power consumption per unit muscle mass (

p*.. = Paero M ), are rendered in Figure 20. We assumed that the muscle mass of the dragonfly is 49

percent of the body mass based on measurements by Wakeling and Ellington [52].

Consistent with the phase difference observed in the wing kinematics, the peak force generated
by hindwings leads forewings force. The forewings generate maximum forces toward the end of the
stroke whereas the hindwings do so at about midstroke. The magnitude of peak vertical forces generated
by fore and hind wings are very similar in downstroke, while the peak vertical force generated by
hindwings is about twice larger than that of forewings in the 2" and 3" strokes. The peak horizontal
force for the fore and hindwings are very similar although on average the hindwings still generate larger

horizontal forces.
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Majority of the vertical force is generated during the upstroke, while the force generated in the
downstroke mostly propels the body in the direction of motion. Both fore and hind pairs of wings
generate larger force in upstroke when compared to downstroke. This is particularly evident for
hindwings, resulting in significantly larger normal force being generated by hindwings when compared
to forewings. The peak vertical and horizontal forces during the flight are about 9 and 5.5 times the
body weight respectively. Throughout the stroke, the dragonfly generates an average vertical force 2.5-
3 times the body weight to sustain flight while propelling backward with an average force of 1.5 times
the body weight. During flight, the forewings generate similar amounts of vertical force as the
hindwings in the 1% stroke, whereas to induce rapid ascent, the hindwings almost double their force
production in the 2"@ and 3 stoke. The average power consumed by the dragonfly throughout the flight
was 145W/kg. Overall, this was in the same range (76-156 W/kg and 160 W/kg ) measured by Wakeling

and Ellington [52] measured by Azuma et al [50], respectively.
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Figure 20: Force Generation and Power Consumption. The aerodynamic forces and aerodynamic power consumption
are reported here. The gray shading denotes the downstroke phase.

3.4 Discussion

Backward flight in dragonflies is characterized by distinct alterations in kinematics and

aerodynamic features which are different from both hovering and forward flight. Our study indicates
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that dragonflies are able to use backward flight as alternative to having to first reorient the body before
flying in a desired direction (see Figure 13). Backward flight is not simply a transient behavior but can
be sustained for a long period of time (at least 3-4 wing beats in this case) with a flight speed of 1.1
m/s. To do so, tilting of the stroke plane towards the body by about 15° coupled with tilting of the
stroke plane with respect to the horizontal while maintaining a steeper body posture is necessary.
Aerodynamically, we also noted that majority of the forces were generated during the upstroke flapping
phase compared to the downstroke. A stronger LEV in the US was responsible to greater force
production. These findings were corroborated by the flow visualizations in Figure 18.

Here, we compare our findings, that is, kinematic, aerodynamics and flow physics with
hovering and forward flights, which have been extensively documented in literature. A summary of

previous literature on different flight modes is shown in Table 4. The relatively high body angles ( » )

during dragonfly backward flight parallels the same observations as reported in hummingbird and insect

backward flight and could be a mechanism of convergent evolution. However, y was significantly

larger than observations in hummingbirds (50-75°), which utilize a horizontal stroke plane as well as in
the flight of waterlily beetles (50-70°), which utilize an inclined stroke plane just like dragonflies [71,
80]. Although steep body posture has been posed to generate higher drag in Hummingbirds due to their
wide body resulting in a higher projected area, it is not certain whether dragonflies rely on their body
drag due to slenderness of their bodies. While body drag may be present, it is estimated to be about 20

times less when compared to the aerodynamic forces being generated by the wings.
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Table 4: Kinematic Parameters of Several Insects in Flight.

Phase Body
Flight shift Stroke plane (°) Angle Effective Angle of attack (°)
Animal mode Re J © ©
Bf Bh 7 O(’;Jown a:p O(’ﬁown O(,ﬁp
Tethered
Hovering 4232 0 22 53 44 14 83 10 87 15
[86]
Hovering
[51, 87] 1350 0 180 52 52 - - -
Forward
[27] 3100 0.30 60 52 52 - - -
Dragonfly Forward
Ascending 3200 0.13 77 37 40 10 24.1 11.8 27 22.9
[50]
Forward 29 6-
Ascending -- 0.21-0.47 47-110 9-26 7-29 35' 7 - -
[88] '
Backward 35 0.41 22-46 47 47 85-95 236 315 318 41
(current)
Hummingbird Batfl;\ﬁard 0.3 - 0-6 50-75 - -
Waterlily Backward
Beetle [80] - - - 0-30 50-70 - -

Re, Reynolds number; J, advance ratio; B, stroke plane of forewing; B, stroke plane of hindwing; o ,
instantaneous effective angle of attack of forewing at mid-downstroke; o, instantaneous effective AoA of

forewing at mid-upstroke; of™", instantaneous effective AoA of hindwing at mid-downstroke; o”, instantaneous
effective AoA of hindwing at mid-upstroke.

With regard to the wing kinematics, during backward flight, the dragonfly swept through a
stoke plane inclined at 35+5° respect to the longitudinal axis of its body. This angle is shallower than
the stroke plane angle in forward flight of dragonflies by only 15° [50, 67]. The stroke plane with respect
to the horizon during backward flight was reported as 47+4° for both pairs of wings. Compared to the
forward flight of dragonflies of similar mass and morphology [67], the stroke plane with respect to the
horizon during backward flight is about 20-40° greater. Compared to Norberg’s [51] data on hovering,

B, used by this dragonfly in backward flight was about 15° less.

Based on the kinematics employed during backward flight, we ran CFD simulations to
understand the flow physics around the wings. The flow over the wing surface was characterized by a

strong LEV due to flow separation. The LEV was present on both fore and hind pairs of wings. Contrary
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to previous works on dragonfly forward flight, the presence of the LEV was not limited to the FW alone
but was also evident on the HW [21, 27, 56]. The LEV was also present in the US and DS. However,
the LEV in the US was stronger than the DS’s. We verified this finding by measuring the leading edge
vortex circulation of the wing and found US:DS LEV circulation ratios as high as 2.5 and 1.7 for the
fore and hindwings respectively. On the contrary, in previous works on the free flight of insects and
birds, it was reported that the circulation of the leading edge vortex is significantly larger in downstroke
when compared to upstroke [19, 20, 89, 90]. Unlike the DS, many studies have reported the absence of
an LEV during the upstroke. Willmott et al [20], showed based on smoke visualization of hawkmoth
forward flight, no hints of an LEV to enhance lift during the upstroke. Thomas et al [21] also
demonstrated this fact with smoke visualizations of dragonflies in tethered and free flight. The reason
for LEV absence is that during the upstroke, the wing slices through the air like a knife, resulting in
very low effective angles of attack. Wang and Russell [28] measured these angles to be as low as 8°
during hovering flight of dragonflies. Even under steady conditions, an airfoil will not stall at this angle.
Hence the absence of an LEV during the upstroke. Wang and Sun [27], using computational simulations
also verified the absence of the LEV in the upstroke in hovering as well as forward flight of dragonflies

(J=0-0.6). In backward flight, on both pairs of wings, the average «,, at 0.70R during the downstroke

was 42.5£3.1° and 48.4+3.9°, and upstroke 44.3+4.5° and 54.13+4.5° for the fore and hindwings

respectively. These «, are sufficient to form a stably attached LEV over the wing.
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Forward Flight Backward Flight

Figure 21: Illustration of Forward Flight Versus Backward Flight. The length of the arrows denote the
downstroke (green arrow) and upstroke (red arrow) forces based on their relative importance during (A)
forward flight and (B) backward flight. The dashed lines indicate the inclined stroke plane. The black dot is
placed at the bottom of the stroke plane in forward flight. By simply rotating the body to an upright posture,
the black dot changes position to show the effect of body posture on rotation the stroke plane.

The presence of the LEV during the US and DS indicates substantial force production during
both half strokes. LEV circulation results also indicate that the US will produce larger aerodynamic
forces than the downstroke. Hence, during backward flight, we have evidence of a very
aerodynamically active upstroke. Current literature reports that the downstroke generates 80% of the
total force during forward flight of Cicadas [65], 75% of total force for damselflies in forward flight
[7], 50-100% total vertical force in bumblebees as flight speed increases from 1-4 m/s [70] and vertical
forces which are 80% of body weight in Hawkmoths (Manduca sexta). The upstroke when used is
usually useful in horizontal force generation which is usually about 10-20% of bodyweight [20, 25].
As flight speed increases, the relative contribution of the upstroke in force production may also
decrease[25]. To the authors’ best knowledge, the only evidence of the upstroke producing larger forces
for weight support was in the hovering flight of Drosophila [26].

A graphical representation of force production in forward and backward flight is rendered in
Figure 21. An obvious difference is the body angle between forward and backward flight. At moderate
advance ratios, the downstroke generates majority of the force for weight support. This is well
established in literature. However, because of the steep body posture in backward flight, by rotating the
body during forward flight by 90° to form an upright body posture, the aerodynamic roles of the

upstroke and downstroke are reversed. This is evident in Figure 20 wherein during the backward flight,
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the vertical forces are generated during the upstroke and horizontal forces in the DS. The vertical forces
on average can sustain the weight of the dragonfly by 2.5-3 times, much more than 10-20% of body
weight which the US is capable of producing in other flight modes. To ensure and sustain backward

flight, the role of the upstroke in generating substantial flight forces cannot be overemphasized.
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Chapter 4: Optimized Body Deformation in Dragonfly
Maneuvers
Abstract

Tail bending associated with maneuvering flight of insects is a known phenomenon although
there are only a few studies which analyze and quantify the effects and benefits of body configuration
changes. We hypothesized that these configuration changes help reduce the energy expenditure in
flight. This is quantified by the magnitude of the aerodynamic torque generated by the insect during the
maneuver. To test our hypothesis, a dragonfly body model was constructed with the ability to bend at
the joint between the thorax and the tail. An optimization problem was defined to find the dynamic
body configuration which minimizes the total pitch and yaw torque. The magnitude of the tail deflection
was found to be directly correlated with the yaw velocity of the body. Most importantly, our results
indicate that for executing the same aerial maneuver, an insect with a flexible body was found to require
substantially smaller flight torque when compared to an insect with identical morphology but
possessing a rigid body. In addition, changes in the instantaneous mass distribution of the body had
the most substantial effect on reducing the flight torque, while the inertial term due to the tail movement

had a smaller effect.

53



Nomenclature

= moment of inertia

; = mass of each slice of dragonfly body
= body mass of real dragonfly
= length of equivalent cylinder representing each slice of dragonfly body
= body length of real dragonfly
= roll velocity
= pitch velocity
= yaw velocity

= radius of equivalent cylinder representing each slice of dragonfly body

= torque
body angular velocity vector comprising of body angular velocities

Sil\”_ﬁ _‘_Q—Ol__._zg—

4.1 Introduction

To change flight heading, insects perform a variety of aerial maneuvers. In many maneuvering
flights such as predatory or evasive flights, the dynamics of the motion is as important as the final
change in the flight orientation. This may be due to several reasons, such as a desired flight path or
considerations like the energetic cost of the flight. Therefore, in such situations, the required flight
torque is dictated by the body motion as well as its morphology such as mass and moment of inertia
neglecting the limitations due to the insects control system and sensory equipment etc. If the body is
rigid, the only source of torque generation is the wing which generates aerodynamic force by moving
back and forth through the air. Changes in the wing kinematics are the most important means by which
an insect alters the flight [91] However, if the body is capable of deforming as shown in Fig. 1, changes
in the mass distribution can affect the motion by two means; first by generating inertial torque
associated with the rate of change of the body moment of inertia and second by changing the response
of the body to the flight torque by varying the instantaneous distribution of the mass. In the majority of
studies on insect flight dynamics, the rigid body assumption is used in study to simplify the analysis
[92, 93]. However, this assumption imposes several restrictions on the problem such as aforementioned.
Although the existence of abdominal deformation, i.e. flexion and deflection, in insects such as locusts
and fruit flies has been known for decades [30, 94, 95], the extent to which the flexibility of the body

affects the flight is not clear yet. Scientists and engineers have inferred from observations that insects
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may bend their bodies to decrease the moment of inertia about the axis of rotation and to dampen the

effects of perturbations for stability purposes using their abdomen as a control surfaces [96]. Abdominal

deflection is also employed as a strategy to create asymmetric body drag profiles to increase or decrease

rotational inertia. In essence, maneuvers are not restricted only to asymmetric wing kinematics

changes[97] but they employ a more complicated approach to increase efficacy and efficiency of their

flight.

Figure 22: High Speed Photograph Indicating Tail
Bending in Dragonflies. A selected sequence of
images of a dragonfly in free flight is shown. (A) and
(B) are images taken by the forward facing and
downward facing cameras, respectively. The
orientations of the thorax and the tail are indicated by
white lines for clarity.

In this study, we focus on how body
deformation affects the dynamics of motion. To
enumerate the effects of moment of inertia
changes due to body deformation on the
dynamics of flight during a maneuver, we built a
flexible body model and developed computer
codes to accurately calculate the moment of
inertia while taking into account body flexibility
effects. To understand the physics behind body
deflection, we hypothesized that the tail of a
dragonfly deflects dynamically to minimize the
average total torque during a maneuver. Here, we
developed an optimization problem to carry out

the investigation.
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4.1 Materials and Methods

4.1.1 Calculation of Moment of Inertia

Moment of inertia (MOI) is a measure of the resistance of a body to rotation and because insect
body morphologies are not comprised of regular geometric shapes, their body shapes are approximated
in order to calculate the MOI [98-102]. On the contrary, in this paper, we accurately calculate the
moment of inertia tensor with the confidence of reliability in all degrees of freedom. The moment of
inertia for the dragonfly was obtained from a 3D model constructed in MAYA (Autodesk, San Rafael,
CA, USA) based on images of a common species; Erythemis simplicicollis, found in North America.
Two images; a top and side view are necessary for accurately constructing the 3D model. The non-
dimensional body morphological data obtained from the dragonfly model is included in Table 1. The
MOI data is non-dimensionalized in Table 5 by M/L2, where M is the body mass (252.52 mg) and L is
the body length (43.95 mm).

For analysis, the 3D model was sectioned into 21 pieces as shown in Fig. 2. Slices 1-3, 4-7 and
8-21 make up the head, thorax and tail regions respectively. We established that 21 slices provided
enough accuracy for our study. However, since a computer algorithm is responsible for the calculation
of MOI, the number of sections can be infinitely increased and the thickness of each section need not

be uniform.
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Table 5: Geometric Data of each slice of the dragonfly body. The non-dimensional length and volume of

each slice of the dragonfly model are recorded. The non-dimensional MOI included in the table are non-
dimensionalized by the body mass and length squared.

Section ‘ V. I Iy | " %10t I,

# i i X10° x10* hd X10°
1 3.93E-02 2.00E-04
Head 2 5.71E-02 6.24E-04
3 6.81E-03 3.69E-05

4 3.52E-02 2.76E-04 15.00 97.00 96.00 -0.44
5 5.76E-02 7.79E-04
Thorax 6 6.63E-02 9.03E-04
7 8.66E-02 6.85E-04
8 4.27E-02 2.46E-04
Inner Tail 9 6.59E-02 4.10E-04
10 3.91E-02 1.40E-04
11 3.76E-02 7.71E-05
12 4.19E-02 6.70E-05
13 5.02E-02 6.00E-05
14 5.86E-02 8.12E-05

15 493E-02 6.46E-05 1.50 230.80 230.50 -6.80
16 5.11E-02 9.45E-05
17 5.40E-02 1.01E-04
Outer Tail 18 3.43E-02 7.16E-05
19 5.89E-02 1.16E-04
20 3.42E-02 5.05E-05
21 3.32E-02 1.91E-05

Total 1.00E+00 5.10E-03 16.5 327.8 326.5 -1.24

A

Head

Thorax

Abdomen

1'|lll.llllllnllll|-

1 2 3 4 5 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Figure 23: Dragonfly model for MOI calculations. Figure A depicts a sliced dragonfly model. The model
is sliced into 21 pieces. Slices 1-3, 4-7, 8-21 make up the head, thorax, and abdomen, respectively. Figure B
shows the approximation of an i slice as a cylinder having a volume equivalent to the slice. r; shows the
corresponding radius of the approximated cylinder and I; shows the length of the cylinder. The length of the
cylinder is equal to the length of each slice.
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From the 3D model, we obtained the non-dimensional geometric center of mass as well as the
volume of each slice. Afterward, each individual slice was approximated as a cylinder with a volume
equivalent to the actual slice volume to quantify the contribution of the slices to the MOI. The
equivalent cylinder has the same length as the slice and the circular cross-sectional area is oriented in
the direction of the roll axis. The mass of each slice is computed by sectioning a real dragonfly into
three pieces; head, thorax and abdomen. We assumed that density is constant across each section. The
real insect body length is used to dimensionalize all the length quantities. From this dimensionalization,
we obtain the dimensional volume of each slice and then multiply density by volume to obtain the mass

of each slice. The tensor of MOI of the dragonfly was calculated by adding the MOI of each slice about

!

the axes fixed at the center of mass of the body. I/, I,

I !
thorax ! "tai

 are tensors of moment of inertia of the

slices of the head, thorax, tail, respectively, about the axes originating from their own center of mass

and fixed to them. | represents the tensor which contains the parallel axis theorem that enables us

trans;

to calculate the effect of distance from the body center of mass to the center of mass of each individual

slice.

=D 1+ n ={head,thorax, abdomen}

ien

6ri2 0 0 yi2 + Zi2 X Yi XiZ;
1 mi
li'=— 0 3ri2 + Ii2 0 Itransi =Ml YiX Xi2 + Zi2 YiZ;
0 0 3r’+l? ZX, 2y, X+y

4.1.2 Optimization Problem Definition

Our objective in defining the optimization problem was to find out whether body bending
patterns during maneuvering fight of dragonflies are beneficial to the dynamics of the system or are
rather passive reactions. In other words, if the system is free to stay rigid or deflect during the maneuver

will it choose to deflect and if so how this deflection will change during the course of the maneuver or
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how would it benefit the insect? To investigate, we defined an optimization problem with the objective
of minimizing the average total flight torque needed to perform a specific maneuver. We modeled the
tail as a free bidimensional pendulum so that the dragonfly can continuously deflect its tail in any
direction at any time and change it during the course of the maneuver, if desired. We used a 4-control
point B-spline curve to represent time history of angle of rotation. Similarly, each of three components
of the axis of rotation of the tail is expressed by its respective B-spline curve. Each B-spline has two
fixed and two variable control points and optimization algorithm is able to locate four pair of control
points (corresponding to four B-splines) which finally define time history of change in axis and angle
of rotation of the tail. Both the schematic for the B-spline curves as well as the optimization flow chat
is show in Figure 24. For a known maneuver, the instantaneous magnitude of the total flight torque can
be calculated as follows:

=lo+ox1o+1d (4)

Ttotal

Where 7, is the vector of flight torque. The first two terms on the right hand side of Eqn. (4)comprise

the aerodynamic torque and the last term is an inertial torque due to the tail deflection. Note that that
so called aerodynamic torque in this study, includes some inertial terms due to coupling between the
three rotational motions but an investigation into the coupling is beyond the scope of this work. A
detailed discussion on those inertial terms due to coupling and their effect on the dynamics of flight can
be found in Ref. [99].

The cost function is directly correlated with energy expenditure in flight may be defined to
minimize the average or the maximum flight torque. The cost function chosen in this study is calculated

as,

cost = ‘mean(rpitch) + mean(fyaw)‘ ®)

Where 7, and 7, are the aerodynamic components of the flight torque in yaw and pitch directions.

pitch
The optimization was performed using a built-in optimizer (fmincon) in MATLAB (Mathworks,

Natick, MA, USA). We chose “interior point” as the search algorithm.
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B-Spline-curve with 4 control points of order 3 #
relocate control points H generate tail eulerangle ‘
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Calculate /& [ Body density & length

par

is the cost minimized?

Output Torques
&Tail Angles

]

Figure 24: Optimization Problem Definition. Figure 24A shows a third order B-spline curve with 4 control
points. The control points are depicted as red circles. The B-spline curve help generate the time history of
the tail euler angles. Figure 24B represents the optimization flow chart. The inputs into the optimization
algorithm are body density and length as well as body angular velocities, pgr. The volume of each slice of
the dragonfly is obtained by dimensionalizing the non-dimensional volume by body length. Having the mass
distribution, MOI and time rate of change of MOI can be calculated. The time rate of change of body angular
velocities can be calculated also. The torque is calculated given angular velocities, rate of change of MOI,
and rate of change of MOI. The cost function then calculates the energy expenditure. If the energy
expenditure is minimal, the optimization algorithm output the tail angles and torques. Otherwise, the
optimization is iterated by relocating the control points on the B-spline curves and the generating new tail
euler angles. The process iterates till minimal energy expenditure is attained.

4.2 Results and Discussion

4.2.1 Effect of Tail Deflection on Changes in MOI

As aforementioned in the introduction, by deflecting the tail, the dragonfly alters the moment
of inertia tensor. In order to quantify effect of the tail deflection on the MOI tensor changes, we varied
the tail pitch angle between -45° to 45° while keeping the tail yaw angle constant and vice versa. The
ranges of tail deflections are chosen based on free flight observations of dragonflies. In both cases, we
observed that by deflecting the tail, pitchwise or yawwise, the moment of inertia around the yaw and
pitch axis can be enhanced up to twice its original value. At erect posture, the roll moment of inertia of
a dragonfly body is about 2 orders of magnitude smaller than the yaw or pitch MOI. This suggests that
the response of the dragonfly body to the roll torque is significantly faster than that of the pitch or yaw.

This may cause discrepancies in the sensitivity of the insect motion sensors. By deflecting the tail, 1y«
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can be increased more than 20 times its original value which may be necessary for controlling the roll
motion (Figure 25A and B). We also observed that the products of inertia were also influenced by
yawing and pitching the tail. The products of inertia are measures of body symmetry. When the tail is
deflected pitchwise, there is an increase in asymmetry in the xz plane. Likewise when the yawwise
deflection occurs, there is asymmetry in the xy plane. The results of our analysis in this section indicate

that the variations in the MOI tensor can be potentially significant during the flight.

20 20k
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Figure 25: Effect of variation of tail Euler angles on MOI. The figures (A, B, C and D) show the
amount of change that takes place in the moment of inertia when the tail is pitched only or yawed only.
The tail angles are varied between -45 to 45 degrees. O degrees represents the erect position of the
dragonfly. The top two figures, A and B, illustrate that when the moment of inertia is varied in pitch
and yaw axis, the greatest variation occurs in the rolling moment of inertia. The rolling moment of
inertia was about 20 times its original value while the pitching and yawing MOI did not change much.
The bottom figures, C and D, also illustrate the change in body symmetry when the tail is bent pitch
wise or yaw wise.
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4.2.2 Optimized Tail Deflection and its Relationship to Body Yaw Velocity.

To investigate the effect of tail bending on the overall torque generation in dragonfly
maneuvering flight, we first used the real Euler angles of a dragonfly in a turning takeoff maneuver and
calculated the optimized posture of the tail during that flight. A turning takeoff is a flight maneuver
during which a dragonfly changes the flight heading by more than 90 degrees while the center of mass
is elevated over several body lengths[99, 103]. The body motion reconstruction is performed using an
accurate method which is described comprehensively in Ref. [63]. Figure 26A, shows the body angular
velocities, the optimized tail angles and the total torque (thin solid line), aerodynamic torque (dashed
line) and rigid body torque (thick solid line). The rigid body torque is calculated by balancing the
dynamics of the motion using the known values of body angular velocities and accelerations as well
the moment of inertia of the rigid and erect dragonfly body. The acceleration and deceleration phase of
the maneuver is respectively defined as the duration before and after the maximum body yaw velocity
was attained. The acceleration phase is shaded in Figure 26 for clarity. During the maneuver, both the
yawwise and pitchwise deflections of the tail increases as the body yaw velocity increased. The
maximum deflection in the tail yaw angle was reached at the point that the body yaw velocity was
maximum. The maximum pitchwise deflection of the tail happened earlier during the maneuver, similar
to the occurrence of the maximum pitch velocity of the body. One important observation is that the
total torque required by a rigid body is substantially different from that of a flexible body with an
optimized posture. Note that if the body is rigid, there is only one single solution to Eqn. (4), meaning
that if & and consequently @ are known, there is only one solution for torque. However, for a flexible
body there are infinite ways of executing the same motion. Body flexibility can change the flight torque
by two means. First, by offering inertial torque terms due to the tail deflection; @, and second, by
manipulating the instantaneous magnitude of each element in the tensor of MOI. Comparing the yaw
torque for a dragonfly with a rigid body (thick solid blue line) with that of one with a flexible body

(thin solid blue line), we can infer that that the yaw toque of the flexible body is significantly lower
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than that of a rigid body, especially during the acceleration phase. Similarly, the pitch torque of a rigid
body stays high throughout the maneuver while that of the flexible body drops to substantially smaller
magnitudes during early stages of the flight. The roll torque of the flexible body with the optimized
body posture is larger than that of the rigid body. That is due to our choice of cost function in this study
which assumes the cost of rolling the body is significantly smaller than that of yawing or pitching. The
cost function can be modified to incorporate a cost to generate roll torque as well. The difference
between the thin solid line and dashed line in Figure 26 shows the contribution of the inertial torque
term due to the tail deflection; the last term on the right hand side of Eqn. (4). It is evident from Figure
26 that inertial term is close in magnitude to the aerodynamic torque. Note that as the tail bends, it does
not always generate inertial torque that is in favor of the maneuver. In fact, during the acceleration
phase, the inertial torque due to the tail deflection decreased the total torque. In interpreting these results
one needs to remember, as was previously mentioned, that this inertial tem is not the only contribution
of the body flexibility to the flight torque and the overall benefit of the tail bending can only be
understood by considering all three kinds of lines; thick solid, thin solid and dashed, that are plotted in
torque graph. Furthermore, the maximum deflection of the tail is only about 15 degrees yawwise and
10 degrees pitchwise. These results imply that small abdominal deflections during maneuvering flight

are enough to enhance the flight performance.
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Figure 26: Optimized tail bending kinematics and the resultant flight torque. This figure (A, B and C) comprises
of body angular velocity data, the optimized tail angles as well as the torques obtained from the cost function. Figure
A, represent optimized results based on real insect flight data while B and C represent data obtained when the body
yaw velocity was decreased to 75% and then 50%, respectively. In the torque plots shown on the third row, the thick
solid lines represent the rigid body torques, the thin dashed lines represent the aerodynamic torque and the thin solid
lines represent the total flight torque.

To investigate the connection between the optimized body posture and the flight, we
systematically altered the body yaw velocity and solved for the optimized tail deflection. The body yaw
velocity was decreased to 75% and then 50% and the results are shown in Figure 26B and C. Visual
inspection of Figure 26 immediately indicates that the magnitude of the tail deflection is directly
correlated with the magnitude of the body yaw velocity; meaning that more deflections are required for
faster maneuvers. The other important observation is that both tail yaw and pitch angles vary
accordingly with the yaw velocity even though the pitch velocity is identical for all three cases
represented in Figure 26. In all three cases in Figure 26, the magnitude of the inertial torque due to the

tail bending is smaller in acceleration phase when compared to deceleration phase.
4.3 Conclusions

Taken together, our results imply that body flexibility benefits the flight performance by

offering more ways by which a flight can be achieved. This is accomplished by controlling the
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instantaneous mass distribution of the body as well as the generating inertial torques due to movement
of the tail with respect to the thorax. The former changes the response of the body to the generated
torque and enhances or decreases the resistance of the body to a specific motion. The latter acts by
inserting inertial terms that are proportional to the rate of change in the mass distribution. Our results
indicates that both these effects play an essential role in reducing the average flight torque required for
the flight with the former effect being more dominant. Having tackled the tail deflection problem
comprehensively, there are still many questions to be investigated. In the future, we hope to investigate
the influence of body shape on the optimized body posture. For example, insects with round and stocky
bodies are less commonly observed to deflect their abdomen during flight. Although, this may be
related to the body morphological limitations, we expect that the body geometry as well as the mass

distribution would influence the optimized results.
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Chapter 5: Summary and Conclusions
5.1 Accomplishments

Investigations were carried out on three different flight modes of four-winged fliers; flight
initiation (takeoff), backward flight and maneuvers in order to understand the axioms which best
characterize these flight modes. In the literature, most well-studied flight modes are forward flight,
hovering and maneuvers. Hence, the flight mechanisms of insects cannot be completely understood
until other commonly used mechanism by insects are elucidated. Here, for the first time, we studied
new flight modes; takeoff and backward flight. As insects flap their wings, they also deform their
bodies. Hence, the role of body deformation in dragonfly flight was also clarified. The problems were
approached from unique perspectives using computational fluid dynamic simulations and an
optimization algorithm to provide new insights into the physics of flapping flight. The main questions

answered in this thesis are as follows. 1) What happens to the aerodynamic mechanisms and flow
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features when the flight mode changes? Is the force generation mechanism universal? 2) Is the upstroke
capable of producing substantial aerodynamics forces? Could those forces equal or exceed the
downstroke forces? 3) If insects deform their bodies during flight, are there energy savings benefits? Is
there an optimal configuration?

Based on the results on the works on flight initiation (takeoff) and backward flight, it was
shown that aerodynamic mechanisms change based on the type of flight. During takeoff, the
downstroke phase generated substantial forces for lift off. An LEV present on the wing surface helped
boost force production. Likewise in the upstroke, large forces were produced. These forces were equal
to the downstroke forces. An LEV, stably attached to the wing surface was responsible for large force
generation. As the flight transitioned to a well-studied flight mode i.e. forward flight, the upstroke, did
not contribute to force production substantially.

During backward flight, an upright body posture was a necessary condition for flight. Tilting
of the stroke plane to the longitudinal axis of the body as well as reorienting the global positioning of
the stroke plane were also important. The findings indicate that because of the upright body posture,
the aerodynamic roles of the up and downstroke were reversed. In well-studied flight modes such as
forward flight and hovering, the downstroke generated forces for weight support and the upstroke
usually generated 10-20% of force and was restricted to generating thrust forces. During backward
flight, the upstroke generates forces for weight support while the downstroke generates thrust forces.
The upstroke can generate on average 2-3 times the body weight and the downstroke 1.5 times the body
weight. An LEV was responsible for force generation in both halfstrokes but a stronger LEV was
present in the upstroke. Hence, just as in flight initiation, clear evidence for an active upstroke was
shown.

To close the loop, emphasis was also placed on body deformation which is observed as insects
fly. 1t was shown than body deformations could be beneficial to flight by minimizing the aerodynamic

torque (energy expenditure) needed to perform a maneuver. Hence the body deformations are not
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strictly restricted to serving as an aerodynamic rudder or fine tuning moments produced by the wings

as was previously thought.

5.2 Ongoing and Future Work

Current ongoing work is to examine other flight modes wherein an active upstroke can be
utilized such as ascending flight. Furthermore, in this work only straight backward flight was studied.
However, insects can also perform maneuvers while reversing. It will be interesting to document the
flight mechanism governing reverse maneuvers. The transition of forward to backward to forward flight
is also of interest to me.

The current study on body deformation was limited because the torque calculation was
obtained by solving Euler’s rigid body dynamics equation. In the future, a high fidelity CFD simulation
will used to compute the torque. The optimization algorithm can also be integrated into the in-house
CFD solver used in this work.

Overall, 1 believe that elucidating the flight mechanics of insects in different flight modes

showcased in this work is a giant leap toward designing tomorrows MAVS.
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