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Abstract 
 

 

 

Engineers are interested in designing unmanned aerial vehicles (UAVs) for surveillance, 
environmental monitoring, assessment, and package delivery, etc. However, as the sizes of these 
vehicles become smaller, conventional fixed-wing and rotorcraft designs do not scale down well 
regarding aerodynamics and performance of components needed for propulsion. In the last two 
decades, bio-inspired flapping flight has offered an approach to bypass the challenges associated 
with the scalability of rotorcraft. Since the small dimensions and low flight speeds requirements 
for UAVs are similar to those of most flying insects (nature’s most advanced fliers), understanding 
insect flight serves as a primary source of inspiration. However, our understanding of the flight 
these agile organisms is still incomplete — the goal of this work to bridge some of the gaps in our 
understanding of insect flight.  

This dissertation describes efforts toward understanding how insects generate forces for flight, 
in particular, force generation during the upstroke (upstroke effects) which is less known. To 
transition from hovering to forward flight, a tilt of the path of the wings (stroke plane) is necessary. 
However, this tilt induces an asymmetry in the half stroke kinematics and aerodynamics so that 
the downstroke is dominant, being more aerodynamically active, while the upstroke is inactive or 
less active, playing a supporting role. Using high-speed photogrammetry to capture free-flying 
insects, high-fidelity three-dimensional surface reconstructions, kinematics quantification, and 
computational fluid dynamics (CFD) simulations, the coordination between wing and body 
motion, the techniques of force generation, and use of unsteady aerodynamics, force orientation, 
and reorientation, and wing half stroke function were unraveled. We elucidated how the upstroke 
can generate large forces, in particular, lift and even dominate the downstroke forces in free flight. 
Results indicate that the coordination between wing and body via body postural adjustments leads 
to stroke plane adjustments, which in turn influences the wing kinematics and aerodynamics. Our 
investigations also indicate that the upstroke is instrumental in extending the flight envelope of 
insects in free flight. The aerodynamic activity of the upstroke was found to increase as flight 
transitioned from positive to negative advance ratios. Flights with negative advance ratios have 
not been quantitatively characterized in the literature before this work. The mechanisms associated 
with the upstroke were found to robust among many flying species from complex to simple fliers. 

The primary contributions of this dissertation are in the discovery and characterization of a 
novel flight mode among vastly different species spanning the entire spectrum of Reynolds 
numbers of small to large-sized insects with varying complexity, quantitative measurement of 
flight kinematics, discovery of novel upstroke lift and associated unsteady aerodynamics, 
clarification of the facultative nature of wing half stroke function, elucidation of the importance of 
body on wing aerodynamics and finally extraction of simple techniques to extend the flight 
envelope for additional maneuverability. 



 
 

By enumerating these techniques across diverse species and flight conditions, our fundamental 
understanding of flapping flight was substantially improved, and the findings from this research 
are relevant for highly versatile next-generation small-scale flying robots. 
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1. Chapter 1  
Introduction 

 

 

 

In nature, true flight has only been achieved by three animals: birds, bats, and insects. Among 
these organisms, insects evolved flight first about 300 million years ago and are the most proficient 
fliers. There are about 5.5 million documented species of insects [1], of which approximately 1.1 
million use flapping wings to fly [2]. These volant organisms are found in all terrestrial ecosystems 
and possess different morphologies and vast flying abilities, which include forward, hover, turning 
capabilities, and so on.  

To achieve prowess in flight, both body and wing kinematics adjustments are necessary. Two-
winged insects, for instance, flies, have a neurosensory system that enables them to execute 
maneuvers and recover from mid-air perturbations quickly [3, 4]. Likewise, the direct musculature 
at the wing root allows four-winged predators, such as Odonates, to control each wing 
independently, and to enhance wingbeat asymmetries useful for generating large flight forces [5, 
6]. Auxiliary mechanisms such as wing deformation and airframe morphing have also been shown 
to influence flight performance and efficiency [7-10]. Nevertheless, our understanding of flapping 
flight is still incomplete. Since the twentieth century, both biologists and engineers have devoted 
efforts to understand insect kinematics and aerodynamics, stability and control, evolutionary 
history and neurobiology. This research has run parallel to advances in aircraft aerodynamics [11], 
with great strides occurring mainly in the last two to three decades [12].  

 

1.1. Micro-aerial vehicles  
Engineers are particularly interested in flapping flight to inspire the design of unmanned aerial 

vehicles (UAV), popularly known as drones (micro-aerial vehicles (MAV), nano-air vehicles 
(NAV) and pico-air vehicles (PAV)), for surveillance, environmental monitoring and assessment, 
package delivery, agriculture, filmmaking, and so on. [13-15]. These vehicles are small, 
lightweight, and designed to operate at low speeds (Figure 1.1). Flying robots can use fixed, rotary, 
or flapping wings with each of these configurations having their pros and cons depending on the 
regime in which the vehicle operates. It is known that both fixed and rotary wings do not scale 
down well regarding aerodynamics and performance of components needed for propulsion [16]. 
Bio-inspired flapping flight, thus, offers an approach to bypass the challenges associated with the 
scalability of rotorcraft [16]. However, there are non-trivial challenges both from manufacturing, 
control, fluid dynamics, and biomechanics standpoints that affect bio-inspired flight. Since the 
small dimensions and low flight speeds requirements for flying robots are similar to those of most 
flying insects, understanding insect flight serves as a primary source of inspiration to solve these 
challenges. The Delfly Nimble [17] (Figure 1.1(c)) is a prime example of state of the art; a tailless 



 
 

autonomous free-flying robot that can perform rapid turns similar to flies, indicating that findings 
from research can be translated into design. 
 

 
(a) 
 

 

(b) 
 

(c) 
 

Figure 1.1. State of the art Flapping MAV. (A)Hummingbird Nano [18] developed by AeroVironment 
Inc. (B) Harvard Robobee [19] developed by Harvard University (C) Delfly Nimble [17] developed by 
TU Delft. 

 

1.2. Unsteady aerodynamics. 
The study of flapping flight is strongly tied to aerodynamic force production. From a fluid 

dynamics standpoint, the consequence of the low speed and size of flying robots and insects is that 
they operate in a low Reynolds number (Re) regime (10-104) where viscous and inertial forces are 
important [20]. Due to the oscillatory nature of the wings, the flow is highly unsteady, and 
propulsion is characterized by the manipulation of vortex structures. Two other non-dimensional 
parameters besides Re are essential for quantifying unsteadiness, namely the reduced frequency 
(k) and Strouhal number (St).  St gives the ratio of the fluid convection time scale to the wing 
motion, while St characterizes the behavior of the vortices left behind the flapping wing.  

It was thought originally that steady-state aerodynamics with attached flows was sufficient to 
explain the high-lift generation of insects [21, 22]. However, flow visualizations and force 
measurements in the last two decades have shown that insects use unsteady aerodynamic 
mechanisms to generate the high lift required for their flight [23-27]. These high-lift aerodynamic 
mechanisms include delayed/absence-of stall signified by the presence of a leading edge vortex 
(LEV), wake-capture, wing-wing, and wing-wake interactions, and rotational effects (see [2, 11, 
28] for comprehensive reviews). Insect bodies may also influence the fluid dynamics via ‘wing-
body interactions’ whereby the body generated vortices increase the wing’s circulation [29]. The 
body size may also change LEV characteristics by modifying Re and Coriolis accelerations [30]. 
In low flapping frequency flight, where the time scales of the body and wing can be of the same 
order of magnitude, body motions also affect both wing kinematics and aerodynamics. There 
remain, however, phenomena yet to be characterized or understood in the bid to develop an 
integrated framework for understanding flapping flight, and this remains an active area of research 
[2]. 

 



 
 

(a) 

 

(b) 

 

(c) 

Figure 1.2. Leading edge vortex in dragonfly forward flight. The topology of the LEV is captured at mid-span 
using (a) smoke visualization [25, 31]  and  (b) particle image velocimetry (PIV)  [27]. (c) Schematic of flow 
topology. From the images (a-c), an LEV is evident on the forewings, but attached flows (AF) dominate the 
hindwings in these visualizations. The LEV is dominant in the downstroke phase. In (b), the lift to weight ratio was 
calculated by the authors, and they concluded that the LEV on the FW alone is sufficient to carry the weight of a 
dragonfly. All studies listed [25, 27, 31] documented the absence of an LEV on the HW and during the upstroke.  

 
 
This dissertation is one of the many endeavors to unravel and understand how insects generate 

forces for flight by kinematics adjustments which influence the aerodynamics.  
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2. Chapter 2 
Background and research questions. 

 

 

 

One of the fundamental questions in insect flight research involves how insects produce and 
manipulate the forces that enable them to perform aerial maneuvers effectively [1-3]. It has been 
proposed that specific mechanisms are the keys behind flight performance. Figure 2.1 shows a 
comprehensive list of the aerodynamic mechanisms used during flapping flight and where gaps lie 
in our current understanding. Here, we will focus on insects. Filled circles indicate that substantial 
work has been done to characterize the mechanism while open circles/blank white spaces mean 
that there is still a need for extensive or new quantitative work to be done. These areas include 
upstroke effects, wing-wake interactions and body/tail/hindwing contributions/roles in flight 
(Figure 2.1), and more recently rotational effects when the flapping amplitude is low (<45º) and 
flapping frequency is high, which applies only to insects such as mosquitos [3]. 
 

Figure 2.1. Gaps in our current understanding of flapping flight across insects and vertebrates. Vertically, seven 
aerodynamic mechanisms studied so far in the literature for flapping animal flight (the light green shading groups 
morphological effects as the seventh mechanism) are listed. Horizontally, the studied animals (insects, bats, 
hummingbirds, and other birds) are listed. White columns represent slow (hover) flight, and light blue columns 
represent faster (forward) flight. Colored circles indicate the methodology used to study the aerodynamic 
mechanism. The studies are listed with the color-coding system as follows: black – in vivo, green – prepared real 
wing, red – physical model or robot, orange – computational fluid dynamics (CFD), blue – theory. Filled circles 
indicate quantitative studies. Open circles indicate qualitative studies. Figure adapted and modified from Chin and 
Lentink [4].  

 

2.1. Flight modes and animals studied 
Concerning body configuration, the asterisks in Figure 2.1 denote that the majority of the 

aerodynamics of insect flight has been restricted disproportionally to hovering (slow) flight [4, 5]. 
There are studies in forward (faster) flight but much less than hovering. Typically, the animal is in 
a dorso-ventral configuration as indicated by the silhouettes. Altogether, these works inevitably 



 
 

ignore the aerodynamics of other flight configurations which are observed as part of the flight 
repertoire of insects. Examples include takeoff, sideways, turning maneuvers (of other insects 
other than flies) and even backward flight. Many unanswered questions exist for some of these 
interesting flight behaviors simply because they have not been investigated extensively.  
 

Concerning the animals that have been studied, many of the works have focused on two-
winged insects like flies (Dipterans) while there are significantly less quantitative studies based on 
four-winged bimotoric insects and functionally-two-winged/anteromotoric insects. Typically, 
insects such as dragonflies, hawkmoths and fruit flies, etc., have served as model organisms for 
research. Nevertheless, insects with simpler wing actuation like cicadas and beetles may provide 
insights into how complex maneuvers are elicited with simple techniques [6]. Studies on such 
insects are also needed because most MAVs are often simplified compared to the insects that are 
said to inspire their designs [7] (Figure 1.1) 
 

Figure 2.2. Idealized wing motion during hovering. (a) Horizontal stroke plane (HSP) typically used by Diptera. 
(b) Vertical stroke plane used by butterflies (Lepidoptera). (c) Inclined stroke plane (ISP) used by Odonata. Force 

partitions are shown in terms of lift ( LC  ), drag ( DC ), and vertical ( VC ) and horizontal ( HC ) components.  Adapted 

and modified from Jones et al. [8]. 

 

2.2. Wing motion and body configuration  
In respect of wing motions, most works have focused on animals which flap in a horizontal 

stroke plane (HSP) such as fruit flies, bees, and so on. However, there is a need for more 
understanding of flight with an inclined stroke plane (ISP) [9, 10]. HSP flight is predominant in 
hovering but rare in forward flight (with an exception, see Ristroph et al.’s work [11]). ISP and 
HSP flight are drastically different and agile maneuverers like Odonata, who can fly with HSP, 
actually prefer to beat their wings in an ISP for their rapid, powerful and multi-directional flight 
since there are maneuverability and stability advantages with ISP [12]. Because the path of the 
wings is tilted relative to the horizontal in an ISP, the flight forces are partitioned. For example, a 
combination of lift and drag produces the vertical forces to sustain body weight but drag dominates 
(Figure 2.2(c)).  In ‘normal’ or HSP hovering, the drag components cancel out in both half strokes 
and vertical force is dominated by lift with the contributions of the half strokes being nearly 
symmetric [9] (Figure 2.2(a)).  

 
Another consequence of flapping with an ISP is that asymmetries between the half strokes are 

evident in both hovering and forward motions. The kinematic asymmetry between the two 
translational flapping phases, that is, the downstroke (dorsal-to-ventral stroke) and upstroke 



 
 

(ventral-to-dorsal stroke) in an ISP cause a pronounced asymmetry in the force production in each 
half stroke (Table 2.1). Even for insects that use ‘normal’ hovering, to achieve forward flight, an 
inclination of the stroke plane is usually a requirement for all insects [13-15] (Figure 2.3) because 
many insects reorient flight forces by tilting the stroke plane. Stroke plane tilt is achieved indirectly 
by reducing the body angle in forward flight, which also has the advantage of lowering parasite 
drag on the body at high speeds [16]. Nevertheless, the tilt angle of the force vector is not exactly 
the change in body angle. If the force vector and stroke plane are fixed relative to the body, 
throughout the body configurational changes, then the insect relies on the helicopter model for its 
flight [17]. As the stroke plane becomes inclined with forward speed, symmetry in kinematics and 
force production exhibited during HSP hovering is broken, thus rendering one half stroke (the 
upstroke) less aerodynamically active (or in some cases completely inactive) than the other [18, 
19].  
 

 
Figure 2.3. Body configuration and motion influence the stroke plane and force vector orientation in the global 
frame. A qualitative force vector is added to indicate force tilt. Figure modified and adapted from Meng and Sun 
[20].  

 
 

2.3. Half stroke force generation and asymmetry  
Aerodynamic force production is achieved by controlling both the velocity and circulation of 

the wings [21-23]. Modulating the velocity and circulation on a half stroke basis thus is also a 
source of half stroke asymmetries. The wing velocity is a function of the stroke plane and advance 
ratio (J), which is the ratio of the body velocity to the wing velocity [16]. From a fluid dynamics 
perspective, |J| is also indicative of the ratio of steady to unsteady effects in flight. When J>0 
(forward flight), the resultant wing velocity in each half stroke is the vector sum of both the wing 
and body velocity. The addition of a forward body velocity causes an asymmetry between the half 
strokes so that the wing net velocity is increased during the downstroke and reduced during the 
upstroke [18]. If flight with J<0, is possible, the reverse will occur. However, we hypothesize that 
in reality J<0 is not the exact reverse of J>0. The kinematics and aerodynamics are different. 
 

Insects also control the circulation produced by their wings by regulating the angle of attack 
(AoA) with wing flexibility and rotation playing auxiliary roles [22]. Because of the wing 
orientation relative to the stroke plane or the effective wing velocity, the force asymmetry is a 
function of the wing AoA asymmetry between the half strokes [16]. Experiments on dynamically-
scaled robots during ISP hovering have shown that even when the velocity in both half strokes is 
similar, there is a force asymmetry because of differences in AoA [24, 25]. When a wing flaps at 



 
 

a high AoA, the flow separates at the leading edge and reattaches before the trailing edge, forming 
an LEV which stays stably attached to the wing due to the balance of centripetal and Coriolis 
accelerations. The presence of the LEV in insect flight has been associated with enhanced forces 
on the wing [1, 26]. LEVs are found predominantly in the DS where AoA is high. Attached flows 
characterize the US, where the AoA is low and little forces are produced during this half stroke. 
Thus, the US is aerodynamically less active or inactive [2, 19, 27, 28]. 

 

Table 2.1. Flight mode, stroke plane type, and half stroke force asymmetry in different flight modes of insects and 
hummingbirds. The percentage of the contribution to the resultant aerodynamic force in flight is recorded. **-tethered. 

insect flight mode stroke plane  
DS net 
force 
(%)

US net 
force 
(%)

reference 

cicada 
forward 

inclined 
80 20 Wan et al.  [29]

forward 90 10 Liu et al.  [30] 

damselfly 
forward 

inclined 
75 25 Sato et al.  [31] 

forward 84 16 Bode-Oke et al.  [19] 

dragonfly 

   hovering** 

inclined 

77 23 Russell  [32] 

forward 80 20 Azuma and Watanabe  [33] 

forward 67 33 Hefler et al.  [34] 

fruit fly 

forward inclined 61 39 Meng and Sun  [14] 

hovering 
horizontal 

37 63 Fry et al.  [35] 

saccade 40 60 Fry et al.  [36] 

hawkmoth 

forward 

inclined 

80 20 Willmott et al.  [37] 

hovering 67 33 Aono and Liu  [38] 

hovering 68 32 Zheng et al.  [39] 

mosquito hovering horizontal 43 57 Bomphrey et al.  [3] 

honeybee hovering horizontal 43 57 Altshuler et al.  [23] 

butterfly forward inclined 75 25 Zheng et al.  [40] 

hoverfly hovering inclined 73 27 Mou et al.  [41] 

drone fly hovering horizontal 52 48 Liu and Sun  [42] 

hummingbird 

hovering horizontal 66 34 Warrick et al.  [43] 

hovering horizontal 65 35 Song et al.  [44] 

forward inclined 74 26 Song et al.  [45] 

locust forward inclined 86 14 Young et al.  [46] 

 

2.4. Upstroke effects 
Upstroke (US) effects are concerned with how the upstroke can generate useful forces for flight 

and typically signified by unique kinematics of the upstroke, and the use of lift-enhancing 
mechanisms. In vertebrate flight, upstroke lift has been identified in insectivorous birds like 
hummingbirds [43], and lift is due to an LEV, similar to insects that hover with an HSP since 
hummingbirds can almost reverse wing camber [47]. For other birds, which are limited by their 
musculature to reverse the whole wing, the tip reversal upstroke is capable of generating 
substantial forces [48, 49]. Thus, upstroke lift can also be produced during low-speed turns [49]. 



 
 

In forward flight, however, the tip reversal upstroke contributes to thrust, capitalizing on the ‘clap 
and fling’ mechanism to boost flight forces [48]. Studies of upstroke effects are not common in 
insect flight [4], partly due to the force asymmetry described above and the otherwise rigid function 
of the half strokes when the insect is in motion. 

 
Inevitably, although the phenomenon of delayed stall is well-known (Figure 2.1, top row), it 

is coupled with upstroke effects since the LEV is the primary means of lift production in insect 
flight. The LEV mechanism is primarily associated with the downstroke (DS) as aforementioned. 
Since aerodynamics depend on morphology and kinematics, understanding the kinematics of 
upstroke motions and link to consequent aerodynamics will provide insights on upstroke effects in 
free flight which is currently lacking in the literature, especially with regard to LEV generation. 
Moreover, since the body configuration/motion can also modify wing kinematics, both body and 
wing motions may be instrumental in understanding upstroke effects.  
 

Altogether, the background provided leads us to ask the following research questions. What is 
the aerodynamic function of each half stroke? When J≥0, the DS produces the vertical (weight-
carrying) force, and the upstroke produces the horizontal force [50-52]. Is this trend fixed or could 
the conventional aerodynamic functions of the DS and US be reversed and under what flight 
conditions will that occur and what are the implications? The downstrokes are dominated by 
separated flows (LEV) while attached flows or small vortices characterize the upstroke. It is also 
possible for the upstroke to contribute nothing to lift generation [19, 28, 30]. So what are the 
kinematics and aerodynamics that leads to the presence of an active upstroke? Can the upstroke 
provide substantial weight support or even dominate the net force production in flight (see Table 
2.1)? Can a strong LEV be formed in the upstroke if the wings are usually strongly supinated for 
low AoA? When will this occur and what kinematics changes will be responsible? How do body 
motion and configuration influence wing performance? If any of these questions can be answered, 
are the mechanisms identified robust among different fliers? These questions are still unanswered 
and relatively unexplored in the literature.  

 
Answers to these questions are essential in real-world applications of flying robots where flight 

will comprise of different maneuvers, and the vehicle will possess different orientations and the 
kinematics, use of lift-enhancing mechanisms and the function of the half stroke may change.  We 
hypothesize that upstroke effects will be evident if the upstroke can provide weight support. 
Furthermore, body postural adjustment will be vital since it is a viable way of altering the stroke 
plane, which determines force partitions as well as the wing aerodynamics. 

 
 
 



 
 

 
Figure 2.4. Inducing upstroke lift in free flight. Dashed lines denote the stroke plane. The black circle on the stroke 
plane denotes the stroke plane’s front end. Green and red arrow indicate anecdotal flight forces.  

 
In Figure 2.4, we qualitatively evaluated different ways through which an insect may generate 

substantial upstroke lift while flying (J≠0). Figure 2.4(a) shows the posture of a dragonfly in 
forward flight with the force vector orientations and relative magnitude. To generate upstroke lift,  
the insect may rotate the stroke plane relative to the body but keep the body posture relatively fixed 
(Figure 2.4(b)). However, to do so, the insect firstly must possess large wing degrees of freedom 
[53-55] to be able to vary the aerodynamic force relative to the body. Even for insects like 
damselflies (which we will term a complex insect in this dissertation due to its wing degrees of 
freedom),  the rotation of the stroke plane below the longitudinal axis is restricted to only 5º [53]. 
Interestingly, if possible, the insect will fly backward (J<0) as indicated by the downstroke force 
orientation.  

 
The insect may also fix the stroke plane and drastically twist the wings (Figure 2.4(c)). 

Nevertheless, since insect wings are fixed on hinges, it is not viable to completely twist the wings 
and thus supinate the whole wing area for useful aerodynamic force generation [16, 56]. Another 
way to look at Figure 2.4(c) is that the downstroke does not supinate at wing reversal. In this case, 
the upstroke will generate negative lift in slow-speed flight. An exception is a positively loaded 
upstroke in butterfly forward flight where a vortex from the downstroke rests on the wing in the 
upstroke, but this is very rare [57]. Another exception occurs in the fast flight of hawkmoths at 
speeds higher than 5m/s, yet the mechanics of force generation have not been confirmed [58].  
 

The insect may rotate the body without significant changes in wing kinematics. However, 
weight support is not guaranteed from either half stroke (Figure 2.4(d)), but backward flight will 
occur. Lastly, the insect may rotate the body and adjust the wing kinematics to ensure that weight 
support is guaranteed. The kinematics adjustments, however, will induce a new flight mode 
(reverse/backward/J<0 flight). If J<0 is the consequence of upstroke effects, then the variation of 
the kinematics and forces on a half stroke basis, the roles of the half stroke in force generation, 



 
 

and the force control strategy when J<0 is unexplored in insects.  Therefore, it is from the lens of 
flight with negative advance ratios that we investigate upstroke effects, in particular, lift 
generation. The flight physics of the novel flight mode and the utility of the upstroke are 
intertwined and thus unraveled simultaneously. 
 

2.5. Dissertation outline 
Chapter 3 presents the first quantitative study of backward flight in the literature. 

Experimental and computational work is done on one of nature’s most agile species, the dragonfly. 
We enumerate the kinematics and aerodynamics, confirming our hypothesis and the anecdote in 
Figure 2.4. The results from chapter 3 formed the basis for the rest of the work in the dissertation. 

Chapters 4 and 5 both build on the framework of Chapter 3 by demonstrating that the findings 
are not restricted to complex fliers like Odonates. We present the first quantitative studies of the 
backward flight of fliers with restricted wing degrees of freedom (which we term as simple insects 
in this dissertation) such as cicadas (chapters 4) and butterflies (Chapters 5). The unique kinematics 
and aerodynamics of each species are discussed. In particular, we test the helicopter model on this 
simple fliers by comparing the techniques of backward flight with other flight modes. 

Chapter 6, investigates the influence of unsteady body motion on backward flight and wing 
half stroke function. Insects rarely cruise during flight; instead, their body motion is a combination 
of acceleration, deceleration, and rapid changes in direction. This kind of behavior is exhibited 
during obstacle avoidance, the transition from one mode to another, station keeping, and 
environmental assessment (“hesitation behaviors” [59]). However, the kinematics and 
aerodynamics of this behavior have not been elucidated until now. 

Chapter 7 investigates how wing damage influences the wing kinematics and coordination of 
the wing pairs in backward flight. 

Lastly, Chapter 8 summarizes the conclusions and discusses the contribution of this work as 
well as its limitations. Suggestions for future research directions are made. 
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3. Chapter 3 
Flying in reverse: kinematics and aerodynamics of a dragonfly in 
backward free flight 

 

 

 

3.1. Abstract 
In this study, we investigated the backward free flight of a dragonfly, accelerating in a flight path 
inclined to the horizontal. The wing and body kinematics were reconstructed from the output of 
three high-speed cameras using a template-based subdivision surface reconstruction method, and 
numerical simulations using an immersed boundary flow solver were conducted to compute the 
forces and visualize the flow features. During backward flight, the dragonfly maintained an upright 
body posture of approximately 90º relative to the horizon. The upright body posture was used to 
reorient the stroke plane and the flight force in the global frame; a mechanism known as ‘force 
vectoring’ which was previously observed in maneuvers of other flying animals. In addition to 
force vectoring, we found that while flying backward, the dragonfly flaps its wings with larger 
angles of attack in the upstroke (US) when compared to forward flight. Also, the backward velocity 
of the body in the upright position enhances the wings’ net velocity in the US. The combined effect 
of the angle of attack and wing net velocity yields large aerodynamic force generation in the US, 
with the average magnitude of the force reaching values as high as 2-3 times the body weight. 
Corresponding to these large forces was the presence of a strong leading edge vortex (LEV) at the 
onset of US which remained attached up until wing reversal. Finally, wing-wing interaction was 
found to enhance the aerodynamic performance of the hindwings during backward flight. Vorticity 
from the forewings’ trailing edge fed directly into the hindwings’ LEV to increase its circulation 
and enhance force production. 

Keywords: backward flight, downstroke-upstroke reversal, active upstroke, leading edge vortex, 
dragonfly, force asymmetry. 

3.2. Introduction 
Insects elicit flight maneuvers by drastically or subtly changing their wing and body 

kinematics. These changes influence both (i) the production and (ii) orientation and reorientation 
of aerodynamic forces, consequently determining the type of free flight maneuver that is 
performed. Examples of such maneuvers include well-studied modes like hovering, forward and 
turning flight [1-6], which have improved our understanding of flight mechanics and for engineers 
especially, fostered the design of micro-aerial vehicles (MAVs) [7-9]. However, some flight modes 
found in nature which may lead to further insights are yet to be explored. A classic example is 
backward flight. Although just qualitatively characterized in the literature, it has been documented 
that insects use backward flight for predator evasion, prey capture, flight initiation, station keeping, 
and load lifting [10-15]. Now, engineers are interested in incorporating retro-flight capabilities 



 
 

into state-of-the-art MAVs for additional maneuverability [9, 16]. To better understand the 
aerodynamics of backward flight in connection with wing and body kinematics, we studied free-
flying dragonflies in this flight mode.  

First, to fly, insects need to produce forces by controlling both the velocity of and circulation 
generated by their wings [5, 17, 18]. Because force production is proportional to wing velocity 
squared, insects adjust wing speed by altering the stroke amplitude and/or frequency [5, 11, 17]. 
Honey bees [18], drone flies[19], damselflies[20], and fruit flies [21] all increase stroke amplitude 
to generate larger flight forces. Insects also modulate the circulation produced by their wings by 
controlling the angle of attack (AoA) with wing flexibility and rotation speed playing lesser roles 
[17]. When a wing flaps at a high AoA, the flow separates at the leading edge and reattaches before 
the trailing edge, forming a vortex which stays stably attached to wing due to the balance of 
centripetal and Coriolis accelerations [22]. The presence of the leading edge vortex (LEV) in insect 
flight has been associated with enhanced forces on the wing [10, 23]. Although, there are different 
views on how the existence and attachment of the LEV contribute to force production in insect 
flight (absence of stall [24], increasing wing circulation/suction [25], etc.), it is known that a wing 
with an LEV imparts greater momentum to the fluid, leading to the production of larger forces 
than under steady-state conditions [26-29]. Bomphrey et al. [30] measured the LEV contribution 
to weight support during the forward flight of dragonflies and concluded that dragonflies could 
sustain their weight from the contribution of the LEV on the forewings alone. Since the flight 
forces are a strong function of wing kinematics, generated flight forces vary drastically during 
flight because the kinematics of the up and down strokes can be utterly different [3, 20, 31]. In 
hovering and forward flight, most insects, especially those which flap in an inclined stroke plane, 
i.e., dragonflies, damselflies, etc., produce larger forces during the downstroke (DS) due to the 
higher relative wing velocity and the angle of attack in comparison to the upstroke (US) [31, 32]. 
Conversely, the wing translates at a shallow angle of attack and smaller speed, tracing a shorter 
path in the US, thus, generating smaller forces [8, 20, 32]. The US is often ‘aerodynamically 
inactive’ as a result [20]. Currently, the variation of forces on a half-stroke basis and the roles of 
the US and DS in force generation during backward flight are less understood. 

Second, the orientation and reorientation of aerodynamic forces is as essential for successful 
flight as force production and is vital to positioning the insect in its intended flight direction. Many 
flying organisms such as cicadas [33], fruit flies [4], dipterans [34], bats [35] and pigeons [36] use 
force vectoring like a helicopter for force reorientation. Force vectoring involves redirecting flight 
forces globally by rotating the body while the force vector remains relatively fixed to the body. A 
helicopter rotates the force vector by inducing a nose-down motion on the fuselage and tilting the 
tip-path plane (of the blades) forward to induce forward flight. Conversely, to transition to 
backward flight, a helicopter rotates the force vector by inducing a nose-up motion on the fuselage 
and tilts the tip-path plane backward. Most of the tilt is accomplished through fuselage rotation 
since the tilt of the tip-path is limited by the range of motion of the swash plates. Similarly, a tilt 
of the stroke plane has been reported to precede changes in the flight direction of insects [32]. 
Dragonflies, which have been reported to have a limited range of variation of the stroke plane with 
respect to their bodies [37], maintain a pitch-down orientation during forward flight. Like 
helicopters, flying backward in insects may require a similar strategy where the insect will 



 
 

maintain a pitch-up orientation. Rüppel [11], recorded a dragonfly flying backward with a body 
angle of 100º from the horizon. Likewise, Mukundarajan et al. [38] reported that a stroke plane 
tilted backward, and a steep body angle between 50-70º from the horizontal induced backward 
flight in Waterlily beetles (Galerucella nymphaeae). Our observations corroborate these reports as 
we consistently witnessed an upright body posture during the backward flight of dragonflies in our 
experiment.  

In the present work, our goal is to investigate the kinematics and aerodynamics of a dragonfly 
in backward flight. More precisely, we aim to identify the role that force vectoring plays in the 
execution of a backward flight maneuver. Furthermore, we will identify other aerodynamic 
mechanisms related to backward flight, if any, and quantify their contributions with regard to this 
unique flight mode. An accurate 3D surface reconstruction technique coupled with a high fidelity 
Computational Fluid Dynamics (CFD) flow solver [39] is used to quantify the coordination of the 
wing and body motion and to identify how flight forces are generated during flight. Also, detailed 
flow features are elucidated and their relations to force generation mechanisms are evaluated and 
presented. 

3.3. Material and methods 

3.3.1. Dragonfly, high-speed videography, and three-dimensional surface reconstruction  
We captured Dragonflies (Erythemis simplicicollis) from the wild and transported them to the 

lab for motion capture. We dotted the dragonflies’ wings for tracking purposes and placed the 
insects in a filming area. The insects initiated flight voluntarily, and their motion was recorded by 
three orthogonally arranged high-speed cameras. While many of the flight sequences were of 
forward motions, we captured ten backward flight videos. These backward sequences included 
turning and straight backward flight, very short backward flight after take-off and backward flight 
of individuals with impaired wings. Our aim in this work is to present the best and clearest straight 
backward flight sequence we captured for analysis in the text. We selected one flight sequence and 
reconstructed the video in Autodesk Maya (Autodesk Inc.). The morphological parameters of the 
selected dragonfly are shown in Table 3.1. The reconstruction process captured both the kinematics 
and deformations. A more detailed study of the 3D reconstruction method is identified elsewhere 
[40].  

Table 3.1. Morphological parameters for the dragonfly in this study. The mass and length measurement uncertainties 
are ±1 mg and ±1 mm, respectively. 

species  
flight 
time 
(ms) 

body 
weight 
(mg) 

body 
length 
(mm) 

forewing 
length 
(mm) 

forewing 
mean 
chord 
(mm)

hindwing 
length 
(mm) 

hindwing 
mean 
chord 
(mm) 

flapping 
frequency 

(Hz) 

Erythemis 
simplicicollis 

 130 130 40 34 8 31 10 27 

 

3.3.2.  Wing kinematics and deformation  
The wing kinematics are measured with respect to a coordinate system fixed at the wing root. 

Three Euler angles describe the angular orientation of the wing assuming it is rigid; flap, deviation, 
and pitch. The effective AoA ( eff ) here, is the angle between the chord and the vector sum of the 



 
 

body and wing velocity measured at the leading edge. Previous insect flight studies have measured 
the AoA at locations between the leading edge and quarter-chord or near the rotation axis of the 
wing [19, 41]. However, in classical aerodynamics (extended lifting line theory), the three-quarter 
chord (both for steady and unsteady flow) is the point of choice for calculating the AoA with 
respect to induced velocities for a wing in curved flow (Pistolesi’s theorem) [42, 43]. The 
geometric AoA ( geom ) excludes the body velocity. A least-squares reference plane (LSRP) is 

generated based on the nodes on the reconstructed wing surface to quantify wing twist (see [40]). 
The LSRP is a planar fitting to the 3D positions of the wing surface points where the sum of the 
distances of the wing surface points from this plane is minimized. The twist angle is the relative 
angle of the deformed wing chord line and the LSRP. These definitions are rendered in Figure 3.1. 

 

 

Figure 3.1. Kinematics definitions. (A) h  and b  are the stroke plane angles with respect to the horizontal and 

body longitudinal axis, respectively. , ,    are the flap, deviation, and pitch angles. effU is the vector sum of the 

wing ( flapU ) and body ( bU ) velocity. eff and geom are the effective and geometric angles of attack.   is the body 

angle. (B) Twist Angle ( twist ). The deformed wing is shown in dark grey, and the least deformed wing is shown 

in light grey with a red outline. Two dimensional (2D) cross-sections show that the angle between the chord line of 
the least deformed wing (dashed line) and deformed wing (solid line with red tip) is the twist angle. 

3.3.3. Computational fluid dynamics simulation 
We used an in-house immersed boundary method flow solver for simulating incompressible 

flows in this study. We solved the incompressible Navier-Stokes (NS) Equation (Eqn. (1)) using a 
finite difference method with 2nd order accuracy in space and a 2nd order fractional step method 
for time stepping. More details of this approach and application can be found in other works [20, 
39, 44, 45]. Validations of the flow solver are in the works of Wan et al. [39] and Li & Dong. [46]. 
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where u  is the velocity vector in Cartesian coordinates, t  is time,   is density, p  is pressure and 

  is the kinematic viscosity. 



 
 

The vortex structures are visualized by the 2 -criterion [47], which has been used in previous insect 

flight studies [44, 48]. The 2 -criterion is based on the observation that a pressure minimum as a 

detection criterion is insufficient for locating vortex cores. Jeung & Hussein [47] opined that 
unsteady straining could cause a pressure minimum without vortical motion and viscous effects 
could also eliminate the pressure minimum in the flow when there is vortical motion. Hence, 
unsteady straining and viscous effect need to be eliminated to identify a vortex core properly.  

The symmetric part of the gradient of Eqn. (1) is expressed as 

 2 2 1
( )p


    S   (2) 

where  T
 = 1 2     S u u  and  T

 = 1 2    u - u are the strain rate and vorticity tensors 

respectively after the unsteady straining ( D DtS term) and viscous effects (  term) have been 

discarded. A vortex core is then defined as a region connected by real negative eigenvalues ( 2 0 

) of equation (2).  

We ran the simulations on a non-uniform Cartesian grid. The domain size was 50  x 50  x 
50  totaling 14 million grids. High-resolution uniform grids surround the insect in a volume of 
13  x 15  x 23  with a spacing of about 0.06 with stretching grids extending from the fine 
region to the outer boundaries. The pressure and velocity boundary conditions at the domain’s 
boundaries are homogeneous Neumann conditions set to zero. The Reynolds number defined by 

Re tipU c   is about 1840, based on the average effective wing tip speed of the wing pair (
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              u u , where 

, ,x y zu    is the time derivative of the displacement vector and T is the flapping duration), mean-

chord length ( 0.008c m ), kinematic viscosity of air at room temperature ( 5 2 11.5 10 m s    ). 

Figure 3.2 shows the comparison of forces during the second stroke from three grid setups (coarse, 
medium, and fine). The difference of both the mean and peak values between the medium-grid 
(adopted in this paper) and the fine-grid is about 2% (Table 3.2) which indicates grid convergence 
following Liu et al.’s work [44].  

 

c c
c
c c c c



 
 

Figure 3.2. Computational setup. (A) Computational mesh employed in the study. For display, the meshes 
coarsened four times. (B) Grid Independent Study. The sum of the FW and HW forces is shown during the second 
stroke (Fv: Vertical Force, FH: Horizontal Force). Grey shading indicates the forewing DS. Medium grids are shown 
in (A).  

 
Table 3.2. Forces from three different grids set-up. 

 grids 
mean vertical 
force (mN) 

max vertical 
force (mN) 

mean 
horizontal 
force (mN) 

max 
horizontal 
force (mN)

Coarse 214x214x214 3.40 12.35 2.17 7.06
Medium 240x240x240 3.08 11.08 1.93 6.22

Fine 252x252x252 3.02 10.95 1.88 6.14
 

 

 

3.4. Results  

3.4.1. Kinematics 

3.4.1.1. Body kinematics 
The body kinematics are documented in Figure 3.3. At the onset of flight, the dragonfly rested 

on a platform posing at an initial body angle of ~87º. There was a preparatory stage (t=-20 ms to 
0s). However, obvious body translation did not occur until the successive DS during which the 
wing generated enough propulsive force. This time instant (t=0s) is the start of the flight. The 
insect left the platform smoothly while increasingly leaning backward. Both the body velocity and 
angle increased for the next 2.5 flapping cycles slightly attenuating in the last half wingbeat. The 
center of mass of the body was elevated by about 5c  during the last two flapping cycles with most 
of the body motion occurring in the horizontal direction (12c ).  

The average body angle during the entire flight duration was approximately 90º. The wings 
propelled the body backward with an average velocity of -1 m/s. The advance ratio (J), defined as 
the ratio of the average body to wingtip velocity is -0.31±0.12. Because the dragonfly is 
accelerating, the advance ratio changes on a half stroke basis and is larger in the second and third 



 
 

flapping strokes. In addition to body motion, we observed some tail movement typical of dragonfly 
flight. The tail motion trailed the body’s by about half a wingbeat, although the profile of the time 
histories was similar. At the beginning of the third US, the insect slowed down and reduced its 
body and tail angle (Figure 3.3(e,f)). 

 

Figure 3.3. Body motion during backward flight. (A) Reconstructed dragonfly (ii) overlapped on a real image (i). L-
body length, R- wing length from root to tip, c - mean chord length (B) Experimental Setup (C) Snapshots of the 
dragonfly in backward flight. (D) Montage of 3D model of dragonfly used in CFD simulation. (E) Tail angle definition. 
The tail angle is the angle between the thorax and the tail. (F) Body kinematics.  Grey shading denotes the forewing DS. 
(G) Stroke plane reorientation (blue shading) due to change in body angle from forward to backward flight. 

3.4.1.2. Wing kinematics and deformations  
Both wing pairs swept through a stroke plane ( b ) that maintained an orientation of 35±4º 

measured relative to the straight line that connects the head to the tail in the absence of body 
deformation (body longitudinal axis, Figure 3.3(e)). This b  is slightly less than the stroke plane 

angle measured in forward flight (relative to the longitudinal axis), which is about 50-60o [37, 49]. 
Nevertheless, in the global frame, the stroke plane in backward flight is almost perpendicular to 
that in forward flight due to the change in the body angle in backward flight (Figure 3.3(g)). The 
mean stroke plane angle relative to the horizon ( h ) is 46.8±5.5º for the forewings (FW) and 

hindwings (HW).  



 
 

Figure 3.4 shows the measured wing kinematics. The HW led the FW typical of dragonfly flight 
[49, 50]. The phase difference increased from one stroke to another; ~37º, 51º, 94º for the three 
strokes, respectively. The phasing of the fore and hindwing may help reduce oscillations in the 
body posture during flight [31]. The DS-to-US duration ratio changed on a stroke-by-stroke basis 
from 0.9 (first stroke) to 0.7 (second stroke) to 1 (third stroke) for the FW and from 0.9 (first 
stroke) to 0.8 (second and third strokes) for the HW.  

The wings flapped at high AoAs while deforming considerably. We report the AoAs at 
four spanwise locations ~0.25, 0.5, 0.75, and 0.9R, where R is the distance from the wing root to 
tip (Figure 3.4). The AoA decreased from root to tip. In the text, the mid-span (0.5R) AoA is 
reported. Averaged across all strokes, the DS geom  was 39.0±2.2º and 47.0±3.7º, and that for the 

US was 52.4±7.8º and 55.8±2.2º for FW and HW, respectively. Taking into account the body 
motion, we found that geom was significantly reduced. Hence, the DS eff  was 22.5±2.1º and 

26.1±9.3º, and that for the US was 25.3±5.6º and 31.2±6.6º for the FW and HW respectively. At 
these intermediate AoAs insect wings usually carry a stable LEV [1, 51]. We also tracked the 
velocity of the leading edge at the spanwise locations where we calculated the AoAs. Overall, the 
resultant wing velocities squared were higher during the US than the DS by 20% and 15% for the 
FW and HW at mid-span.   

In addition to the rigid wing kinematics, the wing twist is reported in Figure 3.4. The twist 
angle, which is the relative angle of the deformed wing chord line and the LSRP (see Figure 
3.1(b)), increased from mid-span to tip and is greater for the HW and during the US. The twist was 
as much as 40º, twice higher than previous measurements on dragonflies [40]. 



 
 

Figure 3.4. Wing kinematics and twist. The average Euler angles are shown. The geometric (dashed lines) and 
effective AoAs (solid lines) and twist angles at four spanwise location are reported. Grey shading denotes the DS 
phase.  

3.4.2. Force generation: aerodynamic force and power  
The flight forces were computed by the integration of the wing surface pressure and shear 

stress. The aerodynamic power is defined as ( )aerop n u ds  
  

where   is the stress tensor, u


is the velocity of the fluid adjacent to the wing surface, n
  and ds   are the unit normal direction 

and the area of each element, respectively. The forces and muscle-mass specific power 

consumption ( * aero
aero

m

p
p

M
 ) are displayed in Figure 3.5. The muscle mass ( mM ) is 49% of the 

body mass based on previous measurements [52, 53]. 

Consistent with the phase difference between the wing pairs, the peak forces produced by HW 
led the FW. The magnitudes of peak vertical force generated by the FW (all USs) and HW (first 
DS) are similar (~4mN), while the peak vertical force of the hindwings is about twice FW’s in the 
2nd and 3rd strokes as the insect ascends (see § 3.4.1.1). The peak horizontal forces for the wing 
pairs are also comparable, although on average, the hindwings generate greater horizontal forces.   

Most of the vertical force is generated during the US, while horizontal force is generated in the 
DS. Both wing pairs generate larger forces in US compared to DS. Greater forces are produced by 
HW compared to FW. The peak vertical and horizontal forces during the flight are about 9 and 5.5 
times the body weight, respectively. The dragonfly generates an average vertical force 2.5-3 times 



 
 

the body weight to sustain flight and ascend while propelling backward with an average force of 
1.5 times the body weight.  

Figure 3.5. Force generation and muscle-specific power consumption. Time history of forces (Fv: vertical force, FH: 
horizontal force, W: Weight=1.275mN) and muscle-mass specific power (P*aero) consumption. Grey shading denotes 
the DS phase. 

The average muscle-mass specific power consumed by the dragonfly was 146W/kg (FW: 
54W/kg; HW: 92W/kg). This was in the same range (76-156 W/kg and 160 W/kg) measured by 
Wakeling and Ellington [52], and Azuma et al. [50], respectively for forward flight. 

3.4.3. Force vectoring 
Force vectoring is a mechanism commonly used by insects and birds to change flight direction. 

Using this strategy, body rotation is used to redirect the flight forces, especially if the forces are 
directionally constrained within the animal’s body frame [33, 36]. By rotating the body relative to 
the ground, the insect changes the global orientation of the aerodynamic force to perform the 
desired maneuver.  

To investigate how the dragonfly’s body posture affects the orientation of aerodynamic force 
vector, we visualized the half stroke-averaged force vectors in Figure 3.6 in the Y-Z plane which 
coincides with the mid-sagittal plane of the dragonfly. In Figure 3.6(c), the green and red arrows 
represent the DS-averaged ( DSF ) and US-averaged force vectors ( USF ) respectively. Although the 

magnitude of both US and DS forces change from cycle to cycle, DSF and USF were produced in a 

somewhat uniform direction with respect to the longitudinal axis of the body. The angle between 
the force vector and longitudinal axis is obtained from the dot product of the force vector and a 
unit vector parallel to the longitudinal axis. The angle between USF and the longitudinal axis was 

12±8º (FW) and 10±5º (HW). DSF was oriented at 107±15º (FW) and 96±18º (HW). The body 

posture tilted the DS force backward and the US force upward for generation of propulsive and 
lifting force, respectively. However, the change in magnitude of the force, as well as production 
of large aerodynamic forces in US cannot be explained by force vectoring alone. 



 
 

 
Figure 3.6. Force vectors in the mid-sagittal plane. (a, b) show anecdotally using real footage, how dragonflies 
may appropriate the force vectoring for forward and backward flight. Solid and dashed arrows show resultant force 
and its components, respectively. (c, d) Measured flight forces. The dragonflies are colored based on FW (Blue) 
and HW (Black) timing. Red and green force vectors represent USF  and DSF , respectively. In the polar plot, black 

vectors clustered around 90º indicate the body longitudinal axis. 

3.4.4. Vortical structures during backward flight: three-dimensional flow structures and 
leading edge vortex circulation. 

We plotted the iso-surface of the 2 -criterion at two different values ( 2 10,15  ) to visualize 

the flow structures. In Figure 3.7, we present the evolution of the wake structures during the second 
stroke based on the hindwings’ timing. Whereas in Figure 3.8, the flow structures are shown during 
maximum force production. The flow features on the right wings are reported although the flow 
phenomena are similar on both sides of the wings.  

An LEV forms as the wings translate during the DS. For most of the stroke (Figure 3.7), the 
LEV grows in size and strength while being stably attached. During the DS, an LEV and TV are 
observed, and the vorticity in the LEV feeds into a tip vortex (TV). As reversal approaches, the 
LEV deteriorates and sheds from the trailing edge. Concurrently, another vortex forms on the 
upper surface of the wing during reversal because of the rapid increase in AoA during wing rotation 
(Figure 3.7(d)). 

 

 



 
 

Figure 3.7. Vortex development in backward flight. The flow features visualized by the 2 -criterion during the 2nd 

flapping stroke. TEV=Trailing Edge Vortex. TV=Tip Vortex. Subscripts 1, 2 denote vortices created by flapping 
strokes 1 and 2. Top row (a - c) represents snapshots during HW DS at t/T=0.07, 0.19 and 0.34, respectively. The 
bottom row (d-f) represents snapshots during HW US at t/T=0.52, 0.70 and 0.87, respectively.  

In the US, the LEV formed covers the entirety of the wing surface (Figures 3.7(e, f), and (b, 
d)). The LEV in the US is larger than that formed in the DS. The TV is also more pronounced and 
suggests that the strength of the LEV feeding it may be greater than the DS’s. Also, both the FW 
and HW have LEVs on them. During the mid-US and at maximum force production, the HW flow 
consists of an LEV, TV and a trailing edge vortex (TEV) connected to form a vortex loop (Figures 
3.7(e) and (d)). The loop creates a downward jet which boosts vertical force production.  



 
 

 
Figure 3.8. Flow features at maximum force production during 2nd stroke for each wing pair. (A) FW DS t/T=0.35, 
(B) FW US  t/T=0.82 (C) HW DS t/T=0.25 (D) HW US t/T=0.70.  

We also quantified the strength (circulation) of the LEV throughout the second and third stroke. 
At every time step, a 2D plane normal to the axis of LEV was constructed (Figure 3.9(a)). A 
vorticity threshold was set to capture the vortex. The circulation is the flux of the vorticity and is 
non-dimensionalized by the product of a reference velocity, refU and length, l  (Eqn. (3)).  

 *
LEV

ref

1
Γ ,

S

dS
lU

    (3) 

where  is the vorticity. The area of integration (dS) is bound by the vorticity threshold. tipU and 

c were chosen for the non-dimensionalization. The instantaneous LEV circulation at mid-span 
(0.5R) is displayed in Figure 3.9(c). There is a discontinuity at reversal due to the deterioration of 
the LEV and the emergence of another LEV on the opposite surface of the wing. The circulation 
slightly lags behind the kinematics due to the delay of growth of circulation in the vortex formation 
process during wing excursion.  
 

The peak circulation (Figure 3.9(c)) occurs in the same region where maximum force is 
generated for each wing pair (Figure 3.5). The HWs have higher LEV circulation than the fws. 
Also, the LEV circulation in the US is greater than the DS’s. All the DS-to-US LEV circulation 
ratios are less than unity (Table 3.3). The spanwise distribution of circulation on the wing surface 
at the instant of maximum force production in the 2nd and 3rd stroke are reported in Figure 3.9(d, 





 
 

e). The circulation increases along the span and tapers toward the tip. The US circulation, shown 
in dashed lines, is higher than the DS circulation, consistent with greater flight force generated in 
the US.  
 

 

Figure 3.9. LEV circulation. (a) Schematic of a dragonfly with 2D slices on the wings with the virtual camera looking 
through a line passing through the LEV core. (b) Spanwise vorticity on FW during the (i) DS (dorsal surface shaded 
in grey) and (ii) US in the 3rd stroke (ventral surface shaded in blue). (c) LEV circulation during the 2nd and 3rd stroke. 
Grey shading denotes FW DS. (d,e) Spanwise distribution of LEV circulation at maximum force production during 
the 2nd and 3rd Stroke, respectively.  

Table 3.3. Quantification of LEV circulation. *Γ represents the time half stroke averaged values. *
maxΓ represents the 

maximum circulation per half stroke. All values are measured at 0.50R. 

flapping stroke *Γ  
*
maxΓ  * *

DS USΓ Γ
DS US

* *
max maxΓ Γ  

2nd 
FW 

DS -0.67 -1.08
0.64 0.81 

US 1.05 1.34

HW 
DS -0.96 -1.32

0.83 0.67 
US 1.16 1.98

3rd  
FW 

DS -0.35 -0.71
0.40 0.49 

US 0.88 1.45

HW 
DS -0.89 -1.16

0.59 0.53 
US 1.50 2.19

 

 

3.4.5. Wing-wing interaction 
We observed some interaction between the wings during backward flight (Figure 3.7(d)). 

Previous studies have indicated that the FW experience in-wash due to the HW and the HW are 
affected by the downwash from the FW with benefits being dependent on the phase difference 
between wing pairs [31, 54-57]. Experiments on hovering kinematics showed that both wing pairs 



 
 

generate maximum lift when the HW lead by a quarter of the cycle and the distance between the 
wings is closest [54]. By leading the FW, the HW avoids the FW’s downwash. Simulations of 
dragonfly-like wings at different advance ratios and phase differences indicated that total forces 
of the fore and hindwings are influenced by WWI when the HW lead the FW [56]. Lehmann [58], 
reported that a hindwing leading by 90º could achieve the same mean lift as an isolated wing due 
to wake capture. The FW could also benefit from interaction due to the distortion of the FWs wakes 
by the HWs via the “wall effect” [20, 58, 59]. 

We compared three simulation cases; (i) with all four wings (ALL; shown in Figures 3.8 and ), (ii) 
the FWs only (FO) and (iii) HWs only (HO), to elucidate wing-wing interaction during flight 
(Table 3.4).  

 

Table 3.4. Effect of wing-wing interaction during flight (all strokes combined). 

force (10-3 N) 
forewings hindwings 

FO ALL HO ALL
vertical force during entire duration 1.26 1.37 (8.7% ↑) 2.17 2.27 (4.6% ↑)

horizontal force during entire duration 0.63 0.52 (17.5% ↓) 0.68 0.77 (13.2% ↑)
vertical force during US 2.49 2.75 (10.4% ↑) 3.98 4.13 (3.77% ↑)

Horizontal Force during DS 1.28 1.21 (5.5% ↓) 2.16 2.18 (0.9% ↑)
 

 

On average, both wing pairs benefitted from WWI for vertical force production. The fore and 
hind wing vertical forces were boosted by 8.7% and 4.6% respectively. For thrust production, the 
interaction was detrimental for the FW leading to a 17.5% decrease in force while benefitting the 
HW by as much as 13.2%. During the US, both pairs of wings profited from WWI; 10.4% and 
3.7% for the FW and HW respectively. During the DS, horizontal forces for the FW are attenuated 
by 5.5%.  

The mechanism of WWI, which led to increased force production during the 2nd stroke, is 
shown in Figures 3.10 and . In Figure 3.10, the vortical structures are projected on a 2D slice cut 
at mid-span, similar to Figure 3.9(a). At the onset of interaction, vorticity emanating from the FW’s 
trailing edge feeds into an already stronger LEV on the HW, boosting its circulation (Figure 
3.10(a(i)). As the wings separate from each other during the excursion, the initial increase in HW 
LEV circulation is maintained in addition to the new vorticity influx formed as the LEV grows 
during translation (Figure 3.10(b-d)). Comparing this finding to the HW only case, there is no 
vorticity transfer from the FW and the LEV is smaller.  



 
 

Figure 3.10. Visualization of vortical structures at mid-span during wing-wing interaction. Slices similar to Figure 
3.9(a, b) are shown here to elucidate WWI. A-D represent snapshots, where wing-wing interaction occurred as 
labeled in Figure 3.12. The region of interaction is shown in dashed lines with an arrow indicating the direction of 
vorticity transfer (a(i)). Contours represent non-dimensional vorticity. 

In Figure 3.11, the velocity field is superimposed on the vorticity contours in a zoomed-in 
snapshot of Figure 3.10(a). The FW TEV and HW LEV are linked together due to interaction 
(Figure 3.11(a)). The presence of the FW induces an additional inflow into the LEV, which is 
favorable in this case. This influx is absent in the HW only case, leading to the formation of a 
weaker LEV and consequently, a weaker jet below the wing (Figure 3.11(b)). 

 

 
Figure 3.11. Mechanism of Wing-wing interaction. This figure shows the mechanism of vorticity transfer from the 
fore to hindwings during backward flight.  

3.5. Discussion and conclusion  
Alterations in kinematics and aerodynamic features which are different from hovering and 

forward flight characterize backward flight of dragonflies. Our study shows that dragonflies can 
use backward flight as an alternative to forward flight voluntarily. Backward flight is not merely 
a transient behavior but is sustainable for a relatively extended period, which may have 



 
 

implications for biology (prey capture or predator evasion) as well as MAV design. To fly 
backward, dragonflies tilt their stroke plane toward their bodies, but the primary reorientation of 
the stroke plane and force vector is because of the steep body posture that is maintained. In addition 
to redirecting the force, we found that the force magnitude is significantly increased in the US 
(when compared to forward flight). In contrast to forward flight, during which dragonflies 
generates little force in US [49], the magnitude of the half-stroke-averaged force generated in US 
during backward flight is 2-4 times the body weight. In addition, we showed that a strong and 
stable LEV in the US was responsible for greater force production (Figure 3.9 and Table 3.3). The 
flow visualizations corroborated these findings in Figures 3.7 and . The mechanism of wing-wing 
interaction was also illustrated (Figures 3.10 and ). Vorticity from the FW trailing edge enhanced 
the HW’s LEV. 

Here, we compare our findings; kinematics, aerodynamics and flow features, with hovering 
and forward flights which have been documented in the literature. Tables 3.5 and 3.6 show a 
summary of previous research on different flight modes. The high body angles (  ) during 

dragonfly backward flight parallels similar observations of hummingbird [13] and insect backward 
flight [11] and could be a mechanism of convergent evolution [13]. However,  was significantly 

larger than those of hummingbirds (50-75º) which utilize a horizontal stroke plane and waterlily 
beetles (50-70º), which use an inclined stroke plane [13, 38]. Our  corroborated previous 

observation in dragonfly backward flight (100º) [11].  A state-of-the-art MAV, the Delfly-II, has 
also been shown to induce backward flight by increasing its body angle to about 100º from its 
stable flight configuration [16]. 

Although a steep body posture during backward flight has been thought to generate higher drag 
due to a higher projected area, Sapir and Dudley [13], showed that drag forces only differed by 
3.6% between backward and forward flight in hummingbirds. It is not certain whether by 
maintaining a high body angle, dragonflies will drastically increase body drag because they 
possess slender bodies. While body drag is present, we measured it to be eleven times smaller than 
the horizontal forces being generated by the wings during flight. The steep body angle is in contrast 
to forward and hovering flight during which the dragonfly keeps its body slightly inclined from 
the horizontal (~2-40º) [31, 37, 49]. We define the parasite drag (pressure drag + viscous drag on 

the body) coefficient as H
D 2

b frontal

F

0.5 U
C

S
  where HF is the mean horizontal force and bU is the 

average translation velocity of the body and frontalS is the frontal area presented to the flow. 

Comparing the DC measured from our simulation (Reynolds number based on body length, Reb ~ 

3860) with results for forward flight of dragonflies of similar Reb ~2460-7790 in literature, the 
results were comparable indicating that an upright body posture did not substantially influence 
body drag production. Our measured DC  was 0.57 and within the range (0.31-0.84) found in the 

literature [53, 60]. 

 



 
 

 

Table 3.5. Kinematic parameters of several organisms in flight. 

 
flight 
mode 

Re J 

phase 
shift 
(º) 

stroke plane (º) 
body 

angle (º)
angle of attack (º) 

FW  HW    down
FW  up

FW  down
HW  up

HW  

dragonfly 

hovering* 
[31] 

4232 0 22 53 44 14 83 10 87 15 

hovering 
[61, 62] 

1350 0 180 52 52 -- -- -- -- -- 

forward 
[63] 

3100 0.30 60 52 52 -- 50 15 50 15 

forward* 
[51, 64] 

1100 0.75 -- -- 25 -- -- -- 25 15 

forward 
ascending[

50] 
3200 0.13 77 37 40 10 24.1 11.8 27 22.9 

forward 
[37] 

-- 0.21–0.47 47–110 9–28 7–29 23–36 -- -- -- -- 

backward 
(current) 

1840 -0.30 37–94 47 47 85–95 21 32 37 55 

hummingbird 
backward 

[13] 
-- -0.30 -- 0–6  50–75 -- -- -- -- 

waterlily 
beetle 

backward 
[38] 

-- -- -- 0–30 50–70 -- -- -- -- 

delfly II  
backward 

[16] 
-- -- -- -- 70–100 -- -- -- -- 

      

is the instantaneous geometric angle of attack at midstroke. *-tethered. 

 

Table 3.6. Force asymmetry: DS versus US. This table reports the contribution of each half stroke to the total 
aerodynamic force during a flapping cycle in different flight modes of insects.  

insect flight Mode DS force (%) US force (%) Reference
cicada  forward  80 20 Wan et al. [39]

damselfly  
forward  

75 25 Sato et al. [6]
84 16

Bode-Oke et al. [20] 
take-off 50 50

dragonfly backward  33 67 Current Study
 forward  80 20 Azuma and Watanabe [49]

bumble bee  forward  50-100 Dudley. [65]

fruit fly  
hovering  37 63 Fry et al. [3]
saccade  40 60 Fry et al. [2]
forward 61 39 Meng and Sun [66]

hawkmoth forward 80 20 Willmott et al. [67]
mosquito hovering 43 57 Bomphrey et al. [68]
honey bee hovering 43 57 Altshuler et al. [18]

 

During backward flight, the dragonfly wings swept through a stoke plane ( b ) inclined at 

35±5º; an angle shallower than b of dragonflies of similar mass and morphology in forward flight 

by 15º [37, 50]. The stroke plane with respect to the horizon ( h ) during backward flight was 

reported as 46.8±5.5º for both wing pairs which also was about 20-40º greater. Compared to 
hovering [62], h in backward flight was about 15º less. 





 
 

For force production, a strong LEV was present on both wing pairs. Contrary to previous works 
on dragonfly forward flight [1, 30, 63], the presence of the LEV was not limited to the FW but was 
evident on the HW as well [51]. The LEV was also present in both half strokes with the US LEV 
being stronger. We verified this finding by calculating the LEV circulation of the wing and found 
DS-to-US LEV circulation ratios as low as 0.4 and 0.59 for the fore and hind wings, respectively. 
In previous works, the LEV circulation was significantly larger in DS compared to US where the 
LEV may be completely absent [20, 67, 69-71]. Willmott et al. [67] noted that the US tip vortex 
was relatively weak in comparison to the DS’s. Hence, the LEV circulation should be much smaller 
than that measured in the DS. From their smoke visualization and analysis, there was no hint of an 
LEV to enhance lift in the US. Thomas et al. [1] also arrived at a similar conclusion with smoke 
visualizations on dragonflies in tethered and free forward light. Wang and Sun [63], using CFD, 
verified the absence of the LEV in the US in hovering as well as forward flight of dragonflies. The 
reason for LEV absence during the US was attributed to very low AoAs as the wing slices through 
the air, hence, no flow separation. Higher AoAs were recorded in our study (Figure 3.4), and we 
observed the formation of a stable LEV on the wing surface (Figures 3.7 and ).   
 

 

Figure 3.12. Wing-wing interaction. The solid lines and dashed lines indicate the ALL case and where the wings are 
isolated, respectively. The difference is shaded in green. A, B, C, and D represent snapshots, where the flow field is 
evaluated in Figure 3.10. 

The higher LEV circulation and forces in the US shows that during backward flight, 
dragonflies utilize an aerodynamically active US (Figures 3.5,  and ). This is achieved by inducing 
large AoAs plus an enhancement in the velocity of the wing, resulting from the body’s backward 
motion, in the US. Due to their relatively low flapping frequency, the magnitude of body velocity 
of a dragonfly is comparable to its wing velocity. Thus, the motion of the body can yield significant 
effects on the net wing velocity. In contrast to backward flight, during forward and hovering flight, 
most of the flight force is produced in the DS [20, 31, 72]. In these flight modes, the DS is 
conventionally regarded as vertical force producing and the US, thrust (horizontal force) producing 
[11, 31, 50]. Also, the forces generated in the US are significantly less (inactive) and account for 
about 10-20% of the body weight [8, 20, 67]. Current literature, summarized in Table 3.6, indicates 
that, during forward flight, the DS generates 80% of the total force created by Cicadas [39], 80% 
for dragonflies [49], 75-84% for damselflies [6], and 80% of body weight in Hawkmoths [67]. As 
flight speed increases, the relative contribution of the US in force production diminishes [8, 20]. 
During backward flight, the US must become active because of its weight supporting role. 
Previously, there has been some evidence of the US producing larger forces than the DS such as 



 
 

hovering and saccadic flight of Drosophila (60-63%) [2, 3], hovering flight of mosquitos (57%) 
[68] and honey bees (57%) [18]. However, in contrast to dragonflies, these insects use a horizontal 
stroke plane in the flight scenarios listed.  
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4. Chapter 4 
On the mechanics and aerodynamics of the backward flight of the 
annual cicada (Tibicen Linnei) 

 

 

 

4.1. Abstract 
Cicadas are heavy fliers well-known for their life cycles and sound production; however, their 
flight capabilities have not been extensively investigated. Here, we show for the first time that 
cicadas appropriate backward flight for additional maneuverability. We studied this unique flight 
mode using computational fluid dynamics (CFD) simulations based on three-dimensional 
reconstructions of high-speed videos captured in the laboratory. Backward flight was characterized 
by steep body angles, high angles of attack, and high wing upstroke velocity. Wing motion 
occurred in an inclined stroke plane that was fixed relative to the body. Likewise, the directions of 
the halfstroke-average aerodynamic forces relative to the body (local frame) were constrained in a 
narrow range (<20º). Despite the drastic difference, approximately 90º, in body posture between 
backward and forward flight in the global frame, the aerodynamic forces in both flight scenarios 
were maintained in a similar direction relative to the body. The forces relative to the body were 
also oriented in a similar direction as observed during climbs and turns, although the body 
orientation and motions are different. Hence, the steep posture appropriated during backward flight 
was primarily for reorienting both the stroke plane and aerodynamic force in the global frame. A 
consequence of this reorientation was the reversal of aerodynamic functions of the half strokes in 
backward flight when compared to forward flight. The downstroke generated the propulsive force, 
while the upstroke generated the vertical force. For weight support, the upstroke which typically 
generates lesser forces due to its non-weight supporting role in forward flight became 
aerodynamically active in backward flight. A leading edge vortex (LEV) was observed on the 
forewings during both half strokes. The LEV’s effect, together with the high upstroke velocity 
increased the upstroke’s force contribution from 10% of the net forces in forward flight to 50% in 
backward flight.  

Keywords: cicada, backward flight, downstroke-upstroke reversal, active upstroke, force control, 
maneuverability. 

4.2. Introduction 
Over millions of years, insects have developed techniques to generate forces and enhance 

maneuverability in flight. A combination of a robust neuro-sensory system, kinematics control, 
and the use of different aerodynamic mechanisms makes their flight possible [1, 2]. While previous 
works have focused mainly on hovering and forward flight to understand the aerodynamics and 
mechanics of insect flight, some insects extend their flight envelope to include backward or reverse 
flight [3-7]. Examples include hovering specialists, pollinators, as well as hematophagous insects 



 
 

[7]. For maneuverability and other biological purposes [8-12], backward locomotion is also 
expressed widely in nature among fish, birds, humans, and ants, etc. In insect flight particularly, 
backward locomotion is appropriated for prey capture, flight initiation from vertical surfaces, 
obstacle avoidance and may render immediate turning after an activity such as hematophagy or 
pollination unnecessary [3, 6, 10, 13]. Our understanding of this flight mode (backward flight), 
which is an alternative to forward flight as an extra avenue for maneuverability is still incomplete. 
Before now, insect backward flight had only been quantitatively documented by a few studies [14, 
15] and further investigations may provide insights and inspire micro-aerial vehicle (MAV) design. 
 

Highly maneuverable insects such as Odonates and Dipterans have typically served as 
candidates for studying complex flight behaviors [2, 15]. However, in this study, we investigated 
the backward free flight of the annual cicada, which, like other Homopterans is not 
characteristically associated with excellence in maneuverability [16]. Thus, prior works on cicadas 
have often focused on other aspects such as sound production [17], life cycle [18], energetics and 
thermoregulation [19], wing surface topography [20], etc. More recent studies ([21-24]), however, 
have pointed to new insights regarding cicada flight. Our lab observations during video capture 
for this study also revealed that cicadas display diverse flight modes similar to those exhibited by 
highly maneuverable insects, for example, Odonates, although cicadas are more massive and 
slower [25]. Because of the ability to carry a heavy payload (in terms of body mass), force control 
technique [23], and wing design [26], cicadas can inspire micro-aerial vehicle (MAV) design [21]. 
After emergence from the developmental stages underground, maneuverability is essential to their 
survival in the aerial world above. To escape from predators, to navigate their arboreal 
environment and for food, cicadas perform controlled maneuvers. These include forward flight, 
takeoff and more exotic maneuvers like banked turns and Immelmann turns, as well as backward 
flight which hitherto was an undocumented flight mode of this animal.  
	

To perform maneuvers, Zeyghami et al. [23] reported that despite having different body 
orientations and motions in forward flight, turns and climbing flights, cicadas used a similar force 
control strategy. The cicadas did not vary the stroke plane relative to their bodies considerably, 
and the local orientation of flight forces was similar among the flight modes. Less stroke plane 
variation point to fewer degrees of freedom of the wing, and hints at simpler wing actuation 
apparatus [23, 27-29]. To induce maneuvers when the stroke plane is constrained relative to the 
body, flying animals use changes in body posture to reorient the stroke plane in the global frame 
[7, 15, 30]. Considering the limited range of stroke plane motion relative to the body in other flight 
modes, we opine that Cicadas will primarily rely on body postural changes for backward flight. 
Nevertheless, we do not know whether or how the Cicadas will vary the orientation of flight forces 
relative to the body during backward flight in comparison to other previously identified flight 
modes. A common force control strategy both in forward, turning and backward flight is exciting 
for designing simple but versatile MAVs without complex wing actuation. 

Vis-à-vis aerodynamics, Wan et al. [21] and Liu et al. [22] both studied the forward flight of a 
cicada. Wan et al. [21] identified body generated vortices, while Liu et al. [22], quantified the 
interaction of the wing with these body generated vortices. Lift enhancement on the body occurred 
due to wing-body interactions (WBI) while body lift was negligible when isolated from the wings. 
The overall lift enhancement due to WBI was about 19% [22]. Despite the lift increase due to WBI, 
the wings remained the dominant source of force generation. By controlling the wing kinematics 



 
 

asymmetrically on a half stroke basis, typical of insects which flap in an inclined stroke plane, 
cicadas produce 80-90% of the net aerodynamic forces during the downstroke (dorsoventral 
stroke) while the upstroke (ventrodorsal stroke) plays an auxiliary role contributing 10-20% of the 
net force in forward flight [21, 22]. The downstroke (DS) forces provide weight support, similar 
to other insects in forward flight due to the combination of higher effective wing velocity (body + 
wing velocity) and angle of attack (AoA) in comparison to the upstroke (US) [7, 31]. The US is 
aerodynamically inactive for weight support but provides some thrust in forward flight [22]. The 
smaller forces produced in the US are generally due to both lower effective AoA and wing 
velocities [32, 33].  
 

To understand the kinematics and aerodynamics trends of backward flight, we used a 
combination of high-speed photogrammetry and three-dimensional reconstruction to capture the 
flight kinematics. A computational fluids dynamics (CFD) solver was then employed to calculate 
flight forces and visualize the flow features. The cicadas we observed were either engaged in free 
flight shortly after takeoff before switching the flight mode to backward flight or initiated 
backward flight directly from takeoff. All flights were self-motivated. The exact roles of the 
upstroke (ventrodorsal stroke) and downstroke (dorsoventral stroke) in force production in the 
local and global frame, the force control strategy, and the aerodynamics during the backward flight 
of cicadas have not been elucidated before now. Some aspect of backward flight may not be direct 
extrapolations of forward flight.  
 
4.3. Material and methods 

4.3.1. Insects, data acquisition and three-dimensional (3-D) surface reconstruction 
The methods used in this work have been documented in previous works [21, 22] and briefly 

outlined here. Cicadas (both Tibicen linnei (annual species) and Magicicada septendecim 
(seventeen-year periodical species)), were captured in the wild and transported to the lab for 
experiments. Afterward, we dotted their wings for tracking purposes using a felt-tip marker. The 
insects were then placed on a platform where their voluntary flight was captured by three 
synchronized orthogonally arranged high-speed cameras (Photron FASTCAM SA3, Photron USA, 
Inc., San Diego, CA) recording at 1000 frames per second (Figure 4.1(a)). Of the captured footage, 
which included similar flights as observed by previous works [21-23], we obtained six backward 
flight sequences, which were substantial in flight duration. By way of example, we selected two 
flight sequences from the T. linnei species for analysis in the text. These cicadas either transitioned 
into backward flight after a few wingbeats (CCD #1) or initiated backward flight directly from 
takeoff (CCD #2). Using a template based reconstruction technique [34] (Figure 4.1(b,c)), we 
obtained a 3-D model of the cicada, with the motion of the body and wings, which was used for 
kinematics analysis and CFD simulations. The morphological parameters of the two selected 
cicadas are documented in Table 4.1. 



 
 

 

Figure 4.1. Cicada in free flight (a) Experimental set-up showing filming arena with high-speed cameras (b) Cicada 
(Tibicen linnei) image and template (shown in green) with relevant labels. LE- leading edge, TE- trailing edge, 
FW- forewing, HW- hindwing, c is the mid-span chord, L is the body length, R is the wing length.  (c) Reconstructed 
cicada template overlapped on the cicada in free flight.  

 

Table 4.1. Morphological parameters of the selected cicadas. The uncertainty in mass and length measurements are 
±1mg and ±0.5 mm, respectively. 

species ID 
body 

weight 
(mg) 

L 
(mm) 

FW/HW 
length 
(mm) 

FW/HW 
chord 
(mm) 

FW/HW 
area 

(mm2) 

flapping 
frequency 

(Hz) 

Tibicen 
linnei 

CCD #1 1174 30 38/22 14/11 352/171 47.6 
CCD #2 1514 30 39/22 14/11 359/175 52.2 

 

4.3.2. Wing kinematics definitions  
From the reconstruction, we quantified the wing kinematics. A coordinate system was fixed at 

the wing root, and the kinematics were measured with respect to the mean stroke plane. The stroke 
plane was defined as the least-squares reference plane that passed through the centroid of the points 
of the wing root and tip coordinates. We averaged the stroke plane for all complete wings beats to 

obtain the mean stroke plane. The Euler angles, flap ( ), deviation ( ), and pitch ( ), define the 

rigid wing orientation relative to the stroke plane (Figure 4.2(a)).  refers to the forward and 

backward motion of the wing projected on the stroke plane. The up and down rotation with respect 
to the mean stroke plane is expressed by  .   is the angle between the wing chord and the mean 

stroke plane. DS is less than 90º while US is greater than 90º in our definition. The geometric 

AoA ( geom ) is the angle between the wing chord and flapping velocity while the effective AoA (

eff ) is the angle between the wing chord and the vector sum of the body and wing velocities, 

(Figure 4.2(b)).  



 
 

 
Figure 4.2. Relevant definitions. (a) Wing Euler angle definitions. (b) Wing chord at 0.75R. US-blue, DS-red. 
Measured wing kinematics of (c) CCD#1 and (d) CCD#2 based on the definitions in (a). The solid and dashed lines 
represent the fore and hindwing measurements, respectively. (e) 1̂e , 2ê and n̂  are orthonormal and form the basis 

for the local/body coordinate frame. The angle between the halfstroke-average aerodynamic force ( F) and body 
normal ( n̂ ) is denoted as  . X, Y, and Z form the basis for the global coordinate frame. 

 

4.3.3. Computational fluid dynamics (CFD) simulation  
The CFD simulation was based on a sharp-interface immersed boundary flow solver for 

simulating incompressible flows around 3-D objects [35]. Validations can be found in previous 
works [21, 36]. The methods are concisely outlined here. The time-dependent incompressible 
viscous Navier-Stokes (N-S) equation (Eqn.(1)),  

 21
 = 0;    ,p

t





        

u

u u u u   (4) 

where u  is the velocity vector,   is the density,  is the kinematic viscosity and p  is the pressure, 

was solved using a finite difference method with 2nd order accuracy in space and a fractional step 
method for time-stepping. A second-order Adams-Bashforth scheme and implicit Crank-Nicolson 
scheme were used to discretize the convection and diffusion terms of the momentum equation, 
respectively. The N–S equation was discretized on cartesian grids, and boundary conditions on the 
immersed boundary were imposed using a ghost-cell procedure. The domain boundary conditions 
(BC) of both the pressure and velocity are zero gradients. The size of the computational domain 

was 50c x 50c x 50c (Figure 4.2). The Reynolds number defined as effU c
Re


 , is measured based 

on FW mid-span chord length (c = 0.014m), kinematic viscosity of air at room temperature (
=1.5x10-5 m2/s) and the average effective wing tip speed (
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            , where , ,  x y z is the time derivative of 

the displacement vector and T is the flapping duration), and ranged between 5400 and 9300 for 
both cicadas. The Re is in the range for large insects. The vortex structures were visualized by 
positive values of the Q-criterion [37] (Eqn.(5)),  
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where  T1
 = 

2
    S u u  and  T1

 = 
2
   u - u  are the strain rate and vorticity tensors, 

respectively. A grids convergence study was set up based on different mesh sizes (Figure 4.3(b) 
and Table 3.2). The simulation results presented are based on the ‘fine’ grid results. The difference 
between mean as well as the maximum values of the fine and finer grids was about 2% (Table 3.2) 
and deemed sufficient following Liu et al.’s work [22]. 

Figure 4.3. CFD simulation setup. (a). Computational domain with boundary conditions. For display, the meshes 
are coarsened 9, 6, and 3 in the x,y, and z directions, respectively. (b) Grid refinement. The vertical force during 
the second flapping stroke of CCD #1 is shown. Grey shading denotes the DS. Medium grids are shown in (a).   

 

Table 4.2. Forces for three different grids setup. Values are listed for the 2nd flapping stroke of CCD #1.  

 grid size VF (10-2 N) V,maxF (10-2 N) 

coarse 336x216x192 1.48 6.50
fine 480x320x216 1.45 6.22
finer 600x392x336 1.42 6.08

 

 

4.4. Results 

4.4.1. Kinematics 

4.4.1.1. Body kinematics 
The body kinematics of the selected cicadas are shown in Figure 4.4. CCD #1 initiated flight 

voluntarily and flew upward and forward during the preparatory phase, as indicated by the 



 
 

transparent images in Figure 4.4(a,i). Afterward, the cicada pitched its body to a steep angle, 
slowed down and initiated backward flight. The cicada flew for approximately six flapping strokes 
in a relatively straight path with a mean body angle (  ) of 122º before leaving the view of one the 

cameras (Figure 4.4(b,i)). The average backward velocity ( bU ) was -1 m/s as the insect flew in a 

flight angle of about 15º relative the horizontal (Figure 4.4(c)). CCD #2 also initiated flight 
voluntarily, albeit via a jumping takeoff. Its initial body angle was 86º, and it increased to 130º by 
the end of the flight (Figure 4.4(d)). This cicada flew for approximately four flapping strokes with 

bU of -0.94 m/s and increased its altitude in an angle of about 50º relative to the horizontal (Figure 

4.4(e)). The advance ratio (J), which is defined here as the ratio of the average resultant body 
velocity to wingtip velocity was about -0.2 for both cicadas. 

 
Figure 4.4. Body kinematics. (a) Montage of flight sequences of (i) CCD #1 and (ii) CCD #2. Transparent cicadas 
in (i) denote the flight phases preceding backward flight (takeoff and pitch-up) of CCD #1. White dashed lines in 
(i) and (ii) qualitatively denote the stroke plane orientation (b) Body angle and (c) center of mass displacements 
and the velocity of CCD #1. (d) Body angle and (e) center of mass displacements and the velocity of CCD #2. 

 

4.4.1.2. Wing kinematics  
The average stroke plane kinematics of the left and right wings are reported in Figure 4.2(c, 

d), and summarized in Table 4.3. Although the FW and HW of the cicada were functionally 
coupled, the FW led the HW with a slight phase difference (<25°), corroborating field observations 
of cicadas in forward flight [38]. 

For CCD #1, the wing pairs (FW and HW) traversed a stroke plane inclined at 73±2º relative to 
the longitudinal axis of the body ( b ). The stroke plane angle relative to the horizontal ( h ) was 

46±3º (see Figure 4.2(b) for definition). The stroke amplitude ( ) was 92±5º and similar for both 
wings pairs although the average pitch angles ( ) of the HW were larger. The HW rotation also 

lagged behind the FW’s similar to Lepidopterans with functionally coupled wings [39]. The DS-
to-US duration ratio (DS:US) was 0.95, and the DS-to-US ratio of the average effective tip velocity 
squared ( 2

DS US eff(U U ) ) was 0.88. The time histories of the angles of attack (AoA) 0.75R of the FWs 

are shown in Figure 4.5. geom was 56±5º and 53±7º in the DS and US, respectively. eff was 41±7º 

and 36±5º in the DS and US, respectively.  



 
 

For CCD #2, b and h  were 69±2º and 37±13º, respectively. Similar to CCD #1, b ’s 

variation was small, while h ’s variation was more substantial due to changes in body angles over 

a greater range (86-130º) in flight (Figure 4.2(d)).   was 133±5º for both the wing pairs and   

was higher for the HWs. DS:US was 1.06, and 2
DS US eff(U U )  was 0.83. geom was 52±4º and 43±4º 

in the DS and US, respectively. eff  was 39±5º and 32±4º in the DS and US, respectively.  

In general, the DS AoA was higher than the US’s while the wing US velocity was higher than 
the DS’s for both insects (Figure 4.5 and Table 4.3).  

 
Figure 4.5. Additional forewing kinematics parameters. (a) Effective wing tip speed, (b) Geometric AoA at 0.75R, 
(c) Effective AoA at 0.75R for CCD #1. (d), (e) and (f) represent CCD #2’s data. Solid and dashed lines are the 
mean and ±standard deviation of the all complete wingbeats, respectively. Grey shading denotes the DS.  

 

Table 4.3. Summary of kinematic parameters of the backward flight of cicadas. The mean and standard deviation for 
all complete wing beats are documented here.  

ID J bU
(m/s) 

   

(º) 
b

(º) 
h

(º) 
DS:US  2

DS US eff
U U  

  
(º) 

geom  
(º) 

eff  
(º) 

     DS US DS US
CCD #1 -0.19 -1.0 122±2 73±2 46±3 0.95 0.88 92±5 56±5 53±7 41±7 36±5
CCD #2 -0.17 -0.94 107±14 69±2 37±13 1.06 0.83 133±5 52±4 43±4 39±5 32±4

 

4.4.2. Aerodynamic force  
From the CFD simulation, we obtained the aerodynamic forces by integrating both the shear 

stress and pressure on the wing. Horizontal forces were produced in the DS for backward 
propulsion while vertical forces were produced in the US for weight support for CCD #1 (Figure 
4.6(a)). In the first half CCD #2’s flight (Figure 4.6(b), t=0-46ms), both half strokes generated 
vertical and horizontal forces. The US produced vertical forces for weight support and horizontal 



 
 

forces that opposed the backward motion while the DS generated vertical forces for weight support 
and horizontal forces that propelled the insect backward. This trend was probably due to the less 
steep h  (approximately 20°). Nevertheless, in the second half of flight (t=46-96ms), CCD #2’s 

force production trend was similar to CCD #1’s, whereby horizontal forces were produced 
predominantly in the DS while vertical forces were produced in the US for weight support. Here, 

h had increased to approximately 45º, which is similar to CCD #1’s h . The time-average 

vertical forces ( VF ) were 1.3x bodyweight (BW) and 1.5x BW for CCD #1 and #2, respectively, 

while the time-average horizontal forces ( HF ) were 1.2x BW and 1.3x BW for CCD #1 and #2, 

respectively, for all complete strokes. 

4.4.3. Force orientation in global and local frame. 
In §4.4.2, we quantified the generation of flight forces. However, it is the orientation of the 

flight forces that is essential for positioning the insect in its intended travel direction. Here, we 
quantify the force orientation both in the global and local/body frames. A simple technique for 
orienting flight forces involves tilting the stroke plane [32, 40] which is achieved either (i) through 
actuation from the wing hinge to rotate the stroke plane relative to the body. Here, the body angle 
changes slightly. Or (ii) through reorienting the body angle or posture. Here, the stroke plane 
relative to the body is fixed or changes within a narrow range. The latter (ii) known as force 
vectoring is employed to reorient flight forces for maneuvers when the aerodynamic force is 
constrained within the animal’s body frame [2, 23, 30, 40].  

Figure 4.6. Time history of force production in the global frame of (a) CCD #1 and (b) CCD #2.  FV -vertical force 
and FH – horizontal force refers to the force in the Y and X directions, respectively (see Figure 4.4(a)). Gray shading 
denotes the DS.  

 

b was relatively fixed during flight (Table 4.3) and Figure 4.4(a) illustrates that the stroke 

plane in the global frame was reoriented by changes in body angle. The difference in body angle 
before and after backward flight was initiated was ~80º for CCD #1 (Figure 4.4(b)). CCD #2 also 
maintained a steep body posture from takeoff. When the body angle was low, the stroke plane was 
oriented more downward. Conversely, when the body angle increased, the stroke plane was 



 
 

oriented upward (Figure 4.4(a,ii)). The reorientation of the stroke plane due to the body angle is 
likely the major influence on the orientation of the force vector in the global frame.  

In the global frame, the halfstroke-averaged aerodynamic force vectors are presented in the X-
Y plane where most of the body motion occurred (Figure 4.7(a,b)). The green arrows and red 
arrows represent the DS-average ( DSF ) and US-average force vectors ( USF ), respectively. The US 

forces point upward (+Y direction), while the DS forces point backward (+X direction). Measured 
relative to the horizon (+X direction, Figure 4.7) DSF  and USF  were oriented at -6±4º and 96±5º 

for CCD #1, and at 14±18º and 97±10º for CCD #2.  

Figure 4.7. Force orientation in the global and local frame. (a, b) Halfstroke-average forces of CCD #1 and #2 
respectively in the global frame. Red and green arrows represent USF and DSF , respectively. The force vectors have 

been supoerimposed on the cicada at midstroke. For illustration purposes, the real spacing between each cicada 
model in the X-direction has been scaled by ten chord lengths. The vector orientation, as well as the spacing in the 
Y-direction, were unaffected.  (c, d) Orientation of the force vector relative to the body projected on the mid-sagittal 

plane of CCD #1 and #2 respectively.  = 0º when F is aligned in the same direction as n̂ . 

 

The orientation of the forces relative to the cicada body (local frame) was obtained by 

calculating the angle ( ) between F  and n̂  (Figure 4.7(b,d)). n̂  which always points outward 

from the body is perpendicular to the longitudinal axis vector ( 1̂e ) and represents the dorsoventral 

axis of the body (Figure 4.2(d)). DS  and US  were 22±5º and 124±5º for CCD #1, and 22±5º and 

106±10º for CCD #2. F  was produced only in the anterior side of the body which is defined as the 
half-disk from 0º to 180º counterclockwise (Figure 4.7(b,d)). The forces in dorsoventral stroke 
(downstroke in the body frame, following Dudley’s [7] definition) were produced in the dorsal 
side (half-disk from 90º to 270º, clockwise), with the major component pointing in the dorsoventral 
axis. The forces produced in the ventrodorsal stroke (upstroke in the body frame [7]) were 



 
 

produced in the ventral side (half-disk from 90º to 270º, counterclockwise), with the major 
component pointing in the longitudinal axis. The variation of the orientation of the mean force 
vector relative to the body (±10º) was within the range reported for other organisms as well as 
helicopters (±20º), which use force vectoring [30].   

4.4.4. Three-dimensional flow features and leading edge vortex circulation 
Here, we visualized the flow around the insect using the isosurface of the Q-criterion to 

understand how flight forces were produced. The evolution of the flow features throughout a 
representative stroke of CCD #1 (t = 57-80 ms) is displayed in Figure 4.8 and colored by the 
coefficient of pressure.  

 
Figure 4.8. Flow structures visualized by the Q-criterion (Q=600) and colored by the pressure of the vortical 
structures during the third flapping stroke of Cicada #1 (t = 57-80 ms). (a) Top row (i-iv) represents snapshots 
during the DS at t/T=0.13,0.25,0.38,0.48 respectively. (b) Bottom row (i-iv) denote snapshots during the US at 
t/T=0.63,0.75,0.88,0.98. The flow is colored by the coefficient of pressure ( eff0.5 UpC p p   ). TEV-trailing 

edge vortex; TV-tip vortex. RV- root vortex.  

Large coherent structures with strong vorticity around the wings surface were identified. An 
LEV (a region of low pressure shown in blue) was formed shortly after the inception of both half 
strokes (Figure 4.8(a, i) and (b, i)) and remained attached for the duration of each half stroke, 
shedding at the wing reversal. The size of the LEV in both half strokes was similar, qualitatively 
indicating that comparable amounts of force were generated (Figure 4.6). Other vortex structures 
such as a trailing edge vortex, tip vortex, and root vortex were also evident. Most of the large 
vortex structures emanated from the FWs, which may indicate the auxiliary role the HWs play in 
force production during flight.  

To measure the LEV strength, two-dimensional (2D) planes perpendicular to the rotation axis 
of the LEV were placed along the wing at every time step of the numerical simulation (Figure 
4.9(a)). The vorticity ( ) was calculated on this 2D plane by taking the curl of the velocity. The 
area of integration (dS) was identified by a vorticity threshold set at 10% of the maximum spanwise 
vorticity. Subsequently, the non-dimensional circulation was obtained using (Eqn.(3)).  
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Both the time histories and spanwise distribution of the circulation are reported in Figure 4.9(b) 
and (c). Consistent with the force measurements, substantial circulation was recorded in both half 
strokes. Averaged across all strokes, the DS-US LEV circulation ratio was about 1 (Table 4.4), 
quantitatively indicating similarity in the vortex forces generated during half strokes.  

 

Figure 4.9. LEV circulation. (a) Calculation of LEV circulation. (b) Time history of LEV circulation at mid-span 
(0.50R) (b). Mean spanwise distribution of circulation at mid-stroke for all complete strokes. 

 

Table 4.4. Half stroke LEV circulation at mid-span. 
* and *

max  represent the average and maximum circulation per 

half stroke, respectively. DS1 corresponds to the first gray shaded region in Figure 4.9(b).  

half stroke *  
*

max  * *
DS US   

DS US

* *
max max   

DS 1 -1.61 -2.58
1.62 1.46 

US 1  0.99 1.76
DS 2 -1.22 -2.07

1.18 1.20 
US 2  1.03 1.72
DS 3 -1.22 -1.94

0.98 0.85 
US 3  1.25 2.28
DS 4 -1.05 -1.80

0.90 0.76 
US 4  1.17 2.36
DS 5 -0.83 -1.27

0.70 0.59 
US 5  1.18 2.16
DS 6 -1.03 -1.55

 

4.4.5. Roles of the fore and hind wings  
Cicadas have two pairs of wings, of which the HW are the smaller. The HW is attached to the 

FW in flight to form a functionally two-winged flight apparatus (Figure 4.10(a)). Functionally 
coupling the FW and HW together is thought to eliminate the conflict between the wing pairs [41]. 
Here, we quantified the contribution of each wing pair to force generation. We compared two 
simulation cases, (i) ALL (FW+HW), (ii) FW only (FO). An HW only (HO) case was not 



 
 

simulated because flow cannot separate at the leading edge of the HW where it is connected to the 
FW’s trailing edge.  

The time history of the forces of CCD #1 is presented in Figure 4.10(b). The stroke-averaged 
net force of the ALL case was about 22% greater than the FO case for both Cicadas, with most of 
the difference between the two cases occurring in the mid-stroke region. The presence of the HW 
did not significantly affect vortex formation on the FW wing (Figure 4.10(c)). This observation is 
corroborated by plots of the pressure difference between the top and bottom surfaces of the wings 
during the mid-stroke (Figure 4.10(d)) for both the ALL and FO cases. Regions of high-pressure 
difference (shown in red) correspond to where the LEV resided and indicate where most of the 
force is produced during both half strokes. The size of this region was similar in size for both the 
ALL and FO cases. The presence of the HW, however, may influence the pressure distribution 
around the trailing edge of the FW (Figure 4.10(d,iv)). Most of the force contribution from the 
HW comes from the distal part of the HW where it is no longer connected to the FW and the 
velocity is highest [22](Figure 4.10(d,i)). The HW forces are not enough for weight support but 
the HW may be more important for other functions such as evasiveness or turning in flight as seen 
in functionally two wings flies with well-developed HWs [42].  

 

4.5. Discussion and conclusion 
In this study, we investigated a new flight mode of the cicada, that is, backward/reverse flight, 

which is an avenue for additional maneuverability for this heavy flier. We studied the coordination 
between the wing and body motion in connection to the production and orientation of the 
aerodynamic forces. Here, our findings are further discussed and compared to previous literature.  

Cicadas typically fly forward with body angles of ~10-50º with the stroke plane inclined 
downward [21, 43]. During backward flight, however, the stroke plane was tilted upward and   

was large, ranging between 86-130º (Figure 4.4 and Table 4.5).  was correspondingly larger than 

the previous measurements of the backward flight of hummingbirds (50-75º) [10], dragonflies (85-
95º [15]; 100º [3]), waterlily beetles (50-70º)  [5]  and cockchafer beetles (87-115º) [14]. Thus far, 
a steep body posture and an upward titled stroke plane is a common feature of backward flight 
between pterygota and hummingbirds and is probably a technique shared due to convergent 
evolution as previously suggested [10]. However, unlike hummingbirds [10] which tilt their stroke 
plane upward and flatten it relative to the horizontal during backward flight, both cicadas and 
dragonflies [15] maintain a steeply inclined stroke plane in backward flight just as during forward 
flight (Table 4.6). 



 
 

 
Figure 4.10. Fore and hind wing force generation (a). (i) Wing configuration before flight. The HW (outlined by 
red dashed lines) is tucked under the FW. (ii) Wing configuration in flight. The HW leading edge is connected to 
the FW trailing edge (b) Force production of CCD #1. Grey shading denotes the DS. (c) Flow structures at (i) mid-
DS when the HW is present versus when absent (ii) and at mid-US when the (iii) HW is present versus when absent 
(iv). (d) Pressure difference on the wing surface at the exact snapshots shown in (c).  

 

A possible consequence of the upright body posture appropriated during backward flight is an 
increase in drag. However, if the body angle is very steep, the drag contribution of the body may 
not be considerably different from forward flight at similar angles relative to the incoming flow. 
For instance, by maintaining a steep body angle of ~122º (CCD#1), the flow the body experiences 
is equivalent to orienting the body at 58º in forward flight and is not considerably different from 
flying at 50º, which is the upper range of body angles used during cicada forward flight. Sapir and 
Dudley using a hummingbird body model without wings in a wind tunnel [10], showed that 
although drag during backward flight was higher, it only differed by 3.6% from forward flight 
although the body angle difference was 33º, that is, an 88% increase in body angle. Bode-Oke et 
al. [15] also found that the parasite drag coefficient in backward flight was in the range measured 
for forward flight of dragonflies in wind tunnels at similar Re. The parasite (viscous + pressure) 

drag coefficient, is defined as H
D 2

b frontal

F
C

0.5 U S
 , where HF is the mean body horizontal force 

and is less than 5% of the horizontal forces produced by the wings, frontal MF sinS A   is the frontal 



 
 

area where MFA  is the cross-sectional area in the mid-frontal plane. DC  was 1.18 for CCD #1, 

which was higher than Liu et al.’s value [22] (0.52). High body drag may be inevitable if force 
vectoring is the only mechanism by which cicadas elicit backward flight. Typical backward flight 
speeds are about 1 m/s for dragonflies [15] and Delfly II MAV [44], 1.5m/s for bumblebees [45] 
and 2 m/s for hummingbirds [10]. At these low flight speeds, drag penalties are not as critical [7, 
32].  

 

Table 4.5. Forward versus backward flight of cicada. F is the resultant force normalized by the body weight during 
each half stroke, while VF is the component of the resultant force that solely contributes to weight support.  

flight mode J bU

(m/s) 

  

(º) 
b

(º) 
h

(º) 

DS:
US 

eff (º) 
DSF   USF  V,DSF  V,USF  reference 

DS US 

forward 
-- 1.9 25 -- -- -- -- -- -- -- -- -- Zeyghami [46]

0.32 2.0 28 64 36* 1.0 -- -- 3.33 0.53 3.23‡ 0.10 Liu et. al [22]
0.32 2.2 49 62 13* 1.17 62 72 1.91 0.59 1.58‡ 0.47 Wan et al. [21]

backward 
-0.19 -1.0 122 73 46† 0.95 41 36 2.89 2.96 -0.28 2.87‡ 

current study 
-0.17 -0.94 107 69 37† 1.06 40 34 3.14 2.35 0.81 2.27‡ 

*-stroke plane tilted downward relative to horizontal, † -stroke plane tilted upward relative to horizontal, ‡- predominant weight supporting half stroke.

 

 The slight variation of the mean stroke plane relative to the body (<±5º) observed from the 
kinematics indicates that cicadas do not considerably control this angle possibly due to a limited 
range of joint rotation. b  was inclined at approximately 70º for both cicadas and was marginally 

larger than values measured in forward flight by about 10º, signifying that a small stroke plane tilt 
away from the body occurred in backward flight (Table 4.5). However, this slight tilt alone did not 
induce backward flight. Instead, the reorientation of the body in the global frame caused the major 
reorientation of the force vector in the global frame compared to forward flight (refer to Figure 
4.11(a) for illustration). The horizontal motion of the cicadas occurred from left to right (the +X 
direction, Figure 4.4(a)). Measured relative to the horizon using the components in the midsagittal 
plane, DSF  and USF were oriented at -6±4º and 96±5º for CCD #1 and 13±18º and 97±10º for CCD 

#2, respectively. Likewise, DSF  and USF were oriented at 91º and 16º, respectively, during forward 

flight [22]. Our finding indicates that the orientations of force vector in the DS and US in backward 
flight were reversed relative to forward flight in the global frame. Comparing the final body 
orientations of the cicada in forward and backward flight moving in the same direction (+X 
direction), it is as though the DS force vector in forward flight was rotated clockwise by 78-97º 
while the US force vector was rotated counterclockwise by about 80º simply by changing the body 
angle. This reorientation of the force vector orientation also reversed the aerodynamic functions 
of the DS and US in the global frame. In forward flight, the DS and US predominantly provide 
weight support and forward thrust, respectively. Whereas in backward flight, the DS and US 
mainly provide backward thrust and weight support, respectively (Figure 4.6).  



 
 

Table 4.6. Kinematics of backward flight among different fliers. DS:US, eff  and F are split by the contribution of 

the fore and hind wings, respectively, for functionally four-winged insects. eff is reported at 0.75R.  

animal -J bU  

(m/s) 

  

(º) 
b  

(º) 
h  

(º) 
DS:US eff,DS  

(º)
eff,US  

(º)
DSF  USF  reference 

cockchafer 
beetle 

-- -1.2 87–115 -- -- -- -- -- -- -- Schneider [14] 

hummingbird 0.3 -1.5 51–75 57–71 
-15 – 

6 
0.88–1.08 -- -- -- -- 

Sapir and Dudley 
[10]

dragonfly 0.3 -1.0 85–95 35 47 0.87 0.83 25 27 21 27 1.44 2.07 2.15 3.17 
Bode-Oke et al. 

[15]

cicada 
0.2 -1.0 122 73 46 0.95 41 36 2.89 2.96 

current study 
0.2 -0.9 86–130 69 37 1.06 40 34 3.14 2.35 

waterlily 
beetle 

-- -- 50–70 40–50 0 –30 -- -- -- -- -- 
Mukundarajan et al. 

[5] 
delfly II -- -1.0 70–100 -- -- -- -- -- -- -- Caetano et al. [44]

 

Because the US now carries the insect's weight in backward flight, the aerodynamic demand 
on the US increases, and it has to become aerodynamically more active when compared to forward 

flight (see V,USF  in Table 4.5, for example). Therefore, in the global frame, the half stroke 

aerodynamic function was not only reversed, but the force magnitude was also influenced. 
Although the cicadas in this study were accelerating, if they approached cruising where the wing 
horizontal forces are balanced by body drag, it is expected that the horizontal force magnitude 
which is generated in the DS in backward flight will decrease [47]. Consequently, the US-DS force 
asymmetry will become more pronounced. Also, assuming similar net output from the wings 
during cruising flight in the forward or backward direction, as well as a fixed stroke plane relative 
to the body, it becomes clearer that the body angle modulates the distribution between vertical and 
horizontal forces in the global frame.  

For insects that employ asymmetric strokes in an inclined stroke plane during hovering or 
forward flight, the US force, particularly for weight support is minimal [22, 31-33, 48] (Table 4.7). 
The presence of an active US in backward flight suggests the presence of an LEV on the wing 
surface, which is essential at low J and accelerating flight (Figure 4.8). This is in addition to any 
enhancements of US velocity due to the backward motion of the cicada. Here, the LEV was stably 
attached to the FW in both half strokes (Figure 4.8). Since flow separates at the FW’s leading edge 
irrespective of the presence of the HW (Figure 4.10(c)), the FW forces were also substantial due 
vortex lift which is a consequence of the LEV. Furthermore, when the HW was removed 
computationally, the LEV characteristics were not greatly influenced corroborating previous 
results on revolving wings that the FW morphologies match the formation of leading edge vortices 
[49]. The measured DS-to-US LEV circulation ratio was about 1, indicating the presence of a 
strong LEV in the US for vertical force production. In past studies on cicada flight [21, 22], the 
US LEV strength was much smaller than the DS’s. 

 



 
 

Table 4.7. Half stroke force type and contribution to the resultant aerodynamic force for several insects which use an 
inclined stroke plane in free flight. *-tethered.  

insect flight mode 
DS force 

(%) 
DS force 

type
US force 

(%)
US force  

type
reference 

cicada 
forward 

90 vertical 10 horizontal Liu et al. [22]
80 vertical 20 horizontal Wan et al. [21]

backward 
49 horizontal 51 vertical current study
57 horizontal 43 vertical current study

damselfly forward 
84 vertical 16 horizontal Bode-Oke et al. [33]
75 vertical 25 horizontal Sato et al. [50]

dragonfly 

hovering* 77 vertical 23 horizontal Russell [51]
backward 33 horizontal 67 vertical Bode-Oke et al. [15]

forward 
80 vertical 20 horizontal Azuma and Watanabe [52]
67 vertical 33 horizontal Hefler et al. [53]

fruit fly forward 61 vertical 39 horizontal Meng and Sun [54]

hawkmoth 
forward 80 vertical 20 horizontal Willmott et al. [55]
hovering 67 vertical 33 horizontal Aono and Liu [56]

locust forward 84 vertical 14 horizontal Young et al. [57]
 

Relative to the body, we showed that the flight forces were constrained in the anterior part of 
the body (Figure 4.7(b) and (d)). During the dorsoventral stroke (downstroke), the forces were 
directed with the major component pointing in the dorsoventral axis. Whereas, the ventrodorsal 
stroke (upstroke) was directed majorly in the longitudinal axis. In 3-D space, these force vectors 
form a cone whose axis is offset by   from the body normal (ventrodorsal axis), and radii is 

expressed by the standard deviation of all complete wing beats. DS  and US  were 22±5º and 

124±5º respectively for CCD #1 while DS  and US  were 22±5º and 106±10º respectively for CCD 

#2. Prompted by previous work [23], we then asked whether relative to the body, cicadas used a 
unified force generation strategy irrespective of the flight mode, because of the drastic difference 
between forward and backward flight body angle, and stroke plane orientation in the global frame. 

DS  and US  ranged between 16-27º and 85-135º, respectively in previous work [21-23]. Figure 

4.11(b) shows that the backward flight results fell within a similar range as the values recorded for 
forward flight, and other flight modes.  

Although the halfstroke-average aerodynamic forces are fixed in the same direction in the body 
frame, our finding does not mean that the wing kinematics in all these flight modes are the same. 
The wing kinematics vary according to the demand for force production or torque generation. For 
instance, roll and pitch torques can be generated by varying the wing AoA and the wing position 
relative to the center of mass of the body [23]. Additionally, the contribution of the US to the total 
force production increases in backward flight compared to a forward flight scenario due to US 
weight support. Increasing the US magnitude to accommodate weight support in the global frame, 
indicates an increase in the ventrodorsal stroke’s force magnitude (in the body frame). Since the 
direction of the forces relative to the body is consistent in each half stroke for all flight maneuvers, 
the dorsoventral (downstroke) and ventrodorsal (upstroke) stroke function are not reversed in the 
body frame. Nevertheless, the force magnitude is modulated due to the demands of force 
production that will ensure sustained flight in the global frame.  



 
 

 

Figure 4.11. Force production and orientation in cicada flight. (a) Schematic illustrating the transition from forward 
to backward flight (b) Orientation of the aerodynamic force relative to the body normal. Data from previous 
literature [21-23] are pooled together (shaded sectors on the circles). The arrows are the data from the current study 
and are also shown in Figure 4.7.  

 

In the context of the work presented here, our understanding of cicadas can now be extended 
to backward flight. We showed that cicadas elicit backward flight by changes in body posture to 
reorient both the stroke plane and the force vector in the global frame. We found that the steep 
body posture also influenced the wing aerodynamics by reversing the aerodynamic roles of the 
half strokes compared to forward flight in the global frame. However, the orientation of 
aerodynamic force relative to the body, compared to other flight modes remains relatively fixed 
despite significantly different body orientations and motions. An aerodynamically active upstroke 
signified by the presence of an LEV and high wing velocity was identified and the upstroke was 
principally responsible for weight support during backward flight. The LEV was present on the 
FWs which generated most of the flight forces in comparison to the smaller HWs. Our results also 
clarify what the aerodynamics and kinematic adjustments may look like for other simple fliers 
(with limited range of stroke plane motion relative to the body) such as beetles [5, 14] which 
appropriate backward flight for both obstacle avoidance and interfacial flight, as well as MAVs 
which may use backward flight during free flight or takeoff from vertical surfaces [44].  
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5. Chapter 5 
The reverse flight of the monarch butterfly (Danaus plexippus) is 
characterized by a positively loaded upstroke and postural changes. 

 

 

 

5.1. Abstract 
Here, we studied the backward flight of a butterfly using high-speed photogrammetry, three-
dimensional reconstruction, and computational fluid dynamics simulations. Backward flight was 
characterized by body angles (>90º), with pitch-down and pitch-up motions in the downstroke and 
upstroke, respectively, and accompanied by the reversal of the aerodynamic functions of the half 
strokes in comparison to forward flight due to stroke plane reorientation via body postural 
adjustments. The upstroke dominated force generation providing weight support, while the 
downstroke generated horizontal force. An LEV was formed in both half strokes. The upstroke’s 
LEV topology was consistent with a Class II LEV previously reported, albeit, during the 
downstroke in forward flight, and the LEV rested on the forewing’s ventral surface. The LEV and 
large upstroke velocity increased the upstroke’s contribution to the net force from 32% in forward 
to 60% in backward flight. Likewise, upstroke weight support increased from 8% to 85%. Despite 
different trajectories, body postures and force orientations in the global frame, the stroke plane 
was fixed to the body and the halfstroke-average forces in both forward and backward flight 
pointed in a uniform direction relative to the body, indicating that the helicopter model is used by 
butterflies for low-speed (-1 to 2m/s) flight. 

Keywords: butterfly, backward flight, active upstroke, helicopter model. 

5.2. Introduction 
Under the influence of their ecosystem, volant insects use different techniques for aerial 

prowess via wing and body kinematics adjustments and deformations, varied wing shapes and 
configurations, and the use of aerodynamic mechanisms which are distinct in the translational and 
rotational phases [1-5]. Butterflies are among the most agile insects, having developed this ability 
to evade predators [6]. Butterflies have a low wing loading (bodyweight to wing area ratio), and 
with each wingbeat, they can cover substantial distances while changing their flight trajectory 
considerably. Their varied body motion is characterized by changes in abdominal deformation 
which has a rigid phase relationship with wing motion [7], and body orientation [8-10], the latter 
which affects the wing aerodynamics substantially on a half stroke basis.  

The flapping frequency is low, and the time scales of flapping and body motion are similar 
(signified by high advance ratios in forward flight) [11]. Moreover, body rotations (particularly 
pitch) are exaggerated. Thus, both the body and wing motion of butterflies play pivotal roles in 
their flight performance in comparison to other insects, such as dragonflies, and so on. To inspire 



 
 

insect-like robots [12, 13] and to clarify the underlying physics of flight, several studies have 
evaluated the behaviors that delineate the flight envelope of butterflies such as hovering, takeoff, 
flap-gliding, forward, climbing, and turning flights [6, 9, 10, 14]. 

Ellington [15] described the novel use of a vertical stroke plane during the takeoff and hovering 
flight of a cabbage butterfly (Pieris braisscae) in a seminal work. The wings were strongly 
supinated in the upstroke (US), while large angles of attack (AoA) characterized the downstroke 
(DS). Accordingly, the vertical force was produced by pressure drag in the DS, signified by the 
shedding of a large vortex ring from the wingtips, while the US produced little force. Associated 
with the wing kinematics adjustments were alterations in the body kinematics whereby the thorax 
was horizontal and vertical in the DS and US, respectively. Sunada et al. [9] also arrived at similar 
conclusions as Ellington [15], by analyzing the aerodynamics, in addition to the kinematics, of a 
related species (Pieris melete). They showed that the variation of the body posture influences the 
stroke plane orientation and is the key mechanism in flight. The aerodynamic torques from the 
wings, which raise the thorax, and the moments generated by abdominal deflection to suppress 
thoracic motion, modulated stroke plane inclination.  

Using smoke visualization under free-flight conditions, Srygley and Thomas [16], showed that 
butterflies (Vanessa atalanta) use unsteady aerodynamic mechanisms. However, butterflies could 
switch the wing aerodynamics either on a stroke by stroke basis or flight mode basis. The 
generation of large forces was signified qualitatively by the presence of a leading edge vortex 
(LEV), connected from tip to tip over the thorax (Class II LEV) during the DS. In some strokes, 
additional circulation was generated during the dorsal contact between the wings (‘clap and peel’), 
as well as during wake capture.  

Using computational fluid dynamics (CFD) simulations, Zheng et al. [17] investigated the 
forward flight with constant inflow. For Vanessa cardui, they reported that wing deformation, 
especially wing twist, improves the lift to power ratio in flight. For a different species (Kallima 
inachus), Fei and Yang [18], studied the effect of transient body motion and noted that failing to 
consider the variation of flight speed within the stroke cycle may lead to an overestimate of lift or 
underestimate of the flight speed and thrust. They [8] also investigated the influence of body 
rotations and reported that in addition to stroke plane modulation, body rotations controlled the 
shed vortex ring orientation in each half stroke. Moreover, the initial body angle determined the 
obliqueness of flight from the horizontal. 

A common denominator in the studies above was the dominance of the DS in force production. 
Since butterflies move their wing in a steeply inclined stroke plane in hovering and forward flight 
[11, 17, 19] the half stroke kinematics and forces are asymmetric [3, 15]. Butterflies generate 59-
74% of the net aerodynamic forces during the DS, and the US is less dominant [17, 18, 20]. The 
DS is always aerodynamically active, whereas the US can switch between an active and 
inactive/near-inactive US [16]. The inactive US is zero (neutrally) loaded when the airstreams 
around the insect are undisturbed by the wing, and no substantial momentum is imparted to the 
flow. Feathering the US also reduces the force generated in that half stroke, and attached flows 
dominate [21, 22]. 



 
 

Conversely, if active, the US is either negatively (downward) loaded or positively (upward). 
The DS generates the force for weight support (due to its positively loaded nature) while the US 
provides the thrust force for flight (due to its negatively loaded nature). However,  body postural 
changes can effect changes in wing function and aerodynamics as the authors have noted in 
previous work [23]. Nowhere in the literature has evidence been presented that the US 
(ventrodorsal stroke [3]) generates substantial forces for weight support of butterflies.  

Here, we show that when the advance ratio (J) is negative (J<0; backward flight) that an active 
(lift generating or positively loaded) US is present, thus, providing new insight into the wing 
function and versatility of butterflies. Although the occurrence of backward flight has been 
observed among hawkmoths [24, 25], it has not been documented among butterflies hitherto. 
Moreover, the mechanics and aerodynamics of backward flight are unknown for any Lepidoptera 
species. Backward flight was appropriated for takeoff from walls/vertical surfaces, ‘normal’ and 
accelerating flight, obstacle avoidance, turning, and escape response by the monarch butterfly 
(Danaus plexippus) in the laboratory. Nectar-feeding volant organisms may use backward flight 
to render immediate turning after feeding unnecessary [3, 26]. We are interested in understanding 
the techniques of force generation in the backward flight of butterflies, viz., the aerodynamic 
functions of the half strokes, the role of the wing pairs, and the importance of body motion in the 
overall flight performance. Also, we are interested in the kinematic changes or trends that may 
differentiate backward flight from other flight modes. To this end, we extracted quantitative data 
(both transient body motion [18] and wing deformation [17]) from the three-dimensional surface 
reconstruction of high-speed videos. Afterward, a high-fidelity CFD solver was used to compute 
flight forces and flow features.  

5.3. Material and methods 

5.3.1. Insects, experimental setup and three-dimensional (3-D) surface reconstruction 
The monarch butterfly (Danaus plexippus) was selected because of its availability. We 

captured monarchs outside during the summer and transported them to the lab for video capture. 
The insects were placed in a filming area comprising of a takeoff platform, and two sidewalls and 
flight was initiated voluntarily (Figure 5.1(a)). We did not train the butterflies to fly backward. We 
used three high-speed cameras (Photron Fastcam SA3 60K; Photron USA, Inc., San Diego, CA) 
arranged orthogonally and recording 1000 frames per second with 1024x1024 pixels. Backward 
flight naturally ended when the insect by transitioned to another flight mode or by coming to rest 
in the shooting area. We captured multiple sequences for an individual whose morphological 
parameters are documented in Table 5.1. After motion capture, 3-D reconstruction was performed 
in Autodesk Maya using a template-based technique [27]. The template comprised of a body and 
wings which were matched to the high-speed images by following the patterns on the butterfly’s 
wings as well as body deformations (Figure 5.1(c)).  
 
 
 
 



 
 

Table 5.1. Morphological parameters. Wing parameters are reported for one wing. Length and mass measurements 
uncertainties are ±1mm and ±1mg, respectively. 

body 
mass 

body 
length

forewing 
length

forewing 
area

hindwing 
length

hindwing 
area 

(mg) (mm) (mm) (mm2) (mm) (mm2) 
500 35 51 800 35 753 

 
 

 

Figure 5.1. Butterfly in backward flight (a). Experimental set-up. (b) Montage of a typical stroke. (c) (i-iii) 
Template based reconstruction. (iv) Morphological parameters labeled on an anecdotal butterfly. 

 

 

5.3.2. Kinematics definitions 
A coordinate system was placed at the wing root, and the wing kinematics were measured 

relative to the mean stroke plane. The stroke plane relative to body ( b ) was calculated relative to 

the longitudinal axis ( lê ) which is the line connecting the head and hinge point of the abdomen. 

The Euler angles, flap ( ), deviation ( ), and pitch ( ), denote the rigid wing orientation in 

the mean stoke plane (Figure 5.2 (a)).   is the back and forth motion of the wing.  is the angle 

between the wing and its projection on the stroke plane.  is the angle between the wing chord 



 
 

and the mean stroke plane, DS is less than 90º. The effective AoA ( eff ) is the angle between the 

wing chord and the vector sum of the body and wing velocities (Figure 5.2(b)). J is the ratio of the 
body to wing velocity and negated to indicate backward flight. Vis-à-vis body kinematics, the 
abdominal angle ( t ) is the angle between lê  and the abdomen’s tip. The dominant frequency of 

both the body and wing angles were computed using the fast Fourier transform (FFT) in Tecplot 
360 (Tecplot, Bellevue, WA). 

 

Figure 5.2. Kinematics quantification. (a) Wing Euler angle definitions. (b) Additional kinematics definitions. 
Green star denotes the front end of the stroke plane. Symbols definitions are found in the text.  

 

5.3.3. Computational fluid dynamics simulation set-up 
We used an in-house immersed boundary method CFD code. A detailed exposition on the 

algorithm has been published [28] with validations [29]. The incompressible Navier-Stokes 
equation (Eqn. (1))  

21
 = 0;    ,p

t





        

u

u u u u   (7) 

where u  is the velocity vector,   is the density,   is the kinematic viscosity and p  is the pressure, 

was solved using a finite difference method with 2nd order accuracy in space and a fractional step 
method for time-stepping. The momentum equation was solved using a second-order Adams-
Bashforth scheme for the convective terms and an implicit Crank–Nicolson scheme for the 
diffusive terms. The simulation domain size was 30R x 30R x 30R, and the size of the dense 
regions was selected based on the range of the motion of each butterfly trajectory and designed to 
resolve the vortex structures (Figure 5.3). The domain boundary conditions (BC) of both the 
pressure and velocity were homogeneous Neumann BC, i.e., zero gradient. The Reynolds number 

was defined as U R
Re


 ,  where U is the body speed, and R is the forewing (FW) length, following 

Kang et al. ’s [10] work. Re ranged between 1700 and 3300. A grids refinement study is shown 
for a stroke in one of the flight sequences in this study. The fine grids were deemed sufficient for 
our following analyses. 



 
 

 
Figure 5.3. Computational setup. (a) Sample of background mesh-grids used for the CFD simulation coarsened 
five times in each direction. (b) CFD grid refinement.  

 

Table 5.2. Force coefficients for three different mesh set-ups. 

 meshes  VF  
maxVF  

HF  
maxHF  

coarse 217x265x169 4.18 9.59 -0.81 14.2
fine 281x345x217 4.08 9.17 -0.86 14.1
finer 385x353x241 3.95 8.95 -0.86 13.5

 

 

5.4. Results 

5.4.1. Kinematics 

5.4.1.1. Body kinematics  
The body kinematics are reported in Figure 5.4 and Table 5.4. As expected, the flight 

trajectories greatly varied from horizontal to oblique backward flight (Figure 5.4(a)). By way of 
example, the body angles and velocities during some of the flight sequences are displayed in Figure 
5.4(b) and (c), respectively.  

A steep body posture was maintained throughout the flight, and body motion was characterized 
by substantial abdominal and body rotations within each wing beat. The mean body angles (  ) 

measured during the DS were less the US’s by about 10º indicating that the body pitched-down 
and pitched-up during the DS and US, respectively. In contrast to the body rotation, the abdomen 

pitched-up, and pitched-down in the DS and US, respectively, with t  of 50º. Both the body ( bn ) 

and tail ( tn ) frequencies were less than 15Hz and sometimes had the same value. However, the tail 

and wing ( wn ) frequencies were more closely linked. The gray shadings denoting the DS in Figure 

5.4(b) usually coincided with the tail but not necessarily with the body. The body pitching motion 
led the wing motion by about 40º-60º (see Figure 5.4(b-i,iii), and Table 5.3) whereas the wings 
and tail moved out of phase by approximately 180º (Table 5.3). The butterflies flew with speeds 



 
 

typically less than 1 m/s, which varied on a half stroke basis (Figure 5.4(c)). During the DS, the 
backward velocity increased while the vertical velocity decreased. The reverse occurred during the 
US.  

 

Table 5.3. Body kinematics. b,w  and t,w are the phase shifts between the body and wing flapping angle, and tail and 

wing flapping angle, respectively, and calculated only when the frequencies of the two parameters were similar. ID  
is the trajectory number in Figure 4(a). *-escape maneuver. Other symbol definitions are found in the text. 

ID duration   DS  US  
t  bn  tn  b,w  t,w  

 (ms) (º) (º) (º) (º) (Hz) (Hz)  
1 440 85 82 87 51 10.2 9.09 44.6 181.4 
2 301 106 100 111 51 7.01 9.97 -- 199.0 

 3* 147 119 116 133 28 6.81 13.6 -- -- 
4 270 99 91 103 42 7.41 7.41 39.6 142.5 
5 190 107 103 112 43 5.24 15.7 -- -- 
6 220 108 100 114 60 9.09 9.09 59.0 157.4 
7 290 108 103 114 56 3.44 10.3 -- 191.6 

 

 

 

Figure 5.4. Body kinematics. (a) Flight trajectories of the flight sequences. (b) Body and tail angles. (c) Flight 
velocities. Gray shadings denote the DS. 



 
 

5.4.1.2. Wing kinematics  
The wing kinematics of the left and right wings were averaged. The time histories were 

presented in Figure 5.5 and summarized in Table 5.4. b  was approximately perpendicular to lê . 

The stroke plane angle relative to the horizontal ( h ) was inclined (<40º), with the front end being 

above the horizontal (see star symbol in Figure 5.2(b)). h was more inclined during the US than 

in the DS (>10º) as a result of  being higher by about 10º in the US (Table 5.3). The US-to-DS 

duration ratio (US:DS [11]) varied among flights, but the US duration was usually longer than the 
DS’s. Likewise, the US velocities were larger.  

The wings flapped with large amplitudes (approximately 130º) and with high pitch angles   

in both half strokes (Figure 5.5). US differed between the proximal location (0.25R) and distal 

location (0.75R) indicating that the wings were twisted. eff  was measured at the same locations 

as  . In general, the proximal effective AoA ( eff,p ) was larger than the distal effective AoA (

eff,d ) in the US similar to  , while the reverse trend occurred in the DS. Both  and eff were 

larger in the DS.  

 
Figure 5.5. Wing kinematics. (a). Pooled mean ± standard deviation (SD; shaded) of the wing angles from all 
flights (b) Mean ± SD for selected sequences (see Figure 5.4(b,c)). A discontinuity exists due to the half stroke 
averaging process (see Ros et al. [30] for a similar artifact).  

 

 

 

 

 



 
 

Table 5.4. Wing kinematics parameters. *-escape maneuver 

ID J bU   US:DS  2

US DS eff
U / U  b,DS  b ,US  h ,DS  h ,US  wn    eff,p  eff,d  

  (m/s)   (º) (º) (º) (º) (Hz) (º) (º) (º)
           DS US DS US
1 0.29 0.44 1.07 1.33 82 82 0 5 9.08 148 44 41 53 37
2 0.28 0.54 1.06 1.62 85 85 16 26 9.97 135 44 41 58 33

3* 0.28 0.83 0.82 -- -- -- -- -- 13.6 142 -- -- -- --
4 0.27 0.42 1.36 0.96 87 83 4 20 7.41 142 85 65 72 51
5 0.30 0.57 0.85 1.71 78 78 25 35 10.6 115 44 54 56 42
6 0.29 0.54 1.45 1.04 86 83 14 32 9.06 144 69 53 67 44
7 0.40 0.82 1.25 1.39 85 82 18 32 10.3 132 55 49 58 39

 

5.4.2. Aerodynamic force and power  
The aerodynamic force was obtained from integrating the pressure and shear stress on the wing. 

The aerodynamic power is defined as aero ( )p n u ds  
  

 where   is the stress tensor, u
 is the 

velocity of the fluid adjacent to the wing, and n
 and ds  are the unit normal and area of each 

element, respectively. The muscle-mass specific aerodynamic power is m*aero aerop p M  , and 

the muscle mass ( mM ) is 30% of the body mass [31]. Before reporting the wing forces, we 

performed a force balance based on the motion of sequence 1 (Figure 5.4(a)). The mean vertical 
force ( VF ) was estimated from body motion: 

 V vF m(a g),    (8) 

where m is the body mass, g is the acceleration due to gravity (9.81 m/s2) and Va is the average 

upward acceleration (0.8 m/s2) obtained from the time derivative of the body velocity (Figure 
5.4(c, i)). VF was 5.3mN (1.08 x bodyweight), which was similar to the result obtained from the 

CFD simulation (5.3mN, 1.08 x bodyweight, Table 5.5) 

Across the flight sequences, the DS generated horizontal forces primarily but also vertical force 
in some of the strokes and negative lift at times. The US produced vertical forces for weight support 
primarily but also generated forward horizontal forces (drag). The forward force reduced the 
backward impulse of the DS but not enough to prevent backward flight (Figure 5.6(b)). aero*p  

ranged between 63 and 121 W/kg, which was within the scope of values measured for forward 
flight [17]. 



 
 

 
Figure 5.6. Force production and aerodynamic power. Pooled mean ± SD (shaded). Gray shading denotes the DS. 

5.4.3. Force orientation   
In the global frame, the halfstroke-average aerodynamic force vectors are presented in the X-

Y plane (Figure 5.7(a)). The DS-average ( DSF ) pointed backward (+X direction) and upward (+Y 

direction), while the US-average forces ( USF ) pointed upward and forward (-X direction). The 

angle between the force and -X direction is denoted as  . DS  and US  were 166º and 64º, 

respectively. 

Figure 5.7(b) shows the force orientation relative to lê . Despite the different trajectories in the 

global frame (Figure 5.4(a)) and large variation of the force orientation in the global frame (Figure 
5.7(a)), the force vectors were clumped up in a consistent direction during each half stroke.  The 
angle between the force and lê  is denoted as . The half stroke forces were only produced in the 

anterior side of the body (half-disk from 90º to -90º, clockwise; Figure 5.7(b)). Furthermore, the 
forces in dorsoventral stroke (downstroke) were produced in the dorsal side (half-disk from 0º to 
180º, counterclockwise), with the major component pointing toward n̂  ( DS =68º). The forces 

produced in the ventrodorsal stroke (upstroke) were produced in the ventral side (half-disk from 
0º to 180º, clockwise), pointing in between the longitudinal axis and dorsoventral axis ( US =-43º). 

The range of variation of the mean force vector relative to the body among flight sequences was 
15º (DS), and 13º (US) was within the scope of values (±20º) recorded for biological fliers as well 
as helicopters, that appropriate force vectoring [30]. 

 

 



 
 

 
Figure 5.7. Force orientation. (a) Halfstroke-average force in the global frame (measured relative to -X) (i) 
downstroke (ii) upstroke. (b) Halfstroke-average force relative to lê , (i) downstroke, (ii) upstroke. Dashed lines 

denote average values. Black vectors with white arrowhead – body longitudinal axis, red vectors- upstroke forces, 
green vectors- downstroke forces. 

 

Table 5.5. Force magnitude, orientation, and muscle-mass specific power consumption. 3* was excluded. 

ID DSF   USF  V,DSF  V,USF  DS   US  DS   US  *
aerop   

       (º) (º) (W/kg)
1 1.70 1.69 0.88 1.28 146 50 64 -37 85.3
2 1.90 2.24 0.35 2.06 171 74 70 -38 100.4
4 1.46 1.35 0.58 1.05 156 53 65 -50 62.9
5 1.34 2.59 -0.03 2.32 177 72 64 -41 107.0
6 2.11 2.33 0.35 2.04 168 65 68 -49 120.8
7 1.75 2.22 0.22 2.03 175 72 79 -42 98.7

 

5.4.4. Three-dimensional flow features 
We elucidated the flow features around the butterfly using the isosurface of the Q-criterion. 

The evolution of the flow features over a representative stroke is shown for sequence 1 (Figure 
5.8).  

An LEV was formed following the separation of the wing pairs at the start of the DS (Figure 
5.8(a,i)). The LEV, which is characterized by low-pressure regions around the leading edge of the 
wing, grew and remained attached on the wing surface for most of the stroke, shedding only at 
wing reversal. The LEV fed into a strong tip vortex. The LEV was present on the FW but absent 
on the HW. Attached vortex structures could be seen on the periphery of the HW, but their 
contribution toward force production may not substantial.  



 
 

 

Figure 5.8. Flow structures in a selected stroke. The Isosurface of Q (Q=1600) is colored by non-dimensional 
pressure. (a) Top row (i-iv) is the DS flow at t/T=0.13,0.25,0.38,0.48, respectively. (b) Bottom row (i-iv) is the US 

flow at t/T=0.63,0.75,0.88,0.98. The flow is colored by the coefficient of pressure ( 2
eff( ) / 0.5 pC p p U ). 

TEV-trailing edge vortex; TV-tip vortex. RV- root vortex. FW-forewing, HW-hindwing. 

The simulation (Figure 5.8) was performed similarly to Zheng et al. [17] in that only the wings 
were simulated. However, when the body was placed in the simulation of one of the flight 
sequences (sequence 4, Figure 5.9(a,ii)), the LEV extended from tip to tip across the thorax in the 
US and resembled a Class II LEV [32], albeit in the US. The root vortices disappeared, and the 
flow that otherwise would have been lost was harnessed by the body, forming the LEV on the 
thorax (Figure 5.9(b)). Both Figure 5.8(a) and Figure 5.9(a), show a strong interaction between the 
wing pairs, which could potentially enhance force production. Nonetheless, true ‘clap and peel’ 
was only observed in one stroke in sequence 4. 

 

Figure 5.9. Mid-stroke flow structures of sequence 4 (a) 3D flow at (i) mid-DS and (ii) mid-US (b) 2D slices at 
mid-US to elucidate the LEV that runs across the body (Class II LEV). Contours of non-dimensional spanwise 
vorticity and velocity vectors are shown.  

5.4.5. Fore and hindwings contribution to force generation 
Butterfly wing motion is driven by the action of the FWs, although both wing pairs are well 

developed. The HW of the monarch contributes 52% of the total wing area [6, 12].  During flight, 
the wings pairs are uncoupled but overlap effectively acting as a single airfoilHere we investigate 



 
 

the contribution of each wing pair to the force production in backward flight by simulating an FW 
only (FO) and the FW+HW (ALL) case. The HW only (HO) case is not simulated to prevent flow 
separation at the HW’s leading edge, which is improbable under most free flight conditions ( 
Figures 5.8 and 5.9). The time histories are shown in Figure 5.10. The FW contributed about 65% 
of the net forces for flight and generated 70-80% of weight support in the flight sequences reported 
in Figure 5.10. The HW helped with both vertical and backward force production but also 
increased the drag force produced in the US. 

 
Figure 5.10. Contribution of the fore and hindwings to force production. The mean forces of all complete half 
stroke are plotted. 

5.5. Discussion and conclusion 
As a means of examining the wing half stroke function and aerodynamics of butterflies, we 

investigated a previously uncharacterized flight mode. Backward flight was used for retreating 
from walls, for ‘normal’ and accelerating flight, obstacle avoidance, turning, and as an escape 
response. Among nectar-feeding Lepidopterans, short backward flight had been previously 
observed in hawk moths; Manduca sexta [25, 33] and Macroglossum stellatarum [24]. 
Uncontrollable backward flight was elicited when the flagella of the antenna were severed, while 
controlled backward flight occurred in response to visual cues [24, 33]. Here, the backward flight 
of the Monarch was self-motivated without visual cues or alteration to the sensory organs. We 
discuss our findings in light of the current literature. 

In the flight sequences captured, backward flight was accomplished by maintaining a steep 
body posture which oscillated around a mean value that was greater than 90º. However, not all the 
flights involved large-amplitude pitching of the body (see Figure 5.4(b)). DS   was about 10º less 

than US . Likewise, for hovering[15], takeoff [9], climbing[10], and forward flight [18],  was 

less during the DS. The steep body angle technique for backward flight is shared among vastly 
different organisms; hummingbirds (50-75º) [34], dragonflies (85-95º[23]; 100º[35]) waterlily 
beetles (50-70º) [36], cockchafer beetles [37] and cicadas (86-130º; Bode-Oke and Dong, under 
review), although without the high-amplitude body rotations, and indicates that body postural 
adjustments are necessary for reverse flight for different flying species.  

A steep body angle, however, does not indicate that every time a butterfly assumes that posture, 
it flies backward. Monarchs appropriate a steep posture (mean: 65º; min: 31º, max: 85º) in steep 



 
 

vertical climbs (A. T. Bode-Oke, unpublished data). Leaf butterflies (K. inachus), also possess 
large   (60°-90º) in forward flight. K. inachus relies on drastic body rotation in each half stroke 
so that the forward (thrust) force of the US counteracts the backward (drag) force of the DS, to 
preclude backward flight.  

Body rotations have been reported to perform the function of wing rotation due to reduced 
wing degrees of freedom of a butterfly [8, 38]. Although substantial body oscillation occurred in 
backward flight with   < 25º (Figure 5.4(b, i)), large body rotation in each half stroke was not 
necessary (Figure 5.4(b, i)). Thus, effecting wing rotation using the body motion only, as 
previously described [8, 38] may not completely characterize the backward flight of the monarch 
since the monarch can supinate the FWs to an extent (Figure 5.5 and Figure 5.2(b)). Instead, the 
US is characterized by wing supination and a pitch up motion of the body to aid the wings. It is 
also interesting to note that body rotation leads the wing motion (Figure 5.4(b)), which may also 
signify the importance of body motion on the wing motion.  

Table 5.6. Relevant parameters of the forward flight of the monarch. 

ID J bU   US:DS DS  US  b ,DS  b ,US  h ,DS  h ,US  
t  wn  bn  tn    eff,d    

  (m/s)  (º) (º) (º) (º) (º) (º) (º) (Hz) (Hz) (Hz) (º) (º) (º)
         DS US DS US
1 0.90 1.75 0.61 24 32 93 93 69 61 15 9.92 9.91 9.91 110 28 30 77 -66
2 0.42 0.91 0.65 40 61 78 91 38 30 14 9.92 9.91 9.91 129 52 37 69 -32

 

Comparing backward to forward flight kinematics listed in Tables 5.6 and 5.7, both   and n  
were similar to both forward and climbing flight values. Likewise, b was comparable, indicating 

that there was no substantial change in its inclination though the flight modes are distinct in terms 
of wing aerodynamic function and body posture. The effect of fixed b influenced the force 

orientation and is discussed later. Backward flight was slower than forward flight (approximately 
1-2m/s, Table 5.6) and also occurs at low speeds for other fliers; 1 m/s for dragonflies [23], cicadas 
and Delfly II MAV [39], 1.5m/s for bumblebees [40], and 2 m/s for hummingbirds [26]. The upper 
limit of backward flight speeds in the wild is still unknown for any animal.  

Table 5.7. Forward versus backward flight of the butterfly. F is normalized by body weight. †See Table 1 in [11] for 
the species information. Dudley’s [11] data is the only result based on quasi-steady aerodynamic analysis.  

flight 
mode 

species J  bU    
b  h  US:

DS 
  DSF  USF  V DSF ,  V USF ,  DS  US  *

aerop   reference 

  (m/s) (º) (º) (º) (º)     (º) (º) (W/kg)  

for-
ward 

Vanessa 
cardui 

0.4 1.14 6 85 79 0.77 120 2.46 1.16 2.37 -0.87 85 -56 120.7 
Zheng et al. 

[17]
Kallima 
inachus 

0.5 0.7 77 -- -- 1.0 115 3.02 2.10 1.93 -0.03 69 -85 -- 
Fei and Yang 

[18]

† 
0.4 – 
2.0 

0.55– 
3.16 

3–
32 

83 67 
0.5-
1.35

61–
144

-- -- 
0.97– 
1.41

-- -- -- -- 
Dudley [11, 

41]
Parantica 

sita 
1.2 1.6 28 -- -- 1.0 92 2.27 0.74 2.19 0.23 55 -33 -- 

Yokoyama et 
al. [20]

Danaus 
plexipus 

0.4 
0.91– 
1.75 

27–
51 

90 63 0.6 103 
2.35–
2.42

1.05–
1.17

2.14–
2.27

-0.03–
0.45

69-
77 

-32– 
-66 

65.0–
86.9

current study 

back-
ward 

Danaus 
plexipus 

-0.3 – 
-0.4 

-0.44– 
-0.83 

85–
119 

83 19 
0.82-
1.45

115-
148

1.34–
2.11

1.34–
2.59

-0.03–
0.88

1.05-
2.32

64-
79 

-37– 
-50 

62.9–
120.8

current study 

 



 
 

Comparing backward flight of butterflies to those of other insects indicates similarities in 
kinematics. The US duration is longer than the DS, likewise the effective velocities (Table 5.8 and 
[23]). Whereas eff  is slightly lower in the US. The higher US velocity compensates for the lower 

US AoA. 
h is smaller than angles recorded for dragonflies and cicadas.  Because butterfly 

b  is 

higher than those other fliers, a higher body angle has to be appropriated to achieve similar force 
partition in both half strokes as those insects, for example, dragonflies. Even with the larger   

substantial forward force was produced in the US due to the inability to supinate the whole (fore 
+ hind) wing (Figures 6(b) and 5). Supination may aid the FWs to have more directional control 
of the forces than the hindwings (HWs). If  is too large, the flight may become uncontrollable. 

Butterflies can generate as much as six times the body weight during the DS in forward and 
climbing flight [14, 17, 18]. During the US, however, the butterfly generates little to no vertical 
force in forward flight [8]. If any lift, the US generates negative lift (see Table 4.5). Negative lift 
result from the inability to supinate the whole wing completely in a steeply inclined stroke plane. 
The US net forces are also smaller compared to the DS; a consequence of the steep stoke plane 
which induces a force asymmetry, and also wing feathering. When large forces are produced in 
the US in forward flight, the forces are generated to counteract the drag generated during the DS. 
This is particularly common in species such as K. inchus that maintain large body angles in the DS 
(approximately 70º) [18].  

Our results indicate that peak vertical force in backward flight was about three times the body 
weight (Figures 5.8 and 5.9). The US produced vertical forces primarily while the DS generated 
horizontal (backward) force primarily. Negative lift was rare, and when it occurred, it occurred 
during the DS (Figure 5.7(a,i) and Table 5.5). On average, the US force was higher than the DS’s. 
The wing AoA was substantial in both half strokes (Table 5.4) and sufficient to form an LEV. 
Although the US AoA was lower than the DS’s, the US wing velocity was higher.  

Table 5.8. Backward flight of different organisms in free flight. eff  is measured at 0.75R. 

animal - J bU    b  h  US:DS eff ,DS  eff,US  
DSF  USF  reference 

 (º) (m/s) (º) (º) (º)  (º) (º)   

cockchafer 
beetle 

-- -1.2 101 -- -- -- -- -- -- -- Schneider [37] 

hummingbird 0.3 -1.5 51–75 57–71 -15–6 0.93–1.14 -- -- -- -- Sapir and Dudley [26]
dragonfly 0.3 -1.0 90 35 47 1.15 1.20 25 27 21 27 1.4 2.1 2.2 3.2 Bode-Oke et al. [23]

cicada 0.2 -1.0 
107-
122 

69–73 37–46 0.94-1.05 40-41 34-36 2.9-3.1 2.4-3.0 
Bode-Oke et al. (under 

review)
waterlily 

beetle 
-- -- 50–70 40–50 0–30 -- -- -- -- -- 

Mukundarajan et al. 
[36] 

delfly II -- -1.0 70–100 -- -- -- -- -- -- -- Caetano et al. [39]

butterfly 
0.3– 
0.4 

-0.4 – 
-0.8 

85-119 78–86 0–35 0.82-1.45 53-72 33-51 1.3–2.1 1.3–2.6 current study 

 

In insect flight, the production of large lift is attributed to an LEV. Wing-wing interactions are 
also important in butterfly flight, although ‘clap and peel’ does not occur in every stroke. Ancel et 
al. [12], showed that during gliding flight at different AoA for different butterfly wing shapes, the 
LEV was restricted to the FW surface. Srygley and Taylor [16] reported the absence of an LEV in 



 
 

V. atalanta in steady forward flight in a wind tunnel. During forward flight with acceleration, 
however, an LEV was formed on the wing surface, typically extending from tip to tip. Zheng et al. 
[17] and Yokoyama [20] also observed LEVs from their CFD simulations. J indicates the ratio of 
steady to unsteady effects in flapping flight. For butterflies, the body motion is unsteady (J changes 

continually) [18]. Since J  ranged between 0.3-0.4 here, unsteady effects were important. We 

observed LEVs in both half strokes. The LEV extended from tip to tip, when the body was 
considered in the simulations, matching previous observations of a Class II LEV in forward flight 
[16].  

Unlike previous works, a strong LEV was formed during the US. The LEV in both half strokes 
was absent on the HW and FW dominated force production, generating about 65% of the net force 
and 70-80% of the bodyweight. In functionally two-winged insects with smaller HWs, it had been 
shown that the LEV resides on the FW, and the HW does not affect its formation [42]. We expect 
that the same applies to butterflies. Although the HW has been reported to be unnecessary for 
flight, our results indicate that without wing kinematics adjustments of the FW such as an increase 
in frequency as observed when the HWs were ablated [6], weight support during backward flight 
may not be possible (Figure 5.10).  

Since the US carried the bodyweight primarily, we compared the mechanism of upstroke lift 
in forward and backward flight. The assumption of an active US is dependent on what part of the 
wing, either the ventral or dorsal, the oncoming flow strikes [43, 44]. Srygley and Thomas [16] 
verified these assumptions [43] using smoke visualization. They identified both a positively and 
negatively loaded US. Although only a wingtip vortex was visualized in the negative loaded US 
in Srygley and Thomas’s study [16], CFD simulations indicate that an LEV, with a reversed sign 
of circulation, may reside on the wing on the ventral surface [17]. This US LEV was smaller than 
the DS’s, and contributed to negative lift and thrust forces [17]. In the case of the positively loaded 
US, an LEV of the same sign of circulation as DS rested on the dorsal surface of the wings. The 
body of the butterfly was horizontal, and the wings were also negatively cambered but not strongly 
supinated. The raised leading edge, however, possessed a high enough AoA so that the incoming 
flow separated over the wing forming the vortex.  The stagnation point was located on the wing’s 
ventral surface and indicated that the US was lifting (see both Figure 4(d) and the supplementary 
video in [16]). The occurrence of a positively loaded US, however, is rare. It occurred only in one 
US at the inception of flight in Srygley and Thomas’s study [16] and has not been reported in any 
other forward free flight studies [17, 18, 20]. The positively loaded US may be an artifact of the 
incoming flow or unique kinematics of V. atalanta in the experiment. 

The mechanics of the US in our study is different because the LEV was stably attached on the 
ventral surface, indicating that sense of circulation of the DS and US was reversed. The US loading 
was changed due to the reorientation of the body posture. We also did not observe any inactive US 
in any of the flight sequences. Since the forces generated during the US support the insect's weight, 
feathering the US is not a viable option in backward flight. 

As aforementioned, butterflies elicit backward flight by noticeable postural changes 
reminiscent of the backward flight observed in other species [23, 26]. A butterfly is likely not to 



 
 

elicit backward flight with a horizontal posture because the range of motion of the wing stroke 
plane is constrained within a narrow range relative to the body, in the anterior side, due to reduced 
wing degree of freedom (Tables 5.3 and 5.7). Although the wing forces varied considerably in the 
global frame (Figure 5.7(a)), the angle between the body and aerodynamic force vector was 
relatively constant (Figure 5.7(b)). To generalize our findings, we compared our results to the 
forward flight data of the monarch presented in Table 5.6 and literature values for other butterfly 
species (Figure 5.11). Similar to backward flight, the forward flight forces were constrained in the 
anterior side. The DS forces were constrained in the dorsal side with the forces tilted toward the 
dorsoventral axis. Likewise, the US forces were produced in the ventral side, in between the 
longitudinal axis and dorsoventral axis. The uniformity of the results in forward and backward 
flight indicates that the helicopter model is being used by butterflies at least within the range of 
speeds -1 to 2m/s or -0.4≤J≤0.9. This finding does not indicate that forward, and backward 
kinematics are the same. The kinematics and half stroke force magnitudes are different, and the 
wing aerodynamic functions in the global frame have reversed between forward and backward 
flight. Nevertheless, the force orientation is in a uniform direction relative to the body (local frame) 
in both flight scenarios.  

 

 

 
Figure 5.11. Butterflies rely on the helicopter model for rectilinear flight. (a) Dorsoventral stroke (downstroke). 
(b) Ventrodorsal stroke (upstroke). The arrows are the backward flight results from Table 5.5. Shaded sectors of 
the circle are the forward flight results of the monarch (Table 5.6). The dashed lines are the forward flight results 
of other butterfly species from Zheng et al. ’s [17], Fei and Yang’s [18], and Yokoyama et al. ’s [20] work (Table 
4.5).  

 

 

 

 



 
 

Table 5.9. Half stroke contribution to the net force and force type produced predominantly in each half stroke, for 
insects which use an inclined stroke plane *-tethered  

insect 
flight 
mode 

DS 
force 
(%) 

DS force 
type 

US 
force 
(%)

US force 
type 

reference 

butterfly 
forward 

74 vertical 26 horizontal Zheng et al [17]
75 vertical 25 horizontal Yokoyama et al. [20]
59 vertical 41 horizontal Fei and Yang [18] 

backward 40 horizontal 60 vertical current study 

cicada 
forward 

90 vertical 10 horizontal Liu et al. [45] 
80 vertical 20 horizontal Wan et al. [46]

backward 50 horizontal 50 vertical 
Bode-Oke and Dong. (under 

review) 
 

damselfly 

forward 
84 vertical 16 horizontal Bode-Oke et al. [21]
75 vertical 25 horizontal Sato et al. [47]

backward 33 horizontal 67 vertical Bode-Oke et al. [23]

forward 
80 vertical 20 horizontal Azuma and Watanabe [48]
67 vertical 33 horizontal Hefler et al. [49]

fruit fly forward 61 vertical 39 horizontal Meng and Sun [50]
hawkmoth forward 80 vertical 20 horizontal Willmott et al. [51] 

locust forward 84 vertical 14 horizontal Young et al. [52]
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6. Chapter 6 
The backward flight aerodynamics of a damselfly (Hetaerina 
americana) is linked to changes in flight speed. 

 

 

 

 

6.1. Abstract 
It has been reported that insects appropriate rearward flight to transition to other flight modes. 
Here, we show that before the transition to forward flight, the backward flight of damselflies 
involves a speed-up (accelerating) and slow-down (deceleration) phase. During speed-up, an 
upright posture and high angles of attack (AoA) in both half strokes were appropriated. The upright 
posture rotated the stroke plane in the inertial frame in comparison to forward flight, causing the 
reversal of the aerodynamic functions of the half strokes. An active upstroke signified by the 
presence of a leading edge vortex was the principal means of force production and weight support, 
while the downstroke produced backward forces. During slow-down, however, the body and stroke 
plane angles reduced and a pronounced asymmetry in the half stroke AoA was observed. The 
upstroke AoA increased while the downstroke’s reduced in comparison to the speed-up phase. 
Consequently, the upstroke remained aerodynamically active, though it assumed a dual function, 
generating both (i) weight support and (ii) negative horizontal forces (drag) to counteract the 
backward forces still being produced in the downstroke. If the downstroke angle of attack was low 
enough, the downstroke’s force production diminished substantially, and the half stroke became 
aerodynamically inactive. Associated with the inactive downstroke was the switch from separated 
to attached flow. After the transition to accelerating forward flight, the body angle reduced and the 
aerodynamic roles of the half strokes reverted to their normal functions: downstroke lift, upstroke 
thrust. Our findings indicate that the half stroke kinematics and aerodynamics are different, and 
distinct in each flight phase, being characterized by adjustments mainly in body angle, stroke plane 
angle, and wing AoA. 

Keywords: damselfly, backward flight, active upstroke, downstroke-upstroke reversal, leading 
edge vortex, attached flow. 

6.2. Introduction 
Adroit flying insects exhibit different flying modes which are elicited by the adjustments of 

both the wing and body kinematics, along with the use of different lift-enhancing mechanisms [1, 
2], that can vary substantially on a stroke by stroke basis [3]. Of the flight modes which delineate 
the repertoire of flying insects, here, we focus on backward flight, which is less studied and 
understood but commonly exhibited in the natural world especially among agile fliers such as 
Odonates (damselflies and dragonflies) [4-6]. Volant taxa employ backward flight for takeoff, 



 
 

slow flight, predator evasion, prey capture, territorial fights, when retreating from or assessing 
flowers (“hesitation behaviors”[7]), obstacle avoidance, during mating, after haematophagy, etc. 
[4, 5, 7-11]. The possibility of backward flight thus offers an alternative to forward motions by 
extending the flight envelope of the insect. Moreover, backward flight studies have provided new 
insights essential both for biology and micro aerial vehicles (MAVs) vis-à-vis half stroke function, 
aerodynamics, coordination between wing and body motion, energetics and convergent evolution 
[4, 8].  

Recent works [4, 8] have revealed that the trends that characterize backward flight are not 
merely direct extrapolations or opposites of forward or hovering flight. For example, weight 
support is manifest in the upstroke (US) during backward flight. Other qualitative [12] and 
quantitative studies [4, 8, 13] have also documented that an upright posture is preferred in 
backward flight, although flight with a horizontal posture characterizes the forward flight many 
insects. Transforming the body posture from horizontal to upright reorients the stroke plane and 
flight forces to initiate and maintain backward flight [4]; a behavior that is not more expensive 
than hovering [4, 8].  

It has, nevertheless, been suggested that biomechanical constraints prescribe that maximum 
flight speed is achieved when flying forward and that insects inevitably reorient themselves in the 
posture for flying forward [5, 13, 14]. Rightly so, during video capture in the laboratory, if we 
waited long enough, a transition to another flight mode from backward flight occurred. If backward 
flight then is for transitioning to other flight modes, we suggest that the flight velocity profile of 
the insect will comprise of a phase of increasing speed (speed-up/acceleration) and decreasing 
speed (slow-down/deceleration) which will enable the insect to prepare for the transition to another 
rectilinear flight mode such as forward flight. Anecdotal studies support this claim and have 
indicated that hoverflies often accelerate and decelerate to switch between forward and backward 
flight as an antipredator strategy [7]. European Hawkmoths also exhibit similar behavior, albeit in 
response to visual cues while hovering at flowers [15]. Our lab observation of damselflies-the 
insects of choice in this paper, and field observations of Rüppell [5, 10] show that they speed up 
or slow down to avoid obstacles or transition from backward to forward flight or vice versa. The 
aerodynamics of this type of flight with this ‘unsteady’ body motion have not been elucidated. 
Previous quantitative studies on backward flight have focused solely on flights where the 
acceleration/speed-up phase is dominant [4] or flights with constant inflow [8]. However, the 
trends which characterize the slow down (deceleration) phase have not been studied. For 
damselflies, which are generally slower fliers than dragonflies, the slow-down duration is 
substantial, accounting for as much as half the flight duration of the backward flight. 

To speed up and slow down, we suggest that damselflies modulate the patterns of force 
production of the wings by adjustment of wing kinematics and aerodynamics mechanisms based 
on flight phase and the wing kinematics in the up and down stroke are quite different and correlated 
changes in flight velocity. How the kinematics and aerodynamics during the speed-up and slow-
down phases are modulated, how forces are produced, which flow mechanisms are dominant, the 
functions of the wing pairs, and the aerodynamics roles of the half strokes during each flight phase, 
in this kind of backward flight has not been reported before now for any species. Therefore, we 



 
 

used a high-speed camera system to capture the flight as well as a surface reconstruction technique 
to extract wing and body kinematics. A high fidelity CFD simulation was used to quantify flight 
forces and also identify the relevant flow features. 

6.3. Material and methods 

6.3.1. Damselflies, high-speed photogrammetry, and three-dimensional surface 
reconstruction 
We caught damselflies at a pond, and after transportation to the laboratory, we dotted their 

wings for tracking purposes and then placed the insects on a platform for filming. Individuals 
initiated flight voluntarily, and their motion was captured using a high-speed camera set-up 
comprising of three synchronized cameras positioned orthogonally. These cameras recorded at 
1000 frames per second with a resolution of 1024x1024 pixels. Transient and lengthy backward 
flight sequences consisting of rectilinear flight, turning maneuvers and short takeoff were common 
in the recorded flight footages. From the footage, we selected sequences of rectilinear motion (~4). 
The body kinematics were reconstructed from the videos using a template-based surface 
reconstruction technique [16], and we quantified the velocity profiles by taking the time derivative 
of the body displacement. The backward motion of the insects consisted of a phase of increasing 
speed (speed-up) and decreasing speed (slow-down), respectively (See section §6.4.1.1 for the 
quantification of the body velocities). Their wing motions were also reconstructed to capture both 
the kinematics and deformations. By way of example, we selected two damselflies (DaF#1 and 
DaF#2 in Table 6.1) for the analyses in the text.  
 
Table 6.1. Morphological characteristics of the insects. Chord values are measured at mid-span. wn -flapping frequency  

bU -body velocity. The uncertainties in the length and mass measurements are ±1mm and ±1mg, respectively. 

species ID 
flight 
time 

body 
weight 
(mg) 

body 
length 
(mm)

FW 
length 
(mm)

FW 
chord 
(mm)

HW 
length 
(mm)

HW 
chord 
(mm)

wn   

(Hz) 
bU  

(m/s) 
b,maxU  

(m/s) (ms) 

 
Hetaerina 
americana 

 

DaF  
#1 

140 95 44 29 6 28 6 25 0.63 0.86 

DaF 
 #2 

235 75 42 29 6 29 6 26 0.34 0.50 

DaF  
#3 

140 75 42 29 6 29 6 28 0.37 0.53 

DaF  
#3 

160 78 44 28 5 28 5 27 0.30 0.45 

 

6.3.2. Wing kinematics definitions 
A coordinate system was placed at the wing root, and the kinematics were measured relative 

to the mean stroke plane. The mean stroke plane was determined by calculating a least-squares 
plane based on the points that comprised the wing root and tip coordinates and averaged for all 
complete strokes. The rigid wing orientation in the mean stroke plane is defined by the Euler 
angles, flap ( ), deviation ( ), and pitch ( ) (Figure 6.1).   is the back and forth motion of the 

wing in the stroke plane.   is the angle between the wing and its projection on to the stroke plane 
while   is the angle between the wing chord and stroke plane (Figure 6.1(a)). The effective AoA 

( eff ) is the angle between the wing section and vector sum of the body ( bodyU ) and wing velocity 



 
 

( flapU ). eff is based on the flapping kinematics and does not consider any influence of induced 

flows or wing-wing and wing-wake interactions.  

 

Figure 6.1. Kinematics definitions. (a). Wing Euler angle definition.  (b) h   and  b  are the stroke plane angles 

with respect to the horizontal plane and body longitudinal axis, respectively.   is the body angle relative to the 

horizon. geom  and eff are geometric and effective AoA, respectively.  

6.3.3. Computational fluid dynamics simulations  
We used an in-house immersed boundary method based CFD solver for the simulations in this 

study and briefly outlined the methods here (see [17] for details). We solved the time-dependent 
incompressible viscous Navier-Stokes (N-S) Equation (Eqn. (1))  

 21
 = 0;    ,

u
u u u u




        


p
t

  (9) 

where u  is the velocity vector,  is the density,   is the kinematic viscosity and p  is the pressure, 

using a finite difference method with 2nd order accuracy in space and a fractional step method for 
time stepping. The computational domain is shown in Figure 6.2(a). A zero-gradient boundary 
condition of velocity and pressure, that is, homogeneous Neumann boundary conditions set to zero 
was imposed at all boundaries. The domain size was 60 60 60 c c c , where c  is the chord length 
at mid-span, with a large dense region to capture the full motion of the insect, and the wake left 
behind. A grids refinement study is reported in Figure 6.2(b) and Table 6.2. The Reynolds number 

is defined as effU
c

c
Re


 , where effU  is the average effective wing tip speed (tip speed + body 

motion), and    is the kinematic viscosity of air at room temperature (1.5x10-5 m2/s). The Re was 
about 1000 for the selected damselflies. 



 
 

 
Figure 6.2. Numerical simulation set-up (a) Computational domain used in the current simulation. For display, the 
meshes are coarsened thrice in each direction. (b) Grid Refinement. The vertical ( VC ) and horizontal ( HC ) force 

coefficients during the second stroke of DaF#1 are shown. Gray shading denotes the forewing downstroke. Coarse= 
10.8 million; fine=21.5 million; finer=24.4 million. The fine grids are shown in (a).  

 
Table 6.2. Force coefficients for three different mesh set-up for DaF#1.  

 mesh set-up VC   V,maxC  HC  H,maxC  

coarse 279x221x175 1.66 5.82 -1.82 -6.04 
fine 353x281x217 1.58 5.62 -1.73 -5.74 
finer 369x289x229 1.56 5.55 -1.69 -5.69 

 

6.4. Results 

6.4.1. Kinematics 

6.4.1.1. Body kinematics 
The body kinematics of the damselflies is shown in Figure 6.3(c). The insects traveled 

backward along a relatively straight flight path with minimal body rotations. Accompanying the 
backward motion were changes in body velocity. The general trend was that the damselflies 
increased their backward velocity during the first half of flight (measured in non-dimensional time, 
normalized by the duration of flight of each insect) and slowed down during the second half (Figure 
6.3(c,ii)). The maximum flight speeds recorded were less than 1 m/s, indicating slow flight. In 
addition to changes in velocity, the body posture was also varied, whereby during the speed-up 
phase, the damselflies usually maintained higher body angles ( ) than during the slow-down 

phase (Table 6.3 and Table 6.4).  



 
 

 
Figure 6.3. Experimental set-up and body kinematics (a)(i) flight arena (ii) damselfly species and morphological 
parameters where c  is the chord length, L is the body length, R is the wing length. (b) Montage of high-speed 
images (i) side view (the wing strokes are numbered), (ii) top view. Transparent damselflies indicate flight phase 
post backward flight. (C) Body (i) displacement, (ii) velocity, (iii) angle. Gray shading qualitatively denotes the 
speed-up phase. 
 

6.4.1.2. Wing kinematics   
 The time series of the fore and hind wing kinematics are reported in Figure 6.4 and summarized 
in Table 6.3 and Table 6.4 on a flight phase basis. The forewings (FW) led the hindwings (HW) 
typical of damselfly flight, as the wings traversed an inclined stroke plane [14, 18, 19].  

 
Figure 6.4. Wing kinematics. The time series of the kinematics of  (a) DaF#1 and (b) DaF#2 are reported. Gray 
shading denotes the forewing’s downstroke. Symbol meanings are found in the text. 

 



 
 

For DaF #1, averaged across both flight phases, the stroke plane angle relative to the 
longitudinal axis of the body ( b ) was 35±4º(FW) and 42±6º(HW). The stroke plane angle relative 

to the horizontal ( h ) was inclined at 34±8º(FW) and 33±9º(HW). The flapping amplitudes ( ) 

were 113±15º(FW) and 122±15º(HW). Vis-à-vis flight phase, h  reduced in each stroke, that is, 

becoming more horizontal (flattened) because of the adjustments of both b  and body angle (  ) 

(Figure 6.3(c,iii), Tables 6.3 and 6.4). During slow-down, b was tilted away from the longitudinal 

axis by 5º compared with the speed-up phase, and at the same time,  reduced by 9º. Larger   

occurred during the speed-up phase (Figure 6.4). The difference in   between the speed-up and 
slow-down phase was about 20º for both wing pairs. From speed-up to slow-down, there was a 
reduction in downstroke (DS) AoA while there was an increase in US AoA, and the changes in 
AoA were more drastic for the HW. The drop in eff,DS was 12º (FW) and 19º (HW). In contrast, 

the increase in eff,US was 3º (FW) and 13º (HW). The drop in eff,mid-DS was 20º (FW) and 9º (HW). 

In contrast, the increase in eff,mid-US was 17º (FW) and 36º (HW). 

Table 6.3. Speed-up kinematic parameters. eff,mid  is the instantaneous effective angle of attack at mid-stroke. 

     
b  h    eff,mid eff  

  (º) (º) (º) (º) (º) (º) 
   DS US DS US 

DaF #1 FW 77 32 45 121 34 19 39 35 
 HW 77 38 39 134 23 30 42 45 

DaF #2 FW 76 33 43 73 39 40 47 49 
 HW 75 40 35 99 31 39 42 50 

 

For DaF#2, averaged across all complete strokes, b was 35±3º(FW) and 41±4º(HW) while 

h  was 30±15º (FW) and 23±14º(HW), respectively.   was 78±12º(FW) and 104±11º (HW). 

Relative to the flight phase, there was also a flattening of the stroke plane relative to the horizontal 
similar to DaF #1. During slow-down, b was tilted away from the longitudinal axis by about 4º 

while  reduced by 20º in comparison to the speed up phase (Figure 6.3(c,iii)). Unlike DaF#1, 

the flapping amplitude increased during the slow down phase by 11º for both wing pairs. From 
speed-up to slow-down, there was a reduction in DS AoA while there was an increase in US AoA. 
Similar to DaF#1, the changes in AoA were more evident for the HW. The drop in eff,DS was 2º 

for the FW and HW. In contrast, the increase in eff,US  was 8º (HW) while there was 4º reduction 

for the FW. The decrease in eff,mid-DS was 3º (FW) and 5º (HW). In contrast, the increase in 

eff,mid-US was 20º (HW). 

 

  



 
 

Table 6.4. Slow-down kinematic parameters. 

     
b  h    eff,mid eff  

  (º) (º) (º) (º) (º) (º) 
   DS US DS US 

DaF #1 FW 68 37 31 104 14 36 27 38 
 HW 70 44 26 111 14 56 23 58 

DaF #2 FW 57 36 20 84 36 40 45 45 
 HW 55 44 11 110 26 51 40 58 

 

6.4.2. Force generation and orientation 

6.4.2.1. Global frame 
The instantaneous aerodynamic forces obtained from the CFD simulation were computed from 

the integration of the pressure and shear stress on the wing and documented in Figure 6.5. For 
visualization, the magnitude and direction of the halfstroke-average forces are displayed in Figure 
6.6. The colors of the force vectors in Figure 6.6 correspond to the line colors in Figure 6.5. 

Figure 6.5. Force generation. The time history of the aerodynamic forces produced by (a) DaF#1 and (b) DaF#2 
are reported. The gray shading denotes the DS of the forewings. Short dashed lines represent the zero line. 

 

DaF#1 produced an average vertical force of 1.5 times its body weight (BW). Most of the 
vertical force was produced in the US while the horizontal force was produced both in the DS or 
US depending on the phase of flight. Positive horizontal forces (backward) forces were produced 
in the DS while negative horizontal (forward) forces were produced in the US.  

Vis-à-vis flight phase, the force vectors pointed backwards and upward in the DS (DS 1 and 2 
for FW and HW; Figure 6.6(a,i)), while the force vectors during pointed upward the US (US 1 for 
FW and HW; Figure 6.6(a,i)) during speed-up. During slow-down, first, although the DS force 
vectors still pointed backward and upward, the magnitude of the backward forces (positive 
horizontal forces) diminished substantially (DS 3 for FW and DS 2 & 3 for HW (Figure 6.6(a,i)). 



 
 

Figure 6.6. Force orientation in the global frame. (a) Halfstroke-average force vectors of (i) DaF#1 and (ii) DaF#1 
for all the complete half strokes in Figure 6.5. Blue and black arrows represent the fore and hindwing forces, 
respectively. The force vectors are superimposed on the instantaneous body posture at the average midstroke of the 
fore and hindwings (b) Contribution of each half stroke to vertical and horizontal force production. 

 

Second, the aerodynamic function of the US became dual, producing both vertical forces and 
negative horizontal (or forward) forces to keep the insect aloft and reduce the flight speed, 
respectively. The US force vectors which were initially pointing upward during speed-up were 
significantly tilted forward (-X direction) (US 3 for FW, US 2 & 3 for HW (Figure 6.6(a,i))) with 
the HW force vectors being more tilted forward than the FW’s. The US’s role in horizontal force 
generation followed a reverse trend in comparison to the DS as the magnitude of the horizontal 
(forward) force increased from speed-up to slow-down (Figure 6.6(b,ii)). The average muscle-
mass specific power consumed by the damselfly (DaF#1) was ~94W/kg (FW: 43W/kg; HW: 
51W/kg).  

DaF#2 produced an average vertical force of 1.2x BW to stay aloft. Similar to DaF#1, the 
majority of the vertical force was generated during the US, while the horizontal force was produced 
in the DS or US depending on the phase of flight. During speed up, backward force was produced 
in the DS. Unlike DaF#1, the DS force magnitude did not diminish in each subsequent stroke 
(Figure 6.6(b,iv)). 

The US generated little amounts of horizontal force during speed-up. During slow-down, the 
US generated mainly negative horizontal forces to counteract the positive horizontal forces 
produced by the DS. During slow-down, however, the DS also generated lift some lift as shown 
by the orientation of the force vector. The average muscle-mass specific power consumed by the 
damselfly (DaF#1) was ~52W/kg (FW: 22W/kg; HW: 30W/kg). 

 



 
 

 
Figure 6.7. Force orientation relative to the body. (a) DaF#1 (b) DaF#2. Negative values of  , indicate that the 

force vector is in front of (or below) the longitudinal axis. The curved red arrow shows the tilt of the force vector 
from the speed-up to the slow-down phase. Subscripts s-u and s-d are speed-up and slow-down. Blue vector- FW. 
Balck vector-HW. Green arrow- longitudinal axis. 

6.4.2.2. Local frame 
The tilt ( ) of the force vector relative to the longitudinal axis is shown in Figure 6.7. The 

results indicate that the tilt of the force vector in the global frame was also due to the rotation 
(shown by red curly arrows) of the force vector relative to the long axis of the body in addition to 
body angle adjustments. For Daf#1 (Figure 6.7(a)), during speed up, DS  was 88º (FW) and 

92(HW) while US  was 17 (FW) and 1(HW). During slow-down, DS was 84º (FW) and 91º (HW) 

while US  was -1º (FW) and -26º (HW). For Daf#2 (Figure 6.7(b)), during speed up, DS  was 

84(FW) and 82º (HW) while US  was 12º (FW) and 9º (HW). During slow-down, DS is 71º (FW) 

and 66º (HW) while US  is 0º (FW) and -9º (HW). Negative values of   indicate that the force 

vector is in front of (or below) the longitudinal axis. There was a more significant reliance force 
tilt relative to the body in the US in DaF#1 than #2 to slow down.  

The roles of the wing pairs can be elucidated both from their orientation. The hindwing forces 
are more tilted away than the forewing forces from the longitudinal axis as well as in the global 
frame, in addition to having a larger magnitude during the slow down phase. Therefore, the HW 
was more instrumental in slowing the insect down. 



 
 

6.4.3. Three-dimensional vortex structures  
Here, we visualized the 3D flow features during a representative stroke of the speed-up and 

slow-down phase of DaF #1 and 2, by taking snapshots when the maximum force was produced 
(Figures 6.8 and 6.9). The flow structures are presented for the fore and hindwings separately 
because the FW leads during flight. We identified the relevant flow features and juxtaposed both 
flight phases. 

During speed-up, the flow is separated on both wing pairs (Figure 6.8(a)) in the DS. An LEV 
which feeds into a TV which extends as a contrail during wing excursion is present. In the US, an 
LEV is also evident (Figure 6.8(b)) and indicates that both half strokes generate substantial forces 
during speed-up (Figure 6.5).  

 

 
Figure 6.8. Three-dimensional flow features of DaF #1 visualized by the Q-criterion during maximum force 
production. TEV-trailing edge vortex. TV-Tip vortex. Subscripts 1, 3 signify vortices formed in those respective 
flapping strokes 1 (speed-up) and 3 (slow-down). Q=200,400 (1.25 and 2.5% of maximum Q, respectively). Top 
row (a, c) represents the DS, and the bottom row (c, d) represents the US.  

 

During the slow-down phase, however, the flow did not separate on both wing pairs during the 
DS. Attached flows characterized most of the flow on the wings (Figure 6.8(c)). Although a much 
smaller LEV compared to the speed-up phase can be observed on the FW (Figure 6.8(c,i)), it was 
confined to the tip region. On the HW, there is no LEV formation. This is different from the speed-
up phase, where the HW DS has an LEV stably attached to the wing surface (Figure 6.8(a)). During 
the US, an LEV covered the entire wing surface (Figure 6.8(d)). The absence of the LEV in the 
DS and its presence in the US indicates that the US dominates force production during the slow-
down phase.  

For DaF#2, the flow in the speed-up phase is similar to DaF#1’s. In the slow-down phase, 
however, the flow is separated during the DS. Although the DS AoA is smaller than the US’s, the 
DS AoA is above the attached flow threshold (Figure 6.9(c)). 



 
 

 

Figure 6.9. Three-dimensional flow features of DaF #2 visualized by the Q-criterion during maximum force 
production (DaF#2). Subscripts 1,2,5,6 signify vortices formed in those respective strokes. Top row (a,c) represents 
the DS, and the bottom row (b, d) represents the US.  

 

6.4.4. Leading edge vortex circulation 
The flow features indicate that the flow in the speed-up and slow-down phase are particularly 

distinct for DaF#1. Thus we quantified the LEV strength and pressure distribution (§6.4.5) for this 
damselfly. The strength of the LEV on the wing surface was measured by quantifying its 
circulation. 2D planes normal to the axis of the LEV were constructed at every time step of the 
CFD simulation (Figure 6.10(a)). On each 2D plane, the vorticity ( )  along the LEV axis was 
calculated. The circulation is defined as the flux of vorticity (Eqn. 3).  

 *
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     (10)

  

The closed surface of integration (dS) is bound by a vorticity threshold ~10% of maximum 
spanwise vorticity to capture the LEV. However, using a vorticity threshold means one cannot 
distinguish between a vortex and the shear layer [20]. Thus, over-estimates are possible, especially 
at low Re where the viscous shear layer is thicker. We showed the time history of LEV circulation 
at mid-wing (0.5R) in Figure 6.10(c). At wing reversal, an LEV was shed, and another developed 
on the opposite surface of the wing. Hence a discontinuity exists in the circulation curves.  



 
 

 
Figure 6.10. LEV circulation. (a). Depiction of the calculation of LEV circulation. The cyan lines depict the axis 
passing through the vortex core (b). Non-dimensional spanwise vorticity on each 2D slice at mid-stroke (i) DS (ii) 
US (c). Time history of LEV circulation at 0.5R (d-f). Spanwise distribution of circulation at mid-stroke for the 1st, 
2nd and 3rd strokes respectively.  

During the 1st stroke, corresponding to a significant part of the speed-up phase, the LEV 
circulation was large in both half strokes. In subsequent strokes, the LEV circulations during the 
DS diminished significantly (Figure 6.10(c)) commensurate with the force measurements (Figure 
6.5(a)). The attenuation of circulation observed in the 2nd, and 3rd DS corresponds to the presence 
of to the attached flows or a very weak LEV for both wing pairs but especially for the hindwings 
identified in Figure 6.8(c).  

The spanwise distribution of LEV circulation the mid-strokes are reported in Figure 6.10(d-f). 
The circulation increases along the span and tapers near the wingtip with maximum circulation 
occurring around 0.7-0.8R. The US’s LEV circulation, shown in dashed lines, is greater than the 
DS’s circulation, which decreases in each successful stroke (compare solid lines in Figure 6.10(d-
f)). Quantitative values of LEV circulation are included in Table 6.5. All the US-to-DS ratios of 
LEV circulation are greater than 1. The ratio gets larger as the insect transitions from the speed-
up to slow-down phase, increasing from 1.42 to 3.74 and 1.47 to 5.04 for the FW and HW, 
respectively.  

To further describe the flow topology, it is common to use a combination of two or more 
criteria to identify the vortex structures [21]. Here, streamlines are superimposed on vorticity 
contours and shown in Figure 6.11. Flow separation is evident at the leading edge of the wing 
during speed-up in both half strokes and is signified strong vorticity and spiraling streamlines 
(Figure 6.11(a,b –i,ii)). The focus of the streamlines coincides with a vorticity maximum. Looking 
from the same point of view through the axis of the LEV, during slow-down, there is no flow 
separation during the DS (Figure 6.11(a,b –iii)). The shear layer is visible, but there is not an LEV 
or spiraling streamlines that coincide with vorticity maximum. Rather the streamlines run parallel 
to the wing surface. In contrast, during the US, an LEV rests on the wing surface (Figure 6.11(a,b 
-iv)). These findings corroborate our visualizations using the Q-criterion. 



 
 

Table 6.5. Leading edge vortex circulation quantification. * represents the time half stroke averaged values. *
max

represents the maximum circulation per half stroke. All values are measured at midspan (0.5R).  

flapping stroke *   
*

max  
*

*
US

DS




  
*
max

*
max

US

DS




 

* *

*
%US DS

DS

  


 

1st 
FW 

DS -1.32 -2.00
1.42 1.42 42% 

US 1.87 2.84

HW 
DS -0.99 -1.37

1.47 1.58 47% 
US 1.46 2.16

2nd 
FW 

DS -0.98 -1.63
1.87 1.66 87% 

US 1.83 2.71

HW 
DS -0.75 -1.01

2.67 2.94 167% 
US 2.00 2.97

3rd  
FW 

DS -0.50 -0.80
3.74 4.05 274% 

US 1.87 3.26

HW 
DS -0.37 -0.57

5.06 5.34 405% 
US 1.87 3.04

 

 

Figure 6.11. Flow topology during the speed-up and slow-down phases visualized using vorticity contours and 
streamlines, on the left hindwings of DF#1 at the same instant as Figure 6.8 (a, ii) and (c, ii). Top row (a) and 
Bottom row (b) are the cross-sections at 0.5R and 0.7R, respectively. DS (i) speed-up phase, (iii) slow-down phase. 
US (ii) speed-up phase, (iv) slow-down phase. 

 

6.4.5. Pressure distribution  
The pressure difference between the dorsal and ventral surface of the wing at the same time 

instant as Figure 6.8 is projected onto a representative wing model (Figure 6.11) and indicates 
what part of the wing produces the greatest velocity-difference or circulation. Figure 6.12 shows 
the pressure difference contours with the darker shade (blue) contours indicating regions of high-
pressure difference at a location that coincides with the location of the LEV on the wing as well 



 
 

as the wingtip in both half strokes (Figure 6.8). In contrast, Figure 6.12(b,i) which corresponds to 
a DS during the slow down phase shows that the pressure difference is minimal (light shade 
contours) indicating low force generation and the lack of flow separation (absence of LEV) in the 
DS (Figure 6.11(b)). Figure 6.12(a-ii, b-ii) shows that large pressure differences occur during the 
US in all flight phases due to the presence of the LEV on the wing.  

 

Figure 6.12. Pressure difference ( pC ) of the wing at mid-stroke during (a) the speed-up phase’s (i) DS and (ii) 

US and during (b) the slow-down phase’s (i) DS and (ii) US. The pressure on the side that contains the LEV is 
subtracted from the other side of the wing that does not. The pressure is non-dimensionalized as follows:

2
eff( ) / 0.5 UpC p p    where p is the freestream pressure.  

 

6.5. Discussion and conclusion 
Different from previous studies on backward flight which typically focused on one phase of 

flight, mainly acceleration [4] or cruise [8], here, we investigated flight which consisted of both a 
speed-up (accelerating) and slow-down (decelerating) phase. This unsteady body motion, that is, 
speed-up and slow-down, usually preceded a transition to a forward flight mode. This flight pattern 
is readily observed in the wild [5, 7, 10] and is not particularly unique to damselflies, the insects 
we studied in this work. To understand what happened in both flight phases, we quantified the 
body and wing kinematics, the flight forces and flow features. Our findings are discussed in light 
of previous works below.  

All the flight sequences were initiated with a steep body posture (Figure 6.3(d, iii)) which 
supports previous observations during the backward flight of hummingbirds (50-75º) [22], 
dragonflies (85-95º[4]; 100º[5]) waterlily beetles (50-70º) [23], cockchafer beetles [13] and 
cicadas (86-130º). Thus, steep body postures are a consistent feature of backward flight regardless 
of whether the stroke plane is horizontal or steeply inclined. Field recordings [5, 10], have 
indicated that damselflies can also fly backward with a horizontal posture (~0º), however. While 
we did not observe backward flight with a horizontal posture in the lab, further work will need to 
be done to address the differences between the steep and low body angles technique of backward 
flight in Zygoptera both in terms of wing and body kinematics and aerodynamics. Of the extant 
Odonata, dragonflies have only been observed to fly backward using a high body posture [4, 5]. 
Damselflies (Zygoptera) are similar to dragonflies (Anisoptera), although not exactly alike [5, 14, 
19, 24-27]. The anisozygoptera (Epiophlebia superstes) which exhibits morphological 
characteristics of both the Anisoptera (dragonflies) and Zygoptera (damselflies) can perform 
backward flight with the low body angle technique [28]. However, the wing joint structure and 
wing planform shape of the Anisozygoptera is most similar to the Zygoptera [29]. 



 
 

Previous works on forward flight [25, 28] have reported that damselfly body alignment is 
independent of resultant (vertical + horizontal) force direction. Hence, large variation of the force 
vector in the body frame is possible due to more degrees of freedom of the wing actuation 
mechanism [24, 25, 28] and larger angle between the line connecting the wing joints and the 
longitudinal axis of damselflies than dragonflies [18]. More degrees of freedom indicates larger 
variation in stroke plane orientation relative to the body. Because of larger stoke plane variation 
in Zygoptera (approximately 60° [25]), it is possible that backward flight can be achieved without 
whole-body rotations. After all, the main function of the high body angles in backward flight is to 
rotate the stroke plane, which reorients the forces in the global frame, analogous to force vectoring 
by a helicopter [4]. Reduction in degrees of freedom of the wing also indicates that the 
metathoracic wing stroke motor system is simplified [24] and the stroke plane is more constrained 
relative to the body. Thus, rotating the body, which in turn rotates the stroke plane in the global 
frame for force reorientation is a simpler alternative to rotating the stroke plane relative to the body 
through actuation at the wing hinge without any changes in body posture. When implementing 
designs in MAVs, an upright body posture is the easier for inducing backward flight because it 
can be performed with reduced complexity of wing actuation. Insects like cicadas and beetles [13, 
23] with constrained stroke planes rely on force vectoring alone. The Delfly-II MAV has been 
shown to initiate backward flight by modulating the body angle to about 100º from its stable flight 
configuration [30] with even fewer wing degrees of freedom than a real insect.  

Upright body postures may incur a drag penalty, however. The typical measurement of parasite 
drag is performed on an isolated body with inflow to mimic flight speed [8, 31]. Sapir and Dudley 
[8], showed that drag forces generated only differed by 3.6% between the backward and forward 
flight of Hummingbirds despite the drastically different body postures. Since the flight speeds are 
low, typically less than 3 m/s during backward free flight [4, 11], the drag penalty may not be 
significant [6]. The measured parasite drag coefficient for dragonfly backward flight was in the 
measured range (0.31-0.84) for forward flight [4]. The parasite drag coefficient is defined as  
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  , where H,bF is the mean horizontal force of the body with the same motion as 

in flight, bU  is the average backward velocity. frontal MF sin( )S A  is the frontal area presented to 

the flow, where MFA  is the mid-frontal area of the insect. DC  was 1.92 and 2.38 for DaF#1 and 

#2, respectively. DC was greater than values (0.91-1.66) measured by Wakeling [31] for normal 

forward flight angles (10-30º) for a damselfly (Calopteryx splendens) under steady conditions 
(Re=2770). Yet, DC was much smaller than those measured traveling forward with an angle of 70º 

where DC =4.58 [31].  

Slender bodied insects are likely not to rely on the body to actively produce drag since the 
body force are marginal in comparison to the wing forces. During the slow-down phase, where the 
body angles should increase to a more upright posture (~90º) to maximize frontal area, the body 
angle decreased (Figure 6.3(d)) probably due to the desire to switch the flight mode after slowing 
down. Thus, indicating the priority of using the body for force reorientation over body drag to slow 
down. If the body is already horizontal, acceleration to the new flight mode can occur without 



 
 

waiting for body angle to tilt [32]. Appropriating a steep body angle thus necessitates that the slow-
down phase is prolonged (as in the case of damselflies) as the insect tries to reorient its body to a 
more horizontal posture during slow-down before the transition to another flight mode can occur. 
The coordination of the body and wings which was achieved through a combination of stroke plane 
rotation relative to the body and large AoA variation was responsible for reorienting flight forces 
by rotating the force vector relative to the body (Figure 6.7). Furthermore, in the global frame 
additional adjustment of the body angle (Figure 6.3(c)) flattened the stroke plane relative to the 
horizon (Figure 6.13) and rotated the force vector (Figure 6.6).  

Table 6.6. Net force generation in forward and backward flight of Odonata.  The averages are reported based on all 
complete half strokes. The speed-up and slow-down phase for the damselflies are combined.  

insect 
 

flight mode DSF mg  

(FW)
USF mg  

(FW)
DSF mg  

(HW)

 USF mg  

(HW) 
reference 

damselfly 

 
forward 

1.22 0.32 1.60 0.30 Bode-Oke et al. [19]
 0.69 0.24 1.22 0.39 Sato et. al [18]
1 

backward 
0.90 1.55 0.61 1.64 

current study 
2 0.60 0.98 0.63 0.96 

dragonfly 
 

forward  
1.21 0.27 1.06 0.32 Azuma and Watanabe [33]

 0.94 0.38 1.06 0.53 Hefler et al. [34]
 backward 1.44 2.15 2.07 3.17 Bode-Oke et. al. [4]

 

In backward flight, backward force is produced predominantly in the DS. Increasing or 
maintaining a large AOA in the DS (Figure 6.13(b)) during slow-down will increase the pressure 
drag and produce backward and even vertical forces (Figure 6.5 (b)). To slow down, the damselfly 
may compensate by actively generating more negative (forward) thrust forces than positive 
(backward) thrust forces produced by the aerodynamically active DS (Figure 6.5 (b)). This trend 
was exhibited more by DF#2.  

 
Figure 6.13. Wing motion of the hindwing in the global frame. (a) DaF#1 (b) DaF#2. Lollipop figures with open 
and closed circles signify the US and DS, respectively. Green arrow- US velocity, red arrow- DS velocity. Dashed 
lines demarcate the speed-up and slow-down phases. 

Due to morphological constraints on wingspan and area reduction, most insects cannot fold or 
flex their wings like birds do to render the half stroke inactive to reduce both the inertial and 
aerodynamic costs in flight [35, 36]. Thus, to slow down, a viable alternative is to modulate wing 
AoA such that the half stroke responsible for producing the backward force (that is, the DS in 



 
 

backward flight) operated at very low AoA (Figure 6.13(a)). This will reduce the pressure drag on 
the wings, prevent further backward motion and reduce the aerodynamic power consumption 
because it renders to renders the half stroke aerodynamically inactive. We observed this in the 
flight of DaF#1 (Figures 6.8, 6.10, 6.11, and 6.12). 

During backward flight of DaF#1, the wings sliced forward (DS) at a much lower angle attack 
and pushed backward (US) at a much higher angle to generate negative horizontal force to slow 
down (Figure 6.4(a) and Figure 6.13(a)). The large drag (negative horizontal forces) generated 
during slow down occurred predominantly in the US. In forward flight, when negative thrust was 
generated, it is usually produced during the DS [18, 19]. Rüppel’s [5] observation of an increase 
in US AoA and reduction in DS AOA during the transition from backward to forward flight of the 
damselfly (Megaloprepus coerulatus) in the field corroborate our findings.  

 

 
Figure 6.14. Transitioning from backward to forward flight (a) body velocity and body angle; purple shadings 
denote the flight phases qualitatively. The damselfly posture in the middle of each phase is shown (b) Forces. Gray 
shading denotes the forewing DS.  

 

Only a few studies have analyzed the flow over damselfly wings [14, 19]. The CFD simulations 
here indicated that the main vortex structure on the wings was an LEV. The LEV is a well-known 
lift enhancing mechanism used in insect flight [14, 22, 37]. However, the presence of the LEV or 
and its strength varied depending on flight phase commensurate with the wing kinematics (Figure 
6.6 and Figure 6.11). Studies of insects that use asymmetric strokes in an inclined stroke plane 
have also reported that the LEV circulation is substantially higher in the DS compared to US where 



 
 

there may be no sign of an LEV [14, 22, 38, 39]. Attached flow usually dominate due to low AoA 
leading to an aerodynamically inactive US [19, 22]. 

Consequently, in forward flight, the DS dominates vertical force production, and the US 
produces thrust (horizontal force) [5, 40, 41] (Table 4.7). The forces produced during the US are 
considerably smaller compared to the DS forces [19, 32, 38]. We observed that the LEV was 
present on both wing pairs and in both half strokes during speed-up commensurate with the wing 
AoA (Figure 6.8). The US LEV was stronger than the DS LEV. US-to-DS LEV circulation ratios 
as high as 3.74 and 5.06 for the fore and hind wings respectively were reported for DaF#1 (Table 
6.5). The presence of the LEV in both half strokes shows that substantial forces are produced in 
both half strokes and that the US produces larger forces than the DS. This active US was 
responsible for weight support during speed-up as well as drag (negative thrust) generation to slow 
down during deceleration. The FWs dominated force production during speed up while the HWs 
were responsible for slowing the insect down.  

Past work on forward free-flying butterflies [3] and dragonflies [22] have shown that use of 
aerodynamic mechanism can vary between flight phases in forward flight, that is, steady motion 
and rapid acceleration. Our findings add to the existing body of knowledge show that damselflies 
modulate kinematics and more importantly, flow features and aerodynamic mechanisms 
depending on the phase of flight by simple changes in wing kinematics. 

Table 6.7. Percentage of the contribution of the DS and US to net force for different insects that use an inclined stroke 
plane during hover (J=0) and when there is body motion (J≠0). 

insect flight mode  
DS 

force 
(%)

US 
force 
(%)

reference 

cicada 
forward 

90 10 Liu et al. [42]
80 20 Wan et al. [43]

backward 50 50 Bode-Oke and Dong (under review)

damselfly 

forward 
75 25 Sato et al. [18]
84 16

Bode-Oke et al. [19] 
takeoff 50 50

backward 
DF#1 

acc. 41 59

current study 
dec. 21 79

backward acc. 37 63
DF#2 dec. 41 59

dragonfly 
backward 33 67 Bode-Oke et al. [4] 

forward 
80 20 Azuma and Watanabe [33] 
67 33 Hefler et al. [34]

fruit fly forward 61 39 Meng and Sun [44] 

hawkmoth 
forward 80 20 Willmott et al. [38] 
hovering 67 33 Aono and Liu [45] 

butterfly forward 75 25 Zheng et al. [46]
hoverfly hovering 73 27 Mou et al. [47]

hummingbird forward 74 26 Song et al. [48]
locust forward 86 14 Young et al. [49]

 



 
 

Lastly, the backward flight phase was followed by an accelerating forward flight before 
transitioning into another flight mode (Figure 6.14). Our result showed that   was significantly 

reduced to a horizontal posture (   was approximately 18º). In this configuration, the front end of 

the stroke plane which was tilted up in the backward flight phase was now tilted downward. As a 
result, the aerodynamic functions of the half strokes were reversed compared to the speed-up phase 
of backward flight. The DS generated vertical forces and the US horizontal forces to propel the 
insect forward. 
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7. Chapter 7 
Wing damage influence choice of wing kinematics in the backward 
flight of the dragonfly (Erythemis simplicicollis) 

 

 

 

7.1. Abstract 
Here, we investigated the effect of wing damage on the free backward flight of dragonflies. We 
performed substantial asymmetric incision of the wings both in the spanwise and chordwise 
direction and captured free flight kinematics with high-speed cameras. Our findings indicate that 
the choice of wing kinematics and the coordination between the wing pairs were affected. After 
wing damage, we observed an increase in flapping frequency for all but the forewing symmetric 
spanwise damage case which retained a similar flapping frequency as the intact wing case. There 
was also an increase in flapping amplitude and stroke plane tilt of the damaged wings. In contrast 
to the spanwise cuts, more significant increases in flapping amplitude occurred for the symmetric 
chordwise cuts on the forewings (20º). Surprisingly, accompanying this increase in forewing 
amplitude was a substantial reduction in hindwing flapping amplitude (40º). The phase relationship 
when the wings were damaged in the spanwise direction was maintained in the same range as the 
intact case (50º-70º). However, chordwise damaged changed the phase relationship between the 
wing pairs. The wings flapped approximately in phase, and then the FW led the motion, atypical 
of dragonfly flight. The change in phase relationship was responsible for the reduction in hindwing 
flapping amplitude because the forewings dictated that the number of chord lengths traveled 
between the wing pairs per stroke is approximately the same. 

Keywords: wing damage, backward flight, active upstroke, phase relationship, dragonfly. 

7.2. Introduction 
Wing wear is common among flying taxa. Some forms of area loss are reversible such as 

seasonal wing feather molting in birds [1] while others are cumulative and irreversible, often 
resulting from external damage [2]. Non-repairable damage is a problem insects face, and the 
propensity of damage is linked to lifestyle choices, for instance, repeated collision with vegetation 
[3] and other species of the same kinds, intra-sexual competition[4], and mating [2]. Damage could 
potentially affect fecundity, mortality, predation success, foraging behavior [5, 6]. Flight 
performance may also be compromised not only as a result of the reduction in wing area but also 
the loss of sensing capabilities (due to loss of sensillae) and thus flight control [5, 7]. It is expected 
that the control challenges that impact insect in flight will affect impact micro-aerial vehicles. 

Several studies have investigated the consequences of wing damage on flight performance with 
the majority having focused on two winged fliers such as flies or functionally four-winged fliers 
like hawkmoths and butterflies. Typically, damage in experimental studies involves symmetric or 



 
 

asymmetric spanwise or chordwise straight cuts. Some other studies have even varied the shape of 
the cut making jagged cuts and even poking holes to mimic natural wing wear [8]. However, not 
all types of damage have the same effect [9, 10]. To compensate for wing damage, insects rely on 
adjustments of both the wing and body kinematics. Past studies have reported ramifications such 
as increased flapping frequency, flapping amplitude, reduction in vertical acceleration, stoke plane 
angle adjustment [10-12].  

Concerning four-winged fliers, most of the studies have been done on Odonates (dragonflies 
and damselflies) and Lepidopterans (Butterflies and moths). A recent work [2] on dragonflies 
showed that from samples collected in the field, 76.2 percent of the forewings and 78.6 percent of 
the hindwings were damaged. Most of the area loss was less than 10 percent of the wing area while 
severe damage could be as much as 75 percent of the wing area. Critical zones of wing damage 
were concentrated at the distal part of the wings toward to the trailing edge for both wing pairs and 
also around the proximal part of the hindwings (near the wing base) toward the trailing edge. 
 

Hitherto, Combes et al. [5] showed that damage to the hindwings reduced the vertical 
acceleration during a drop-escape response, flight velocity, and predation success in the insectary. 
The amount of wing area loss was directly proportional to the reduction in vertical acceleration. 
The incisions made to the hindwings were symmetric (chordwise). Incising 30 percent of the 
hindwing led to a 30 percent decrease in vertical acceleration. Likewise, incising 50 percent of the 
area led to a 50 percent decrease in vertical acceleration, although at 50 percent the probability of 
arresting a fall in the drop escape response was lower. Kassner et al. [13] investigated how 
damselflies compensated for the loss of a fourth wing (hindwing). After completely removing the 
hindwings, damselflies could still fly albeit with kinematics adjustments. They observed an 
increase in flapping frequency, a reduction in the stroke plane relative to the body for the forewing 
on the same side as the ablated hindwing, as well as a reduction in flapping amplitude of only the 
hindwing involved in flight. 

Spotting a butterfly out in the wild with broken wings is not uncommon. Thus, in a study on 
butterflies [7], the fully developed hindwings were removed entirely, reducing the total wing area 
by 49%. Nevertheless, the butterflies could still fly but lost their ability to zig-zag at high speed. 
This finding was evidenced by lower linear and turning acceleration, although their flight paths 
were not altered. Total forewing ablation precluded flight, however.  

What is missing in the current studies, which is not possible in two-winged flight, is the 
investigation of the kinematics of the wing pairs and their coordination after wing damage.  For 
butterflies, HW loss may potentially affect the aerodynamics, such as clap and peel, etc., which is 
dependent on the hindwings forming a seal [14], while for Odonates and other for four-winged 
fliers, the damage could affect the interaction between the wing pairs by influencing the phasing 
between wing pairs. In line with our previous on the aerodynamics of backward flight [15], here 
we investigated whether severe wing damage (both spanwise and chordwise) will preclude 
backward flight. Our laboratory observation indicated that flight can still be achieved after 
substantial incision of the wings. Our aim then was to investigate the changes in kinematics as 
well as coordination in fore and hindwing coordination.  



 
 

7.3. Material and methods 

7.3.1.  Dragonflies, wing damage, high-speed video capture, and three-dimensional surface 
reconstruction. 
The methods used in this study are identical to the methods outlined in previous studies [15, 

16] except for wing incision. We captured dragonflies from a pond and transported to the lab for 
experiments. Shortly afterward, we placed the insects in a refrigerator to cool down and reduce 
muscle activity. Then, we dotted their wings for tracking purposes with a felt-tip marker. These 
marker points also served as the guidelines for incising the wings since we could not calculate the 
exact lost wing area a priori. We incised the wings using a pair of scissors, performing both 
symmetric and asymmetric cuts. Since the dragonflies could not be trained, we simply placed the 
dragonflies on a vertical paper platform to warm up. Our previous experience indicates that reverse 
flight is exhibited as an alternative to taking off and then turning around. Free flight was captured 
by three synchronized orthogonally arranged high-speed cameras recording at 1000 frames per 
second. Using a template based reconstruction technique [16], we reconstructed with the motion 
of the body and wings, which we used for both kinematics analysis and CFD simulations. The 
morphological parameters of the insects are documented in Table 7.1. 

 

Figure 7.1. Examples of damage wings in the laboratory. (a) Intact wings (DF#1) (b) Asymmetric (left fore and 
hindwings) spanwise damage (DF#2) (c) Symmetric (left and right forewings) spanwise damage (DF#3). (d) 
Symmetric (left and right forewings) chordwise (DF#4) (e) Symmetric ( left and right hindwings) spanwise damage 
(DF#5). 

 

Table 7.1. Morphological parameters of the selected insects. CW-chordwise, SW-spanwise, sym-symmetric, asym-
asymmetric. LF-left forewing, LH- left hindwing, RF- right forewing, RH –right hindwing 

ID damage type 
damaged 

wing 

area 
loss 
(%) 

body 
weight 
(mg) 

body 
length 
(mm) 

FW 
length 
(mm) 

FW 
chord 
(mm) 

HW 
length 
(mm) 

HW 
chord 
(mm) 

DF#1 Intact none none 0 130 40 34 8 31 10
DF#2 SW asym. LF,LH 40 115 43 32 8 31 10
DF#3 CW sym. LF,RF 40 166 40 32 8 31 9
DF#4 SW sym. LF,RF 40 -- 40 31 8 30 9
DF#5 SW sym LH,RH 40 83 40 30 8 29 9

 

 

7.3.2.  Wing kinematics definitions 
A coordinate system was fixed at the wing root, and the wing kinematics were measured 

relative to the mean stroke plane. The stroke plane was calculated based on the least square plane 
which passed through the centroid of the points comprising the wing base and wingtip and then 



 
 

averaged for all the complete wing beats. The Euler angles, flap ( ), deviation ( ), and pitch (
), define the rigid wing orientation relative to the stroke plane. Since the wing pitch changes along 
the span, we also defined a least-squares reference plane (see Figure 5 in [16]) which takes into 
account the deformation of whatever wing area is present be it intact or incised.  

7.4. Results 

7.4.1. Body kinematics 
The displacements of all the flight sequences captured for this study are presented in Figure 

7.2. All dragonflies were capable of flying backward over substantial distances, typically about 
two body lengths. The vertical displacement, however, varied greatly among individuals. 
Therefore, using load-lifting as the criterion to evaluate the effect of damage may be misleading 
since some damaged wing flight (DF#2) even outperformed intact wing flight. Nevertheless, it was 
clear that symmetric cuts (either chordwise or spanwise) to the forewing precluded substantial 
vertical displacement.  

 
Figure 7.2. Body displacement for dragonflies with different types of damage. 

7.4.2. Wing kinematics  
The wing kinematics quantities of interest have been summarized in Table 7.2. The intact 

winged dragonfly (DF#1, Figure 7.1(a)) kinematics have been reported in previous work [15] and 
summarized here (Figure 7.3(a)). The kinematics of the left and right wings are not exactly 
symmetrical, although this is not uncommon in free flight [10]. The flapping amplitude ( ) for 
all wing pairs was about 100º, with a steeply inclined stroke plane relative to body (approximately 
40º). The flapping frequency ( wn ) was 27 Hz, and the ipsilateral wings pairs beat out of phase 

about 60º, similar to the value reported for this species (Erythemis simplicicollis) in another work 
[17].  

7.4.2.1. Stroke plane angle 
The stroke plane was inclined relative to the body typical of Odonate flight. Among all flight 

sequences, the intact wing case had the least steep stroke plane (~40). All other flight sequences 
had values between 50º and 70º.  



 
 

7.4.2.2. Flapping frequency 
After wing damage, we observed an increase in wn  for all but the forewing symmetric spanwise 

damage case (Figure 7.1(c)), which retained a similar flapping frequency as the intact case. The 
asymmetric spanwise damaged dragonfly ((Figure 7.1(b))), had a slightly higher frequency, 
approximately 2-4 Hz. More obvious increases in frequency, however, occurred in symmetric cuts, 
specifically the forewing chordwise cuts (Figure 7.1(d)) and hindwing spanwise cuts (Figure 
7.1(e)). The increase in frequency was 11 (40% increase) and 14 Hz (51% increase) for both cases, 
respectively.  

7.4.2.3. Flapping amplitude 
Wing damage also influenced the  . In most of the flight sequences, the hindwing amplitude 

was smaller than the forewings. For the asymmetric damage,   was larger on the damaged side, 
about 13º (FW) and 5º (HW). The dragonflies with symmetric spanwise cuts on either the FW or 
HW (DF #4 and 5), typically had a lower amplitude compared to the intact case. For the symmetric 
hindwing spanwise damage (DF#5), there was a reduction in   by about 17º (FW) and 30º (HW), 
when compared to the intact case.  

In contrast to the spanwise cuts, increase in   was observed for symmetric chordwise cuts 
(DF#3). The increase in FW   was about 20º and  was the largest increase in amplitude observed 
for all flight sequences. At the same time, the lowest hindwing amplitudes for all flight sequences 
was recorded for DF#3. There was a 40º reduction in  . 

7.4.2.4. Fore and Hindwing Phasing  
Typically, the HW led the FW in flight for both spanwise-damaged and intact wing flight.  The 

average phase difference ( ) between the fore and hindwing pairs was within the range of 50-70º. 

The wings with chordwise damage exhibited a different trend, however.  

Table 7.2. Wing kinematics parameters. wn - flapping frequency, -flapping amplitude, b -stroke plane relative to the 

body,  -phase shift between fore and hindwings. *-denotes which wing is damaged. LF-left forewing, LH- left hindwing, RF- 

right forewing, RH –right hindwing, L-left wings, R-right wings. 

ID damage wn     
 

b     

(º)   (Hz)  (º) (º)  
    LF RF LH RH LF RF LH RH  L R 
1 intact 27  100 98 96 97 41 42 41 41  63 56 
2i SW 29  105* 92 90* 86 54* 57 51* 49  62 66 
2ii SW 29  108* 97 91* 86 52* 54 50* 48  71 62 
2iii SW 31  97* 81 98* 91 57* 56 48* 57  76 77 
3 CW 38  118* 122* 56 56 57* 55* 48 57  -23 -34 
4 SW 27  65* 87* 92 71 69* 64* 57 60  41 56 
5 SW 41  80 85 65* 67* 51 53 52* 53  53 59 

 

For DF#3,  was much smaller in magnitude but also of opposite sign, indicating that the FW 

led the HW slightly. The time history of the kinematics shown in Figure 7.3(b) shows that at the 
inception of flight the wings flap in phase, afterward the forewings lead slightly although  does 

not exceed 1/8th of a flapping cycle.  



 
 

 
Figure 7.3. Wing kinematics. (a) intact wings (b) symmetric chord wise damage on the forewings. A picture of this 
dragonfly is shown in Figure 7.1(c). A visual representation of the tip trajectories is shown in Figure 7.4. 

 

 
Figure 7.4. Tip trajectories. (a) intact wings (b) symmetric chordwise damage on the forewings.  

 

7.5. Discussion and conclusion 
In dragonfly flight in the wild, substantial wing damage is common over the lifetime of the 

insect. Our study of wing damage indicates that dragonflies can cope with severe damage of 
different kinds while still being able to perform exotic flight sequences like backward flight. 
Moreover, it is also known that with substantial damage, dragonflies can perform extreme 
maneuvers, such as chasing prey and arresting falls in drop escape responses [5]. Typically when 
damage is large (>10%), the wing response is active [10]. Thus we were confident that our 
observations were based on active response by the dragonflies. 

Beyond the obvious aerodynamic consequences of a reduction in the second moment of area 
which affects the force production [10], or asymmetric torque and roll to the damaged side that is 
evident in asymmetric cuts [12],  wing damage is likely to influence other flight characteristics. 
For dragonflies, we observed that that damage impacts the wing kinematics and the coordination 
between the fore and hindwings. Although classical models provide force and torque predictions 
[10], the coordination between wing pairs (such as phasing) still cannot be predicted by models. 



 
 

In both forward and backward flight of intact winged dragonflies, it is well established that the 
hindwings lead the forewings [18, 19]. The phase shift ranges between 54–100° during straight 
forward, climbing flight, escape maneuvers, and turning flight at various speeds [20]. Previous 
work has shown that for E. simplicicollis, the phase difference is maintained in backward flight 
and turning flight [15, 17]. In hovering, however, dragonflies prefer counterstroking (180º out of 
phase between the wing pairs). Counterstroking has been shown to minimize aerodynamic power 
consumption [19].  

Flapping out of phase reduces the fluctuations in force over a flapping cycle and reduces the 
oscillations of the body. Furthermore, the hindwings typically lead the forewings in flight to avoid 
the forewing downwash, which may reduce the effective angle of attack and attenuate the 
formation of a strong LEV. Flapping out of phase could also have wing-wing interaction benefits 
even in backward flight [15], whereby the trailing edge vortex of the FW can enhance the HW 
LEV. Typically, in-phase flapping is used when large forces are to be produced, such as during 
takeoff. The FW could potentially benefit from interaction due to the distortion of the forewings 
wakes by the hindwings via the “wall effect,” which generates upwash or reflects the flow [20-22] 
although upwash is not as effective as downwash [23]. It is also well established that the hindwings 
of dragonflies generate larger forces than the forewings [15, 18].  

Our results indicated that the phase relationship between the fore and hindwings for spanwise 
symmetric or asymmetric cuts is similar to that of an intact dragonfly. Our observation of the 
forward flight of dragonflies (during the video collection process) also confirms this. In contrast 
to the spanwise cuts, the symmetric chordwise damage to the forewings had the most impact on 
flight. We were not able to film any sequences where substantial backward flight was elicited when 
the hindwings were severed symmetrically, however. Under the condition of forewing chordwise 
damage, the rigid phase relationship typical of normal flight, and spanwise wing damage was no 
longer maintained. In-phase flapping or where the FW led slightly was appropriated.  

To flap in phase or closely behind the forewings, the hindwings have to match the timing of 
wing reversal.  In a sense, the forewing thus constrains the motion of the hindwings. Because of 
the reduction in chord lengths traveled, despite the increases in wing frequency, the wing tip speed 
of the hindwing is reduced, compared to the intact case. Thus, the contribution of the hindwings 
to large force production is sacrificed because the forewing dictates the hindwing motion. 
Interestingly, unlike the intact case, the mean position of the HW is shifted in front of the center 
of mass while FW mean position is shifted behind the center of mass so that the torques can cancel 
out and the flight can still be controlled (Figure 7.4(b)) since flapping out of phase is not a viable 
option. 

There  aerodynamic implications are distinct for different kinds of damage. Chordwise damage 
is detrimental because the distal part, which generates most of the flight forces, has been 
eliminated. Likewise, the translational velocity of the wing is reduced. Furthermore, the tip vortex 
of the FW is formed closer to the wing root. The tip vortex may continually interfere with the HW 
LEV and may even destroy it, especially if the FW leads. In contrast, spanwise damage may not 
be as detrimental because the trailing edge region of the wing does not generate large forces [24]. 



 
 

The positive benefits of wing-wing interaction may also be harnessed since vorticity can still shed 
from the trailing edge.  

Lastly reduction in flapping amplitude of the wing during forewing chordwise damage reduces 
force production. Estimates from the flapping amplitude in this study indicate that HW tip only 
travels less than 3 chord lengths. LEV growth is a phenomenon dependent on the translational 
phase. Insects such as mosquitos that use very low flapping amplitude rely on rotational 
mechanisms for weight support. It is not clear if dragonflies rely on these mechanisms. In a future 
study, we will investigate the aerodynamics of wing damaged flight in detail. 
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8. Chapter 8 
Conclusions 

 

 

 

8.1. Summary of contributions. 
By using an integrated approach combining high-speed photogrammetry of free-flying insects, 

high-fidelity 3-D surface reconstruction, and computational fluid dynamics, we sought to clarify 
how insects generate forces for flight. In particular, we were interested in understanding the role 
of the upstroke in flight when the insect in moving (J≠0). We hypothesized that upstroke effects 
would become evident if the upstroke can carry the weight of the insect. Our analysis indicated 
that a consequence of upstroke effects is a previously uncharacterized flight mode in the literature; 
backward flight or flight with negative advance ratio. Therefore, it was from the lens of flight with 
negative advance ratios that we investigated upstroke effects because the flight physics of the novel 
flight mode and the utility of the upstroke are intertwined, and thus can be unraveled 
simultaneously. Our work was split into two thrusts: 

Thrust 1 
a) Unraveling the flight mechanics of a new flight mode in the literature both in terms of body 
configuration and motion (J<0) by quantitatively analyzing the flight behavior, coordination 
between wing and body motion and comparing the findings to well-studied flight modes (J≥0).  
b) Collecting flight data across different insects species (Lepidoptera, Hemiptera, and Odonata) 
which are diverse in morphology (spanning low to high aspect ratio fliers) and kinematics, flight 
performance, and techniques, to find similarities and juxtapose flight techniques when J<0. 
 
Thrust 2 
a) Uncovering how insects produce forces in the half-strokes (force asymmetry, upstroke effects) 
and how they orient and reorient those flight forces (force vectoring/helicopter model).  
b) Identifying and quantifying the relevant flow features and aerodynamic mechanisms (vortex 
structures) and their correlation to force production.  
c) Understanding the variation of flight force, aerodynamic mechanisms, and flight kinematics 
when both J<0 and body motions are unsteady (i.e., involving acceleration and deceleration), 
which has significance in nature for hesitation behaviors, obstacle avoidance, and transitioning 
from one flight mode to another. 
d) Understanding the flight mechanics under damaged wing conditions. 

The summary of each chapter addressing each item in the thrust is provided below. 



 
 

In Chapter 3, we showed that the hypothesis that upstroke effects become evident when the 
upstroke has to provide weight support is valid. We also identified for the first time that backward 
flight was a consequence of upstroke effects. We found that alterations in kinematics and 
aerodynamic features which are different from hovering and forward flight characterize backward 
flight of dragonflies. Our study showed that backward flight is not merely a transient behavior but 
is sustainable for a relatively extended period, which may have implications for biology (prey 
capture or predator evasion) as well as micro-aerial vehicle design. To fly backward, dragonflies 
tilt their stroke plane toward their bodies, but the primary reorientation of the stroke plane and 
force vector is because of the steep body posture that was maintained. In addition to redirecting 
the force, we found that the force magnitude was significantly increased in the upstroke (when 
compared to forward flight). In contrast to forward flight, during which dragonflies generates little 
force in upstroke, the magnitude of the half-stroke-averaged force generated in upstroke during 
backward flight was 2-4 times the body weight. Also, we showed that a strong and stable leading 
edge vortex (LEV) in the upstoke was responsible for greater force production. We also identified 
that wing-wing interaction is beneficial. Given the right phasing, vorticity from the FW trailing 
edge enhanced the HW’s LEV. 

In Chapter 4, we sought to identify backward flight in a flyer with a simple actuation system 
(with reduced wing degrees of freedom). We showed that Cicadas which are heavy fliers elicit 
backward flight by changes in body posture to reorient both the stroke plane and the force vector 
in the global frame. We found that the steep body posture also influenced the wing aerodynamics 
by reversing the aerodynamic roles of the half strokes compared to forward flight in the global 
frame. The key difference here was that the orientation of aerodynamic force relative to the body, 
compared to other flight modes such as forward flight, takeoff, banked turns and so on, remained 
relatively fixed despite significantly different body orientations and motions. Thus, indicating that 
not only did postural changes occur but the helicopter model is sufficient to describe the flight of 
a simple flier in backward flight. An aerodynamically active upstroke signified by the presence of 
an LEV was identified, and the upstroke was principally responsible for weight support during 
backward flight. The LEV was present on the forewings which generated most of the flight forces 
in comparison to the smaller hindwings. The LEV’s effect, together with the enhanced upstroke 
velocity increased the upstroke’s force contribution from 10% of the net flight forces in forward 
flight to 50% in backward flight. Our results also clarified what the aerodynamics and kinematic 
adjustments might look like for other simple fliers with limited range of stroke plane motion 
relative to the body such as beetles which appropriate backward flight for both obstacle avoidance 
and interfacial flight, as well as micro-aerial vehicles which may use backward flight during free 
flight or takeoff from vertical surfaces 

In chapter 5, we investigated the backward flight of another flier (a butterfly) with a simple 
actuation system, albeit with broad wings, load aspect ratio, high wing loading, and Reynolds 
number (Re). Our results indicate that backward flight is characterized by large body angles (>90º), 
with pitch-down and pitch-up motions in the downstroke and upstroke, respectively. Reminiscent 
of backward flight of other fliers, there was a reversal of the aerodynamic function of the half 
strokes in comparison to forward flight due to the body posture which reoriented the stroke plane. 
Novel lift production capabilities of the upstroke were observed, while the downstroke generated 



 
 

horizontal forces primarily. The upstroke dominated force production and was responsible for 
weight support. An LEV was formed in both half strokes. The LEV structure during the upstroke 
was consistent with a Class II LEV previously reported albeit during the downstroke of free-flying 
butterflies but different from the LEV structure identified in other chapters which were conical 
(CLASS III LEV). The upstroke was positively loaded, and the LEV (with the reversed sign of 
circulation) rested on the ventral surface of the wing which is different from the very rare positively 
loaded upstroke with the LEV (with the same sign of circulation) on the dorsal surface in forward 
flight. The combination of LEV and large upstroke effective velocity increased the upstroke’s 
force contribution to the net forces from 32% in forward flight to 60% in backward flight of the 
net flight forces in forward flight. Likewise, upstroke contribution to vertical forces increased from 
8% to 85%. The forewings also dominated force production, generating about 65% of the net 
forces. Just like the cicada, despite the variation of force orientation, leading to different flight 
trajectories and body oscillation the directions of the half stroke-average aerodynamic forces 
relative to the body were clumped together in a narrow range (<20º). We also discovered that the 
directions of the halfstroke-average forces in forward and backward flight relative to the body were 
consistent. The stroke plane relative to the body, and force vector was fixed, but the body angles 
were different indicating that that the helicopter model is being used by butterflies at least within 
the range of speeds -1 to 2m/s or advance ratios (J) of -0.4≤J≤0.9. 

In chapter 6, we clarified the effect of unsteady body motion on the wing half stroke function 
and aerodynamics. We show that before the transition to forward flight, the backward flight of 
damselflies involves a speed-up (accelerating) and slow-down (deceleration) phase. During speed-
up, an upright posture and high angle of attack in both half strokes were appropriated. The upright 
posture rotated the stroke plane in the inertial frame in comparison to forward flight, causing the 
reversal of the aerodynamic functions of the half strokes. An active upstroke signified by the 
presence of an LEV was the principal means of force production and weight support, while the 
downstroke produced backward forces. During slow-down, however, the body and stroke plane 
angles reduced, and a pronounced asymmetry in the half stroke angle of attack was observed. The 
upstroke angle of attack increased while the downstroke’s reduced in comparison to the speed-up 
phase. Consequently, the upstroke remained aerodynamically active, though it assumed a dual 
function, generating both (i) weight support and (ii) negative horizontal forces (drag) to counteract 
the backward forces still being produced in the downstroke. If the downstroke angle of attack was 
low enough, the downstroke’s force production diminished substantially, and the half stroke 
became aerodynamically inactive. Associated with the inactive downstroke was the switch from 
separated to attached flow. After the transition to accelerating forward flight, the body angle 
reduced and the aerodynamic roles of the half strokes reverted to their normal functions: 
downstroke lift, upstroke thrust. Our findings indicate that the half stroke kinematics and 
aerodynamics are different, and distinct in each flight phase, being characterized by adjustments 
mainly in body angle, stroke plane angle, and wing angle of attack. This chapter was also the only 
study in the dissertation to obtain forward and backward data from the same flight of the same 
insect. 

Lastly, in chapter 7, we investigated the effect of wing damage on the free backward flight of 
dragonflies. We performed substantial asymmetric incision of the wings both in the spanwise and 



 
 

chordwise direction and captured free flight kinematics with high-speed cameras. Our findings 
indicate that the choice of wing kinematics and the coordination between the wing pairs were 
affected. After wing damage, we observed an increase in flapping frequency for all but the 
forewing symmetric spanwise damage case which retained a similar flapping frequency as the 
intact wing case. There was also an increase in flapping amplitude and stroke plane tilt of the 
damaged wings. In contrast to the spanwise cuts, more significant increases in flapping amplitude 
occurred for the symmetric chordwise cuts on the forewings (20º). Surprisingly, accompanying 
this increase in forewing amplitude was a substantial reduction in hindwing flapping amplitude 
(40º). The phase relationship when the wings were damaged in the spanwise direction was 
maintained in the same range as the intact case (50º-70º). However, chordwise damaged changed 
the phase relationship between the wing pairs. The wings flapped approximately in phase, and then 
the FW led the motion, atypical of dragonfly flight. The change in phase relationship was 
responsible for the reduction in hindwing flapping amplitude because the forewings dictated that 
the number of chord lengths traveled between the wing pairs per stroke is approximately the same. 

The primary contributions of this dissertation are in the discovery and characterization of 
novel flight mode among vastly different species spanning the entire spectrum of Reynolds 
numbers of small to large-sized insects with varying complexity, quantitative measurement of 
flight kinematics, discovery of novel upstroke lift and associated unsteady aerodynamics, 
clarification of the facultative nature of wing half stroke function, elucidation of the importance of 
body aerodynamics on wing aerodynamics and finally extracting simple techniques to extend flight 
envelope for additional maneuverability. 

8.2. Limitations and suggestions for future work. 
Altogether, the work presented in this dissertation provides advancement of our understanding 

of insect flight mechanics and aerodynamics. Nevertheless, there is room for improvement and 
future work. 

8.2.1. Limitations 
We confirmed in all chapters that body reorientation is the key to backward flight and that this 

mechanism is widely shared in nature from insects to hummingbirds (convergent evolution). 
However, body reorientation in itself does not mean that the insect is using the helicopter model. 
An insect could change its body posture while also changing its stroke plane relative to the body 
drastically, for example, Odonates [1]. It was only in fliers with a restricted stroke plane relative 
to the body that the helicopter model was always valid. In particular, for cicadas, we demonstrated 
this fact in multiple flight modes such as backward, forward, climbing, and turning flights. For 
butterflies, we were restricted to investigating rectilinear flight modes; backward and forward 
flight. The helicopter model relies on body postural changes while the aerodynamic force vector 
is fixed relative to the body across different flight speeds. The work presented here focused on 
low-speed flight with speeds less than 2m/s. It is still not known what the upper limit of backward 
flight is for any species.  

In forward flight, the helicopter model predicts that the body angle will reduce as flight speed 
increases (Figure 8.1). In backward flight, the helicopter model predicts that the body angle will 
continue to increase, such that in fast backward flight, the insect body will be upside down because 



 
 

parasite drag on the body is an issue at high speed [2]. However, only a few insects can fly upside 
down at low speeds in the forward direction [3, 4]. Morphological constraints and control 
challenges, thus, will restrict backward flight at high speeds and the helicopter model will break 
down. 

 
Figure 8.1. Limitations of the helicopter model. The arrows indicate the range of the rectilinear flight envelope that 
has now been studied for insects with this dissertation contributing to slow backward flight. The question marks in 
the fast backward flight indicate that although the helicopter model predicts the body configuration with high body 
angles in flight, it is still unknown whether backward flight can be sustained at high speeds, and if so what the 
mechanics and aerodynamics look like. The insect model was adapted from Meng and Sun [5]. 

 
One may also ask that if insects of different sizes and flight proficiencies can achieve backward 

flight, does this behavior scale with size? A survey of the literature indicates that small insects 
such as fruit flies and larger insects like cicadas and hawkmoth can perform backward flight. The 
hummingbird is the largest organism that can fly backward [6]. Thus, so far, backward flight is 
only utilized in Re ranging from 100-10000. As body size increases, the inertial costs of flight 
increases (wing to body mass ratio increases) and musculoskeletal limitations become very 
important. The reason larger organisms may not engage in backward flight is addressed below  

 

 

Figure 8.2. Upstroke type changes with scaling. (a) Hummingbird “insect-like” upstroke [7] involves substantial twist 
and no area reduction in the upstroke. The hummingbird upstroke can support 25% of the bodyweight (b) distally 
supinated ‘tip-reversal’ upstroke of a pigeon [8, 9] generates 50% of the net downstroke forces (c) tip-reversal upstroke 
of a nectar bat [7] can some weight support during hovering (d) flexed wing upstroke of a zebra finch [10] provides 
no weight support during forward flight. The red dashed-lined circles in (b)-(d) indicate that the wing area is reduced 
in the upstroke. The largest area reduction occurs for the zebra finch. Figures are adapted from the various citations 
listed above.  

 
First, the upstroke type changes with scaling (Figure 8.2). Insects do not have musculature on 

the wings that restricts the upstroke motion. The wing is actuated from the hinge and deforms in 
response to the aerodynamic loading. The wings are highly supinated during the upstroke in 
backward flight. As body size increases, musculature and a skeletal system can be found on the 
wings as in the case of birds and bats and the ability to twist reduces. Hummingbirds can twist 



 
 

their wings, possessing an insect-like upstroke which helps them generate lift during hovering. In 
contrast, most birds have restricted musculature and thus cannot wholly supinate the wings. Except 
for the hummingbird upstroke, as body size increases, the upstroke switches from an insect-like 
upstroke to either a distally supinated tip reversal upstroke [8](Figure 8.2 (b,c)) or a flexed wing 
upstroke (Figure 8.2 (d)) [10]. There is also a wing area reduction that accompanies the upstroke, 
which reduces the upstroke force. During the flexed wing upstroke, the wing is simply tucked into 
the body, and no useful force is generated. During the tip reversal upstroke, there is not a completed 
reduction in wing area, and the wingtips are supinated. The tip reversal upstroke identified in some 
larger birds in forward flight generates thrust [10], although its magnitude cannot sustain body 
weight throughout the stroke. The inability to completely supinate the wing will lead to having to 
appropriate excessive body angles to effect upstroke lift without drag, and may not be viable for 
large birds. Wing area reduction is also not ideal because in backward flight, the upstroke carries 
the body weight. 
 

Second, the ratio of the half stroke muscle size changes with scaling (Figure 8.3). Above the 
insect scale (Re ~100-10000), Sunbirds can perform short backward flight [11], while 
hummingbirds are the only birds that can fly backward continuously [6]. Hummingbirds possess 
insect-like kinematics [12, 13], and large upstroke muscles, the supracoracoideus [14, 15]. The 
upstroke muscle is half the size of the downstroke (pectoralis) (Figure 8.3(a)) for the hummingbird. 
For other birds with an aerodynamically limited upstroke, the upstroke muscle is very small one-
fifth of the downstroke muscle, which is just sufficient flex the wings (Figure 8.3(b)). The small 
size of the upstroke muscles indicates that a large bird may not be able to cope with the inertial 
requirements as well as the aerodynamic loading required for backward flight because the reversal 
of the aerodynamic functions of the half stroke that accompanies backward flight necessitates 
developed upstroke muscles to carry the body weight.  

 
Lastly, the visual system of an organism may also play a role in its ability to fly backward. If 

the organisms cannot see what is behind it, likely, prolonged reverse flight will not be appropriated. 
 

 
Figure 8.3. Half stroke muscle size changes with scaling. Pectoralis- downstroke muscle, supracoracoideus- 
upstroke muscle. (a) Hummingbird. Image modified from Mahalingam and Welch Jr. [15] (b) Pigeon. Image 
modified from Dial [16]. 

A major limitation in this work was that in the free flight of insects we studied, we did not have 
much control over the flight behavior, in that we could not select flight speeds and precise direction 



 
 

of flight. All we had control over was the initial placement of the insects on the takeoff platform. 
Wind tunnel studies may be useful here. That way, the kinematic changes with incremental flight 
speed can be observed, and the limits of the insects may be identified. Nevertheless, there are 
challenges associated with free flight studies in a wind tunnel [17, 18]. Nectar feeding insects such 
as hawkmoths, however, are ideal for this kind of studies because they can remain fixed at an 
artificial feeder and the incoming flow can simulate backward flight at various speeds. This way, 
the metabolic costs of flight can also be measured. 

 

8.2.2. Suggestions for future work 
In all the flights that we captured during the work for several insects, body postural adjustment 

was necessary for backward flight. Nevertheless, non-body adjustment based backward flight is 
possible and has been observed in the field. So far, this behavior has only been exhibited by extant 
Zygoptera [19] and Anisozygoptera [20]. These insects maintain a horizontal posture in backward 
flight. The techniques of this kind of flight are unknown and may provide significant insight into 
the wing kinematics and aerodynamics. It is also an avenue to juxtapose the pros and cons of the 
horizontal body versus steep body technique in backward flight. 

The work presented here only focused on rectilinear flight modes. During the video capture 
process for this work, we also identified backward flight turns in both dragonflies, damselflies, 
and butterflies indicating that backward flight is not just restricted to rectilinear motions for insects.  
Currently, the mechanics and aerodynamics of this behavior is unknown and may provide further 
insights into the versatility of insects in flight, especially the role each half stroke plays in force 
and torque generation. It is interesting to note that backward turning flight has not been reported 
for hummingbirds. Understanding how backward flight contributes to various behavioral 
situations is still an open area of research both for hummingbirds [6] and insects.  

The metabolic costs and power-speed relationships in insect backward flight is still unknown. 
Using CFD simulations, we were able to show that the aerodynamic power, this is the power 
needed to overcome air resistance, in forward and backward are in a similar range.  However, we 
have no insights about metabolic costs. In the case of the hummingbird [6], the metabolic cost has 
been measured, but the aerodynamic power has not been quantified. It was reported that the 
metabolic cost of backward flight is similar to forward flight at an equivalent speed and is less 
expensive than hovering flight. As alluded to above, nectar-feeding insects are ideal for wind 
tunnel because they can remain fixed at an artificial feeder and the incoming flow can simulate 
backward flight at various speeds. The metabolic cost can be measured this way easily, the limit 
of backward flight can be known, and the power-speed relationship can be established. We still do 
not know whether the free flight speeds observed in our study are at the minimum sweet-spot or 
somewhere else in the power-speed curves.  

A consistent theme in this dissertation was that upstroke lift is associated with high body 
angles. Our observations of dragonflies, cicadas, and butterflies indicate that upstroke lift is 
appropriated during such as steep climbing flight. In climbing flights, the body angles are not as 
steep as in backward flight but high enough for upstroke lift to kick in. In other Lepidoptera 



 
 

(Noctua pronuba), performing a similar motion, a steep body posture with upstroke lift signified 
by an LEV was visualized [21]. These flight modes are worth studying and will further clarify the 
effect of the body on wing half stroke function. 

Wing damage effects on wing aerodynamics is also an area worth exploring and the effect on 
the aerodynamics of four-winged fliers remain an active area of research. In this work, we were 
able to report the kinematics changes that occurred commensurate with either spanwise or 
chordwise damage. However, more work needs to be done on the aerodynamics. In free flight, 
generalizable results can only be obtained through a statistical analysis of a large number of flights 

Lastly, as this work focused mainly on the kinematics and aerodynamics, insect flight control 
is also essential to translate the findings to design. The development of free flight computational 
simulation tools will enable us to isolate the effect of each kinematic parameter on flight dynamics, 
stability, and control.  
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