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Development of micro air vehicles has led to a strong interest in the biomechanics 

of flapping fliers such as bats, birds, and insects, due to their ability to perform 

extreme unsteady maneuvers and fly in confined spaces. Determining the meth

ods and mechanisms used by these fliers is a valuable source of bio-inspiration 

with many potential applications to micro air vehicles and elsewhere. This thesis 

presents an analysis of Lepidoptera flight, including the development of a numerical 

model of a flapping Tree Nymph butterfly, as well as the analysis of experimental 

data from live flight recordings of butterflies. 

A numerical model of the Tree Nymph Idea leuconoe was developed to examine 

the effects of different kinematic parameters on the longitudinal stability of flight. 

Independent kinematic parameters were used as inputs to describe the motion of 



the butterfly’s wings and abdomen. The model would then solve for the position 

and pitch time history over the duration of a flight and output all relevant forces 

and moments. A genetic algorithm was used to find kinematic parameter solutions 

that achieved the desired flight characteristics. 

Experimental data from recordings of live butterfly flights was processed and an

alyzed to examine the motion of the butterfly’s wings and abdomen, and how it 

related to the insect’s flight mechanics. Butterflies were recorded both in free flight 

conditions, as well as in an open-jet wind tunnel, simulating cross-wind conditions. 

Two cameras were used in a stereoscopic vision configuration to record the insects’ 

flights, allowing for estimation of 3D position of points on the butterfly in space 

using tracking software. Postprocessing was used to estimate the position time 

derivatives in a fixed inertial frame as well as a moving body frame. The exper

imental data was used to examine the kinematics of butterfly flight, as well as 

validation of the numerical model. 
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Chapter 1: Introduction 

As technology improves, so does the ability to create complex machinery on smaller 

scales. One potential application of small scale technology of particular interest 

for both military and commercial purposes is micro air vehicles. These small 

flying vehicles, usually under 10cm in maximum length, are capable of flying in 

confined spaces that larger vehicles cannot, with the added advantage that they 

are potentially much harder to detect due to their size. It is strongly desired that 

these vehicles also be capable of extreme unsteady maneuvers, with the ability to 

fly in cluttered environments and turbulent conditions. These abilities have been 

observed in flapping wing fliers such as birds, bats, and insects, and therefore it 

is logical to attempt to understand the mechanisms behind their flight, so they 

can be mimicked. This design inspiration has led to a rapid growth of an existing 

area of research studying the biomechanics of insects and other flapping fliers. 

These creatures offer a significant source of bio-inspiration to many engineering 

disciplines including unsteady aerodynamics, flight mechanics, and controls. This 

thesis summarizes a body of work done by the author on two separate but related 

projects on the study of butterfly flight kinematics, specifically those of the Tree 

Nymph (Idea leuconoe). Research was carried out to determine the wing and 

abdomen motions of the Tree Nymph through the acquisition and analysis of live 

butterfly flight data, as well as a theoretical model. 
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A database of live flight data of a number of butterfly species was gathered and 

preprocessed previously using the recording of butterfly flights with a stereo camera 

setup. By tracking points on the butterfly wings, thorax and abdomen, their 

motion could be examined. Flights were recorded both in a natural environment 

were the butterflies could fly freely[1, 2], as well as in an open-jet wind tunnel, 

allowing the butterflies to fly from still air into the wind tunnel flow to observe 

how they react to sudden aerodynamic disturbances[3]. A numerical model was also 

developed of a flapping Tree Nymph butterfly to study how kinematic parameters 

would affect its flight. Input kinematic parameters allowed for independent motion 

of the wings and abdomen relative to the butterfly thorax. The model accounted 

for forces due to aerodynamics, inertia and gravity. The primary goal of the 

model was to find a set of kinematic parameters enabling hovering flight and to 

examine the role of abdomen motion in the ability of the butterfly to maintain 

stable hovering. A genetic algorithm was used to search for kinematic parameter 

sets and converge to a solution that approximated hovering flight. 

Background and review of similar work on experimental flight data, physical 

modelling, and inverse problem solutions will be covered in Chapter 2. Chapter 3 

covers the methodology of the experimental flight data acquisition, preprocessing, 

and postprocessing; the methodology of the numerical model and flight optimiza

tions, including the equations and experimental coefficients used, as well as the 

parameters used by the genetic algorithm. Chapter 4 features the results and 

discussion of the experimental flight data and the numerical model flight opti

mizations. Results of hovering flight optimizations are presented, both with and 



3 

without abdomen motion, as well as two cases involving different environmental 

and configuration conditions to further test the model. Results from the model 

are compared with free flight data from the experimental flight database. Finally, 

two wind tunnel flights from the experimental flight database are examined. Con

clusions and suggestions for future work are discussed in Chapter 6. 
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Chapter 2: Literature Review & Theoretical Background 

In this section, three topics related to this thesis work are reviewed. First, back

ground and literature review of experimental insect flight research will be pre

sented. A review of insect flight modeling is then explored. Finally, a brief review 

of the inverse problem approach and potential solution methods is covered, includ

ing background on the genetic algorithm method that was chosen for this study. 

2.1 Insect flight research 

A long-standing scientific interest in natural flight dates back to Leonardo da Vinci 

in the 15th century [4], and more recently the 19th century [5]. Given the inherent 

complexity of flapping flight and the relatively newer area of research relative to 

fixed wing flight, the aerodynamic and dynamic mechanisms employed by flap

ping fliers is not fully understood. Initial attempts to explain insect flight with 

traditional aerodynamics could not explain the high lift coefficients that would 

be necessary for insects to support their own weight in flight, implying that they 

must take advantage of some other aerodynamic mechanisms [6, 7]. This was later 

demonstrated experimentally, but theoretical explanation was still elusive [8]. Re

search has revealed some of these mechanisms, such as leading edge vortices (LEVs) 

and the Weis-Fogh clap-and-fling [9, 10, 11]. The development of computational 
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fluid dynamics has led to further study of the small-scale, unsteady aerodynamics 

of insect flight [12, 13]. 

Alongside the interest in the aerodynamics of insect flight, significant research 

has studied the flight kinematics of insects, that is, the motions of the wings and 

another animal’s body parts during flight and the resulting flight mechanics. Many 

experiments have been performed tracking the position and orientation of insect 

parts during flight. Tracking is often done with the use of high speed cameras, 

dating back as early as 1950, when a custom photographic system for recording 

the flapping cycle of the pigeon was developed, due to the inability of other systems 

to clearly capture such events [14]. Other methods have been used, however, such 

as the use of sensor coils attached to the thorax in Calliphora vicina (Blowfly) [15], 

showing the correlation between head and thorax during saccades. Yaw responses 

by male locusts Schistocerca gregaria to changes in relative wind direction were 

shown using light-weight pins waxed to insect body parts to amplify and track 

movements. Flight kinematics of many different species have been examined. Wing 

and body motions of the fluit fly Drosophila melanogaster were recorded using an 

automated visual tracking system, revealing the clap-and-fling mechanism was not 

used during take-off. High speed cinematography was used to track wingtip and 

body kinematics in the bumblebee Bombus terrestris at a range of speeds in a 

wind tunnel, supporting the hypothesis that asymmetry between the upstroke and 

downstroke of the wings is due to changes in the wing orientation, creating variable 

thrust production [16]. 

Despite significant research into insect flight experiments, experimental flight 
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data on butterfly kinematics is relatively rare. Available experimental data on 

butterfly flight focuses mainly on wing aerodynamics and kinematics [17, 18, 19]. 

Research on abdomen activity was previously published on the project presented in 

this thesis [20]. Research on butterfly flight inside a wind tunnel has been published 

[21], however the study was performed on tethered butterflies in a closed chamber 

wind tunnel. Experimental flight kinematics data of butterflies in simulated cross

wind conditions, aside from previously published work [3], therefore looks to be a 

novel endeavor, as does the experimental data collection of butterfly kinematics 

involving abdomen motion. 

2.2 Insect flight modeling 

Increasing computing power has allowed for complex numerical models of systems 

to be solved. A computational model of a system can allow for the testing and 

simulation of situations that would be difficult or expensive to test experimentally. 

The emergence of finite element analysis and computational fluid dynamics soft

ware can provide sufficient information about a system for a fraction of the cost it 

would take to find experimentally. If a model can be validated with experimental 

data, it can be applied in similar situations where no such experimental data ex

ists, and provide information about them. It can also provide data that would be 

difficult to obtain experimentally, especially without disrupting the system, such 

as force and moment measurements on an insect in flight. 

The numerical model described in this thesis is a forward differential equation 
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model. Starting with the initial position and velocity conditions, the model com

putes the state of the system, including the forces and moments on the butterfly, 

at any given timestep. A set of differential equations based on Newton’s law of 

motion is used to compute the state of the system at a future timestep. Using an 

ODE solver, the model can numerically solve for the position and orientation of 

the butterfly over time to within a certain tolerance specification. The masses and 

dimensions of the butterfly body parts are known, therefore forces and moments 

due to gravity and inertia can be easily calculated. Each individual part is assumed 

to be a rigid body. 

As mentioned earlier, insects utilize unsteady aerodynamic mechanisms to gen

erate a significant portion of lift. The time dependence of the aerodynamic forces 

complicates the modeling, as the calculation of the forces should ideally only de

pend on the current state of the model and not previous states. To solve for time 

dependent aerodynamic forces, some models employ a quasi-steady state blade el

ement model. Sane and Dickinson proposed to account for transient aerodynamic 

effects by separating the aerodynamic force on a wing element into components 

based on inertia of the added mass of the fluid, translation of the wing and rotation 

of the wing [22]. Using this model, the force components rely explicitly, but not 

implicitly, on time, and the time dependence of the aerodynamic forces only rely 

on the time dependence of the flight kinematics, which are known. The equations 

and coefficients used in the model, which are expanded in Chapter 3, Section 3.2.4, 

were derived from experiments on a dynamically scaled insect wing, allowing the 

experimenters to adjust the translation and rotation speed of the wing, permitting 
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them to isolate their effects. The option of using a Navier-Stokes simulation to 

fully solve for the fluid dynamics, while more robust, would greatly increase the 

complexity of the model, as well as the computation time. As it was necessary to 

run the model several times during the parameter estimation process, the inclusion 

of a flow solver in the aerodynamic force calculations was deemed impractical. 

Flapping insect models using this quasi-steady state approach have been em

ployed previously with success. A model of a flapping hawkmoth Manduca sexta 

was created using the quasi-steady state aerodynamic model, with results that 

agreed with experimental data [23]. A quasi-steady state model of the fly Drosophila 

was developed to examine the effects of body rotation on aerodynamic forces and 

moments during turning maneuvers, with data that closely matched CFD results 

[24]. 

Sparse research on numerical modeling of butterflies was found. A butterfly 

model using a rigid multi-body system with four parts; thorax, abdomen, and 

the two wings [25], similar to the model created for research was presented. The 

model utilized a potential flow solver to calculate aerodynamic forces, and the 

results mainly focused on aerodynamics and wing kinematics, with no discussion 

on abdomen motion. Aside from previously work published by the author [26], 

no research was found on the modeling and optimization of a hovering butterfly, 

focusing on the motion of the abdomen and its role in flight stability. 
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2.3 Parameter estimation methods 

Parameter estimation is a type of inverse problem with the goal of determining 

unknown input parameters of a system based on required outputs. This is in direct 

contrast to forward problems, where inputs are known and outputs are unknown. 

For example, determining the terminal velocity of a sphere falling through a fluid 

based on the diameter and mass of the sphere is a forward problem, whereas 

estimating the diameter and mass of the sphere based on its terminal velocity is 

an inverse problem. Both forward and inverse problems require a theoretical model 

relating inputs to outputs; in the case of the terminal velocity of a falling sphere, 

the model would be a force equilibrium balancing gravity, buoyancy, and drag 

forces. In this study, an inverse problem arises in attempting to find the kinematic 

parameters of the butterfly wings and abdomen that result in the specified hovering 

flight. 

Inverse problems are often ill-posed, therefore not meeting the criteria that a 

solution 1) exists, 2) is unique, and 3) depends continuously on the initial data 

[27]. Inverse problems often violate the uniqueness condition if the number of 

inputs exceeds the number of outputs. Returning to the example of the falling 

sphere, if both the diameter and mass are unknown, the inverse problem is ill-

posed as more than one combination of diameter and mass could result in the 

same terminal velocity. This is the case for the hovering flight problem presented, 

which is ill-posed as the motion parameter inputs exceed the degrees of freedom of 

the outputs (position and orientation), implying multiple motion parameter sets 
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may be suitable for hovering. This was demonstrated by Hedrick and Daniel, 

who found numerous solutions to their flapping hawkmoth model that resulted in 

hovering flight [23]. 

Optimization techniques are used in finding solutions to inverse problems by 

minimizing the difference between the model output and the known or desired 

output. Numerous techniques have been implemented, with different techniques 

being suitable for different types of functions and problems. Continuous functions 

that are differentiable, or can have derivatives easily approximated using finite dif

ferences, can be minimized using methods such as Newton’s method, the conjugate 

gradient method, and gradient descent [28, 29, 30]. These methods use an iterative 

process that calculates the function gradient at an initial guessed point, and move 

to the next point based on that information, until a minimum is found. Though 

these methods can converge on an exact optimum point in a relatively short time, 

their applicability is limited. 

For problems where function derivatives are prohibitively expensive or impossi

ble to find or estimate, direct search methods are available. Direct search methods 

solve optimization problems by searching solely based on the objective function 

of a solution, requiring no information about its gradient [31]. These methods 

are often heuristic, and are not guaranteed to find an exact optimum solution, 

however they are still valuable in that they can find a good solution in a prac

tical timeframe, where other methods would be prohibitively expensive in their 

solving time. Examples of heuristic, direct search methods include particle swarm 

optimization, the Nelder-Mead method, and genetic algorithms [32, 33, 34]. In 
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particle swarm optimization, searching is done by randomly distributing particles 

(solutions) within the search space and recording each particle’s ”best” position, 

as well as the swarm’s best position. Each iteration assigns individual particles 

a velocity based on their previous velocity, the particle’s best position, and the 

swarm’s best position, using random numbers to determine the contribution of 

each velocity component. After the particles are moved, the best known positions 

are updated, and another iteration is performed. The uniform distribution of the 

particles in the search space along with the random movements of the particles 

makes the method useful for finding global optima. 

The Nelder-Mead method initially creates a simplex of n + 1 vertices for an n 

dimensional problem (e.g., a triangle on a plane, or a tetrahedron in three dimen

sional space) in the search space that can be defined or randomized. The objective 

function is calculated at each vertex and the vertices are ordered from best to 

worst. In each iteration, the simplex is reconstructed by replacing the worst ver

tex with a new vertex that can either reflect the simplex (turn it away from the 

worst point), expand the simplex, or contract the simplex. All other points are 

then slightly moved towards the best vertex, and a new iteration is started. As 

the optimization runs, the simplex will shrink as it converges on a solution at or 

near a local optimum. Though useful for finding local optima, the Nelder-Mead 

theorem does not cover enough of the search space to be useful in finding global 

optima. 

Genetic algorithms mimic evolutionary processes such as selection, inheritance, 

crossover, and mutation [35]. By giving fitter individuals (solutions with better 
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objective function values) a better chance to reproduce, the algorithm can con

verge towards an optimum solution while simultaneously examining new solutions 

through the use of random mutations. The algorithm begins by randomly generat

ing a specified number of individuals within the defined search space and evaluates 

their fitness (their objective function value), and the individuals are ranked from 

most fit to least fit. To populate the next generation (iteration), a certain portion 

of the population is selected to move on to the next generation. A commonly used 

selection method is roullette-wheel selection, which weighs each individual based 

on their fitness and randomly selects them, as if spinning a roullette wheel where 

fitter individuals have a larger portion of the wheel. This favors fitter individuals 

while also allowing less fit individuals through to diversify the population, pre

venting the algorithm from converging on a local optima too quickly. An ”elitism” 

mechanism can also be used that automatically lets through a small percentage 

of the fittest individuals of a generation, so that the current best individual will 

never be removed from the population. 

After a portion of the population is selected for the next generation, the re

maining population is filled with ”children”, individuals created through crossover 

from parents (individuals selected from the previous generation), as well as mu

tation. Parents are chosen using the same roullette-wheel selection mechanism 

used to select surviving individuals from the previous generation, again favoring 

fitter individuals while promoting diversity in the population. The percentage of 

the population selected for crossover can be specified, so the user could decide to 

only allow a small portion of the surviving population reproduce, or to have the 
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majority selected for reproduction. Two children are created from two parents by 

gene crossover, where the children inherit genes (parameters) from both parents. 

Different crossover techniques can be used, but generally each parent will give a 

portion of its genes to one child, and the remaining genes to the second child. For 

example, if each parent had four genes numbered 1, 2, 3, 4, one child could receive 

genes 1 & 2 from the first parent, and genes 3 & 4 from the second parent. The 

other child would then receive genes 1 & 2 from the second parent, and 3 & 4 from 

the first parent. The division of genes from each parent can be randomized or fixed 

(e.g., each child always gets half their genes from each parent), but both parent’s 

will always pass on all their genes. 

Finally, a mutation mechanism can be used to mutate genes in children. Each 

gene has a probability to be mutated, specified by the user. A gene chosen for mu

tation can either be replaced by a completely new random value selected between 

the bounds for the gene, or a normal distributed random value can be added to 

the current gene value, giving the mutation a higher probability it will stay near 

its previous value. Once the new generation is repopulated through selection, 

crossover, and mutation, the process is repeated with the new generation’s fitness 

being evaluated, continuing the evolution process. 

For the inverse hovering problem presented, a genetic algorithm was chosen for 

finding solutions. As calculating the function gradient would be very computation-

ally expensive, a direct search method was strongly preferred. It was necessary to 

examine solutions throughout the entire search space to attempt to find a global 

optimum, so the Nelder-Mead method was ruled out. The genetic algorithm was 
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chosen over particle swarm optimization as its methods promote more diversity in 

the solutions examined, preventing the population from converging on local op

tima too quickly. Genetic algorithms have previously been used successfully to 

solve inverse kinematic problems, including a similar hovering flight problem of a 

hawkmoth [36, 23]. 
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Chapter 3: Experimental Setup & Methodology 

3.1 The Butterflies 

The Lepidoptera order of insects encompasses butterflies and moths, and with 

estimates of number of species as high as 500,000 [37], it is one of the most speciose 

orders on Earth. With fossil records dating back to the Jurassic era, Lepidoptera 

are at least 190 million years old [38]. Having not only survived, but thrived for 

such a long period is a testament to their evolutionary prowess and ability to adapt 

and survive. A significant factor in their survival, and the survival of any creature, 

is their movement. If an animal is to survive, it must be able to move in an efficient 

manner that expends the least amount of energy possible to find food, while also 

having to be quick and agile to avoid predators. With hundreds of millions of years 

to refine this ability, Lepidoptera are extremely impressive fliers, and have been 

the subject of significant research efforts into flapping flight. 

This research focuses on one species in the Lepidoptera order - the Tree Nymph 

butterfly, Idea leuconoe. The live flight database described in Section 3.3.1 recorded 

flights from numerous butterfly species, however two species stood out for their in

teresting flight behavior and large number of flights recorded, the Monarch (Danaus 

plexippus) and the Tree Nymph (Idea leuconoe). Due to this, these two species 

were selected for study in the wind tunnel flight project, described in Section 
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3.3.1. Of these two species, the Tree Nymph was selected for further research due 

to the significant abdomen activity observed in certain flying phases with a sig

nificant correlation with the flapping wings and body dynamics. Figure 3.1 shows 

the body part mass distribution for different butterfly species, separated into ab

domen, thorax, wings and head. The Tree Nymph’s abdomen accounts for over 

40% of its body mass, which along with the observed abdomen activity, suggests 

it is capable of generating significant inertial forces with the abdomen. These ob

servations raised the question of whether the abdomen motion was utilized by the 

Tree Nymph as a flight mechanism, either to maneuver or stabilize the itself, or 

was simply a by-product of the wings’ flight mechanics. Answering this question 

was a primary goal of this research. 

Figure 3.1: Body part mass distribution for different butterfly species.
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3.2 Numerical Model and Optimization Routine 

This section will outline the modeling methodology, as well as the optimization 

process to find suitable kinematic parameters. 

3.2.1 Input parameters 

The morphological parameters used as inputs to the model, namely the masses 

and dimensions of the butterfly’s individual body parts, were acquired from data 

taken at the McGuire Center for Lepidoptera and Biodiversity in Gainesville, FL. 

Mass measurements were taken from dead butterflies that had recently died from 

natural causes. Dimension measurements were estimated from the digitized but

terfly, obtained from live measurements, illustrated in Figure 3.2. Table 3.1 below 

lists the masses and dimensions used by the model. 

Table 3.1: Masses and dimensions of butterfly body 
parts. 

Body Part
 
Thorax
 

Abdomen
 
Head
 
Wings
 

m(g) L(mm) r(mm) MAC(mm)* 

0.1808 10.0 6.00 -
0.2404 28.9 6.00 -
0.02 - 6.00 -
0.0578 66.1 - 61.0 

* Mean Aerodynamic Chord 

Points were acquired along the edges of the digitized wings to build a matrix of 

coordinates that was used to reconstruct the wings’ geometry. An equivalent wing 

was created that merged the forewing and hindwing into a single wing with the 
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same chord distribution as the two separate wings. Though research has shown 

that forewing-hindwing interactions have an effect on aerodynamic forces [39], 

the difference is small (less than 5%) in hovering when the wings flap in phase. 

Butterflies also slightly overlap their wings when flying, which justifies combining 

them to act as a single wing. Density was assumed constant throughout the body 

parts, and the butterfly was considered bilaterally symmetric around the mid-

sagittal plane. 

Figure 3.2: Digitized butterfly image with 1mm grid spacing. 

3.2.2 Coordinate systems and angles 

Two right-handed coordinate systems were used in the model - a moving body 

coordinate system and a fixed global coordinate system, both shown in Figure 
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3.3(d), with +Y to the left in both coordinate systems, as seen in Figures 3.3(a) 

and 3.3(b). Each angle had its amplitude, mean, and phase individually specified, 

with two frequency parameters used, one for the wing angles, and another for 

the abdomen angle, totalling 14 kinematic parameters. Initially, the abdomen 

and wings were coupled, with a single frequency dictating their motion. The two 

were uncoupled in later optimizations, with both the wings and abdomen having 

separate frequencies. However, as will be mentioned further in Chapter 4, the two 

frequency values converge when finding kinematic parameter solutions, suggesting 

the frequencies are coupled. The three angles defining the position of the wings 

were the flapping angle, sweeping angle, and feathering angle, illustrated in Figure 

3.3, along with the abdomen angle, defined as the abdomen orientation with respect 

to the thorax in the symmetry plane. 

The value of any of the four angles at a given time t can be calculated using 

the following equation: 

θt = θA sin (2πf + θp) + θm (3.1) 

Where θA is the amplitude of the angle, θp is the phase angle, θm is the mean 

angle, and f is the frequency. The time derivatives can be calculated as follows: 

θ̇t = 2πfθA cos (2πf + θp) (3.2) 

¨ θt = −(2πf)2θA sin (2πf + θp) (3.3) 
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(a) (b) (c) 

(d) 

Figure 3.3: (a) Flapping angle ϕ and feathering angle α. (b) Sweeping angle θ. (c) 
Abdomen angle γ. (d) Pitching angle θP . Note that for Figures 3.3(a) and 3.3(b), 
the coordinate system origin was shown at the wing root as the angles are defined 
from that point, though the origin of the body coordinate system is located at 
the abdomen root. The XY Z coordinate system is the body coordinate system, 
whereas the XgYgZg coordinate system in (d) is the fixed global coordinate system 

The above equations can be used to calculate the angles and their derivatives 

at any time t, and subsequently the position and orientation of the wings and 

abdomen in the body frame at each timestep, as well as their velocities and ac

celerations. Initially the wing is in the horizontal XY plane with the leading edge 

facing forwards in the +X-direction, and is rotated by the sweeping angle about 

the Z-axis, then by the flapping angle about the X-axis, and finally the wing is 

then rotated about the wing axis by the feathering angle. The same process is 
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applied using the angular velocity and acceleration derivatives of the angles, to 

determine the velocity and acceleration of the wings and abdomen, which are used 

in the calculation of the aerodynamic and inertial forces. 

3.2.3 Wing rotation vectors 

The orientation of the wing is described using three vectors, which are necessary 

in the calculation of the wing forces and moments described in Section 3.2.4. The 

wing axis vector, which runs along the span of the wing, is used along with wing 

chord vector in determining the position of the wing elements. The vector initially 

starts as either [0 1 0] for the right wing, or [0 −1 0] for the left wing, such 

that the vector points outwards from the butterfly body in the Z-direction. The 

wing chord vector, which runs from the trailing edge to the leading edge of the 

wing chord, determines the angle of attack of the wing elements, as well as the 

position of the wing elements. The chord vector starts as [1 0 0], pointing for

wards in the X-direction. The wing normal vector, which is normal to the upper 

surface of the wing, determines the direction the aerodynamic force on the wing el

ement will act. This vector starts as [0 0 1], pointing upwards in the Z-direction. 

The vectors are initially rotated about the Z-axis by the sweeping angle θ using 

the following rotation matrix: 
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⎤⎡ ⎢⎢⎢⎢⎣
 
cos θ − sin θ 0
 

sin θ cos θ 0
 

⎥⎥⎥⎥⎦
 Rθ =
 (3.4)
 

0 0 1
 

The vectors are then rotated about the X-axis by the flapping angle ϕ:
 

⎤⎡ 
Rϕ =
 

⎢⎢⎢⎢⎣
 
1 0 0
 

0 cos ϕ − sin ϕ
 

⎥⎥⎥⎥⎦
 (3.5)
 

0 sin ϕ cos ϕ
 

The rotated wing axis vector is therefore:
 

V VVwing = RϕRθVwing,initial (3.6) 

Where VVwing,initial is the initial wing vector orientation mentioned above. Now, 

the wing chord and normal vectors are rotated about the wing axis vector using 

this rotation matrix: 

⎤⎡ 
2 cos α + u (1 − cos α) uxuy (1 − cos α) − uz sin α uxuz (1 − cos α) − uy sin α 

Rα = 

⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎦ 
(3.7) 

x

(1 − cos α) + uz sin α cos α + u 2 
y (1 − cos α) uyuz (1 − cos α) − ux sin αuy ux

2 uz ux(1 − cos α) − uy sin α uz uy (1 − cos α) + ux sin α cos α + u (1 − cos α)z 

Where ux, uy, and uz are the respective X-, Y- and Z-components of a unit 

vector codirectional with the wing axis vector. The rotated wing chord and normal 

vectors are then: 
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V VVchord = RαRϕRθVchord,initial (3.8) 

V VVnorm = RαRϕRθVnorm,initial (3.9) 

Where VVchord,initial and VVnorm,initial are the initial unrotated chord and normal 

vectors mentioned above. To maintain symmetry in the movement of the wings, 

the sign of the angles is changed depending on whether the left or right wing is 

being rotated. In the right wing, the wing is rotated by the negative of the flapping 

angle ϕ. In the left wing, the wing is rotated by the negative of the sweeping angle 

θ and the feathering angle α. For both wings, a positive sweeping angle rotates the 

wings forward, a positive flapping angle rotates the wings upward, and a positive 

feathering angle rotates the leading edges upward. 

3.2.4 Aerodynamic forces 

Aerodynamic forces were calculated using a quasi-steady state blade-element model, 

using 20 elements per wing. The model, using experimentally-derived coefficients 

[40, 41, 22, 42, 23], accounts for forces due to wing translation, wing rotation, and 

inertia effects, including the added mass. The magnitude of translational force was 

calculated using the following equation: 

� 1 

Ft =
1 
ρRc̄ Ct(r̂)U

2(r̂)r̂ĉ(r̂)dr̂ (3.10)
2 0 



�

�
�

24 

Where ρ is the fluid density, R is the wing radius, c̄ is the average chord 

length, Ct is the translational force coefficient, U is the instantaneous velocity of 

the wing in the chord plane, r̂ is the nondimensional radial position, and ĉ is the 

nondimensional chord length. The translational force coefficient was calculated 

using the following equation: 

Ct = {[1.5 sin (2α − 0.06) + 0.3 cos (α − 0.49) + 0.01]2+ 
(3.11) 

[1.5 sin (2α − 0.06) + 0.3 cos (α − 0.49) + 0.01]2}0.5 

Where α is the angle of attack of the element with respect to the flow velocity 

in the chord plane. This equation was derived from lift and drag polars from model 

flapping wings of low to medium(150-8000) Reynolds numbers [40, 41, 42, 23]. The 

magnitude of rotational force for each element was calculated as follows: 

1 

Fr = CrotρUtα̇c̄
2R r̂ĉ2(r̂)dr̂ (3.12) 

0 

Where Crot is the rotational force coefficient, assumed to be 1.55, Ut is the 

wingtip velocity, and α̇ is the wing axis rotational velocity [22]. The force of 

inertia due to the added mass of the fluid was calculated as: 

2R2 1 
¨ Fa = 

ρπc̄
(φ sin α + φ̇α̇ cos α) r̂ĉ2(r̂)dr̂

4 0
1 (3.13) 

+α̈ρ 
π 
c̄3R ĉ2(r̂)dr̂

16 0 
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˙ ¨ Where φ and φ are the total angular velocity and acceleration of the wing. 

The three force magnitudes were summed to find the total force magnitude for 

each element. The force vector was assumed to act normal to the wing element 

surface, at a point 25% of the chord length behind the leading edge of the wing 

element [43]. Drag on the body parts was calculated by modelling the thorax and 

abdomen as cylindrical elements, with the drag on each element being calculated 

as: 

D =
1 
ρU2CdA (3.14)

2 

Where U is the velocity in the plane perpendicular to the body axis, Cd is the 

drag coefficient for cylinders at low Reynolds numbers (100-1000) [44], assumed to 

be 2, and A is the frontal area of the element. 

3.2.5 Inertial and gravity forces 

Inertial forces and moments due to the acceleration of the wings and abdomen 

with respect to the body (thorax) were calculated as follows: 

FI = macm (3.15) 

MI = Iφ ¨ (3.16) 

Where m is the mass of the body part, acm is the linear acceleration of the 

body part at its center of mass, I is the moment of inertia of the body part, and 
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¨ φ is the angular acceleration of the body part. 

3.2.6 Center of mass and sum of forces and moments 

The instantaneous center of mass of the butterfly was calculated as: 

 1
CoM =  miri (3.17) 

mi

Where mi are the masses of the individual body parts and ri are the radial 

vectors from the origin of the body system to the center of mass of those body 

parts. 

The instantaneous total force acting on the butterfly is the sum of the aerody

namic (wings and body) forces, inertial forces, and gravity: 

Ftot = Faero + Finer + Fgrav (3.18) 

The instantaneous total moment on the butterfly is calculated by summing the 

aerodynamic moments, inertial moments, and gravity moments: 

Mi = ri × Fi (3.19) 

Mtot = Maero + Miner + Mgrav (3.20) 



27 

3.2.7 Developing the model 

The instantaneous forces and moments were used to solve for the translational and 

rotational accelerations, which were used with the equations of motion to form a 

set of ordinary differential equations: 

∂u 
= u̇ (3.21)

∂t 

∂u̇ Ftot 
= ü = (3.22)

∂t m 

∂θ 
= θ̇ (3.23)

∂t 

∂θ̇ 
¨ Mtot 

= θ = (3.24)
∂t I 

Where u is the position vector and θ is the body orientation, both in the global 

coordinate system. Using an ODE solver, the time history of the body position 

and orientation, and their derivatives, can be solved for a specified flight duration. 

3.2.8 Parameter Optimization 

To achieve hovering flight with acceptable pitch stability, the model was coupled 

to a genetic algorithm code to optimize the flight input parameters. The genetic 

algorithm used 40 individuals per generation, and each optimization was allowed to 

run for approximately 70 generations, about one day of computational time. The 

reproduction parameters used were a 5% mutation probability, a 90% crossover 
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probability, and a 10% elitism. Though parameter tuning can be performed for a 

genetic algorithm to improve convergence time, the parameters used in this study 

were within a ”conventional” range [45], and were deemed sufficient. 

Stable hovering flight implies that a fixed position and orientation is main

tained throughout the flight. Therefore, it was the goal of the genetic algorithm 

to minimize both the total displacement and the change in pitch orientation. A 

weighted sum objective function was used to combine these two objectives into 

one value that could be used to evaluate the fitness of each individual flight. The 

following objective function was used: 

fobj = W Δθ + (1 − W )Δχ (3.25) 

Where fobj is the objective function value, W is the weighting factor, Δθ is the 

pitch deviation, and Δχ is the position deviation. The pitch and position deviation 

were defined as follows: 

tf1 θt − θobj
Δθ = dt (3.26)

t 0 θnorm 

tf1 χt − χobj
Δχ = dt (3.27)

t 0 χnorm 

Where θt and χt are the pitch orientation and displacement at time t, θobj and 

χobj are the desired pitch orientation and displacement, and θnorm and χnorm are 

the scaling factors used to normalize the two objectives. Table 3.2 shows the de

sired values and scaling factors chosen for use in all optimizations. 
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Table 3.2: Objective function parameters.
 

W θobj (
◦) χobj (cm) θnorm (

◦) χnorm (cm)
 
0.65 30 0 360 10 

Flights were optimized over 10 flapping cycles. The initial position and pitch 

were set to the desired values (θobj and χobj ), with their initial velocities set to 

zero. The bounds for all parameters were estimated based on observed flight data 

of real butterflies [3]. 

3.3 Experimental Flight Data 

This section briefly presents the experimental techniques used for collecting live 

flight data of different species of butterflies and discusses the data postprocessing 

techniques used to analyze the flights [20]. 

3.3.1 Free flight experimental setup 

All free flight measurements were performed at the Butterfly Rainforest at the 

McGuire Center for Lepidoptera and Biodiversity, a 6,400 square foot screened 

vivarium at the Florida Natural History Museum in Gainesville, FL. The center 

includes over 460 species of subtropical and tropical plants and trees and supports 

up to 120 different species and 2,000 free-flying butterflies. 

The design of the data acquisition system was based on the requirements of 
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being non-obtrusive and having the capability of field measurements, allowing 

measurements in the natural environment of the butterflies [1, 46]. A vision-

based estimation method is used to study the insect flight with non-significant 

interference to the natural behavior. The visual system is composed of two high-

speed digital cameras synchronized as a stereo pair. A stereo pair of cameras with 

known parameters and relative pose allows estimation of 3D position of target 

points in space. The measurements were performed at up to 300 frames per second 

at resolutions of 800x600 pixels. 

3.3.2 Wind tunnel experimental setup 

Wind tunnel flight measurements were performed at the low-speed, low-turbulence 

wind tunnel at the University of Floridas Research, Engineering and Education 

Facility (REEF) in Shalimar, Florida. The open-jet test section of the wind tunnel 

enabled the butterflies to fly into the flow from still air, simulating a cross-flow 

disturbance. The open-loop, open-jet wind tunnel is capable of speeds ranging from 

0 - 22 m/s with turbulence levels below 0.16%. The test section has an axial length 

of 3.05 m with a square 1.15 m2 opening surrounded by a structural enclosure. The 

specifics of the wind tunnel capabilities, flow uniformity, and turbulence have been 

extensively documented [46]. The wind tunnel open-jet test section is shown in 

Figure 3.4. 

The same data acquisition system used in the free flights was used in the wind 

tunnel flight measurements. The cameras, in the top-down view configuration 
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Figure 3.4: Stereo cameras looking down towards the wind tunnel open test section. 

(vertical view-axis), can be seen in the wind tunnel enclosure attached to a special 

aluminum frame in Figure 3.4. A square nozzle is visible in the background, which 

represents the wind tunnel open-jet inflow inside the test chamber. A second cam

eras configuration was used with a side view with respect to the air flow (horizontal 

view-axis). 

Two species of butterflies, Monarch (Donaus plexippus) and Tree Nymph (Idea 

leuconoe) were used for these experiments due to the significant data base acquired 

during the previous recordings of butterflies in free flight. The butterflies, released 

on one side of the chamber, were lured to fly in a direction perpendicular to the air 

using flowers and lights placed on the other side of the room. By flying from the still 

air of the chamber to the wind tunnel flow, the specimen would suddenly encounter 
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the cross-flow free stream. The insect’s reactions and dynamics were recorded by 

the cameras. Several training flights were required for the butterflies to realize 

the presence of the cross-flow and react properly to maintain a straight forward 

flight. In case of butterflies carried over by the wind tunnel flow, a fine mesh was 

placed on the downstream section of the open jet (suction section) to avoid the 

ingestion of the butterfly by the wind tunnel fan. Testing sessions involved five 

or six specimen at a time and since the butterflies do not feed well under working 

conditions, the test runs were limited to two hours. After each daily session of 

experiments, the butterflies were placed in a special large holding net heated cage 

in a quiet location with soft lights for relaxing with fresh flowers and nectar for 

feeding. No injuries or losses of specimen occurred during the project and at the 

end of the series of experiments, the butterflies were relocated to the McGuire 

Center, as they are not indigenous species of Florida. 

The position of the tracked butterfly during flight needed to be constantly 

correlated with the flow velocity, especially in the boundary region between the 

wind tunnel enclosure still air and the free stream velocity inside the test-section. 

It was therefore necessary to estimate the flow velocity any point in the wind 

tunnel space. A survey of the dynamic pressure using a high-sensitivity pressure 

transducer was performed in a grid of points in the z-y plane along the edge of the 

wind tunnel at different free-stream velocities (2m/s,2.5m/s,3m/s) and covering 

one-quarter of the wind tunnel test section at several station on the x axes, as 

illustrated in Figure 3.5(a). The velocity was surveyed at 16 equally spaced points 

in the X-direction over a range of 0.3m, with the physical edge of the wind tunnel 
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lying in the middle of the points. This was repeated at 9 different y-values, from 

the bottom edge of the wind tunnel, to just below the midpoint. The flow was 

assumed to be symmetrical in the Y- and Z-directions about the midpoint of the 

wind tunnel, and the data points were mirrored across lines bisecting the wind 

tunnel in both directions. An extrapolation of this data was performed to estimate 

the flow velocity at any point, a process described in Section 3.3.8. 

(a) 

Figure 3.5: Dynamic pressure sampling points. 

3.3.3 Data preprocessing 

A sequence of pictures of the desired event was captured from both cameras and 

converted to two videos, one for each camera, using a combination of custom and 
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commercial software. Several events were recorded, in a combination of species and 

wind tunnel flow velocity. The videos were digitized using a stereoscopy tracking 

software with accurate camera calibration parameters input-data in order to per

form 3D stereovision estimation of selected points on the target. Typical tracked 

points are both wing tips, head, abdomen root and abdomen tip. Occasionally, 

antennae and more points on the wings were tracked. Since the data base con

tains camera calibration parameter for every flight, it is possible to go back and 

track more feature points on the insects for any desired flight. The validation of 

the data acquisition and post processing methodology, including the estimation of 

the uncertainties was achieved by using a custom made target consisting of mul

tiple spring-mass components mounted on a shaker. The target has three parts 

simulating a body, a head and an antenna; the shaker is controlled by computer 

and can induce the desired oscillatory motion to the body. The targets three-

dimensional position in time was measured using a high resolution dynamic visual 

image correlation (VIC) normally used in experimental mechanics research [47, 48]. 

Comparisons with the positions acquired by the tracking software selected for the 

measurements on butterflies provided estimates of the experimental uncertainties. 

3.3.4 Data postprocessing 

This section details the postprocessing of the experimental points tracked using the 

vision data analyzer software package ProAnalyst. The process included finding 

the positions of the butterfly feature points and their derivatives in time in the 
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inertial and body frame, the butterfly pitch and yaw orientation, as well as the 

wind tunnel flow velocity at any butterfly’s location. 

3.3.5 Void-filling & smoothing 

The original flight’s data and the subsequent tracking done in ProAnalyst left voids 

in the position’s series due to segments of the videos where certain body parts view 

were obstructed by other body parts or the environment. To fill these voids, JMP, 

a statistical software, was used, applying a smoothing spline to the position data 

for each point. The lambda value for each spline was adjusted until the curve was 

flexible enough to follow the general path of the available points, but stiff enough 

to not account for the noise in the data, leaving a smooth, natural looking curve 

that bridged the voids in the data. 

3.3.6 Camera – wind tunnel frame coordinate transformation 

For the wind tunnel experiments, it was necessary to transform the coordinate 

system into a frame where the direction of the wind tunnel flow coincided with one 

of the coordinate axes. For these experiments, it was decided that the X-direction 

would coincide with the direction of flow, and the Z-direction would be positive 

upwards (opposite of gravity). Unit vectors representing the wind tunnel reference 

frame X, Y, and Z axes were found in the camera reference frame using tracked 

points on a reference target precisely set in a known position, as shown in Figure 
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3.6. Using these unit vectors and reference measurements, the position of the wind 

tunnel reference frame origin was found in the camera reference frame. 

(a) 

(b) 

Figure 3.6: (a) Tracked points on reference target and (b) diagram of reference 
target location in wind tunnel. 

The camera reference frame was then translated and rotated using a transfor

mation matrix consisting of a translation matrix and rotation matrix multiplied 

together, shown below: 
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⎤⎡⎤⎡ ⎢⎢⎢⎢⎢⎢⎢⎣
 

Ux Uy Uz 0 

Vx Vy Vz 0 

Wx Wy Wz 0 

⎢⎢⎢⎢⎢⎢⎢⎣ 
⎥⎥⎥⎥⎥⎥⎥⎦ 

1 0 0
 −Tx ⎥⎥⎥⎥⎥⎥⎥⎦
 
0 1 0
 −Ty 

(3.28)
 
0 0 1
 −Tz 

0 0 0 1 0 0 0 1 

Where Tx,Ty, and Tz are the respective [x,y,z] coordinates of the wind tunnel 

origin in the camera frame, and U, V, and W are the unit vectors corresponding 

to the X,Y and Z axes in the wind tunnel frame, respectively. Figure 3.7(a) shows 

the resulting inertial reference frame (with respect to the wind tunnel) and Figure 

3.7(b) shows the body reference frame, which is defined in Section 3.3.10. 

(a) (b) 

Figure 3.7: Reference frames: (a) inertial and (b) body (butterfly). 

The coordinate transformation was then validated by measuring the location 

of four points of known location in the wind tunnel, and then tracking those points 

using the cameras and transforming them into the wind tunnel frame using the 

above transformation matrix. Error was defined as the difference in position be

tween the measured point and tracked point, as a percentage of the measured 
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point. This yielded a maximum error of 4% in any direction, with an average total 

error of under 2%. 

3.3.7 Velocity & acceleration estimation 

Position data was smoothed using a cubic smoothing spline function for each X-, Y-

and Z-component in time. This yielded a piecewise polynomial representation of 

the butterfly position data. A differentiating function was used to find the deriva

tive of the piecewise polynomial, which was then evaluated at the same timesteps 

as those corresponding to the position vectors. This velocity vector was smoothed 

using the same cubic smoothing spline function to remove any noise that was am

plified during differentiation, and the polynomial was evaluated again, yielding the 

estimated velocity at each timestep. The acceleration was estimated using the 

same method, with the smoothed piecewise polynomial of the velocity data being 

differentiated, evaluated, smoothed again using the cubic smoothing spline, and 

evaluated again, giving the estimated acceleration at each timestep. Though it 

was not possible to evaluate error from this process as velocity and acceleration 

were not directly measured, it has been shown that cubic spline functions, when 

applied to motion data, are capable of yielding smooth derivative curves, even in 

the presence of relatively noisy raw position data [49]. 
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3.3.8 Wind tunnel flow extrapolation 

As the data points had relatively large, unequal spacing between them, a bicubic 

interpolation function was used to evaluate the flow velocity on a grid of points 

spaced 1cm apart. This grid covered the entire area of the wind tunnel, and 

extended 15cm over the left and right side, as shown in Figure 3.8(a). Assum

ing symmetry for each edge, the points on the outside of the wind tunnel were 

mapped to the top and bottom by rotating them 90◦ about the center of the wind 

tunnel section, shown in 3.8(b). The outside corners were then interpolated using 

a MATLAB function which uses linear interpolation to fill missing points in a ma

trix. Any interpolated values above the nominal free-stream velocity were set to 

the free stream velocity, while any interpolated values below zero were set to zero. 

The final result was a 138x138 point grid with flow velocity defined at every point, 

covering the 1.07m x 1.07m area of the wind tunnel, and extending 15cm in every 

direction (1.37m x 1.37m), shown in Figure 3.8(c). 

To evaluate the flow velocity at a given butterfly position, the y- and z-

coordinates of the butterfly were compared to the flow velocity at those coordinates 

on the flow matrix. If the butterfly was inside the defined region, bicubic interpo

lation was used with the flow matrix to evaluate the wind tunnel flow velocity at 

the required position. If the butterfly was outside of the defined region, the flow 

was assumed to be 0 m/s. 
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(a) (b) 

(c) 

Figure 3.8: (a) Tracked points on reference target and (b) diagram of reference 
target location in wind tunnel. 

3.3.9 Butterfly pitch & yaw computation 

The pitch and yaw angles of the butterfly thorax and abdomen were calculated. 

The pitch angle was defined as the angle between the butterfly thorax or abdomen 

and the ground plane. To estimate the pitch angle, unit vectors were found for the 

following: the normal vector to the ground plane (NGP), the butterfly thorax (BT), 

and the butterfly abdomen (BA). The inverse cosine of the dot product of either 
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butterfly vect (rs(thorax or abdomen) and the normal to ground vector were taken 

to find the angle between the normal to ground vector and the butterfly vector. 

This angle was then subtracted from 90◦ to get the angle between the butterfly 

vector and the ground, the pitch angle. The equation is shown below, where BF 

is either the thorax or abdomen unit vector: 

π 
θpitch = − arccos(NGP · BF ) (3.29)

2 

The yaw angle was defined as the angle between the projection of the butterfly 

thorax or abdomen onto the ground plane (XY plane) and a vector pointing in the 

negative X-direction (into the flow, for the wind tunnel experiments). First, an 

”uncorrected” angle was found using the following equation: 

  
BFy

θyaw,UC = arctan (3.30) 
BFx

Where θyaw,UC is the uncorrected yaw angle, and BFy and BFx are the Y- and 

X-components of the thorax or abdomen unit vectors. Corrections to the angles 

were made based on quadrant of the unit vector projections as follows: 

First quadrant: 

θyaw = π − θyaw,UC (3.31) 

Second quadrant: 

θyaw = −θyaw,UC (3.32) 

http:arctan(3.30
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Third quadrant: 

θyaw = −θyaw,UC (3.33) 

Fourth quadrant: 

θyaw = −π − θyaw,UC (3.34) 

3.3.10 Wind tunnel – body frame coordinate transformation 

In analyzing the motion of the butterfly’s wings and abdomen, it was practical 

to examine their movements with respect to the butterfly’s body, as opposed to 

their absolute motion with respect to the inertial frame. It was therefore necessary 

to define a moving body reference frame for transformation of the positions and 

derivatives of the tracked points. The abdomen root was selected as the origin of 

the butterfly body reference frame. This point, relatively easy to track from high 

speed images, showed the smoothest position time-series and, most importantly, is 

the point where the center of mass of the butterfly can be assumed to be located. 

The abdomen root is where the abdomen is attached to the thorax. The three 

directions of the reference frame represent: The X-direction; the vector from the 

abdomen root to the head of the butterfly (thorax vector), the XZ plane; the mid-

sagittal plane of the butterfly (a symmetry plane dividing the body into left and 

right halves), and with the Z-direction positive to the left of the butterfly as seen in 

Figure 3.7(b). This reference frame, which was calculated at each time step as the 

butterfly moved through space, was based on the calculated pitch and yaw angles 

of the thorax. As the butterfly’s roll angle was unable to be accurately estimated, 
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roll was assumed to be zero. 

One translation matrix and two rotation matrices were multiplied together to 

form the transformation matrix to transform coordinates between the wind tunnel 

and butterfly body frames. The final transformation matrix is shown: 

⎤⎡⎤⎡⎤⎡ ⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

cos(π + θyaw ) − sin(π + θyaw ) 0 0 

sin(π + θyaw ) cos(π + θyaw ) 0 0 

0 0 0 0 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

cos(θpitch ) 0 sin(θpitch) 0 

0 0 0 0 

− sin(θpitch ) 0 cos(θpitch) 0 

⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ 

⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

1 0 0 

0 1 0 

0 0 1 

−Tx ⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ 

(3.35) 
−Ty 

−Tz 

0 0 0 1 0 0 0 1 0 0 0 1 

Where Tx,Ty, and Tz are the respective [x,y,z] coordinates of the abdomen root, 

and θpitch and θyaw are the pitch and yaw angles of the butterfly thorax unit vector. 

3.3.11 Flight parameter calculations 

To characterize the butterfly flights, selected parameters were calculated, including 

the flapping frequency, Reynolds number, Strouhal number, and the advance ratio. 

To estimate the flapping frequency for each flight, a fast Fourier transform was 

applied to the Z-component time series of the wing tips in the body frame. The Z-

component was chosen as it had the largest amplitude and therefore had a greater 

signal-to-noise ratio, which made the dominant frequency more apparent once the 

fast Fourier transform was applied. Once the flapping frequency was estimated, it 

was used to calculate the Reynolds number [50], Strouhal number [51], and advance 

ratio for each flight [52]. The following equations were used in the calculations. 
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RfΦc̄ 
Re = (3.36)

υ 

fb 
St = (3.37)

U 

U 
J = (3.38)

2Φfb 

Where R is 75% of the wing radius (half of the wingspan), f is the flapping 

frequency, Φ is the total flapping angle, c̄ is the mean aerodynamic chord of the 

wing, υ is the kinematic viscosity of air, b is the wing radius, and U is the velocity 

seen by the butterfly. A single Reynolds number was calculated for each flight 

as all the variables were constant, where the Strouhal number and advance ratio 

were calculated for each time step throughout the flight as the velocity seen by the 

butterfly changed. The Strouhal number and advance ratio were averaged over two 

flight regimes for each flight, ”before flow” and ”during flow”. The ”before flow” 

regime was defined as the segment of the flight where the free stream velocity at 

the butterfly’s position was less than 20% of the nominal wind tunnel flow velocity 

for that flight, where the ”during flow” regime was defined as the segment where 

the free stream velocity was greater than 80% of the nominal wind tunnel flow 

velocity. 
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Chapter 4: Results & Discussion 

4.1 Numerical Model Results 

This section presents the results of the numerical model for a number of different 

cases. The first case will be the main focus of the results, while the following cases 

were added as extra material to support the validity of the model. The first case 

perform hovering flight optimizations both with and without abdomen motion to 

examine the role of the abdomen in the stability of the butterfly during hovering 

flight. A second case will involve a hovering optimization at low fluid density. 

Finally, a third case will examine hovering in a butterfly with a larger abdomen, 

and how its flight is affected. As mentioned in Chapter 3, though the wing and 

abdomen frequency were uncoupled in the model, solutions would converge to 

the same frequency, suggesting the two frequencies should be coupled. This is 

somewhat expected, as a difference in frequency between the wings and abdomen 

would cause their motion to go in and out of phase unless the two frequencies were 

harmonics, likely disrupting stability. This is supported by the experimental data, 

where the wing and abdomen motion oscillate at roughly the same frequency. 



46 

4.1.1 Hovering optimization and the role of abdomen motion 

This section details the results of optimizations performed with the model and sets 

of kinematic parameters that resulted in hovering flight. Two optimizations were 

performed - one with active abdomen actuation, and another with a fixed abdomen, 

with the primary goal of examining the role of abdomen motion in the ability of 

the butterfly to maintain stable hovering flight. Optimizations were performed 

using the genetic algorithm described in Chapter 2, Section 2.3. A third set of 

randomly generated parameters was included for comparison. Table 4.1 shows the 

kinematic parameters for the three sets, and Table 4.2 displays characteristic flight 

parameters, including the Reynolds number (Re #) and the reduced frequency, k 

[50, 53]. 

Table 4.1: Motion parameter values for all simulations. 
ϕ (Flapping) θ (Sweeping) α (Feathering) γ (Abdomen) 

Simulation ϕA ϕm ϕp θA θm θp αA αm αp γA γm γp f [Hz]a 

Random 

Opt. #1b 

Opt. #2c 

48.9 

52.4 

59.8 

-22.4 

23.0 

-25.1 

227.6 

8.9 

127.6 

18.1 

7.9 

12.5 

16.5 

-6.3 

-11.1 

35.1 

152.4 

154.7 

12.5 

34.4 

33.9 

2.8 

24.2 

24.1 

344.7 

98.2 

225.5 

48.2 

0 

47.6 

-20.5 

0 

11.1 

349.4 

0 

191.2 

9.79 

9.64 

9.26 

a Wing and abdomen frequency
 
b Optimized parameters with fixed abdomen
 
c Optimized parameters with active abdomen actuation
 
* Subscripts A, m, and p indicate amplitude, mean, and phase, respectively 
* All angles in degrees 

4.1.1.1 Position and pitch histories 

Figure 4.1 shows the position time history for the three simulated flights over 20 

flaps. Though the flights were optimized for 10 flaps, results were shown for 20 
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Table 4.2: Flight charac
teristics for all parameter 
sets. 

Simulation Re # k 
Random 4298 1.70 
Opt. #1 4535 1.59 
Opt. #2 4972 1.39 

flaps, allowing the flight to reach a steady state in terms of velocity and pitching 

rate. This steady state is the primary interest after the initial transient period. 

Considering the random parameter solution, the butterfly begins descending 

rapidly and moves backwards. By t = 0.5s, it reaches steady state, where it 

moves backwards with a mean velocity of -31.3cm/s in the X-direction, with body 

position oscillations of 0.38cm amplitude. It descends with an average velocity of 

-76.9cm/s in the Z-direction, with oscillations of 0.56cm. 

The fixed-abdomen solution reaches steady state shortly after t = 0.5s. The 

mean velocity in the X-direction is relatively small at 7.3cm/s, but has large body 

oscillations of 9.22cm. Though it initially ascends during the transient stage, at 

steady state the butterfly descends with an average velocity of -12.8cm/s in the 

Z-direction with 4.72cm oscillations. 

The active-abdomen solution performs significantly better compared to the 

other solutions at steady state, achieving mean velocities of 2.1cm/s and 3.1cm/s 

in the X- and Z-directions, respectively, with body oscillations of 1.38cm and 

1.65cm. 

Figure 4.2 shows the pitch histories for the three flights. The random solution 
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Figure 4.1: Position histories for (a) random parameter set, (b) fixed-abdomen 
optimized parameter set, (c) active-abdomen optimized parameter set. A compar
ison of the fixed-abdomen and active-abdomen parameter sets on the same scale 
is shown in (d). 

reaches a steady state with a mean pitch of 124.3◦ with oscillations of 78.0◦ . For the 

fixed-abdomen solution, the steady state pitch has a mean of 50.0◦ and oscillates 

at a 180.9◦ amplitude. The active-abdomen solution, at steady state, has a mean 

pitch of 36.4◦ that oscillates at a 17.6◦ amplitude. 

Observing the steady states, the active-abdomen solution clearly outperforms 

the other cases. In the X-direction, its average velocity is over 3x smaller than the 

fixed-abdomen solution, with oscillations in position that are 6x smaller. In the 
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Figure 4.2: Time histories of pitch over 20 flaps for (a) random parameter set, 
(b) fixed-abdomen optimized parameter set, and (c) active-abdomen optimized 
parameter set. A comparison of the fixed-abdomen and active-abdomen parameter 
sets on the same scale is shown in (d). 

Z-direction, its average velocity is over 4x smaller, with position oscillations almost 

3x smaller. The active-abdomen solution performs even better with regards to the 

pitch time history. The pitch oscillations of 17.9◦ are 10x smaller than the 180.9◦ 

amplitude of the fixed abdomen solution. 

Though the random solution has smaller oscillations than the optimized solu

tions for the X- and Z-direction velocities, and smaller pitch oscillations than the 

fixed-abdomen solution, its significant mean velocities preclude hovering flight. 
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With a mean pitch of 124.3◦, almost upside-down, its inverted flight is not a prac

tical solution. 

4.1.1.2 Forces and moments 

0.01

0

0.01

Wing Forces(X)

Fo
rc

e 
(N

)

0.01

0

0.01

Wing Forces(Z)

Fo
rc

e 
(N

)

4

2

0

2

4x 10 4

M
om

en
t (

N
*m

)

Wing Moments

 

 

Aero
Gravity
Inertia
Total

1.6 1.7 1.8 1.9 2

0.01

0

0.01

Abdomen Forces(X)

Time (s)

Fo
rc

e 
(N

)

1.6 1.7 1.8 1.9 2

0.01

0

0.01

Abdomen Forces(Z)

Time (s)

Fo
rc

e 
(N

)

1.6 1.7 1.8 1.9 2
4

2

0

2

4x 10 4 Abdomen Moments

Time (s)
M

om
en

t (
N

*m
)

(a) 

0.01

0

0.01

Wing Forces(X)

Fo
rc

e 
(N

)

0.01

0

0.01

Wing Forces(Z)

Fo
rc

e 
(N

)

4

2

0

2

4x 10 4

M
om

en
t (

N
*m

)

Wing Moments

 

 

Aero
Gravity
Inertia
Total

1.7 1.8 1.9 2 2.1

0.01

0

0.01

Abdomen Forces(X)

Time (s)

Fo
rc

e 
(N

)

1.7 1.8 1.9 2 2.1

0.01

0

0.01

Abdomen Forces(Z)

Time (s)

Fo
rc

e 
(N

)

1.7 1.8 1.9 2 2.1
4

2

0

2

4x 10 4 Abdomen Moments

Time (s)

M
om

en
t (

N
*m

)

(b) 

Figure 4.3: Force and moments due to aerodynamics, inertia, and gravity arising 
from the wings and abdomen over the last 5 flaps of the flight for (a) fixed-abdomen 
solution, and (b) active-abdomen solution. 

To determine how the abdomen potentially enables the butterfly’s increased 
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stability in flight, the forces and moments from the wings and abdomen were 

examined for fixed-abdomen and active-abdomen flights, shown in Figure 4.3. 

For the fixed-abdomen solution, the abdomen forces are small compared to the 

wing forces. There are no inertial forces as the abdomen is not accelerating relative 

to the body, and the abdomen drag is negligible compared to the wing aerodynamic 

forces. The moments arising from the abdomen forces are also relatively small 

the only significant moment is due to the abdomen’s gravity, which is still 5-10x 

smaller than the wing moments. 

For the active-abdomen solution, significant forces arise in both the X- and 

Z-directions due to the abdomen inertia. These forces are on the same scale as the 

wing forces, however the abdomen inertia forces oscillate about zero, and therefore 

likely contribute little to the propulsion of the butterfly. These forces generate large 

moments that are on the same scale as the wing moments. It can also be observed 

that the two are in antiphase with each other, where the wing moments are at a 

maximum when the abdomen moments are at a minimum, greatly reducing the 

total moment on the butterfly, contributing to its stability. Such moments could 

also imply that the wings are given more freedom in their motion, and can focus 

on generating forces to propel the butterfly without being as tightly constrained 

by the moments they create. 
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4.1.2 Low fluid density hovering 

This case will examine a hovering optimization for a butterfly at low fluid density. 

An optimization was performed using the same optimization criteria as the previous 

hovering optimization, except at a density of 0.653 kg/m3, which is roughly the 

air density at an altitude of 20,000ft, typically on the low end of commercial flying 

altitudes. 

Figure 4.4 shows position and pitch histories for two simulated flights at low 

density. Figures 4.4(a) and 4.4(b) display the results of the initial low density 

optimization, and Figures 4.4(c) and 4.4(d) show the optimization results with a 

25% increase in frequency. Figure 4.4(a) illustrates that the butterfly is unable 

to maintain altitude, and descends at a velocity of -24 cm/s in the Z-direction, 

while there is relatively little motion in the X-direction, with a mean velocity of 

-3 cm/s. This is somewhat expected at a lower fluid density, as the butterfly is 

unable to generate as much lift with its wings. Although it loses altitude, the 

butterfly maintains a stable pitch throughout the flight after the initial transient 

period, seen in Figure 4.4(b), oscillating by 54◦ about a mean of 60.2◦, slightly 

higher than the mean pitch seen in the first hovering optimization. 

In an attempt to compensate the altitude loss in the initial low density op

timization, the flapping frequency of the wings and abdomen was increased by 

25%, with the resulting position and pitch time history shown in Figures 4.4(c) 

and 4.4(d). The frequency increase allows the butterfly’s wings to generate more 

lift, reducing its velocity in the Z-direction to a mean value of -17.2 cm/s. The 
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increase in lift from the increased flapping frequency does come at the cost of pitch 

stability, however, with the pitch oscillating at 220◦ about a mean of 71.5◦ . 

Given that a butterfly should potentially be able to flap at a higher frequency in 

a lower density fluid, the frequency bound in the optimization process could have 

been raised above the 10Hz upper bound that was used, which was based on the 

observed flapping frequencies from the recorded butterfly flight data. Optimization 

with a higher frequency bound will be considered for future work. 
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Figure 4.4: Position and pitch histories for (a,b) the initial low fluid density opti
mized flight and (c,d) the low fluid density optimized flight with a 15% increase in 
frequency. 
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4.1.3 Larger abdomen hovering 

The abdomen’s length and mass were increased by 50%, which significantly in

creased the weight of the butterfly and the moment arm of the abdomen, shifting 

the center of mass towards the rear. Optimizations were not performed due to 

time constraints, and instead simulations were performed using the kinematic pa

rameters of the initial hovering optimization, as well as with a 15% increase in 

flapping frequency. 

Figure 4.5(a) shows that the butterfly loses altitude and moves backwards over 

the duration of the flight, reaching a steady state velocity of -26.7 cm/s in the 

Z-direction and -49.5 cm/s in the X-direction. Figure 4.5(b), which displays the 

pitch time history of the flight, shows that the butterfly reaches a steady state 

with a mean pitch of 54.8◦, with oscillations of 40◦ . The increase in the mean 

pitch over the initial hovering flight (36.4◦) can be explained by the increased size 

and length of the abdomen creating a larger moment due to gravity. The increased 

pitch angle reduces the moment arm between where the abdomen’s force of gravity 

acts and the center of mass of the butterfly, such that the butterfly returns to a 

net moment equilibrium. The increase in amplitude of the pitching oscillations 

over the initial flight (17.6◦) can be attributed to the added mass and length of 

the abdomen increasing the inertial moments from the abdomen flapping. 

The increase in mean pitch also rotates the vector of the net aerodynamic 

force from the wings. The initial hovering optimization flight held a relatively 

steady position, implying the net aerodynamic force pointed in the +Z-direction, 
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counteracting the weight of the butterfly. The change in mean pitch rotated the 

net force vector, creating a component in the -X-direction, which accounts for the 

butterfly moving backwards during the flight. This also reduces the component 

of the net aerodynamic force in the +Z-direction, which, along with the increased 

weight of the butterfly, accounts for the loss of altitude seen during the flight. 

Figures 4.5(c) and 4.5(d) show a flight using the same parameters, except for a 

15% increase in the flapping frequency, increasing the net aerodynamic force of 

the wings The increased weight of the butterfly can be compensated, resulting in 

a mean velocity in the Z-direction of 3.6 cm/s. The velocity in the X-direction, as 

well as the pitch time history of the butterfly, are relatively unchanged. 

4.2 Experimental flight data and comparison with model results 

This section will examine experimental data from the recorded butterfly flights 

and compare them to results from the hovering optimization of the numerical 

model. Accurately calculating the wing angles directly from the experimental 

flight data would be difficult, and it was instead decided to examine the X- and Z-

positions of the wingtips in the body frame. The X- and Z-positions of the wingtips 

are equivalent to the flapping and sweeping angles of the wings, respectively, as 

changes in those angles will directly relate to changes in the position of the wingtips. 

Though, compared to the wing angles, the abdomen angle was easier to find from 

the experimental data, it was decided to examine the abdomen tip’s Z-position 

as well, instead of the angle directly. As a result, the presentation of that data 
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Figure 4.5: Position and pitch histories for (a,b) the enlarged abdomen flight and 
(c,d) the same flight with a 15% increase in frequency. 

alongside the wingtip motion data would be consistent. 

A sample flight that featured a long hovering sequence of a Tree Nymph butter

fly was selected for comparison with the optimized active abdomen hovering flight 

shown in Section 4.1.1. Figure 4.6 displays the position and pitch time history for 

both the real sample flight and for the model’s optimized hovering flight. Though 

there is more movement in the sample flight, especially in the Z-direction, it was as 

close to an ideal hover as could be found from the available data. When comparing 

the pitch histories, it can be seen that the pitching of the butterfly in the sample 
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flight is closely approximated by the numerical model results. Though the pitch 

from the real flight oscillates at a lower frequency, both flights oscillate about a 

similar mean angle, roughly 40◦, with fairly similar amplitudes, especially over the 

first half of the real flight. 
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Figure 4.6: Position and pitch histories for (a,b) experimental flight data and (c,d) 
numerical model hovering optimization. 

Table 4.3 compares the motion of the wings and abdomen for both real and 

model flights, showing the frequency, amplitude and mean values of the X- and 

Z-position histories in the body frame. Figure 4.7 shows, for both flights, the 

wingtip motions in the X- and Z-directions of the body frame, as well as the 



58 

abdomen tip motion in the Z-direction. The X- and Z-direction motion of the 

wingtips correlates to the sweeping and flapping angles of the wings, respectively, 

while the Z-direction motion of the abdomen correlates to its angle relative to the 

butterfly body. Examining the motion of these body parts with respect to each 

other gives insight into how they interact, and potential mechanisms of butterfly 

stabilization during hovering. 

Table 4.3: Comparison of wing and abdomen motion for real 
flight and model hovering flight. 

Z motion [m] X motion [m] 
Flight f [Hz] Amp. mean Amp. mean 

Wings 
Reala 

Model 
7.17 
9.26 

0.126 
0.102 

0.010 
-0.009 

0.055 
0.026 

0.013 
0.020 

Abdomen 
Real 
Model 

7.14 
9.26 

0.042 
0.029 

0.009 
0.0145 

-
-

-
-

a Average of left and right wings 

In Figure 4.7(a), showing the real flight data, the wing sweeping and abdomen 

motion are in phase, with the wings moving forward as the abdomen moves down

ward and vice versa. The sweeping of both wings is in phase for the majority of 

the flight, but two large out-of-phase strokes are seen near t = 1s and t = 1.25s. 

The butterfly performs a yawing maneuver at this point of the flight, and may use 

out-of-phase sweeping strokes to turn. The abdomen motion is consistent through

out the entire flight, even during the out-of-phase sweeping, and oscillates slightly 

above the body, with the tip staying above the X-axis of the body frame for most of 

the flight. Figure 4.7(b) shows the flapping motion of the wings and the abdomen 

motion for the real flight. The two are in anti-phase, with the abdomen moving 
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Figure 4.7: Wingtip and abdomen motion for (a,b) the real sample flight and (c,d) 
the numerical model hovering flight. Wingtip motion in body frame is in the (a,c) 
Z-direction and (b,d) X-direction. The abdomen motion in the Z-direction for all 
plots. 

upwards when the wings move downwards. The consistent oscillations of the ab

domen in anti-phase with the wings could suggest the abdomen could possibly be 

used to dynamically balance the wing-flapping to stabilize the butterfly. 

Figures 4.7(c) and 4.7(d), displaying the wings and abdomen motion for the 

model hovering flight, show that the abdomen motion is slightly out of phase with 

both the sweeping and flapping motions of the wings, with the phase difference 

being not pronounced as the real flight data. The amplitudes of the wings and 
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abdomen are smaller in the model flight than the real flight data. The model flight 

wings flap at 81% of the amplitude of the real flight, and sweep at only 47% of the 

amplitude, while the model flight abdomen’s motion is 69% of the amplitude of the 

real flight abdomen. However, the model does flap at a higher frequency, roughly 

30% faster than the real flight. This could potentially be explained by the fact that 

flexible wings have been shown to increase lift generation in flapping flight when 

compared to rigid wings [54, 55, 56]. As the wings in the model are rigid, they 

likely generate less lift than a flexible butterfly wing, and therefore would need to 

flap at a higher frequency to increase lift generation. 

4.3 Wind tunnel experimental data results 

The total number of flights performed by both species in the wind tunnel was 

53. All flights were postprocessed and two flights were selected for analysis and 

presentation due to the interesting flight behavior of the butterflies in cross-wind 

conditions. These two flights, which will be referred to by their sequential flight 

numbers, 15 and 24, feature butterflies, both of the Tree Nymph (Idea leuconoe) 

species, entering the flow from the still air at different angles, and responding to 

the sudden flow velocity change in two different ways. Both flights have a nominal 

wind tunnel flow velocity of 2m/s. Figure 4.8 shows 3D plots of the butterfly’s 

position throughout the flights, with markers illustrating the flow velocity at each 

position. The transparent gray wall is the projection of the physical lateral edge of 

the wind tunnel test section where the shear layer between still air and wind tunnel 
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flow mix, and the red arrow points in the direction of the flow. Figure 4.9 shows 

a top-down view of the butterfly’s position and the corresponding flow velocity at 

that position. 

(a) (b) 

(c) (d) 

Figure 4.8: 3D plots of the butterfly position for (a) flight 15 and (b) flight 24. 
The arrow shows the flow direction. A second view is shown to better display 
movement in the Z-direction for both (c) flight 15 and (d) flight 24. Flights are 
from right to left. 

In flight 15, the butterfly enters the flow roughly perpendicularly to the vertical 

face of the wind tunnel open-jet section. It initially begins to be carried away by 

the flow, but by the end of the flight, it is travelling almost perpendicular to 
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Figure 4.9: Plots of the butterfly position in the XY plane for (a) flight 15 and (b) 
flight 24. Flow velocity is also plotted at corresponding positions along the X-axis. 
Flights are from top to bottom. 

Table 4.4: Flight parameters for flights 15 and 24. 
aFlight # ff lap[Hz] Reynolds # St# a (std.) St# b (std.) J (std.) J b (std.) 

15 3.52 1643 0.522(0.190) 0.192(0.086) 0.466(0.152) 1.266(0.451) 
24 9.39 3517 N/A * 0.271(0.017) N/A * 0.950(0.058) 

a Before entering flow (flow velocity <20% nominal wind tunnel flow velocity)
 
b After entering flow (flow velocity >80% nominal wind tunnel flow velocity)
 
* Insufficient data points 

the flow again, having restored the flight to the original direction. In flight 24, 

the butterfly enters the flow at a 45◦ angle into the flow. Despite the relatively 

strong flow acting against it, the butterfly responds to the sudden shift in flight 

conditions and is able to maintain its path and orientation. Table 4.3 shows a 

few calculated flight parameters for each flight, including the flapping frequency, 

Reynolds number, the Strouhal number and advance ratio during two phases: (a) 

before entering the flow, and (b) after entering the flow. 

In the following sections, the motion of the butterflies including wing motion, 

abdomen motion, and pitch and yaw orientation will be examined and discussed. 

The main focus will be on the adjustment of the dynamics as the butterfly encoun
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ters the sudden change in flow, and hypotheses on how the adjustments help the 

butterfly maintain control will be presented. 

4.3.1 Wing motion 

As the butterfly’s wings are its primary tool for propulsion and control, and there

fore motion, it should is reasonable that any capability to maneuver and change 

direction or speed, or maintain those during a sudden change in flow velocity, would 

arise from an adjustment in the motion of the wings. Figure 4.10 shows plots of 

the X- and Z-direction motion of the butterfly wingtips in the body frame vs. time 

for both flights, as well as the flow velocity in the X-direction of the inertial frame 

vs. time, as seen in the body reference frame. 

The wingtip motion in the X- and Z-directions of the body frame are essentially 

showing the sweeping angle (the angle between the a projection of the wing vector 

in the XY plane and the longitudinal axis) and flapping angle (the angle between 

the a projection of the wing vector in the Y-Z plane and the lateral axis) of the 

wings, respectively. Any change in the frequency or amplitude of either of those 

angles will directly relate to a change in the wingtip motion of that angle’s respec

tive direction. Therefore the behavior of the sweeping and flapping angles of the 

wings can be examined by observing the wingtip motion in the X- and Z-directions. 

By viewing the wingtip motion of the butterfly alongside the flow velocity in the 

body frame, the butterfly’s reactions to the changes in flow can be examined. 
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(a) (b) 

(c) (d) 

Figure 4.10: Wingtip movement in body frame in the X-direction (sweeping) for 
(a) flight 15 and (b) flight 24, and the Z-direction (flapping) for (c) flight 15 and 
(d) flight 24. 

In flight 15, shown in Figure 4.10(a), one large stroke in the X-direction can be 

seen from both wings, starting at about t=0.44s, as the butterfly begins to enter 

the cross-flow. Subsequently, a small stroke can be seen starting at t=0.96s, at the 

time the relative flow velocity begins to decrease, as the butterfly begins to acceler

ate and be carried away by the wind. Finally, at t=1.28s, we see a very large stroke 

of the right wing only, as the butterfly deccelerates and begins to counter the flow. 

Examining the Z-direction movement for flight 15, Figure 4.10(b), we see that the 

butterfly enters the flow with even, smooth strokes. At t=0.8, shortly before the 
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butterfly begins to be carried away, it greatly increases the stroke amplitude of the 

right wing, moving much further down that it had as it entered the flow. These 

large strokes of the right wing continue as the butterfly begins to counter the flow 

until t=1.4s, at which time the right wing amplitude decreases and the left wing 

takes a large downstroke just before the flight ends. 

In flight 24, Figure 4.10(c), slightly more motion is shown in the X-direction 

as the butterfly moves through the flow. The sweeping strokes are more regular 

than those in flight 15, where there were 2-3 large strokes without much move

ment in between. The amplitude begins to increase at around t=0.64s, where two 

larger strokes are taken between then and t=1.1s. A significant stroke is then 

taken between t=1.1s and t=1.32s, after which 2 quick strokes are taken of sim

ilar amplitude to the other two strokes taken between t=0.64s and t=1.1s. In 

the Z-direction, Figure 4.10(d), one large stroke is seen from roughly t=0.28s to 

t=0.44s as the relative flow velocity increases from about V = 1.25m/s up past 

the nominal flow velocity V = 2m/s. The amplitude of the flapping strokes ramp 

up over 4 strokes, with the largest stroke happening between t=0.9s and t=1.18s, 

before slightly ramping down before the flight ends. 

It seems reasonable that for flight 15, the sweeping motion in the X-direction is 

used for stabilization, while the flapping motion in the Z-direction is used to gener

ate non-symmetric thrust to counter the cross-flow. One large sweeping stroke as 

the butterfly enters the flow, perhaps due to sensory adjustments before attempting 
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to counter the flow. The butterfly then significantly increases the flapping ampli

tude of the right wing, which may be performed to generate thrust in the opposite 

direction of the flow. Once the butterfly begins to counter the flow, another large 

sweeping stroke from the right wing is seen, possibly allowing the butterfly to turn 

left to reorient itself to its initial heading. In flight 24, the butterfly increases the 

amplitude of both its sweeping and flapping strokes as it moves into the flow. The 

motion of both wings is relatively symmetrical as it is not attempting to change 

direction or move across the flow, but instead attempts to move against the flow. 

4.3.2 Abdomen motion 

Figure 4.11 shows the abdomen pitch angle in the body frame for both flights. The 

abdomen pitch angle is defined as the angle between a projection of the abdomen 

vector in the XZ plane and a vector in the -X-direction in the body frame, with a 

positive angle being a positive rotation about the Y-axis according a right-handed 

system. 

Flight 15, illustrated in Figure 4.11(a), shows three strokes of large amplitude 

from roughly t=0.16s to t=0.86s, shortly after the butterfly enters the maximum 

flow of the wind tunnel. The mean steady pitch angle during this segment is 

roughly 10◦ with a peak-to-peak amplitude of 100◦ . After t=0.86s, the amplitude 

of the strokes begins to decrease until t=1.2s, during which the butterfly begins to 

be carried away by the flow. These strokes have a mean angle of 20◦ . Following 

this, two more strokes of medium amplitude are seen from t=1.2s to t=1.48s, with 
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(a) 

(b) 

Figure 4.11: Abdomen pitch angle in the body frame and flow velocity in the body 
frame for (a) flight 15 and (b) flight 24. 

a mean of 40◦ and an amplitude of 80◦, as the butterfly begins to counter the flow. 

Flight 24, Figure 4.11(b), begins with much smaller strokes, and from t=0.16s to 

t=0.68s, two medium strokes of amplitude 30-50◦ occur. From t=0.68s to t=0.86s, 

one downstroke of amplitude 140◦, followed by a smaller stroke of amplitude 70◦ 

from t=0.86s to t=1s are observed. At t=1.14s, another downstroke occurs of 
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amplitude 140◦, lasting until t=1.44s. 

As the abdomen composes approximately 40% of the total mass of the butter

fly, its movement is capable of generating significant inertial forces and moments. 

It could be speculated, then, that the abdomen can be used by the butterfly to 

assist in stabilization while in flight, especially with respect to the pitch of the 

butterfly’s body. Another relevant motion feature of the abdomen could be dy

namic conservation of the mass of the flapping wings. In flight 15, there is a 

relatively large amount of abdomen movement throughout the entire flight. The 

wing and abdomen stroke amplitudes are greater throughout the first half of the 

flight and begins to decrease at t=0.86s as the butterfly begins to be carried away 

by the flow, before increasing again as the butterfly begins to counter the flow. 

The constant movement could suggest the butterfly is continually stabilizing itself 

using the abdomen, or balancing the inertial forces generated by the wings. The 

decrease in amplitude as it begins to be carried away by the flow could be due 

to a focus on trying to glide downward and conserve energy while increasing the 

speed. Flight 24 shows periods of relatively little to no abdomen activity, with 

periodic large downstrokes. As the butterfly is flying into the wind tunnel flow 

and therefore potentially expending more energy to keep the original flight path, 

it may decrease abdomen movement to conserve energy, and use larger strokes to 

periodically correct itself or adjust its body orientation. 
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Chapter 5: Conclusions & Future Work 

This thesis explored the flight mechanics and wing-abdomen kinematics of the 

Tree Nymph butterfly Idea leuconoe through the analysis of experimental flight 

data and the development of a numerical model including hovering flight solutions. 

Of significant interest was the motion of the butterfly’s abdomen, and its role in 

providing dynamic flight stability. 

A numerical model was developed utilizing a forward differential equation ap

proach and accounting for forces due to aerodynamics, inertia, and gravity. Three-

dimensional motion of the wings and abdomen were prescribed using independent 

parameters. Starting at the initial conditions, the model used information about 

the current state of the system to calculate the forces and moments on the but

terfly. A set of ordinary differential equations were solved with an ODE solver to 

determine the position and pitch time history of the butterfly through the simu

lated flight, as well as saving all relevant forces and moments. A genetic algorithm 

was used to optimize the input data for hovering flight, resulting in flapping pa

rameters for a stable hover. The hovering flight with active abdomen actuation was 

compared with an optimization with a fixed abdomen, as well as a set of random 

parameters. Significant stability augmentation was observed in the optimization 

with active abdomen actuation. Examination of the forces and moments on the 

butterfly revealed significant inertial forces arising from the swinging motion of 
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the abdomen, countering inertial and aerodynamic wing moments and dynamically 

stabilizing the butterfly. Other cases solving the numerical model were briefly ex

amined, including attempts to find hovering solutions for a butterfly in lower fluid 

density and a larger abdomen. Results from these cases were examined and they 

are in general agreement with expected outcomes. 

Numerical results from the hovering optimization were compared with live ex

perimental flight data of a Tree Nymph flight close to hovering. Both flights had 

similar body position and pitch time histories. Wing and abdomen motions were 

similar. Discrepancies between the model and experimental wing and abdomen 

motions were observed and commented on, including higher dynamic live flights 

and error arising from estimations made by the model. Specifically, the wings 

in the model are rigid, giving a potentially significant limitation to the flapping 

efficiency. As the hovering flight problem is ill-posed, there are also many poten

tial solutions, and therefore the solution found in this study may not match those 

observed in the live flights. 

Finally, experimental flight data of butterflies in simulated cross-wind condi

tions in a wind tunnel were presented and analyzed. Two flights of butterflies 

entering wind tunnel flow from still air at different angles were shown, and wing 

and abdomen motion were examined alongside the flow velocity in the body frame. 

Non-symmetrical wing-angle amplitudes of the leeward(downwind) wing were ob

served in flapping and sweeping as the butterfly encountered the cross-flow. It was 

suggested that non-symmetric wing sweeping motions were utilized for flight stabi

lization, while increased flapping stroke amplitude was used to generate additional 
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thrust to counter the lateral flow. Significant abdomen motion was observed during 

parts of the flights, often coinciding with large flapping strokes of the wings. As 

the abdomen constitutes 40% of the butterfly’s mass, the motion of the abdomen 

is capable of generating large inertial forces. It is postulated the butterfly uses 

constant periodical abdomen motion to dynamically balance the flapping wings, 

as supported by the numerical model results. Part of the flight sees little abdomen 

motion with periodic large downstrokes, coinciding with the butterfly starting to 

be carried away by the cross-flow. Little wing and abdomen motion is seen dur

ing these periods, suggesting abdomen motion is used primarily to dynamically 

balance the wing flapping. 

Further development of the numerical model and post-processing of live flight 

data open the possibility for future work for several flapping flight problems. The 

numerical model coupled with the genetic algorithm could find kinetic parameter 

solutions for any number of flight regimes, such as climbing, forward flight, or a 

transition between the two. Calculating energy and power requirements of the 

wings and abdomen could allow for optimizations to minimize energy consump

tion during flight. The model could be expanded to six degrees of freedom and 

the wings uncoupled, allowing for exploration into yawing and rolling maneuvers. 

The abdomen could be modeled as elastic, with either active actuation or passive 

dynamics. The database of experimental flights contains many flights that could 

be analyzed, either on their own or for validation of model results for other flight 

regimes. Extending the model to six degrees of freedom, simulated wind gusts 

could be modeled for comparison with wind tunnel live flight data. A closed-loop 
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feedback controller could be implemented and potentially optimized, allowing the 

butterfly to react to simulated wind gusts and other disturbances and maintain 

stability. 
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