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Abstract

Birds Ćy with apparent ease, remaining in control during manoeuvres despite large

variations in wind conditions. They do this reliably, repeatably and efficiently. This

thesis looks at the Ćight control of two species of bird, the lesser black-backed gull

(Larus fuscus) and the red kite (Milvus milvus). Rotational stereo videography, a 3D

multi-point tracking technique, is employed in the Ąeld to study the Ćight control of

wild members of these species in free Ćight. The motion of the birdŠs wings and tail

was related to the measured Ćight path to estimate Ćight control parameters, giving

an indication of the control strategies being implemented by the birds. By examining

the equivalent control laws for Ąxed wing aircraft this work highlights the features of

the birdsŠ Ćight control strategy which might enhance the performance of a gliding

bird when compared to a traditional Ąxed wing aircraft with discreet trailing edge

control surfaces.

Looking Ąrstly at longitudinal control of Ćight path angle in gliding Ćight, it was

found that the gulls used fore and aft movement, adjusting the effective sweep of their

wings to control their longitudinal Ćight path angle when in steady glide. This result

is interesting as it highlights the decoupling of pitch angle from longitudinal Ćight

path control as is typically found in rigid body Ąxed wing vehicles. Secondly when

making gliding turns the gulls kept their tails furled and used bank angle to adjust

their turning radius much in the same way that rigid body Ąxed wing aircraft do. It

was found that the equations of motion for rigid body Ąxed wing turning mechanics

can be applied to model the gulls turning performance as in this case the tail played

little roll in controlling turning Ćight. Conversely a very different result was seen in the

turning performance of the red kites. These birds make active use of a widely spread

and comparatively large set of tail feather to enhance their control in turning Ćight.

In a straight glide the tail was seen to twist up to ± 30o to help the bird to maintain

its desired ground track and in steeper turns the tail was pro-versely deĆected into the

direction of the turn to enhance the effective amount of pro-turn force and to increase

turn rate and reduce turn radius for a given bank angle. Turns at a lower bank angle

made more use of this tail twist than turns at higher bank angles where a small change

in wing angle has a larger effect.



The study of the birds inspired three novel control strategies: wing sweep for pitch con-

trol, wing twist for direct lift control, and wing rise/Ćap for variable lateral-directional

stability. These three control schemes are implemented on a representative small un-

manned aerial vehicle focusing on control about the principal axes using an articulat-

ing main wing, with freedom to rotate about the wing root. Wind tunnel testing and

computational modelling using a vortex lattice method were used to study the Ćight

dynamics and control potential of these strategies.

Wing sweep for longitudinal Ćight path control was found to be highly effective, partic-

ularly at higher angles of attack. This effective weight shift changes the moment arm

between the centre of pressure and the centre of mass and can generate large pitching

moments without making large changes to the angle of attack, as such dynamic ma-

noeuvres such as end over end tumbles are achievable. Wing twist for roll control was

found to be no more effective than properly sized ailerons, with the upgoing wing be-

ing pushed close to its critical angle and in extreme cases stalling and inducing control

reversal. Symmetric wing twist for direct lift control has some transient beneĄts but

effectively changes the longitudinal trim position of the fuselage as the wing adopts a

new setting angle, its effect was of limited beneĄt. Finally, being able to dynamically

vary the wings dihedral / anhedral angle in Ćight can profoundly affect the lateral

direction stability of the vehicle. High dihedral angles stabilise the spiral mode and

excite the Dutch roll mode and might be beneĄcial in environments where the vehicle

would be subject to strong and variable lateral gusts.

To conclude, birds Ćy quite differently from three-axis, rigid body Ąxed wing vehi-

cles and some elements of directly controlling the main wing may be beneĄcial for

small unmanned aerial vehicles that demand high levels of agility performance in un-

steady Ćow Ąelds. Having articulated wings and tails extends the Ćight envelope of

ŚĄxed wingŠ vehicles, traditional design rules become less applicable and new perfor-

mance metrics and control concepts are required to fully exploit the beneĄts over a

Ąxed wing design.
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Chapter 1

Introduction

1.1 Small Unmanned Aerial Systems and NatureŠs

Flyers

Small Unmanned Aerial Systems (sUAS) make up one of the fastest growing markets

in Aviation [1]. The low cost, low risk development cycles of small expendable aircraft

are driving innovation in the design of future airborne platforms. These vehicles are

moving away from rigid body aerodynamic structures as derived from scaled down

traditional aircraft. A lightweight vehicle can exploit different aerodynamic proper-

ties which apply at low Reynolds numbers [2]. Birds are well suited to Ćight at low

Reynolds numbers in turbulent environments [3]. Many species navigate the landscape

with ease, remaining in control as they move between perches in cities or manoeuvre

through dense forests hunting prey, they cope with variations in wind [4], respond to

gusts [5] and some species exploit the energy available in the Ćuid to soar making use

of thermal buoyancy, orographic uplift and dynamic shear layers to extract energy and

minimise energetic expense [6]. They do this reliably, repeatedly and with apparent

ease.

The early pioneers of human Ćight looked to natures aerialists for inspiration, now

with advances in material science, aerodynamics and controller design it is time to do

so again. Early Ćight concepts from the likes of da Vinci, Caley, Lilienthal, Langley

and the Wright brothers took inspiration from birds to design their aircraft; the gen-

eral arrangement and in particular the Ąrst aerofoils [7]. However, it became apparent

that these bird derived wings were not well suited to the higher Reynolds number

Ćight regime the early pioneers were exploring and as human aviation advanced the

focus turned to Ćying higher and faster. The physics that governs these Ćight regimes

has since been well investigated and there are a variety of engineering references and

models available if you wish to design an aircraft to operate at higher order Reynolds

numbers. Not so for Ćight at smaller scales.
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Whilst aeronautical engineers changed focus, bird Ćight continued to be of interest to

biologists and the aerodynamics and Ćight mechanics of a variety of species is part

of established literature [8]. Bird Ćight is varied as different species are subject to a

variety of external pressures. The evolutionary process results in an animal that is

well suited to the full variety of tasks it must accomplish to survive and reproduce and

as such its body isnŠt necessarily optimised for the simple task of Ćying as efficiently

as possible [9]. As with all forms of natural motion it is possible to identify a variety

of Ćight strategies distinguished by the motion of the wings. These strategies broadly

fall into one of three categories (Figure 1.1) [10]:

Fig. 1.1 The different Ćying gaits exhibited by different birds. A: Flapping, B: Gliding,
C: Bounding
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Flapping - A cyclic wing motion comprising of a downstroke and upstroke, the gait

of the wingbeat varies to provide the required thrust and lift to achieve the desired

Ćight path.

Gliding - A quasi-static wing position generates a resultant aerodynamic force that

overcomes the birds weight and drag, birds that adopt this strategy achieve the lowest

levels of energetic cost.

Bounding (Flap-Glide) - A combination of the aforementioned strategies which

provides the bird with more control of itŠs Ćight path at a lower energetic cost than a

continuous Ćapping cycle.

Of the three Ćight strategies, birds optimised for gliding and soaring Ćight are the most

relevant to the design of a UAS with an independent propulsion subsystem. The wing

of a bird in a steady glide can be modelled as a quasi-rigid body (albeit one which has

deformed under aeroelastic load) with a Ąxed geometry and control inputs through a

manoeuvre can be modelled as a series of discreet updates to this geometry in time[11].

Quantifying the Ćight performance of a bird requires simultaneous measurements to

be made relating the control inputs the animal is making to changes in itŠs Ćight path.

Various techniques have been developed in the pursuit of a better understanding of

birds in free Ćight. Early efforts were largely observational and qualitative, relating

the macro-motions of Ćights to environmental factors. The Ąrst recordings were made

by plotting the path of a bird along mirrors [12]. More recently radar, radio track-

ing and optical methods have been used to attempt to quantify and record the Ćight

path of birds at scales covering large scale migrations to individual soaring or perch-

ing manoeuvres [13]. These techniques employ Altitude - Azimuthal measurements

in relation to the observer and provide detailed Ćight paths in a relative coordinate

system. Global positioning system (GPS) receivers offer the highest temporal and

spatial resolution measurements of the Ćight path of a bird in free Ćight outside of

a laboratory environment [14]. Combining GPS with miniaturised inertial reference

systems (IRS) represent the current state of the art when making measurements of

Ćightpaths and body forces in free Ćight outdoors.
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Measuring changes to the geometry of the lifting surfaces that reĆect control inputs

requires more control than has typically been achievable in a Ąeld environment. Cou-

pling a controlled environment such as a wind tunnel or Ćight corridors with high

resolution imaging techniques: motion capture and videogrammetry, it is possible to

make more detailed measurements of changes in geometry [15][16].

Traditional Ćight mechanics for 3-axis rigid body aircraft relate external forces and

inertial properties to the kinematics and consider aspects pertaining to a nominal

steady state Ćight condition. Such states are representative of a particular phase of

Ćight, for example: straight and level, constant speed coordinated turns and constant

speed climb or descent

Unmanned aerial systems designed for small sensor payloads and operating with Ćight

parameters similar to those of medium sized soaring birds are becoming common

place, performing missions where human operation is undesirable due to the dull,

dirty or dangerous nature of the task [17]. These aircraft are expected to operate in

all weather, in dynamic obstacle rich environments and with uncertainty of position.

Birds perform live their lives and operate day and night in this environment with ease.

This work investigates what features enhance the performance of a bird when compared

to a traditional Ąxed wing aircraft subject to three axis control.
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1.2 Project aims and objectives

The aim of this project is to evaluate how a gliding bird controls itŠs Ćight path and to

explore novel control arrangements based on actuation of the primary lifting surfaces

when applied to Unmanned Aerial Systems. Gliding Ćight was chosen because of the

reduced order parameters and for the ability to reliably identify repeat manoeuvres

in wild birds. It is a requirement to achieve stable straight and level Ćight with any

aerial vehicle, additional manoeuvring functions are supplementary to this require-

ment. This project speciĄcally addresses the following research questions:

1. How can the Ćight performance of a bird in free Ćight be quantiĄed whilst perform-

ing a wide variety of normal Ćight manoeuvres without inhibiting natural behaviour?

2. What parameters deĄne the control scheme of the bird, how are the primary lifting

surfaces actuated to achieve the desired Ćight path and are there any quantiĄable

control laws observable?

3. What affect does a primary lifting surface with a higher degrees of actuation free-

dom have on the Ćight performance on a small unmanned air vehicle?

4. How does the actuation of secondary lifting surfaces affect the control of the Ćight

path?

To answer these questions this work develops on existing measurement techniques by

using multi-point tracking technologies to make measurements of a birdŠs Ćight path

and the position of key markers on the body through a series of Ćight manoeuvres.

The information from these Ćight tracks identiĄes features of the birds morphology

that are effecting the control of the Ćight path. This information provides the basis

of the development of a series of experimental sUAV platforms that incorporate an

articulate wing, hinged at the root, inspired by the forearm layout of a medium sized

soaring bird. Further development of the Ćight model is extended to more novel con-

trol system layouts in simulation.
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To answer these research questions the following objectives were undertaken:

1. Develop a multipoint tracking system to make measurements of a free Ćying bird,

recording the Ćight path and position of the primary lifting surfaces remotely on wild

animals with no hardware attached to the subject (Chapter 3)

2. Analyse the birds techniques to control its Ćight path in a variety of Ćight manoeu-

vres focusing on longitudinal and lateral Ćight performance and control (Chapter 4 /

Chapter 6)

3. Investigate the effect of articulating a primary lifting surface at the wing root,

inspired by the function of the birds shoulder joint, increasing the freedoms and mag-

nitude of control forces available to the sUAV platform (Chapter 5 / Chapter 6)

4. Consider how a bird inspired articulating wing might contribute to future UAV

design (Chapter 7)
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1.3 Contributions

This thesis has three main contributions. First and foremost this thesis presents an

improvement to a 3D position measurement technique that is able to simultaneously

measure Ćight path and Ąt a reduced order geometric model of the birdŠs morphology

to make estimates of control surface position at discrete points in time. The Rota-

tional Stereo Videography method (RSV) is an extension of existing technologies [18]

and uses stereo imaging and angular encoding to combine multipoint tracking with

spatial and temporal Ąltering to allow for quantitative measurements of Ćight path

and control derivatives to be made from high deĄnition video recordings of free Ćying

wild animals. The equipment is low cost and can be easily replicated using consumer

accessible cameras and optics, it is Ąeld portable, can be rapidly deployed to new loca-

tions and requires only minimal calibration using in-situ or external reference points.

This method serves to provide the data capture required for the second contribution.

The second contribution is an assessment of the Ćight control strategies observable in

two species of native British birds and describes the longitudinal and lateral-directional

control characteristics. An assessment of the longitudinal Ćight path control of the

gulls (Larus fuscus) in gliding Ćight is presented and it was found that the birds use

their main wing for longitudinal control, this is in opposition to the traditional con-

trol schemes employed in three-axis Ćight control which requires an empennage with

discrete surfaces to achieve similar results. One of the main observations was the

decoupling of the body from the wing which breaks a key assumption in the rigid

body equations of motion for aircraft and in this case it was necessary to consider

appropriate variable substitution to apply existing equations of motion to the birds

Ćight paths. In addition the lateral-directional control and turning performance of the

Red Kite (Milvus milvus) is observed to again be quite different to both the gulls and

three-axis control. Kites in gliding Ćight make substantial use of their tail surface as

a means of control. When turning they use their tail surface to augment the effect of

banking the main wing to increase turning authority at low speeds and low angles of

bank. In this manner the kites use their tail to modulated side-force in a turn at a

constant bank angle.
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Finally this thesis presents a series of articulated wing designs to validate the use of

bird-inspired control schemes on small unmanned air vehicles. Three different main

wing articulation schemes are considered: wing sweep for pitch control, wing twist

for direct lift and roll control and variable wing dihedral for dynamic adjustment of

lateral stability. Each wing articulation design has been validated through wind tun-

nel testing and itŠs control effects examined using numerical analysis via a 3D vortex

panel method. Wing sweep was found to be a powerful control input for controlling

vehicle pitch attitude, particularly at high angles of attack when traditional control

surfaces begin to lose effectiveness. Wing twist is useful for adjusting the trim angle

by varying the setting angle between the wing and the fuselage, in addition its use

as a form of direct lift control showed promise but no real beneĄts were seen in roll

control. Variable dihedral can dramatically change the lateral stability characteristics

of the wing and may be useful to reconĄgure for suppressing lateral directional modes

in some situations.

Overall this thesis contributes a demonstration of the application of bird-inspired

control schemes to smaller vehicles which require substantial control power at lower

Ćight speeds. It does this by presenting a novel multi-point tracking system which

was developed using low cost consumer grade equipment and can be rapidly deployed

in the Ąeld. This system allows for the analysis of the motion of the primary and

secondary lifting surfaces on the bird and how these impact the Ćight path. By

applying articulating wing and tails in future control schemes the Ćight envelope of

small winged UAVs may be extended.
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1.4 Document structure

Chapter 1: Introduction - An introduction to small unmanned air vehicles and

bird Ćight. This chapter lays out the aims and objectives of this research and the

contributions of this thesis.

Chapter 2: Background and literature - A brief discussion of the operating re-

quirements for small unmanned aerial vehicles and the fundamental forces acting on

both aircraft and birds. This is followed by a discussion of bird Ćight speciĄcally fo-

cusing on how they differ from engineered Ćying machines. The next section presents

a short history of research into quantifying bird Ćight parameters and the development

of observational measurement techniques to establish the background of the 3D track-

ing technique employed in this thesis. The Ąnal section looks at bio-inspired Ćight and

how bird control techniques might be adapted to service the established rigid body

Ćight parameters and to summarise the position of this research within the established

literature.

Chapter 3: Remote measurement of Ćight path and pose - This chapter de-

scribes in detail the Rotational Stereo Videography tracking technique and presents

the results of the lesser black backed gull study. The technical setup of the camera,

optics and encoding system are described in detail including the basis of the stereo

depth measurement methodology. The estimation of control parameters from video

data requires considerable processing and the full methods for extracting Ćight path,

kinematic properties and estimating the birds pose to extract control surface position

are described in this chapter. Due consideration is given to the expected sources of

measurement error and the ways to reduce it as much as possible. This chapter ex-

plains how RSV can be applied to Ćying birds and the typical results which it can

output as well as the limitations imposed by the underlying assumptions.

Chapter 4: Longitudinal and lateral control of gliding Ćight - The RSV sys-

tem is used to collect Ćight data of Lesser Black Backed gulls from Ćights around the

Bristol Harbourside located in central Bristol, UK. The results comprise of an assess-

ment of both longitudinal and lateral Ćight control strategies. In straight and level

gliding Ćight the results indicate a correlation between wing sweep position and the

birds Ćight path angle, indicating a possible longitudinal control law.
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Chapter 5: Bird inspired control schemes using the main wing for Ćight

control - This chapter is a study into the effect of using an articulated main wing

for primary Ćight control. The chapter starts with a recap of traditional three axis

control and establishes the wing root articulation as a basis for an alternative method

of Ćight control. Three separate wing articulation mechanisms which each restrict the

articulation to a single degree of freedom comprising of sweep, twist and dihedral are

presented. The effect of these control schemes were validated with wind tunnel tests

and further analysed using a vortex panel method. Each articulation has an associated

control scheme and the effectiveness of each control scheme is discussed in relation to

traditional discrete surface control.

Chapter 6: Lateral control using a variable twist tail - Red kites use their tails

to control their turns. This chapter speciĄcally looks at a the effect that a twisting

tail has on the turning Ćight of the red kites. The introduction establishes the role of

the birds tail as an aerodynamic surface along side other considerations, the birds tail

is contrasted against the empennage structure found on engineered aircraft. The ob-

servational results show that the tail plays a very active role in controlling the turning

Ćight of the red kites and a variety of control schemes are considered. Measurements

from Rotational Stereo Videography reveal the range of motion of the tail and the way

it is actuated in gliding turns to effect control. Analytical modelling of the tails estab-

lishes the expected forces and moments such a surface would be capable of generating

and compares this to traditional empennage control surfaces. This chapter discusses

the requirement for lateral and vertical control and stabilising surfaces and how an

articulating tail may be applied to the design of a small unmanned air vehicle.

Chapter 7: Summary and Conclusions - The Ąnal chapter in this thesis discusses

the highlights of this body of work, summarising the key contributions and contains a

Ąnal discussion of how implementing articulated main wings and tails along with bird

inspired control schemes might inĆuence the design of small UAVs in the future.
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Chapter 2

Background and Literature

2.1 Requirements for small unmanned air systems

Small unmanned aerial vehicles are expected to function in wide range of environmen-

tal conditions. The low mass and inertia of these small vehicles place large demands on

the control system to operate in turbulent environments. Turbulence and itŠs effects

inĆuence the guidance particularly at low altitudes and in proximity to obstacles and

terrain [19]. Turbulence within a Ćuid is identiĄed by random variations in pressure,

temperature and velocity [20] and it manifests in various structures at a range of spa-

tial dimensions and temporal frequencies. These turbulent Ćows are highly irregular

both in structure and time, typical structures are rotational and diffusive and can

cascade through scale domains over time.

To some extent the characteristics and onset of turbulent Ćow are predicted by the

Reynolds number (Re), the ratio of inertial to viscous forces in the Ćuid (Equation

2.1). These forces are modelled as the product of Ćuid density (ρ), the mean Ćuid

velocity (U), a reference length (c̄) and the dynamic viscosity of the Ćuid (µ).

Re =
ρc̄U

µ
(2.1)

Some UAS systems operate at Reynolds number consistent with turbulent Ćow and

at a scale susceptible to many of the turbulent structures found in lower atmosphere.
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The scale of vehicle attitude control power needed to stabilise Ćight in a dynamic

atmosphere should not be underestimated. Gusts regularly exceed the maximum safe

airspeed of some vehicles, gusts of more than 10 m/s can be experienced due to convec-

tive activity [21] generated by local depressions, thermal heating and storm activity.

A relatively large convective cumulus cloud with a volume of 1 km3 and a density of 1

g/m3 contains approximately 500 tonnes of water [22], the force this mass of moving

air can impart on a small Ćying vehicle is signiĄcant.

Gusts are difficult to detect, can be temporally and spatially variant and act upon the

airframe with forces that can potentially overcome even the most powerful of conven-

tional control surfaces [23]. A gust can disrupt a vehicleŠs Ćightpath and ability to

maintain station, thus affecting the outcome of its mission. In the take-off and landing

phases and any other situation that requires Ćight in close proximity to the ground,

structures, vehicles or people, there is a real risk of collision and damage.

Large manned aircraft have the advantages of scale. Primary lifting surfaces are sized

such that most of the high frequency, low amplitude atmospheric turbulence is aver-

aged out across the lifting surface - affecting the aircraftŠs Ćight path but preserving

the body orientation [24]. More massive aircraft have higher mass moments of inertia.

This property increases the rise time in the response to external perturbation giving

control systems time to measure the change and apply a corrective input. Despite

this, there are strict limits placed on the operational environment of these aircraft to

prevent an upset condition and a loss of control. Anywhere these aircraft operate in

close proximity to the ground or other obstacles there are systems in place to provide

information about the properties of the atmosphere at the location to assess whether

the aircraft will be within the operational envelope. In most cases because of the

scale of the aircraft, generalised meteorological information comprising of pressure,

temperature and wind velocity are sufficient to properly estimate the expected levels

of turbulence [25]. Systems to detect and measure these parameters are both predic-

tive and reactive and are present locally on the aircraft and at remote stations but

it is clear from continuing incidents that cite turbulence as a contributing factor that

better forecasting and response is needed to enhance the safety of aircraft [26].
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Smaller UAS do not beneĄt from these advantages of scale. Their lifting surfaces are

at scales comparable to the typical turbulent structures found in cluttered environ-

ments. The lower mass airframes have smaller mass moment of inertia resulting in

faster rise times in response to external perturbations. Many of the systems needed

to detect and measure the expected turbulence are either not accessible remotely due

to the uncertain nature of the theatre of operation or the technologyŠs mass budget is

inconsistent with the payload fraction of the airframe as the technology is not easily

scaled down. An attitude control system for a small unmanned air vehicle must be

capable of stabilising Ćight in signiĄcant turbulence. Requirements of such a system

include: Minimising path divergence for Ćight in conĄned space and maintaining con-

trolled Ćight in ground effect and obstacle wakes [27]. To achieve these functional

requirements the system must maintain sensor pointing accuracy in the presence of

uncertain turbulence and must minimise itŠs load on the system in terms of mass and

power budget [28]. Conventional sensors provide some of this functionality but fur-

ther sensor research indicates a requirement for novel sensors to provide the predictive

control required to achieve high levels of agility in strong turbulence [29].

A combination of passive dynamic stability, derived from design features that promote

an inherent tolerance to gust level, active attitude control systems and advanced sensor

suites, will provide the basis of a vehicle that is truly robust to uncertain atmospheric

turbulence and resilient to gusts.
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2.2 Flight Mechanics of rigid body aircraft

A classical assumption made when analysing the motion of a Ąxed wing aircraft is that

the aircraft is comprised of rigid bodies whose geometric relationship to each other

remain Ąxed and do not deform under loading and that the body as a whole is free to

move in space. The motion of the body and the forces applied to it are condensed to

a single point to simplify the mathematics. The centre of gravity is typically chosen

as in steady Ćight all forces acting through this point should sum to zero.

2.2.1 Fundamental forces

A powered aircraft reacts itŠs weight with an aerodynamic lift force and that which

obtains itŠs lift through the action of an primary lifting surface and not from buoyancy

(as is the case with dirigibles) nor from a substantially vertical element of thrust (as is

the case with rockets) is considered to be acted on by four fundamental forces acting

through the centre of gravity. These forces being Lift (L), Weight (mg), Thrust (T )

and Drag (D):

Fig. 2.1 The four fundamental forces acting on a Ćying body subject to aerodynamic
lift

Steady level Ćight is deĄned such that the vertical component of the aerodynamic

force, Lift, is equal and opposite to weight and the component parallel to the free-

stream direction, Drag, is equal and opposite to the thrust.
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2.2.2 Reference frames and degrees of freedom

To establish the motion of the aircraft through space and to resolve the forces acting

on the body it is necessary to establish a number of different frames of reference.

This body moves through space in relation to an Earth centred frame of reference,

with the origin at an arbitrary location. DeĄned by 2D position XY usually by Geo-

centric coordinates: Latitude and Longitude, and by a vertical component either as

an altitude measured above mean sea level or as a height above a reference datum

position on the ground.

Fig. 2.2 Principle axis of the aircraft aligned with the fuselage centreline, wing axis
and normal vector.
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Using Cartesian coordinates the aircraft can be considered to have a Body frame of

reference, with the origin at the body Centre of Gravity deĄned by three axis:

Longitudinal Axis: Positive X is forward along the fuselage plane of symmetry.

Lateral Axis: Positive Y is perpendicular to the X axis and by convention on the

starboard side.

Normal Axis: Positive Z lies on the plane of symmetry below the aircraft perpen-

dicular to the XY plane.

The relative position of this body centred frame is typically measured with reference

to the Horizon. A Ćat plane orientated perpendicular to Earths gravity vector at any

point over the earths surface, with an arbitrary axis origin and orientated by conven-

tion to True North. The transform between the Earth frame and the Body Frame is

described using three Euler angles:

Roll (ϕ): A rotation about the longitudinal axis with reference to the horizon.

Pitch (θ): A rotation about the lateral axis with reference to the horizon.

Yaw (ψ): A rotation about the normal axis. When referenced to true north it is

known as a heading.

In addition there is a Ąnal frame of reference deĄned by the relative wind acting on

the aircraft. Through this we deĄne the aerodynamic forces acting on the body.

The transform between the Earth frame and Wind frame is described using three Eu-

ler angles:

Angle of Bank (ϕ): With reference to the horizon.

Flight path angle (γ): With reference to the horizon.

Track angle (TRK): With reference to True North.
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The transform between the Body frame and Wind frame is described using 2 Euler

angles and these properties are proportional to the aerodynamic forces acting on the

body:

Angle of Attack (α): The angle between the average chordline and the relative wind

in the XZ plane.

Angle of Side-slip (β): The angle between the body centre line and the relative

wind in the XY plane.

The three coordinate systems: body referenced, earth referenced and wind referenced

and the transforms between them are conventional standards [30]. Where this thesis

deviates from standard appropriate deĄnitions are provided.
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2.2.3 Stability and Control

A traditional Ąxed wing aircraft comprises of a fuselage connected to a primary lift-

ing wing located close to the centre of gravity and an empennage with a vertical and

horizontal stabiliser [31]. This arrangement is a result of a long standing requirement

for longitudinal and lateral static stability required in manned aircraft. Arranging

the centre of gravity to be close to the aerodynamic centre of the primary lifting sur-

face minimises the moments induced by the majority of the lifting force reacting the

aircraftŠs weight. Placing the secondary lifting surfaces aft of the centre of gravity

the surfaces produced stabilising moments when perturbed. The long moment arms

enhance control effectiveness for a given surface area. Aircraft designed to be Ćown

without computer control augmentation are typically statically stable and either dy-

namically stable or have low frequency dynamic modes that are easily controllable by

a pilot. The control scheme used in powered Ćight is essentially unchanged since its

inception. 3-axis control was pioneered in a patent by the Wright brothers [32] as

a means to "to provide efficient means of guiding the machine in both vertical and

horizontal directions".

Fixed wing aircraft maintain a substantial velocity along the longitudinal axis through-

out the Ćight envelope. This longitudinal airĆow acts on the primary surfaces to

produce the lift that reacts the vehicles weight. Additional secondary lifting surfaces

are used to introduce control forces and moments. These secondary surfaces may be

discreet surfaces or Ćapped segments of a primary surface. By varying the position of

these surfaces the local aerodynamic properties can be altered, imparting roll, pitch

and yawing moments to the airframe which are used to control the vehicleŠs trajectory

through space. Three primary Ćight controls are used: Ailerons provide roll moments

through asymmetric deĆection of Ćaps on the primary wings trailing edge. Elevators

provide pitching moments via deĆection of a Ćap on the horizontal stabiliser. Yawing

moments are achieved through application of the rudder.

Translational forces can be achieved through varying engine thrust and high drag

devices but these are substantially limited to acting along the longitudinal axis. As

such traditional Ąxed wing aircraft as described do not achieve true translational

control independent from the lifting force required to maintain aerodynamic control.
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2.2.4 Limitations of 3-Axis control

Three axis control works well when directing the aircraft to follow a speciĄed Ćight

path in still air. However, many of the perturbations encountered by an aircraft act

in direction that is out of the plane described by the vehicles Ćight path. When using

3-axis control the aircraft has the ability to control its rotations around its velocity

vector but it cannot directly respond to an out of plane translational perturbation.

Instead, pitch and yaw inputs combined with changes in thrust or drag are used to

manage the change in angle of attack or side-slip to correct for out of plane transla-

tional perturbations. Whilst some aircraft use additional secondary Ćight controls or

reaction based control systems to add translational degrees of freedom and to decouple

the effect of aerodynamic controls surfaces with respect to forward velocity there are

very few vehicles that use the primary lifting surfaces to achieve additional control axis.

However if we turn attention to nature, birds wings are more dynamic, Ćexible and

conĄgurable than any engineered solution. Birds achieve remarkably robust control in

the most dynamic environments at a scale comparable to small unmanned air vehicles

and they donŠt use the traditional 3-axis system to achieve it.
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2.3 Bird Ćight

Why study bird Ćight? Flight it seems is perhaps the most economical way to move

through space. Of the circa thirteen thousand species [33] of warm-blooded vertebrates

over ten thousand of them have taken to the skies. Birds are not alone when displaying

mastery over movement through the air. Arguably the most successful users of the air

are the nearly 1 million species of insects that inhabit the planet. The extant species

account for 90 percent of all species on earth and most of these are Ćight capable.

Bats (the only mammals to have grown wings) are capable Ćyers, with some studies

claiming the likes of the Brazilian free-tail to have the record for the fastest Ćying

animal in horizontal Ćight [34]. Indeed, there are other animals who use the air for

locomotion, some marsupials, reptiles and even Ąsh are known to take to the air for

brief periods, supported by aerodynamic lift but it is birds who perform the greatest

aerial feats at the scales, mass and speeds comparable to small unmanned air vehicles.

Flight through an atmosphere in motion presents a variety of issues [4]. How to deal

with component Ćows, detect wind directions and gradients? Birds demonstrate re-

markably robust Ćight skills in highly dynamic, uncertain environments where the

forces acting to oppose their motion can vastly exceed their own mass and strength.

They exploit the energy available to them and perform energy harvesting to extend

their Ćights over great distances. Soaring birds exploit thermal updrafts, orographic

lift and shear layers to reduce their own energy expenditure [35]. To perform these

manoeuvres they must control their Ćight path with precision and do so with a variety

of modiĄed, feathered limbs and tails. How often do you see a bird crash on take-off,

be blown into a building or collide whilst in formation?

They can Ćy in all weathers, day or night and with feathers missing.
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2.3.1 How do birds differ from rigid body aircraft

The dynamics of bird in Ćight are very different to the mathematical models applied

to rigid body aircraft. Whist in certain phases of Ćight, e.g. a straight glide some

similar assumptions can be made, holistically the Ćight model is dynamic and varies

between species and with the Ćying gait.

Birds still have to balance their weight and overcome drag but they do not decouple

thrust and lift in the way a rigid body aircraft does [36]. Instead a variable resultant

aerodynamic force from both the main wing Ćapping and tail surface contributes to

propulsion and lifting the bird. The various component parts of the bird can in no way

be described as rigid. The positional relationship between the various geometries is

variable in its conĄguration and elastically Ćexible in its response under loads. Indeed

attempting to Ąt a coordinate system to the body for analysis is not a trivial task. For

most of the Ćight envelope there is no plane of symmetry through which to deĄne an

axis. Wings change shape and are employed asymmetrically to effect control. Birds

rely heavily on visual navigation [37] and so stabilise their head to the horizon, this

combined with Ćexible wing root joints makes deĄning reduced parameters such as

Euler angles very difficult. The wings are comprised of skin and feathers, feathers are

non isotropic in there structural and aerodynamic properties, they are Ćexible and

porous to the Ćow. Where as rigid body aircraft have individual control surfaces to

affect individual control axis the response of a bird is highly coupled. The mass distri-

bution of a bird is very different to that of a typical rigid body unmanned air vehicle

[38] with variable rotational moments of inertia.

These differences make comparisons in performance between birds and unmanned air

vehicles difficult. It is necessary to quantify the performance of the bird in such a way

that can be directly related to the mathematical models described by rigid body Ćight

dynamics.
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2.3.2 Quantifying bird Ćight performance

Ornithology, the science of birds, a vast Ąeld encompassing ecology, physiology, be-

haviours and mechanics amongst others has been the subject of research for gener-

ations. Indeed, some of the oldest Stone Age cave drawings are of birds. When it

comes to the assessment of bird Ćight mechanics, methods of research have evolved

with technological advancement and can be broadly split into several categories:

1. Observational Ű Research conducted making physical observations of subjects,

both captive and wild. Using both the naked eye and enhanced with various optics.

a. Flight path following

b. Morphological studies

c. Qualitative descriptions of migrations / behaviours / manoeuvres

2. Experimental Ű Aerodynamic characterisation of avian wings, photogrammetric

measurements in Ćight

a. Using trained birds in bird-Ćight arenas and wind tunnels

b. Using deceased and taxidermy birds

3. Theoretical Ű Flight dynamics modelling using the latest engineering methods

a. Derivation of kinematic equations of bird Ćight

b. Application of classical aerodynamic theory to birds

c. Computational Ćuid dynamics modelling of bird aerofoils and wing plan-forms
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2.3.3 Measurements of Ćight path

Most of the very early observational work regarding bird Ćight, does not delve into

the mechanics, and it was Leonardo da VinciŠs Codex on the Flight of Birds [39] in

the late 1600s that formed the Ąrst real investigation into this form of locomotion.

Up until 1914, research on the Ćight of birds had been largely observational and qual-

itative in its description. This early work looked at the various wing conĄgurations

used by gulls and vultures in different phases of Ćight [12] In pursuit of a technique

to better understand the soaring Ćight of these birds Hankin developed the earliest

known technique of recording the Ćight path of a free-soaring bird. This technique

involves tracing the movement of the bird along a horizontal mirror.

Various technologies have been employed to track birds since, making recordings of

Ćight paths and ground referenced speeds. By combining this information with wind

and weather information useful information on airspeeds and path planning has been

obtained. Many authors, Williams et al. [40] and Bruderer and Stedinger [41] , made

use of tracking radars capable of identifying individuals birds. Others have used the

relative separation of a chase aircraft [11] and on large scales simply visually tracked

migrating Ćocks over great distance [42]. Recently the implementation of miniaturised

GPS electronics has made such large-scale tracking of individuals possible.

In an effort to develop a low-cost tracking system to be implemented at ranges <

1km Pennycuick in 1982 introduced a device based on a coincident image rangeĄnder

combined with altitude - azimuthal encoders (alt-azi) and eight-bit computing that

could track a bird in a spherical coordinate system relative to the device. Due to its

similarity to an architects Theodolite he named it the Ornithodolite [43]. Delinger

and Willis [44] built upon this stereoscopic method using a variation on the altitude

- azimuth ranging model. Delinger and Willis opting for phototheodolites and using

calibrated standard object lengths. They used this device to measure the position and

relative bank angle of birds in Ćight from the recorded video. Tucker [42] made use of

an Ornithodolite to make measurements of the Ćight paths of African White-Backed

Vultures and noted equivalences in the way both large soaring birds and humans ap-

proach landing. Pennycuick then iterated the design of the Ornithodolite and the

latest versions are based on a pair of laser range Ąnding binoculars the same used by
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the military to target artillery munitions [45]. It is important to note the distinction

here that Ornithodolites do not capture images or video, they record only a single

timestamped position measurement, making them useful for recording Ćight paths

but require supplemental methods to simultaneously measure the morphology of the

bird and record behavioural traits.

Altitude - azimuth ranging is one method to track an object in spherical coordinates,

another is multi-sensor triangulation. Theriault et al. [46] used multiple pairs of Ąxed

calibrated stereo-cameras and videography methods to better understand the mechan-

ics and behaviours of the Ćights of cliff swallows. The ability to record behavioural

information in video whilst tracking the bird through space without mounting any

hardware onto the bird is an important feature of videography based techniques, re-

searchers no longer need to capture or train birds for Ćight research. However, the

multi-camera setup requires multiple operators and time to setup and provides a lim-

ited volume of interest. Issues of camera syncing and stereo-calibration must be over-

come as well as prior site surveys to locate camera spots. It is not an appropriate

technique to be rapidly deployed by a single operator in any environment.

In order to perform behavioural observations in inaccessible environments with portable

equipment and minimal setup times, a device is needed that combines the portability

and single-person operation of PennycuickŠs Ornithodolite with the video recording

Hedricks multi-camera triangulation method.
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Rotational Stereo Videography (RSV) combines the stereo ranging and alt-azimuth

encoding of the ornithodolite for animal tracking with high deĄnition video recordings

of animal behaviour in the wild (2.3).

Fig. 2.3 First prototype Rotational Stereo Videography device by deMargerie. (A) The
RSV device setup. (B) Mirror geometry showing primary and secondary reĆectors and
main camera body. (C) Device in operation. Figure reproduced from [18]

The RSV employs a single camera and a Wheatstone stereo setup to eliminate the

issues of multi-camera time Űsynchronisation and can track an animals position to

within 1cm at 10m. This methodology is discussed in more detail in chapter three.
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2.3.4 Measurements of aerodynamics and control

Experimenting with birds is not a trivial task. Most animals by their nature are non-

compliant with people. Two approaches to enforce a condition on an animal is either

to use trained animals or to use cadavers in an experiment.

It takes years to produce highly trained individuals capable of performing manoeuvres

consistently and repeatedly. Having trained animals in a laboratory environment is

beneĄcial in that it allows for controlled experimentation and can generate reliable

and reproduceable data. However in some cases the behaviours of captive trained an-

imals have been shown to depart from the behaviour of wild animals [47]. Examples

of using videography techniques on birds in controlled Ćight arena include looking at

common manoeuvres such as a sharp turn [48] and perching [49] both of which use

multiple synchronised camera setups to interpret the mechanical perspectives of such

manoeuvres.

Deceased animals are much easier to work with. Lentink [50] used wing pairs from

deceased common swifts (Apus apus), mounted on a force balance in a wind tunnel to

measure the aerodynamic forces at play. This technique has since been developed and

it is now possible to measure such forces in vivo by using an aerodynamic force platform

which supports a contained measurement volume, in which a live specimen can be

subject to the test conditions [51]. Whilst information gleaned from deceased animals

is useful, in practice the exact wing geometry will depend on how the taxidermy wing

is set and will not be the same shape as that assumed when the wing in balancing

aerodynamic forces with muscular loads. To be certain of a wings Ćight geometry it

must be recorded in free Ćight. To do so is not trivial. The Ąrst of such efforts in

measuring the wing proĄle sections of free Ćapping house sparrows (Passer domesticus)

[52] and free-gliding starlings (Sturnus vulgaris) [53], in a wind tunnel, by means of

stereo-photogrammetry. Other methods use FARO non-contact surface measurements

and NVision three-dimensional laser scanners to extract wing geometry and combined

this with Ątted models taken extracted from video frames to compute Ćight-dynamics

models for level-Ćying seagulls, cranes and geese [54]. More recently this technique

has been applied to measure the aerofoil proĄles of free-Ćying Steppe Eagles (Aquila

nipalensis) [55] . Such proĄles have allowed them to dissect gross wing morphing and

aerofoil properties of a perching bird of prey. With access to trained birds it is possible
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to Ąt them with inertial measurement units like those that are used in traditional UAV

autopilot systems, not for control, but for characterisation of accelerations and angular

rates. Captive Steppe Eagles have been used to present the Ąrst measurements of 3D

accelerations and turn rates in free Ćight. This system makes kinematic measurements

of a variety of avian manoeuvres, including: banked turns, wing tucks, pull-ups and

gust response in Ćight [56]. In order to take aerodynamic measurements of the Ćuid it

is possible to use particle image velocimetry, measuring the displacement of a particle

seeded Ćuid to determine Ćuid velocities to infer aerodynamic properties of Ćying birds

in a controlled environment [57]. This technique provides perhaps the most visually

interpretive method of examining the aerodynamics of free-Ćying birds.

2.3.5 Bird Ćight physics and aeronautics

Bird Ćight mechanics, aerodynamics, morphology, wingbeat kinematics, muscle activ-

ity and sensory guidance are often considered separately. However it is the interfaces

between these systems that are of the greatest interest to designers of future bird in-

spired systems [58].

DeĄning the performance metrics to quantify the performance of a bird is not straight

forward [59]. Systems engineering principles deconstruct the functions of a system to

simplify the design and analysis of individual components. A typical unmanned aerial

vehicle might be comprised of a payload housing, an aerodynamic lifting surface, a

propulsion system, a sensor system and a control system. This segregated systems

way of working is difficult to map onto nature as most biological components perform

multi-functions and have complex interactions. For example, separating a passive de-

formation of a birds wing under load from a deliberate active control input is difficult

to do without the knowledge of the control laws and signals being used by the bird.

Something that is difficult to measure from an external perspective.

To be able to quantify the Ćight performance and relate this to improvements in

engineered systems a common set of performance metrics and handling qualities must

be deĄned for both the bird and the unmanned aerial vehicle.
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2.4 Bio-Inspired Ćight

Engineering and physical modelling methods are now being applied to provide new

insight into the Ćight characteristics. The stability of birds have can be considered

both regarding gliding [60] and Ćapping [61] Ćight. Traditional engineering metrics of

Ćight stability (static margin, speciĄc excess power, thrust to weight ratios) can only

be strictly applied at Ąxed Ćight conditions where an equilibrium angle of attack is

speciĄed. Using quasi-static and blade element methods they provide a set of phys-

ical characteristics indicant of stable Ćiers and note that there is nothing inherently

destabilising about Ćapping Ćight.

Overall wing aerodynamics can be assessed using low-order modelling approaches. Ei-

ther by using curve Ątting and linear regression to estimate taper factors [62] or apply

lifting line methods to investigate the performance of the wing [63]. Such approaches

have made interesting discoveries concerning aerodynamic efficiency and how discrete

feathered wings compare to continuous aerodynamic surfaces. Common approaches

consider wings in free-Ćight but birds typically display the most desirable Ćight char-

acteristics when interacting near the environment. By modelling the mechanics of

Ćight in separate aerodynamic regimes such as ground effect [64] it is possible to com-

ment on how many species of bird use such techniques to vastly extend their glide and

reduce the energetic cost.

Often the avian wing is partitioned to simplify the mathematics, focusing only on

what are considered interesting area of Ćow: around primary feathers forming slotted

wing tips, wing-tail interactions and highly cambered wing surfaces (both span wise

and chord wise). Drooped wing-tips, contra to the upward swept tips often employed

on manned aircraft are very common in Ćight-generalist species. When looking at

the adoption of droops in gliding gulls [65], it is found that this conĄguration relates

favourably with pre-existing Ćapping wing kinematics and establish maximal lift-to-

drag ratios.

When comparing all bird species to engineered Ćying vehicles the lack of a vertical

stabiliser is apparent. Very few of our aircraft are capable of Ćight without a vertical

tail, they generally demonstrate poorly damped yaw modes and all require electronic

stabilisation and control systems. Birds plan-forms are perhaps most like these Ćying
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wing designs, as such a lot of interest has been generated, looking at how the slotted-

wing tips, tail effects and wing movements are used to control yawing motion. When

considering the yaw stability of birds, deriving a dynamic stiffness metric, it would

appear that birds can achieve stability by having dynamic stiffness which is sufficiently

high for controllable Ćight even though the birds possess low lateral static stability

[66]. The birds use their wing tips [67], in combination with their tail surface [68] to

generate and modulate a yawing moment with which to alter their Ćight path.

When compared to manned Ćight the avian strategy is quite different. Birds typically

exhibit a high level of aerial agility. This level of aerial agility can be contributed to

several factors:

• Extensive distributed sensing systems

• Fast reaction times

• Highly efficient actuators

• Massive control power afforded by morphing primary Ćight surfaces

• Passive self-stabilising aeroelastic lifting surfaces

• Adaptive learning

Much work is ongoing in the Ąeld of distributed sensing and advanced controllers

but fundamentally Ćight control for Ąxed wing aircraft has not changed in since itŠs

inception.
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2.4.1 Three axis Ćight control

For the past one hundred years manned Ąxed wing Ćight has for the most part sub-

scribed to the three axis Ćight control system pioneered by the Wright brothers in

the early 1900s [69]. The principle of three axis Ćight control is to effect controlling

moments around the aircraftŠs three principle axis whose origin exists at the aircraftŠs

centre of gravity. Motion around the longitudinal axis is referred to roll, motion about

the lateral axis as pitch and motion about the normal axis as yaw.

Affecting control about these three axis allows the pilot to steer the aircraft through

three dimensional space. In addition to the main wing generating lift additional stabil-

ising surfaces (horizontal and vertical stabiliser) are used to trim the aircraftŠs attitude

in Ćight. To generate the control forces, physical control surfaces alter the lift pro-

duced on the primary Ćight surfaces (main wing) and on the secondary stabilising

surfaces. Ailerons act differentially as a pair on the main wing to generate rolling mo-

ments about the longitudinal axis. An elevator acts with the main wing to induce a

pitching moment about lateral axis. A rudder (or rudders) yaw the aircraft about the

normal axis. Additional control surfaces are sometimes employed to directly affect lift

production (Ćaps, slats, spoilers) and some aircraft arrangements move the position of

a control surface (i.e. Canards Ű Elevators positioned ahead of the centre of gravity)

or combine control surface functions (i.e. Elevons Ű Elevators and ailerons as a single

surface). Fundamentally these systems all work to provide three axis Ćight control.
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2.4.2 Rotary-wing Ćight control and similarities to Ćapping

Ćight

Rotary wing aircraft pose an additional layer of complexity for Ćight control systems.

However many parallels can be drawn between a rotary wing system and a Ćapping

wing system. Both systems rely on highly dynamic wing motions to generate the

necessary lift, both have very different aerodynamic regimes depending on whether

they are in powered or gliding/auto-rotating Ćight, both readily exploit non-linear

aerodynamic effects, both make use of at least three degrees of freedom of actuation

in their main lifting surfaces and both rotary and Ćapping aircraft make use of their

main lifting surfaces as the primary Ćight control surface. Helicopters and autogyros

make use of a swash plate to actuate the main Ćight surfaces for control purposes. In

1920 Juan de la Cierva developed the Ąrst articulated rotor hubs. The rotor hub uses

a 3-hinge arrangement to balance lift and drag forces on the rotor disk and to actuate

Ćight control [70].

• Flapping hinge Ű Out of plane varies lift distribution around the rotor disk

• Lead-lag hinge Ű In plane varies drag distribution around the disk

• Feather hinge Ű Control axis alters blade angle of attack
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These three hinges allow for three axes of freedom in the rotor disk, with the counter-

torque being provided by thrust from a tail rotor. Two control inputs, the cyclic

(azimuthally variable) and collective (azimuthally constant) are mixed through a swash

plate (rotor-stator control coupling) to vary the rotor pitch azimuthally around the

disk. The control forces are transmitted to the blade through a pitch link and the

pitch (feathering angle) of each blade is the only rotor hub element actuating control.

The Ćap and lead-lag hinges are passively active, allowing the blades to dynamically

adjust their Ćap and lead-lag angles based on the lift and drag distribution around the

rotor disk. These passive hinges are necessary for a stable rotor system. Whilst the

articulated rotor hub hinges are necessarily stabilised by the centripetal acceleration

of the mass of the rotor blades a similarly articulated wing root may be stabilised

in more conventional wings. Biological joints use a mixture of ligaments, tendons

and muscle tissue to support and stabilise joints whilst enabling them to carry loads.

Having articulation in three planes would give a bird or a vehicle direct control over the

wingsŠ effective dihedral, by Ćapping the wing, the position of the centre of pressure,

by sweeping the wing (lead-lag), and, the local angle of attack, by twisting the wing

(feather).
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2.4.3 Avian Ćight control

Birds make use of their primary and secondary Ćight surfaces to control their Ćight

[71]. The main wing and tail work together to coordinate Ćight. Unlike engineered

Ąxed wing aircraft, birds do not have a control scheme based on discrete control sur-

faces. The main wing and tail morph in conjunction to provide control in roll, pitch

and yaw however they also demonstrate direct control over heave, surge and sway

through creative Ćapping patterns. Birds also demonstrate multiple methods for ef-

fecting control, for example initiating a turn can be achieved through wing twisting,

extension and primary feather control, the tail is also employed to affect roll control,

the exact method and combination of control inputs varies depending on a number of

factors including weather, obstacles, competition and may others.

A birdŠs wing is a modiĄed forelimb. The arrangement of the skeletal structure in an

avian wing is analogous to the arrangement of a human limb. The main wing consists

of two segments (Figure 2.4): The arm wing comprised of the Humerus, Radius and

Ulna, and the hand wing comprised of Carpals, Metacarpals and Phalanges.
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Fig. 2.4 Avian wing skeleton showing the modiĄcation of the forearm bones [72]

Large muscles in the chest provide the primary power for Ćapping Ćight; the pectoralis

and supercoracoideus muscles. These are supplemented by smaller muscles attached

to the forearm to provide Ąner Ćight control, these muscles are in Ąve pair groups; the

biceps brachii, extensor metacarpi radialis, Ćexor carpi ulnaris, triceps brachii and the

scapulohumeralis caudalis (Figure 2.5).

Fig. 2.5 Avian wing Ćight muscle arrangement showing the primary Ćight muscles and
the forearm muscles [73]

The shoulder serves as a multiple degree of freedom wing root. It transmits loads

between the Ćight muscles (affixed to the breast) and the wing. The Sternum (breast-

bone) connects to the Scapula (shoulder blade) via the Coracoid and Furcula strut

structure. This junction mates with the proximal Humerus to form the shoulder joint

(Figure 2.5).
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The elbow joint exists between the Humerus and the Radius, Ulna pair.

In the wrist the carpals and metacarpals are fused, forming three distinct digits. The

Alula (thumb) projects along the anterior of the wing, it is independent of the other

fused digits.

The various muscles, joints and connective tissue form structures which limit and cou-

ple the degrees of freedom which translates into the restrictions on the wings range of

motion, the extent of which varies by species and by body mass [74].

Feathers cover the surface of the wing to form the lifting surface. BirdŠs wing feathers

are split into four groups [75]:

1. Primaries Ű Long Ćight feathers growing from the hand wing

2. Secondaries Ű Long Ćight feathers growing from the arm wing

3. Tertials Ű Innermost feathers that rest atop the secondaries

4. Coverts Ű Overlapping feathers that form the wing surface lining

Together the main wing primary, secondary and tertial feathers are collectively referred

to as Remiges. Tail feathers are known as Rectrices.

35



2.4.4 Jointed wings

Jointed wings are a massive research topic [76]. Novel materials, mechanisms and

actuators are in development which, when coupled with complex control strategies

shall provide a step change in aerodynamic control. A birdŠs wing is the product

of millions of years of evolutionary pressure. Much of this may be attributed to

environmental factors but social interactions have obviously had a strong effect on

the development of some species wings. It is therefore a necessity to separate the

aerodynamic advantages from the aesthetic inĆuences that have shaped the birdŠs

wing. The most interesting feature of the overall wing is the jointed nature of its

design. The arthroscopic wing bears a resemblance to the rotor hub arrangement

employed in helicopter design. A birdŠs shoulder is essentially a three degree hinge,

giving freedom of movement in Ćap, sweep and twist, this three degree pivot is then

repeated at the wrist, with the elbow providing an intermediate third hinge point

providing a single degree of freedom, relative sweep between the Humerus and forearm.

The system as a whole is coupled subject to the arrangement of bones, muscle and

tendons but fundamentally the control inputs can be thought of as Ćap, sweep and

twist angle demands for each discreet ball joint hinge.
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2.4.5 Morphing wing UAVs

Aircraft morphing is a term which describes any signiĄcant in-Ćight change in the

shape or conĄguration of the aircraft structure which effects the Ćight dynamics.

Changes can be continuous or discrete with Ąnite step changes in surface position.

Typically a morphing structure will trade enhanced Ćight performance with increased

weight and complexity of the underlying structure. Wing morphing is of primary in-

terest with considering itŠs application in Ćight control and can be classiĄed by how it

affects the wing structure [77]. Rotational morphing of the wing either in-plane or out

of plane generates asymmetric pressure distributions which impart control moments.

In-plane rotation of the wing, variable sweep, effects longitudinal dynamics. Out of

plane rotations, variable dihedral and variable twist effect the lateral-directional dy-

namics. Multi-jointed wings might have multiple degrees of rotational freedom [78].

Telescopic morphing of the wing changes the dimensions of the wing either through

the actuation of discrete surfaces, exposing more wetted area to the Ćow or through

deformation of the structure allowing for continuous changes to the wings proĄle. Ex-

amples of telescopic morphing include span-extension which can be achieved without

discrete moving parts [79]. Compliant morphing describes changes to the aerofoil pro-

Ąle without the use of discrete hinges. This may involve changes to the thickness

distribution and camber of the aerofoil in Ćight, changing the response of the wing at

different angles of attack. Aeroelastic models of active aerofoils couple the structural

parameters and the aerodynamics of compliant morphing structures [80].
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Fig. 2.6 Examples of different morphing wing concepts: a) Gull-wing morphing [81],
b) Telescoping, variable sweep wing [82], c) Multi-span variable sweep [78], d)Active
camber Ąsh-bone aerofoil [80]

Figure 2.6 illustrates just some of the concepts that have been conceived to allow a

typically rigid wing to morph and vary some aerodynamic parameter. One of the

main challenges is to maintain a continuous aero-surface whilst allowing for motion

in the underlying structure. The mechanisms which drive the changes in geometry

can be external (such as those seen on the gull-wing vehicle), internal (the telescopic

structure) or achieved through material compliance (the Ąsh-bone). No matter the

method of actuation each concept modiĄes the plan-form of the wing and aerofoil

without a discrete Ćap.
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2.4.6 Conclusion

When Ąrst looking to develop Ćying machines the inspiration came from nature and

from studying the Ćight of birds. However the applicability of the mechanics and

aerodynamics at work on the scale of a bird is limited when considering large and

heavy manned and unmanned aircraft, they do not occupy the same Ćight regimes.

Now as technology is shifting to smaller autonomous platforms operating close to

the surface in complex environments and inclement weather, bio-inspired design and

strategies are once again in consideration. Most work modelling the bird has been

from observational assessment supplemented with speciĄc laboratory based testing. It

has been very difficult until recently to make accurate trajectory and body position

measurements in a substantial working volume needed to capture manoeuvres at low

spatial frequencies. Tracking technologies have advanced to the point where this is now

possible. As UAVs have gotten smaller and the strength to weight ratio of materials

has increased, compliant morphing mechanisms which would have been untenable

on larger scale aircraft are now optional solutions and are being actively considered

for their beneĄts over traditional Ćight control schemes. By making quantitative

measurements to assess the types of control schemes being used in natures Ćyers and

applying this to novel design elements this research considers what features of birds

innate aerodynamic geometry can be used to enhance Ćight control of small unmanned

UAVs.

39





Chapter 3

Remote measurement of flight path and pose

3.1 Chapter Summary

In this chapter a technique for multi-point Ćight path tracking using Rotational Stereo

Videography (RSV) is presented which can be used to assess the behaviour, kinematics

and Ćight mechanics of wild birds in Ćight. Point position is tracked in spherical

polar space, using a pair of angular encoders and a low cost stereo imaging setup for

range Ąnding using a consumer grade digital mirror-less camera and optical mirror

setup. The hardware is portable and rugged enough to be employed in Ąeld conditions

and requires minimal setup and calibration. This method is the latest iteration of a

series of devices know as ornitheodolites, it is developed in house with fully custom

data processing scripts to process a variety of different Ćight path tracks. The RSV

system Ąlls the gap between long range strategic tracking using GPIRS backpacks,

which requires capture and handling of wild birds and laboratory based studies which

require trained birds in a highly controlled environment. Because RSV is portable

it enables study of wild bird populations in their natural environment with minimal

interaction between the researcher and subjects. The system outputs timestamped,

3D positions for as many points as are uniquely identiĄable on the bird. The position

data is Ąltered spatially using a convolution of a Savitsky-Golay function with the raw

data, random error is reduced by using time averaged datasets. Using a reduced order

morphology model Ąt to four morphology landmark points, it is possible to estimate

pose and construct a bi-variate model describing the morphing wing of the gull in Ćight

in terms of the wing-line sweep and rise. Flight mechanics equations derived for Ąxed-

wing rigid body aircraft can be used to describe the Ćight mechanics of a non-rigid

body in gliding Ćight. Because RSV captures video, evidence of in-Ćight behaviours is

also captured. This approach provides a way of quantifying the kinematics and Ćight

control strategies of birds in Ćight based on reconstructions of the Ćight path and pose

estimation from stereo video, angular encoding and epipolar geometry. Rotational

stereo videography serves as the method of data collection for Chapters 4 and 5.
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3.2 Chapter Structure

This chapter introduces Rotational Stereo Videography (RSV) as a means to make

time referenced position measurements and pose estimation of an object in a 3D volume

as a function of stereo video, angular encoding and epipolar geometry. First the physics

and epipolar geometry which underpin the RSV method are discussed followed by the

hardware implementation of the camera, optics and encoder system, including the data

logging protocol and synchronisation methods. The system calibration, video post

processing, sub-pixel template matching and data smoothing are discussed to derive

the timestamped 3D position data. The method used to collect Ćight paths and Ąt

a wireframe model using multi-point 3D position information is discussed along with

the methods limitations and estimates of the levels of error and uncertainty. A worked

example of the post processing of the data is presented to reveal kinematics and pose

estimation, this concludes the methods. Finally the methods used are reviewed and

suggestions made for improvements based on the outcomes of Ąeldwork in this and

later chapters.
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3.3 Introduction

As our small unmanned aerial vehicles begin to infringe on the Ćight envelope of nat-

ural Ćyers the relevance of their aerodynamic solutions returns to prominence. The

challenge now is to make quantiĄable measurements of natures Ćyers and use these

to deĄne speciĄc design features of aerodynamic devices, lifting surfaces and control

effectors. Cadaver birds and taxidermies wings have been used in wind tunnels to

make detailed measurements of aerodynamic properties [83][50]. These are however

typically arranged in a notional pose based on qualitative measurement, the preserva-

tion process also changes the structural and material properties of the wings and there

is no connection with an actual measurable Ćight path response. At large scales, GPS

tracking records Ćight paths, a useful resource for behavioural or large-scale kinematic

analysis but this methodology provides no connection to the body pose and the po-

sition of the Ćight control surfaces [84]. At smaller scales birds can be outĄtted with

motion tracking features and recorded in a Ćight arena [16], this provides quantiĄable

measurements on Ćight path and pose however the conĄned nature of these environ-

ments limit the types of manoeuvres that can be studied [15].

A system based on visual tracking and 3D reconstruction from stereo imagery provides

a way to make simultaneous measurements of Ćight path and body pose at ranges up

to and exceeding 100 metres from the point of observation. The methodology used

in this chapter is derived from Rotational Stereo Videogrammetry [18] and allows for

time stamped multi-point positioning in 3D space. By Ątting a wireframe model to

a number of tracked points an assessment of the body pose can be made alongside

a measurement of the Ćight path. Time derivatives provide velocity and acceleration

measurements and vector analysis allows for a quantiĄable metric of the position of

various Ćight control and lifting surfaces to be deĄned.
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3.4 Methods

3.4.1 Rotational Stereo Videography

Rotational stereo videography is a technique for positioning an animal relative to a

device within a 3 dimensional coordinate system [18]. Using timestamped relative

position measurements it is possible to derive body velocity and acceleration relative

to the device. Assuming the device is Ąxed stationary to Earth and has known coor-

dinates within the absolute Earth coordinate system and aligning the device azimuth

and inclination axis relative to Magnetic North and the Horizon respectively, the posi-

tion, velocity and acceleration measurements become ground referenced in the Earth

Cartesian system (Figure 3.1).

Fig. 3.1 Position of an object in 3-dimensional Cartesian space

The primary functions of the Rotational Stereo Videography (RSV) system are to

observe the bird in Ćight and identify aerial manoeuvres, record the 3D position of the

bird in these manoeuvres, Ąt a pose model to the birds morphology and make a record

of the exhibited Ćight behaviour. The functional relationship of the RSV system is

depicted in (Figure 3.2).
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Fig. 3.2 Functional Ćow diagram of Rotational Stereo Videography (RSV) system
depicting functional dependencies

3.4.2 Contributions to Rotational Stereo Videography

The RSV system presented in this chapter is an original system based on the work

of Dr. DeMargerie [18] who provided input and support. DeMargerieŠs version of the

ornithodolite, the latest in a line of bird tracking devices, and supporting software is

capable of making single time stamped position measurements of an objects track and

provides supporting video for behavioural analysis. This new RSV system, presented

in this thesis is capable of tracking any number of points on an object and can Ąt

a morphology model to these points to track both the Ćight path and pose of the

object. The optical system has been improved to reĄne tolerances and improve the

accuracy of measurement. The hardware has been completely redesigned based on the

requirements of the optical system presented in this chapter and the software is custom

and developed from Ąrst principles using epipolar geometry and camera intrinsics.
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3.4.3 Coordinate system

The position of an object over local distances is usually described in a Cartesian

coordinate system. Consider a point P in Cartesian space. The location of P is

a function of its translation along three coordinate axis as a tensor of three signed

vectors.

P = f(x, y, z) (3.1)

Cartesian representation of position is useful from the point of view of an external

observer of a system and is the representation of choice for three dimensional position

data. However when it comes to making 3D position measurements it is difficult

to directly measure the (x,y,z) components of an object relative to an instrument

situated at the origin. Instead the positional measurements are made in an alternative

coordinate system before transforming these into Cartesian space. Using a rotational

instrument located at an origin the ideal coordinate system of choice is Spherical Polar

Coordinates (Figure 3.3).

Fig. 3.3 Spherical polar coordinate system as centred on an arbitrary point of origin
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Consider a point P in Spherical Polar space. The location of P is a function of its

rotation about an azimuth (ϕ) and inclination (θ) axis and a scalar range parameter

d.

P = f(ϕ, θ, d) (3.2)

This representation of position is useful as physical methods exist for directly measur-

ing each tensor coefficient. Azimuth and Inclination can be measured using angular

encoding and the distance d using a variety of range measuring techniques including

laser-ranging, radio return or in this case Epipolar geometry.

3.4.4 Epipolar geometry

Epipolar geometry relates properties of a 3D point to the 2D image plane in a stereo

camera setup. Stereo ranging uses Epipolar geometry to measure the range to a point

in 3D space by measuring the difference in the points position in a pair of stereo images

made using visual planes in a known geometric relationship. Epipolar geometry works

on the principle of corresponding projections. If there exists a feature of a 3D object

projected onto a visual plane X then there will be the corresponding feature projected

onto an offset point on an offset visual plane X ′ (Figure 3.4).
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Fig. 3.4 Geometric relationships on the Epipolar plane can be used to calculate distance
d using the difference of the intercepts on visual planes X and X ′ and the known
baseline and focal lengths to build similar triangles

The difference in position of the point in the stereo images (x − x′) is known as the

point disparity (s) and can be measured in the image coordinate frame (Figure 3.5).
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Fig. 3.5 The horizontal disparity in between two images of the same object in the
epipolar plane as measured from the left hand edge of each half-image. By convention
disparity is measured as s = x − x′ and the sign depends on whether the object is
within or beyond of the convergence length of the offset image planes (Negative beyond
the convergence length).

The plane formed by the conjunction of the visual planes and the object in question is

known as the Epipolar plane. The distance between the visual planes is the Baseline

(b) and the range from the centre of the baseline to the object is the distance (d). If

the object and the visual image pair both lie on the Epipolar plane the calibration

between the disparity measurement s = (x−x′) and the range (d) is reduced to a two

dimensional problem with variables baseline (b) and focal length (f). The physical

disparity (s) is a function of the pixel disparity (u−u′), where u is the position of the

object as measured in number of pixels, and the pixel width (Pw) as determined by the

sensor size and the resolution accounting for pixel binning. Using the rule of similar

triangles we can derive the relationship between the offset image and the distance to

the object (Equation 3.3).

(b− s)

(d− f)
=
b

d
(3.3)

Rearranging (Equation 3.3) to solve for d:

d =
fb

s
(3.4)

Given a Ąxed calibration fb and measuring the disparity of an object between the

stereo image pairs we can use equation 3.4 to compute the objects range distance d.
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3.4.5 Optical system

Stereo vision requires a pair of offset image planes to measure the lateral disparity

between feature points and hence compute object distance. The capture of a pair of

image offset planes requires a pair of cameras. These cameras and associated lenses

must be identical in optical quality and function and must be synchronised to trigger

simultaneously. If they are not identical then the calibration matrix is extended to

account for asymmetry in the camera intrinsic properties and this increase the com-

plexity of the computation. If the cameras are not correctly synchronised the temporal

variance between the image pairs distorts the lateral disparity measurement leading

to an incorrect calculation of object distance. The solution to issue of doubling up on

equipment was to use a single camera system coupled with a stereoscope. Reducing

the system to a single camera also eliminates the need for synchronisation and tem-

poral disparity distortion in the resulting image pair.

A WheatstoneŠs stereoscope arrangement (Figure 3.6) was used to project a pair of

laterally offset images, across a mirrored prism, through a single lens onto a single

frame. The WheatstoneŠs stereoscope setup using two distal primary mirrors reĆect-

ing of two central secondary mirrors positioned at 90 degrees to each other. This setup

was used to recombine two images taken from different points of view and are viewed

by each eye independently to visualise the images in 3D. The left and right half images

then correspond to the X and X ′ visual planes respectively.

Drawbacks of this setup include halving image width, pixel count and Ąeld of view

and introducing additional mirror alignment issues that can induce a vertical disparity

between the left and right half images. The primary and secondary mirrors were ini-

tially aligned using a laser to minimise error, however Ćexing of the support structure

during use introduces mirror pointing errors. This effect is evident by the introduction

of vertical disparity between the half images. Any vertical disparity between the two

half images is removed using image rectiĄcation in post-processing.
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Fig. 3.6 Single camera optical setup using a Wheatstone stereoscope arrangement to
allow for a single sensor to record both half images.
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The stereoscope comprises of a pair of primary reĆecting surfaces that serve as the

independent visual planes. These are displaced at a baseline distance of 1 m to max-

imise baseline separation whilst maintaining a portable system. The choice of a 1 m

baseline also simpliĄes the mathematics. The primary reĆecting surfaces are levelled

and convergence at an angle that is set based on mean working distance. Light is

projected onto a secondary reĆective prism comprised of a pair of bevelled mirrors.

This secondary prism is then the focal target of the main camera lens. The mirrors are

sized accounting for the minimum magniĄcation of the lens that is the minimum focal

length, which accounts for the maximum required reĆective surface area. Because each

half mirror system projects a half image on the sensor the image pixel density and Ąeld

of view are half what they would be if using a two camera system. The Wheatstone

mirror system is considered mathematically equivalent to the base two camera system

in Figure 3.6 and the general physical arrangement is displayed in Figure 3.7. This

arrangement produces a double offset image pair with each offset image occupying half

of the image sensor.

The convergence angle on the primary mirrors was necessary to centrally position the

object within the half image at the mean working range. It essentially Ąxes the focal

set point, the distance at which the object will be in the sharpest focus. For sizing

considerations the convergence angle was neglected as compared to the major 45◦

turning angle the convergence is small and was accounted for in the reserve over-sizing

factor.
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Fig. 3.7 Mathematically equivalent optical setup of the epipolar geometry, showing
sizing of primary and secondary mirrors (inset left) and the camera lens correction
(inset right)

Mathematically the mirror arrangement in Figure 3.6 can be considered equivalent to

the one in Figure 3.7. This arrangement better highlights the similar triangles and

makes the mathematics more intuitive. Primary and secondary mirror sizes are deter-

mined using camera intrinsic parameters and the geometric relationships portrayed in

this arrangement, the speciĄcs of which can be found in the Appendix - A.2.1.

3.4.6 Camera system

A high end digital single lens mirror-less camera, the Panasonic Lumix G DMC-

GH4RH with a 16 megapixel sensor Ąlming at full high deĄnition, FHD (1920X1080)

captures the video imagery. Video is recorded in full high deĄnition at 50 frames a

second, full speciĄcations are available in Appendix - A.2.4.
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3.4.7 Complete Rotational Stereo Videography system

Fig. 3.8 Complete Rotational Stereo Videography system setup in the Ąeld, the frame
comprising Panasonic Lumix GH4 camera and optical mirrors and the video encoding
head with data-logging and control.

Figure (3.8) shows the complete RSV system comprising of the optical frame and an-

gular encoding video head. The tubular carbon frame and base plate form a rigid plat-

form on which to mount the Ąrst surface optical mirrors. The mirrors have adjustable

pointing via rear mount thumbscrews. The microcontroller feeds synchronisation clock

signals to the camera and encoders and logs data to a removable SD card.
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3.4.8 Observable working volume

The observable working volume or range of the rotational stereo videography system

is governed by two assumptions:

1. Minimum working distance is determined by the maximum allowable object size

in the image. Assuming a design species, the lesser black-backed gull has an average

wingspan of 1200mm and that the maximum allowable object size to allow the oper-

ator to effectively track it is ¼ of full frame, in FHD recording mode the object must

be projected onto < 4.5mm of sensor width.

2. Maximum working distance is determined by the maximum allowable object Ćight

track error. The quantized positional error is found by summing orthogonal uncer-

tainties quadratically for a given image width (IW ) and calibration using equation

3.5 [18]. This is determined by the operator and is nominally set here at 0.2m. Flight

paths at greater ranges will still be recorded but the track uncertainty shall exceed

±0.2m.

dmax ≈ 10
√

0.2BIwF (3.5)

Fig. 3.9 Pictoral representation of maximum and minimum theoretical working ranges
in meters of RSV system with 0.2m maximum allowable error with different focal
length lenses at FHD resolution and UHD resolution

Because of the Ąxed system calibration the camera must maintain a Ąxed focal length

for the duration of recording. A selection of three lenses provide a working volume

coverage spanning 25-160 m as seen in Figure 3.9. Values available in Appendix A.2.5
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3.4.9 Azimuth and Inclination encoding

The video head houses an encoding system to measure the azimuth and inclination

angle components of the spherical polar coordinate system (Figure 3.3). These coor-

dinates are calibrated to a zero reference. The RSV system calibration sets magnetic

north and the gravity normal plane (the horizon) as the zero reference. Azimuthal an-

gle is measured between 0-360o and inclination angle ±90o. To make measurements of

the azimuth and inclination angles the RSV system uses single turn optical encoders

mounted to the video head (Figure 3.10). The 17 bit encoders provide an angular

resolution of ±0.01o.

Fig. 3.10 F3673 single turn, optical angular encoders, mounted to a Manfrotto video
head. Each encoder records the angular position of the video head about its azimuth
and inclination in 17 bit gray format
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3.4.10 Microcontroller and datalogging

Data-logging and camera triggering are controlled by a microcontroller (Max32, Chip-

Kit, Digilent). Angular data is logged to the external SD card by the microcontroller.

The microcontroller communicates with the SD card as a serial peripheral interface

(SPI) device and makes use of speciĄc high speed read/write hardware pins. The en-

coders communicate with the microcontroller using the Serial Synchronous Interface

(SSI) protocol. SSI uses the RS485 transceiver standard to send data in response to a

clock cycle. This allows a single clock output to drive the +- clock lines and a single

data input pin to receive the ± data lines. The encoders share a common clock. Data

is received in gray code format, most signiĄcant bit Ąrst, which is converted to deci-

mal before being written into a csv Ąle on the external SD card. Video is recorded on

the cameraŠs internal SD card and is connected to the microcontroller via the audio

jack and via the remote trigger. To provide synchronisation between the video frames

and the logged encoder data a synchronisation chirp is overlaid on the video audio

track when the encoder logging is triggered to start and stop logging. Further details

available in Appendix - A.1.
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3.4.11 Video pre-processing

Videos are pre-processed by aligning the video frames with the angular encoder data-

logs and cropping the video to length depending on the length of the manoeuvre

sequence to be tracked. The video is broken into individual frames and stored as

.tif Ąles ready for processing in Matlab (Figure 3.11). Because of the single camera

arrangement the stereo image is stored as one Ąle. Before pixel measurements can be

made the image is divided in two and stored as a temporary working Ąle before being

overwritten.

Fig. 3.11 Flow of data from three input streams: Calibration, Video Ąles and Encoder
Ąles to Output datasets
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3.4.12 System calibration

As previously stated the range measurement component of the spherical polar coor-

dinates is derived from a calibration based on the epipolar geometry of the camera

rig. The calibration consists of extrinsic properties such as the baseline and mirror

convergence angles, and the intrinsic camera properties: FOV, focal length, sensor

width, pixel resolution. The disparity range calibration is made by tracking multiple

distinctive environmental targets or pre-placed Ąducials at known ranges and Ątting a

curve to the points. The known range is established using a laser range Ąnder accurate

to 0.1m at all ranges where the RSV system is functional. By locating the Ąducial or

known feature in the calibration footage the camera intrinsic and extrinsic parameters

are accounted for. The effect of lens Ąeld of view (FOV) and distortion is accounted for

by tracking the Ąducials across the full height and width of the sensor and producing

a set of functions (Figure 3.13) from which to interpolate corrections for range and

angular measurement based on the offset of the target from the optical centre of the

image plane, the object in image (OII) correction (Figure 3.14).

Fig. 3.12 Calibration targets are placed at known distances from the rig. Where a
target cannot be placed a prominent feature can be used. Each target is tracked in
a video Ąle across the full image and template matching locates the matching target
in the image. OII Disparity corrections are mapped at different ranges and different
positions within the image.
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Fig. 3.13 Calibration function maps showing the stereo depth calibration and the
azimuth and inclination corrections to be applied to correct for camera FOV and lens
distortion
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Fig. 3.14 Object in image correction, built as a function of the lens FOV and mirror
convergence point. Correction applied to angular position data for off-centred location
of target point in the image

The calibration Ąle is an object structure containing the raw calibration points, range-

disparity curves, OII correction curves and camera properties. Because each location

requires adjustments to the rig for expected mean measurement range, size of target

and environmental conditions the calibration can vary signiĄcantly between setups

and as such the system requires a new calibration for each Ąeld session (Figure 3.15).
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Fig. 3.15 Comparison of four separate distance-disparity calibrations for the RSV
system. Note the shape of the calibration curve remains constant but is laterally
shifted in each case. This lateral shift is caused by changing the mirror convergence
angles to set the zero disparity point based upon the expected measurement range for
the session.

Figure 3.15 shows four different calibration curves with the mirrors converging at

different focuses (X Disparity = 0). Each experiments mirror convergence angle is

set to approximately the middle of the expected working range. The yellow and red

calibration curves show two different working range calibrations, the yellow curve

showing convergence at 60m and the red curve showing convergence around 38m. The

black and blue calibration curves indicate the extremes of mirror convergence. The

black line has the mirrors convergent close to inĄnity so all disparity is negative and the

blue line has the mirrors tightly convergent such that all disparity is positive. Large

disparity increases range resolution but also increases the error in each measurement.
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3.4.13 Flight path tracking

The RSV software component is written in Matlab and has various modules for dif-

ferent functions, see Appendix - A.3 for examples. The path tracking module loads in

individual frames and the corresponding rig encoder pointing angles for that frame. A

single target requires one point to be digitised and tracked in each frame (or in each

sub sampled frame if a lower sample rate is acceptable). The tracking methodology

requires the user to select one point to be tracked on the target in each successive

half-frame. By convention the user selects the target in the left half-frame. When

selecting the point to be tracked the user is selecting an image template of a prede-

termined sized to be matched in the right half frame (Figure 3.16).

Fig. 3.16 The template is selected by the user in the left half-image, here the template
size is exaggerated for clarity, typically the template is less than Ąve pixels square.
Normalised cross-correlation algorithms compare the template to the right half image
and generate a matrix of coefficients based on how similar the template is to the
windowed image.
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The centre point of the template is established in each half-frame stereo image by

processing a 2D normalised cross-correlation of the template matrix and the image

matrix and Ąnds the peak correlation coefficient within the image matrix and deĄnes

this as the target point. SpeciĄcally the function used is based on fast normalized

cross-correlation, a technique developed by Industrial Light and Magic [85]. The pro-

cess calculates the cross-correlation in the image spatial domain and calculates the

local sums. The local sums are then normalised and used to calculate correlation co-

efficients.

γ(u, v) =

∑

x,y[f(x, y) − f̄u,v][t(x− u, y − v) − t̄]
{

∑

x,y[f(x, y) − f̄u,v]2
∑

x,y[t(x− u, y − v) − t̄]2
}0.5 (3.6)

The implementation is described by equation 3.6, where, f is the image, /bart is the

template mean and f̄u,v is the mean of f(x, y) in the region under the template.

To further improve the resolution of the disparity measurement a sub-pixel matching

method is used which Ąts a 2nd order polynomial to the nine points surrounding the

local correlation maximum and returns the position of this new maximum (Figure

3.17).
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Fig. 3.17 Sub-pixel matching technique which uses a polynomial function Ąt to the ma-
trix of correlation coefficients to infer a peak between pixel locations. Figure adapted
from [86]

The location of the sub-pixel correlation maxima establishes the X and XŠ coordinates

in the left and right half-frame images and the difference between them computes the

X axis disparity between the target in the two images. Because of the vertical align-

ment of the mirrors and the assumption that the mirrors and object are all points on

the epipolar plane the Y axis disparity y − y′ should be small. Any non-trivial values

are indicative of a mirror alignment issue.

Using the calibration curve the X axis disparity equates to a target range distance d.

The X and Y positions in the left half image along with the range and calibration curves

allow for the determination of the object-in-image angular corrections required to

correct for the off-centred position of the target within the image. The OII correction is

added to the azimuth and inclination angular measurements to complete the spherical

polar coordinate tensor. The process is iterated for each frame in the manoeuvre until

a complete track is obtained.
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3.4.14 Estimating error in the point tracking and data smooth-

ing

The stereo systems range estimation is subject to an error of depth resolution, how

much measurable change in depth is related to distance and change in disparity [87].

The depth resolution error in stereo (estereo) is shown to be:

estereo =
d2

bf
· s (3.7)

where d the distance to target, b the baseline, f the focal length in pixels and s the

matching disparity error in pixels. The baseline and focal length are Ąxed system

constants. The disparity error in pixels is a function of the cross correlation peak

matching algorithm and due to the sub pixel technique can be reasonably assumed to

be half a pixel. As such range error is proportional to the range squared and is the

largest component of error.

Angular measurement error for a single turn encoder is a function of the optical encoder

bit rate (N) plus the deviation of the point of maximum correlation and the true target

point in the image. It can be assume that in the event of a distinctive texture on the

point to be tracked that the error due to maximum correlation is small and hence the

angular error is simply:

eϕ = eθ =
2π

2N
(3.8)

In terms of displacement the azimuthal and inclination errors are described as errors

in meridian and parallel and are a function of the angular error and target distance.

emeridian = d tan(eϕ) and eparallel = d tan(eθ) (3.9)

The total effect of the error of the independent variables on the position measurement

can be computed as the root mean square of the component errors. For the RSV sys-

tem the total theoretical error is therefore modelled as a total positional error (TPE).

eT P E =
√

(e2
stereo) + (e2

meridian) + (e2
parallel) (3.10)

Constant error manifests as a positional offset and over short distances. This will in-
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duce small errors in the derivative data and its effect will propagate with each deriva-

tive. This error is small and will not affect the trends in the dataset. However random

error noise at very high sample rates propagates when post processed and conceals

the true trends in the manipulated data. To reduce the random noise present in the

dataset, smoothing can be used to reduce the volatility in derivative data. Visually the

smoother tracks are easier to interpret. The smoothed data has reduced noise peaks

due to random error spikes when differentiated to compute other parameters. When

smoothing the positional dataset Ąlters are applied to the raw polar positional data

tensor. No further smoothing is applied so as to avoid over-smoothing the data and

removing features from the results. To preserve higher order features in the signals

a Savitsky-Golay moving average Ąlter [88] is used to smooth the data sets (Figure

3.30).

Fig. 3.18 Savitsky-Golay moving average Ąlter applied to a typical raw RSV output
data (ϕ, θ, d)
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This method uses a two parameter convolution of a high order polynomial Ąt over a

sliding window of data points. A third order polynomial is used to allow for inter-point

regression and a window size of less than one half the length of the shortest manoeuvre

of interest is used to satisfy the Nyquist sampling condition. This last condition makes

the smoothing parameter dependant on both sample rate and the physical behaviour

of the object being tracked. Other smoothing methods including moving average Ąlters

and singular spectrum analysis Ąlters were considered but ultimately rejected due to

the inconsistency in applying the smoothing parameters and the need to manually tune

smoothing parameters for each Ćight track where the justiĄcation for the selection of

the smoothing parameters was inconsistent. The Savitsky-Golay method produces

consistent smoothing and the selection of the smoothing parameters is justiĄed by the

time period of the manoeuvre being assessed.
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3.4.15 Measurements of experimental error

The RSV system was benchmarked against the theoretical error by using a known

object following a prescribed object track. Measurements are made at three separate

ranges and the computed position compared to the known position of the object at

this location. Depth resolution and in-plane pixel matching error were measured sep-

arately to better understand the component error. The total error is taken as the root

mean square sum of the component error.

eT otal =
√

(e2
in−plane) + (e2

out−plane) (3.11)

The experimental setup for benchmarking the RSV system error uses a tennis ball of

standard dimensions moving through two prescribed tracks at ranges in between sys-

tem calibration points. The prescribed tracks are an in plane orbit of radius one metre

and an out of plane orbit of radius one metre. The tracks were produced by placing

a rotational tripod head atop the prescribed point whose range was measured using a

laser rangeĄnder. The tennis ball was affixed to an arm such that the position of the

centroid of the ball was 1 metre from the centre of rotation. The arm was then moved

through the orbit manually three times to produced three separate measurements of

each orbit whilst the camera recorded the position at 50 frames per second.

Each object track is digitised manually to produce a series of points that sit on the

in-plane and out of plane orbits. These points are then compared to a known cloud of

points on the surface of a 1 m radius sphere representing the physical track of the object

around the orbits. The point cloud is generated with an orbit centroid positioned at a

range corresponding to the range as measured by the laser range Ąnder. The points sit

on a horizontal plane and vertical plane as determined by a spirit level and orbit with

a radius of one metre. The point cloud for each orbit is comprised of 2n points where n

is the number of experimentally measured points, taken during the error experiments.

The comparative points are equispaced around the orbit. A nearest neighbour search

is performed to determine the distance between the measured points and the closest

relative point in the point cloud (Figure 3.19).

69



Fig. 3.19 In image plane points (Red) and out of image plane pints (Green) tracked
about an orbit of radius 1 m. The measured points are then compared to an artiĄcially
generated point cloud affixed to a sphere of radius 1 m whose centroid is positioned
at a distance measured using a laser range Ąnder.

This distance is resolved into components on the epipolar plane and the image plane

giving values of experimentally measured error in depth and for the object in image

(OII) correction.
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Fig. 3.20 Measured error histogram at 38m with measured points displayed against
the associated point clouds for comparison

Fig. 3.21 Measured error histogram at 61m with increasing depth resolution error
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Fig. 3.22 Measured error histogram at 89m, approaching the maximum theoretical
range of the device. Large growth in depth resolution error and difficulty tracking the
object in plane due to the reduction in the number of pixels associated with the object

Figure 3.20, 3.21 and 3.22 are RSV measured error histograms showing out of plane

(depth resolution) error and In-plane (Object in image) error and the associated points

and point clouds for comparison. Measurements made at 38, 61 and 89m, within the

calibrated range of the RSV device. At 61m note how the number of points affected

by depth resolution error is increasing when compared to the measurements made at

38m whilst the in-plane, Object-in-image error remains roughly constant. At 89m

approaching the maximum theoretical range of the device , the depth resolution error

is growing as the object is represented by fewer pixels. The Object-in-image error is

also now growing as the template matching technique has fewer pixels associated with

the intended object.
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Fig. 3.23 Measured error as a function of range compared with theoretical error reso-
lution

In accordance with the theoretical error (Equation 3.10) , the theoretical error of the

RSV system can be modelled as a quadratic function of range. Figure 3.23 plots the

mean and absolute maximum measured error against the error models both without

and corrected for sub-pixel matching. The Ągure shows that the quadratic error model

accounts for 68% of the measured error throughout the working range of the system.

Whilst random errors sometimes exceed the modelled error by up to a factor of two

these points are eliminated by subsequent smoothing of the position dataset account

for less than 5% of the total dataset. This function is used to compute and record

error as measured in the Ćight tracks made by the RSV and provides an estimate of

conĄdence in the results.

73



An example of the error measurement in range along the Ćight path is shown in Ągure

3.24.

Fig. 3.24 Example of error estimation from a Ćight track near the maximum range
of the RSV system with the 105mm lens. The area shaded blue shows the maximum
theoretical error without sub-pixel matching. Green indicates the theoretical error
with sub-pixel matching and red error bars showing two standard deviations from
measured error such that 68% of the time the true value will lie within that range.
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The total error in the point reconstruction can be considered to be a combination

of random and systematic errors. The systematic errors are introduced both by the

physics of the device as discussed and by the workĆow in the setup and use of the sys-

tem. The inherent range limitation imposed by the calibration between pixel disparity

and the distance measurement means than the absolute values of point measurement

may be consistently offset, however this will be consistent around the small area of

focus at a given range. Given that the device is measuring relative positions whose

relative range to each other is small in comparison to the relative range to the target,

the error as a percentage of the total value will be broadly consistent so whilst the

accuracy of the measurement will be reduced, multiple measurements will maintain

precision. Other systematic errors such as those introduced by the primary structure

oscillating at its natural frequency are harder to detect and hard to remove through

smoothing, because of the level of accuracy of the device it is not conducive to mak-

ing absolute quantitative measurements of derived data and instead the focus is on

trends and gradients found in the resulting datasets. Random errors are most likely

introduced by poor point tracking by the user, mitigation is provided by template

match scoring and maintaining a sufficiently high level of match score between adja-

cent frames. These errors are easier to remove using averaging and smoothing and

have less of an impact on the overall result.
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3.4.16 Post-processing: Time based velocity and acceleration

derivatives, Ćight path vector and energy equations

The RSV dataset outputs a 4 dimensional, time stamped position tensor with ref-

erence to spherical polar coordinates (ϕ,θ,d). The smoothed raw data tensor is then

transformed into a Cartesian coordinate system (X,Y ,Z) whereby the X axis is aligned

with magnetic north and the Y axis is aligned with west. The Z axis is an altitude

measurement aligned with the local gravity vector.

The 3D position data is timestamped, this allows for time derivatives of the positional

data to be computed using a numerical difference method. Velocity and Acceleration

derivatives are computed using a forward difference method.

u(t) = x′(t) =
(xt+1 − xt)

tstep

(3.12)

v(t) = y′(t) =
(yt+1 − yt)

tstep

(3.13)

w(t) = z′(t) =
(zt+1 − zt)

tstep

(3.14)

Velocity components (u,v,w) represent the component velocities along the axis (X,Y ,Z)

in the Cartesian coordinate frame. They can be combined to compute total velocity

(V ) and ground speed (GS).

Vtotal =
√
u2 + v2 + w2 (3.15)

GS =
√
u2 + v2 (3.16)

The total velocity component represents the kinetic state of the animal with reference

to a Ąxed ground based reference point. In the case of wind velocity being equal to

zero this total velocity would equal the instantaneous airspeed as experienced by the

bird. By summing this velocity vector with a known wind velocity component an

approximation of airspeed is computed.
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Fig. 3.25 Flight path vector and Ćight path angle as measured relative to the horizon.
These describe the longitudinal motion of a bird / aircraft which has a non rigid
relationship between the main wing and the body.

The instantaneous Ćight path vector (Figure 3.25) can be deĄned by two successive

position measurements in space. With reference to a deĄned plane, the angle (γ)

between the Ćight path vector and the plane is shown to be equation 3.17 where a is

a vector between two successive points, a = [xt+1 - xt, yt+1 - yt, zt+1 - zt] and b is the

vector normal to the plane and in the case of the horizon, b = [0, 0, 1].

γ = arccos
ā · b̄

|ā| · |b̄|
(3.17)

If the plane of reference is deĄned as a horizon plane normal to the local gravity vector

or Cartesian Z axis, the included angle between this plane and the velocity vector is

the instantaneous Ćight path angle (γ). For a bird in gliding Ćight this represents the

geometric measurement of glide angle as achieved over the ground. For aircraft with a

rigid relationship between the main wing and fuselage this angle is equal to the pitch

angle minus the angle of attack in still air.

Using equation 3.17 but instead deĄning b as a vertical plane parallel to Magnetic

north, b = [0, 1, 0], the angle between this plane and the velocity vector represents

the magnetic track made good over the ground (TRK). Summing the magnetic track

made good with the local magnetic variation as taken on the date of recording gives

the track angle as referenced to true north.
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Flight manoeuvres typically require an exchange of energy and excess power is a

typical measurement for high performance manoeuvres. The gravitational potential

and kinetic energy states of the object can be determined from the positional data,

velocity and some basic assumptions regarding the mass of the object in question

where E is energy and m is mass.

EP otential = mbird · g · z (3.18)

EKinetic =
1

2
·mbird · V 2 (3.19)

ET otal = EP otential + EKinetic (3.20)

Time derivatives of energy between successive position compute the power (P ) being

expended in that timestep (t).

P =
Et+1 − Et

tstep

(3.21)

78



3.4.17 Post-processing: Kinematics

Turn performance is expressed as kinematic parameters including: the radius of cur-

vature (r), the rate of turn (ROT ) and the lateral force due to centripetal acceleration

(ac). Instantaneous curvature is computed as a function of velocity and acceleration

(A).

r =
(1 + V 2)

3

2

|A| (3.22)

This represents the instantaneous radius of turn between two data points and allows for

turn performance to be considered. The other parameters important for quantifying

turn performance: Rate of turn and lateral force can be described kinematically using

small angle assumptions.

RoT (◦/s) =
V

R
· 180

π
(3.23)

ac =
V 2

R
(3.24)
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3.4.18 Multipoint tracking: Pose estimation

The Ćight path tracking method can be extended to track multiple points on a single

object to determine the geometric relationship between the points. A wireframe model

can then be Ątted to the points to establish the measurements of distance between

points and angles between assumed rigid bodies. These measurements are represen-

tative of the position of the birds main lifting surfaces and reveal the relationship

between limb motion and body response along the Ćight path. To estimate the pose

of the main Ćight surfaces and relate them to the Ćight path requires multiple points

to be tracked to deĄne rigid body reference and the position of the surfaces of interest.

Here four points are tracked to deĄne Ąve body points (Figure 3.26) where the body

centroid is deĄned by the conjunction of the four points.

Fig. 3.26 Four points tracked on the bird in each frame: Head - as deĄned by the beak,
Port/Starboard wingtips - as deĄned by the wingtip feather textures, Tail - as deĄned
by the base of the tail feathers. Body centroid deĄned at 50% distance between head
and tail.
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Additionally a body centroid is deĄned at the midpoint on the vector connecting the

Head position to the Tail position at each time step. This assumed wing centroid

was arbitrarily selected for the reduced order model Ąt as the true wing root position

cannot be determined from this dataset.

Two rigid body vectors are deĄned to provide a reference from which to compute ge-

ometric body angles. The body vector is deĄned by two points: the head and the

tail and is the vector between them. It is a rigid body from which to compute the

body Euler angles in relation to the world coordinate system and is analogous to the

longitudinal body axis as deĄned for an aircraft. The total wing vector is deĄned as

the vector parallel to the vector connecting the port wing tip to the starboard wingtip

passing through the body centroid point. It is an assumed rigid body axis connecting

the wing-tips and is used as a reference axis for measurements of wing angle deĆection

as well as measurements of wing span. The port/starboard wing vector connects the

port/starboard wing-tip to the body centroid. It is an assumed rigid body used to

deĄne quantitative wing motion and deĆections relative to the body and total wing

vector.

The pose of the bird is estimated as a vector analysis between the body and world

reference planes (Figure 3.27) where by:

Pitch (θ) is deĄned as the angle between the body vector and the horizon plane nor-

mal to the local gravity vector.

Roll (ϕ) is deĄned as the angle between the total wing vector and the horizontal plane

normal to the local gravity vector.

Yaw (ψ) is deĄned as the angle between the body vector and the North-South vertical

plane aligned with magnetic North.
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Fig. 3.27 DeĄning pseudo rigid body pose angles using geometric relationships between
tracked features to establish parameters from which to build a Ćight model. Body
vector (Blue), Port and Starboard Wing-lines (Red,Green), Total wing vector wing-
tip to wing-tip(Black dashed)

The position of the primary lifting surfaces in relation to the body are analogous to

control inputs and are deĄned by a vector analysis between the body axis and the

port/star wing vectors and a local measurement plane (Figure 3.28):

Wing-sweep (ζ) is deĄned as the included angle between the port/starboard wing

vector and the body centroid in the plane deĄned by the wing-tip, head position and

the common body centroid.

Wing dihedral (δ) is deĄned as the included angle between the port/starboard wing

vector and the total wing vector in the plane deĄned by the two wing-tips and the

body centroid.
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Fig. 3.28 Bi-variate model of wing geometry as deĄned by wing-sweep and wing dihe-
dral. The red and green lines depict the average port and starboard wing lines.

This reduced order wire-frame model greatly simpliĄes the geometry of the bird. It

reduced the highly complex arrangement of feathers, joints and underlying muscula-

ture into a model where by the critical points could be determined reliably using the

RSV system. Assumptions made about the pose introduce new errors and the couple

of motions that mask the true motion of the wing. Because of this the dataset cannot

be used to make any absolute quantitative measurements. The reduced order model

has a many input, single output mapping to the underlying geometry which limits its

use to cases where the bird maintains a steady pose. The manoeuvres analysed in
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later chapters are predominantly steady and Ćapping gaits were speciĄcally excluded

for this reason.

Due to shadowing effects it is not always possible to determine the body angles of the

bird. In cases where the body vector cannot be reliably determined it is replaced by the

Ćight path vector making the assumption that angle of attack and side-slip are small

and thus a forward iteration of the velocity vector should provide a good directional

analogy for a body axis given that body length is an unimportant parameter. The

substitution of the birdŠs velocity vector to deĄne a notional body line raises the

assumption of symmetry of the bird in Ćight. Casual observation shows that the bird

is not always aligned with the direction of Ćight, the head is often turned out of the

free-stream and the measured asymmetry in the position of the main wings suggested a

variation in span-wise Ćow across the body. However in these circumstances the offset

of the body line will manifest as a rotation about the birds centre of gravity, which is

close to the assumed centroid of the model, Ąt at Ąfty percent of body line. The impact

of the offset of the assumed body line from the measured body line would in this case

be small. In addition the shadowing effect that requires substitution is prominently

evident when the bird is posed such that it is head on to or Ćying away from the

camera system, these sequences were not selected when processing manoeuvres for

analysis. In any case it is the relationship between the Ćight path and the control

surfaces which is of primary interest.
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3.5 Example of manoeuvre data processing

In this section an example of the RSV system results is presented. Starting with an

input image (Figure 3.29) and by selecting features on the bird in each half image, the

following Ągures are examples of the type of data outputs and represent an analysis

of a manoeuvre sequence.

Fig. 3.29 Example input image taken from a gull Ćight recorded by the RSV system.
This image frame will have a corresponding set of encoder values indicating the direc-
tion the camera was pointing relative to the datums. The image is timestamped.
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3.5.1 Flight paths

Typical trajectory of a Ćight path track recording as measured in spherical Polar co-

ordinates are presented in Ągure 3.30.

Fig. 3.30 Spherical polar RSV output data (ϕ, θ, d) presented as individual time series.
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The spherical polar data as transformed to Cartesian data, four examples of sequences

from gull Ćight data are shown in Ągure 3.31.

Fig. 3.31 Examples of gull Ćight paths in 3D Cartesian space. Each track is a series of
successive measurements of the bird in time. The red and green lines are each positions
wing lines and the black track line traces the progression of the body centroid.
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This 3D information can be represented in as a 2D ground track and as 1D time se-

quences as seen in Figure 3.32 with x, y and z positions with respect to the time step.

Fig. 3.32 Cartesian representation of Ćight path viewed top down and as a time series
representation of the positional components.
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3.5.2 Flight dynamics

Time based derivatives of position data are computed using a forward difference

method and can be plotted as a function of time (Figure 3.33).

Fig. 3.33 Velocity components as calculated from time derivatives of positional data
and summed for total velocity V, ground speed GS and vertical speed VS
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Velocity components can be examined individually or geometrically summed to give a

total velocity V or a ground speed component and a vertical speed component. Second

derivatives of position data with respect to time gives acceleration information (Figure

3.34) that can be handled in a similar manner to the velocity data and is is normalised

by acceleration due to gravity (g = 9.81 m/s2) and expressed in terms of multiples of

this factor G.

Fig. 3.34 Time series of acceleration data as computed using second derivatives of
position with respect to time. The second derivative ampliĄes noise in the signal and
requires a smooth input.

90



Similarly using an assumption of unit mass to account for the unknown mass properties

of the bird it is possible to extract metrics for the energy and power Ćow throughout

the manoeuvre. Figure 3.35 shows the changes in total, potential and kinetic energy

throughout a manoeuvre.

Fig. 3.35 Time series of normalised energy state as computed using the position and
velocity state of the bird.
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This is useful for analysis as much of the Ąxed wing manoeuvring involves trading

kinetic for potential energy and vice versa. Power at each time step is computed as

the time derivative of the energy Ćow where by positive power indicates a gain in

system energy and negative power an expenditure of energy by the bird.

3.5.3 Kinematics

Kinematic analysis of the Ćight path provides perhaps the most useful insight into the

control laws at work in simple manoeuvres such as a steady glide pitch up / pitch

down or the initiation of a Ąxed-wing turn. Using the kinematic equation 3.22, the

instantaneous curvature of the Ćight path can be related to the body pose. Other

important parameters are derived by measuring the angle change between the Ćight

path at each time step and the change in the Ćight path in relation to Ąxed datums

such as the horizon or North - South axis. The Ćight path angle describes the physical

trajectory relative to the horizon and the Track relates the Ćight path to the North-

South plane (Figure 3.36).
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Fig. 3.36 Time series of heading / track relative to magnetic north, Ćight path angle
relative to the horizon and a pseudo angle of attack as deĄned by the difference between
body angle θ and the Ćight path angle. Note this is not representative of the α as
experienced by the wing

In addition to the instantaneous curvature data as calculated for the Ćight path from

velocity and acceleration data an average turn radius for turning manoeuvres can be

computed by using a circle Ątting algorithm to Ąt to the Ćight path providing a more

average measure of turn performance.
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3.5.4 Pose estimation

Pose estimation provides the body angles relative to the Horizon and North-South

planes. Wing spread is deĄned as the length of the vector connecting the wing tips. It

should be considered separately to wing span as if doesnŠt account for the additional

degrees of freedom along the wings but it does give a quantiĄable measurement of

the spacing between the wing tips. This property is useful as it should be somewhat

constant in straight and level gliding Ćight and it should have a cyclic property in

Ćapping Ćight whereby the wave length seen in the time series data corresponds to

the Ćapping frequency of the bird, for gulls this cycle is typically 3.5Hz [89].

The body angles as deĄned by pseudo rigid body assumptions are plotted as a time

series (Figure 3.37). Roll, pitch and yaw are deĄned by vector analysis between the

wing-line and the horizon (roll), the body line and the horizon (pitch) and the body

line and the Ćightpath (yaw). These are used to deĄne the bird pose in reference to

the earth coordinate system and are the basis for Ćight path analysis.
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Fig. 3.37 Roll, pitch and yaw angles of the pseudo rigid body angles presented as a
time series for the section of Ćight path tracked.

The pseudo-sweep and dihedral angles are used as quantitative metrics for the control

inputs made by the main wing. By reducing the complex degrees of freedom to just

these two parameters it is possible to represent the range of motion of the highly

Ćexible structure more simply and to look for correlations between the wing motion

and the body response in terms of quantiĄable measurements. The sweep and dihedral

information can be expressed as a time-series (Figure 3.38).
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Fig. 3.38 Wing sweep ζ and dihedral δ as a time series. These two variables form
the basis of a bi-variate model describing the wing geometry as a simpliĄed set of
parameters for analysis.
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3.6 Discussion

3.6.1 Review of methods

Ornithodolites and Ąxed camera stereography are tracking techniques that can be used

to track the Ćight path of birds in the Ąeld and to study in-Ćight behaviours using mea-

surements taken from free-Ćying wild animals in an uncontrolled natural environment

with minimal interference and thus minimal impact on the behaviour of the animal.

To complement the tracking of Ćight paths, studies of the mechanics of birds in Ćight

have been made using supplementary aerodynamic data provided by cadaver prepa-

rations or by controlled load measurements using birds Ćying in a wind tunnel. The

most complete assessments of the control of bird Ćight have been conducted in labo-

ratory environments which do pose some restrictions on the bird natural behaviours

due to the conĄned Ćight space. A Rotational Stereo Videography system couples the

multi-point tracking techniques with pose estimation and reduced order morphology

model Ątting to allow for simultaneous measurements of Ćight path kinematics and

body pose. Filming locations and days were selected based on criteria to minimise the

effects of external inĆuences, such as environmental effects (wind, updrafts etc...) on

the Ćight paths that were being observed. The remote nature of the method is subject

to other limitations such as having no real aerodynamic data for the gulls wings, and

relying on assumed mass characteristics based on sample measurements of the species

in question.

The RSV technique has inherent depth resolution error that scales with the square of

the range. At longer ranges it becomes more difficult to track the target in the image

when itŠs size is reduced to just a few pixels. In these scenarios any background clutter

in the image can make it very difficult to reliably get a positive template correlation

peak, even with the sub-pixel matching techniques. This reduction in image size of the

target can be mitigated by using higher magniĄcation lenses with longer focal lengths

but these in turn make it more difficult to manually track the target in the frame (due

to the high zoom level). In this work the smoothing Ąlter was applied consistently

across all data points, using a sliding cubic function over a Ąxed window size, deĄned

by behavioural frequencies. A possible improvement in this area would be to use a

dynamically variable window size based on the range to the target as the points more

distant from the camera require the most smoothing. Gain scheduling the smoothing
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Ąlter in this way is something seen in other bird tracking works [90] and would be a

suggested improvement to the technique.

Pose estimation as attained from a wire frame model Ąt to multiple tracked points is a

novel contribution to the Ąeld, using relatively few points taken using consumer grade

camera equipment it is possible to construct a bi-variate wing model that captures the

principle components. However this model Ątting method is subject to maintaining a

viewing angle in which all points can be reliably tracked. Too often the viewing angle

from the single camera position arrangement means that one or more of the points can

be out of view for a number of frames. The RSV system currently linearly interpolates

between the last and next seen positions of the points which is acceptable if the point

is only out of view for a small number of frames but becomes a poor estimate when

the point is out of view for much of a manoeuvre. Currently this case is handled by

excluding entire segments of manoeuvres where this point shadowing is experienced

which results in a lot of unused data. An improvement to the method would be to

update the estimated position of the shadowed point using the average direction vector

of the target centroid. This method would essentially satisfy the laws of conservation

of momentum and would preserve the Ćight path of the point in relation to the body

centroid if not the other points.

When Ątting the wireframe model any out of plane motion is difficult to reliably mea-

sure. As discussed the depth resolution error is proportional to distance squared. In

a situation where one wing tip is directly out of the image plane, the error associated

with this point is maximal when compared to the other wing-tip which is towards the

observer in the image plane. In this scenario the length of each wing-line as measured

from the centroid will be subject to different levels of error and will result in the out

of plane wing-line being measured as relatively longer than the into plane wing-line.

This difference in length also effects the measured included angles which are solved ge-

ometrically and so differ for each wing-line, which in reality may be equal. Again this

scenario is dealt with by manually excluding whole manoeuvre segments where this

condition is likely to occur. To improve system tracking robustness with regards to

depth resolution error propagation, it may be possible to bound the wireframe model

to have a symmetry constraint for manoeuvres where high levels of asymmetry are

not expected although this would in turn hide any asymmetric properties of the birds

Ćight and so would only really be useful in non-turning Ćight.
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To help mitigate the probabilistic error and to increase the signal to noise ratio, partic-

ularly in the second time-derivative acceleration measurements, smoothing in the form

of time-averaging applied to a continuous Ćight track is applied by Ątting a third order

polynomial over a data window corresponding to half the period of the manoeuvre of

interest within that track (Nyquist Savitsky-Golay smoothing). This time-averaging

is based on the assumption that the control signals would be stable over the window

of the manoeuvre whilst the random error in the measurements is probabilistic and so

the signal to noise ratio will be boosted in this case.

From these suggested improvements the easiest to implement would be to allow for

the template window and smoothing gain to be dynamically varied with the range

measured. Some experimentation would be necessary to select robust strategies for

doing this and it may be that an iterative approach would be best, perhaps using limits

on the path gradient as a cost function to limit the process. Furthermore, hardware

improvements that increase the out of plane stiffness would help to reduce some of the

vertical bouncing observed in use when the device is subject to high rates of rotation.

Lighter mirror components distal from the central mount would further improve the

structural properties of the device.
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3.7 Conclusions

Rotational Stereo Videography is an effective method of analysing bird Ćight mechanics

because of itŠs ability to simultaneously track the birds Ćight path and Ąt reduced

order morphology models to the image of the bird. Because the source of the position

information is based on a video recording, there is the additional beneĄt of recording a

visual record of Ćight behaviours alongside the dataset. The RSV system presented in

this chapter is the latest iteration of a series of devices described as Ornithodolites and

it is the Ąrst instance of a technique which, using a single camera, can Ąt a reduced

order morphology model to a free Ćying wild bird with no markers affixed to itŠs body.

The system is low cost and portable and can be constructed on a low budget with

readily accessible tools and materials. Flight path and animal pose are computed by

tracking multiple points on the bird. The time stamped Ćight track and the birdŠs pose

allow for an assessment of how changes in the birds morphology effect its Ćight path.

The amount of error present in the 3D position measurements is small and is a function

of the square of the range to the target and the accuracy of the pixel matching. This

limits the working volume of the device to around one hundred metres which covers

the vast majority of Ćight manoeuvres demonstrated by the gulls (chapter 4) and red

kites (chapter 6) but does limit its use as a means of qualifying behavioural traits.

The Rotational Stereo Videography setup is a low cost solution for path tracking and

pose estimation in the Ąeld and is the source of the datasets used in chapters 4 and 6.
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Chapter 4

Longitudinal and lateral control of gliding gull

flight

4.1 Chapter Summary

In this chapter, the RSV method described in the previous chapter was used to gather

a dataset from free Ćying lesser black backed gulls to asses their Ćight control char-

acteristics. The gull dataset comprises over 100 Ćights from 89 recordings over a

four day period. The gullŠs pose was extracted from four data points having tracked

the head, body, tail, port and starboard wing tips and the reduced order wire frame

seagull model was Ąt to these points. The control parameters wing-line sweep and

wing-line rise, as previously described are extracted and compared to the kinematics

of the Ćight path at the time point. From this it is possible to construct an envelope

of control motion and Ćight performance and compare this to a traditional Ąxed wing

UAV. The gulls glide polar as determined from this dataset is in line with that seen in

other literature. In terms of longitudinal control the gulls appear to use wing sweep

to control their rate of change of longitudinal Ćight path angle in steady gliding Ćight.

The Ćight path angle is a better measure of longitudinal Ćight performance compared

to pitch angle for a gull because the relationship between the gullŠs body and wing

is not rigidly deĄned. This result conforms with the qualitative observations that the

gulls are gliding with furled tails which are unlikely to contribute to longitudinal con-

trol and with existing observations of gulls changing their static stability by sweeping

their wings in the glide. In terms of lateral control the gulls glide with furled tails.

Their turn performance aligns with that predicted using rigid body turn analysis for

a Ąxed wing. Gliding turns are initiated by rolling into the turn and load factors as

estimate by turn radius are in line with those a similarly sized Ąxed wing UAV would

experience.
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4.2 Chapter Structure

This chapter introduces the gulls use of wing sweep for longitudinal Ćight control. It

begins with a description of the experimental location and gives description of the RSV

method as employed for this study focusing on the two aspects of the study, measuring

the kinematics and the wing position of the gulls in Ćight. The results section covers

the main metrics of the dataset including maximum and minimum values as well as

averages for the kinematic properties of the Ćight path. The gulls Ćight performance

envelope is discussed including comparing the glide polar measured in this dataset to

that in established literature. The main wingŠs range of motion as described by the

reduced order wire frame model are given in the form of histograms, indicating upper

and lower limits as well as the most commonly used ranges. The effect that these wing

variables have on the longitudinal control are presented to support the hypothesis that

gulls use wing sweep for longitudinal control. The effect of variable wing dihedral on

the bird is discussed but no conclusions are drawn from this dataset. In discussion the

dataset is used to construct a manoeuvring velocity - loading diagram, a representation

of the Ćight envelope, which is compared to a comparable small manned UAV. The

gulls control strategies involving wing sweep for longitudinal control and wing rise

for variable lateral stability are presented and compared to traditional control setups.

Turning performance is considered based on the kinematics of the Ćight path and

compared to the lateral performance of a small Ąxed wing aerial vehicle.
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4.3 Introduction

Studies have shown that gulls use the extension and Ćexion of their wings to adapt

their longitudinal stability whilst in the glide [83]. These studies have assumed static

geometries and examined their effects on the longitudinal control parameters, such as

changes in pitching moment and static margin [91]. Here in this study changes in the

birds Ćight path and changes in the wing geometry are measured in free Ćying wild

birds in their natural habitats. The lesser black-backed gull were observed soaring in

the Bristol harbourside area in the south-west of the United Kingdom. These gulls

frequent the harbourside location throughout the day for its variety of perches and for

its foraging opportunities.

Fig. 4.1 Location of the Bristol harbourside in the UK and the position of the Ąlming
location on the harbourside [92]
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This chapter uses a dataset recorded using the rotational stereo videography tech-

nique described in Chapter three. Lesser black backed gulls were tracked to record

their Ćight paths and the RSV technique Ąts a morphology model to a series of points

to analyse how changes to their wing geometry effects their Ćight path. Three different

hypothesis are presented:

1. Gulls use fore and aft motion of their wing to control their longitudinal Ćight path

angle and that this can be decoupled from the body pitch angle. This fore aft move-

ment of the wing centre of pressure can form the basis of a longitudinal Ćight control

law.

2. Gulls vary the amount of dihedral whilst they glide to effect both their lateral

direction stability and to control their vertical speed through gusts.

3. The turning performance of the gulls can be modelled as a rigid single main wing

and the lateral performance is proportional to bank angle.

The dataset consists of gull Ćights which have been down selected and segmented to

expose instances of straight and level gliding behaviour from which the longitudinal

Ćight path angle and the wing positions can be derived. This dataset can then be

used to look for correlations between wing position variables and changes in the Ćight

path forming the basis of a gull-inspired control law derivation.
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4.4 Methods

The Ćight data was collected using the rotational stereo videography rig and processed

using the accompanying software as discussed in the previous chapter. The dataset was

collected across four days from two different camera setup positions on the west and

east side of the harbour. The RSV rig was setup to deĄne zero degrees azimuth angle

as magnetic north and zero degrees inclination angle as the earth centred horizon. This

translates to Cartesian coordinates with Ąxes in a north - east - normal coordinate

system. Calibration of the RSV system used a series of pre placed Ąducial targets

as well as distant unique building features with known ranges measured using a laser

range Ąnder.

Fig. 4.2 Rotational stereo videography rig in use
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Fig. 4.3 Observed gull behaviour at Bristol Harbourside, Bristol, UK.

The Bristol harbourside location was selected due to itŠs dense gull population, its to-

pography and itŠs accessibility (Figure 4.3). With itŠs high foot traffic, open waterway

and numerous high building perches the area attracts a large number of gulls from

multiple species. The site is a natural Ćying area surrounded by buildings acting as

artiĄcial barriers and a high concentration of birds performing a variety of behaviours.

This dataset is comprised of Ćights made by lesser black-backed gulls. The surround-

ing buildings serve to provide an artiĄcial boundary to the area establishing a volume

in which the RSV system can be calibrated and the Ćights can be determined to start

and Ąnish as a bird Ćies across this boundary. This maintains the Ćight paths within

the known calibration range of the device. For the purpose of the analysis each Ćight

is treated as independent, however due to the large number of gulls manoeuvring in

the area there is no guarantee that all Ćights were from different individuals.
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4.4.1 Flight paths

Fig. 4.4 Sample of recorded Ćight paths

The RSV system was used to track wild Ćying birds in their natural environment

(Figure 4.4). As such there were no controls in place over the nature, duration and

range of the Ćight other than those enforced by the environment. A wide variety

of Ćights were recorded to allow for further down select looking for speciĄc Ćight

manoeuvres and features. The Ćights were recorded from different aspects so as to

account for the occlusion of various parts of the geometry throughout the Ćight. For

longitudinal Ćight the primary component of motion of interest is the Ćight path

angle or the angle made between the Ćight path and the horizon. Flight paths which

display the required gliding behaviour were segmented out and the Ćight path angle

was recorded alongside the wings position at that time. The 3D position data had

previously been smoothed as raw data before the coordinate transform and so no

further smoothing was required. The position data is ground referenced with respect

to the RSV rig position, which in turn is aligned with magnetic north and the local

gravity vector, because of this the Ćight path angle was measured with respect to

the ground. To minimise the effect of wind on the Ćight path of the bird, Ąlming

was restricted to days with light and variable winds, as wind measurement was only

possible at the RSV location and not at the birds location.
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4.4.2 Wing range of motion

One of the main objectives of the RSV dataset was to capture in-vivo biometrics relat-

ing to the positioning of the gulls wings and how these might be used to make control

inputs in gliding Ćight. The musculoskeletal linkages in the gulls wing means that

there is a degree of coupling between the motion of the wing in different planes. There

are various degrees of freedom, extension/Ćexion, pronation/supination and eleva-

tion/depression [91] these are coupled as the wing moves through itŠs range of motion.

The wing is a modiĄed forearm consisting of joints at its root (shoulder), mid-section

(elbow) and distal segments(wrist). Each of these is free to move with coupled motion

subject to the underlying tendon and muscle architecture. Additional structures such

and the primary feathers and alula have compliance which allows them to move under

load and in coupling with the other wing structures. All of these degrees of freedom

are governed largely by the internal geometry of the skeletal-muscle system and have

few external surface cues from which to deĄne the geometry.

The lack external tracking cues and limitations of the RSV method made it difficult to

assess the pronation/supination or twist of the wing and so a two degree of freedom,

bi-variate model was Ąt to the wing. Using the bi-variate wireframe model described in

the previous chapter the complex wing geometry is represented by just two variables:

A pseudo-sweep angle ζ and dihedral angle δ. Using these two variables the model

describes a variety of complex wing geometries composed of Ćexion and rotation of

the manus, elbow and shoulder joints in the wing.
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Fig. 4.5 Pseudo - Sweep angle ζ deĄned by the angle subtended by the wing-line and
the longitudinal axis in the x-y plane.
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Looking Ąrst at the pseudo-sweep angle ζ. This angle deĄnes the fore-aft relationship

of the wing-tip to centroid line, here after referred to as the wing-line, for the port and

starboard wings. The magnitude describes the degree to which the wing-tip moves

fore-aft with the relation to the centre of the body, but because the measurement

is computed as a function of the dot and cross product of vectors and the inherent

coupling between the joints of the wing the angular measurement of ζ in degrees also

captures the amount of wing spread. This one variable can be used to describe the

morphing of the wing from itŠs fully spread to a retracted swept pose. Hence, ζ is

describing how the centre of pressure of the wing is moving fore-aft relative to the

centre of mass of the bird. This couple is important statically when quantifying the

longitudinal stability characteristics of the animal and dynamically in control of pitch.

Additionally the aerofoil geometry will also be changing substantially with ζ and the

position of the aerodynamic centre can be reasonably be expected to move in relation

to the centre of mass and centre of pressure.
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Fig. 4.6 Pseudo - Rise angle δ deĄned by the angle subtended by the wing-line and
the normal axis in the z-y plane.

DeĆection of the wing-line up-down in relation to the normal body axis of the bird

is captured by the pseudo-dihedral angle δ. This biometric captures the Ćap cycle

in Ćapping Ćight and the essence of the eponymously named gull-wing geometry in

gliding Ćight albeit with a few issues. The gull-wing so commonly seen in the glide is

a complex geometry comprising of rotations at the shoulder and Ćection-rotations at

the elbow and manus joints, as such it is possible for the bird to achieve substantial

deĆection of the wing surface along the normal body axis both in the positive and

negative sense with deformation around the manus whilst maintaining only a small

change in the wing tip position relative to the centroid and the wing-line. In this case

the wing spread is reduced, reducing the effecting span whilst maintaining the wetted

area of the wing. It has not been possible with the RSV system to reliably track the

number of points needed to properly capture this polyhedral deĆection and so the

variable δ and wingspread are used instead. By varying the polyhedral of the wing the

gull is substantially altering itŠs aerodynamic properties in a way that effects both the

lift distribution and the inertial properties of the wing. As such the deĆection of the

wing-line with respect to δ is an interesting variable to associate with possible control

strategies being used by the gulls.
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4.4.3 Turning mechanics

Gulls adopt a gliding gait when commuting to help extract energy from the environ-

ment and reduce their own energetic cost of transport [93]. When gliding the gulls

morphology is adapted to maximise lift and minimise drag. They Ćy with their wing

outstretched at maximum span and their tails furled and adopt a Ćight speed close to

their minimum drag airspeed. This conĄguration is similar to that used by a conven-

tional airframe modelled by rigid body Ćight mechanics [94], albeit minus the vertical

tail. When turning, the direction of velocity is continually changing. The gulls when

gliding are constantly descending through the air mass and vary their rates of turn.

To simplify the mathematics the equations presented here, consider the turn as steady

(that the rate of turn is constant) and constrained to a horizontal plane. A gull turn-

ing through an angle (ψ) with a radius (r) and velocity (V ) is subject to aerodynamic

forces in equilibrium with itŠs weight (W ). The accelerations as experienced by the

gull, the load factor (n), represent the increase in lift required to support the weight of

the bird and provide the lateral force to initiate and maintain the turn. Described as

multiples of gravity (g) the load factor and lateral load factor (nac
) are independent of

the aerodynamic and inertial forces acting on the bird and are functions of the bank

angle (ϕ) alone. Bank angle is poorly deĄned for birds whose wings are not rigidly

constrained to the fuselage so the analysis here assumes the bank angle as being de-

Ąned by a vector perpendicular to the body joining the wing-tip in relation to the

horizon.
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Fig. 4.7 Gull in a steady coordinated turn in the horizontal plane.
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In the steady horizontal turn (Figure 4.7), the conditions of equilibrium are expressed

as:

Lcosϕ = W = mg (4.1)

Lsinϕ =
mV 2

r
(4.2)

By combining equations 4.1 and 4.2 and rearranging, the turn radius is given by:

r =
V 2

gtanϕ
(4.3)

And the corresponding rate of turn (V
r
) is given by:

ROT (◦/s) =
g tanϕ

V
(4.4)

The centripetal acceleration (ac) is the in-plane acceleration given by:

ac =
V 2

r
(4.5)

Substituting equation 4.3 into equation 4.5 and normalising with respect to gravity

give the centripetal acceleration in terms of a lateral load factor (nac
):

nac
= tanϕ (4.6)
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4.5 Results

4.5.1 Flight paths

The data set presented here is derived from 117 Ćights from 89 video samples. The

RSV system produces timestamped position information of multiple points. Here are

six example Ćight paths from which Ćight path angle and wing position information

are extracted.

Fig. 4.8 Example gull Ćight path with wireframe overlay showing the typical manoeu-
vres from which Ćight path angle and wing pose can be extracted. The Ćight tracks
are oriented such that the direction of Ćight is left to right. The black line indicates
the path of the body, the red and green lines show successive positions of the wing
line.
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By taking the time derivatives of the position points it is possible to calculate velocities

and accelerations, analysis of the Ćight path provides angular and radius information

and body pose estimation give body variables. The Ćight envelope (Table 4.1) is char-

acterised by measurements of the mean and maximum velocity, acceleration, rates of

change of heading, Ćight path angle as measured from the Ćight paths.

Table 4.1 Flight performance envelope of Larus fuscus showing maximum, minimum
and mean values from all measured segments from 117 individual Ćights

Performance Variable Mean Std Max / Min

Velocity (ms−1) 9.47 4.59 27.44

Vertical speed (ms−1) -0.41 3.10 + 6.35 / - 9.45

Acceleration (g) 1.84 - 9.56 / 0

Rate of Turn (◦s−1) 0.94 49.78 93.90

Centripetal Acceleration (g) 0.48 0.77 3.58

Roll (◦) 0.27 21.29 64.5

Pitch (◦) 1.67 11.17 31.6 / -18.92

Flight path angle γ (◦) -2.15 15.69 78.10 / - 90.00

Roll rate (◦s−1) -0.03 57.05 211

Rate of change of Ćight path angle (◦s−1) -0.10 89.24 177 / -223

The mean speed of 9.47 m/s was close to one third of the maximum observed instan-

taneous speed of 27.44 m/s indicating that most Ćight recordings were well within the

typical Ćight regime and not indicative of peak performance. The average recorded

Ćight track was 20 - 30 seconds. For the purposes of analysis the manoeuvres were

segmented into 2 - 3 second sequences and subsampling down from the full 50 Hz

data rate was used when longer Ćight section analysis was required (typically a 2Hz

sample rate was used for recordings up to one minute). Pose estimation Ąts a simple

four point wireframe to the bird and the pseudo-sweep and pseudo-dihedral angles are

measured. Kinematic analysis of the Ćight path establishes radius and thus turning

performance.
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4.5.2 Glide Polar and Flight Envelope

Using the velocity data as derived from the gullŠs data set it is possible to plot a glide

polar for the gulls (Figure 4.9). The selection of Ćights to include in this dataset was

constrained to contain only Ćights deemed to be in a steady glide.

Fig. 4.9 Glide polar of Larus fuscus as measured from eleven Ćights. All velocity
measurements are ground referenced which would account for lateral shift against
other known polars.
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Eleven Flights were included which met the following criteria:

1. Mean Bank angle < 20◦

2. w < 0 m/s

3. Gliding Ćight - (Qualitatively not Ćapping)

The gulls glide polar is based off velocity measurements relative to the stationary

RSV device on the ground with a simple vector sum of the spot wind at this location.

Whilst all Ćights were recorded on low wind days to minimise the difference between

measured ground speed and airspeed the exact effect of the local wind vector on the

velocity is not known. It was not intended for this to be a true measurement of the

birds polar but as a conĄrmation check that the results as measured by the RSV were

sensible and in accordance with other sources of data. The measured polar shows a

min sink of 0.5 m/s at 6m/s and a best glide of 8:1 at 8m/s. This polars low speed

region agrees with existing polars of lesser black backed gull in literature [95] however

the high speed region shows increased descent rates for a given airspeed. This is likely

because the sample of manoeuvres selected for this analysis contain diving and climb-

ing manoeuvres that donŠt conform to the assumption of a straight and steady glide.

Whilst the small sample size prohibits detailed analysis of this polar the difficulty in

obtaining Ćights that obey the aforementioned criteria set is in of itself evidence that

the gulls spend a relatively low proportion of the Ćying time in straight steady glides

in still air, preferring to instead adopt Ćap-glide gaits in transit and using gliding gaits

to soar updrafts and to manoeuvre.
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4.5.3 Wing range of motion

Using the landmarks tracked on the gulls wingtip and body centroid the range of

motion acheived by the wing as described by wing sweep ζ and wing rise δ in Ćight

recorded are presented in Ągure 4.10.

Fig. 4.10 Histogram of wing sweep and dihedral angles as measured by reducing the
complex wing geometry to a bi-variable model, describing the average wing-line in
sweep and dihedral. These histograms represent all measured segments from 117
Ćights.

Plotting a histogram (Figure 4.10) of the range of pseudo-sweep angles of the wing

line (ζ) and the linearised polyhedral angles of the wing line (δ) it is possible to see

both the extent and distribution of these biometrics taken from a series of straight

gliding Ćights. The apparent asymmetry in this Ągure is a function of the total dataset

being unbalance in terms of the number of Ćights observed with complete view of the

bird. In this dataset there were more Ćights where the view of the starboard wing was

occluded and this imbalance in the dataset is seen by there being proportionally more

points for the port wing compared to the starboard wing. Attention should be paid to

the relative limits and distribution of the histogram with each wing being considered

in isolation. There is no inference here that the birds are Ćying predominantly in one

direction or favour a particular wing. From this histogram the maximum range of

motion of the wing-line sweep and wing-line dihedral is


−60◦

−30◦



<


ζ
δ



<


+60◦

+30◦



respec-

tively. The maximum range of deĆection is symmetrical and the mean values of the

angle and the standard deviation for wing-line sweep were aft ζµ = 7.8◦ σζ = 26.6

and for wing-line dihedral it was raised δµ = 3.2◦ σδ = 18.4.
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4.5.4 Forward motion of the wings and control of Ćight path

angle in gliding Ćight

The conĄguration of the gulls wing is described by a large number geometric param-

eters. As such selecting an individual parameter for feedback control is difficult and

so the method in this chapter uses a reduced order model to analyse the relationship

between the the wing state and the resulting change in Ćight path. The reduced order

model is bi-variate, comprising of the average wing-line sweep and dihedral angle as

computed from the morphology model Ąt to the four tracked points on the bird. Pitch

angle (θ) from the RSV data is unreliable for two reasons: Ąrstly due to the constant

occlusion of either the tail or head as the aspect of the bird changes in the image it

is difficult to generate an accurate body line in every frame. Interpolating the body

line introduces large position error. Secondly the relationship between the main wing

and the body is not rigidly deĄned for the gull as the gull has the ability to pronate

and supinate itŠs shoulder joint. This varying setting angle introduces an offset error

which decouple the body pitch angle from the longitudinal dynamics. This section

instead chooses to use the Flight Path Angle (FPA, γ) variable, which is a direct

measure of longitudinal Ćight performance, to assess the relationship between changes

in position of the birds wing morphology and changes in the Ćight path. The results

presented here are comprised of the eleven Ćights comprising 33 seconds of Ćight time

and represent climbing and descending manoeuvres, entering into or pulling up from

a straight glide (Figure 4.11).
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Fig. 4.11 Flight path angle vs Wing sweep angle showing a loose correlation

Figure 4.11 shows that whilst there is a loose relationship (R2 = 0.45) between wing-

line sweep and Ćight path angle there are signiĄcant outliers. A similar picture is seen

if instead of looking at Ćight path angle the dependant variable is replaced with the

vertical speed of the bird (Figure 4.12).
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Fig. 4.12 Vertical speed vs Wing sweep angle showing a loose correlation
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Instead of looking at absolute values we can instead look at rates of change on longi-

tudinal variables.

Fig. 4.13 Rate of change of Ćight path angle (o/s) vs wing sweep showing a strong
correlation
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Here the relationship between wing-line sweep and the rate of change of Ćight path

angle with respect to time is stronger (R2 = 0.91) with the wing-line sweep accounting

for over 90% of the variation in the FPA rate. This relationship satisĄes the mechan-

ics of the manoeuvre as demonstrated in Figure 4.13 and is measurable with a strong

coefficient of determination.

This suggests that the gulls are using the relative change in the position of the centre

of pressure on their main lifting surface as represented by the wing-line sweep, to

modulate longitudinal guidance and control the rate of change of their Ćight path

angle relative to the ground during pitch up and pitch down manoeuvres whilst in

gliding Ćight.
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4.5.5 Variable dihedral and changes in vertical speed and sta-

bility

Here the relationship between the wing-line rise angle and Ćightpath angle and vertical

speed are presented.

Fig. 4.14 Flight path angle vs dihedral
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Fig. 4.15 Vertical speed vs dihedral
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Fig. 4.16 Rate of change of Ćight path angle vs dihedral

As can be seen in Ągure 4.14 and Ągure 4.15 there is no statistical relationship between

the Ćight path angle, vertical speed and the wing-line rise in this dataset. However this

dataset was captured for the purpose of analysing the longitudinal dynamics and does

not examine the change in pose whereby some species adopt very high dihedral angles.

Figure 4.16 shows an almost constant null relationship between the wing-line rise and

the rate of change of Ćight path angle. From this plot, for the case of the steady glide

manoeuvres the amount of wing-line rise has no bearing on the Ćight path angle in

the vertical plane. Because this dataset does not contain air reference positions it is

possible that incorporating additional wind data would reveal a correlation.
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4.5.6 Turning performance

The results presented here were selected from twelve Ćights consisting of gliding turns

with no large changes in velocity (constant speed turns). To reduce the effect of wind

on the metrics for turn performance, i.e. the turn radius is strongly effected by the

wind, the parameters of interest are the rate of turn and the in-plane lateral load

factor experienced throughout the turn accounting for the centripetal acceleration on

the bird.

Fig. 4.17 Turn performance: Bank angle vs rate of turn

Figure 4.17 shows the correlation between bank angle; as estimated from the body

pose, and rate of turn; as calculated using the kinematic expression (Equation 4.4),

and a correlation (R2 = 0.60) is shown.
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Fig. 4.18 Bank angle vs lateral load factor

The relationship between bank angle, not corrected for the non-horizontalality of the

turning plane and the centripetal acceleration, subject to large propagated errors as a

result of the double derivative of the position data, are show in Ągure 4.18 and show

a very poor correlation (R2 = 0.22). The test appears to have a null result, however,

the Ćight paths as recorded by the RSV rig are not representative of totally level turns

constrained to the horizon for which the equations are derived.
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Fig. 4.19 Equivalent bank angle, relative to the turning plane vs lateral load factor

Figure 4.19 plots an equivalent bank angle deĄned by the turning plane. Using this

deĄnition the rigid body model nac
= tanϕEQV has signiĄcance and is determinate

(R2 = 0.73) but in this case the relationship between the data is also well Ąt using a

quadratic model nFc
= aϕ2

EQV + bϕEQV + c with a higher coefficient of determination

(R2 = 0.81).
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4.6 Discussion

4.6.1 Flight Envelope

Gulls are Ćight generalists that have different Ćying gaits which they use for different

purposes. Generally a gull will take to the wing to commute or Ąnd food. The results

in this chapter show a glide polar which is in line with existing theoretical glide polars

found in the literature. By examining the kinematics of the Ćight paths (Figure 4.20

and Figure 4.21) it is possible to construct a Ćight envelope (Figure 4.22) for the gulls

based on framework provided for the certiĄcation of aircraft.

Using biometric data for the lesser black-back gull population of Bristol, UK [96]

where the average mass and geometric properties of 13 individuals as presented in

Table 4.2 it is possible to construct a Ćight envelope velocity - loading (V-n) diagram

for the gull using the design requirements of EASA certiĄcation speciĄcation CS-23

Normal,Utility, Aerobatic and Commuter aeroplanes [97]. Choosing to work to the

regulation of a Utility category aircraft, chosen because whilst gulls do perform some

aerobatic manoeuvres, 80% of the measured load factors as seen in Figure 4.20 are less

than the utility category limit load of 4.4g the Vn diagram looks as in Figure 4.22.

Table 4.2 Larus fuscus biometrics. Average measurements from thirteen gulls taken
from the Bristol population in summer 2017 [96]

Wingspan (m) Mass (kg) Wing area (m2)

1.1 0.7 0.2

Aspect ratio Mean aerodynamic chord (m) Frontal area (m2)

7.8 0.15 0.007
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Fig. 4.20 Histogram of absolute acceleration as measured in terms of g. 81.5% of
acceleration measurements are < 4.4g, the limit load for utility category certiĄcation.
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Fig. 4.21 Histogram of instantaneous velocity measurements.
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Fig. 4.22 Equivalent V-n diagram for Larus Fuscus as built using EASA CS23.335.

Figure 4.22 is a Velocity - Load factor design diagram (V-n) typical of a UAV of compa-

rable mass and plan-form to the gulls. When comparing the histogram of the velocity

measurements from all the gull Ćight datasets (Figure 4.21) to the V-n diagram it can

be seen that 89% of Ćights are taking place at velocity less than the assumed maxi-

mum manoeuvring speed as calculated using EASA CS-23 [98]. Furthermore velocity

values below the equivalent 1g stall speed are consistently measured. This is caused

in part by the addition of relative wind to the dataset, which will reduce measured

Ćight velocities below the calculated stall speed but also because of the birds ability

to Ćap. By redirecting thrust to counteract the weight the amount of forward velocity

needed to support the birds weight through aerodynamic lift is reduced. Expanding

of the Ćight envelope, particularly at low Ćight speeds and high load factors highlights

the importance of Ćapping and of variable wing geometry to the birds.
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The maximum recorded velocity of 28 m/s falls within the established Ćight envelope

and is approaching the calculated value of maximum manoeuvring speed so a Ąxed

wing platform modelled on the characteristics of the lesser black-backed gulls, whilst

the minimum velocity of 0 m/s and all values of velocity that fall below the calculated

Ąxed wing stall speed for the gulls (VS = 7.3 m/s) are likely due to the effects of

Ćapping and of the tail spread. Flapping directs a component of thrust in opposition

to the weigh the weight of the bird, while Ćapping Ćight cannot be considered as

steady, the downwash induced by the combination of aerodynamic lift on the surface

and the direction of the thrust mean that the traditional calculation of stall speed

has no bearing on Ćapping Ćight and as such when Ćapping it is expected that the

bird could Ćy substantially below the traditional stall speed. Tail spread is seen in

almost all low speed Ćights, this modiĄes the downwash from the main wing and will

contribute itŠs own aerodynamic force. It is likely increasing the total lifting surface

area of the gull and it has been found to act as a high lift device [57] further increasing

the value of CLmax as used in the Ąxed wing model. The modal value of Ćight velocity

is 7.5 m/s and sits between the velocity for minimum sink (Vms) and the velocity for

best glide (VL/D) although the error on the polar Ąt is such that it could be either of

these values. Given that the Ćights were deliberately recorded on calm wind days to

minimise the inĆuence of the wind on the measurements it is difficult to infer what

effect increased headwind or tail wind would have on the gulls propensity to Ćy at

different speeds in accordance with established soaring theory [99]. The high load

factors recorded in the Ćight path might be attributed to instances of Ćapping Ćight.

Flapping induces momentary and substantial out of plane forces which will cause high

levels of acceleration and jerk acting on Ćight path. These effects are not accounted

for in traditional Ąxed wing design where load factors are typically considered as a

long period, low frequency effect which must be sustained rather than as momentary

transients as seen in this dataset. The behaviour captured is clearly not representative

of the peak performance of the animal but instead of loitering and soaring as might

be expected due to the location of data capture in the Bristol Harbourside and that

the measured velocities and accelerations fall largely within the Ćight envelope as

established for a Ąxed wing utility category vehicle based on the mass and geometric

properties of the gulls suggests that using Ąxed-wing Ćight mechanics for modelling

this part of the gulls Ćight regime is a reasonable proposition.
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4.6.2 Forward motion of the wings and control of Ćight path

angle in gliding Ćight

Unlike man-made air vehicles birds do not have discrete control surfaces, relying in-

stead on the morphing of their main lifting surfaces to change the distribution of forces

about their bodies and induce moments to control their Ćight path. Autopilot systems

will typically used closed loop feedback control with inner (Ćight control) and outer

(Ćight guidance / management) loops to control the Ćight dynamics and guidance of

the vehicle. When analysing inner loop control systems it is common to think of them

as decoupled systems with primary and secondary effects. For example, controlling

longitudinal motion about the lateral axis in steady Ćight could be thought of either

as a demand for a given pitch angle or a speciĄc angle of attack. In some manoeuvres

it may be more desirable to target a speciĄc pitch rate or constant load factor. In

practice it is usually some combination of these parameters depending on the phase of

Ćight and desired manoeuvre or autopilot state. The controller will then modulate the

control surface to achieve this. With discrete control surfaces this provides a simple

feedback arrangement where the position of the surface can be measured and fed-back

as part of the control response.
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Here positive ζ represents a sweep back of the wing-line and aft movement of the

centre of pressure of the wing (Figure 4.23).

Fig. 4.23 Change in centre of pressure with wing sweep. As the wing sweeps forward
the centre of pressure moves ahead of the centre of mass.

Figure (4.23) shows a forward (negative) sweep angle. This arrangement of net aft

sweep and slight positive dihedral is as would be found on stable designs of small

unmanned air vehicles SUAVs with similar characteristics. This forward movement of

the centre of pressure increases the couple about the centre of gravity and increases

the pitch up moment of the bird. It is understandable then that there is a correla-

tion between values of wing-line sweep and Ćightpath angles. The same affect is seen

when sweeping the wing aft, where a positive, rearward sweep, reduces the couple

and induces a nose down pitching moment. As a result we should expect to see this

variable coupled in some way to the pitching effect, or in the case of the bird where the

wing and body do not have a Ąxed setting angle, a change to the longitudinal Ćight

path angle. However from the free-body diagram it is clear that the change in the
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geometry affects the pitching moment which in turn will affect the pitch rate of the

bird. Such a result is interesting as it is in direct opposition to the way the majority

of conventionally arranged aircraft achieve the same result.

Conventional aircraft with a main wing and empennage arrangement control their lon-

gitudinal dynamics using discrete Ćight control surfaces affixed to the trailing edge of

the horizontal stabiliser or by total actuation of the stabiliser as part of an all-Ćying

tail [100]. This arrangement provides a long moment arm for the control surface and

thus reducing the size and weight of the control surface and minimising the control

loads experienced by the pilot or actuator. Whilst secondary Ćight control surfaces on

the main wing: Ćaps, slats and spoilers do directly effect the pitching moment of the

wing and thus the longitudinal dynamics, these effects are typically small in relation

to the size of the control surface and are considered a secondary effect and not the

main reason for actuation of these surfaces. The upside to the gullŠs use of the main

wing for longitudinal control is that it provides enormous control power from such a

larger surface and it frees the tail from the requirement of control. Gulls already have

large muscle groups powering the wing and by using these for control it would alleviate

the need to have additional powerful muscle groups at their tail [101]. Additionally

the skeletal structure of the bird supports a large range of motion in the main wings,

being adapted forelimbs, far more than is possible with the tail. This likely improves

the sensitivity of the controller to small changes in Ćight path whereas the tail serves

more as a gross trim control being in a furled state, producing relatively little lift

and hence pitch-down moment, or unfurled, acting as a high-lift device, reducing total

wing loading and providing a pitch down moment.

Gliding is a selective Ćying gait whose purpose is to minimise energetic cost by being

aerodynamically efficient. By gliding with a furled tail (unused for Ćight control)

the gulls can reduce their static margin, minimise induced drag and glide further for

a given loss of height. This seems a likely scenario given that the tail is typically

observed to be furled when in a steady glide.
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4.6.3 Variable dihedral and changes in vertical speed and sta-

bility

The morphing main wing allows for large changes in geometry, span, chord, aspect

ratio, camber and wetted area whilst largely maintaining the thickness of the wing.

These changes in the wing effect the total lift and drag produced and will effect the

control and stability of the bird. The hypothesis here is that this might perform two

functions. Firstly that by increasing the angle of the main wing (either in dihedral

or anhedral) the bird quickly redirects the aerodynamic force vector to counteract a

vertical gust. In doing so it offsets any increase / decrease in lift and maintains itŠs

Ćight path with minimal perturbation. Secondly, by varying the wings elevation angle

the bird can vary the lateral - direction stabilising dihedral effect (Figure 4.24). This

effect tends to roll the bird out of a slipping condition, restoring coordinated Ćight.

Changes to lateral stability with regards to the change in the wing-line sweep and

rise are not easy to assess with the information available from the RSV device and

so are examined analytically in Chapter six. It has been hypothesised that birds use

the rotation and inertia properties of their wings to offset gust response [102]. The

rotation of the shoulder absorbs the changes in lift distribution in response to a gust.

The exact mechanics of the response depends on the location of the centre of mass

and the centre of pressure relative to the wing root, in essence the centre of pressure

must lie in the wings "sweet spot", also known as the centre of percussion. In this case

the expected result in Figure 4.16 would be a variation in wing-line rise with little

variation in either vertical velocity or changes to the Ćight path. The results here

supports this hypothesis but the conditions under which the data was collected was

not ideal or necessarily representative of the conditions required to properly test this

hypothesis in the lesser black-back gulls.
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Fig. 4.24 Change in dihedral effect with wing rise. As the wing rise angle increases
the stabilising dihedral effect increases.

Increasing dihedral angle (Figure 4.24 - a)) increases the lateral-directional stability

of the bird in the presence of a side-slip. The into slip wing sees a local increase

in effective angle of attack whilst the trailing wing sees a reduction in local angle of

attack. This span-wise lift imbalance creates a rolling moment which will tend to

oppose the motion of the side-slip thus reducing it. A similar effect is established in

the presence of a high-wing conĄguration (Figure 4.24 - b)). Here the up-wash over

the into slip wing is due to the presence and interference of the body below the wing

line, the span-wise lift asymmetry causes an into slip stabilising rolling moment in the

same way a wing with positive dihedral does. Birds, with their articulated shoulders

have a wide range of possible dihedral angles and thus may modulate their static

lateral-directional stability when gliding.
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4.6.4 Turning mechanics

Using the kinematic analysis described earlier in the chapter it is possible to deter-

mine the turning mechanics of the lesser black-backed gulls. Previous works examining

different species of birds have found that the bank angle (ϕ) is the primary control

variable when describing turning performance [103], this result is also seen in other

Ćying animals such as dragonĆies [104] which also make use of bank angle for high

speed turns whilst retaining the yaw turn (analogous to a rotorcraftŠs pedal turn)

for slow speed manoeuvring. Throughout Ąxed wing Ćight mechanics, equations of

motion relating to turning use the bank angle as the fundamental control to initiate

and maintain a steady turn. The bank angle (ϕ) is poorly deĄned for non-rigid and

non-Ąxed wing aircraft and in this case birds. In a Ąxed wing aircraft the bank angle

is deĄned at the angle included between the lateral axis and the horizon. Rolling is

initiated through a span-wise imbalance of lift generated through asymmetric deĆec-

tion of aileron surfaces. This deĄnition is pertinent as the body is assumed to be

rigid, and the wings to be Ąxed such that the relationship between any two points

on the geometry remains constant at all times. However these assumptions do not

hold true for a bird or any aircraft where the wings are neither Ąxed, or the body is

substantially non-rigid. In this case the relationship of the lift vector is independent

of a coordinate system affixed to the birds body or head, indeed many species of bird

actively stabilise these to remain horizon-locked for sensory purposes [105]. Instead

the parameter of interest is the angle between the resultant lift vector and the world-

Ąxed normal axis. Birds and Ćex-wing aircraft still initiate a roll through a rotational

moment, however this moment could either be induced through a span-wise imbalance

of lift, for example by twisting the wing surface or by offsetting the centre of pressure

and resultant lift force against the centre of gravity by shifting weight to generate a

rolling moment. Estimating this resultant lift vector is done by assuming it is the

cross product of the body line and the perpendicular vector joining the port wing-tip

to the starboard wing-tip. Both the wing-tips are resolved by the RSV system and

so the bank angle (ϕ) discussed here is not the roll angle as is used in the Ąxed-wing

derivations, but instead the included angle between the resultant lift force, assumed

to be perpendicular to the average wing-line between the wing-tips, and the world

normal axis.
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According to Ąxed wing Ćight mechanics (Equation 4.4), the rate of turn using small

angles approximation should be proportional to the bank angle. This correlation in

Figure 4.17 agrees with the expected proportionality and suggests that it is appro-

priate and possible in this case, to model the turning mechanics of the gull using

the Ćight mechanics equations for Ąxed wing aircraft using rigid body assumptions.

Furthermore by Ąnding the expected relationship it suggests the assumption of calcu-

lating the bank angle using the average lift vector between the two wing-tips is a good

method to use where the relationship between the wing and lateral axis is not rigidly

deĄned. However if this was a perfect deĄnition then you would also expect to see a

strong correlation between the lateral load factor and the bank angle in Ągure 4.18.

This is not the case and it shows a poor correlation (R2 = 0.22). However this is not

due to the assumed direction of action of the lift vector, it is instead to do with the

deĄnition of the plane in which the turn takes place. The equations of motion assume

a steady turn constrained to the horizon plane but in this data set the gulls turns may

be climbing and descending. The projection of the Ćight path onto the horizon plane

distorts the path and the radius of curvature.

Fig. 4.25 DeĄnition of bank angle (ϕ) and Equivalent bank angle (ϕEQV ) for a gull
whose wing is not rigidly deĄned in relation to itŠs body lateral axis.
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Adjusting the deĄnition of the bank angle from the included angle that exists between

the resultant lift vector and the world normal axis, to instead deĄne an equivalent

bank angle ϕEQV deĄned by the angle included by the resultant lift vector and the

axis perpendicular to the average centripetal acceleration experienced in the turn (Fig-

ure 4.25), the equivalent bank angle accounts for the out of plane rotation of the world

normal axis due to the inclination of the plane of turn due to any climbing or descend-

ing in the turn. Plotting the new equivalent bank angle against the centripetal accel-

eration (Figure 4.19) reveals the expected strong correlation between the two variables.

For gliding turns the manoeuvres performed by the gulls are based on the roll angle

as estimated by the average wing-line. This geometric stand-in for a properly deĄned

lateral body axis serves to allow the implementation of Ąxed-wing mechanics when

describing the performance of a non-rigid body aerial system, be it a bird or an aerial

vehicle equipped with a morphing wing. By deĄning this equivalent roll angle in

relation to an offset axis, normal to the plane of the turn, it is possible to apply

equations derived for steady level turns to climbing and descending turns, providing

the velocity stays substantially constant or the calculation is iterated at an appropriate

rate.
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4.7 Conclusions

In this chapter, multi-point Ćight path tracking using Rotational Stereo Videography

(RSV) is used to assess the kinematics and Ćight mechanics of the lesser black-backed

gull (Larus fuscus) and this chapter demonstrates marked relationships between the

bi-variate description of the wing morphology and the control of the birds Ćight path

using measurements taken from free-Ćying wild animals in an uncontrolled natural

environment with minimal impact on the behaviour of the animal. Using a wireframe

model Ąt four individually tracked points it is possible to construct a bi-variate model

describing the morphing wing of the gull in Ćight in terms of the wing-line sweep

and wing-line rise. A portion of the gulls glide polar is presented and the manoeu-

vres measured are mapped to an equivalent Ąxed-wing aircraft Ćight envelope, of the

manoeuvres captured, all the the velocities measured were below the equivalent Ąxed-

wing manoeuvring airspeed and >80% of the acceleration data was less than the +4.4g

limit, no negative g-loads were recorded. The range of motion of the gulls wings as a

function of the bi-variate wing-line model was bounded at ±60◦ for wing-line sweep

and ±30◦ for wing-line rise The gulls used fore-aft movement of the wing-tips, as rep-

resented by changes in the wing-line sweep to control their rate of change of Ćight

path angle (equivalent to pitch rate) during straight glides. No correlation was found

between wing-line dihedral and control of vertical Ćight dynamics but it is noted that

this would be the case in the event that the bird is using this degree of freedom to

absorb perturbations, no deĄnite conclusions could be made in this case. Gliding turns

are roll-based, as deĄned by the equivalent measure of roll as the angle between the

average wing-line and the horizon. By using equivalent variables it is possible to apply

Ćight mechanics equations derived for Ąxed-wing rigid body aircraft to describe the

Ćight mechanics of a non-rigid body in gliding Ćight.

In some speciĄc instances the gulls Ćight is well modelled by Ąxed-wing equations of

motion and the Ćight of the bird could be considered to be similar to a Ąxed wing

vehicle. These instances are when the bird is strictly not Ćapping. In straight gliding

Ćight the birds longitudinal trajectory is in part effected by the sweep angle of the

main wing. This is very different from elevator based control on traditional aircraft

and more similar to the sorts of control schemes seen on rotary wing vehicles. However

when turning, whilst the method of initiating the roll is different, the turn performance

is well modelled by traditional methods as the redirection of the lift vector is common
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between both birds and Ąxed wing aircraft. The ability to Ćap expands the Ćight

envelope beyond what is possible with traditional Ąxed wing, particularly in the low

speed regime where Ćapping helps mitigate against high angles of attack on a rigid

wing allow the birds to Ćy well below what would be considered a traditional stall

speed.
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Chapter 5

Bird-inspired control schemes using the main wing

for flight control

5.1 Chapter Summary

Birds and aircraft have very different conĄgurations and control schemes. Different

species of birds adopt different Ćying gaits and depending on their environment have

different approaches to Ćight. The gulls reviewed in Chapter 3 are robust and Ćexible

and use a variety of Ćying styles but can be predominantly seen to be using a Ćap-glide

and a gliding / soaring gait. They have a main wing and tail which may be furled or

spread depending on the phase of Ćight. In gliding Ćight the tail is typically furled and

the main wing is used for Ćight control. In this chapter a series of control schemes were

developed using only the main wing for Ćight control. The control schemes are based

on actuating the main wing about the three principle axis, where the wing is assumed

to have a perfect 3D ball joint at the wing root - fuselage conjunction. The main

wing can be swept about the normal axis, twisted about the lateral axis and Ćapped

about the longitudinal axis. The control schemes were assessed in simulation using a

3D vortex panel method, with conditions which match wind tunnel experimentation

and uses simpliĄed models of physical base airframes upon which the modiĄed wing

is tested. Three seperate mechanisms were designed and manufactured and sit upon

two base airframes, a Bix3 and WOT4. Wind tunnel testing of the vehicles is used to

validate the analytical models. All experimental models were capable of free Ćight. An

articulating wing opens up a new set of control strategies which extend Ćight control

beyond traditional three axis control using discreet Ćap control surfaces and allow for

novel manoeuvres which would not be possible otherwise. The primary Ąndings were

that sweeping the main wing is a powerful tool for altering the aircraftŠs Ćightpath on

the longitudinal plane, whilst having an effect on the aircraftŠs longitudinal stability

and that varying the dihedral of the main wing allowed for an adjustment to the

lateral-directional stability in Ćight, particularly effecting the spiral mode.
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5.2 Chapter Structure

This chapter introduces an articulating main wing as a means of controlling Ćight. The

main wing is hinged at the wing root and can be articulated about three principle axis.

The articulating wing is a function of the morphology of the modiĄed forearms that

birds use for Ćight. An articulated wing control scheme is comparable to rotary wing

Ćight control which also use discreet or Ćexible hinges at the wing root. This chapter

introduces the articulated wing control schemes and the two experimental airframes

upon which the modiĄed wing is built. Reference data for unmodiĄed airframes are

established for the Bix3 and WOT4. The three modiĄed wings are conĄgured for wing

sweep, wing twist and variable wing dihedral. Results are presented for the control

schemes from analytical modelling and validated using experimental wind tunnel data.

Three novel control schemes are presented: wing sweep for pitch control, wing twist

for roll control and direct lift control and variable dihedral for variable stability.
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5.3 Introduction

This chapter builds upon the control laws identiĄed in Chapter 3 and examines the

control effectiveness of manipulating the main wing. From the analysis of the Ćight

paths of the lesser black backed gull Larus fuscus it has been determined that the gull

uses fore-aft movement of the average wing line to effect control of its Ćight path angle

and to climb and descend. It has also been shown that like rigid body aircraft the

gulls use roll, as measured from the average wing-line to generate the forces necessary

to initiate and maintain a turn. Whilst it was not possible to quantify exactly how the

roll was initiated in terms of control surfaces from the Ćight path tracks, qualitatively

it can be said that such turning behaviour occurs whether the tail is in a furled or

unfurled state and thus the main wing is being used in some way to generate the

rolling moments. Similarly birds lack the traditional vertical stabiliser seen in almost

all human piloted aircraft (with no artiĄcial stability assistance) and so some level of

lateral directional stability and control is being achieved through the actuation of the

main wing.

This Chapter looks at how an articulated main wing, with three degrees of freedom,

hinged at the wing root, can be incorporated into the traditional three-axis control

scheme and what beneĄts and drawbacks such a system has for small unmanned aerial

vehicles. The articulated wing is an example of rotational wing morphing as intro-

duced in Chapter 2. By articulating the wing at the root it is possible to actuate the

wing through three rotational degrees of freedom, modifying the wingsŠ sweep, twist

and dihedral. The effect of modifying these three parameters and how it relates to

the control of the Ćight is to be examined and related to the concept of Ćight control

using a morphing wing using the average wing line two variable reduced order model

as discussed in Chapter 3.

Three different hinge designs are presented that are incorporated into Bix3 and WOT4

airframes that are capable of free Ćight.
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5.4 Methods

By articulating the main wing, the centre of pressure and thus the position of the

resultant lift and drag vectors can be moved relative to the airframe and importantly

in relation to the centre of mass of the vehicle about which the aircraft will rotate

in free-Ćight. It is worth noting that by moving a large structure like the main wing

the centre of mass of the vehicle will also move to follow the wing. This is due to

the translation of the wings centre of mass in accordance with the rotation seen at

the wing root. The effect of this motion of the centre of mass and thus the centre of

rotation in the same direction as that of the lifting surface will act in opposition to the

desired change in moment arm between the centre of pressure and the centre of mass.

This effect will be most pronounced where the mass distribution of the aircraft is such

that a high proportion of the mass is located in the wings and furthermore where this

mass is concentrated towards the wing-tips at the most distal point from the point of

articulation at the wing root. Such a conĄguration is not uncommon in larger scale

aircraft which rely on large quantities of liquid fuels stored in wing tanks, where it

is desirable to store fuel in outboard wing tanks to assist with load alleviation at the

wing root in the form of wing bending relief. These vehicles would not be considered

appropriate for wing root articulation due to the comparatively high loads at the wing

root when considering that material properties do not scale linearly with increasing

vehicle mass.

This wing root articulation is inspired by Ćying insects and birds, creatures whose

mass is typically concentrated in their bodies with the wings being a small fraction of

total body mass. It is therefore acceptable to apply this technique to any air vehicle

whose mass distribution Ąts this model whereby the mass is concentrated in the fuse-

lage with relatively light wing structures. This conĄguration is similar to those seen

in small UAVs utilising electrical power for propulsion. These utilise batteries located

in the fuselage for energy storage, and have relatively light wing structures. Because

the material properties at low mass scales means that wing root load relief and wing

bending alleviation is not required, mass is not placed outboard in the wing tips at

the distal point that would have maximum effect on the change in centre of mass.
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The effect of wing root articulation on airframe control is decomposed into rotation

about a three hinge axis centred on a joint at the wing root, fuselage junction. Here

the wing can be articulated fore and aft, rotating about a normal axis, parallel to the

body normal axis and located at the wing root - fuselage junction and positioned at

50% chord. The wing can be ŠĆappedŠ up and down, rotating about a longitudinal

axis, parallel to the body longitudinal axis and located at the wing root - fuselage

junction and positioned at 50% thickness. Rotation of the wing about the lateral axis,

as deĄned to be perpendicular to the plane deĄned by the prior two axis, varies the

angle of incidence of the wing in relation to the fuselage, this twisting of the wing

occurs about the axis positioned at 50% thickness and 50% chord.

5.4.1 Wing root articulation

The wing root articulation is based on the concept of an unrestricted ball and socket

joint located at the wing root and fuselage junction. Such a joint would not be suit-

able for a production vehicle incorporating all three degrees of rotation but serves to

standardise the origin and orientation of the axis as deĄned above.
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Wing sweep for pitch control

Rotation about the wing root normal axis varies the effective sweep of the wing and

alters angle at which the incoming Ćow meets the leading edge, the effective aerofoil

cross section as viewed from the body lateral axis and marks a reduction in the span

as measured wing-tip to wing-tip. Rotation about this axis will shift the centre of

pressure of the wing fore and aft, as well as moving the centre of mass of the vehicle

fore and aft (Figure 5.1). In this model the wing is sheared instead of rotated which

will have implications regarding the effective washout and aerofoil sections however it

is expected that this will have limited effect on the trends of the results.

Fig. 5.1 Movement of the centre of pressure with wing sweep

This change in the moment arm between the centre of pressure and the centre of mass

along the longitudinal axis will change the control derivatives and the speciĄcally the

pitching moment imparted to the vehicle and also effect the conditions of stability due

to the movement of the neutral point and the change in stability derivatives which are

a function of the mass distribution and the aerodynamic derivatives.
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Wing twist for roll control and direct lift control

Dynamically changing the angle of incidence of the wing in relation to the fuselage

(wing setting angle) by rotating the wing about the lateral axis allows for a rapid

variation in the angle of attack of the main wing. This twisting of the wing allows for

an angle of attack change and can be performed asymmetrically to generate a rolling

moment about the fuselage due to the asymmetry of lift production between the two

wings, or the angle of attack change may be performed symmetrically to adjust the

setting angle of the wing in-Ćight (Figure 5.2).

Fig. 5.2 Rotation of the wings to affect the span-wise lift distribution
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The asymmetric actuation of the wings may be thought of as the extreme case of an

aileron surface whereby the whole wing deĆects to generate a lift asymmetry along the

wingspan. Symmetric actuation allows for the adjustment of the angle between the

wing and the fuselage in Ćight. Such an adjustment will have a transient dynamic effect

and an effect on the pitch trim condition of the wing. The initial dynamic response

will depend on the speed of actuation due to the inertia of the aircraft maintaining

the effective relative wind at high actuation speeds, driving the wing to a higher or

lower angle of attack will directly affect lift production allowing for direct control over

the vertical translation or heave, with a coupled pitch response due to the effect of the

pitching moment with respect to angle of attack, Cmα. Additionally the static trim

condition of the aircraft will change allowing for the nose to be effectively pointed

in pitch, independently of the main wing and the vehicle response in pitch. Such a

condition may prove useful for sensor pointing in critical Ćight phases.
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Variable dihedral for variable stability

Flapping the wing, that is rotating the wing about the longitudinal axis symmetrically

varies the dihedral or anhedral of the main wing. Asymmetric actuation establishes

rotation of the total resultant lift vector about the longitudinal axis and an offset

from any other secondary lifting surface (i.e. for a conventional aircraft the horizontal

stabiliser) (5.3).

Fig. 5.3 Flapping of the wings to move the lift vector
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Dihedral or anhedral governs the lateral stability of the aircraft and is a key parameter

to meet handling requirements in roll. The spiral and Dutch roll modes are governed

by the relative levels of lateral and directional stability. By varying the dihedral /

anhedral of the main wing it is possible to vary the levels of stability and excite dif-

ferent dynamic responses. Asymmetric actuation introduces an unbalanced sidewards

component of force which will initiate a yawing moment and resulting side-slip, along

with a coupled roll response depending on the airframe conĄguration. The magnitude

of this effect will be small in comparison to directly inducing a roll moment due to an

imbalance of lift forces but may be useful for Ąne-scale control.

The modelling here has the wing root and centre of gravity being coincident and the

wing rotates around this point. This is not the case in the birds as measured nor in

the physical model wherein the wing root is offset from the fuselage. This offset means

that the moment arm between the wingŠs effective centre of pressure and the centre of

gravity is not constant, and varying the dihedral will change both the magnitude and

moment of the resultant pressure force. This will further effect the rolling moment

induced about the centre body but for the purposes of this symmetric analysis the

effect is of no concern. When deĆected symmetrically for the purposes of altering

lateral stability the effect on the moment arms is equal and opposite and so cancels

out as to not induce a rolling moment.
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5.4.2 Control schemes

Utilising a wing root articulation, the motion of the main wing relative to the fuselage

and the centre of mass can be adjusted to effect the control of the Ćight path and

the stability properties of the aircraft. Many vehicles have explored the concept of

wing morphing to control Ćight [106]. These three degrees of rotational freedom are

examined independently to one another and examined where the wings motion is con-

trolled both symmetrically and asymmetrically. When selecting appropriate control

schemes attention is given to both control of the Ćight path about a major axis and

also the effect that articulation in a given plane will have over the stability of the

vehicle. The following control schemes are examined to assess the capability of wing

root articulation as an addition or alternative to traditional three axis control utilising

aileron, elevator and rudder control surfaces.

Wing-sweep for pitch control:

By exploiting the change in moment arm created by the translation of the centre of

pressure along the longitudinal axis when the wing is symmetrically swept, and as-

suming in this case a quasi-stationary centre of mass due to the relatively low mass

fraction of the wing surfaces, this control scheme examines the pitching moment due

to wing sweep Cmδ and the effect sweeping the wing has on the CL and CD. Whilst

this isnŠt explicitly inspired by the work of chapter 4, due to the fact that the birds

pitch attitude was seen to be held somewhat constant, it is a development of the idea

for a vehicle with a wing root articulation in only one degree of freedom to sweep.

Wing-sweep for variable stability:

The fore and aft movement of the centre of pressure changes the position of the neutral

point and the moment arm between the main wing and centre of mass. Both static

and dynamic pitch stability are effected by changes in these parameters as is the spiral

stability of the platform. Being able to adjust the longitudinal stability of an aircraft

in Ćight can be highly desirable as different Ćight phases and manoeuvre proĄles have

different requirements. Traditionally conventional aircraft have used mass transfer in

the form of fuel trim tanks to adjust the longitudinal stability of the aircraft in-Ćight,

something that would require a very different setup with solid-state energy sources for

electrical power trains.
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Wing twist for roll control:

Twisting the wing about the wing root, or more speciĄcally varying the local angle

of attack along the span with a constant interval in an independent and asymmet-

ric sense will induce a rolling moment on the airframe Cmδ. This effect is consistent

with the application of an aileron control surface except in this case the whole wing

serves as the control surface. As such actuation angles are correspondingly less than

an equivalent aileron control surface would require for the same magnitude of rolling

moment. Because the whole wing is being actuated and not just a discrete trailing

edge surface, consideration of the CLα curve is required to avoid pushing the wing

into a region of separated Ćow (stalling the wing) wherein control reversal may oc-

cur. This situation may be expected in Ćight regimes with initial high angles of attack.

Wing twist for direct lift control and trim change:

Symmetric rotation of the main wing allows for dynamic adjustment of the wing set-

ting angle and rapid transient changes in angle of attack. This allows for direct lift

control, something which a conventional aircraft cannot really achieve although some

approximation can be made through the actuation of slow moving large Ćap surfaces

and the use of upper surface spoilers or air brakes, all of which directly effect many

aerodynamic parameters simultaneously and do more than just drive the wing up and

down the CLα curve directly. Direct lift control allows for transient control in heave,

responding to changes in relative wind to maintain a consistent loading on the wing

would allow for smoother Ćight in areas of turbulence. Long period actuation of sym-

metric wing twist will adjust the pitch trim characteristic of the aircraft. This will

allow for Ąxed sensor pointing independent of the wing angle of attack. It will also

allow for other relative positions of Ąxed geometry to be adjusted for different phases

of Ćight, for example tail-strike protection on take-off or landing.
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Wing dihedral for roll control:

Independent actuation of the wing rotating about the longitudinal axis, the Ćap hinge,

creates a small rolling moment about the body longitudinal axis until the aircraft Ąnds

equilibrium again with the other lifting surfaces. This motion additionally generates

a yawing moment due to the sidewards component of lift, produced either at the main

wing, or at the horizontal stabiliser depending on the state of equilibrium. This side-

load will cause a side-slip to occur, exciting the lateral directional dynamic modes.

Properly tuned it may be possible to exploit this modal control behaviours [107] to

initiate and maintain controlled turns and side-slips. Such independent behaviour of

the wing may also help to actively account for the apparent directional stability in

birds that exhibit stable Ćight whilst lacking a vertical stabilising tail surface as seen

on all conventional aircraft.

Wing dihedral for variable spiral stability:

Further developing the idea of modal control through explicit excitation of speciĄc lat-

eral directional modes it would be beneĄcial at times to adopt different conĄguration

to change the stability of the aircraft. Aircraft with relatively high levels of direc-

tional stability as opposed to lateral stability tend to exhibit an unstable spiral mode.

This is typically the case with straight wing aircraft with no stability augmentation

systems. Spiral modes tend to have long periods and be non oscillatory making them

easy to control by either a manned pilot or a simple controller. In contrast higher

levels of lateral stability opposed to directional stability tend to exhibit an unstable

Dutch roll mode. This is often the case with swept wing aircraft, or aircraft with high

degrees of dihedral. An easily excited Dutch roll mode can make for Ćight with oscil-

latory and variable accelerations about all three axis. Typically the Dutch roll mode

is eliminated using artiĄcial stability systems as the phase lag between control input

and response makes it difficult for a manned pilot or simple controller to account for it.
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The six control schemes outlined in Table 5.1 form the basis of the testing and analysis

in this chapter.

Table 5.1 Control schemes with an articulated 3 degree of freedom shoulder hinge.
3-Axis, 6-Axis and secondary effects

Freedom: 3-Axis control 6-Axis control Secondary effects

Sweep (δ) Pitch Longitudinal stability

Twist (ω) Roll

Roll

Heave

Surge

Direct lift control

Gust rejection

Trim condition

Flap (γ)
Roll

Yaw
Sway

Lateral-directional stability

Turning Ćight

Three axis control in a traditional aircraft refers to the control of the aircraft in

rotation about itŠs three principle axes: roll, pitch and yaw using discreet surfaces to

generate moments about the vehicles centre of gravity. Six axis control refers to direct

control over translation along the principle axes: heave, surge and sway. Heave is the

relative motion along the aircraft normal vector, surge involves changes in the relative

forward motion of the aircraft aligned with the free-stream and sway is the lateral

component of motion. These control schemes differ from a more traditional three

axis control scheme which incorporates ailerons, elevators and rudders for primary

axis control and secondary Ćight control surfaces such as slats, Ćaps and spoilers for

Ćight augmentation. Comparisons between the two schemes are interesting but it

is important to note that wing root articulation and multi-jointed wing articulation

can be complementary to existing control systems and can be used in conjunction

with existing Ćight controls to extend the Ćight envelope beyond what is currently

achievable.
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5.4.3 Control scheme analysis

The theoretical wing root ball and socket joint is analysed as three separate rotational

degrees of freedom with no interdependencies. The origin of the coordinate system

is Ąxed at the wing root - fuselage junction at 50% thickness and 50% chord. The

local longitudinal and normal axis are aligned with the vehicles body longitudinal and

normal axis, with the lateral axis being perpendicular to the plane between the other

two axis. Analytical aerodynamics tools XFOIL [108] and AVL [109] are used to model

the effects of the individual degrees of freedom on a model airframes, the HobbyKing

Bix3 [110] and Chris Foss WOT4 [111]. The simulations are used to examine the

effect of control deĆection and angle of attack on a variety of aerodynamic and stability

derivatives. Wind tunnel testing is used to validate the results of the analytical anlysis

tools and all the test airframes are conĄgured to be capable of free Ćight. The purpose

of the independent testing of the separate degrees of freedom is to demonstrate a

notable increase in aerodynamic control power for a given airframe and to explore the

potential for control in an additional axis and of the use of variable stability for modal

control.
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5.4.4 Airframes

Bix3

The HobbyKing Bix3 (Figure 5.4) is a high-wing, pusher prop, tailwheel design de-

signed from the outset with an electric propulsion system. The wing is a high aspect

ratio, tapered wing with polyhedral wing-tips. It is a popular entry level remote con-

trolled hobby aircraft and has docile handling characteristics.

Fig. 5.4 BIX3 Aircraft

WOT4

The Chriss Foss WOT4 (Figure 5.5) is a high-wing, puller prop, tailwheel design with

a large wing area and square section fuselage. The airframe was designed to be pow-

ered by a variety of power units and can be conĄgured for either electric or gas motor

power-plants. The wing is a low aspect ratio, constant chord design which utilises a

thick section Ćat bottom aerofoil giving it very good high angle of attack characteris-

tics. It is an intermediate level fully aerobatic remote controlled hobby aircraft with

large powerful control surfaces and a wide Ćight envelope.

Fig. 5.5 WOT4 Aircraft
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The analytical and experimental models for assessing the sweep degree of freedom are

based off of the Bix3 model. This model was selected for continuity with existing

datasets within the University of Bristol Flight Laboratory. However the Bix3 model

has several Ćaws. ItŠs all foam moulded construction requires extensive internal mod-

iĄcation to house the additional mechanical components necessary to facilitate the

wing hinge, the fuselage is low volume and has a complex curve cross section making

the model difficult to mount into a wind tunnel assembly. The high aspect ratio wing

is of solid foam construction and has a one third length spar and is highly Ćexible

without extensive modiĄcation.

Given the downsides of the Bix3 as described a different platform was selected for

modelling and testing the twist and Ćap degrees of freedom. The WOT4 possessed a

square section high volume fuselage which requires minimal modiĄcation for the in-

stallation of additional components. The wing is hollow planar, with a constant chord

and far stiffer thanks in part to a full-span carbon Ąbre tubular main spar. The thicker

wing cross section made mounting hardware more accessible and structurally sound.

The WOT4s thick, Ćat bottom aerofoil possesses excellent high alpha characteristics

and performs well in free Ćight. The aircraftŠs overall design is more rugged and is

suitable for repeated free-Ćight testing.

Onboard Ćight control and data logging is performed by a Pixhawk Ćight controller

running the PX4 open source autopilot. The system is modular and records data from

a variety of sensor suites including two inertial measurement units (IMUs), magne-

tometers, pitot sensors, barometers and global positioning system (GPS) receivers.

These sensors encode aircraft attitude information at 25Hz, inertial acceleration in-

formation at 50Hz and pressure based airspeed and baro information at 10Hz. The

PX4 also logs the position of the control surfaces and the pulse width modulation

(PWM) signals sent to each control servo actuator. The onboard clock signal records

a timestamp that is useful for the synchronisation of datasets.
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Wing sweep - Bix3

Wing sweep has been traditionally employed as a passive design feature in wings. By

sweeping the wing rearwards the aerofoil has a reduced effective rate of change of

curvature, this helps to reduce the rate expansion and associated pressure drops that

create localised shock waves and increased drag in transonic Ćow regions. Hence it

is a common design feature of transonic aircraft [112]. The span-wise Ćow towards

the wing-tip in swept back wings creates a thicker boundary layer near the wing tips

which can cause the tips to stall before the inner wing. Forward wing sweep is typically

employed to enhance manoeuvrability at high angle of attack. Air is encouraged to

Ćow span-wise in the direction of the wing root, where the wing chord is generally

larger and the fuselage acts as a wing fence, the result is a reduction in lift induced

drag and an increase in CLMax hence improving manoeuvrability. A forward swept

wing will tend to stall earlier inboard, preserving the effectiveness of the outboard

ailerons into the stall [113]. Variable wing sweep has been employed to great effect in

transonic combat aircraft which necessitate varying the wing plan-form for different

phases of Ćight (i.e. The Panavia Tornado Ű Low swept wing for take-off, landing and

low speed Ćight, increasing rearward wing sweep for high speed cruise) typically such

systems have discrete positions and are not continuous in operation [77]. Actuation

speeds are typically too slow for control applications.
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The wing sweep vehicle uses a plywood wing-box and wing root inserts which clamp

onto the main spar (Figure 5.6).

Fig. 5.6 Wing sweep - Bix3 aircraft with a plywood wingbox and wing spar stub
extensions

Bending loads are transferred through the wing-box by dorsal and ventral beams. The

hinge line is coplanar with the wing root - fuselage junction and the actuation pushrod

runs on a roller bearing. The assembly is driven by a pair of Hitec HS-M7990TH servo

actuators which are geared through a four bar linkage to convert the rotary motion

of the servo in to linear actuation and back into rotational torque at the wing root to

increase the torque available to actuate the wing. The actuator has ability to drive

the wing through ±25◦ of anterior and posterior sweep.
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Wing twist - WOT4

Wing twist is the original control scheme. The Wright brothers [114] used wing-

warping to asymmetrical adjust the lift distribution across the wing for roll control,

as materials and construction techniques moved away from fabric wings the technique

was dropped in favour of discreet control surfaces. Passive wing twist is often added

to a wing to improve the aircraftŠs low speed handling and stall characteristics. Wash

out or a reduction in local wing incidence is often applied to set the ailerons (typically

near the wing tips) at a lower angle of attack than the wing root, encouraging Ćow

separation to begin at the root, helping to maintain roll control at low speeds and the

onset of stall. Active aircraft control is achieved through imbalanced forces about the

centre of rotation. By actuating the twist parameter of each wing asymmetrically the

pilot has local control over the relative difference in angle of attack as seen by each

wing / section that is actuated. When actuated symmetrically the local wing setting

angle relative to the fuselage can be adjusted to change the aircraftŠs trim position.

Such actuation is often employed in the empennage, either to adjust tail plane setting

angle for trim control, an all Ćying tail for pitch control, or asymmetrically for roll

control.
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The wing twist vehicle uses a modiĄed tubular carbon Ąbre main spar where the port

spar stub has a reduced cross-sectional diameter and runs concentrically inside the

starboard spar stub supported by cylindrical bearings at each rib station (Figure 5.7).

This set-up is desirable as it maintains the continuity of the main spar through the

wing box, transmitting the loads from one wing into the other, meaning the aircraft

loads are reacted by the opposing wing without loading a single point in the central

wing box.

Fig. 5.7 Wing twist - WOT4 aircraft with wing root inserts and modiĄed wing spar

Actuation is achieved by a pair of Hitec HS-M7990TH servo actuators mounted in the

fuselage and connected to control horns which push/pull on hard-points mounted to

the wing root trailing edge. The trailing edge is reinforced with a one third span spar

plate to transfer the loads evenly into the wing structure. Mechanical hard stops exist

at the trailing edge of the wing root to limit the wings movement in the event of a

control horn failure The actuators have the ability to drive the wing in twist from to

the upper and lower hard-stops. The hard-stops limit rotation of the wing to ±25◦.

In the event of a servo or control horn failure the wingŠs pitching moment will drive

the trailing edge towards the upper hard-stop.
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Wing Ćap - WOT4

Dihedral and anhedral are classical design tools used to deliver the desired lateral-

directional stability of an airframe. Typically, the amount of dihedral is Ąxed or is

some function of the wing loading for very Ćexible wings. Global dihedral is deĄned as

the angle formed between the line joining the wing-tip to the wing root relative to the

horizontal when the aircraft is level. Positive values (dihedral) represent the wing tips

being raised compared to the wing root and negative values (anhedral) represent the

wing tip being set lower than the wing root. Dihedral acts to improve the lateral direc-

tional stability of an aircraft by increasing the restoring roll response due to side-slip.

This occurs because of the reduction in angle of attack seen by the up-going wing in a

roll perturbation relative to the down going wing means that there is a restoring force

against the direction of perturbation. Even so most aircraft have an unstable spiral

mode, although the period is usually so long that it is easily controlled by the pilot

or autopilot system. Aircraft with large dihedral value are very stable in roll and are

typically less manoeuvrable as a result. Many low wing general aviation and civilian

aircraft employ dihedral or polyhedral wings. Conversely anhedral acts to reduce the

passive stability of an aircraft, it is typically employed in high swept wing because of

the inherent stability provided by the keel effect and swept wing, in this conĄguration

anhedral improves manoeuvrability. When actuated symmetrically, variable dihedral

will affect the level of passive lateral-directional stability, this may be beneĄcial in

different phases of Ćight. Gusty conditions can excite the lateral-directional modes

very rapidly and having increased damping in these modes is beneĄcial in inclement

weather. When actuated asymmetrically the effect is similar to a weight-shift, by

inclining the main wing plane to the horizon and offsetting the centre of gravity the

aircraft can be commanded to enter a banked turn as the total lift vector rotates

about the centre of gravity. The offset lift vector also induces a side-load component

which will cause the aircraft to develop a side-slip. Equally any offset of the centre

of pressure and the centre of mass along the longitudinal axis will induce a yawing

moment.
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The wing Ćap vehicle uses a heavily modiĄed wing box structure. The main wings

have been offset from the central wing box and are mounted on large main and drag

pins, the wing is free to rotate about this offset root (Figure 5.8).

Fig. 5.8 Wing Ćap - WOT4 aircraft with a modiĄed wing-box supporting a spring
damper and actuator system

Flight loads are carried by a spring mass damper system as part of the rear drag pins.

Spring stiffness and preload are selected to limit the dihedral angle to 0◦ in a 1g Ćight

condition and to +25◦ at 3 gŠs. Negative Ćight loads are not reacted. The wings are

mechanically limited to -25◦ by hardstops. Actuation is achieved through a pair of

Hitec HS-M7990TH servos mounted on the central wing box, push rod connections are

made to the main wing through root mounted control horns acting about the main

pins. Part of the aerodynamic loads were offset by a pair of sprung Ćuid dampers

which were sized and tensioned to support 1g wing loads in level Ćight.
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5.4.5 Analytical Modelling

Modelling the Bix3 and WOT4 aircraft for simulation requires a digitised geometry.

The Bix3 and WOT4 are hobby level remote control aircraft and there is no existing

CAD model that is readily accessible. Before using Ćow simulation tools the geometry

is digitised using a laser scanning technique provided by a FARO EDGE scan arm.

The arm encodes the position of the scanning head and uses a non-contact scanning

laser sheet to encode the wing as a digitised point cloud (Figure 5.9). Using the point

cloud the aerofoil cross section can be extracted at each wing station and the mean

camber line is extracted as an input for the 3D Ćow solver.

Fig. 5.9 Faro laser scan of Bix3 aircraft converted to a point cloud - Aerofoil section
are extracted to determine the mean camber line for use in XFOIL and AVL analysis
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The 2D Ćow analysis tool used is XFOIL. XFOIL allows for viscous / inviscid analysis

and uses the superposition of known analytical solutions of the Navier-Stokes equa-

tions for a free-stream Ćow and vortex sheet to model Ćow around a 2D aerofoil. This

2D technique was used to better analyse the typical loads and moments that a wing

comprised of a speciĄc aerofoil section was capable of generating to inform choices for

experimental design. XFOIL outputs plots of CL, CD amd CM for speciĄed Reynolds

number and Mach number.

3D Ćow analysis is performed using AVL. AVL is a 3D vortex lattice method which

models aerodynamic surfaces as a thin vortex sheet. The modelled aerofoil is reduced

to a mean camber-line to fulĄl the single layer vortex sheet requirements. The user

sets the geometry and Ćight parameters and AVL computes the loading coefficients

and stability axis derivatives. The outputs form the basis of an analytical model of

the aircraft.

AVL cases were run as batch executables which deĄned the parameters for each run.

The model geometry was generated from Ąve sets of aerofoil data. A horizontal tail

and a vertical tail whose aerofoil section is constant with reducing chord and three

main wing aerofoils deĄning the different cranked portions of the wing. The plan-form

is deĄned by section positions an linearly interpolated between each section. Section

transitions are deĄned at the wing root, change in leading edge sweep, start and Ąnish

points on the control surface and the wing tip. For the control surfaces the hinge

position as a percentage of wing chord is also deĄned.

In order to change the morphing position of the main wing a CAD model was generated

in Siemens NX an used to compute the new positions of the section transition points in

3D space and then these points were transcribed into the AVL geometry Ąles. A Ąnite

number of geometry Ąles were deĄned and run to cover the full range of test positions

in sweep, and Ćap. Wing twist was applied by setting the angle of incidence at each

section transition and assumed constant over that section. By using this method

each case is represented by a static geometry and assessed under assumed steady Ćow

conditions.
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5.4.6 Windtunnel testing

The wind tunnel tests made use of the University of Bristol 7ft by 5ft closed section

wind tunnel at 10-15 m/s (Figure 5.10).

Fig. 5.10 7 X 5ft Closed section return wind tunnel with the various iterations of the
WOT4 aircraft installed on the instrumented aircraft cradle

The wind tunnel was equipped with removable gust vanes which were removed for

these experiments. Data capture was done with two data-logging systems, synchro-

nised with a common clock from a main workstation. The Ąrst system was onboard

the aircraft and was the PX4 data-logger [115]. This data-logger reads multiple sensor

sources at different sample rates as discussed above and logs the output to a data Ąle.

The open source software is highly modular and will readily accept additional input on
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standard protocols. A clock signal for data alignment was provided using the univer-

sal serial bus interface from the main workstation. This system records aircraft state

parameters including roll, pitch, yaw, and rates, airspeed and barometric readouts,

control surface positions and demanded positions. The second system was comprised

of an aircraft mounting spike affixed to a six axis load cell (Mini 45, ATI Industrial

Automation).

Fig. 5.11 Pitch / Yaw mounting spike with 2 degrees of freedom: angle of attack and
side-slip angle.

The spike (Figure 5.11) had two degrees of freedom and can set the angles of attack

and side-slip of the aircraft. It could be conĄgured to work in one of two modes, a Ąxed

setting mode that gives direct control of Angle of Attack and Side-slip, it restrains the

model to record control moments imparted by control surfaces and a free-Ćight mode

in which the aircraft is free to pitch and yaw which is used to record trim positions in

"free-Ćight". The load-cell records three axis force components and three axis torque

components at a 100Hz sample rate. The data was logged using the main workstation

running Labview [116]. It was written to a .csv Ąle and timestamped with the common

clock.
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Data concentration, transformation and alignment was performed in post using Matlab

[117]. A simple script loads in the multiple data sets, aligns them using the common

timestamp and resample the data to a common sampling frequency of 25Hz. Higher

frequency load-cell and IMU datasets are downsampled and low frequency airspeed

(which is being controlled to a constant value) and barometric / temperature informa-

tion (which are being logged for normalisation purposes) are upsampled. An example

of an aligned time-series dataset is presented in (Figure 5.12)

Fig. 5.12 Raw time-series data from the ATI load-cell (Top) and PX4 (Bottom) aligned,
resampled and Ąltered
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Each airframe was subject to a series of angle of attack (AoA) sweeps and control

surface sweeps (δ), AoA sweeps were performed discretely at 5-20 m/s and control

sweeps were performed at 10m/s and discrete angle of attack (α) of 0-10 degrees,

control surface positions were continuously swept through.

Table 5.2 Vehicle wind tunnel testing schedule

Test Aircraft U (m/s) α(o) δ(o)

AoA sweep WOT4 / BIX3 5 sweep -

10 sweep -

15 sweep -

20 sweep -

Control sweep WOT4 / BIX3 10 0 sweep

10 5 sweep

10 10 sweep

The AoA sweeps were used to characterise the vehicles polars and the control surface

sweeps covered: elevator, aileron, rudder, wing sweep, wing twist and wing dihedral

in accordance with Table 5.2. Wing sweep, twist and dihedral runs were conducted

with symmetric and reduced order asymmetric control deĆections so as to protect the

vehicle cradle from signiĄcant rolling moments. Each run involved sweeping through

the control parameter at 1o/s. Test runs at 0.5o/s demonstrate no change in recorded

measurements. Each run was repeated three times and the results averaged.
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5.5 Results

The results presented here are a combination of datasets made using computer sim-

ulation analysis in XFOIL and AVL and experimental results from the wind tunnel

models, two base model reference aircraft, the Bix3 and WOT4 and 3 modiĄed artic-

ulated wing platforms based on the reference aircraft.

5.5.1 Bix3 reference data

The Bix3 model (Figure 5.14) which has has a tapered thin section wing whose aerofoil

(Figure 5.13) is optimised for low proĄle drag (Figure 5.15). Viscous parameters match

wind tunnel experimental conditions, Reynolds number = 300000 and Mach number

= 0.1.

Fig. 5.13 BIX3 Aerofoil cross-section

Fig. 5.14 BIX3 AVL plan-form showing polyhedral wing and tail geometry. The fuse-
lage is reduced to a slender beam element

176



Fig. 5.15 BIX3 Aerofoil analysis: CL, CD vs Alpha (Experimental polar from whole
aircraft data)
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Fig. 5.16 BIX3 Aerofoil analysis: CM vs Alpha

The aerofoils linear CLα provides a smooth lift response and the CD curve demonstrates

a drag bucket minimising viscous drag at low angles of attack (3 - 5 degrees) pursuant

to the typical cruise angles of attack of the aircraft. The aerofoilsŠ pitching moment

response is stable with a negative CMα slope.
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5.5.2 WOT4 reference data

The WOT4 model 5.18 which has a straight thick section wing whose aerofoil (Figure

5.17) is optimised for benign stall response an lift at high angles of attack (Figure

5.19).

Fig. 5.17 WOT4 Aerofoil cross-section

Fig. 5.18 WOT4 AVL plan-form showing rectangular wing and trapezoidal tail geom-
etry. The fuselage is reduced to a slender beam.
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Fig. 5.19 WOT4 Aerofoil analysis: CL,CD vs Alpha
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Fig. 5.20 WOT4 Aerofoil analysis: CM vs Alpha

The aerofoils CLα is linear between -5 and 10 degrees angle of attack and has a no-

ticeable plateau above 10 degrees, maintaining lift up to 20 degrees angle of attack.

This provides a benign stall response making the aircraft very capable at high angles

of attack, preserving lift well beyond the peak CLMax found at 13 degrees angle of

attack. The CD curve demonstrates a Ćat response up to the critical angle before

sharply rising as the adverse pressure gradient grows quickly above 15 degrees angle

of attack. The aerofoilsŠ pitching moment response is stable at low angles of attack

with a negative CMα slope. Above the critical angle the response is non-linear.
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5.5.3 Wing sweep - Bix3

Sweeping the wing on the Bix3 changes the properties of the aerofoil in relation to the

chord-wise Ćow. These variations result in changes to the aerodynamic coefficients of

the aerofoil as measured in AVL. The effective aerodynamic moments are shown in

Figure 5.21 and Figure 5.22 where the effect of wing sweep (dashed lines) is compared

to traditional elevator control (solid lines). Measurements were made from three dif-

ferent initial angles of attack: Alpha = 0 (red), 5 (green) , 10 (blue) degrees. Pitching

moment is deĄned as being positive with a nose up tendency. Elevator angle was

deĄned as being positive with upwards deĆection (producing a nose up pitching mo-

ment) and wing sweep is deĄned as being positive with forward deĆection (producing a

nose up pitching moment). Note the deĄnition of positive wing sweep in this Chapter

is different to the convention used in Chapter 4 where forward sweep was deĄned as

being negative. This change in convention was made to keep the results aligned with

other sources of reference for each body of work.
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Fig. 5.21 Elevator (solid) and wing-sweep control (dashed) - BIX3 analysis: CL vs
Elevator, Sweep, V = 10m/s, Alpha = 0 (red), 5 (green) , 10 (blue) degrees
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Figure 5.21 shows the change in lift coefficient with changes in elevator deĆection (solid

line) and wing sweep deĆection (dashed line). The dCL

dδelevator
is positive and linear from

-25 to 25 degrees of elevator deĆection. This corresponds with the primary effect of

the elevator control which is to effect a change in angle of attack of the main wing

which drives the change in lift coefficient. The pitching moment coefficient shows a

similar behaviour in Ągure 5.22. The gradient dCm

dδelevator
is positive and crosses the origin

between 2 and 12 degrees of elevator deĆection depending on the angle of attack (more

elevator deĆection being required to generate a nose up pitching moment at a high

angle of attack or corresponding low Ćight speeds). Sweeping the main wing to effect

longitudinal control demonstrates a very different response.

Figure 5.21 shows the parabolic response in the lift coefficient as the wing is swept

away from the ideal value. As the wing sweeps the lift coefficient achieves a peak of

1.68 at 5 degrees forward sweep before dropping off either side of this peak value. Due

to the taper on the Bix3 main wing the leading edge is angled back approximately 5

degrees in the base conĄguration which corresponds to 0 degrees of wing sweep angle.

As such the peak value of CL is seen when the leading edge is perpendicular to the

free-stream Ćow and this occurs at approximately 5 degrees of forward sweep for all

angles of attack. As the wing is swept away from this position the magnitude of the

lift coefficient falls by up to 30% depending on the degree of sweep and the angle of

attack.

184



Fig. 5.22 Elevator and wingsweep control - BIX3 analysis: CM vs Elevator, Sweep, V
= 10m/s, Alpha = 0 (red), 5 (green) , 10 (blue) degrees
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The pitching moment due to wing sweep dCm

dδsweep
seen in Ągure 5.22 is similarly non

linear. Because the main wing in being actuated sweeping the wing produces larger

changes in both positive and negative pitching moment at higher angles of attack.

This results in a cross over of the dCm

dδsweep
curves for different angles of attack at a con-

stant value of approximate 12 degrees of forward sweep. Above this value the main

wing sweep develops a more positive pitching moment for increasing angle of attack

and below this value the main wing develops a more negative pitching moment for

increasing angle of attack. In this conĄguration the centre of pressure of the main

wing is coincident with the the aerodynamic centre and so at this point the pitching

moment is constant and dCm

dCL
= 0 It also marks the point whereby the aircraft con-

Ąguration goes statically unstable. For all angles of attack when the wing sweep is

less than 12 degrees forward an increasing angle of attack generates a more negative

pitching moment, lowering the angle of attack and restoring equilibrium. Above 12

degrees forward sweep an increase in angle of attack generates a more positive pitching

moment resulting in an unstable increase in angle of attack. The pitching moment

generated by sweeping the wing is most effective at high angles of attack.
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Fig. 5.23 Sweep control - BIX3 Inviscid analysis: Oswold factor

The efficiency of the wing when compared to an ideal wing with an elliptical lift

distribution is given as the Oswold factor (Figure 5.23). Where an Oswold factor of

1 equals an ideal wing. The Bix 3 achieves the maximum efficiency above angles of

attack of 5 degrees and with a 5 degree forward sweep. Sweeping the wing moves the

position of the centre of pressure in relation to the centre of mass and this effects the

longitudinal static stability of the conĄguration (Figure 5.24). The Bix3 with 0 degrees

wing-sweep is longitudinally stable. Sweeping the wing aft increases the longitudinal

static stability (split between the lines) and the cross over point at which the aircraft

becomes unstable is 11 degrees of forward sweep. This change in static stability at 11

degrees is independent of angle of attack.
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Fig. 5.24 Sweep control - BIX3 Inviscid analysis: Neutral Point

Figure 5.24 shows the point of neutral stability at approximately 13 degrees forward

sweep for the lines corresponding to α = 0◦. The same general result is true for

α = 5◦. However when α = 10◦ the stability remains positive and the pitching

moments remains more negative across the test envelope. This is likely due to the

dynamics of the test causing the Bix3 wing to exceed its critical angle of attack at

approximately 11 degrees as seen in the wind tunnel test data in Ągure 5.19. Any loss

of lift due to Ćow separation will result in a nose down pitching moment. The fall over

point in static stability equates to the neutral point being coincident with the centre

of mass at 0.05m reference position (rear of the wing root chord).
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The Bix3 airframe has an unstable spiral mode as determined by the ratio of lateral

stability to directional stability:

ClβCnr′

Clr′Cnβ

(5.1)

This condition indicates an unstable spiral mode when the result is less than one. The

Bix3 airframe has an unstable spiral mode at all positions of wing sweep at the cruise

angle of attack (4 degrees) (Figure 5.25).

Fig. 5.25 Sweep control - BIX3 Inviscid analysis: Spiral stability
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5.5.4 Wing twist - WOT4

Twisting the wing changes the local effective angle of attack as experienced by the

wing. The wing can be twisted symmetrically to alter the setting angle of the wing

in relation to the fuselage, short term dynamic response from fast actuation of the

wing symmetrically is manifested as a short term change in angle of attack, long term

response is a trim change due to the change in wing setting angle. The dynamic re-

sponse can be exploited for direct lift control and the long period response is beneĄcial

as a trim change. Because twisting the wing symmetrically simply effects the local

angle of attack it drives the wing up and down the angle of attack curves presented in

the WOT4 reference data.

Twisting the wing asymmetrically changes the span-wise lift distribution. This varia-

tion in span-wise lift distribution induces a rolling moment about the centre of mass.

The effectiveness of twisting the whole wing to induce a local change in lift coefficient

and rolling moment compared to traditional aileron control surfaces are presented in

Figure 5.26.

The rolling moment due to twist in this particular experiment does not show an

improvement over the existing aileron. However, it is expected that beneĄts would be

more apparent at very low Ćight speeds where the increased surface area of the whole

wing would offset the increase in Ćow speed over a smaller control surface. ItŠs worth

considering that considering the rolling moment induced without a full consideration

of how such a morphing wing would increase undesirable parameters such as drag

doesnŠt present a complete picture but it does identify its potential use for roll control

in the absence of aileron surfaces.
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Fig. 5.26 Aileron control - WOT4 Aileron and Twist analysis: Rolling moment vs
Control deĆection
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5.5.5 Wing Ćap - WOT4

Rotating the wing about the longitudinal axis symmetrically varies the dihedral /

anhedral of the aircraft. This varies the CLMax of the wing as a function of dihedral

angle. The peak value of lift coefficients occurs when the wing has 0 degrees dihedral

(Figure 5.27).

Fig. 5.27 Symmetric Dihedral control - WOT4 Inviscid analysis: CL vs Alpha, V =
10m/s
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The primary reason for applying dihedral and anhedral to a wing is to adjust the

relative lateral-directional stability of the aircraft by adjusting the aerodynamic rolling

and yawing derivatives with respect to side-slip. The spiral stability of the aircraft is

modeled using (Equation 5.1) as previously stated. Figure 5.28 shows how the spiral

stability of the WOT4 platform varies with changing dihedral / anhedral angle.

Fig. 5.28 Symmetric Dihedral control - WOT4 Inviscid analysis: Spiral stability

The point of neutral stability depends on angle of attack is found between 1 and 5

degrees dihedral. Greater values of dihedral imply positive spiral stability (and a less

stable Dutch roll mode) whilst any anhedral is enough to excite the unstable spiral

mode at all positive angles of attack.
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5.6 Discussion

Fixed wing aircraft have been operating using a three-axis control scheme since their

inception. Early experimentation with whole wing morphing was typically constrained

by the material properties of the time. Whilst variations on the classical arrangement

of elevators, ailerons and rudder have been developed, utilising mixed surfaces (e.g.

elevons, stabilators) most of these still use discrete moving surfaces which deĆect

along the trailing edge of the wing. The work here looks at the actuation of the main

wing for Ćight path control. This is similar to the weight shift control utilised in

Ćex-wing microlight aircraft as it moves the centre of pressure of the lifting surfaces

relative to the centre of mass of the vehicle, thereby inducing a force couple and a

controlling moment on the aircraftŠs trajectory. Total control of the main lifting surface

is also employed in the control of rotary wing vehicles, helicopters and gyrocopters,

the wing actuation axis are inspired by the hinge setup found in rotor hub systems,

incorporating a pitch, Ćap and lead-lag hinge. In this body of work the fore-aft motion

of the wing about a normal axis is referred to as wing sweep, the rotation of the wing

about a lateral hinge axis as wing twist and the vertical motion of the wing-tip rotating

about the longitudinal axis as variable dihedral or wing Ćap.
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5.6.1 Variable wing sweep and control in pitch

Moving the wing fore and aft about the root affects the longitudinal dynamics of the

vehicle. Sweep affects both the mechanics and aerodynamics of the main wing which

in turn effect the Ćight path. Looking Ąrst at the mechanics of sweeping the wing

forward (Figure 5.29).

Fig. 5.29 Mechanics of forward wing sweep and the effect on the longitudinal dynamics

Moving the centre of pressure forward relative to the centre of mass of the vehicle

induces a pitch up moment. Simultaneously it reduces the static margin to a point

where in the vehicle become statically unstable in pitch, increasing the pitch up in

response to a perturbation. The forward sweep of the wing moves the wing root

aft of the wing tip, the favourable span-wise pressure gradient that exists encourages

inboard span-wise Ćow from the tips towards the wing root. This redistribution of

the pressure pattern towards the wing root reduces the effect of the wing-tip vortices,

with the fuselage acting as a wing fence. With a stronger adverse pressure gradient

inboard at the wing root the wing will tend to stall at the root Ąrst. This preserves

Ćow over the outboard wing-tip and ailerons, increasing their effectiveness deep into

the stall condition. The result of these effects are increased controllability at higher

angles of attack deeper into a pitching manoeuvre at high pitch rates and high angles

of attack. The longitudinal dynamics depend on the degree of forward sweep and

whether there is a reversal in the static stability of the aircraft but as a general result,

forward wing sweep will excite the short period and phugoid mode and tend towards

dynamic instability. Lateral-directional stability is also effected. The effective forward

sweep is increased on one wing and reduced on the other in the presence of a side-slip

condition (Figure 5.30).
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Fig. 5.30 Mechanics of forward wing sweep and the effect on the lateral dynamics. The
advancing wing experiences an increased sweep angle whilst the retreating wing sees
a reduced effective sweep angle

The rear sweeping wing as effectively reduced sweep, which will increase the lift and

drag coefficients on the retreating wing. The increase in lift will induce a roll towards

the side-slip and the increase in drag with further increase the side-slip condition,

these two effects will excite lateral-directional instability.

Rearward wing-sweep has the opposite effect on the mechanics and dynamics and is al-

ready commonly used on transonic vehicles to reduce the effective Mach number. The

rearward motion of the centre of pressure induces a nose-down pitching moment, this

effect is exacerbated by the immediate reduction in lift as the wing sweeps rearwards.

With rearward sweep the wing will tend to stall at the tip Ąrst, the manoeuvrability

is reduced, the static margin is increased and the short period and phugoid modes

are more heavily damped. Lateral-directional stability is effected with a tendency to

excite the Dutch roll mode and damp the spiral mode.
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5.6.2 Whole wing twist for roll control

Rotating the wing about the wing root changes the local angle of attack of the wing.

This effective twisting or pitching of the wing can be used asymmetrically to generate

a couple about the longitudinal axis to generate a rolling moment. Symmetric twisting

of the wing alters the setting angle between the wing and the fuselage junction. The

static residual of this is to change the longitudinal pitch trim of the vehicle whilst the

dynamic response will drive a change in the angle of attack and directly control the

lift generated by the main wing.

Asymmetric deĆection works in the same fashion as existing aileron surfaces but ef-

fects the whole wing. The up going wing sees an increase in the local angle of attack

and the down-going wing sees a reduction in the angle of attack. This asymmetry of

lift sets up a couple and the vehicle will roll about the longitudinal axis. The aircraft

will continue to roll until equilibrium is re-established by equalising the lift produced

by the port and starboard wings. Unlike ailerons which only effect the local angle of

attack about the small region of the wing where they are situated twisting the thing

from the root effects the whole wing. Most aircraft have their primary ailerons situ-

ated outboard to maximise the distance component of the force couple, meaning the

ailerons can be as small as possible. This means that the effectiveness of the control

surface is reduced when the wing is more highly loaded towards the wing root, such

as when Ćaps are deployed for low speed approaches. Large civil transport category

aircraft typically have secondary inboard aileron control surfaces to assist in roll con-

trol in these conĄgurations and at high speed when control forces are larger due to the

increase in velocity component. Twisting the wing effects the whole lift distribution

and will improve roll control in these situations.

AVL analysis predicts a linear control response for both the aileron surfaces on the

WOT4 and for asymmetric wing twist (Ągure 5.26). Testing reveals that the ailerons

have a linear response up to approximately 15 degrees beyond which there effectiveness

begins to plateau (Ągure 5.26). The control gradient dCl

dδaileron
≈ 0.017 as measured in

wind tunnel testing is approximately double that which is predicted by AVL where
dCl

dδaileron
≈ 0.007. This might well be to do with 3D effects resulting in the ailerons

having a greater inĆuence on the global Ćow of the wing when compared to the vortex

lattice simulation approach used by the AVL software. Twisting the wing effects the
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aerodynamics quite differently in the wind tunnel compared to the simulated results.

The control response is non-linear in nature. The control gradient dCl

dδtwist
is non-

linear with multiple inĆection points which might correspond with changes in the

Ćow. Between 0 degrees and 15 degrees of twist the slope is increasing up to an initial

peak rolling moment of 0.3. The WOT4 wing has a thick section aerofoil that has a

Ćat lift curve slope above the critical angle. The critical angle is found to be αcrit ≈
14◦ using a viscous panel method and αcrit ≈ 16◦ − 18◦ experimentally in the wind

tunnel. Combining the steady state αfreestream and the twist deĆection means that

the wing is reaching its critical angle at approximately 15 degrees of twist. The Ąrst

inĆection peak at 15 degrees seen in the wind tunnel analysis matches the approximate

values predicted by AVL. Beyond which AVL predicts a linear continuation due to it

not modelling the stalling behaviour. Above this value the control response curve

demonstrates a noisy Ćat response which corresponds with the up-going wing being

stalled. In this condition the up-going wing will stall before the down-going wing, with

the WOT4s Ćat stall response there is no immediate loss of lift and so no change in

the rolling response. On another aerofoil with a sharp loss of lift at the critical angle

the lift of the up-going wing might sharply fall resulting in a control reversal at high

twist angles meaning this approach might now be suitable for all wings. A second

inĆection point can be seen beyond 20 degrees of wing twist. At this point both the

up-going and down-going wings will be deeply stalled and post stall dynamics will be

affecting both wings. Additionally at this point the wing box is under considerable

torque and the stiffness of the foam material construction of the WOT4 means that

there is considerable deĆection of the wing structure in this condition so the resultant

changes in the rolling moment will be affected by the change in the aerofoil shape and

wing structure under load.
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5.6.3 Variable dihedral and variable stability

Changing the dihedral symmetrically effects the lateral directional stability derivatives

with respect to side-slip angle; Clβ and Cnβ. It does this with small changes in lift

and drag coefficient for small angles of dihedral. Some bird families like the pigeons

Columbidae adopt a high positive dihedral in the glide. This conĄguration provides a

method to passively stabilises the lateral direction mechanics and modes which would

otherwise be actively controlled in Ćapping Ćight. This conĄguration is useful to alle-

viate the workload on a control system or pilot in phases of Ćight that demand high

levels of stability (e.g. a straight glide through known turbulence).

AVL analysis (Ągure 5.27 predicts a Ćat dCL

dδdihedral
and dCD

dδdihedral
curves around small an-

gles of dihedral both positive and negative before a reduction in both lift and drag at

more extreme dihedral / anhedral angles (> ±5◦. However the wind tunnel analysis

shows a Ćat response in lift and drag up to angles of ±15◦ with the drag curve having

a hysteresis loop due to the dynamic nature of the wind tunnel control sweeps.

Figure 5.28 shows the plot of the lateral-direction stability metric vs dihedral deĆec-

tion. The stability metric is described by the ratio of the relative magnitudes of the

product of the rolling moment due to side-slide and the yawing moment due to yaw

rate and the rolling moment due to yaw rate and the yawing moment due to side-slip.

If metric is greater than one then the conĄguration has relative strong positive lateral

stability against weak directional stability, this relationship will damp the spiral mode

but may excite a Dutch roll response. If the metric is less than one then the con-

Ąguration has relatively weak positive lateral stability and strong positive directional

stability, this relationship will excite the spiral mode as the aircraft Šwinds upŠ into

a tightening turn. Because spiral modes tend to have longer time constants than the

Dutch role modes they are easier to control either through direct piloting or through

an inner loop controller. However in the cases where the Dutch roll modes are already

damped due to airframe design stabilising the spiral mode will reduce the require-

ments of the control system. The WOT4s spiral mode sits on the cusp of stability

depending on the angle of attack and achieves stability between dihedral angles of

δdihedral = 2◦ − 5◦ with α = 0◦ − 10◦. The base wing has no dihedral or anhedral and

this design decision likely achieves a sufficiently long time constant for the unstable

spiral mode whilst sufficiently damping the Dutch roll mode to meet handling quality
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requirements. The vehicle is also designed to fulĄl the requirements of a basic aero-

batic trainer, which include requirements for inverted Ćight and as such the straight

section wing with no dihedral or anhedral is a sensible selection for the Ćight envelope.

Symmetric variable dihedral can be both passive and active.

Fig. 5.31 Passive dihedral deĆection acts as a suspension system in the body normal
direction

If deployed in the passive sense the wing can be modelled as a spring mass-damper

system with separate rotational freedoms about each wing (Figure 5.31). This will

allow the wings to travel and rotate in the presence of a gust load perturbation,

increasing the rise time in the body response and to the change in the Ćight path.

This is a form of passive suspension which increases the time to perturbation and

would allow the bird / vehicle time to make a control input whilst also reducing the

normal acceleration or shock loading felt by the airframe, particularly as a wing root

bending moment.
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5.6.4 Asymmetric dihedral and turning

The main wings are independent of each other and as such the dihedral can be varied

asymmetrically across the full span. This can be achieved in two ways, Ąrstly the total

dihedral angle between the two wings can be kept constant as they rotate around the

body, or secondly, the relative half angle of one wing can be maintained constant with

reference to the body whilst the other wing moves, this will change to total effective

dihedral between the two wings.

Fig. 5.32 Asymmetrical Dihedral effect: a) Conventional symmetrical wing, b) total
angle constant - rolling the wing w.r.t the tail, c) half angle constant - raising one
wing to induce lateral turning force

The Ąrst case (Figure 5.32 - b) is equivalent to the main wing rolling and the tail

twisting in opposition, this tail twist is discussed in the next chapter. The change in

201



effective bank angle of the main wing whilst preserving the total dihedral angle will

induce a normal dihedral response and a corrective rolling moment due to the change

in span-wise lift distribution which will tend to roll the wing back so that the total

lift force vector is vertical albeit now with the effects of the twisted tail.

This allows the motion of the wing-line angle relative to the world axis to be indepen-

dent to that of the body and the tail and allows the wing to be somewhat decoupled

from the inertia of the body. This will increase the rise time of any perturbation

about the established Ćight path and allow the bird / vehicle more time to make a

control input. Depending on whether the response is active or passive the wing could

be modelled as a torsional spring - mass damper system with rotational freedom about

the body (Figure 5.31). This allows the wing to act as a torsional suspension system,

damping out span-wise asymmetric gust loading.

The second case (Figure 5.32 - c) acts to induce a rolls response in accordance to

the increased effective dihedral angle. This will cause a restoring roll moment and

simultaneously establish a larger dihedral angle and increase lateral stability. The

airframe will tend to roll such that the total lift force vector is balance and vertical.

This will leave the airframe with some residual angle of twist between the main wing

and the tail. The effect of twist is discussed in the next chapter. In essence the response

is the same as the Ąrst case whilst also changing the magnitude of the response as the

total dihedral angle changes.
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5.6.5 Comparison with traditional three axis control

The control schemes presented in this section are quite different to traditional three

axis control schemes using discrete moving surfaces to locally effect changes in the lift

coefficient. With the exception of wing twist the other two methods, wing-sweep for

pitch control and variable dihedral, results in only small changes to the lift coefficient.

Instead it is the change in the position of the centre of pressure and changes to the sta-

bility derivatives which are used to effect control and make changes to the Ćight path.

The beneĄt of using existing lifting surfaces for control includes the elimination of dis-

crete panels and the additional interference drag these generate. These mechanisms

have exposed parts and gaps between the aero surfaces, in an optimised system the

mechanism would be internal and any gaps sealed with compliant skins to full realise

the beneĄts. By manipulating the main lifting surfaces the control forces can be very

large and in some instances greater than is achievable with discrete surfaces. By using

alternative control strategies it is possible to decouple the primary effect of controlling

the Ćight path from the body orientation as is required using traditional control sys-

tems. For example when using the elevator to control pitch angle, the secondary effect

is to make changes to the angle of attack of the main wing. As such a manoeuvre

which demands a high positive pitch rate will be coupled with an increase in lift and

subsequent increase in altitude. A manoeuvre such as a nose over tail tumble with

only a small change in altitude is not possible in a rigid body aircraft with traditional

three axis control. The application of elevator needed to generate sufficient nose up

pitch rate would also drive an increase in lift resulting in a looping manoeuvre and

subsequent changes in kinetic and potential energy. A wing-sweep for pitch control

system can generate a large nose up pitching moment with only a small change in lift

coefficient making such a manoeuvre possible. Symmetric twisting of the main wing

can be used to effect global lift coefficient without effecting the pointing of the fuselage,

allowing for gust rejection by ŠspillingŠ excessive lift. Asymmetric twisting of the main

wing acts up to the critical angle as a powerful roll control surface increasing the total

roll power particularly in the low speed, high angle of attack regime. Twisting the wing

beyond the critical angle would induce local Ćow separation and stall the wing leading

to a possible control reversal as the stalled wing rapidly looses lift. This effect was

not explored due to limitations in the experimental setup. This heave control with-

out effecting the trim is not something that is possible with a three axis control system.
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By considering the application of existing design features for control, additional func-

tionality can be achieved for minimal penalties with regards to weight, cost and com-

plexity. For example modern long-haul airlines are using folding wing-tip structures

[118] to increase the aspect ratio of the main wing whilst still Ątting the geometric

constraints of airport gates. These folding wing-tips would allow for local changes

in dihedral at the wing-tip, a feature that may be exploited for use in roll control

[119] and a use case changes to stability and gust-rejection [120] has been shown. Of

course there are disadvantages to such control schemes. Actuating major lifting sur-

faces means that the loads on the actuators may very large, resulting in heavy costly

structures. The major lifting surfaces are typically a large proportion of the mass

fraction of the aircraft. Whereas the demonstration aircraft used here have a foam

wing and whose structure is very light weight, larger scale aircraft often use there wing

structure to house fuel. Moving these surfaces would therefore contribute to consid-

erable changes in the inertial properties of the vehicle, some of these change might

well be useful in the form of weight shift control, moving the vehicles centre of gravity

and by changing the vehicles rotational moments of inertia as the mass distribution

can be moved towards and away from the centre of gravity. However some of these

changes to the inertial properties may produces undesirable effects or indeed negate

the desired control effects altogether. Taking the major lifting surfaces into post-stall

aerodynamic regions may be undesirable and the design rules for these regions are not

well deĄned. The aerodynamics in post-stall regions are highly geometry dependent

and may be unpredictable. Whilst using a different control scheme opens up doors to

previously unachievable manoeuvres it may also make some Ćight manoeuvres more

difficult to perform.

Whilst such control schemes come with pros and cons it clearly pushes the envelope

achievable through existing three axis control schemes. Coupled with other secondary

control surfaces and thrust vectoring systems, main lifting surface actuation has the

potential to increase the agility of certain types of aircraft operating at the limits of the

three axis control envelope. By combining these control strategies with existing three

axis methods it may be possible to move towards complete six axis control systems

for aircraft; controlling rotation about the three principle body axis and the three

translational motions (heave, surge and sway). Incorporating whole lifting surface

control actuation into future control schemes should therefore be considered in the

case of winged aerial vehicles with high agility requirements.
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5.6.6 Review of methods

This section explores the potential of main lifting surface actuation for Ćight control.

The approach involves using a 3D vortex panel method (AVL) to assess to effects of

moving the main lifting surfaces. AVL is a program for the Ćight dynamic analysis of

Rigid body aircraft and uses a linearised aerodynamics model combined with an iner-

tial mass model. The conĄguration Ąle which deĄnes the main Ćight control surfaces is

generated from a 3D CAD model and analysed in steps to recreate the effect of actu-

ating the lifting surface. As such each step is a snapshot of a rigid body conĄguration

and it does not account for the dynamic effects of actuating the model. Any dynamic

effects are thus excluded and hysteresis behaviour is impossible to determine using

this approach. This lack of time series information regarding control surface actuation

is the main weakness of this method because time variant 3D Ćow structures are likely

to dominate in the high alpha regime, an area which the vortex panel method does

not model well. In order to validate the model for a range of deĆections wind tunnel

models are used based of the Bix3 and WOT4 airframes. The inconsistencies in the

model used is unfortunate but was a necessary consequence of the Bix3 model fuselage

being unsuitable for housing twist and dihedral actuation and the Bix3 wing being

unsuitable to support the increase in asymmetric bending loads. The wind tunnel used

in testing, the University of Bristol A1 wind tunnel is a closed return tunnel equipped

with Ćow straightening gauzes. The working velocity range for the tunnel is 10 - 60

m/s in the working section so the tests conducted here are at the bottom of the speed

range. The pitch-yaw rig used to test the airframes constrains the airframes in roll

whilst having free and driven modes in pitch and yaw. Because of the nature of the

roll constraints and the large bending moments generated at the wing-root when sub-

jected to an asymmetric lift distribution, the degree of rolling moment that could be

imparted to the airframe had to be minimised to preclude the risk of wing box failure.

As such the full rolling power of the whole wing twist could not be fully explored.

Given unlimited access to the wind tunnel facilities further testing could be used to

better validate the AVL models however subject to the constraints of shared facilities

the necessary validation runs have been presented in this chapter. To improve the

validity of the results and to extend the analysis to more extreme dynamic manoeu-

vres the use of a common airframe and full computational Ćuid dynamic techniques,

combined with improved airframe mounting for wind tunnel testing and associated

free-Ćight testing would be recommended.
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Fig. 5.33 Flight track of an approach and landing conducted using wing sweep for
pitch control at Fenswood farm

It is worth noting that the requirement for free-Ćight testing was part of the design

of the wing-box and actuation systems for all of the Ćight test vehicles presented

here. All three vehicles have Ćown successfully and demonstrated the associated whole

lifting surface actuation in free Ćight (Figure 5.33), but on these Ćights there were not

instrumented to record the necessary information for presenting along side wind tunnel

and simulated analysis. Should the requirement for free Ćight be removed the wing

box and actuation structure could be considerably improved and instrumented more

completely.
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5.7 Conclusion

In this chapter, whole lifting surface actuation is proposed as an alternative and aug-

menting Ćight control system as inspired by the Ćight control laws presented in chapter

4 and chapter 5. Three different vehicles based on two different airframes have been

modiĄed to demonstrate the effect of wing sweep for pitch control, whole wing twist

for roll control and direct lift control and variable wing dihedral for variable lateral

directional stability and control. Simulations of the Ćight dynamics of these vehicles is

conducted using AVL, a 3D vortex panel method and these simulations are validated

using wind tunnel testing in the University of Bristol A1 wind tunnel on a two axis

aircraft carriage instrumented with a 6 degree of freedom ATI F/T Mini 45 load-cell.

The time series datasets are processed an presented using traditional rigid body Ćight

mechanics and the effect of the whole lifting surface actuation is compared to three

axis Ćight control schemes. The wing sweep for pitch control was found to be a pow-

erful tool for controlling aircraft pitch, especially at high angles of attack, subject to

additional changes in stability and loss of lift. However this control reconĄguration

does effect the longitudinal stability of the aircraft, making a stable airframe unstable

with just 12◦ of forward sweep. Whole wing twist for roll control seems to match the

performance of aileron based roll control, but the limitations of the test rig are dis-

cussed and the additional capabilities of direct lift control are advantageous. Varying

the wings dihedral / anhedral dramatically changes the lateral-direction stability of

the platform and the effect on the spiral mode is particularly pronounced. By imple-

menting whole lifting surface actuation control and using it to augment existing Ćight

control systems it may be possible to move towards full six degree of freedom control

system for winged aircraft and unlock new manoeuvring capabilities and extend the

Ćight envelope for small aircraft with demanding agility requirements.
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Chapter 6

Lateral control using a variable twist tail

6.1 Chapter Summary

Different species of birds use their tails in very different manners as part of their Ćying

gait. This difference can be starkly contrasted between gulls (Larus fuscus) as covered

in Chapter 4 and in the Red Kites (Milvus milvus) presented here. Some species, like

the gulls, use Ćap-glide gait and Ćy for the most part with their tails furled. In this

conĄguration the tail feathers are contributing very little to any controlling moments

and the tail remain furled throughout gliding manoeuvres, only spreading during the

most dynamic motions when the wings are typically being Ćapped as well. Other

birds such as the red kites use a primarily gliding or soaring gait, with wings stretched

and tails at full spread. These low and slow gust soaring specialists can be observed

making many active inputs with their tail to control their Ćight. In this chapter

the Rotational Stereo Videography method, as previously discussed in Chapter 3, is

used to track a set of seven control points on the red kites bodies and Ąt these to a

wireframe model whose relative positioning can be used to infer the position of the

various lifting surfaces and make estimates of control inputs. Red kites make active use

of their tail to steer and control their lateral Ćight by using it both independently and

in conjunction with their main wing to induce and fortify lateral forces and moments.

The applicability of a bird tail inspired control scheme is assessed in simulation using

a 3D vortex panel method based on modiĄed models of the airframes used to test

the articulating wings in Chapter 5. The forces and moments are generated by a tail

which is free to articulate about a ball joint at itŠs leading edge and has motion about

a offset axis, aligned to the principle body axis and whose origin is at the conjunction

of the fuselage and horizontal tail. The analytical results allow for an assessment on

the design characteristics required for a small unmanned aerial vehicle to make full

use of an articulating tail control scheme. Pitching the tail generates large pitching

moments and alters the static balance of the bird. Twisting the tail is an effective

in Ąne control of the total side force generated by the bird in a banked turn and
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also contributes a yawing moment. Tail wag, or in-plane lateral deĆection of the tail

moves the centre of pressure and the line of action of the tail drag to contribute a

stabilising yaw moment about the bird. An all articulating tail surface allows for

additional coupled control schemes beyond the traditional three-axis scheme seen in

most traditional small aircraft.

6.2 Chapter Structure

This chapter introduces the concept of the twisting tail and itŠs role in Ćight control.

The lack of a vertical stabilising surface is a major difference between all bird species

and many aircraft, requiring active control to stabilise the lateral directional modes,

various stabilising strategies are presented. The results from Ąfty separate manoeu-

vring Red Kites are presented with the manoeuvres classiĄed into three categories:

Straight glide, Left turns and Right turns. Rotational stereo videography is used to Ąt

a wireframe model to seven control points on the birds. The control surface positions

are extracted; direction, range of motion and line of action were assessed and related

to speciĄc Ćight parameters. The relationships between the morphological variables

and the Ćight path were used to infer the control schemes being used by the birds.

An analytical model of a 3D pitching,twisting and wagging tail is developed adapted

from the conĄguration of the Bix3 airframe. The tail model is assessed in straight and

level glide to reveal the types of forces and moments it is capable of producing. The

differences between the Red Kites and the Bix3 conĄguration are discussed and the

revelations regarding how a small unmanned aerial vehicle might be designed to take

full advantage of a twisting tail are presented based on the Ąndings in this Chapter.
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6.3 Introduction

When examining the turning performance of the gulls in Chapter 4, the rate of turn

was found to be correlated to the bank angle of the bird in the glide. Qualitative

observation suggests that for the gull species the tail plays only a small role in the

control of their Ćight, being predominantly furled in gliding Ćight and unfurling during

slow Ćight and Ćapping Ćight. Other species seem to use their tails very differently.

Suggesting that just as legged animals display different gaits and locomotion, wing-

borne animals may also have different Ćight strategies. The Red Kites extract every

energy from turbulence in the lower atmosphere to soar for minimal effort. Their Ćight

paths tend towards circling patterns and they appear to make substantial use of their

tails to control their turning Ćight. The tails are typically unfurled (as seen in other

species in the slow Ćight regime) and are twisted in relation to the body and the main

wing throughout the turning manoeuvre. This twisting tail is a form of control quite

different to anything employed in manned aircraft. In a traditional aircraft, turns are

initiated by using a span-wise asymmetric lift distribution to role the aircraft into the

turn, offsetting the total lift vector into the turn and inducing a lateral component

of force into the direction of the turn. This turn is then maintained in level Ćight by

increasing the angle of attack on the main wing so as to increase the total lift force,

such that the component in the gravity axis matches the weight of the aircraft. This

means the rate of turn of the aircraft is by necessity coupled to the bank angle and

the method of inducing roll has secondary effects, yawing the aircraft which must be

coordinated with additional control surfaces in the form of a vertical tail comprising

a vertical stabiliser and a rudder. Birds obviously lack any form of vertical tail and

so their approach to initiating and controlling a turn is clearly quite different. This

chapter looks at the role of the tail in the Ćight of Red Kites and how this mechanism

might be adapted for use in small unmanned aerial systems.
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6.3.1 The role of the tail in bird Ćight

Conventional aerodynamic theory suggests that the highest efficiency wing, in terms

of maximising the lift to drag ratio of a body in slow Ćight, is achieved by a single

high aspect ratio wing [121]. The morphology of a single wing with no additional

aerodynamic surfaces is seen in nature, bats have this morphology, but it is not typi-

cally seen in birds [122]. However, birds that spend a substantial time gliding on the

wing do tend to a high aspect ratio main wing with smaller auxiliary lifting surfaces.

This isnŠt always the case for species under selective pressure to optimise for Ćight

performance [123]. Swifts and Swallows are aerial insectivores which rely on excep-

tional Ćight performance for survival and in these birds the tail feathers make up a

substantial component of the lifting surface area.

So why do birds have tails? The tail is a consequence of evolution from reptiles, whose

tails served a variety of purposes. The birds tails also serve a variety of purposes, not

all to the beneĄt of Ćight performance. Sexual dimorphism is common in avian species,

with tail ornaments being a common dissimilar trait which are used in behavioural

and social interactions. The tail can also be seen to be used in ground locomotion for

balance. The purpose of the tail under consideration in this chapter is itŠs role as an

aerodynamic device and there are several ways the tail is employed to augment the

birds Ćight control.
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6.3.2 The birds tail as an aerodynamic device

In much the same way that terrestrial animals have different gaits, wing-borne animals

also have different Ćying gaits and use their tails in different ways. Presented here

are the four most commonly accepted theories of the role of the tail in Ćight control

and how they relate to aircraft. Split Ćaps are an aerofoil modiĄcation for enhancing

lift and drag. The lower surface of the trailing edge hinges downward from a point

towards the leading edge while the upper surface stays Ąxed. This creates a large

region of separation and stagnated Ćow immediately aft of the split. This affects the

pressure distribution on the aerofoil and causes large changes to longitudinal trim. At

max deĆection the split Ćap acts much like a lower surface spoiler and contributes

to a signiĄcant increase in the drag coefficient as well as a small increase in lift.

ItŠs purpose is primarily to increase the drag on an airframe to allow the body to

decelerate and approach with higher power settings (important for missed approaches

and escape manoeuvres). Some species of bird are thought to use their tails in this

manner when approaching to land, unfurled tails vastly increase drag and help the

bird to decelerate as they approach to land. ([124]) A pitch stabiliser uses a trim force

to balance the longitudinal moments on a Ćying body to maintain straight and level

Ćight. Passive stabilisers are found on aircraft which are statically stable and active

stabilisers, using the control surfaces, are found on unstable aircraft. The question

of static stability in birds is heavily debated [125]. It is likely species dependant and

conĄguration dependant. It is known that some species of bird utilise a lifting tail,

a conĄguration unlike a conventional aircraft. It is possible to be statically stable in

this conĄguration providing that the lift curve slope of the tail is greater than that

of the main wing, however there is no requirement for passive longitudinal stability

as conĄguration changes and control inputs can actively stabilise Ćight. In slow Ćight

(high alpha), the tail is unfurled which shifts the centre of area of the combined lifting

surface aft. This increase the moment arm and the total area available to produce

force. The centre of mass of the bird is not a Ąxed position and may span the centre

of lift as the bird changes conĄguration. All of these characteristics imply a need

for active pitch stabilisation and the need for an auxiliary surface through which to

generate additional trim forces. Many aircraft make use of multiple lifting surfaces.

The Ćow around a secondary wing effects the Ćow around the primary wing. Up-

wash ahead of the rear wing changes the effective angle of attack of the fore wing,

reducing the fore wings contribution to the total drag whilst also contributing to total
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lift production. Whilst this layout is not as aerodynamically efficient as a single high

aspect ratio wing, if other requirements require a secondary lifting surface aft of the

primary lifting surface, this conĄguration can be optimised for an improvement in

lift to drag ratio. Many species of birds Ćy at low speeds with an unfurled tail and

in this conĄguration the tail surface is acting as a drag reducing Ćap, increasing lift

whilst also acting as a longitudinal trim control. Traditional aircraft have a vertical

and horizontal tail as part of the empennage. The vertical tail is used for lateral

directional stabilisation and control. Birds notably lack a vertical tail, suggesting

active control and stabilisation of the lateral directional modes. Whilst the main

wing can contribute to the lateral-directional control, the tail contributes a signiĄcant

moment arm. There are different models of how the tail can be used in the control of

the lateral directional mechanics. Some species appear to actively use the tail twist to

induce control forces and itŠs that mechanism which is explored in this chapter ([68].
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6.3.3 Aircraft empennage - Vertical tails

Vertical tails are an important part of a conventional aircraftŠs lateral-directional con-

trol and stability and are notably absent in natures Ćiers. The vertical stabiliser

primarily performs four main functions for aircraft:

1. Directional stability - The vertical stabiliser provides a restoring moment in the

presence of transient uncommanded side-slip.

2. Coordination of adverse yaw - Aircraft roll control creates asymmetric span-

wise drag which induces an unwanted yaw component about the centre of mass, rudders

are used to counteract this adverse yaw and maintain coordinated Ćight.

3. Directional control on take-off and landing - Aircraft require long ground rolls

on take-off and landing, necessitating infrastructure that isnŠt always aligned with the

direction of the wind, the rudder controls help to maintain positive directional control

on take-off and landing in the presence of a crosswind condition.

4. Balance Asymmetric thrust and counteract engine torque and P-factor -

The rudders provide a lateral force to oppose those generated by an asymmetric thrust

condition, either in multi-engine aircraft with one engine inoperative or for the offset

thrust line found in propeller powered aircraft due to the effects of torque and P-factor.

Of these four important functions only the Ąrst two generally apply to birds, where

long ground rolls are not required for take-off and landing and asymmetric thrust is a

function of Ćapping Ćight which is beyond the scope of this chapter.
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6.3.4 Differences in lateral control strategy between species

With the role of the tail in bird Ćight being undeĄned and variable between different

species. Gulls are Ćight generalists who use multiple Ćying gaits; Ćapping, gliding

and Ćap-glide. Red kites are low altitude soaring scavengers who are typically seen to

be gliding and soaring at low level using small updraughts to maintain height. Gulls

typically Ćy with there tails furled without making visibly active use of it, whereas

the red kites typically soar with an unfurled tail and can be seen to make active use

of a twisting tail in their control of turning Ćight. The results presented here are

discussed with particular attention on the implications that a bird inspired tail has

for the design of small unmanned aerial vehicles.
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6.4 Methods

Depending on the species the tail comprises a large fraction of the total lifting surface

area of the bird. Actuation of the tail undoubtedly inĆuences the Ćight control of the

bird and this chapter looks at the different mechanics of tail actuation for Ćight control.

Because of the distal position of the tail, lying on the longitudinal axis with symmetry

about the vertical plane, forces can be generated by pitching and twisting the tail.

Pitching the tail about a parallel lateral axis will change the effective angle of attack

experienced at the tail. This mechanism is analogues to an all-Ćying tail or the trim-

able horizontal stabiliser found on aircraft. By varying the lift produced at the tail the

bird would have control over itŠs pitch trim. Twisting the tail around the longitudinal

axis moves the surface out of the vertical plane of symmetry it occupies. This action

offsets the lift vector at an angle to the body normal axis. The force vector would

still act predominantly though the centre of mass about the longitudinal, so would

not directly induce a rolling moment. However the offset force vector will affect the

total resultants of aerodynamic force acting to oppose the weight on the bird, and

any centripetal accelerations in turning Ćight. By using this twisting mechanism the

bird might be varying the total lift production to counteract small transient changes

due to gusts. This gust offset could be used either to reject vertical acceleration in

level Ćight or moderate the radius of turn in circling Ćight. Rotation about the third

principle normal axis is the Ąnal rotation considered in this chapter. Wagging the tail

around the normal axis also breaks the symmetry of the vertical plane. This wagging

modiĄes the effective side-slip angle as seen by the tail and offsets the tails centre of

pressure laterally off the longitudinal body axis. The increase in side-slip will tend

to reduce the aerodynamic efficiency of the aerofoil and reduce lift whilst increasing

drag. It does this by increasing the position and magnitude of the effective thickness

of the aerofoil as experience by the Ćow. Offsetting the centre of pressure will exert

a coupled roll and yawing moment as the lift and drag resultants are laterally offset.

The rolling moment is is opposition to the tail wag whilst the yawing moment is in

the same direction as the tail wag creating an adverse couple. This chapter builds on

the techniques used in chapter 3 and chapter 4 to measure an analyse the effect of an

articulated tail.
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6.4.1 Rotational Stereovideography

In order to simultaneously record the Ćight path and Ćight control input parameters

of the tail the rotational stereo videography (RSV) method developed in chapter 3 is

used. In this situation where the emphasis is on the control input made by the tail,

additional control points are used to establish and additional Ćight control vector in

the form of the average tail line. Seven control points are tracked, (six measured and

the seventh body centroid calculated) on the bird positioned as in Ągure 6.1.

Fig. 6.1 The seven control points as established to make measurements of the tail
geometry
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The control points are grouped to establish the various morphometric vectors which

are transformed to the body and world axis to establish the Ćight control parame-

ters. The body axis are deĄned as before using the beak and tail centroid positions

to establish the longitudinal axis with the lateral axis being parallel to the average

wing-line and coincident with the centroid control point. The average wing-line is

deĄned as the vector between the port wing-tip and the starboard wing-tip. The port

wing-line is between the port wing-tip and centroid, and the starboard wing-line is

between the starboard wing-tip and the centroid. The average tail line is established

between the port side tail tip control point and the starboard side tail tip control point.

Fig. 6.2 Morphology parameters of interest with regards to performance

The lines deĄned by the seven control points are related to the horizon to establish the

coordinate transform between the birds aero-surfaces and itŠs Ćight path (6.2). Where

the tracked sequence allows, four additional control points where used to measure the

head angle and body angle. Two points at the shoulder joints deĄne a lateral body

vector whose roll is independent from the wings, tail and head. The two eye points

deĄne a head lateral vector to measure head angle against the horizon. Body angle was

measured to establish the relationship between this parameter and the wing geometry.

Head angle is of interest for navigation purposes as other hawk species are known to

use head stabilisation for Ćight guidance ([126]). Flight path parameters and air data

are estimated from the derivatives of the positional data as previously discussed in

chapter 3.
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6.4.2 Field study

The results in this chapter are of a Ąeld study into the Ćight control of Red kites (Milvus

milvus) and the role their tail plays in controlling the excitation of lateral directional

dynamics. The red kite study quantiĄes the deĆections of the aerodynamic surfaces

and inspires a similar control scheme based on using an articulated tail for three axis

control. The Red Kite is indigenous to the United Kingdom, an opportunistic carrion

feeder which will occasional hunt small animals. ItŠs range covers the whole of the

United Kingdom, with the most successful colonies throughout the Welsh mountains

and South Central England.

Fig. 6.3 The study location in Cholsey, Oxfordshire, UK
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The birds recorded here were Ąlmed soaring in Cholsey, Oxfordshire over the summer

of 2021 6.3. The RSV camera system was positioned on the south side of the Ąeld

with the Ąeld of view directed North to preclude the sun from shining directly onto the

reĆecting mirrors or camera lens. The birds manoeuvred along the tree line and out

into the Ąeld. Each manoeuvring sequence is a selected Ćight manoeuvre either being a

straight glide, left turn or right turn. To improve consistency and to reduce the signal

to noise ratio in the measurement each manoeuvre is averaged over 25 frames (0.5

seconds at 50 frames per second). The average position of the seven control points is

recorded and the average body morphology vectors are established. The relationship

between changes in the position of the wing and tail surfaces and the effect on the

Ćight path is noted. Fifty discreet manoeuvring sequences were extracted from twenty

individual Ćights recorded in three separate recording sessions.
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6.4.3 Analytical modelling

AVL modelling is used to assess the effectiveness of each control strategy as applied

to a small unmanned UAVs. The vehicle on which the model is based is Bix3 model

used earlier in chapter 5 the tail sizing is consistent but has the ability to rotate. In

the AVL model the empennage is modiĄed to allow for three axes of rotation about

a point located on the vehicle centre line at a point coincident with the leading edge

root of the vertical stabiliser. Model geometry is shown in Ągure 6.4.

Fig. 6.4 AVL model of the Bix3 with a modiĄed three-axis all Ćying tail.

The AVL geometry is updated and batch run against predeĄned Ćow characteristics

to compute the resultant forces and moments acting on the vehicle. This analysis is

used to assess the type of control available to the vehicle using the following control

schemes. The articulated tail study presents the results of analytical modelling and

the results are grouped by longitudinal and lateral-directional functions.

A new parameter for the assessment of tail effectiveness is the tail side-force coefficient.

CYff
=

Y
1

2
ρV 2S

(6.1)

The side-force coefficient is the lateral component of the total body aerodynamic

force normalised for dynamic pressure and surface area. This is measured by Ćuid

accelerations in the far-Ąeld through a Treffz plane.
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6.5 Results

The following results are extracted from RSV datasets similar to those already pre-

sented in chapter 3 and 4.

Fig. 6.5 Example soaring Ćights of Red Kites in Cholsey. a), b) and c) show examples
of manoeuvring Ćight with instantaneous velocity vectors. d) shows the Ćight path of
c) colour-coded by absolute acceleration

Figure 6.5 shows an example soaring Ćights of the kites from which manoeuvring data

was extracted.
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The envelope for each Ćight control metric can be displayed as a histogram, this gives

some idea of the range of the main wing and the tail and of the relative motion between

them. For each histogram positive values indicate a port side wing low and negative

values indicate starboard wing low.

Fig. 6.6 Histogram of Wing, tail, body and head angles as measured from Red kites
in Ćight
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Plotting the wing angle against the tail angle reveals the augmentation of the tail.

Fig. 6.7 Main wing vector against tail wing vector showing the pro and counter rotation
of the tail

For positive wing angles, tail into turn is indicated by all points above the equal

function (y=x) line and for negative wing angle into turn deĆections are below this

line. All other points are considered to be counter rotated tails acting out of turn.

Note the spread around small angles of the main wing (bank) which shows the tail

deĆecting in straight Ćight. In the positive-positive quadrant, points above the y=x

line indicate an increase in effective bank angle and pro turn tail deĆection, in the

negative-negative quadrant points beneath the line show pro-turn tail deĆection.
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Plotting main wing angle against the relative angular displacement between the main

wing and tail reveals the envelope of the coupled Ćight control scheme, enclosed by

a diamond pattern, showing greater achevable relative tail deĆection at low angles of

bank reducing with increasing bank angle towards zero relative deĆection at approxi-

mately 60 degrees angle of bank.

Fig. 6.8 Main wing vector measured in the world axis vs the relative angular displace-
ment between the wing and tail - The Ćight control envelope
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6.5.1 Tail pitch for longitudinal control

The articulated tail can be actuated in pitch to control the longitudinal dynamics. This

is similar to an all-Ćying tail or stabilator arrangement. The lift, drag and pitching

moment coefficients can be compared to an equivalent discreet elevator based control

scheme.

Fig. 6.9 Lift and Drag coefficients against control angle deĆection for a pitching tail
and elevator model.
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Fig. 6.10 Pitching moment coefficients comparing a pitching tail to an elevator
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Fig. 6.11 Pitching moment coefficients for a pitching tail with respect to angle of attack
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The all Ćying tail shares the exact same geometry with Bix3 horizontal tail with a

continuous surface and no hinged discreet elevator. The larger wetted area of a full

Ćying tail modelled here results in greater control power as seen in Figure 6.9, Figure

6.10 and Figure 6.11. These Ągures plot total vehicle lift, drag and pitching moment

curves comparing the effectiveness of the all pitching tail to that of a conventionally

sized elevator control surface. In this model the all Ćying tail simply acts as a larger

control surface in relation to a Ąxed wing. The tail curves have similar shapes to that

of the elevator with increased slopes indicating the increase in control power which is

expected when increasing the size of the control surface. Figure 6.11 shows a stable

trend in pitching moment, the CMα is negative for all angles of tail pitch. Post-stall

behaviour of the different control surfaces are not reached.

Whilst the two surfaces share the same geometry there are limitations to direct com-

parisons between them. Whilst total lift and pitching moment induced by the all

Ćying tail at a given angle of attack are both larger in magnitude than for the eleva-

tor the drag is also substantially increased. The pre-existing elevator control surface

would have been sized for a particular set of aerodynamic characteristics to meet a

set of aircraft performance requirements. For example improving pitch control with

the all Ćying tail could also be achieved through a larger elevator sizing, however a

direct comparison is not the purpose of this analysis. Instead this analysis highlights

that large control moments can be generated without any need for substantial geom-

etry changes and all Ćying surfaces do extended the magnitude of the induced control

moments. The main limitation in this method is that the geometry is deĄned from

a model designed for a discreet elevator surface, further improvements may be had

when designing for an all Ćying tail from the offset.
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One of the main differences between the pitching tail and elevator control scheme is

the amount of surface that can be substantially deĆected into the Ćow, changing the

Ćow physics acting on the surface.

Fig. 6.12 Main wing and tail lift and drag coefficients as a percentage of the total lift
and drag of the body

Figure 6.12 shows the percentage ratio of lift and drag expressed as a percentage (0

- 100%) provided by each surface and also shows how the global centre of pressure

shifts as the surfaces are deĆected. An optimum conĄguration for gliding where the

tail produces the least amount of drag exists when the tail is slightly deĆected up by

Ąve degrees. In this conĄguration the tail is producing near zero lift, contributing very

little to the total drag and the combined aero surfaces are acting like blended wing

body.
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6.5.2 Tail twist for lateral directional control

The tail can be articulated about two separate axes to induce lateral directional con-

trol. Twisting the aircraft about the longitudinal axis primarily creates a side-force to

oppose / induce a side slip.

Fig. 6.13 Side-force as measured in the Treffz Plane as a function of tail twist angle
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Figure 6.13 shows the coefficient of side-force as measured in the downstream wake.

This residual measurement is indicative of the side-force as measured in the aerody-

namic stability axis and is indicative of the lateral directional performance, both in

terms of turn radius and in as to initiate / oppose a side-slip. The force is non-linear

with respect to tail twist angle.

Fig. 6.14 Yawing moment induced by twisting the tail

The side-force induced at this position contributes a yawing moment which is propor-

tional to the cosine of the tail twist as shown by the curve in Ągure 6.14.
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Fig. 6.15 Coefficient of side-force with respect to side-slip angle (β)

In Figure 6.15 the gradient of side-force grows as a function of side-slip with increasing

tail angle. This function will be maximum at 90 degrees at which point the twisted

tail has become a vertical stabiliser with respect to the aerodynamic axis.
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Fig. 6.16 Coefficient of rolling moment with respect to side-slip angle (β)
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Fig. 6.17 Coefficient of yawing moment with respect to side-slip angle (β)

The coefficients of rolling (Clβ) and yawing (Cnβ) moment with respect to side-slip

angle are effected by the tail twist angle. Figure 6.16 and Figure 6.17 show how both

of these derivatives increase in relation to the increasing tail twist.
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The rolling moment with respect to side-slip (Figure 6.16) is non linear and acts in

opposition to the direction of tail twist. The magnitude of the moment decreases as

the tail twists towards the vertical. As the tail twists towards ninety degrees the ef-

fective angle of attack experienced by the tail as a function of side-slip is reduced, in

turn reducing the counteracting rolling moment towards zero.

The yawing moment due to side-slip (Figure 6.17) has a positive relationship which

increases as the tail twist angle approaches ninety degrees. At ninety degrees the tail

is effectively a vertical stabiliser whoŠs centre of pressure is after the centre of mass

and the restorative moment of the tail is at a maximum. The fact the tail sits aft of

the centre of mass means that there is a positive non-zero restoring yawing moment

with respect to side-slip even at zero angle of tail twist but this increases considerably

as the tail twists away from the vertical.

Tail wag comprises a rotation about the normal control axis, the effect is to offset the

centre of drag away from the plane of symmetry and to establish a yawing couple.

The effect is subtle and conĄguration dependant. The Bix3 isnŠt suitably conĄgured

to beneĄt from this effect and so it is discussed further in the next section.
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6.6 Discussion

The results presented in this chapter examine the role of the birds tail in manip-

ulating Ćight. The role of the tail can be qualitatively identiĄed as being species

dependant. Gulls and Red kites use there tails quite differently as part of their Ćying

gaits. Whereby the gulls tend to Ćy with furled tails, the red kites soar with spread

tails and make large active corrections with their tail. The objective is to better un-

derstand the mechanics of the tail in Ćight and how it can be used to inspire control

schemes that offer beneĄts over the traditional three-axis systems based on discreet

Ćight controls. The red kites tail makes up a large proportion of its lifting surface and

it is conĄgured in a positive lifting arrangement in opposition to how most tradition-

ally stable manned aircraft are conĄgured, with the horizontal tail producing negative

lift. When examining the role of the tail in traditional aircraft the tail is split into a

horizontal and vertical surface which perform a number of functions.

The horizontal tail provides longitudinal trim and control based on the actuation of

either the whole surface or a discreet part of the surface to modify the local angle of

attack and production of lift. The vertical tail provides lateral directional stability

and control, to overcome adverse yaw, asymmetric Ćight and to maintain direction

on take-off and landing in the presence of a cross wind. Whilst birds are not totally

unique when compared to an aircraftŠs conĄguration they are certainly unconventional.

Tailless aircraft exist and achieve lateral-directional stability by means of active con-

trol. However birds are not simply tailless, merely lacking in a vertical tail. This is a

conĄguration not widely seen in aircraft, most tailless aircraft employ a single Ćying

wing design. Perhaps the best known example of a tailless aircraft which is not a

Ćying wing and does not rely on any auxiliary vertical stabilising surfaces in the X-36

ŠTailless Fighter Agility Research AircraftŠ [127] an experimental X-plane developed

by McDonnell Douglas in the later 90s. This design still differs substantially from a

birds platform with forward canards and used thrust vectoring for directional control

and operates in a radically different Ćight regime.

Presented in this section are the main contributions of this work into understanding

how one species of bird (Milvus milvus) use their tail as part of their lateral directional

control scheme and provides some considerations as to how this might be implemented

on a small unmanned aerial vehicle.

238



6.6.1 Why birds donŠt need vertical tails

A vertical tail or surface is not a requirement for lateral directional stability [66].

Providing the rolling and yawing moments with respect to side-slip Clβ and Cnβ are

sufficiently large then yaw stiffness and damping are managed and the spiral dynamic

mode is stable. Most species of bird have a high level of dynamic stiffness about the

yaw axis. This is due to the relative effectiveness of the yawing moment of inertia and

the restoring aerodynamic moments at small physical scales. The yawing moment of

inertia reduces more quickly that the aerodynamic moments at the scale of birds. The

other prime consideration for lateral direction control is that of adverse yaw, or indeed

the control of desired side-slip. Adverse yaw is typically the resultant of an asymmet-

ric span-wise increase in lift induced drag acting distal from the body producing a

yawing moment which opposes the rolling moment generated by the asymmetry in

lift. For tailless aircraft it is desirable to also be able to induce pro-verse yaw through

the manipulation of the span-wise aerodynamic forces and this effect is particularly

pronounced if the wing adopts a bell-like lift distribution to allow the wing tips to

produce a component of thrust, such as the arrangement in the PRANTL-D wing

design [128]. This effect is similar to a rotor in autorotation with a highly twisted

(washed out) wing which is being driven inboard and driving (producing thrust) out-

board. Adopting the bell like distribution causes the wing-tips to experience an up

wash. Inboard the lift vector will be rotated aft producing lift-induced drag as is the

general result from an elliptical distribution. Outboard the tips are twisted to induce

a fore facing component which is described as lift induced thrust. The total net effect

on the wing will be induced drag, at a magnitude which is greater than that produced

by an ideal, elliptical, distribution. However the thrust components at the wing-tip

can be modulated to induced pro-verse yawing moments. Such an arrangement would

allow the main wing to generate the yawing moments required to drive active control

about the lateral-direction axis. This effect has been exploited before in experimental

Ćying wing designs (PRANTL-D) and is a possible method of yaw control in birds.

However, there is evidence to show that in gliding Ćight, some species of birds adopt

washed-out wing conĄgurations [125] unlike the lift distribution required to exploit the

pro-verse yaw effect. In these cases the tail must provide some input into controlling

the lateral directional Ćight and the general results for red kites are discussed here.
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6.6.2 Tail articulation for control in Red Kites

Red kites use tail twist to control their Ćight. The red kite is a low and slow soaring

specialist. They are primarily carrion feeders but are also opportunistic predators

and will feed on small mammals and birds if presented with an opportunity. This

lifestyle necessitates long periods of low level loitering, slow speed Ćight in turbulent

conditions. The kites appear to extract energy through gust soaring in the lowest levels

of the atmosphere, the exact mechanism is out of the scope of this thesis. Figure

6.6 presents the range of motion of the aerodynamic surfaces measured across Ąfty

instances of Ćight manoeuvres: 11 Straight glides, 17 left turns and 22 right turns.

The range of motion of measured average wing-line and tail line are taken between

the port and starboard wing and tail tips. They are measured in the world axis this

is equivalent to the rigid body bank angle of the bird. Notably the bird is seen to

achieve angles of bank > 60◦ with two manoeuvres having an ŠoverbankŠ in excess of

90◦. The majority of manoeuvres however see the bird limiting the main wing bank

angle to 30◦ or less. The body measurement, taken between the shoulders of the bird

and establishes the lateral body axis of the bird, shows similar results. Whilst the

wing-line measurement gives an effective aerodynamic bank angle, this measurement

is indicative of a geometric body reference bank angle. Generally these two values

are of comparable magnitude and direction, the largest difference being a 12◦ whereas

the mean difference across 50 manoeuvres is 3◦. The tail of the red kite is actively

twisted to control Ćight. The former plots the average tail-line angle as measured with

reference to the world axis. It is a pseudo bank angle speciĄc and effective at the tail.

The total range of motion of the tail is greater than that of the main wing which can

also be seen when referencing Ągure 6.7. This Ągure plots the average angle of the

wing line subtracting the average angle of the tail, accounting for the relative direction

of motion is shows a histogram plot of the angular difference between the two surfaces.

This is the range of angular twist of the tail in relation to the main wing, which has

been shown to remain close to the lateral axis of the body. The maximum angular

separation is 65◦. This was experienced in a straight glide.
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Whilst the histograms indicated the established envelopes of the surfaces the plot of

wing angle vs tail angle 6.7 show the pattern which reveals some information about

the control scheme being employed. For a rigid body aircraft whose wing and tail

maintain a rigid body relationship where the two surfaces are parallel to each other

the expectation would be that all points would lie on the line of equivalence (y=x)

depicted in solid red. Accounting for noise the overall trend line, presented here as

a dashed blue line, has a steeper gradient. This indicated that the tail has a greater

range of motion than the main wing and tends to be actively twisted with respect to

the wing.

Figure 6.8 Shows the bounding on the relationship between the main wing and the

relative angle to the tail. The tail sees maximum rotation relative to the main wing

when the main wing is at a low angle of bank and less relative rotation as the main

wing moves towards a higher angle of bank. This indicates a shift in the effectiveness

and control preference when moving from a low bank angle turn (where use of the

twisting tail is preferable) to high bank angle turn (where the lift of the main wing is

dominating the turn performance).
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For all points lying on the positive side of the equivalence line in the positive x axis

and on the negative side of the line in the negative x axis, the tail is twisted pro-verse

to the wing 6.18, deĆecting further into the turn.

Fig. 6.18 Depiction of a simpliĄed wing-tail arrangement in a left turn as viewed head
on. The tail is pro-versely twisted into the direction of turn
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For all points on the opposing side of the line in each half of the graph the tail is

twisted adverse to the main wing 6.19, deĆecting out of the turn.

Fig. 6.19 Depiction of a simpliĄed wing-tail arrangement in a left turn as viewed head
on. The tail is adversely twisted against the direction of turn
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The general result for the average overall trend is that the points tend to lie in pro-

verse segments of the graph, indicating that in these manoeuvres the tendency was

to use the tail as a pro-verse deĆection and increase the deĆection into the direction

of turn. DeĆecting the tail into or against the turn changes the direction of the total

effective aerodynamic force vector on the bird. By twisting the tail the angle of the

lift vector relative to the vertical changes, twisting the tail into the turn rotates this

vector into the turn and twisting the tail out of the turn reduces the angle of the

effective lift vector to the vertical. The mechanics changes the effective lift vector and

modulates the side-force experienced by the bird. Side-force is important as it induces

and opposes side-slip and controls the radius of turn for a given forward velocity. The

greater the component of lateral force the tighter the turn, the faster the turn rate and

the greater the effect on side-slip. The sensitivity of this effective bank angle depends

on the relative contributions of the main wing and tail to the total lift contribution.

The effect is more pronounced as the tail contributes more lift and a lifting tail is a

general result seen in gliding raptors. Notably the magnitude of the change in effective

bank angle is greatest at low angle of bank < 30◦. The corollary of this is that for

straight glides and shallow turns the red kites make more use of the tail as a principal

control surface for modulating side-force and angle of side-slip. At higher angles of

bank > 30◦ the effective bank angle is principally controlled by the main wing and

the tail becomes relatively less effective. In these conditions the main wing is used for

coarse corrections and the tail becomes a method of Ąne tuning the desired turning

and lateral performance. This is best visualised in Ągure 6.8, plotting the relative

angle of the tail against the bank angle. The diamond shaped envelope shows peak

tail motion in straight glides and shallow turns up to 30◦, slowly reducing towards a

minimum tail input at 60◦ angle of bank. The envelope is symmetric about the y axis,

indicating this mechanism is present in both left and right turns and itŠs principle

lateral component is positive and non-zero which indicates that the general result is a

proverse, into turn deĆection even at higher bank angles.
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6.6.3 Mechanics of a twisting tail

The red kites achieve control using their tails. A small unmanned vehicle could achieve

Ćight control using a similar system whereby an all Ćying control surface is used to

modulates the relative aerodynamic and control coefficients. The system modelled

here is based on the Bix3 airframe as previously described in preceding chapters. The

difference is that the empennage is articulated about an assumed perfect 3D ball joint,

mated to the fuselage at the leading edge of the horizontal stabiliser. The vertical sta-

biliser has been deleted and only the horizontal stabiliser remains, To simplify the

analysis the motion here is broken down into three degrees of freedom:

1. Tail Pitch - Changing the relative angle of attack by rotating the tail about an

axis parallel to the body lateral axis.

2. Tail Twist - Rotating the tail about the longitudinal axis to change the side-force

generated at the tail.

3. Tail Wag - Moving the tail in the lateral plane by rotating about the normal axis,

shifting the aero forces generated at the tail off axis and creating an aerodynamic

asymmetry.
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Pitching the tail for longitudinal control The Ąrst axis of articulation is about

an axis parallel to the body lateral axis, coincident with the tail junction. Pitching the

tail surface about this axis will change the local angle of attack at the tail, changing

the magnitude of the lift force generated at the tail. This will change the longitudinal

trim position of the vehicle and induce a pitching moment about the centre of mass. In

this conĄguration the tail is acting as an all Ćying tail, a stablator, and as a trimable

horizontal stabiliser.

Fig. 6.20 Pitching the tail for longitudinal Ćight control and trim. The aerodynamic
force at the tail induces a pitch couple about the centre of mass.

Figure 6.20 shows the effect of pitching the tail on the longitudinal dynamics of the

vehicle. It is analogous to existing longitudinal control surfaces such as stabilators

and trimable horizontal stabilisers.
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Tail twist for rate of turn control Lateral control can be achieved by varying the

lateral component of force in a turn. Twisting the tail rotates the tail lift vector about

the longitudinal axis and redirects the total aerodynamic force acting on the tail. This

variation in the direction of the total force will change the lateral component of the

force in the turn. Angle of attack and side-slip are maintained at the tail. An increase

or decrease in rate of turn is induced due to the change in the effective bank angle

of the vehicle as the sum of the resultant lift forces changes the lateral component of

force. This may be used to modulate rate of turn for a Ąxed body and main wing roll

angle. Due to the aft offset position of the centre of tail lift a small adverse yawing

moment is also induced.

Fig. 6.21 Twisting the tail for lateral Ćight control and rate of turn through effective
bank angle modulation
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Figure 6.21 shows how twisting the tail induces a change in the lateral component of

force which effects the turning performance. By steering the tail through the air, the

bird develops a lateral component of aerodynamic force aft of the centre of gravity.

Assuming that the birds tail is producing positive lift the steering of the tail has two

effects:

1. The lateral component of force provided by the tail sums with the main aerody-

namic force being provided by the lift of the main wing. If the tail is deĆected the same

way as the wing the lateral force will be increase and if it is deĆected in the opposite

direction from the main wing then the total lateral force will be decreased. The bird

may use this fast twisting of the tail to augment and help to trim the relatively slower

change in lift vector that comes from rolling the main wing.

2. The aft position of this lateral force will induce a yawing couple about the centre

of gravity. If the tail is deĆected in the same direction of the main wing then the tail

will create and adverse yawing moment, further increasing the side-slip on the bird.

If the tail is deĆected in opposition to the main wing it will create a coordinating

yawing moment, reducing the side-slip. This yawing moment is only the contribution

from the lateral twist of the tail and a restoring yawing moment may be coordinated

through the action of tail wag.
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Offsetting tail drag using tail wag to induce yaw The tail can also contribute to

the yawing moment when ŠwaggedŠ to offset the centre of pressure away from the body

longitudinal axis. By moving the centre of pressure off axis the drag force couples to

produce a yawing moment. This yawing moment as a result of the drag force can

be used to coordinate and offset the adverse moment induced by twisting the tail to

change the effective bank angle. When used in this manner the tail alone can initiate,

control and coordinate turning Ćight independent of the main wing.

Fig. 6.22 Wagging the tail offsets the drag force and induces a yawing moment on the
aircraft

Figuire 6.22 shows how offsetting the centre of pressure of the tail sets up a yawing

moment as a product of the drag force and the lateral offset of the centre of pressure
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from the centre of mass on the body longitudinal axis. This allows the tail to produce

pro-verse yawing moments which can be used to coordinate turns and enhance turning

performance beyond what the main wing can provide on its own.

By combining these three control schemes the tail can be used to provide complete

control over the Ćight by initiating rotations about all three principle axes. In this

manner the tail provides independent and redundant control of the longitudinal and

lateral directional Ćight dynamics.

Figure 6.9 and Ągure 6.10 show a comparison between using a pitching tail (Blue)

to control longitudinal dynamics and using an elevator control scheme (Red). The

larger aerodynamic surface of the tail means for a given deĆection the changes to the

aerodynamic coefficients CL and CD and the pitching moment CM is greater.

Perhaps of most interest is how the ratio of lift and drag generated between the main

wing and tail changes as the tail pitches. Figure 6.12 shows this behaviour. The

ratio of tail lift coefficient to total lift coefficient shows the strong inverse relationship

between negative tail pitch and the main wing angle of attack. As the tail deĆects

up (negative) the pitching moment drives the wing to a high angle of attack and a

relatively larger lift coefficient, however the relatively large negative lift coefficient of

the tail (almost 60% that of the main wing and in opposition at −25◦) means itŠs

possible to generate large pitching moments with a smaller change in total CL than is

achievable for an elevator style control system. This somewhat decouples the effect of

pitching and increasing lift, possibly allowing for interesting out of plane manoeuvres

and increased control of pitch attitude at high angles of attack. The effect is somewhat

less pronounced for positive angles of tail pitch (downwards deĆection). The lifting

tail provides a CL of up to 20% that of the main wing at 25◦ deĆection. Interestingly

the total lift coefficient increases (Ągure 6.9) whilst the nose down pitching moment

also increases (Ągure 6.10) for an increasing downwards deĆection of the tail. The

drag coefficient provided by the tail is typical. The tail provides a larger component

of drag as it deĆects to higher angles both positive and negative. The extent of this

depends on conĄguration and the initial setting angle but the response is approxi-

mately symmetrical about the tail at 0◦ incidence as seen in Ągure 6.12 where by the

curve is axi-symmetric about the x = −5◦ which accounts for the model tail setting

angle of −5◦.
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The degree of freedom with the greatest range of motion as established by tracking

the red kites is the tail twist. The twisting tail modulates the side-force and induces

a yawing moment. The side-force (Figure 6.13) and yawing moment (Figure 6.14) are

both non-linear and are in opposition to each other. The yawing moment is adverse to

the side-force with the side-force acting to restore a side-slip and the yawing moment

acting to increase it. The relative magnitudes of the coefficients indicate that the

combined response is a restoring moment in the presence of a side-slip. The intended

use of a twisting tail is to increase side-force, by increasing the effective bank angle

and to provide yaw control by twisting the tail towards the vertical. The yaw and

side-slip response is effected by the relative angle of airĆow over the tail which is mea-

sured as a side-slip angle β. Figures 6.15, 6.16 and 6.17 show the effect of side-slip

on the control coefficients. The side-force as a function of side-slip is non-zero when

the tail is untwisted but comparatively small in value. The horizontal tail surface

provides little aerodynamic damping in response to a side-slip in this position but

maximises itŠs effectiveness about the lateral axis controlling longitudinal dynamics.

As the tail twists towards 60◦ the tail generates more side-force. The response in

non-linear with angle of twist and is an inversely proportional function of the side-

slip, lift coefficient of the aerofoil and of the angle of twist. The yawing moment is

non-linear and is positive in response to the side-slip, applying a restoring moment

with the tails centre of pressure being positioned aft of the bodyŠs centre of gravity.

As the tail twists towards the vertical itŠs contribution to roll damping, Clβ, decreases.

The twisting tail modulates the side-force and yawing moment and has a small cou-

pling with roll moments. The closer the tail is to the vertical the more contribution

it makes to later-directional control and the closer it is to the horizontal the more

contribution it makes to the longitudinal control moments. By varying the side-force

the tail can act to induce / oppose side-slip. It is most effective at relatively high

angles of twist when the main wing is not contributing to side forces, i.e. in straight

and level Ćight and shallow turns. It is likely that the rate of deĆection of the tail is

superior to the roll rate achieved by the main body and wing and so the tail is used

as a fast acting control surface in straight and level Ćight and in shallow turns. ItŠs

effect is limited however and for tighter turns and increased rate of turns the bird /

vehicle must use the more effective main wing banking to provide the turning force

In this scenario the wing acts as a coarse control and the tail Ąne tunes the control
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coefficients. In the red kites the observation was that the tail was typically used to

increase the effective bank angle rather than decrease it, although this behaviour was

also observed. This control scheme would be useful in environments with short period

gusts allowing for fast acting control independent of long term Ćight guidance.

The model is also setup to wag about an axis parallel to the normal axis. This wag

offsets the centre of pressure away from the plane of symmetry though the longitudinal

axis. Offsetting lift and drag in this way induces small measurable roll and yawing

moments. The magnitude of this effect is dependant on the conĄguration, the mag-

nitude of the tailŠs lift and drag force and the distance the centre of pressure can be

offset. A relatively small tail doesnŠt provide a useful control moment because of itŠs

small size and relatively restricted displacement.

Figure 6.22 shows how this effect could be implemented and highlights the critical

design parameters inĆuencing the effectiveness of this control scheme. For this control

scheme to be most effective the ratio of tail lift and drag contribution must be relatively

large when compared to that of the main wing. Also the distance between the centre

of pressure and the pivot point should be maximal. A maximal offset produces the

most lateral asymmetry for a given angle of tail deĆection. These two parameters

couple to produce the largest possible yawing moments. This mechanism would be

most useful for birds with oversized ornamental feathers, relatively draggy structures

placed distal from the tails point of rotation.
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6.6.4 Integrating tail and main wing function

Whilst not speciĄcally evident in the dataset the observed state of the tail whilst the

kites are in gliding Ćight imply an positive aerodynamic loading. This is consistent

with Ąndings in other bodies of work [129]. A lifting tail arrangement effects the

balance and stability of the bird as a whole and the affect of furling and unfurling

the tail would need to be balanced by adjustments in the main wing to offset induced

moments and maintain the desired Ćight path. As the tail unfurls and produces

lift, the main wing would need to be swept forward, moving the centre of pressure

forward to balance the pitch down moment induced by the tail. This need for forward

sweep to balance a lifting tail affects the longitudinal stability of the animal. This

ability to adjust the stability and in turn the agility of the animal improves the Ćight

envelope particularly when the additional beneĄts of the secondary effects of the tail

are considered.

6.6.5 Secondary effects of the tail and considerations for UAV

design

One of the main reasons to use a twisting tail over a conventional discreet Ćap con-

trol scheme is to exploit the beneĄcial secondary effects of such a conĄguration. A

discreet Ćap system provides three axis control over the Ćight path but because it is

a relatively small aerodynamic surface when compared to the main wing itŠs effects

beyond producing control moments is somewhat limited. Having a large lifting tail,

proximal to the main wing has a number of beneĄts. The tail can improve the ef-

Ąciency of the main wing by acting as a slotted Ćap. As noted in previous work a

proximal tail may act as a slotted Ćap for the main wing [130]. By unfurling the tail

the aerodynamic lifting surface area can be dynamically controlled. This allows the

tail to be used for direct lift control, enhancing and reducing lift quickly and without

the need for a change in body attitude in the same way that a three axis rigid body

aircraft would. By redirecting the aerodynamic force the tail can be used to make

out of plane manoeuvres. Drag can be substantially modulated to control acceleration

through the furling and unfurling out of plane. All of this moves towards six axis

control, providing direct control over heave surge and sway in addition to the three

rotational degrees of freedom. Such a control scheme also allows a pseudo rigid body

to be somewhat decoupled in terms of aerodynamics and body attitude, something

which may be useful for sensor pointing and payload protection.
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To properly exploit these secondary effects, vehicle design needs to change to exploit

the beneĄts of a twisting tail whilst maintaining positive directional control of the

vehicle. An unmanned vehicle design optimised for a twisting tail would have the

following attributes:

1. A large aft lifting surface whose area can be directly controlled (furled/unfurled).

2. The tail surface being proximal to the main wing to act as a trailing edge aerody-

namic device and enhance the performance of the main wing.

3. Multi-axis articulation of the whole control surface, allowing aerodynamic force to

be induced, spilled and redirected to produce control moments.

4. A control scheme which extends beyond 3-axis control with control laws which take

advantage of the additional capabilities of a twisting tail.

A twisting tail on itŠs own whilst interesting doesnŠt provide many major beneĄts over

a traditional discreet control system. However coupling a twisting tail with an artic-

ulated main wing as discussed in previous chapters opens some interesting potential

for novel six-axis control. The birds main wing and tail posses qualities of all three

types of wing morphing introduced in Chapter 2. Rotational morphing of the wing

and tail at both the root and at distil positions on the wing at the elbow and wrist

joints. Telescopic morphing as feather overlap exposes more or less wetted surface

to the Ćow, and because the feathers are a permeable structure atop an imperme-

able layer of skin on the forearm this telescoping also changes the permeability and

through-Ćow of the wing and tail. Compliant morphing applies to both the feathers

and the skin as it is stretched over the underlying rigid bone structure. If three axis

control is considered as rotation about the vehicles primary axis by the actuation of

typically one set of control surfaces, by coupling controlled morphing of the wing and

tail it is possible to not only control the vehicles orientation about its primary axis

but its velocity relative to it. Heave, or vertical velocity changes without a change in

vehicle pitch can be achieved through simultaneous rotation of the main wing - chang-

ing angle of attack and deĆection of the tail - trimming out the pitch change. Lateral

forces can be introduced by twisting the tail with no reduction in overall lift. Forward

velocity can be modulated by varying the drag through symmetric deĆection of the

wings and tail. By decoupling the vehicles orientation and the Ćight path, morphing

and dynamic reconĄguration provide a framework to move towards control of higher

degrees of freedom and direct modal control.
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6.6.6 Review of methods

This chapter presented control schemes using the secondary lifting tail surface for

Ćight control. Rotational stereo videography 3D point tracking is used to make mea-

surements of Red Kites (Milvus milvus), a species of raptor which are observed to

use their tail to actively control lateral directional Ćight. The RSV system position

measurement error is proportional to the square of the distance to the target and the

wireframe Ątting uses two points per surface to establish the reduced order model. In

all cases except where the bird is directly head on / tail on to the camera the error

effecting the measurement at either wing-tip/tail tip differs between the two points.

This exaggerates the angular measurement error computed between the points as the

total error in the computed angle is proportional to twice the error and the angle

between the points. In order to minimise this error the range to the target should

be minimised and kept as consistent as possible between recorded manoeuvres. The

working range for the 50 Ćights presented here is 30 -60 m at which the stereo position

error is deemed acceptable. Each aerodynamic vector requires two points to establish

and in some instances the control point is out of view when occluded by another body

part, this limits manoeuvres which can be tracked to those where both wing tips and

tail tips are in frame. Each manoeuvre is represented as an average across 25 frames

(or 0.5 seconds at 50 fps), restricting manoeuvres measured to ones at low spatial

frequencies, this averaging process helps to reduce any random noise in the position

measurements due to template shifting between frames. To increase the resolution of

the manoeuvre measurement it would be necessary to improve spatial resolution by

using a marker tracking method such as a laboratory based VICON motion capture

system, and to improve temporal resolution by using increased frame rates to allow

for data averaging across smaller time steps.

The greatest drawback of the RSV method is the lack of knowledge regarding the Ćow

state surrounding the bird. Simple measurements of wind speed and direction were

taken using a handheld anemometer at the RSV rig position but the birds are 30 -

60 meters away, above the tree line and are subject to a turbulent wind Ąeld. This

is observable in raw video as the turn radius of the birds varies with bank angle and

whilst it may be possible to infer the wind direction from this data is provides no

information regarding the birds airspeed, angle of attack and side-slip which are all

found to be critical parameters for Ćight control.
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Including Ćow data would improve the dataset and could be established either by us-

ing a sonic anemometer mounted on a tall pole to get a better single point average

wind speed and direction at an altitude comparable to the birds Ćight paths, or to use

a laser Doppler anemometer to measure the wind gradient from the ground up. Both

these methods are deĄcient in that they only provide an average wind distal from the

birds true position, the sonic anemometer providing a 3D single point average and the

laser Doppler providing a 2D planar average gradient.

The analytical AVL model requires inputs of Ćow speed, angle of attack and side-slip.

Without any true measurements of these from the RSV dataset, sensible values are

assumed and the sensitivity to changes in their values considered. Where possible

control derivatives with respect to angles of attack and side-slip provide useful infor-

mation as to the effectiveness of the control schemes with uncertain aerodynamics.

The analytical models in this chapter have not been validated against experimental

wind tunnel data with physical models unlike the previous chapter. Because there

was no physical design of a functional twisting tail mechanism the effectiveness of the

control scheme would likely be reduced when functional design constraints are consid-

ered.
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6.7 Conclusion

In this chapter the effect of a twisting tail as a Ćight control surface is observed and

quantiĄed in a low level soaring falconry species, Red Kites (Milvus milvus). The

3D multi-point tracking technique, Rotational Stereo Videography, as presented in

Chapter 3 is used to Ąt a seven point wire frame model to video footage tracking

red kites performing straight and level glides and left and right gliding turns. This

seven point model represents the kites aerodynamic surfaces as average line vectors

connecting the wing and tail tips. The range of motion of the tail twist is measured

and the control coupling effect in conjunction with the main wing is analysed. The

kites use pro-verse tail twist to increase their effective bank angles in steep turns and

use their twisting tail as a primary lateral directional control surface in straight and

level Ćight. A control envelope for a twisting tail is presented which shows the tail to

be most effective at low angles of bank, itŠs effectiveness reducing as the kites adopt

steeper bank angles. An analytical study of a freely articulating tail is implemented

and the tail is shown to be effective at inducing pitching moments about the lateral

axis when used as an all Ćying tail. Twisting the tail about the lateral axis is effective

at modulating side-force and itŠs effectiveness increases with higher angles of side-slip.

Tail wag as a mechanism to control yaw is considered but the effectiveness of this

mechanism is limited. An articulating tail is a novel mechanism which when coupled

with an articulated wing provides many more degrees of freedom and the potential for

a powerful full six axis control scheme which can be applied to small unmanned aerial

vehicles which have been optimised to exploit the additional articulated surfaces.
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Chapter 7

Summary and Conclusions

7.1 Summary and Conclusions

The aim of this thesis was to establish a method for evaluating a free Ćying birds

Ćight control strategy and compare these to existing three axis control strategies. The

objectives were to examine what a gull does with itŠs main wing and how we might

apply a bird-inspired wing to a UAV and, what kites do with their tail and how a

bird-inspired tail could be used in UAV design.

Quantifying the Ćight performance of the birds is achieved by establishing measure-

ments of the Ćight path, and measurements of the the position of key points on the

birds body and to use these data points to derive estimates of control parameters and

examine the Ćight control strategy being employed by the bird. This was achieved

for two species of bird: The lesser black backed seagull (Larus fuscus) in Chapter 4

and the Red Kite (Milvus milvus) in Chapter 6. The Ćight control schemes employed

by the birds are novel and involve manipulating the primary lifting surfaces directly;

are quite different to the traditional three axis control scheme employed in traditional

rigid body aircraft at all scales.

In Chapter 3 an existing single 3D point tracking method, Rotational Stereo Videog-

raphy, was developed and extended to support multipoint tracking and photogram-

metric reconstruction of the birds geometry. The new multi-point tracking version of

rotational stereo videography was built entirely from scratch and comprises custom

hardware (optical mirror frame and camera system) and software (image template

convolution to perform sub-pixel matching by normalised cross correlation). This is a

low cost methodology which employs consumer grade camera, optics and electronics

and can be employed outside of the lab in an uncontrolled environment. The software

component uses control point pixel disparity to calibrate the range component of a

spherical polar coordinate system whilst the hardware component consists of a pair
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of 16 bit rotary encoder which record the azimuth and inclination angles which are

subsequently corrected for the position of the control point in the image. High speed

video Ąles are subsampled and smoothed to reduce random error and the total position

error as a function of the range is presented.

In Chapter 4 results from 117 Ćights from 89 video samples were used to produce a

dataset comprising of the Ćight paths and gull morphometrics which were used for the

subsequent analysis By Ątting a novel wire frame model to a number of control points,

a reduced order model of the birds primary Ćight control surfaces was established to

reconstruct the position of the main wings and tail surfaces relative to the body so

that their inputs could be measured to establish the effect on the Ćight path. The

lesser black backed gulls were found to be manipulating their main wings and tail to

control the longitudinal and lateral dynamics of their Ćight. The Ćight performance

of the gulls can be compared to an equivalent rigid body aircraft manoeuvring dia-

gram and all inertial measurements were found to be contained within the established

Ćight envelope. A reduced order model established from the wire frame Ąt, reduced

the complex wing geometry into two parameters: wing-line sweep and wing-line rise.

When in the glide the gulls used fore and aft motion of their main wing, as deĄned

by wing-line sweep, to control their longitudinal Ćight path angle by manipulating the

relative position of the centre of lift and the centre of mass to create a response equiv-

alent to a pitching action in a rigid body aircraft. Because the wings are not rigidly

connected to the body, pitch as deĄned by the body axis was found to be a poor metric

for Ćight performance in the bird, instead being replaced by the change in Ćight path

angle which is the parameter the bird was directly controlling. In this instance rigid

body mechanics do not well model the longitudinal dynamics of the vehicle and the

setting angle between the wing and the body is non-constant and thought to be a

variable that the birds control.

The turning performance of the gulls are better modelled by rigid body dynamics. For

a steady gliding turn the bank angle as established by the average wing-line was found

to be strongly correlated to the centripetal acceleration and agreed with the expected

performance as computed using rigid body dynamic relationships. Gliding turns can

therefore be said to be roll based (different to the Red Kites as seen in Chapter 5) and

are well modelled by the rigid body equations of motion.
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In Chapter 5 a series of new control schemes inspired by the gull Ćight data are

presented and evaluated against existing three axis control methods. Whole lifting

surface actuation of the main wing, actuated at the wing root is used to vary the

relative position of the centre of pressure. To simplify the analysis the wing actuation

is functionally decomposed into 3 separate mechanisms, each representing a single

degree of freedom in rotation about the principle axis at the wing root. The three

mechanisms consist of wing sweep, wing twist and wing rise (dihedral) and for each

mechanism there is an associated control scheme. Each control scheme was analysed

in simulation and validated using wind tunnel tests of physical mechanisms based on

the Bix3 and WOT4 airframe platforms.

Wing sweep for longitudinal control allows fore and aft motion of the wing to control

the longitudinal dynamics of the vehicle. This control scheme was seen in chapter 4

being used by the gulls to control their Ćight path angle. Wing sweep has more control

power than a traditional elevator but has the side effect of changing the static and

dynamic stability of the vehicle with the airframe becoming unstable with 12 degrees

of forward sweep. Such changes in stability puts additional requirements on the con-

troller to account for the change.

Wing twist for roll and direct lift control are both considered. Roll control from whole

wing twist is similar to performance from the ailerons, although limitations in the

wind tunnel testing rig constrained the achievable roll moment because of structural

considerations. Whole wing twist forces the wing to high angles of attack beyond

the critical value which limits their effectiveness so as not to invoke control reversal.

Direct lift control exploits the non-rigid relationship between the main wing and the

fuselage. This variable setting angle was seen in the bird Ćight data and is the reason

why pitch is a poor metric for longitudinal Ćight performance in the bird data. By

varying the setting angle the lift coefficient and longitudinal trim of the vehicle can

be controlled directly at the wing root.

Varying the wing dihedral and anhedral symmetrically can be used to modify the lat-

eral directional stability of the platform. The effect on the spiral mode is particularly

pronounced, this mode is typically unstable albeit with a long period, however using

high dihedral angles this mode can be stabilised. This may be beneĄcial to a gliding

vehicle experiencing large lateral gusts where a spiral departure would be detrimental
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to the vehicle.

Chapter 6 focuses on a raptor species, Red Kites (Milvus milvus), speciĄcally on their

use of spread twisting tail in the control of their turning Ćight. Contrary to the gulls

looked at in chapter 3, the Red Kites make active use of their tail to control their

lateral dynamics. Red Kites soar very differently to the gulls, they are low and slow

speed gust soaring, opportunistic scavengers looking for a meal. This chapter presents

the idea that the tail is used as a turning trim control, allowing the Red Kites to Ąne

tune the amount of lateral force produced without making substantial changes to the

effective bank angle of their main wing. This effect is predominantly seen at lower

angles of bank where the component of lateral force induced by the twisting tail is

greatest in proportion to the main wing. The deĆection of the tail is predominantly

pro-verse, into the direction of the turn, increasing the amount of lateral force, how-

ever their are some instances of adverse deĆection out of the turn, these instances are

typically seen at lower angles of bank.

The effects of tail pitch and wag are also considered although there is no evidence from

this data set that either are used by the red kites to control their Ćight. Because of

the deĄnition of the tail control points, the points are spaced laterally across the tail

and there is no control point at the tail root. The absence of a tail root control point

makes it impossible to quatify tail pitch from this dataset and so itŠs effect cannot

be properly assessed. Tail wag and the resulting yawing moment is greatly effected

by the moment arm as the induced aero load will be quite small. The Red Kites do

not have a long tail longitudinal moment and so the effect of wag is not measurable.

Despite this the tail is clearly an active control surface and used in conjunction with

the main wing to enhance the Red Kites Ćight control.

In summary, this thesis developed a method to make simultaneous measurements of

the birds Ćight path and body pose and position. Using these data points it is possible

to make estimates of control parameters and suggest the types of control schemes that

the birds are using to control their Ćight. Three separate mechanisms were produced

to demonstrate three different Ćight control strategies on a small "Ąxed wing" UAV, all

of which were successful although the limits of their control power could not fully be

explored. It remains to be seen whether simply articulating the main wing provides

any substantial control beneĄts over existing three axis control schemes. However

262



when coupled with an articulating tail the two structures can work together to effect

aerodynamic change in ways a three axis system cannot. When looked at as a complete

system, the main wing and tail combination can be thought of as a single main lifting

surface with a variable trailing edge Ćap system. This trailing edges has freedom to

pitch, twist and wag to control the Ćow being shed from the main wing. Removing

discreet surfaces eliminates sources of interference drag and the non-rigid nature of

the wing and tail root joints means that the body is decoupled somewhat from the

Ćight dynamics. This means that some traditional body metrics such as pitch angle

become irrelevant when discussing Ćight performance and the control laws are focused

onto the primary controlling parameters and desired outputs. Having an articulated

main wing and tail makes the platform more Ćexible, and allows for a move towards

a 6 degree of freedom control scheme, providing direct control over heave and sway

independent from the body orientation.

Gulls and Red Kites are just two species of birds who adopt a gliding gait over a small

portion of their Ćight envelope. They demonstrate remarkable Ąnesse and control

and as this thesis has shown, it is now possible to quantitatively assess their Ćight

performance using readily available consumer grade hardware. The control schemes

are based on manipulating their Ćying surfaces directly and they seem to offer beneĄts

for Ćying in a highly dynamic environment, allowing for manoeuvres beyond what can

be achieved with three axis control. Understanding these birds is an ongoing endeavour

and will inĆuence the future design of future small unmanned air vehicles.
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Appendix A

Appendix A - Rotational stereo videography (RSV)

Supplemental design speciĄcations of the rotational stereo videography system.

A.1 Datalogging

A.1.1 Microcontroller

The microcontroller (Figure A.1) is a Digilent ChipKit Max32 (Table A.1).

Fig. A.1 Digilent ChipKit Max32

Table A.1 Digilent ChipKit Max32 SpeciĄcations

Digilent ChipKit Max32

Processor PIC32MX795F512L

Flash memory 512 kB

RAM 128 kB

Clock speed 80 MHz

Controller USB 2.0 OTG

I/O 83 pins

Dual CAN controllers Arduino compatible
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The Digilent ChipKit Max32 communicates with the SD card as a serial peripheral

interface (SPI) device and makes use of speciĄc high speed read/write hardware pins.

The SD card is declared on the SPI output pin 53. On initial start up the SD card

is checked for presence. If present it is scanned for the last existing Ąle name, subse-

quent Ąles are incremented on this, offering Ąle overwrite protection in the event of a

power loss. Each new data Ąle has a unique header and is saved as a comma separated

variable (.CSV) Ąle. Data is stored in the format (Angleazimuth,Anglealtitude).

Video is recorded on the cameraŠs internal SD card. Because of this independence the

data must be synchronised in post. To facilitate this data synchronisation a microcon-

troller controls the camera recording start/stop and stamps the Ąrst and Ąnal frames of

video which corresponds with the Ąrst and Ąnal angular measurements. These stamps

are on the camera audio channel and consist of a 5ms chirp. This should span three full

frames. The central frame is taken as the reference angular encoding start/stop point.

The camera is physically connected to the microcontroller using two lines. These each

correspond to an individual I/O pin on the ChipKIT Max32. The remote line connects

using a 1/8Ť jack through an optocoupler to digital pin 25. The optocoupler ensures

the independence of the two electronic systems which have separate power sources and

do not share a common ground. The audio line connects through a standard ¼Ť jack

directly to digital pin 5. Digital pin 5 on the ChipKIT Max 32 is PWM compatible

and can emulate an analogue chirp output.

Angular data is logged to the external SD card by the microcontroller. Angular encod-

ing measurements are made using 17bit angular encoders. These communicate with

the microcontroller using the SSI protocol. SSI uses the RS485 transceiver standard

to send data in response to a clock cycle, data is transmitted most signiĄcant bit

Ąrst. Each encoder is connected to the microcontroller through an RS485 driver. This

allows a single clock output to drive the CLOCK lines and a single data input pin to

receive the DATA lines. The encoders share a common clock on digital output pin

2. The azimuth encoder sends data to digital input pin 3, the altitude (inclination)

encoder sends data to digital pin 4. Data is received in Gray code format which is

converted to decimal before being written into a csv Ąle on the external SD card.
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A.1.2 User interface

The user interface system (Figure A.2) comprises:

• 1 Master power on/off rocker switch

• 3 single push buttons

SET Ű Sets the encoder angle measurement to 0o used to set the origin in the cali-

bration routine

REC Ű Start recording. This button trigger the camera and encoders to start record-

ing, provides the Ąrst synchronisation pulse and initiates data logging.

STP Ű Stop recording. This button trigger the camera and encoders to stop recording,

provides the Ąnal synchronisation pulse and closes data logging.

Fig. A.2 RSV control box interface
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A.2 Optical system

A.2.1 Mirror sizing

Required primary and secondary mirror width are sized according to table A.2 using

equation A.1 and equation A.2. Required primary and secondary mirror height are

similarly calculated by adjusting the term accounting for the 45◦ mirror cant angle to

account for the additional distance to the furthest reĆective surface and the normality

of the vertical plane using equation A.3 and equation A.4.

These values are based on a pin-hole camera approximation and do not account for

additional light captured by the large lens barrel. A correction factor of half the Lens

diameter is added to account for the additional Ąeld of view of the lens. The Ąnal

mirror sizing (Table A.3) are subject to an additional 10% contingency in total area.

Table A.2 Optical sizing parameters used to determine the mirror sizing and placement
for the RSV system

Parameter Variable Value Unit

Focal length f 0.105 m

Primary distance b 0.320 m

Secondary distance a 0.500 m

2K Horizontal Field of View hfov 9.42 ◦

2K Vertical Field of View vfov 5.29 ◦

Lens correction factor (width) Wlens 0.02026 m

Lens correction factor (height) Hlens 0.02625 m
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Primary and secondary mirror sizing equations

M1W = (a− f + b)
sin(hfov
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Table A.3 Primary and secondary mirror sizes including lens correction and 10% con-
tingency

Mirror dimension Value (mm)

M2W 52.31

M2H 52.68

M1W 122.14

M1H 108.06

The reĆective surfaces are λ/4 Ąrst surface mirrors with an enhanced aluminium coat-

ing designed for broadband applications in the visual spectrum.
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A.2.2 Optical frame

Fig. A.3 Principle dimensions of the optical frame

A T-shaped platform (A.3) is needed to locate the primary mirrors on arms distal from

the camera and secondary mirrors, the mirror mounts are affixed to mounting plates

connected to the arms. The mounting plates overhand the mirror mounts to provide a

sacriĄcial layer against knocks and scrapes. Such arrangement will have poor bending

stiffness along the axis joining the primary mirrors. The camera and secondary mirrors

need to be affixed to a mounting plate along the t-shaft. This plate must also provide

the connecting point for the video head slide plate. To eliminate any component

interference or bolt clash a two-tiered plate is required, such an arrangement has the

added advantage of increasing the cross-section second moment of area in the direction

of bending along the T-shaft. Angled members are used to complete the T providing

additional bending stiffness along the primary arms and t-shaft mounting plate. The

completed triangular plan-form provides the best trade-off between structural stiffness

and low frame mass. Where sensible lightening cut-outs are made in the carbon plate.

To maximise the torsional rigidity of the cross arms and angled members a circular

cross section in employed. The Ąnal layout is shown in Ągure A.4.
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Fig. A.4 RSV production frame design

The carbon Ąbre material was selected to account for a compromise of stiffness, weight

and availability. The design makes use of preformed carbon Ąbre components: rigid

7ply sheet and tri-axial woven tubing connected together using fasteners and tube

clamps. This was preferred to a fully moulded frame due to constraints on tooling

setup cost and time. The carbon Ąbre material properties are in table xx.

Table A.4 RSV Frame materials

Raw material Fibre layup Supplier

9ply carbon Ąbre sheet Balanced 0,45,-45,90 EasyComposites

25mm OD 1.5mm t Tri-axial 0,45,90 EasyComposites
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A.2.3 Encoding system

The video head encoding system measures the azimuth and altitude (inclination) an-

gles of the RSVŠs pointing axis, these measurements form two of the spherical polar

co-ordinates. These coordinates are referenced to some nominal point, usually this is

either true or magnetic north although this does not have to be the case. To make

measurements of the azimuth and inclination angles the RSV system uses single turn

optical angular encoders mounted to a video head. These devices measure the single

axis rotation of the device away from the set-point around a Ąxed shaft, single turn

means that angles 0.00-359.99 degrees are recorded before resetting to 0. The optical

element is the method of digitising the angle measurement. An LED shines through a

perforated patterned disc. The pattern on the disk allows light to shine through onto a

light sensing array encoding the position of the device relative to a Ąxed shaft. In the

RSV system two encoders (A.5) are needed to measure the azimuth and inclination

angles. The Ąxed shafts are the video head mounting bolt axis (Azimuth) and the

video head pivoting bolt axis (Altitude/inclination).
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Fig. A.5 RSV encoder mounting on video head

The video head and tripod form the basis of the rotational system. They must be

heavy enough to provide a stable platform but still maintain a level of portability.

The video head must have space to install the encoders have Ąxed bolting options

to mount them to. The Manfrotto 504HD video has 55mm of space between the

rotational cuffs leaving ample room for the ø 40mm Kuebler encoders. All bolting

points conform to industry standard ¼Ť 20TPI UNC threads. The video head has a

Ćuid drag system to effect the pan and tilt velocities and a 2kg counterbalance spring

which accommodates an offset c.g. position, necessary to improve the operational

experience for the user. The video head is attached to a Manfrotto 546B tripod.

The tripod and video head weigh in at 5.4kg, combined with a low-level spreader and

adjustable level they provide a stable platform on a variety of terrain.
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A.2.4 Camera system

The speciĄcations are shown in table A.5.

Table A.5 Panasonic Lumix GH4 speciĄcations

PANASONIC LUMIX G DMC-GH4RH

Image sensor size 17.3 X 13.0 mm (4:3 Aspect ratio)

Lens mount Micro four thirds

Image sensor Live MOS

Total pixels 17.20 megapixels

Camera effective pixels 16.05 megapixels

Recording formats MOV, MP4, AVCHD

Aspect ratios 4:3, 3:2, 16:9, 1:1

Resolution 4K, 2K

Frame rate 24, 25, 30, 50, 60, 96

The 2K full high deĄnition (FHD) resolution (1920X1080) uses the full width of the

sensor with pixel bining maximising the sensor width being utilised. By comparison

although the camera is able to Ąlm at 4K ultra high deĄnition (UHD) resolution

(3840X2160) the sensor uses a 1:1 pixel readout across a smaller area of the image

sensor (Table A.6).

Table A.6 GH4 video mode resolutions

Mode Image width (pixels) Image height (pixels) Aspect ratio

4k 3840 2160 1.78

2k 1920 1080 1.78

Sensor width (mm) Sensor height (mm) Crop factor Notes

14.4 8.1 2.5 1:1 pixel readout

17.3 9.7 2.1 Full sensor with pixel binning
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A.2.5 Video resolution - working range

A variety of Ąxed focal length lenses are used based on the expected mean range

measurement (Table A.7).

Table A.7 Range calculations for different focal length lenses based on a maximum
allowable error of 0.2m

Focal length (mm) 2K Min range (m) 2K Max range (m) 4k Min range (m) 4K Max range (m)

105mm 27.97 93.49 33.60 96.69

200mm 53.27 129.02 64.00 113.59

300mm 79.91 158.02 96.00 125.71

A.3 RSV Software

A.3.1 Graphical User Interface

Fig. A.6 Front end graphical user interface of the RSV software component showing
the available module functions
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