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1
Introduction

This master thesis is part of the RevealFlight Project which is a research project of Ecole Poly-
technique de Louvain. This Project aims at studying optimisation mechanisms deployed by
biological �yers, in particular migratory birds. Migratory birds were chosen for their impressive
�ight stability and �ight optimisation capabilities. The objective is to provide a better un-
derstanding of bird �ight mechanics by studying aerodynamics, biomechanics and sensorimotor
control. The speci�city of this project is to study the interconnection between these aspects.

The RevealFlight Project studies bird morphology as a frame, neuro-muscular con�guration as
an actuation layer that realises the bird gait, �apping wing beats which generate the lift force,
feathers and wing compliance as �ow control mechanisms and �ight formations of migratory birds
as e�ciency gain mechanisms. All this is studied in an uni�ed framework combining biomechan-
ical, sensory, aerodynamic and social interaction models.

This is a brief summary of the presentation of the project which is explained in more detail at
the address [1].

This master thesis will focus on the sensorimotor control of bird �ight. The objective is to im-
plement a feedback loop which restores �ight stability when a source of instability occurs, by
designing a controller. Instability may be induced by a change of direction or magnitude of wind
stresses.

First, a focus will be done on migratory bird's sensory system, in particular on sensory receptors.
The aim is to identify relevant sensory receptors which are able to give the sensory data needed
for the bird to adapt its �ight parameters to stall onset.

Then, the problem statement will be presented and will ask the main research questions.

Next, the bird model will be presented. This model was implemented by Gianmarco Ducci, PhD
at Ecole Polytechnique de Louvain, and is accessible at the address [2]. The objective of this
master thesis is to design a controller to stabilise the bird �ight in this model.

After that, the designed controller will be presented: �rstly, by its design steps, secondly, by the
explanation of its implementation.

Finally, the results of the in�uence of the controller on �ight stability will be displayed and
discussed.
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2
Bird sensory system

2.1 Functioning of sensory system

The sensory nervous system is a part of the nervous system which processes sensory information.
It responds to the need for an organism to be able to perceive, process and integrate stimuli
from the environment. Sensory receptors give information about the environment, it may be
information of light, sound, smell, taste and somatic sensation (which includes touch, pain, pres-
sure, vibration, heat and cold). In the case of migratory birds, there is also the ability to sense
geomagnetic �elds. [3]

As can be seen on �gure 2.1, if a sensory receptor from the skin, muscles or tendons of an animal
detects a somatic change (onset of pain or temperature variation, for example), it transmits an
impulse to the brain. The impulse travels along an a�erent sensory nerve to a nerve cell of the
spinal chord through a synapse. Then, it is sent up to the thalamus processing sensory signals.
Next, the impulse crosses a synapse towards nerve �bers which carry the impulse to the sensory
cortex of the cerebrum interpreting sensory signals. If the animal wants to initiate a movement
in response, the motor cortex generates an impulse which is sent down through a nerve of the
spinal chord to an e�erent motor nerve. At the neuromuscular junction, the impulse crosses from
the motor nerve to receptors on the motor end plate of the muscle where the muscle is stimulated.

This path is shorter in the case of a re�ex arc which is a neural pathway which control re�exes.
A re�ex is an automatic and fast response to a stimulation. Two types of re�ex arcs can be
distinguished: cerebral re�ex (whose integrating centre is located in the brain) and spinal re-
�ex (whose integrating centre is located in the spine, presented on �gure 2.2). In the case of
vertebrates, most re�exes are spinal re�exes, their neural path is shorter than cerebral re�exes,
thus it allows faster reactions. An other distinction can be made for re�ex arcs: they are called
autonomic if they a�ect inner organs and somatic if they a�ect muscles.

In the case of a bird in �ight, the initiation of a movement could be to adjust its trajectory, speed
of wing beats and angles of bones and feathers, in response to a change of direction or magnitude
of the wind measured by somatic biosensors. It may be a re�ex or a conscious reaction, according
to the circumstances.

2
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Figure 2.1: Peripheral nervous system [4]

Figure 2.2: Spinal re�ex arc [5]

2.2 Literature review on sensory receptors

In vertebrates, the main types of external sensory receptors are olfactory receptors (activated by
odour molecules in the air), gustatory receptors (detecting the chemicals in food), photoreceptors
(converting light into electrical signals), hair cells (converting sound pressure waves into electrical
signals), thermoreceptors (detecting temperature changes in the environment), mechanorecep-
tors (detecting changes in pressure or mechanical stresses) and proprioreceptors (communicating
information about the position of body parts). The main types of internal sensory receptors are
peripheral chemoreceptors (detecting changes in blood chemical properties, such as proportion
of oxygen) and nocireceptors (detecting pain).

The objective of this chapter is to identify relevant sensory receptors to model a feedback loop
to stabilise �apping �ight. The receptors of interest are those permitting to get an order of
magnitude for pressure, speed and direction of the wind. Therefore, a focus will be done on
somatic sensory receptors.

There are di�erent levels of sensory control in �ight : re�exes to environment changes, route
planning and navigation. We will mainly focus on re�exes to environment changes.

Somatosensory feedback provides information about forces acting on the body, the wings and
the feathers. Vestibular system provides sensory information about body accelerations. Vision
provides information for �ight stabilisation, trajectory control and navigation. Baroreception
(blood pressure sensory system) and magnetoreception (detection of the magnitude and/or di-
rection of magnetic �elds) also provide information about navigation. Thus, we will mainly focus
on somatosensory and vestibular feedback. [6]
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2.2.1 Mechanoreceptors

In a bird skin, the mechanosensation (transduction of mechanical stimuli to neural signals) is very
fast, thus it permits to the bird to quickly adapt its �ight to the magnitude and direction changes
of the wind. The mechanosensory system uses re�exes, thus some time is saved by bypassing
the decision-making process in the brain and it reduces the reaction times. Mechanosensation
is made possible by mechanoreceptors that detect changes in pressure and mechanical stresses. [6]

In vertebrates, there are four main types of mechanoreceptors : two types of rapidly-adapting
receptors : Meissner corpuscles (for low frequency vibrations and �ne touch) and Pacinian corpus-
cles (for high frequency vibrations and deep pressure), and two types of slow-adapting receptors:
Merkel cells (sensitivity to light touch) and Ru�ni endings (sensitivity to skin stretch).

In birds, there are also Herbst corpuscles that are quite similar to Panician corpuscles but can
respond to stimuli at higher frequencies. Herbst corpuscles seem to be responsible for sensing
�ow disturbances, by sensing high frequency vibrations. Birds can detect the pressure changes
in the air over wider range of frequencies than in water or on land because the air has a lower
viscosity. [6] Most areas of the bird's body are equipped with Herbst corpuscles [7].

In the case of Eurasian siskins (which are small migratory birds), some Herbst corpuscles were
found at the base of breast feathers which work as an air-current sense organ. This organ has
two functions : initiating �ight and inhibiting the motor output in a process of negative feedback
loop for �ight control, for energy consumption purposes (which are essential for migratory birds).
[8]

In the case of pigeons, very numerous Herbst corpuscles were found in the wings, with a preferred
orientation parallel or at right angles to primary feather (presented on �gure 2.3) follicles [9].
These Herbst corpuscles react with extreme sensibility to accelerations and seem to work as a
�ight control system. Very few Herbst corpuscles are specialised in high frequencies (800-900 Hz
against 200-400 Hz for best frequencies). [10]

It is thought that the greatest number of Herbst corpuscles from the wings analyses the air cur-
rent during classical �ight conditions, whereas the very few specialised in high frequencies analyse
turbulences at higher frequencies and break-aways of the air stream from the wing surface (which
generates high frequency vibrations). The vibrational sensitivity was studied by controlling the
heart rate of pigeons subjected to vibrational stimuli. [10]

It is believed that Merkel cells and Ru�ni endings are responsible for sensing wind speed and
stall, by sensing feather and skin deformations due to the air [6].

It has been shown [7] that some slowly and rapidly adapting mechanoreceptors, located within
the supporting tissues of the alula joint and at the base of the covert feathers (presented on �gure
2.3), are responsible for detecting the approach of stall. Stall is a reduction in the lift coe�cient
generated by a foil (here the wings of the bird) when the critical angle of attack is exceeded
[11]. These mechanoreceptors are activated by the elevation of feathers angle which leads to
the alula extension. The alula is a small structure located at the joint between the hand-wing
and arm-wing of birds. It is passively extended in slow �ight with high angles of attack such as
landing. Its function is to increase lift and delay stall. [12]

It has also been shown [7] that some slowly and rapidly adapting mechanoreceptors are respon-
sible for detecting vibrations which permit to estimate air�ow velocity. They are located within
follicles of �loplume attached to the secondary �ight feathers follicles (presented on �gure 2.3).
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A follicle is a small spherical group of cells enclosing an anatomical cavity containing other struc-
ture grows or other material [13]. Filoplumes are hairlike feathers with a few soft barbs near the
tip [14] that may sense disorders of the plumage [15].

Figure 2.3: Bird plumage [16]

In the covert feathers of the dorsal wing (presented on �gure 2.3), there are mechanoreceptors
which detect dorsal feather elevation. Some are located on covert follicles and others are located
midway between follicles. These receptors likely provide data that allow the central nervous
system of the bird to detect the intensity of stall and the positions of stalled areas. [7]

It has been demonstrated that neurons in the radial nerve emit a response which is proportional
to increases and deviations of airspeed over the wings. [7] It implies that some mechanoreceptors
send sensory signals to inform an integrating centre of airspeed variations. It has been shown [9]
that the leading edge of the wing (innervated by the radial nerve) and the leading edge of the
alula (with an exceptional density of Herbst corpuscles) are the �rst wing structures exposed to
air currents that may change continuously during �apping �ight.

2.2.2 Vestibular re�exes

In vertebrates, the vestibular system is a sensory system which is in charge of the sense of balance
and the spatial orientation to coordinate motions. It is a part of the labyrinth of the inner ear
and has two components : the semicircular canals (indicating rotational movements) and the
otoliths (indicating linear accelerations).

Experimentally, it was found that keeping its head �xed with respect to the horizon is necessary
for a bird to be able to �y. Flight often leads to extreme linear and angular displacements of
the bird's body. Keeping its head �xed permits to isolate the head from the accelerations due
to �ight, thanks to cervical re�exes. These accelerations are due to gravity (downwards) and
due to lift (upwards), and cause oscillations approximately ten times a second (typical wingbeat
frequency). Such rapidly alternating accelerations a�ect a lot vision and static equilibrium. Ex-
periments with pigeons wearing collars inhibiting them from moving their heads suggest that
isolating visual and vestibular systems is necessary to control �apping �ight. Isolating the head
permits to the eyes to focus on useful information about the bird path and position in space. [17]

There are two types of vestibular re�exes for the head : the Vestibular Ocular Re�ex (VOR) and
the Vestibular Collic Re�ex (VCR). VOR is a re�ex that coordinates eye and head movements
in order to keep an object in focus (head movements must be compensated immediately by eye
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movements in order to have a stabilised vision). VCR is a re�ex that acts on the neck muscula-
ture in order to stabilise the head. These re�exes are essential to stabilise the vision of the bird
in �ight.

It has been shown that if a pigeon is suspended in a wind tunnel, it automatically extends its
legs backwards, as it does during �ight, when the wind exceeds a threshold value. In addition,
the vestibular labyrinth is stimulated and induces extension of the wing and steering movements
of the wing and the tail. Thereby, the vestibular and visual systems are coupled to the wing and
tail muscles. In the wind tunnel, it is not necessary to blow at the whole pigeon, blowing toward
the breast feathers on the ventral side of the pigeon is su�cient. [18]

2.2.3 Photoreceptors and visual re�exes

Bird photoreceptors allow them to detect visible and ultraviolet light, and light polarisation
[19]. By their light polarisation sensivity, birds can use polarised light at sunset and sunrise as
calibration points for a sun-based compass to assume their geographical position. The retina of
birds are equipped with four types of cones for processing colour information, and double cones
for processing achromatic motion and luminance variations. [6]

It has been shown that optic �ow �elds guide birds locomotion, as they enable to deduce both
the direction of travel and time to contact. [20]. Optic �ow is the apparent movement of objects,
surfaces and contours in a visual scene, caused by the relative movement between an observer
and what he sees [21]. The advantage of optic �ow �elds, compared to classical vision, is that
they don't require high visual resolution, so they can be processed faster [20].

An experiment made on budgerigars showed that, in narrow passages, they were always steering
such that their two eyes experience similar optic �ow (similar rate of image motion). When they
�y closer to one wall, the corresponding eye experience a greater magnitude of optic �ow than
the other one. This imbalance causes the bird to veer closer to the centre of the passage where
the balance between the two optic �ows is restored. This shows that birds can negotiate narrow
gaps safely by balancing the speeds of image motion that are collected by the two eyes. [22]

It was also observed that an increase in the magnitude of optic �ow implies a decrease of the
budgerigars speed and that a decrease in the magnitude of optic �ow implies an increase of the
budgerigars speed. Thus, it shows that the speed of �ight is regulated by monitoring the speed
of image motion that is collected by the two eyes. [22]

2.2.4 Sensory receptors involving other systems

Migratory birds use several cues for orientation purposes : celestial cues (stars, sun, skylight
polarisation pattern) and geomagnetic cues (whose reference is Earth geomagnetic �eld). [23]
Behavioural studies showed that birds appear to perceive the magnetic �eld as a vector without
polarity and distinguish the pole from the Equator, rather than the north and south poles. [19]
However, the structure and mechanism of magnetoreceptors are still unknown.

Several nocturnal species use olfactory information for orientation. [19]

In �ight, the ability to sense pressure is necessary to estimate the altitude, as altimeters for
aicrafts. If it is sensitive enough, the rate of climb or descent can be determined from pressure
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information alone, which can be very useful in heavy cloud cover. [24]

In birds, the innear hear has two functions : hearing (taking place in the cochlear organ) and
equilibrium (taking place in the vestibular organ). Birds can hear sounds and detect infrasounds.
More speci�cally, they can obtain directional information by �ying in a circle and detecting the
resulting Doppler e�ect (thus the change in frequency of the wave) as they �y towards and then
away from an infrasound source. [19]
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2.3 Selection of sensory receptors which are

relevant for sensory feedback in �ight

During a �ight, the environmental conditions are continuously changing. For instance, there may
be turbulence, gusts of wind or disturbances of the air current. Thus, birds have to constantly
adjust their �ight parameters : their angle of attack, �apping amplitude and frequency, pitch
angle of the wing, spreading of single or groups of feathers, position of the alula, wing shape and
wing area exposed to the wind.

To ensure �ight stability, the most important feature of the air�ow to determine is stall onset,
that is to say its intensity and the positions of stalled areas. Stall onset is essential to determine,
because it corresponds to a reduction of lift that leads to a decrease of altitude which may lead
to the end of �ight. Therefore, the mechanoreceptors located within the supporting tissues of
the alula joint and in the covert feathers of the dorsal wing are relevant to study.

Stall onset is usually de�ned as occurring when the critical angle of attack of the airfoil (cross-
sectional shape of the wing) is exceeded. However, there is also an airspeed (speed of the bird
relative to the wind) limit value below which the lift is insu�cient to support the bird weight.
This is explained by the proportional relation between lift and air�ow velocity (lift is propor-
tional to the square of the air�ow velocity). Therefore, the estimation of airspeed is also a good
indicator of imminent stall. [7]

How could we determine the airspeed ? In �ight, the airfoil produces small vortices that come
o� from the upper and lower surfaces of the trailing edge (rear part of the wings with respect
to the air�ow), this produces vibrations along the trailing edge. There is a relation between the
frequency of formation and shedding of the vortices (causing the vibrations) and the velocity of
the air�ow. [25] Thus, we could make the assumption that detecting the frequency of vibrations
on the trailing edge would permit to determine airspeed. Therefore, the mechanoreceptors lo-
cated on the �loplumes attached to the secondary �ight feathers (which can be approximated as
the trailing edge) are relevant to study.

If we consider �ight optimisation, airspeed is related to the required aerodynamic power that
the bird has to provide in order to generate a su�cient lift force to �y. This relation can be
represented by an U-shaped curve. The range of e�cient speeds in �ight which minimises the
energy cost per distance travelled is very narrow and very important to adopt for migratory
birds. Thus, optimisation of energy cost requires airspeed information. [7] In addition, it has
been demonstrated that the most e�cient �apping frequency and �apping amplitude are closely
related to airspeed. [26] This validates the choice of airspeed as relevant parameter to study,
even if we will more focus on �ight stability than on �ight optimisation.

It would be too complex to model all the sensory system, so we limit our model by considering
only the mechanoreceptors located within the supporting tissues of the alula joint and in the
covert feathers of the dorsal wing (responsible for detecting elevation of feathers, that is stall
onset when the elevation is su�ciently important).



3
Problem statement

The stall phenomenon is the most important risk to which any natural (birds, bats, insects) or
arti�cial (aircraft, helicopters, drones) �ying body is subject. Stall is a loss of lift that results in
a drop in altitude. The objective of this master thesis is to design a controller to stabilise a bird
model undergoing stall in �ight. This bird model was made by Gianmarco Ducci, PhD student
at the Ecole Polytechnique de Louvain, and will be presented in more detail in the description
of the bird model chapter.

The controller represents the bird reactions to stall onset. Given that accurate geometric data
about bird �ight currently do not exist in scienti�c literature and are quite di�cult to obtain
experimentally, the reactions implemented in the controller are based on realistic assumptions
that could not be veri�ed with certainty. This is one of the main limits of the model.

The detection of stall onset is assumed to be carried out by the mechanoreceptors located within
the supporting tissues of the alula joint and in the covert feathers of the dorsal wing. Indeed,
these sensory receptors are assumed to sense vibrations due to turbulence which give an indirect
measurement of the mean angle of attack. This indirect measurement is assumed to be com-
pared to the critical angle of attack (corresponding to the stall threshold) which is assumed to
be known by the bird from experience or instinct. If the integrating centre interprets from the
sensory signal that stall is occurring, the bird should adjust its �ight parameters to avoid stall.
The reactions of the bird are represented by the presence of the controller in our system.

The objective of this master thesis consists into designing a controller that can avoid stall. This
raises several research questions. For which condition(s) should the controller consider that stall
is occurring ? Which �ight parameter(s) should the bird change to stop stalling ? Which type
of controller would be the most relevant to avoid stall ? Which parameter(s) would be the most
suitable for this type of controller ? What are the limits of this model ?

9
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Bird model

4.1 General parameters in�uencing bird �ight

The bird is subjected to four forces : lift, drag, thrust and weight. The free body diagram is
presented on �gure 4.1. In the body frame, lift and weight are perpendicular to the oncoming
air, while thrust and drag are parallel to the oncoming air. The lift is opposed to the weight
and oriented upwards. The thrust is opposed to the drag and oriented in the direction of bird
motion. The bird can be considered as free to rotate in 3 directions : roll (rotation around the
front-to-back axis), pitch (rotation around the side-to-side axis) and yaw (rotation around the
vertical axis) (see �gure 4.1).

Figure 4.1: Free body diagram of a gliding bird [27]

The wings of the bird generate most of the aerodynamic forces required for the �ight, while the
body and the tail are used for �ight control, lift enhancement and drag reduction [28].

To measure the total wing velocity during �apping, the body velocity and the relative wing mo-
tion should both be taken into account. The magnitude and the orientation of the relative wing
motion depends on stroke angle (angle between the wing and the side-to-side axis), spanwise
position and angular velocity. [6]

10
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A method for non-intrusive aerodynamic force measurement has been developed for freely �ying
animals and robots [29]. It consists of using the Navier-Stokes equations in order to study the
free �ight of the animal or robot in an aerodynamic force platform (AFP). The AFP is a box
equipped with loadcells which measure the net unsteady �uid force produced by the animal or
the robot in �ight. The loadcells work on the principle of the Newton's third law applied on the
�uid (to every action there is always opposed an equal reaction).
As velocity, pressure and shear stress can be determined over the complete surface of the AFP,
the net �uid force can be integrated exactly, thanks to the Navier-Stokes equations with the AFP
as control surface. The measurements indicate that the thrust generation and weight support
are mainly provided during the downstroke phase, during take-o� and landing. [29]

It has also been shown that [30] the same result is obtained in �ight (thrust generation and
weight support are also mainly provided during the downstroke phase, in �ight).

The aerodynamic forces (lift, drag and thrust) depend partially on wing properties controlled
by the bird : surface area exposed to the wind, velocity of wing beats and angles of the wings
and of the spreadable feathers with respect to the trajectory. The feathers generally have a sti�
leading edge and a �exible trailing edge, to ensure a better robustness to the wind e�orts.

The lift, drag and thrust forces also depend on properties of the wing that can not be controlled
by the bird such as wing (active or passive) morphing and wing robustness. These forces also
depend on properties of the environment : air density that varies with altitude and incident
velocity. The coe�cients of lift, drag and thrust depend mainly on the ratio of inertial forces
versus viscous forces. [6]

In terms of �ight control, the primary mechanisms which drive the modulation of aerodynamic
forces are the wing velocity on the shoulder, the wing shape and angle of attack of the bird.
Wing velocity is proportional to wing length multiplied by wing angular velocity, thus some of
these parameters are interdependent. [6]
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4.2 Description of the bird model

The bird model for which the controller was designed by Gianmarco Ducci, PhD student at
the Ecole Polytechnique de Louvain. In this section, the assumptions and the functioning of the
model will be explained, before detailing the functioning of the controller which will be presented
in the next section. These explanations are based on the paper [31] and on the Python code of
the bird model which is available at the address [2].

4.2.1 Hypotheses of the bird model

The bird model makes the simplifying assumption that the bird's kinematics are imposed, which
means that the bird's wing �apping is not in�uenced by air resistance or aerodynamic turbulence.
This is equivalent to consider that the bird is in a wind tunnel and that there are no dynamics
as the bird is not considered to be moving. It is also assumed that all aerodynamic forces act on
the wings and not on the main body.

This model is mainly based on large scale and fast migratory birds. This type of bird has the
characteristic of having wings whose mass is much lower than the mass of their body. It is
therefore possible to neglect the e�ect of wing beats on the displacement of the centre of gravity.
Thus, we can assume that the inertia e�ect of the wings on the main body can be neglected.
The large scale size of the wings of this type of bird also allows us to use a quasi-steady-state
approximation for the dynamic model.

The geometric model of the bird does not have a tail. As a reminder, the tail of a bird allows to
generate lift, to control drag and to facilitate direction changes. Indeed, the aerodynamic e�ects
of the tail are modelled indirectly by sweeping the wings around the centre of mass. This sweep
of the wings around the centre of mass allows the generation of nose-up and nose-down pitching
moments.

To simplify, the �ight of the bird is considered only in the longitudinal plane (plane of symmetry
of the bird). Thus, it is considered that the bird has only 3 degrees of freedom (2 in translation,
1 in rotation). In addition, the lateral forces, roll moments and yaw moments are equal to zero
because of this plane of symmetry and are therefore not considered by the model. It is assumed
that the kinematics of the left and right wings of the bird are symmetrical.
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4.2.2 Functioning of the bird model

4.2.2.1 Longitudinal motion

The modelled bird is considered as a rigid body located at its centre of mass. We assume that
the bird is in a wind tunnel, so we can consider a �xed reference frame. We choose a reference
frame that takes the bird's centre of mass as its origin. The x-axis is de�ned in the longitudinal
direction of the wings (considering that the wings are in an extended position). The y-axis is
de�ned perpendicular to the back of the bird. The z axis is de�ned in the direction of the bird's
tail (which is neglected in this model). This reference frame is shown in �gure 4.2.

As the �ight of the bird is only considered along the longitudinal plane, the modelled bird has
3 degrees of freedom: 2 degrees of translation along the x and z axes and 1 degree of rotation
along the x axis which corresponds to the pitch angle θ.

Figure 4.2: Reference frame for the bird model [32]

The model uses the conventional form of the Newton-Euler equations for a �xed wing aircraft:

u̇ = −qw − gsin(θ) + 1

mb
Fz(z(t), t)

ẇ = qu+ gcos(θ) +
1

mb
Fy(z(t), t)

q̇ =
1

Ixx
Mx(z(t), t)

θ̇ = q

u is the velocity component along the z axis.
w is the velocity component along the y axis.
θ is the pitch angle describing the body inertial orientation.
q is the body angular velocity (θ derivative).
t is the time.
g is the gravitational acceleration. mb is the bird mass.
Ixx is the moment of inertia around the x axis.
Fz and Fy are the aerodynamic loads acting on the bird. Mx is the pitching moment.
The state vector describing the longitudinal motion is given by z = {u,w, q, θ}.
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4.2.2.2 Wing kinematics

The kinematic model of the bird assumes that the bird is a rigid body consisting of a main body
and two wings. Each wing consists of three rigid bodies: the arm, the forearm and the hand.
Wing morphing is achieved by relative movements between these wing sections.

The bird's plumage is represented by master feathers attached to the wing segments (arm, fore-
arm, hand). Each main feather is attached to one of these wing segments by two rotational
degrees of freedom allowing spreading and pitching, except for the one furthest from the bird's
body which is aligned with the last bone segment. Feather movements are constrained by kine-
matic relationships that depend on the angles between the wing segments. This permits to make
them spreading and folding smoothly with the wing. The kinematic model of the bird wing is
represented on �gure 4.3.

Figure 4.3: Top view of the bird wing kinematic model [31]

Figure 4.4: Kinematic model of the bird designed by Victor Colognesi, PhD student at Ecole
Polytechnique de Louvain, with the Robotran software developed by the MEED which is part of the
Institute of Mechanical, Material and Civil engineering of the Université Catholique de Louvain
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The kinematic model of the bird has been designed by Victor Colognesi (4.4), PhD student at
Ecole Polytechnique de Louvain. It is important to notice that this model uses the hypothesis
that the elbow has one degree of freedom (along the y axis) instead of two (along the x and y
axes) in the model considered for this master thesis and that the wrist has two degrees of freedom
in this model (along the x and y axes) instead of one (along the y axis) in the model considered
for this master thesis. In other words, the degree of freedom along the x axis for the wrist in
Victor Colognesi model is replaced by the degree of freedom along the x axis for the elbow in the
model considered for this master thesis. This does not make any signi�cant change, this is why
this model has been used in order to better visualise the changes in the bird geometry in �ight.

The bird model was inspired by large-scale �apping �iers, in particular by the northern bald ibis
(Geronticus eremita). Indeed, the bird model took the dimensions of the bones and feathers of
the northern bald ibis. This bird was chosen for the high aspect ratio of its wing and for its
non-stop �apping �ight. The aspect ratio of a wing is the ratio of its span to its mean chord,
that is the square of the wingspan divided by the wing area.

We consider the frame shown in �gure 4.2 as the reference frame for all the joints of the bird.
It is assumed that the shoulder has 3 degrees of freedom along the x, y and z axes, that the
elbow has 2 degrees of freedom along the x and y axes, and that the wrist has only one degree
of freedom along the y axis.

Each joint angle (noted i) is assumed to follow a harmonic trajectory qi(t) given by the following
formula:

qi(t) = q0,i +Aisin(ωt+ φ0,i) (4.1)

Ai is the amplitude of the periodic trajectory qi(t) of the joint angle. This corresponds to the
di�erence between the maximum angle and the minimum angle taken by the joint. This angle is
de�ned along a certain axis of rotation. In other words, Ai is the �apping amplitude of the joint
angle along a certain direction.

φi is the phase of the periodic trajectory of the joint. This corresponds to the angle that the
joint takes at the initial time t = 0. In other words, φi is the shift of the periodic trajectory
pattern along the time axis.

q0,i is the horizontal o�set of the periodic trajectory of the joint. This represents the average
value of the angle that the joint takes. In other words, q0,i is the o�set of the periodic trajectory
pattern along the angular axis.

ω = 2πf is the pulsation of the wing beats. f is the frequency of the wing beats, which is identical
for each joint.

Given that the kinematics is assumed to be symmetrical and taking into account the assumptions
on the number of degrees of freedom of each joint, 19 parameters allow to determine a particular
set of wing kinematics. These 19 parameters are the amplitude, phase and o�set of the periodic
trajectory of the shoulder angle along the x, y and z axes; the amplitude, o�set and phase of the
periodic trajectory of the elbow angle along the x and y axes; the amplitude, o�set and phase of
the periodic trajectory of the wrist along the y axis; and f, which is the frequency of the wing
beats.
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Therefore, the bird model is a 4 states non autonomous system for which the aerodynamic terms
depend on the current state vector describing the longitudinal motion (z = {u,w, q, θ}) and of
the instantaneous con�guration of the wing which is determined by the 19 parameters given in
the above paragraph.

4.2.2.3 Aerodynamic model

Using the assumption of quasi-stationary �ight for large scale birds, the aerodynamic model uses
a quasi-stationary lifting line approach. The wake is assimilated to straight and in�nitely long
vortex �laments at each time step of the simulation. The aerodynamic forces acting on the wing
are applied to the discretised points of the lifting line (drawn in red on �gure 4.4) which follows
the wing span.

Figure 4.5: Discretisation of the lifting line [31]

The lifting line can be de�ned as the line passing through the quarter of the chord. The chord
is the imaginary line between the leading edge (front part of the airfoil facing the �ow) and the
trailing edge of an airfoil (rear part of the airfoil with respect to the �ow direction).

In the case of the bird model, the leading edge is de�ned as passing in a straight line from the
shoulder to the wrist and then to the tip of the feather which is the furthest from the main
body. The trailing edge is de�ned as connecting the end of each feather from the innermost to
the outermost. The lifting line is then obtained by iterations, to ensure that it is located at the
distance of one quarter of the chord and that it is orthogonal to the chord at each point.

The lifting line equation used by the model for the reference frame of �gure 4.2 is given by :

Γ(x) =
1

2
c(x)Cl,α

[
||U||α(x)− 1

4π

∑
i

(
− dΓi

(x− xi)× êz
||x− xi||2

)
· ên

]

i is the index for discretised elements of the lifting line.
Γ(x) is the circulation of the lifting line.
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c(x) is the local aerodynamic chord length.
α(x) is the local angle of attack.
||U|| is the norm of the relative velocity seen by the wing pro�le. U = U∞ −Ukin with U∞
which is the �ight speed and Ukin which is the wing motion.
Cl,α is the slope of the lift curve.
dΓi is the circulation of a vortex tube.
ên is the unit vector which is orthogonal to the plane containing the lifting line.

The demonstration of the lifting line equation is given in the paper [31].

Finally, the aerodynamic force acting on each discretised point of the lifting line can be computed
and we obtain the corresponding contributions for each axis :

Fz =
N∑
i=1

(dFi) · êz

Fy =
N∑
i=1

(dFi) · êy

The pitching moment is given by:

Mx =
N∑
i=1

(G ·Pi)× (dFi) · êx

Fz is the component along the z axis of the aerodynamic force acting on the bird.
Fy is the component along the y axis of the aerodynamic force acting on the bird.
Mx is the pitching moment around the x axis acting on the bird.
G is the position vector of the bird centre of mass.
Pi is the position vector of the i-th discretised point of the lifting line.
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Description of the designed controller

5.1 The design steps of the controller

The objective of the controller is to stabilise the �ight of the bird model (presented in the previ-
ous chapter) by stopping the stall onset when it is detected. Thus, the principle of the controller
is to give instructions to the bird to change the parameters of its wing kinematics when stall is
detected.

Stall can be de�ned as a sudden reduction of the lift occurring when the angle of attack of the
bird reaches or exceeds the critical angle of attack. A common approximation of the critical
angle of attack is 15°. Thus, we choose 15° as the threshold for stall occurrence. Mathematically,
the critical angle of attack corresponds to the maximisation of the lift coe�cient. Physically, it
corresponds to the stall angle of attack beyond which the air�ow begins to separate from the
upper surface of the airfoil.

Below the critical angle of attack, the lift coe�cient increases with the angle of attack. Beyond
the critical angle of attack, the lift coe�cient decreases if the angle of attack keeps increasing.
When the critical angle of attack is reached, only decreasing the angle of attack does not permit
to avoid stall, because the angle of attack increases in order to increase the lift coe�cient (that
is necessary to provide enough lift to compensate the bird's weight). A high angle of attack can
be necessary in case of low bird speeds for which the lift produced by the wings is lower than for
high speed �ights. Indeed, the smaller the speed of the �yer is, the greater the angle of attack is
needed to produce lift equal to the �yer's weight.

The �rst step in designing the controller is to de�ne under which conditions the bird is subjected
to the aerodynamic stall phenomenon. The second step is to de�ne which �ight parameters need
to be changed for the bird to stop stalling. The third step is to de�ne which type of controller
would be the most suitable to induce a type of response that would allow the bird to quickly exit
the stall. The fourth step is to determine the most suitable parameters for this type of controller
(this will use the Results chapter, as this choice of parameters is based on empirical data).

5.1.1 Condition for which the bird is subjected to stall

We have already chosen to set the threshold for the critical angle of attack at 15°. Thanks to
the mechanoreceptors located within the supporting tissues of the alula joint and in the covert
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feathers of the dorsal wing (responsible for detecting the elevation of feathers, that is stall onset
when the elevation is su�ciently important), the bird can have an indirect idea of the value of
the angle of attack. In the simulation, the majority of the calculations are performed by using
the discretised points of the lifting line as application points. The angle of attack values are also
evaluated at these points.

The angle of attack for the i-th chord section is computed as follows (this formula can be deduced
geometrically from �gure 5.1):

αi = arctan

(
dv · n
dv · dc

)
dv is the direction of the relative velocity seen by the chord section.
n is the normal to the chord section.
dc is the direction of the chord line.

Figure 5.1: Graphical representation of the angle of attack of the wing chord section [33]

The stall threshold (which is the value of the critical angle of attack) is de�ned for a general
value of the angle of attack over the entire chord line. In order to obtain this general value of
the angle of attack, it was decided to take a weighted average of the angle of attack for which
the weights are the lengths of the chord sections. Indeed, if stall occurs in sections with a small
chord length (such as wing tips), the in�uence of stall is much weaker than if stall occurs in
sections with a large chord length (such as towards the bird body) for which being a�ected by
stall would be much more problematic. However, there is an exception for the chord sections
which are the closest to the bird shoulders, because they are a�ected by the shoulder movements
in �ight.

Thus we de�ne that the bird is considered to be subjected to stall if the value of the angle of
attack averaged over the chord length of each chord section exceeds the threshold for stall oc-
curence (that is 15°).

5.1.2 Flight parameters that need to be changed for the bird to

stop stalling

For a better graphical representation, the �gure 5.2 illustrates the wing kinematics over one
�apping cycle. For each position at time t, the red line corresponds to the lifting line (where the
aerodynamic forces are computed), the green lines correspond to the leading edge (for the green
line facing the air �ow) and to the trailing edge (for the green line at the rear) and the blue lines
correspond to the arm, the forearm, the hand and the 7 master feathers.
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Figure 5.2: Snapshots of the wing kinematics over a �apping cycle [31]

The parameters of the shoulders directly in�uence the angle of attack of the bird, as they are
at the origin of the orientation of the arms (bone segment between the shoulder and the el-
bow) and thus of the orientation of the wings. Geometrically, we can easily see that the two
parameters a�ecting the most the angle of attack are the shoulder o�set along the x axis and
the elbow o�set along the x axis (de�ned as the longitudinal direction of the wings, see �gure 4.2).

As a reminder, the o�set corresponds to the horizontal o�set of the periodic trajectory of the
joint, that is the average value of the angle that the joint takes. Thus, it is the q0,i term from
the equation 4.1 reminded below:

qi(t) = q0,i +Aisin(ωt+ φ0,i)

The reaction of the bird to avoid stall should be to twist down its wing along the x axis, which
means to decrease the o�set of its joints along the x axis. We will only decrease the o�sets of the
harmonic trajectory of the shoulder and of the elbow, because we assume that the wrist does not
have a degree of freedom along the x axis and it is not very important if stall a�ects the wing
tips (because of the small chord section), as explained in the previous subsection.

There are no accurate studies on bird morphologies. How birds move their wings in �ight is not
known with accuracy. Thus, some joint angles in the simulation might be unrealistic.

5.1.3 Choice of the type of controller

The inputs of the biomechanical model are the relative velocity seen by the wing pro�le and the
initial prescribed kinematics. The initial prescribed kinematics are the �apping frequency, the
o�sets, amplitudes and phases of the shoulder along the x axis, along the y axis and along the z
axis, the o�sets, amplitudes and phases of the elbow along the x axis and along the y axis, and
the o�set, amplitude and phase of the wrist along the y axis. The reference frame is still the one
de�ned on �gure 4.2.
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The sensory receptors convert the vibrations of the alula and of the dorsal wing covert feathers
into an indirect measurement of the angle of attack. If this indirect measurement of the angle of
attack exceeds the critical angle of attack (that is the threshold of 15°), the controller provides
feedback by sending the instructions to decrease the o�set of the harmonic trajectory of the
shoulder joint angle along the x axis and to decrease the o�set of the harmonic trajectory of the
elbow joint along the x axis. The block diagram of the controller is represented on �gure 5.3.

Figure 5.3: Block diagram of the controller

The �rst design idea for the controller was to implement a proportional controller. However, the
bird simulation sometimes shows aberrant values at some singular points of the computation.
These singular points are not representative of the reality. An instantaneous response which does
not take into account the past values (that is characteristic of a proportional controller) implies a
risk of instability if a value of the angle of attack much higher than the 15° threshold is detected
because of a singular value of the simulation. Therefore, a proportional controller did not seem
appropriate in our case.

An integral controller was chosen in order to take into account the sum of the error over time
to adapt its feedback. The "error" is de�ned as the entry level in the stall region (that is the
di�erence between the current angle of attack and the 15° threshold). Thus, the current and
past values of the angle of attack are taken into account for the current feedback. We chose to
multiply the integral gain by the entry level in the stall region, in order to have a more important
answer from the bird (that is a decrease of the shoulder and elbow o�sets) if the angle of attack
exceeds by far the critical angle of attack. The major disadvantage of an integral controller can
be its slow response time. According to the results presented in the next chapter, the integral
controller reacts quite fast, but the angle of attack periodically stays dangerously close to the
critical angle of attack value for integral gains inferior to 0.9. This will be further developed in
the Discussion chapter.
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5.1.4 Choice of the controller gain

If we consider the results presented in the next chapter, we observe that the angle of attack
periodically stays dangerously close to the critical angle of attack value for integral gains inferior
to 0.9. The risk of an integral controller with a too high integral gain is to generate a signi�cant
oscillation leading to instability. Therefore, the most suitable integral gain in our case is the
lower integral gain which is not submitted to the phenomenon of being periodically close to the
critical angle of attack value. The choice of its value will be further discussed in the Discussion
chapter.
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5.2 Implementation of the controller

1 # Mean angle of attack taking into account the chord length of each chord

section:

2 for j in range(len(angle_of_attack[i])):

3 mean_angle_of_attack[i] += angle_of_attack[i][j] * chord[j]

4 sum_chord += chord[j]

5 mean_angle_of_attack[i] /= sum_chord

6

7 if (mean_angle_of_attack[i]*180/ np.pi) >= stall: # If stall occurs:

8

9 # The controller reduces the shoulder and elbow offsets proportionally

10 # to the entrance level in the stall area:

11 entrance_level_stall_area = mean_angle_of_attack[i] - stall*np.pi/180

12 delta_shoulder_offset_x = -K_i * entrance_level_stall_area

13 shoulder_offset_x += delta_shoulder_offset_x

14 delta_elbow_offset_x = -K_i * entrance_level_stall_area

15 elbow_offset_x += delta_elbow_offset_x

16

17 # New shoulder and elbow objects are created in order to modify the current

18 # shoulder and elbow parameters:

19 bird_shoulder = Shoulder(axis_x=Joint(shoulder_offset_x , shoulder_amplitude_x ,

shoulder_phase_x), axis_y=Joint(shoulder_offset_y , shoulder_amplitude_y ,

shoulder_phase_y), axis_z=Joint(shoulder_offset_z , shoulder_amplitude_z ,

shoulder_phase_z))

20 bird_elbow = Elbow(axis_x=Joint(elbow_offset_x , elbow_amplitude_x ,

elbow_phase_x), axis_y=Joint(elbow_offset_y , elbow_amplitude_y ,

elbow_phase_y))

21 mybird.shoulder = bird_shoulder

22 mybird.elbow = bird_elbow

As a reminder, the bird model has 4 steps:
1) The bird kinematics is imposed.
2) The envelope of the wing is traced based on the morphology of the wing.
3) The lifting lines are extracted based on the envelope.
4) The values of the forces are extracted from the lifting lines.

The controller has 3 steps:
1) The weighted average of the angle of attack (where the weights are the chord length of each
chord section) is computed.
2) The o�set of the harmonic trajectory of the shoulder joint along the x axis and the o�set of
the harmonic trajectory of the elbow joint along the x axis are decreased by the product between
the integral gain and the entrance level in the stall area.
3) The shoulder and elbow objects are created again in order to change their parameters in the
simulation.

We can see that the controller implemented is an integral controller because the "error" (that
is the entrance level in the stall region) is multiplied by an integral gain and their product is
subtracted to the current values of the shoulder and elbow o�sets which are equal to their values
at the previous time step, thus the previous correction of the o�sets is taken into account in the
current correction.
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Results

6.1 Angle of attack as a function of the wing

chord section position

The �gures 6.1, 6.2, 6.3 and 6.4 from this section represent the angle of attack as a function
of the wing chord section position during one �apping period divided into 10 time steps. Each
curve represents the angle of attack over the chord length for one time step.
For each �gure, the graph on the top corresponds to a situation with an initial low entrance in
the stall area (the initial shoulder o�set along the x axis is equal to 0.3 radians (approximately
17.2°) and the initial elbow o�set along the x axis is equal to 0.1 radians (approximately 5.7°)).
The graph in the middle corresponds to a situation with an initial medium entrance in the stall
area (the initial shoulder o�set along the x axis is equal to 0.4 radians (approximately 22.9°) and
the initial elbow o�set along the x axis is equal to 0.2 radians (approximately 11.5°)).
The graph at the bottom corresponds to a situation with an important entrance in the stall area
(the shoulder o�set along the x axis is equal to 0.5 radians (approximately 28.6°) and the elbow
o�set along the x axis is equal to 0.3 radians (approximately 17.2°)).

The entrance in the stall area is directly linked to the shoulder and elbow o�sets along the x
axis, because they directly a�ect the angle of attack. The �gure 6.1 represents the 3 scenarios
of entrance in the stall area, without controller. The �gure 6.2 represents the 3 same scenarios
with an integral controller with a small integral gain equal to 0.3. The �gure 6.3 represents the
3 same scenarios in the case of an integral controller with a medium integral gain equal to 0.9.
The �gure 6.4 represents the 3 same scenarios with an integral controller with a higher integral
gain equal to 1.5.

We can deduce from the �gure 6.2 that an integral controller with an integral gain of 0.3 does
not react su�ciently to avoid stall, as the angle of attack is superior to the threshold of 15° on
average, for certain time steps, even when the entrance in the stall area is small. On the �gure
6.3, we can see that the only angle of attack curve which is above the threshold of 15° is the
initial time step, thus the integral controller with an integral gain of 0.9 enables to avoid stall.
We can also notice that the average angle of attack for each time step does not go down below
-10° below which the orientation of the wings in �ight becomes unrealistic and induces instability.
We can observe on the �gure 6.4 that the average angle of attack becomes dangerously low for
certain time steps, for an integral gain of 1.5.
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Figure 6.1: Angle of attack as a function of the wing chord section position for di�erent time
steps without the controller
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Figure 6.2: Angle of attack as a function of the wing chord section position for di�erent time
steps with an integral controller of Ki = 0.3
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Figure 6.3: Angle of attack as a function of the wing chord section position for di�erent time
steps with an integral controller of Ki = 0.9
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Figure 6.4: Angle of attack as a function of the wing chord section position for di�erent time
steps with an integral controller of Ki = 1.5
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6.2 Mean angle of attack as a function of time

The �gures 6.5 and 6.6 from this section represent the mean angle of attack as a function of time
for integral gains between 0 and 1.5. An integral gain equal to 0 is equivalent to the absence of
a controller. The �gure 6.5 represents 3 �apping periods, whereas the �gure 6.6 represents 10
�apping periods.
Each �gure includes 4 graphs: the upper graph corresponds to a situation with no entrance in
the stall area (the shoulder o�set along the x axis is equal to 0.2 radians (approximately 11.5°)
and the elbow o�set along the x axis is equal to 0 radians (0°)).
The graph in second position corresponds to a situation with an initial low entrance in the stall
area (the initial shoulder o�set along the x axis is equal to 0.3 radians (approximately 17.2°) and
the initial elbow o�set along the x axis is equal to 0.1 radians (approximately 5.7°)).
The graph in third position corresponds to a situation with an initial medium entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.4 radians (approximately 22.9°)
and the initial elbow o�set along the x axis is equal to 0.2 radians (approximately 11.5°)).
The graph at the bottom corresponds to a situation with an initial important entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.5 radians (approximately 28.6°)
and the initial elbow o�set along the x axis is equal to 0.3 radians (approximately 17.2°)).

Given that the joints of the bird model follow the periodic equation 4.1, the bird kinematics is
periodic when the controller does not act on the model. This is why the mean angle of attack
is periodic for the situation with no entrance in the stall area and when the bird model has
stabilised below the 15° stall threshold after the integral controller action.

We can observe on the �gures 6.5 and 6.6 that the curves for the integral gains 0.1 and 0.2 take
several �apping cycles to almost stabilise. Then, the curves for the integral gains between 0.1
and 0.8 almost merge and become periodically very close to the 15° stall threshold (at the point
of the �apping cycle for which the wing is at the upper position). This periodic proximity to
the 15° stall threshold may induce instability. It is a default caused by the product between the
integral gain and the entrance level in the stall area (see section 5.2).

Nevertheless, this product permits to get a response from the controller which is more quickly
adapted to the level of entrance in the stall area. The controller response time can be theoreti-
cally calculated by subtracting one �apping period from the time after which the bird performs
at least one �apping period that is entirely below the 15° stall threshold. Indeed, the bird kine-
matics becomes periodic again when the controller is no longer acting on the bird's model (the
condition for using the controller is that the average angle of attack is greater than 15°). On the
�gure 6.5, we can observe that the response time of the controller has the order of magnitude of
100 to 150 ms for the integral gains between 0.9 and 1.5. However, we can see on �gure 6.6 that
the response time is much more complicated to measure for the integral gains between 0.1 and
0.8 because their angle of attack curves become periodically very close to the stall threshold.

It was initially planned to represent a bar chart of the controller response times for each integral
gain, but the bird model simulation present too many singular points to obtain a relevant bar
chart. These singular points are due to local problems of extraction of the lifting lines in the bird
model simulation, they are not due to the controller. In order to avoid, as much as possible, the
impact on the results of these singular values (which are due to the simulation and not to the
kinematics of a real bird), the values of the initial shoulder o�set and initial elbow o�set have
sometimes been modi�ed by 0.01 or 0.02, in the inputs of the model for some graphs, in order
to have more representative results. These modi�cations (when there are any) are speci�ed in
the titles of the graphs.
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Figure 6.5: Mean angle of attack as a function of time for di�erent integral gains Ki with 3
�apping periods
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Figure 6.6: Mean angle of attack as a function of time for di�erent integral gains Ki with 10
�apping periods
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6.3 Lift and drag as a function of time

The �gure 6.8 represents the evolution of lift as a function of time for integral gains between 0
and 1.5, during 3 �apping periods.
The �gure 6.9 represents the evolution of drag as a function of time for integral gains between 0
and 1.5, during 3 �apping periods.

Each �gure includes 4 graphs: the upper graph corresponds to a situation with no entrance in
the stall area (the shoulder o�set along the x axis is equal to 0.2 radians (approximately 11.5°)
and the elbow o�set along the x axis is equal to 0 radians (0°)).
The graph in second position corresponds to a situation with an initial low entrance in the stall
area (the initial shoulder o�set along the x axis is equal to 0.3 radians (approximately 17.2°) and
the initial elbow o�set along the x axis is equal to 0.1 radians (approximately 5.7°)).
The graph in third position corresponds to a situation with an initial medium entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.4 radians (approximately 22.9°)
and the initial elbow o�set along the x axis is equal to 0.2 radians (approximately 11.5°)).
The graph at the bottom corresponds to a situation with an initial important entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.5 radians (approximately 28.6°)
and the initial elbow o�set along the x axis is equal to 0.3 radians (approximately 17.2°)).

We can deduce the upstroke phase and the downstroke phase, for each �apping period, on the
�gure 6.8, as the lift increases during the downstroke phase and decreases during the upstroke
phase. This is quite intuitive by looking at the �gure 6.7 which represents the �apping wing
beats of a bird during one �apping period.

We can observe on the �gure 6.8 that the greater the integral gain is, the lower the lift will be.
Indeed, below the critical angle of attack, the lift coe�cient increases with the angle of attack.
Thus, if the bird greatly reduces its angle of attack (which is the case for an important reaction
to stall onset, that is for an important integral gain), the lift decreases and it may become prob-
lematic if the lift is not su�cient to compensate the bird's weight.
We can also observe that for the situation with an important entrance in the stall area (graph at
the bottom), the lift curves for integral gains between 1.1 and 1.5 are not su�cient to compensate
the bird's weight (which is approximately equal to 11.8 N in the bird model).

We can observe on the �gure 6.9 that the greater the integral gain is, the lower the drag will
be. Indeed, the drag increases with the angle of attack (as the contact surface and the boundary
layer thickness increases if the angle of attack increases), thus a lower angle of attack (due to a
more important reaction of the controller) implies a lower drag.

Figure 6.7: Flapping cycle of a pigeon [34]



33 | CHAPTER 6. RESULTS

Figure 6.8: Evolution of lift as a function of time for di�erent integral gains Ki with 3 �apping
periods
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Figure 6.9: Evolution of drag as a function of time for di�erent integral gains Ki with 3 �apping
periods



35 | CHAPTER 6. RESULTS

6.4 Arithmetic mean of lift and its derivative

The �gures 6.10 and 6.11 represent the arithmetic mean of lift as a function of time for integral
gains between 0 and 1.5. An integral gain equal to 0 is equivalent to the absence of a controller.
The �gure 6.10 represents 3 �apping periods, whereas the �gure 6.11 represents 10 �apping pe-
riods.
The �gures 6.12 and 6.13 represent the derivative of the arithmetic mean as a function of time
for integral gains between 0 and 1.5. The �gure 6.12 represents 5 �apping periods, whereas the
�gure 6.13 represents 10 �apping periods.

Each �gure includes 4 graphs: the upper graph corresponds to a situation with no entrance in
the stall area (the shoulder o�set along the x axis is equal to 0.2 radians (approximately 11.5°)
and the elbow o�set along the x axis is equal to 0 radians (0°)).
The graph in second position corresponds to a situation with an initial low entrance in the stall
area (the initial shoulder o�set along the x axis is equal to 0.3 radians (approximately 17.2°) and
the initial elbow o�set along the x axis is equal to 0.1 radians (approximately 5.7°)).
The graph in third position corresponds to a situation with an initial medium entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.4 radians (approximately 22.9°)
and the initial elbow o�set along the x axis is equal to 0.2 radians (approximately 11.5°)).
The graph at the bottom corresponds to a situation with an initial important entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.5 radians (approximately 28.6°)
and the initial elbow o�set along the x axis is equal to 0.3 radians (approximately 17.2°)).

We can observe on �gures 6.10 and 6.11 that the arithmetic mean of lift as a function of time
converges towards the mean of lift for one �apping period. This indicates that the stabilisation
value of the lift depends on the integral gain parameter. The greater the integral gain is, the
lower the stabilisation value of the lift will be. This is due to the fact that an important reaction
of the bird (represented by the controller) greatly reduces the angle of attack. Below the critical
angle of attack, the lift coe�cient increases with the angle of attack. If the bird greatly reduces
its angle of attack, the lift decreases and it may become problematic if the lift is not su�cient
to compensate the bird's weight.

We can observe on �gures 6.12 and 6.13 that the derivative of the arithmetic mean of lift is a
sinusoid whose amplitude decreases over time. Each cycle of the sinusoid is representative of one
�apping period. The greater the integral gain is, the greater the amplitude of the sinusoid is
(except for Ki = 0 which represents the absence of a controller). It means that the greater the
integral gain is, the greater the impact on the decrease of lift will be.
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Figure 6.10: Arithmetic mean of lift for di�erent integral gains Ki with 3 �apping periods
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Figure 6.11: Arithmetic mean of lift for di�erent integral gains Ki with 10 �apping periods
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Figure 6.12: Derivative of the arithmetic mean of lift for di�erent integral gains Ki with 5
�apping periods
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Figure 6.13: Derivative of the arithmetic mean of lift for di�erent integral gains Ki with 10
�apping periods
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6.5 Shoulder and elbow o�sets along the x axis

The �gure 6.14 represents the evolution of the o�set of the harmonic trajectory of the shoulder
along the x axis as a function of time for integral gains between 0 and 1.5, during 3 �apping
periods.
The �gure 6.15 represents the evolution of the o�set of the harmonic trajectory of the elbow
along the x axis as a function of time for integral gains between 0 and 1.5, during 3 �apping
periods.
An integral gain equal to 0 is equivalent to the absence of a controller.
(We consider the frame presented in �gure 4.2 as the reference frame.)

Each �gure includes 4 graphs: the upper graph corresponds to a situation with no entrance in
the stall area (the shoulder o�set along the x axis is equal to 0.2 radians (approximately 11.5°)
and the elbow o�set along the x axis is equal to 0 radians (0°)).
The graph in second position corresponds to a situation with an initial low entrance in the stall
area (the initial shoulder o�set along the x axis is equal to 0.3 radians (approximately 17.2°) and
the initial elbow o�set along the x axis is equal to 0.1 radians (approximately 5.7°)).
The graph in third position corresponds to a situation with an initial medium entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.4 radians (approximately 22.9°)
and the initial elbow o�set along the x axis is equal to 0.2 radians (approximately 11.5°)).
The graph at the bottom corresponds to a situation with an initial important entrance in the
stall area (the initial shoulder o�set along the x axis is equal to 0.5 radians (approximately 28.6°)
and the initial elbow o�set along the x axis is equal to 0.3 radians (approximately 17.2°)).

For all �gures of the results chapter, a di�erence of 0.2 radians was set between the shoulder
o�set and the elbow o�set as it is a common angular di�erence. Given that accurate geometric
data about bird �ight currently do not exist in scienti�c literature and are quite di�cult to obtain
experimentally, this angular di�erence is an assumption that could not be veri�ed.

We can observe on �gures 6.14 and 6.15 that the greater the integral gain is, the more the
shoulder o�set and the elbow o�set along the x axis will decrease. We can also see that the
adjustment of the shoulder o�set and of the elbow o�set by the controller is instantaneous for
integral gains between 0.8 and 1.5 and takes a variable time for integral gains between 0.1 and
0.7. This adjustment time increases if the integral gain is reduced.
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Figure 6.14: Evolution of the o�set of the harmonic trajectory of the shoulder along the x axis
as a function of time for di�erent integral gains Ki with 3 �apping periods
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Figure 6.15: Evolution of the o�set of the harmonic trajectory of the elbow along the x axis as
a function of time for di�erent integral gains Ki with 3 �apping periods
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Discussion

7.1 General discussion

Choosing a controller and its gain often involves a compromise. In order to make this compro-
mise, there are 3 parameters to consider: the response time of the controller, the quality of the
controller response (if there is stabilisation of the response and if the stabilisation values are
interesting) and the impact of singular values of the bird model on the controller response.

7.1.1 Response time of the controller

We saw in the previous chapter that the response time of the controller decreases when the in-
tegral gain increases. In particular, we observed on the graphs of the shoulder and elbow o�sets
evolution (�gures 6.14 and 6.15) that the adjustments of the shoulder o�set and of the elbow
o�set seem to be instantaneous for integral gains above 0.8 and take a variable time for integral
gains below 0.8. We also observed on the mean angle of attack graphs (�gures 6.5 and 6.6) that
the stabilisation of the angle of attack below the 15° threshold has an order of magnitude of 100
to 150 ms for integral gains between 0.9 and 1.5, whereas the stabilisation is longer and takes a
duration which is more complex to compute (because of the periodic proximity to the 15° stall
threshold) for integral gains below 0.9.

To stabilise the bird �ight, it is necessary to react quickly when stall onset is detected. Thus,
a fast response is necessary. However, a too high integral gain implies a risk to generate a
signi�cant oscillation leading to instability. Therefore, there is a compromise to make between
a controller with a small response time and an integral gain which does not risk to make the
kinematics unstable.

7.1.2 Quality of the controller response

On the mean angle of attack graphs (�gures 6.5 and 6.6), we observed that the curves for integral
gains below 0.9 almost merge and become periodically very close to the 15° stall threshold (at
the point of the �apping cycle for which the wing is at the upper position). This periodic prox-
imity to the 15° stall threshold may induce instability. Therefore, it seems adequate to choose
an integral gain superior or equal to 0.9.

43



CHAPTER 7. DISCUSSION | 44

We observed on the graphs of the arithmetic mean of lift (�gures 6.10 and 6.11) that the greater
the integral gain is, the lower the stabilisation value of the lift will be. A too low value of lift
is problematic, because the lift needs to compensate the bird's weight (which is approximately
equal to 11.8 N for the bird model) to avoid a loss of altitude. On the graph of the lift evolution
as a function of time (�gure 6.8), we saw that for the situation with an important entrance in
the stall area, the lift curves for integral gains above 1.1 are not su�cient to compensate the
bird's weight. Thus, the integral gain of the controller should be lower than 1.1.

7.1.3 Impact of singular values on the controller response

The bird model simulation sometimes presents singular values at some points of the computa-
tion, this explains the presence of irregular spikes for certain integral gains in some graphs of
the results chapter. These singular points are not representative of the reality. If the integral
gain of the controller is too high, there is a risk of instability if, for a certain time step, the angle
of attack value is much higher than the 15° threshold because of a singular value of the simulation.

Therefore, we suggest the compromise of an integral controller with an integral gain between 0.9
and 1.1.
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7.2 Limits of the study

A major drawback of this study is that the reactions implemented in the controller are based
on realistic assumptions that could not be veri�ed with certainty. This is due to the absence of
accurate studies on bird morphologies in the scienti�c literature. How birds move their wings in
�ight is not known with accuracy.

A second important drawback is the presence of singular values in the bird model which interferes
with the relevance of certain results.

In addition, we made the simplifying assumptions that there is no loss of sensory data when
the information is transmitted from the sensory receptors to the integrating centre and that the
value of this sensory data (giving an indirect idea of the angle of attack) is correct. We also made
the simplifying hypothesis that the controller receives this sensory data instantaneously. (There
is information about the reaction time of sensory receptors in Appendix A that was not used for
this model but that might be relevant for future studies.) To have more accurate results, the
sensory receptors should have been modelled.

Furthermore, the compliance of the wing is not investigated in this master thesis, but might have
a bene�cial e�ect mitigating the perturbations due to stall onset and on the wing adjustments
made by the controller.

Moreover, the controller implemented in this master thesis only limits high angles of attack but
does not take into account the risk of dynamic stall. The dynamic stall is a non-linear aerody-
namic e�ect that occurs when the angle of the attack of the airfoil rapidly changes. This rapid
change can cause a strong vortex that comes from the leading edge and travels above the wing,
this brie�y increases the lift and then, reduces it dramatically. [35]
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7.3 Future perspectives

Biologically, it would be interesting to model the reaction time of the sensory receptors. The risk
of sensory data loss and the risk of incorrect sensory data due to external perturbations could
also be investigated in a study that would focus more on sensory receptors.

In terms of control, the analysis of the controller would be more thorough if the controller re-
sponse times could be computed.

In terms of aerodynamics, it could be insightful to implement the controller in a bird model
without the hypothesis of imposed kinematics. This would permit to take into account the
e�ects of aerodynamic turbulence. In addition, the kinematics of the bird would be able to
adapt according to the �ight conditions.
The compliance of the wing could also be investigated, to better represent the bird's adaptation
to �ight conditions.
The e�ect of dynamic stall could be investigated in order to take into account an other type of
stall onset that often a�ects �apping �ight.
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Conclusion

Birds have impressive �ight capabilities which could be a source of inspiration for new aerial
vehicles. Their impressive �ight capabilities are, in particular, an excellent manoeuvrability, a
high adaptability to environment changes and a good capacity of minimisation of energy costs
in �ight (which gives them a very good endurance).

The main goal of this master thesis was to design a controller to stabilise the �ight of a bird
model by stopping the stall onset when stall is detected by the sensory receptors. One main
di�culty was the multidisciplinary aspect, that is to have a general view of the problem dealing
with aerodynamics, control and biology.
The second main di�culty was to select a relevant level of modelling. A model cannot represent
its subject in a perfectly realistic way. A suitable level of modelling had to be chosen in order to
obtain the desired results, without making the model unnecessarily complex.

Here is a brief summary of this master thesis:
First, we identi�ed the relevant sensory receptors to detect the stall onset. These sensory recep-
tors are the mechanoreceptors located within the supporting tissues of the alula joint and in the
covert feathers of the dorsal wing (responsible for detecting elevation of feathers, that is stall
onset when the elevation is su�ciently important).
Then, the bird model, its hypotheses and its limits were presented.
Next, the controller was designed. Firstly, the condition for which the bird is subjected to stall
was de�ned. Secondly, the �ight parameters that needed to be changed for the bird to stop
stalling were identi�ed. Thirdly, it was chosen to design an integral controller.
After that, an interval for the integral gain was selected based on the graphs of the mean angle
of attack, of the lift and its arithmetic mean, and of the shoulder and elbow o�sets along the x
axis.
Finally, the limits of the study and the future perspectives were discussed.
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Reaction time of sensory receptors

Mechanisms of actions of sensory receptors are too di�erent to make a general model. The only
common points are that the action of the sensory receptor is interposed between the external
stimulus (from the environment) and the initiation of the nerve impulse, and that the action of
the sensory receptor includes the generation of an electrical potential. [36]

A general model of isolated sensory receptors has been designed with its primary a�erent neuron.
It is a model of information transmission and not a model of mechanisms of receptor action. The
input is the intensity of the sensory signal (which can be chemical, optical, linked to pressure,
temperature or pain). The output is the rate of neural impulse transmission in the a�erent
neuron. This model is based on the assumption that information is conserved when transmitted
in a highly e�cient sensory receptor. Thus, information transmitted by the stimulus is equal to
information received by the system. [37]

However, this information transmission is not instantaneous, it takes a �nite period of time. At
the beginning of this period, the information lacks precision, because the receptor is uncertain
about the intensity of the stimulus signal at the start, then it loses uncertainty and sends more
precise information. Uncertainty can be considered as a monotone decreasing function of stimu-
lus duration and a monotone increasing function of stimulus variance (spread of intensity values).
The stimulus is de�ned as a signal with clearly de�ned statistical properties (for instance, the
concentration of a solution for chemical sensory receptors). It is supposed to be sampled by the
sensory receptor. [37]

This model is valid for both steady and time-varying signals. It has been shown that more
intense stimuli are remembered by sensory receptors for longer periods of time than less intense
stimuli. Indeed, more intense stimuli produce an expansion of local memory and less intense
stimuli involve contraction of local memory. [37]

To be able to react to a stimulus, it is necessary to accumulate a quantum of information (∆H
bits of information), this permits to compute the reaction time. The function 1− exp−a·t corre-
sponds to the rate at which a receptor samples its sensory stimulus. [37]

For a single step input, the information theoretical entropy, also called the uncertainty of sensory
receptor about the intensity of the stimulus, is given by [37] :

H =
1

2
log(1 +

λ

1− exp−a·t
)

(λ and a are constant)
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The information gained from the stimulus (thus transmitted by the sensory stimulus) is given
by [37] :

I = H(t0)−H(tmax)

with tmax : the time taken by the neuron to adapt to its equilibrium level
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