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Abstract

This master thesis proposes a multiphysics framework coupling biomechanics and aero-
dynamics for the simulation of bird flight. It presents a biomechanical model based on
the anatomy of a bird, which models the wing by articulated segments. It develops
a bio-inspired model for locomotion in flapping flight. The present work is devoted,
on the one hand, to review, select, adapt, improve, develop and validate methods and
tools necessary for this model: build a multi-body model of a bird, characterize the
properties of the skeleton and the musculoskeletal system, evaluate the aerodynamic
forces, actuate the skeleton in a bio-inspired way, estimate the energetic cost, evaluate
and study the kinematics of flight. And, on the other hand, to apply them to a bird
of interest (i.e. the Northern Bald Ibis). We describe the key parameters that mark
the development of such a musculoskeletal model. We intend to provide the necessary
milestones with particular accent on the methodology related to the musculoskeletal model.

We chose a modular approach to break down the overall goal into smaller modules.
While being able to modify or improve a single module without affecting the rest. Each
module contains its own library of sub-functions dedicated to their domain. These modules
work together and are organized around the Robotran program.
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CHAPTER 1

Introduction

Historically, from Leonardo da Vinci to many others and through the ages, man has never
ceased to look to the sky and marvel at the fascinating spectacle of birds. Who has never
watched the birds during their incessant ballet when spring comes. They are sometimes
alone, sometimes in groups, some of them are small, while others are nocturnal, some
are fast and some are even migratory. There are so many aspects and parameters that
nature has already tried out, improved and perfected over time. Of course, today there
are airplanes and this is still a tremendous technical feat. It is already an achievement
but not an end in itself. We can do better and push the limits of our understanding of
flight locomotion. We know that nature is not only a source of raw materials but also
of innovation and inspiration. For many things it is still the best in terms of weight,
efficiency and energy consumption. This thesis is in a direction of learning from nature.
Indeed, this thesis is at the crossroads of biomechanics, fluid mechanics and control with
the aim of mimicking nature. And more precisely, the kinematics of bird’s flapping flight.
Because we need to do more to reduce fuel consumption, etc.

This master thesis will focus on the methodology and approaches used in the develop-
ment of a neuromusculoskeletal model and its formalism in order to provide a reliable
framework for future research and applications.

Figure 1.1: The picture of the Northern Bald Ibis in the
center was taken by Leander Khil on Tamri (Morocco), 2012



2 I CHAPTER 1. INTRODUCTION

1.1 Context and motivation

The ecological footprint remains a major issue for the airline industry. Researchers at
UCLouvain propose to take inspiration from the flight of migratory birds to reduce fuel
consumption. Migratory birds flying in a V formation flock are able to travel several
thousand kilometers, while saving energy. Just like migratory birds, airplanes should be
able to benefit from the wake of other airplanes to reduce their energy consumption.

With 25 years of expertise in the study of aircraft wakes, formation flights are studied
at the Institute of Mechanics, Materials and Civil Engineering (IMMC) at UCLouvain.
The follower bird comes to exploit the wakes of the predecessor when it is at its strongest.
This can work very well for aircraft. Because aircraft vortices are straight. They are
not oscillating like the bird’s vortices and are therefore even easier to exploit. Well
positioned in the wake of its predecessor, a follower aircraft could save 5 to 10 % of its
fuel consumption. For comparison, such gains are equivalent to 10 to 20 years of research
and development to create new engines or new aircraft shapes to reduce fuel consump-
tion. This is particularly interesting on long flights. The aircrafts will synchronise to
fly together for a good part of the flight until they separate and fly to their final destination.

Researchers at UCLouvain have developed onboard intelligence algorithms that can be
installed on an aircraft’s onboard computer so that it can sense the wake of a predecessor
(Figure 1.2). The airplane will then adapt its trajectory to better position itself with
respect to this wake. While avoids entering the dangerous zone created by the wakes.
They try to reproduce the sensorial apparatus of the bird which has feathers with nerves,
tendons and muscles.

Figure 1.2: Simulation of an aircraft in the wake of a leader [1]

Migratory birds achieve tremendous energy savings by flying in so-called V formations,
which allows most of them to benefit from upwash generated by their predecessor. A
core question is to determine how these optimised formations emerge. The study of bird
flight, and more particularly of migratory birds, is at the heart of the RevealFlight project
at UCLouvain in which Professor Philippe Chatelain, a specialist in fluid mechanics,
collaborates with Professor Renaud Ronsse, a specialist in biomechanics and Professor
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Julien Hendrickx, a specialist in mathematical engineering.

The RevealFlight project is a multi-disciplinary project ("shedding light on the efficiency
optimization mechanisms deployed by biological flyers", https://sites.uclouvain.be/
RevealFlight/). This framework aims at investigating the mechanisms characterising
biological flyers, at the scale of migratory birds, and mainly builds upon fives topics:

» Biological models: Development of a musculoskeletal model with enough resolution,
to capture locomotive functions, and a neuronal model governing muscle activation
and gait coordination.

e Body dynamics: Interaction between the flyer and the flow, aimed at assessing the
stability, and investigating about the bio-inspired control scheme for flapping flight.

o Fluid mechanics: Evaluation of the aerodynamic forces on the bird wing with
different levels of accuracy (potential flow, unsteady lifting line and CFD methods).

o Learning and optimisation: Reinforcement Learning approach to train the flyer in
maneuvers and wake exploitation scenarios.

o Agent models: the flyer is identified as an Agent, endowed with decision, action
capability, and social interactions.

This master thesis will take place within this multi-disciplinary project. The goal of
this thesis is to develop a bio-inspired model for flapping flight locomotion.

We will model and analyse a bird, the numerical values used in the simulations are
those of the bird of interest in the RevealFlight project, i.e. the Northern Bald Ibis
(Geronticus eremita). It is fundamental to establish the right level of abstraction of the
model, in order to converge to a model with a complexity level corresponding to the
investigated hypotheses. Such a model should, for example, allow the calculation of
energy consumption during the flight. Because this kind of data can not be obtained
experimentally (as in the case of humans by the oxygen survey, lung measurements, etc).

Therefore, the present work is devoted, on one hand, to review, select, adapt, improve,
develop and validate all the necessary methods and tools which are required for this
purpose:

e Build a multi-body model of a bird.

o Characterize the properties of the skeleton and the musculoskeletal system.

o method for evaluating aerodynamic forces.

« method for actuating the skeleton in a bio-inspired manner

« method for energetic cost estimation.

« method to evaluate and study the flight kinematics.
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And, on the other hand, to apply them to the bird of interest.

We chose a modular approach to break down the overall goal into smaller modules.
While being able to modify or improve a single module without affecting the rest. Each
module contains its own library of sub-functions dedicated to their domain. These modules
work together and are organized around the Robotran program.
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Figure 1.3: The controller final purpose is to compute the appropriate internal forces to
actuate the multi-body system (and make the bird flight). The controller is divided into
two parts: (i) the high-level controller provides commands to the middle-level controller
by modulating key parameters as linear or quadratic functions of four scalar inputs (i.e.
the horizontal speed reference v,.y, the altitude reference alt,.r, the heading reference
hroy and the attitude reference at..r ), in order to adapt the gait accordingly; (ii) the
middle-level controller computes the musculotendon force Fy,, (and position references
gres from imposed kinematic), while receiving sensory information from the multi-body
system, joint positions ¢ and velocities ¢ and key parameters modulated by the high-level
controller. Regarding the neuromuscular model, the interplay between the CPG and
the reflexes provides stimulation signals s,,. They are later converted into activations
a,, controlling the virtual Hill-type muscles. These muscles finally produce forces F;,,
converted to the joint torques via lever arms. In parallel, some position references are
computed.
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1.2 Master thesis outline

The remainder of this thesis is organized as follows:

Chapter 2: description of the muti-body system of the bird as well as its skeletal
model. The musculoskeletal model is also introduces.

Chapter 3: description of a simple aerodynamic model.

Chapter 4: description of the muscle model. In this work, only the skeletal muscles
will be discussed. Then when there is a mention to muscle, it refers more specifically
to skeletal muscle (or "voluntary muscle").

Chapter 5: description of the level flapping flight through the kinematics of the
wing and the aerodynamic forces.

Chapter 6: draws the conclusions and indicates future research lines.






CHAPTER 2

Multi-body and skeletal model

The objective of this chapter is to model and represent the multi-body system of the bird,
the skeleton of the wings (i.e bird forelimbs) as well as its articulations. The modeling of
the multi-body system of the bird is an imperative step for the calculation of the internal
forces generated by the muscles and the external aerodynamic forces. The articulations
and their degrees of freedom must also be determined in order to be able to move the
skeleton in a consistent way. In addition, during the research, the development of a
kinematics for flapping flight, the degrees of freedom of the wings will be limited by a
series of physical and biological constraints.

2.1 Multi-body modelling

Before entering into the heart of the subject, we will define the Earth and body reference
frames that will be used in this work. We adapt to the bird the conventional axes of
fixed-wing aircraft flight dynamics:

Earth frame X,:

e X, axis: positive in the direction of north

e y, axis: positive in the direction of east

e Z, axis: positive towards the center of the Earth

The Earth frame is assumed to be inertial with a flat x;,y.-plane. In this frame of reference,
the weights are fixed in the positive z, direction.

Body frame Xp: (illustrated in the Figure 2.1)
e X} axis: positive out the nose of the bird in the plane of symmetry of the bird

e 7} axis: perpendicular to the X}, axis, in the plane of symmetry of the bird, positive
below the bird.

¥ axis: perpendicular to the xXp,Zp-plane, positive out the right wing (i.e. determined
by the right-hand rule).
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X, longitudinal axis
or roll axis

Y, transverse axis
or pitch axis

—_— -
Zj, dorso-ventral axis
or yaw axis

Figure 2.1: Body frame of the bird

The various angles relating the reference frames are explained below. We use the
convention of Tait-Bryan angles. It means that the rotation sequences used is z-y’-x".
Based on the rotations and axes conventions above:

Tait-Bryan angles from Earth frame to body frame:

o Yaw angle ¥: azimuth angle, i.e angle between north and the projection of X}, onto
the horizontal plane (x,,y.-plane).

o Pitch angle ©: elevation angle, i.e angle between xj, and its projection onto the
horizontal plane.

+ Roll angle ®: rotation around X} axis after the yaw and pitch rotation.

To begin multi-body modelling, it is important to start by making a simplified repre-
sentation of the bird. At this stage it would be counterproductive to go into too much
detail and complexity. Therefore, we represent the bird by its two wings and its body.
We do not individually model its head, neck, legs nor tail (i.e. they are all part of the
main body of the bird). These parts, although important for the bird, have a moderate to
low impact on the level flapping flight in compare with the wings. The wing is divided
into three sections: the arm, the forearm and the hand (Figure 2.7), which are described
in Section 2.1.2. Each section is connected to one or two other sections by joints. The
joints are discussed in more detail in Section 2.1.1. Each wing section is modelled as a
single rigid body.

Since the wings are split into 3 sections each. These sections have their own reference
frame. The exponent R or L indicates if it is the right or left wing. While the subscript
a, f or h determines if it is respectively the arm, the forearm or the hand section. These
are defined by the body frame and the joint rotation matrices between the section and
the main body. For the frame of an arbitrary section and side, we will use the notation

section p and side S (X}g)
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Wing sections frames:

- > - - = >

o Left arm frame: xk yk 7L  Right arm frame: x& yR 7R
o Left forearm frame: x}%,y;,z? o Right forearm frame: lef ,yjf,zjf
o Left hand frame xﬁ,yﬁ,zﬁ o Right hand frame: xf,yf,zf

2.1.1 Biological joints and degrees of freedom

Biological joints are different from technical joints (i.e. revolute and prismatic joints). A
biological joint is characterised by the contact between 2 surfaces (like wheel-rail contact).
For example, look at the shoulder joint in Figure 2.2. It is described by a thoracic surface
on which the head of the humerus rotates and moves. It can be modelled by 6 degrees of
freedom (DOFs) and the 2 DOFs of the contact point on the thoracic surface. 3 constraints
equations are needed to place the head of the humerus on the contact point. In the end,
the joint has 5 DOFs. Of course, ligaments and muscles will constrain some of these
degrees of freedom.

Coracoid Scapula

Metacarpals

Supracoracmdeus muscle

Pectoralis muscle

Keel of Sternum

Figure 2.2: Bird’s wing anatomy [3]

To achieve such a representation, the shape and size of the contact area must be
identified. The adhesion between the two surfaces must be characterised. The tangential
and normal forces at the contact surface must be calculated. Without mentioning the
effects of elastic deformations of the bodies. Moreover, as each biological joint is unique,
it requires a large amount of information on each joint. This kind of representation is
completely beyond the scope of this work.

We decided to simply represent the articulations by a series of revolute joints. In
regard to the functional movement of the wing (Figure 2.3)
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(a) wing folding or expanding

ventral view

(b) wing twisting (supinating or pronating)

posterior view

(c) wrist flexing or extending

posterior view

Figure 2.3: Exemple of the functional movement of the wing [4].

The shoulder will be modelled by 3 revolute joints (equivalent to a spherical joint),
the elbow and the wrist will both be modelled with 2 revolute joints:

o The folding and expanding of the wing requires revolute joints along the dorso-
ventral axis (blue cylinder in Figure 2.4, R3 joint in Robotran) of the bird at each
articulation, as shown in Figure 2.3 (a).

o The supination and pronation of the forearm is a twisting motion along it. This
torsion is uniform along the forearm, as illustrated in Figure 2.3 (b). But this must
be adapted to suit the rigid multi-body system formalism. This is why we have a
revolute elbow joint along the transverse axis, i.e. aligned with the forearm (green
cylinder in Figure 2.4, R2 joint in Robotran). This degree of freedom is essentially
used to adjust the angle of attack for the distal part of the wing.

o The flexing and extending of the wing requires a revolute joint along the longitudinal
axis (red cylinder in Figure 2.4, R1 joint in Robotran) of the bird at the wrist, as
presented in Figure 2.3 (c).

e The shoulder must orient the whole wing compared to the body. It requires a
revolute joint along the transverse axis (R2 joint in Robotran). The shoulder must
also perform the flapping motion of the entire wing relative to the body. It requires
a revolute joint along the longitudinal axis (R1 joint in Robotran) of the bird at the
wrist.
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Figure 2.4: Representation of the right wing revolution joints.

2.1.2 Multi-body system with articulated wings

The bird body is modeled as a 3D multi-body system formed by rigid bodies. It consists
of 7 anatomical segments: torso (main body), two arms, two forearms and two hands.
The global axes are X, and X,. The multi-body system is made of 20 joints. Each wing is
articulated with 7 revolute joints, as mentioned before. The main body of the bird have
6 joints (3 prismatic joints and 3 revolute joints along the body frame). The 3 revolute
joints of the main body are link to the roll, pitch, yaw angle of the bird.

The set of 20 independent coordinates (as many as the system DOFs) formed by the
Cartesian coordinates of the position vector of the gravity center of the main body
(q1, g2, g3 in Figure 2.5) and the 17 angular coordinates that define the relative orientation
of each body compared to its "parent" body (g4, ..., g20 in Figure 2.5).

R3 R2
q10 [qﬂ‘l
&

Figure 2.5: Representation of the multi-body system in MBsysPad.
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The wing sections are defined by their chord length distribution and a cross-section,
which is scaled with the chord. The chord length distribution is obtained thanks to 7
lengths (c1, c2, ¢3, ¢4, la, lF, ly) indicated in Figure 2.7. The root chord and the tip
chord are respectively noted ¢ and c¢4. ¢2 and c3 are the proximal and distal intermediate
chords. 14, IF and Iy are respectively the transverse length of the arm, forearm and hand
sections. Their numerical values are given in Appendix A. Furthermore, we assume that
the line passing through 1/4 of the chord length is a straight line, which corresponds
to the lifting line of the wing section. Thus, the leading and trailing edges are tapered
(trapezoidal).

A A
i

r 3
v
r 3
\ J
r 3
v

7-_5 —
Figure 2.6: Sections of bird wings and joints (yellow dots)

In order to calculate the dynamics of the multi-body, it is essential to know the mass
and inertia of each body. The body mass is obtained by the homogeneous density of the
bird’s body multiplied by the volume of the body. The numerical values and details are in
Appendix A. The masses of the wing sections are obtained by the homogeneous density of
the bird’s wing multiplied by the volume of the wing sections. So we need the volumes of
the bodies. For the wing sections, we have created a cross-section that adjusts according
to the chord length (Figure 2.7). We developed it so that the geometric center of the
surface is at 1/4 of the chord length. This means that the center of gravity of a segment
lies on the lifting line of the segment. It is important to specify that this cross-section is
not the aerodynamic profile used to calculate the aerodynamic forces.

+\/1—(4?")2 X 0 1 Condition that ensures that the
-4 ¢ € L0, Z] geometric center of the surface
z(cf) ! 44 (1 " (1;27)32 JEC c [I_%, 0] lies at 1/4 of the chord length:
2\ x -3 -1 d2:3—7(1— 1—4(1—1))
idl’y (]_ + 3 dg) o S [T, E] 2 Y 9y




2.1. MULTI-BODY MODELLING I 13

dy = The half thickness at = =0
y = The half thickness ratio for £ at dy and 0
do = Transition in x axis to the feather-like part of the cross-section

-08 -07

Figure 2.7: Cross-section of the wing section with dy = 0.075, do = 1/12 and y = 0.215

The main body is approximated by an ellipsoid (Figure 2.8), which has the same
length on two axes (i.e. an ellipsoid of revolution also called a spheroid). The third axis is

the longitudinal axis and it is longer than the other two (i.e. an prolate spheroid).
2 . a2
(18/2)* * (lics/2)?

Main body = prolate spheroid =

Figure 2.8: The main body representation
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2.2 Musculoskeletal model

In this chapter, we will describe and represent the interconnection between the skeleton
and the muscles. Muscles are used to perform skeletal movements such as flight locomotion
and maintenance of posture. The anchoring to the bone is done by the tendons.

This work focus on forelimbs. 10 muscles have been considered in each wing of the
model. According to the aims of the studies the number of muscles can be reduced. For
example, to estimate the muscular forces during level flapping flight, muscles on the right
wing have only been considered due to the symmetric behaviour, whereas to estimate the
whole energy consumption only these muscles have been take into account.

A constraint for each muscle is necessary for loop closure in the multi-body tree
(Kinematics loop). These are the only Kinematics loop, because we do not consider the
ground (and ground contact).

A musculo-skeletal system was developed to drive the 7 forelimb DOFs. The model
actuates each wings with 10 muscles, capturing the contribution of the main muscle of
the bird forelimbs. For our IbisCUS model, these virtual muscles produce torque. The
key idea is that muscles react by contracting and apply forces on the body. Therefore,
the equivalent torques applied by the 10 muscles on the wing joints are computed from
the segments free-body diagrams. The muscle state computation is fully described in
Chapiter 4. The main muscle properties are scaled to fit the size and the weight of the
Northern Bald Ibis, using scaling detail in Chapiter 5. Each muscle is then controlled by
its activation a,,(t), capturing the neural signal provided by motor neurons. This signal
is related to a neural input s,,(¢), the muscle stimulation. Controlling the muscle model
thus reduces to designing control rules for the stimulations s,,(¢) driving the 10 muscles
of the wing.

2.2.1 Musculoskeletal geometry

The musculotendon length (I, ), musculotendon velocity (v, ), and moment arms of
a muscle depend directly on the musculoskeletal geometry as well as on body segment
configurations. These variables play an important role in generating joint torques.

Origins and insertions

Although many muscles associated with flight have multiple origins and/or insertions, for
this analysis, we modeled all muscles with a single point of origin and a single point of
insertion. These points correspond to the attachment of muscle tendon unit (MTU) to
bones and are defined as muscle origin (i.e. proximal attachment) and muscle insertion
(i.e. distal attachment). The locations of the origin and insertion of the muscle are noted
respectively 7, and F,g in the distal bones (i.e. distal attachment segment) local frame.

The muscle origin vector is a constant in the proximal bone (i.e. proximal attachment
segment) local frame R,vi. That is why it is stored in this form in MBsysPad (cfr Robotran).
In Figure 6, the example of a mono-articulated muscle is represented with the main vector
quantity.
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Figure 2.9: Exemple of the musculoskeletal geometry of a muscle.

For a mono-articulated muscle, 7,,; is obtained as follows:
Fori = R (Royi — 1, )
Vori = & \ori boneyyi

R is the rotation matrix between the origin and insertion frame.
—O0ri

-

The musculotendon force vector (F,,,) can be expressed as the unit vector idy,;,. Which
is the direction along the line of action of the muscle multiplied by the force magnitude

N
||Fmtu||5

Fou = | Fintull - ﬁmtu
The unit vector of the muscle line of action for a mono-articulated muscle is given by:

-

- - l
Yori — Tins _ mtu

Fori = Finsll (1T urall

5
Umtu =

The origins and insertions points of the muscles have been taken from [5].

Muscles moment arms

The musculotendon force is not the final goal since it is the torque generated by these
muscles at the joints, which will actuate the skeleton in addition to the external forces.

2> _ = = _ = d - _ -
7;1tu = Fins ><Fmtu - ||Fmtu|| *Tins X Umiu = Fmru * Y'mitu
———
é?mlu
- - - -
Yori — Tins _ Tins X Tori

Fonse = Fins X st = 7
mtu ins mtu ins ||70,-i - ’_:znsH ||7mtu||
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Figure 2.10: Exemple of the musculoskeletal geometry of a muscle. The vector u,,, is the
muscle force unit vector.

With 7, for all the muscles at each joint they influence, we can build the Jacobian of
the muscular lever arms (J7),which is a function of the skeletal state (¢). Such that for m

muscles and n joints, J7 will be of dimension nxm and will provide the torques due to the
muscles (7, ) as a function of the magnitude of the muscle forces (F ):

[7I . %]Tzi(z)nxm[Fl e Fm]T

Mpxl “Mnxl

In most biological systems, there are more muscles than degrees of freedom to be
driven. This is also our case n=7 and m=10, therefore J” is not a square matrix. For the

inverse dynamics the inversion of J” will require to solve the overacting problem.

Figure 2.11 shows the addition and implementation of the geometry of the muscles
in connection with the bone. This is an update of Figure 2.5. All that is related to the
muscles themselves and the selection of them is explained in Chapter 4.
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Figure 2.11: Representation of the multi-body system with the muscles in MBsysPad.






CHAPTER 3

Aerodynamic model

This thesis features a biomechanical model based on the anatomy of a bird, that models the
wing section of the wing. For this we need the external forces that apply to the multi-body
system. These are the aerodynamic forces in our case. The aerodynamic solver relies on a
thin airfoil theory method (we do not consider the wake). The code was provided by Victor
Colognesi and then adapted. We will not spend too much time on the aerodynamics model.
Because there are codes within the ReavelFlight project that are much more detailed, like
the one made by Victor Colognesi. Which can calculate the wake and model the feathers [2].

Before entering into the heart of the subject, we will define the main reference frame
that will be used in this work. We adapt to the bird the conventional axes of fixed-wing
aircraft flight dynamics:

The wind frame is a practical frame for expressing the aerodynamic forces and moments
acting on a bird. Indeed, the net aerodynamic force can be divided into its components
along the wind frame axes, with the drag force in the —x;, direction and the lift force in
the —z,, direction.

Wind frame X,,:

e X, axis: positive in the direction of the velocity vector of the bird relative to the air

(Vrel)-

e Z,, axis: perpendicular to the X, axis, in the plane of symmetry of the bird, positive
below the bird.

« y, axis: perpendicular to the xy,,Z,,-plane, positive out the right wing (i.e. determined
by the right-hand rule).

The various angles relating the reference frames are explained below. We use the
convention of Tait-Bryan angles. It means that the rotation sequences used is z-y’-x".
Based on the rotations and axes conventions above:

o Tait-Bryan angles from Earth frame to wind frame:

— Heading angle o: angle between north and the projection of X, onto the
horizontal plane. It describes in which direction the bird is moving relative to
cardinal directions (i.e. the "cap" in french).
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— Flight path angle y: is the angle between horizontal plane and the velocity
vector, which describes whether the aircraft is climbing or descending.

— Bank angle u: rotation of the lift force around the velocity vector, which may
indicate whether the airplane is turning.

Flight path angle and bank angle form the attitude of the bird.

o Tait-Bryan angles from wind frame to body frame:

— Sideslip angle B: angle between the velocity vector and the projection of x} axis
onto the x,,,y,-plane, which describes whether there is a lateral component to
the aircraft velocity.

— Angle of attack (AoA) a: angle between the xj,,y,-plane and x}, axis. @ = ©@—7y.

— Nothing for the equivalent of the roll here because it does not change anything.

o Tait-Bryan angles from wind frame to wing section p and side S frame:

— Wing Sideslip angle ﬁg: angle between the velocity vector and the projection

of xIS, axis onto the xy,,y,,-plane, which describes whether there is a lateral
component to the wing section velocity.

— Wing Angle of attack ag: angle between the x,,,y,-plane and xIS, axis of the
wing section. Pay attention, it is this AoA that is important to determine the
magnitude of the aerodynamics forces on the wing section p .

— Nothing for the equivalent of the roll here because it does not change anything.
These sets of angles are analogous:
« x axis: Yaw/ Heading angle/ Sideslip angle/ Wing Sideslip angle
 x axis: Pitch angle/ Flight path angle/ Angle of attack/ Wing angle of attack

« x axis: Roll angle/ Bank angle

The objective of straight and level flight results in a zero time average of the flight
path angle over a flight period Tyjign (i-e. time of a flapping flight cycle).

/‘10+Tf1ight )/(t)dt
Straight and level flight = = =0

Triight

3.1 Aerodynamic forces formulation

3.1.1 Wing sections aerodynamic forces

The wing kinematics are imposed based on biological observations in chapter 5. In this
work, we calculate the aerodynamic forces experienced by the flyer, through the integral
of the lift and drag components along the discretised wing. Thanks to the thin airfoil
theory, we know that the aerodynamic center is exactly one quarter of the chord behind
the leading edge. This theory idealizes the flow along an airfoil as a two-dimensional flow
around a thin airfoil which can be considered as tending towards a zero thickness airfoil.
The profiles for C; and C; versus the angle of attack of the airfoil have been provided.
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3.1.2 Bird’s body drag force

To go a step further and take into account the body of the bird from an aerodynamic
point of view, we consider the drag of it. For that we express the

This additional force is applied to the center of gravity of the bird’s body and is aligned
with the instantaneous relative air velocity with respect to the bird’s body (i.e. —Vrel):

-

Vrel

- = _Dbody )_éw
[[Vrell

ﬁbody = _Dbody :
Its magnitude (Dpoqy) is calculated as follows:

1 -
Dbody = §Cd,b0dy * Pair * Sp - ||Vrel||2
where Cy poay is the drag coefficient of the body, p4;r the air density and S;, the frontal
surface of the body. The method proposed in [6] is applied to evaluate the values of the
frontal area (Equation 3.1) and the drag coefficient (Equations 3.2 and 3.3):

B 3 3 9
Sprml  -8.13x 107 =9.179 x 107°m (3.1)
0.25 Re > 2x10°
Capody(Re) = 4 1.57-0.1081n (Re) Re € [0.5 % 10°,2 x 10°] transitional region
0.4 Re < 0.5 % 10°
(3.2)
Rebody = Repoay(at max range speed) = vipiq - 1.25 X 10° = 1.37 x 10° (3.3)

By inserting the result of equation (3.3) into equation (3.2), the estimate of Cypoqy is
obtained and is equal to 0.2926. The equivalent flat plate of the body area (Ap) is obtained
by the product of S and Cg pody:

Ap = Sp - Capody = 2.686 x 1072 m?
The expression of Dj,q, becomes:

Ap-p 5

Dbody = T'lvi’el”2

In Figure 3.1, The Northern Bald Ibis is represented by three circles of area S,,, Sp
and Ab.

For example,as said in [6], the ratio between S,, and A, can be used to estimate its

maximum effective lift to drag ratio in the case of "ideal bird":

2] =/ =23.09
(D)max Ap

Nevertheless, the actual value will be rather around half of the ideal value, which is in
line with [7] and [§].
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Wing disc area = S,

Body cross section = S,

Equivalent flat
plate area = 4,

Figure 3.1: The large blue circle is the wing disc, whose area is S,,, and whose diameter is
equal to the wing span WS. The green inner circle is the body cross-section at the widest
part, whose area is S, the body frontal area. The small orange circle is the equivalent flat
plate, whose area Aj is one third of §;. Diagram draw on scale. Inspired form Fig.3.6 in

(6]



CHAPTER 4

Muscle model

The aim of this chapter is to study and model the muscle tendon unit (MTU). The internal
forces generated by the muscles need to be known in order to move the skeleton. This
is achieved with a bio-inspired approach, meaning that the muscle forces are generated
by neural stimulation and depend on the state of the body (more precisely the state of
muscle tendon unit). In addition, they are limited by a series of physical and biological
constraints.

4.1 Introduction

The muscle actuator modeling has three basic pillars: one is the musculoskeletal geometry,
the second is the muscle activation dynamics and the third is musculotendon dynamics.
These three basic pillars interact with each other. The first one defines the environment
in which the muscle evolves. The second one represents the behavior of the motor nerves
that transmit the motor commands from the central nervous system (CNS) to the muscles,
which will activate the contraction of the muscle fibers. The third one represents the
response of the muscle tendon unit to the muscle activation, taking into account the
state of its anchoring points on the bones. In this study, the tendon muscle unit will be
described thanks to a Hill-type muscle model. According to this model, the dynamics of
musculotendon actuators can be divided into the activation dynamics and the musculo-
tendon contraction dynamics (as explained in [9]). They are assumed to be cascaded and
decoupled processes.

The geometry of the musculoskeletal system has already been covered in the previous
chapter. First, we will start with the musculotendon contraction dynamics, which refers
to the conversion of the activation into a muscle force. The muscle and tendon properties,
such like the tendon compliance (i.e. reciprocal of stiffness) will be described as well. Tt
links the deformation of tendon and the tendon stress. Then, we will continue with the
selection of muscles used for the model approximation. Afterwards, we need numerical
data specific to our bird of interest to run the simulation. We will cover the evaluation
of the specific parameters and their adjustment. The muscles will have the freedom to
be tilted (pennated) in regards to the tendons, as they could be in real living organisms.
The pennation will be considered and its influence on the muscular behavior will be
examined. Next, we will look at the comparison between the activation dynamics and
the musculotendon contraction dynamics in terms of their characteristic time. Thus, we
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will cover the activation dynamics, which refers to the conversion of a neural excitation
(stimulation) into an activation of the contractile fibers. We will end this chapter by
explaining the simulation scheme of the muscle model.

As illustrated in Figure 4.1, the whole diagram for modeling the muscle is represented
with all of its components.

Musculotendon actuation
Musculotendon contraction
s —— a . F x F
m Activation m Muscle contraction |~ ™ -~ t
Dynamics Dynamics “——’;
Y i cos(a)
L, i
J-(')dt Pennation Tendon
X . ;
. | influence Compliance
;‘w’x cos(a)
"'m
Lot = L,
AN
Multi-body

P System
mi Fext ----- For pennate muscle only

Figure 4.1: Architecture of the muscle module code. The neural controller generates the
neural stimulation (s,,) that excites the musculotendon unit by a muscular activation (a,,).
The muscle tendon unit produces a force (F;) depending on a,, and the musculotendon
length (1,,1,). Fy actuates the skeleton thanks to the resulting joint torques.
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4.2 Musculotendon contraction dynamics

Muscles are constituted with bundles of fibers and tissues. The anchorage to the bone is
achieved by the tendons. The fibers can be oriented at an acute angle (i.e the pennation
angle a) with respect to the tendon as shown in Figure 4.2. This kind of muscle is called
a pennate muscle. If the fibers are oriented parallel to the tendon. The muscle is called a
parallel muscle.

Musculotendon

shortening

l

Muscle thickness

Figure 4.2: Pennate muscle representation with the muscle (light red) and tendon (light
blue).

A: The upper snapshot shows a relaxed pennate muscle and the lower snapshot shows
the same muscle when it is contracted. This highlights the fibers rotation, the angle of
pennation increases with the tension. The shortening of the muscle fibers is associated
with a greater musculotendon shortening, which is due to the effects of fiber pennation.
Adapted form Fig.1 in [10]

B: Simplified representation of the muscle with the assumption that its thickness remains
constant. Inspired form Fig.2 in [11]

The muscle tendon unit model can be seen as a passive structure and a physiological
actuator,which will generate forces. The Hill-type muscle used is described in section 4.2.1.
The dimensionless mechanical model used is described in section 4.2.3. These dimension-
less equations are the result of the dimensional analysis of the equations performed in
section 4.2.2.

4.2.1 Muscle tendon unit representation

A Hill-type muscle model is used to evaluate the force developed, produced by the mus-
culotendon actuator. A comparison between different muscular models was done in [12].
Our choice is motivated by the features of this model mentioned in this article: "The main
advantages of this model are its simplicity and its direct connection with the macroscopic
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muscle experiments. [...] It has been developed more than hundred years ago and is now
widely used. This model is almost universally accepted as an appropriate phenomenological
and mathematical representation of the muscle dynamics. [...] The Hill model is, as was
already mentioned, a phenomenological model based on interpretations of input and output
data obtained during experiments.” Furthermore, unlike other models, it does not requires
the microscopic data such as the chemical data of muscle.

In short, this model requires few muscle dependent parameters, has fast computation
time, allows the implementation of pennation, is suited for multi-body simulations with
many muscles and still has physical meaning from a phenomenological point of view.
These are the reasons that make the Hill-type muscle model the most appropriate model
with respect to the available information and the objective of this work, which is to find
the force response of the muscle.

Two types of elements can be distinguished (Figure 4.3): passive and active elements.
The only active element in the hill muscle representation is the contractile (CE) one. It
means that, the CE element depends on an additional input. The input is the muscle
activation is described in more detail in Section 4.7.

The mechanical model used to represent the muscle tendon unit is made up of a passive
serial elastic element (SE), an active contractile element (CE), a passive parallel elastic
element (PE), and a passive buffer elastic element (BE) as illustrated in Figure 4.3.

Figure 4.3: Mechanical modelling of Hill-type muscle with serial (SE), contractile (CE),
parallel (PE) and buffer (BE) elements with pennation angle .

For this muscle modelisation, the pennation angle is taken into account in the repre-
sentation of the virtual muscle as shown in Figure 4.5. The pennation angle aspects are
described in more detail in Section 4.5. The arrangement of the muscle tendon unit can
be seen in Figure 4.4.
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For a pennate muscle, the relationship between the musculotendon length [,,;,, the
muscle fiber length [,,, the tendon length /;, and the pennation angle is given by:

Lntw = 1 + 1y, - cos (@)

Tendon

Figure 4.4: Muscle (light red) and tendon (light blue) configuration representation with
pennated muscle fibers (of an angle ).

Since the the muscle element and the tendon element are in series, the forces through
both elements must be the same. The relationship between the musculotendon force F;,
the muscle force F,,, and the pennation angle is given by:

F;, = F,, - cos (@)

Musculotendon contraction

Muscle contraction

Dynamics
BE

PE | F,

n"_\\
R AA S
~ (e
F

Ft
. 2
Fi e
r

X

”m‘ i cos(a)
L, Pennation
[

influence

Tendon

: Compliance
L

l
Ay

miu

For pennate muscle only
Figure 4.5: Diagram of the musculotendon contraction dynamic. Based on the muscular

activation (a,,), the musculotendon length (I, ), the muscle tendon unit produces force
(F;) and actuates the skeleton thanks to the resulting joint torques.
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The force of the muscle tendon unit is the projection of the muscle force onto the line
of action of the muscle tendon unit. For the same muscle strength, a larger pennation
angle will decrease the strength of the muscle tendon unit. However, the pennate muscle
has more fibers that get through the cross-section area (i.e. the muscle characteristics
like the physiological cross-section area of the muscle PCSA and the maximum isometric
stress F'3% are higher for pennate muscle).

4.2.2 Muscle dimensional analysis

The dimensional analysis is performed using Buckingham’s IT theorem to obtain dimen-
sionless II groups.

o The Buckingham’s I1 theorem states that:
If there are n variables (vi, va ..., vy) in a problem and these variables contain r primary
dimensions (e.g. M, L, T): vi = f(va, v ,..., vp)
The equation relating all the variables will have (n-r) dimensionless groups (i.e. I1 groups).
The final equation obtained is in the form of : Iy = ¢ (o, I3 ,..., I, )
The IT groups must be independent of each other.

This method offers the advantage of solving dimensionless equations that can describe
the behaviour of a set of different systems that share the same values of these dimensionless
numbers (IT groups). However, the choice of dimensionless parameters is not unique.

The Hill’s model has four muscle-specific parameters and one tendon-specific parameter:

e The maximum isometric force of the muscle F,’;f"
e The optimal length of the muscle [,,,

e The maximum shortening velocity of the muscle at null load v, (defined as
negative)

o The muscle thickness w; is required in the case of pennate muscle.

o The length for which the tendon begins to produce force Iscx (ie. the length at
which the tendon is slacked)

Thanks to the Buckingham’s IT Theorem, we know that we will have 3 dimensional
variables and 2 dimensionless variables. Then a dimensionless model generic among all
muscles can be formulated with 2 dimensionless parameters. The dimensionless muscle

model is scaled thanks to 3 physical parameters F!! , [,,; and the muscle time-scaling pa-

— -1 _ lopt

rameter ty = —Vyqy = =2~ [s] (with v,,4, the normalised maximum shortening velocity).
The 2 dimensionless parameters are lyqcx = l;”%(i.e the dimensionless slack length of the
op
tendon) and w; = lw_z, = sin(ap). In the following, we will use the optimal pennation angle
op

aq instead of the normalised muscle thickness w; for convenience. The optimal pennation
angle of the muscle fiber aq is the pennation angle of the muscle fibers at the optimal
length of the muscle.
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Hence, these 2 dimensionless parameters (g and [g40x) are the parameters of the generic
dimensionless model. In the case of parallel muscle, the dimensionless model has only one
remaining parameter (Igqck).

The Hill’s musculotendon model specific parameters are Fis¢, Lopt, ts (OT Vinax), Lsiack and .

Here is 3 compact notations:

e The i; = ll"t denotes the dimensionless length of x normalised with [, ;.
op

Fy

iso
Fn

o The lowercase f; =

stands for the dimensionless force of x normalised with Fis.

e The ¢ £ ¢ - 1, signifies the dimensionless time derivative of ¢ in terms of the
dimensionless time 7 = 1/t

4.2.3 The dimensionless musculotendon formulation

The relationships of this model are based on experimental data. Hence, they present a
phenomenological meaning. The equations presented in this section were defined in the
article of Geyer and Herr [13]. These equations are used to represent the constitutive
elements of the mechanical model of the muscle tendon unit.

The resulting force of the muscle tendon unit is written as follows:
fse = fi = fm - cos (@) = (fce + fre — fE) - cos (a)

The muscle is represented with an active contractile element (CE) among others. The
constitutive equation (4.1) is express as function of the dimensionless muscle length (Icg)

and the dimensionless shortening velocity of the muscle (Icg).

Muscle contraction Dynamics

bl
L ) o

V;
M topt

Figure 4.6: Diagram of the muscle contraction dynamic. Based on the muscular activation
(am), the muscle length (1,) and the shortening velocity of the muscle (v,,) the muscle
force (F,) can be found.
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¢ Contractile element CE:
The contractile element consists of a force-length relationship equation (4.2) and a force-
velocity relationship equation (4.3).

~ < . < dlcp . dlcg
fer % aw- fillep) - fylop) with Tep == =voe - —F  (4.1)
T dt
_ Icg — 1
fillce) = exp |¢|=— (4.2)

where w is a parameter that denotes the half-width of the curve at f; = e“ =0.05

o

1- EE for l& >0
o 1+K~10E
fullep) = | | (43)
N+(N-1)-—e  for 1eg <0
7.56-K-1cp—1

o Parallel elastic element PE:
The constitutive equation (4.4) of the passive parallel elastic element (PE), is expressed

as function of lgg through the strain of the CE (gcg) and lgg. This element like the
contractile one also consists of a force-length relationship (f5;) and the force-velocity
relationship is the same as CE.

ece(Icp) =
Er—ef fv(ICE) for Ece >0
RS CPE —
fPE(ICE,lCE) = . with ECE = lIcp—1
JpE(lcr)
0 for €cp <0

(4.4)

o Buffer elastic element BE:

The constitutive equation (4.5) of the passive buffer elastic element (BE) is expressed
as function of the strain of the BE (€pg), which is itself a function of the dimensionless
muscle length (Icg).

1\ 2
Epe(l
%) for Epr >0

0 for Epr <0

with EBE = 1;:;1 - 1’(;]; (45)

The curves of the muscle constitutive elements when a,, = 1 are displayed on the
Figure 4.7.
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Figure 4.7: Musculotendon constitutive elements developed tension at a, =1 in function
of the dimensionless muscle length ., (i.e. elements force at static equilibrium when
muscle is fully activated).

The total force developed when the muscle is static (i.e. reach it equilibrium) and fully
excited (a, = 1) is the summation of the static passive force (f;, — fbe) and the static
active force (ay, - fi). These forces are show in Figure 4.8. The total force increases with
the length until /,,,. Beyond l,,;, a passive tension altering the shape of the relationship
appears. The total force decreases much more below the length Lin. This is due to the
passive tension of BE altering the shape of the relationship, which ensures that Icg is not
too much less than /,,;,.

i)
(UE 1 Total force
= - - - Passive force
c - - - Active force
o os8r 1
w
{ #e
o
T o6l
o
i=]
[+5]
>
D 04r
ko
3
@ 0.2
>
£ \
e ¥
© 0r ————— e
m L 1 1 L 1 L 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Dimensionless muscle length [0 [-]

Figure 4.8: Static muscular developed tension at a,, = 1 in function of the dimensionless
muscle length [, (i.e. muscular force at static equilibrium when muscle is fully activated).

The influence of a,, on f,, when v,, =0 is shown on the Figure 4.9.
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Figure 4.9: Muscular developed tension at various a,, in function of the dimensionless
muscle length /., (i.e. muscular force at static equilibrium).

¢ Serial elastic element SE:

First, we will focus on the tendon part, it is represented with the passive serial elastic
element (SE). It constitutive equation (4.6) is express as function of the strain of the SE
(€sE), which is itself a function of the dimensionless tendon length (Isg).

&sk (Isg)
Sref

fi 2 fse(lsg) = ( SE

0 for €5g <0

2
for €gg >0 Tom
) with &g = g -1 (4.6)

lslack
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Figure 4.10: Force-strain curve of Hill Musclotendon SE element.



4.2. MUSCULOTENDON CONTRACTION DYNAMICS I 33

The values of the muscle model generic parameters used in this work are listed in the
Table 4.1.

Muscle model generic parameters

The width bell of the force-length curve w=0.56 [-]

The reference SE strain sgeEf =0.04 [-]

The reference PE strain s;fg =w=0.56 []
The reference BE strain sgegzw/220.28 ]
The parameter related to the linear eccentricity | K=5 [-]

c= 2@ of force-velocity curve

The maximal eccentric force-velocity value N=1.5 [-]

The dimensionless minimal muscle length Lnin=1-w=0.44 [-]
5% of the force-length at L c=log(0.05) [-]

Table 4.1: The muscle model generic parameters are the same for all the muscles

4.2.4 The musculotendon propreties

This section provides details about static and dynamic properties of the dimensionless
generic model of the muscle tendon unit. It also show the characteristics curves.

Tendon stiffness

The tendon stiffness links the deformation of tendon and the tendon stress. The absolute
tendon stiffness is the inverse of the absolute compliance. This is an important character-
istic of the muscle tendon unit. Because it describes the elasticity, the flexibility of the
structure. In addition, it determines the stiffness of the joints that are affected by the
muscle. It is used in Section 4.6 to estimate the musculotendon time 7™ . The tendon
absolute tendon stiffness k; and the dimensionless absolute tendon stiffness k; are defined
as follow.

dF; |N
Absolute tendon stiffness = k; = d_lt [—] (4.7)
t m
— l d -1 -1
Dimensionless absolute tendon stiffness = k; = k; ot | i Astack < Lsjack
Frlr.lS‘O d(()t
_ 2. _ 1250 - &
= 5 =
(Sg‘eEf) . lslack lslack
2-\fi  50-+f
8;?; “Lstack Lsiack

Figure 4.11 shows that the stiffness of the tendon varies linearly with its deformation.
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Figure 4.11: Stiffness-strain and Stiffness-Force curves of Hill Musclotendon SE element.

Estimation of metabolic energy consumption

In this part, the models for estimating muscle metabolic energy consumption available
with the Hill-type muscle model are briefly presented. The approach used here is the
computation of the net mechanical work of the muscle. The main advantage of this method
is its simplicity. Some models such as [14] and [15] give better predictions of energy
consumption. They are designed to take into account the muscle heat production during
muscle action. These models add the rate of muscle heat production H to the muscle
power (or rate of work) P = W to get the total rate of metabolic energy consumption
E=W+H.

For the moment, this would be beyond the scope of this work. But it represents a way to
improve the current work by obtaining a value closer to the real metabolic cost.

The power is simply the mechanical work performed by the muscle (i.e. CE element).
The power is positive when v, is negative (i.e. muscle shortening).

Pee = —Fee * Vee [W]

The dynamic properties like the power curve are derived with the assumption that the

muscle force-length property equal to 1 (I, equal to 1) and on a fully activated muscle.

The shape of the f, — ch; curve determine the the mechanical work of CE. The force
that a muscle can develop depends on its speed of contraction and conversely, its speed
of contraction depends on the load applied (as Figure 4.12). This relationship between
force and speed of contraction is hyperbolic with an upward concavity for the muscle
during concentric contraction (i.e. shortening of the muscle). The eccentric contraction
(i.e. lengthening of the muscle) part of the curve is hyperbolic with a downward concavity.
The dimensionless power p,, is also plot on the Figures 4.12.

?)ce 1

Pee = ———==am- fi- fv-lcE
lopt'Fm
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Figure 4.12: On the left there is the Velocity-Force (blue line) and Velocity-Power (orange
line) curves. On the right there is the Force-Velocity (blue line) and Force-Power (orange
line) curves.

The peak of power occurs at the optimal load £ = —“K}'<H ~ 0.29 and the optimal

velocity 197" = YK=L+ 0.29, which is consistent with respect to the value of ~ 0.3 I, /s
Yice K p

given in [9]. We assume that the power at the power peak P.r " divides by the muscle
energy-scaling (F5° - I,,,) equals 1:
Popt —~opt
isa(,‘e — ce — 1s—1
Fm : lopt Ly

This results in a value of the muscle time-scaling parameter:

2
VK+1-1
K

o
—

t 1
te = fiP 12 s

s=h legls] = =0.0840 s

These developments allow us to establish a framework and evaluate important param-
eters of the muscle tendon unit, such as tendon stiffness and muscle time-scaling which
will be used in Sections 4.6 and 4.4 respectively.
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4.3 Selection of the muscles to model

The forelimb of the bird is constituted by around 50 muscles (47 are described in the
article [16]). A first step is to approximate the model of actuation (i.e. only a part of
the muscles will be represented). In this case, choosing some muscles from this set of 50
muscles means forgetting other muscles. The model is composed of 10 muscles chosen in
order to actuate the forelimb in a consistent way. As presented in the article [16], the
muscles are assigned to four groups according to their location from the proximal to the
distal one: extrinsic muscles, brachial muscles, antebrachial muscles and manual muscles.
Any manual muscles were chosen due to their really small strength and the fact that
they represent 0.33% of the total forelimb muscle mass. For the same criteria, the model
contains:

o The four strongest extrinsic muscles which act as 2 antagonistic muscles pairs (PT-

SC and SHC-CBC).

o The two strongest brachial muscles, which act as an antagonistic muscle pairs
(TH-BB).

o The two strongest antebrachial muscles, which act as an antagonistic muscle pairs
(EMR-FCU). ECU is then also needed because the antagonistic muscle groups is
more precisely EMR-(FCU & ECU). Were EMR acts as flexor of the manus, FCU
and ECU act as extensors of the manus. In addition, FCU and ECU forms also an
antagonistic muscle pairs.

The last muscles chooses is TP even though it is not a strong muscle. It is a triarticular mus-
cle which ensures geometric relation and the "rigidity" of the leading edge of the wing. It is
important to note that the model do not have pronators and supinators of the antebrachial.

For each muscle, the specific set of parameters must be defined.

4.4 Numerical values of the specific parameters

In this section, the way to compute or evaluate the specific parameters for the muscle will
be explained. The specific parameters are the one presented in Section 4.2.2 (F}%, Iy, ts,

Z:ZE(, ap). The muscle mass m,y;, is also a useful parameter (for multi-body dynamic and
metabolic aspect).

In the absence of data from the bird of interest and the incapacity to access an
individual. A scaling and adjustment of data from other species need to be performed.
The article [16] shows quantitative anatomical data on the muscle architecture of the
forelimb (wing) of the Golden Pheasant (Chrysolophus pictus).
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4.4.1 Reference muscle data set

We need to find the whole data set of the Golden Pheasant The article give m s, lop:, the
belly length of the muscle lp¢s1y, the muscle volume vol,,,, the physiological cross-section
area of the muscle PCSA and F,’;fo. The lg40x are given on the Figure 2 of the article
[16] except for the pectoralis muscle (PT) and the supracoracoideus muscle (SC). An

estimation is required for the missing values [£7 | 15C g and t,.
slack’ “slack’

o To estimate Iy, for PT and SC, the [g,0r and the ratio between the slack length
and the belly length ll‘b’e%jf values from SHC and CBC (i.e. proximal muscles) are

used. With the following formulation, PT and SC will have the same mean of [,k
than SHC and CBC. It maintains also the same "variation" with respect to the %
ratio (i.e. SHC for PT and CBC for SC).

SHC CBC
SHC
I ; kPT _ lslack + lslack lslack = 0.4462
slac = : - Y
Lstack SHC Lstack CBC lbelly
Ipelty Ipelly
SHC CBC
CBC
] l kSC _ lslack + lslack lslack =0.4910
slac = : - Y
lslack SHC lslack CBC lbelly
Ipetry Ipeity

o The optimal pennation angle can be obtained thanks to the formula of the physio-
logical cross-section area of the muscle.
- cos (ag)

PCSA = Tm
lopt *Pm

The density of the muscle p,, is taken constant and equal to 1.060x103kg/m? for all
the muscles. If the fiber is not pennate, the PCSA is equivalent to the Anatomical
cross-section area of the muscle ACSA.

PCSA~%m-pm)

Qo = arccos (
Mty

Three non-nulls values are obtained for the optimal pennation angle, 6.8° for TH,
13° for EMR and 10.6° for FCU. Which is consistent with the comment in the article
[16]. We will need to investigate whether these angles are feasible in our model and
if so, whether they have a meaningful impact (cfr Section 4.5).

e The muscle time-scaling parameter f; is assumed as a constant and equal to
2
(—‘K;'{H) ~ 0.0840s for all the muscles (cfr Section 4.2.4). By extension, the nor-

malised maximum shortening velocity Viay = 15 [lope/s] is equal to —=11.9 L, /s,
which is consistent with respect to the value of =12 [,,,/s assumed in [9].
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4.4.2 The Bald Ibis muscle data set
Now that the whole data set of the Golden Pheasant is computed. A scaling is needed to

obtain the one of the Bald Ibis. Here it is assumed that birds are following an isometric
scaling. It is equivalent to the assumption of constant density.
Volume < Mass = for the muscles masses m,;;,
Area o« Mass*® = for F*° as F° =g . PCSA

Length « Mass'/? = for the length like [,

The dimensionless values such as l,cx and aq are conserved. The maximum isometric
muscle force Fi*? is characterised with the isometric stress under maximal activation
050 = 3.0x10° N/m? = 0.3M Pa (0s° is assumed the same for all the muscles) and the
physiological cross-section area of the muscle (PCSA). The total mass ratio between the
Northern bald ibis and the Golden Pheasant used here is equal to Masswpr — 9 8436,

Massgp

Adjust [,,; of the data set:

Now, The muscle data set of the Northern bald ibis is completed. However, a common
assumption is that [,,; can be reached at a certain position of the forelimb joint need to
be taken in account. The value of /,,, must range with respect to the musculoskeletal

Zmin jmax
model from —z LT
1+lslu(,'k 1+lslack

For monoarticular muscle:

l;’;ta; = ”rori” + ”rins”
l%ﬁ = abs(”rori” - ”rins“)

For biarticular muscle (EMR,FCU,ECU):

l:nn;l; = ||rori|| + ”rins” + ”lForearm”

lmin

mtu — max(abs(”lForearm” - max(””ori”a ”rms”)) - min(”rori”’ ”rins”)a 0)

For Triarticular muscle (TP):

l:nn;l; = ||rori|| + ”rins” + ”lForearm” + ”lArm”
l:nn;ﬁ = max(abs(”lForearm” - ”rinsH) = armlls 0) for the reason that [|ry|| =0

The whole data set of the Northern bald ibis required for the muscle modelisation is
completed and available in Appendix B. The values of [,,; and [,k are consistent with
2 tendencies observed. There is a trend that proximal muscles have longer [,,; than the

distal one. There is another trend that proximal muscles have smaller lg,.x ratio than
the distal one.
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4.5 Pennation impact and model limitation

The pennation angle is defined with respect to the optimal pennation angle ag (see
Equation (4.8)). The optimal pennation angle @ represents the angle when the muscle
length is equal to its optimal value /,,,. The muscle thickness is assumed as a constant.
This hypothesis and variants are compared in [11].

sin(ao))

a(l;) = arcsin ( —
m

(4.8)

In order to avoid reaching the singularity, it is interesting to estimate the maximum
optimal pennation angle depending on the geometry and properties of the muscle. The
extreme case occurs when the muscle fibers are at 90° and at their minimal length as
shown in Figure 4.13 and give the Equation (4.9).

o / lﬂpt Fiber
s length

Muscle
' thickness
Py
=
s

]
--

Figure 4.13: Representation of the extreme case with the singularity on the left and the
optimal state (at an angle a{'**), which allows reaching the singularity. The muscle are in
light red and tendon are in light blue.

g™ = arcsin (Lin) = 26.1° (4.9)

The maximum possible optimal pennation angle is then equal to 26.1° for any muscles
describes here. This result is consistent with the maximal value of the optimal pennation
angle for real muscles, which is about 30%. This means that the pennation angle at
optimal position causes few force "losses", because cos(26.1°) = 0.898 (10% of the muscle
force is not transmitted). The optimal pennation angles greater than a'® = 26.1° are
rounded down to avoid the possibility of reaching the singularity.

Moreover, the optimal pennation angle under which the pennation aspect of the muscle
can be neglected can also be evaluated. In Equation (4.10), 4 stands for the maximum
tolerated error on the “effective” muscle length 7.

a/geg (A) = arcsin (sin (arccos (1 = 2))lpm) = 7.9° for A = 0.05 (4.10)

For small optimal pennation angles (i.e. @g < 7.9°), it’s reasonable to assume that the
pennate muscle behaviour is similar to the case with a parallel muscle. It will make at
worst a 5% of error on the “effective” muscle length 1. In other words, the effect of the
pennation angle can be neglected for optimal pennation angles below 7.9°.

This allows us to ignore the pennation aspect of muscles, which have a small optimal
pennation angle (i.e. @g < 7.9°), without generating too much error. In our case, the
muscle TH can be assume as a parallel muscle.
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4.6 Musculotendon actuator dynamics rate limiting

This section is used to determine whether it is the activation dynamics or the contraction
dynamics of the muscle that limits the overall response time of the muscle system. The
result may vary depending on the muscle. For example, if it is the contraction dynamics of
the muscle that limits the overall response time of a muscle. Then the activation dynamics
of that muscle will have little impact or may be neglected.

As determined in Section 4.4 the muscle time-scaling parameter t; = 0.0840s. The
activation time constant is equal to 0.015 (value given in [17]).

tacr = 0.015s
t, =0.0840s

f
} = Normalise activation time rate = 7,0 = < =(0.1786 (4.11)
S

As specified in [9], the musculotendon time (7"*) can be estimate thanks to the dimension-

less absolute tendon compliance. We translate this into the following expression. 7" ~
the mean value of the tendon compliance. The absolute tendon compliance is the inverse
of the absolute stiffness. The tendon absolute tendon stiffness k; and the dimensionless
absolute tendon stiffness k; are defined in Section 4.2.4

lslack
25

1
—_— 1
Normalise musculotendon time rate = T, = / k:(fy) dfi= (4.12)
0

Indeed, The tendon can be classified as very long, intermediate or very short with
respect to their ly,qr ratio:

. 9 >3 very long tendon: Lsiack = 13.5
Tmm 9 Lsiack | €]0.33,3] intermediate tendon: Ig.cx €]1.5,13.5] (4.13)
act < 0.33 very short tendon: Lsiack < 1.5

A stiff actuator is represented with a small Iy, ratio (i.e. < 1.5). It does not in-
fluence that much the model properties (i.e. it does not stretch that much). On the

other hand, a highly compliant actuator is represented with a high 5,04 ratio (i.e. > 13.5).

For the set of muscle selected, 2 muscles (EMR and ECU) are considered with inter-
mediate tendon. The remaining part have very short tendon (i.e. stiff tendon). It means
that for 8 out of 10 muscles the activation dynamic is not negligible and represents the
major part of the muscle response time.

As a consequence of these results, the activation dynamic of the muscle must be well
described and modeled (cfr Section 4.7).
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4.7 Activation dynamics of the muscle

The objective of this section is to describe the information transmission characteristics of
the central nervous system to the muscles.

The neural stimulation is the main input triggering muscle actuation. The neural
stimulation (s,) is filtered by a low pass filter and gives the muscular activation (a,),
which will activate the muscle. The activation dynamics is modeled with a differential
equation as Equation (4.14). Its computation depends on the two inputs the neural
stimulation (s,,) and the muscle activation (a,,). a, is the response of the low-pass filter
capturing the excitation-contraction (EC) coupling, corresponding to the input s,,.

am (1) = f(am, Sm) (4.14)

Activation Dynamic
s . a, a, These signals are both bounded
o Gm = f(Sm, am) j(') e between 0 and 1:

l

v

, 0 stand for deactivated (a,,=0),
Low-pass f||ters

7— N unexcited (s,,=0) state.
(1”1

1 stand for fully activated (a,=1),
totally excited (s,,=1) state.

Figure 4.14: Diagram of the muscle
activation dynamic.

To describe the muscle delay activation, a first-order low-pass filter (as Equation (4.15))
is a good start.
. Sm — Am
am(t) = — (4.15)
Lact
But in fact, an important aspect of the activation dynamics is that the time rate
constant of activation is greater than the one of deactivation (i.e. when the muscle is
unexcited) (see Figure 4.15), as stated notably in articles [9] and [17].
Hence, a low pass filter with a variable rate is chosen to better capture the excitation-
contraction coupling. In other words, to better characterise the activation dynamics. First,
a differential equation like in Zajac,1989 [9] is taken.

s = (B+ (1= Bys Jan .
with = 1% (4.16)

Lact Tdeact

dm(t) =

e 140 = muscle activation time constant when muscle is fully excited

e tieacr = muscle activation time constant when muscle is unexcited

The low-pass filtering characteristics are set to match those of the activation dynamics
thanks to B (the ratio between 7, and 7geq¢ Of the muscle). The coefficient B is a fixed
parameter of the muscle bounded between 0 and 1. It describes the linear evolution of the
time rate with respect to s,,. The case 8 =1 is the classical low-pass filter like in Equation
(4.15). The muscle delay activation is therefore constant and equal to t,., for g = 1.



42 I CHAPTER 4. MUSCLE MODEL

c 1 T T T I T
5 . S
Sosr ‘ a,.(6=1)
B \ ;
b R [ a,(8=0.3) from Zajac
0.6 - -
= - —-a,(7=03)
£ A
o |- o
504
=
o
= f= s, -
£ G2 ~
= .
0 0 | | | | ! ! R
0 5 10 15 20 25 30 35 40 45 50

Dimensionless time t/t_ , (=7/7_ ) [-]

Figure 4.15: Impact of the parameter 8 on the EC dynamics: neural stimulation (blue
line), Equation (4.15) (orange line), Equation (4.16) (purple dotted line) and Equation
(4.18) (black dashed line). For this unitary neuronal stimulation the purple dotted line is
overlapped with the black dashed line.

The differential equation (4.16) exhibits an undesired behaviour for low frequencies
(i.e. below the activation frequency fue; = ;). It can be clearly seen at the equilibrium

for s, €]0, 1[.

Sm

B+ (1 =B)sm

(4.16) = dm(t) =0 © aml.y = >s, VY B<1, s,€]01] (4.17)

Indeed, according to Equation (4.17) this model always overestimates the stimulation
that is send to the muscle and then the equilibrium occurs at a higher value. For example,
at a constant stimulation of 0.5, the activation will reach 0.77 (with 8=0.3) as shown in
Figure 4.16. Therefore, to correct this behavior, a second model whose equilibrium is
established when a,, = s, is built.
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Figure 4.16: Comparison of our corrected model with respect to the one of Zajac: neural
stimulation (blue line), Equation (4.15) (orange line), Equation (4.16) (purple dotted line)
and Equation (4.18) (black dashed line)

We want to have a similar equilibrium as in Equation (4.15) amleq = s and keep the
linear variation of the rate. The Equation (4.18) perfectly achieves this goal.

(,B +(1- ﬁ)sm).(sm —ay)

am (t) = p
act

(4.18)
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To corroborate our comments, we made Bode diagrams of the Zajac’s model and our
modified model linearised at s, = 1, 0.5 and 0. As illustrated in Figure 4.17, unlike our
model, the Zajac’s model exhibits a magnitude of the frequency response shift , when
sm # 1. This demonstrates the overestimation nature of the Zajac’s model. Nevertheless,
the phase shift is identical for both models. It means that the linear varying behaviour of
the cutoff frequency is preserved.

Magnitude [dB]
2 8 3
T

Both models at s =1
Modified model lin. at s ,=0.5
Modified model lin. ats =0

- - - Zajac model lin. at s, =0.5
-+ Zajac model lin. at s ;=0

45 -

Phase [°]

90 . el . I O O L | . AR A 3| . PR e
102 107" 10° 107 10%
Normalize angular frequency w .t_, [rad]

Figure 4.17: Bode diagrams of the linearised models of Zajac and the modified one at
sm=1,0.5,0

Moreover, a zero muscle activation must be avoid, when the value of f, is calculated
in order to deduce the muscle velocity. More precisely, we have to deal with the problem
of the inversion of the muscle force-velocity relation f,.

fm(lmtu’ E) + fbe(igg)
am - fillce) + fre(lcE)

= fullce) = Ick (4.19)

fm(lmlua Z—C\’;?) + fbe(ig;j)
0

if Icgp<1landay,=0 then (4.19) = = £,(Icg)
Two solutions are available to us. On the one hand, a solution is to impose a lower
bound on the neural stimulation being the basal neural activity (i.e. the minimum muscle
stimulus s7"). On the other hand, another solution is to add an extra term to the
activation dynamic to impose a lower bound to the muscle activation (i.e. the basal muscle
activity a™™), as used in [18].

The extra term was modified here to have the equilibrium at a”|., = s for s,, = 1.

(B+ (1= Bysm)-(sm — am) + @i B+ (1= 5)

Lact

(1) = (4.20)
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Figure 4.18: Models responses for small neural stimulation: neural stimulation (blue line),
Equation (4.18) (black dashed line) and Equation (4.20) (green dotted line)

For now, we choose the first solution. Because the second one has a very slight
overestimation of the muscle activation (i.e. less than one percent of overestimation) and
we have no counter indication for the assumption on s,. This choice depends on the
validity of the hypothesis that neural stimulation has a minimal threshold.

All activation dynamics equations provided in this section can be nondimensionalised
thanks to the muscle dimensionless time (7 = #/t5). We end up with the dimensionless
constant of activation when the muscle is fully excited (7,.) and the unexcited one as
well (Tgeqer). For instance, equation 4.18 becomes:

(ﬂ +(1 _ﬂ)sm)-(sm —am)

Tact

am(7) =

4.8 Implementation of the muscle model simulation

At each time step of the simulation, the steps II to VI are made for the transformation of
neural stimulation into musculotendon force. The first step is used to initialise the start
of the simulation.

. Initialisation of the inital values for /,;,, the muscle length [,,, s, and a,,.

I1. Updating the musculotendon force F; = fsg(lywu,ln). Derive the muscle force
F, = f(f;,1,y) and also the forces of the internal elements of the muscle: the static
force of the parallel element f7, and the force of the buffer element fzg.

ITI. Updating the force-length relationship f; and the force-velocity relationship f,.

IV. Updating the shortening velocity of the muscle length such that v,, = f(f,) (i.e.
inverting the muscle force-velocity relation f,).

V. Time integrating the shortening velocity of the muscle length to update I,,.

VI. The values of 1, and v, are updated thanks to the MBS solver (with respect to
the external forces F,y; and the internal one F};). s, is also updated with the neural
part of the simulator, which permits to update the value of a,,.
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Now, the simulation progresses through the iteration of the step II to VI until the end of
the simulation time.

Steady-state approximations

In Section 4.6, the importance of the activation dynamics compared to the contraction
dynamics of the muscle has been highlighted. As 8 out of 10 tendons are stiff (i.e. their
contraction dynamics are faster than the activation dynamics), it is interesting to consider
the hypothesis that the muscle reaches its steady state value I, (i.e. ve=0). This
means neglecting the response time of the muscle contraction compared to the one of the

activation dynamics. A relation between [7,, [y, and a,, is established.

Vee = f(lmtu’ l:e, am) =0 = l::ke = f(lmtua am) (4‘21)

As indicated in [19]: "The muscle dynamics is mainly related to the computation of
the speed vee of the CE part. [...] Here, we assume that the values of Ly, and a,, are
kept constant during each controller step call. This assumptions relies on the fact that
the dynamics and rules governing Ly, and a, are much slower than the ones acting on
lee.[...] Using a too large integration time step, [...] the sign of ve. is reversed [at each
time step//...] resulting in the oscillations of l., around its steady-state value I,. This
indicates that the dynamics governing l.. are so fast that it could potentially be neglected."

This means replacing steps III to V by a single step that consists of calculating the
steady-state value [}, (for stiff muscle). This will reduce the computational cost and speed
up the computation time. This also suppresses oscillations around the equilibrium state if
the integration time step is too large.

The thesis [19] proposes and compares 3 methods to get I7,:

o The values of [}, are evaluated for a meshgrid of /,,;, and a,,, providing a look up
table (LUT). The value of [}, for any new I, and a,, is then interpolated from the
four closest point in the LUT.

o The LUT is used to derive a third-order polynomial approximation (TOP), computing

*
7.

« A Newton-Raphson scheme (NRS) is applied on the function 4.21, in order to finds
its stable equilibrium, corresponding to [;,.

We motivate our choice of the LUT method based on the arguments and results
mentioned in [19]: "Finally, the Look Up Table (LUT) method was the most reliable.]...]
Globally, the curves fitting with the reference signals appeared to be quite accurate, in
particular for the LUT method."

However, Equation (4.21) representing the musculotendon contraction of the physical
model is different for each muscle and thus requires storing one LUT for each muscle. In
contrast to this thesis, we realise one and only one LUT valid for any muscle. This is the
LUT of the muscle contraction dynamics for the dimensionless model (Equation (4.22)).

lee = f(f3am) (4.22)
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The inherent consequence of this formalism is that it does not take into account the
influence of pennation and the tendon compliance. These two aspects must be done aside
(like in the full dynamics). There is therefore a trade-off between the memory cost and
the computational efficiency to be done.

The LUT of the normalised static muscle force f,, as a function of a,, and l:;* developed
here is shown in Figure 4.19. It is generated in the preprocessing before the simulation.
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Figure 4.19: Look up table of the muscle contraction dynamics for the dimensionless
model.

4.9 Conclusion

In the present work, we obtained a phenomenological model of the muscle (i.e. a Hill-type
muscle model with pennation). The musculotendon specific parameters and the dimension-
less model were performed and justified by a dimensional analysis. The tendon stiffness
was determined in accordance with the musculotendon model. We have described our
approach for evaluating the energy consumed to actuate the muscles. We have developed
an original method to calculate the muscle time-scaling parameter based on the muscle
force-velocity relationship that is in agreement with the empirical values provided in the
literature.
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We select a set of 10 muscles bases on their characteristics and the joints to which they
are related. We provide an original contribution, namely the global scaling procedure of
muscle parameters for any bird species. We made sure to avoid internal muscle singularities
and to determine the significance of muscle pennation.

We have given particular attention to the activation dynamics, which turns out to
be decisive among the majority of considered muscles, by adapting Zajac’s exitation-
contraction dynamics equation to ensure convergence to the desired equilibrium state and
also manages the inversion of the force-velocity relationship.

We have also developed our own LUT that is valid for all muscles and can be used to
approximate the muscle contraction dynamics for stiff muscles.

In this chapter, we have discussed about each of the elements. Figure 4.20 revisits
Figure 4.1 and gives a graphical representation of the computational process that is hidden
behind each of these blocs, according to the developments made in this chapter. We
understand now what is behind every one of these elements, their importance, and how
they interact together to allow us to determine the internal musculotendon forces.

Musculotendon actuation
Musculotendon contraction
Muscle contraction
Activation Dynamics
Dynamics A
Sm su| @m _4\;\3\,__'4 Fn e F,
Low-pass — ' | cos(a)
filter vm‘ —
L, Pennation
f(-)dt influence 5, Tendon
xi r Compliance
L B o ‘/@ ' |5
St X e A
Ir,r I ¥
m
Imtu - 1
' E
+U
Multi-body

= System
Epw  semes
miu ext For pennate muscle only

Figure 4.20: Architecture of the muscle module code. The neural controller generates the
neural stimulation (s,,) that excites the musculotendon unit by a muscular activation (a,).
The musculotendon unit produces force (F;) depending on a, and the musculotendon
length (1,0,). Fy actuates the skeleton thanks to the resulting joint torques.






CHAPTER 5

Level Flapping Flight

In this work, we choose to block the pitch angle. The 2 other degrees of rotation and the
transverse translation are not blocked. But they will be null by a symmetry of the wings
kinematics and a wind speed vector in the same symmetry plane .

5.1 Wing kinematics

Before calculating the aerodynamic forces, the muscular forces and controlling the muscu-
loskeletal system of the bird, it is necessary to prescribe a flight kinematics. We adopt
the same formalism as in [2] to describe the kinematics of the wing. The 7 DOFs of the
wing are described by harmonic trajectories.

For a joint angle i, the harmonic trajectory (g;(t)) is:

qi(t) = qo; + A; - sin(wt + ¢o;)

With the amplitude A;, the mean value g ;, the phase ¢g; and w = QRTfl%ght. ijl}ght is
the flapping frequency, it is identical for all wing joint.

Table 5.1: Summary of the kinematic parameter relationship with 4 independent parame-
ters (in red).

Shoulder x | Shoulder y | Shoulder z | Elbow z | Elbow y | Wrist x | Wrist z
Mean q0 0 q0,s,y q0,s,z _0-75As,x 0 0 0-75As,x
Amplitude A | A, Ay A /2 —q0.e.z 0.083A5x | O 07
Phase ¢q 0 —/2 —r/2 /2 —r/2 0 —r/2

5.2 Open-loop model of flapping flight

We obtain empirically the set of parameters for a flight at 15m/s:
o Amplitude of flapping motion = A, = 27.5°
o Amplitude of pitching motion = Ay, = 10°

e Mean value of pitching motion = g,y = 4°
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« Mean value of sweeping motion = gg 4, = 10°

Now we impose the kinematics of the wing in open loop and we obtain the resultant
of the aerodynamic forces of a wing in the frame of the Earth (which is the same as that
of the body of the bird in this case) in Figure 5.1.

Whole wing's Aerodynamic forces along the axis of the base
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Body's Aerodynamic drag forces along the axis of the base
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To move forward at constant speed along x,, the resultant of the aerodynamic forces
of the wings along x, must compensate the drag of the body along x,. To be in level
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flight, the velocity according to z, must be zero, the resultant of the aerodynamic forces
of the wings according to z, must compensate the drag of the body according to z, and
the weight of the bird. The lateral balance is ensured by the symmetry of the wings. The
bird’s body drag aerodynamic forces along the frame of the Earth is shown in Figure 5.2.

The results are shown in Figure 5.3 and Figure 5.4 in a version normalised by the
bird’s weight (and the average chord for the pitching moment).

Resulting Aerodynamic forces along the axis of the base
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We see that the forces are well balanced. But not the pitching moment, that’s why
the pitch angle is fixed constant for now.

Figures 5.5 and 5.6 are respectively the phase diagram of the acceleration, velocity of
the bird. The acceleration over one flapping period is indeed zero.The average horizontal
velocity is 15.08m/s and the average vertical velocity is 0.0128m/s (i.e. the bird descends
a little bit). On Figure 5.7, there is the flight path over a flapping period.
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Conclusions and future work

6.1 Conclusions

This work and the associated code can be adapted for any type of bird by changing the
numerical values.

Although the parts about the over-actuation solving problem and the Reflex-based
approach are not developed here. They are already investigated in the code.

Such a tool can allow the creation of bio-inspired bird-like robots. For example,
roboticists at the University of Twente (Netherlands) have developed a realistic robotic
bird that patrols along the landing strip at Edmonton International Airport (Canada) to
scare away real birds. It is involved in a large-scale drone project in Edmonton, which
will not only keep planes safe, but also observe wildlife, inspect buildings and take 3D
measurements.

et
R

Figure 6.1: RoBird (a bird-like drone) is produced by Clear
Flight Solutions (a spin-off from the University of Twente)[20]

In addition, this tool also allows the study or development of new ways of aerial loco-
motion with variable geometry aircraft, which is able to change its physical configuration
during flight. These aircrafts offer a better maneuverability for stabilisation a bio-inspired
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control can be investigated.

The approach and methodology developed here, can be used as a starting template in
the modeling of flight or swimming locomotion of animals and insects such as a ray, a bee,
etc.

Figure 6.2: On the upper left: a spotted eagle ray (Aetobatus ocellatus)[21], On the lower
left: a spotted eagle ray (Aetobatus narinari)[22] and on the right a foraging bee [23]

Ethics statement: This study was carried without any experimentation on real birds.
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6.2 Future work

Makes a comparison of several optimisation methods for estimating muscle forces in a
level flapping flight approach using inverse dynamics and direct dynamics approaches.
Shows the application of the methods proposed in this work to build a reflex and CPG
based approach to control muscle activation.

The bird’s tail can also be added in the modeling as it contributes to lift generation,
maneuvers and active stabilisation during flight.

The article [24] highlights an unexpected ways in which birds can use their tails to
generate extra lift and reduce drag while gliding. As expected, the researchers saw vortices
spinning down from the wing tips. This helps provide lift. But the swirling bubbles
(shown in Figure 6.3) revealed a second pair of vortices swirling in the air behind the bird
coming down from the tail. These also generate lift and because they come from the tail,
the lift is spread more evenly over the bird’s body, which is reducing the overall drag.

Frontal

325 mm

1600 mm

Figure 6.3: These images show the wing and tail tip vortices. On the lower left: a real
owl bursting through a cloud of bubbles (adapted from [25]) and on the right and upper
left: the numerical simulation results of the same vortices (adapted from [24])

It may also be interesting to discretise the degree of transverse rotation of the forearm
to better represent the homogeneous torsion along the forearm. For example, this can be
done by sectioning the forearm segment into sub-segments.

The aerodynamic code can be improved to calculate the wake and model the feathers
(as done by Victor Colognesi in [2]). This will allow to evaluate the impact of the bird on
the surrounding fluid and vice versa. As well as, the impact and the study of the flights
in cluster and V formation. The V formation flocks are typically seen in association with
migration, because it is a cooperative aerodynamic formation. While cluster or mixed
flocks is important in safety from predation and foraging benefits.

The evaluation of the energy consumed can be improved by taking into account the
heat produced by the activation of the muscles.






Appendix A

Numerical values of the bodies properties

o The total mass of the bird: My,; = 1.2kg

o The length of the bird (without its beak): Ig = 0.6127m
e The inter-coracoid space: ljcs = 0.092m

o The wingspan: WS = 1.354m

« The wing area: WA = 0.242m?
(the aspect ratio = Ar = Vv‘:,—‘f = 7.531 and the standard mean chord = SMC = % =
0.1793m)

o The transverse length of the arm sections: /4= humerus length = 0.134m
o The transverse length of the forarm sections: [p= ulna length = 0.162m

o The transverse length of the hand sections: [gy=carpometacarpus length+primary
feather length = 0.084 + 0.265 = 0.349m

e The chord at the joint and wingtip: ¢; = 0.22m, co = 0.2m, c3 = c2 and ¢4 = 0.088m
The wingtip chord is obtained by matching the area of the chord distribution to the
wing area WA:

_ WA - ci(la+lics) = calla+1F) = c3(lF + ln)

lu
_ WA —ci1(lg+lics) —co(lp +20p + ly)

Cq

with ¢3 = ¢o
Iy

o The position of the centers of gravity of the wing sections along the y axis within
their wing segment frame for the right wing:
GCy4 =0.065078m, GCf = 0.081000m and GCy = 0.131372m

« As specified in article [16], the mass of the PT muscle (mf7? ) represents 55.86% of
the wing mass. The value of the PT muscle mass is provided in the Appendix B:
M,ying = 146.8g and Mj,qy, = 906.4g

« The densities of the bird: pymg = 22 = 152.082kg/m3 ppody = ”V“—d; ~ 333.878kg /m?

Vwing bod

o7
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o The masses of the wing sections: My = 42.573g, M = 47.963g and My = 56.226g

o The inertia matrix of the bodies at their center of gravity:

0.767 0 0 0.107 0 0
Ipoay =107 0 174 0 |kg-m? Ir=102| 0 0.071 0 |kg-m?

0 0 174 0 0 0.174

0.066 0 0 049 0 0
Iy=107] 0 007 0 |kg-m? Ig=10"2| 0 0055 0 |kg-m®
= 0 0 0131 = 0 0 0541

The total mass of the bird and the length of the bird come from [26]. The inter-
coracoid space length, humerus length, ulna length, carpometacarpus length, primary
feather length, wingspan and wing area values for the northern bald ibis (geronticus
eremita) come from the master thesis [5].

Figure A.1: Representation of the bird’s body and right wing sections using Solidworks.



Appendix B

Muscle tendon parameters

The fixed MTU parameters of the 10 muscles for IbisCUS are reported in this table.The
values of R,,;[m] and rips[m] were extracted from the master thesis [5]. The othres muscles
parameter were estimated with the data from [16] as explained in Section 4.4.

-0.036 0
PT 671.495 | 47.1132 0.4462 0 0 ) 0.04) 81.9810
0.091 0
0.032 0
SC 218.681 | 35.9644 0.4910 0 0 ) 0.04) 24.1564
-0.075 0
—-0.86 0
SHC | 97.0134 | 36.8737 0.3707 0 0.027) 0.04) 7.8796
-0.021 0
0.026 0
CBC | 64.1364 | 14.6066 0.5664 0 0.03) 0.04) 3.1308
0.028 0
—-0.012 0
TH 61.5632 | 41.1307 1.4951 6.924 0.019) —0.013) 3.7848
0 0
0.012 0
BB 50.9554 | 46.4287 1.2104 0 0.019) 0.013) 2.4171
0 0
0 0.006
TP 12.2677 | 28.4623 0.5366 0 0.046) —0.007) 1.1318
0 0
0 0.008
EMR | 38.9908 | 12.3398 4.5431 13.3153 0.104) 0 ) 1.7460
0 0
0 -0.01
FCU | 48.4305 | 8.2307 1.1238 10.2369 0.164) 0 ) 1.3336
0.01 0.01
0 0
ECU [ 15.8504 | 9.0955 3.5109 0 0.0154) 0.004) 0.4891
-0.01 -0.01
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