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Chapter

Introduction

1.1 Motivation

European eels (Anguilla anguilla) undertake a £5000-km spawning mi-
gration from Europe to the Sargasso Sea although they do not feed dur-
ing the migration. Indeed swimming organisms at large have refined
their senses, morphologies, gaits and mechanical properties to effec-
tively propel and maneuver in a variety of unsteady flow conditions.
If one wants to fully uncover the mechanisms at play in Fluid-Solid
Interactions, a good understanding of biological locomotion is needed.

The thorough comprehension of biological locomotion in fluids pro-
mises enhanced performance in a range of engineering applications
from underwater vehicles to energy harvesting devices, e.g. for captur-
ing energy contained in the sea waves. The interplay between sensing
and musculoskeletal architectures only started to be uncovered by bi-
ologists and engineers alike [1|]. This interest has spurred a number of
research efforts in recent years. From an experimental perspective, bio-
logical observations have been complemented by an increasing number
of robotic platforms to test biological hypotheses, designs, and actua-
tion schemes [2}3]]. At the intersection of these disciplines lies the re-
cent foray into the development of hybrid robotic-biological systems
with the development of a tissue-engineered ray [4].

Through this thesis, we want to lay the foundations for the deep un-
derstanding of Fluid/Solid Interactions (FSI) by reproducing anguilli-
form swimming propulsion. This method will be focused on dynamic
interactions between the swimmer and a fluid. In particular, we fo-
cus on two types of problem corresponding to different requirements,
namely inverse and direct dynamics, see Fig. Inverse dynamics
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2 CHAPTER 1. INTRODUCTION

consists in computing the actuation efforts - e.g. provided by the mus-
cular system - that correspond to an “observed” set of body deforma-
tions. In other words, it computes the joint torques corresponding
to an observed movement within a fluid. In contrast, direct dynam-
ics consists in computing the body deformation resulting from a pre-
scribed set of joint efforts, potentially generated by the muscles. In
other words, it computes the trajectory followed by the body under a
given actuation pattern and the resulting fluid reactions.

“Observed” kinematic
deformations Actuation efforts

¢ +

| Fluid | Fluid

Deformations resulting
from the interaction
between the fluid and the
actuations efforts

Actuation efforts

needed to perform these
deformations

Figure 1.1: Illustration of the concept of inverse and direct dynam-
ics.

This will allow to study a virtual (anguiliform) swimmer interacting
with a fluid, if we impose either its deformation or its actuation efforts,
thus providing a multipurpose tool. In this text, the word efforts refers
to linear forces and torques applied on the various degree of freedom
of the swimmer : if linear, forces are used; if rotational, torques are
used. Torques are the rotational equivalent of linear force denoted 7.

The proposed framework is based on Vortex Particles Mesh method
(VPM) that have the advantage to include perturbations in the flow and
thus to capture more complex interactions. For example, disturbances
in the fluid can come from external flows, from the wake of other swim-
mers or other objects wake subject to a flow (e.g. a stone in a river),
etc. VPM method is used to solve the Navier-stokes equations in their
velocity-vorticity formulation. The resolution, as illustrated in Fig.
is done on a uniform mesh that is discretized into particles to perform
the advection part of the Navier-stokes equations then remeshed onto
the uniform mesh to perform the rest of the resolution.

The first objective of this thesis is to develop a VPM method that
includes dynamic interactions between an articulated structure with
non-overlapping rigid bodies and the fluid around it, see Fig. This
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Figure 1.2: Resolution diagram of the velocity (u)-vorticity formu-
lation of the Navier-Stokes equations : u the velocity field, w the
vorticity field, and v the viscosity of the fluid. The advection of the
fluid is solved by creating particles and then transport them due to
the velocity field in the flow. The diffusion is done by solving the
Poisson equation on a uniform grid where the particles have been
remeshed. [5,6].

allows dealing with the complex dynamic exchange in between the
fluid and the solid structure. This solid structure will be described
with a Multi-Body System. Multi-Body System (MBS), i.e. a framework
from solid mechanics used for modeling the dynamic behavior of in-
terconnected rigid or flexible bodies, each of which may undergo large
translational and rotational displacements.

The second main objective of this work is to upgrade the VPM meth-
od again to continuous articulated structures interacting with fluid, see

in Fig.

Virtual joints
L L

Figure 1.3: Swimmers body definition: the body in first part of
the work is shown on the left, articulated structure with non-
overlapping rigid bodies and virtual joints, and for the second part
of the work, on the right, continuous articulated structures.



4 CHAPTER 1. INTRODUCTION

1.2 Research questions

In this dissertation, the following research questions will be investi-
gated, questioning the ability of the VPM method to capture the dy-
namics of fluid/solid interactions :

* Is VPM method suited to retrieve the hydrodynamic efforts (forces and
moments) applied to a fixed or moving, deformable or rigid body ?

The quantification of hydrodynamic efforts has never been stud-
ied in the framework of vortex methods. Indeed, the dynamic
interaction in this method is based on the exchange of momen-
tum for a body with prescribed kinematics [5,/7|]. In this case,
there is no need to describe the forces and moments involved in
the motion. Ultimately, this does not allow an approach based on
coupled dynamics. Indeed, the deformation of the body should
in this case be the result of the interaction of the hydrodynamic
forces with the actuation forces produced by the body. This would
be useful in the complex study of articulated systems continu-
ously interacting with a fluid.

* Can these efforts be introduced in an actuation scheme described by
means of a multi-body system governing the deformation and motion
of articulated rigid bodies in a fluid?

The hydrodynamic forces described above are used to increase
the simulation possibilities within the numerical simulation code.
This kind of interaction between a fluid and an articulated struc-
ture has only been simulated in the literature by using simplified
methods to describe the reaction of the fluid [8}9]]. By explicitly
using the vortex method, we introduce an advanced resolution
software that captures the effect of the fluid as well as to intro-
duce easily disturbances in the flow. This will allow to study flow
sensing strategies in complex environments, such as in the wake
of other fixed objects or articulated structures.

* Can this method recover the actuation forces of a continuous deform-
ing body in a fluid?

Another interesting field is the study of biological movements.
Indeed, living organisms have already refined their ability to be
optimal in certain situations: be silent, fast, efficient, move in a
complex environment,... [10] All these abilities are the key to bet-
ter understand the mechanisms at play in the interaction with
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a fluid. This is why this method offers the potential to study
in more depth these propulsion movements that have been de-
scribed kinematically through biological observation. As conse-
quence, it is possible to extract actuation moments necessary to
reproduce the same deformation pattern as well as hydrodynamic
moments, and ultimately enables to compute the efficiency or the
power needed for propulsion.

* Can this method be used to create a dynamic control scheme for an
articulated continuous body moving in a fluid?

In order to close the loop, applying the moments of actuation
extracted from a specific kinematic on a continuous articulated
structure would allow to reproduce the same specific kinematic
previously observed. This will allow to study in a more thorough
way the effect of the moments on the state of the system as well
as on the surrounding fluid. Ultimately we could create a biolog-
ically inspired control schemed reaching the same performance
and using the same sensing mechanism as their animal counter-
part.

1.3 State-of-the-art

From a theoretical standpoint, the interest in swimming dynamics dat-
es back more than half a century. Theories that consider potential flows
include the famous Slender Body Theory (SBT) of Lighthill [11] where
slender fish makes swimming movements only in a single direction at
right angles to its direction of locomotion. It has been further extended
to large amplitude deformation (Large Amplitude Elongated Body The-
ory, LAEBT) [12], and more recently to inviscid locomotion, in which
the viscosity v of the fluid is equal to zero, by Kanso et al. [13,]14]. These
approaches entail low computational costs, which allow their imple-
mentation into model-predictive control schemes in robotics, see e.g.
Boyer et al. [8]], Porez et al. [9]] and Kelasidi et al. [15].

The shift to a realistic viscous setting and high fidelity simulations
entails higher computational costs and, as a consequence, more com-
plex and efficient models. A broad spectrum of direct CFD solvers
have been applied to swimming problems: finite differences [16], La-
grangian multipliers [17], viscous vortex methods 18], block lower-
upper symmetric Gauss-Seidel [19], Singular-Value Decomposition ba-
sed Generalized Finite Difference (SVD-GFD) [20], finite volumes [10]
and Smoothed Particle Hydrodynamic [21,22]. In particular, the ad-
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vantages of vortex methods for the application at hand are the fol-
lowing: the compactness of the working variable (vorticity) and the
straightforward treatment of unbounded problems. All of these meth-
ods need to deal with two specific challenges (i) handle complex and
deforming geometries and (ii) couple the flow problem with the swim-
mer dynamics in a fluid-structure interaction (FSI) problem.

Two classes of methods can be identified for the first problem. One
in which the flow domain accounts for the swimming body in an ex-
plicit manner; this has been widely used with unstructured grids that
deform and track the boundaries of the swimmer (Arbitrary Lagrang-
ian Eulerian methods—ALE [23]]). The second class gathers techniques
where the boundaries are represented implicitly and have to be ac-
counted for through either an additional force term in the momen-
tum equations or a modification of the numerical stencil. These in-
clude Lagrangian Multipliers [24], immersed interface methods [25],
immersed boundary methods [26,[27,28|] and Brinkman penalization
methods [29,/30,31]. Because the present focuses on vortex methods,
we overview representative works for these two families: the explicit
representation of geometries by Eldredge and colleagues [32] and the
penalization techniques of [33}/34] or their more computationally effi-
cient variants in [35]. Penalization - a key methodological concept for
this thesis - is defined as a continuous forcing approach that relies on
the addition of a mathematical artifact inside the Navier-Stokes equa-
tions to impose the boundary condition. It impose the inner boundary
condition defining the body via a Lagrangian relaxation of the body
constraint.

This first classification actually also influences the choice of the cou-
pling technique for the second challenge: the FSI problem. Deforming
grids favor the computation and integration of the stresses at the wall,
which then allows to perform the fluid-structure coupling either in a
weak or strong formulation [10,/32|]. The implicit geometry representa-
tion of immersed boundary and penalization techniques will be more
predisposed to a coupling based on a computation of the net momen-
tum exchange between the fluid and the solid, which can be performed
through a projection step as in [36] and also in [5}/33}[37] in the context
of vortex methods. We note that the contribution in [37]] handles the
interaction between the fluid and the articulated structures through
a strong coupling, which accurately captures added mass effects and
linkage constraints at the cost of a few iterations per time step. We
also mention the related effort of Cottet and Maitre [38]] for computing
the interaction between a flow and elastic membranes through elastic
energy, itself based on the level-set discretization of the membrane.
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Almost all these efforts have considered the swimming kinemat-
ics to be known a priori, and thus have applied the FSI coupling to
the swimmer as a whole, i.e. for the recovery of its rigid motion com-
ponents. Very few numerical works have included the resolution of
the swimmer internal dynamics and more specifically, the actuation
needed to execute the desired swimming kinematics, i.e. the constraint
efforts to enforce a desired kinematics. These exceptions concern the
simplified analytical tools developed for the real-time control of robotic
platforms in [8} 9], which cannot account for possible perturbations in
the flow such as turbulence, large scale structures shed by an obsta-
cle, or the wakes of other swimmers. To the best of our knowledge,
there is only one previous work that handled analytical fluid dynam-
ics resolution for the control of underwater snake robots in the pres-
ence of constant irrotational currents of unknown direction and magni-
tude [39]]. However, more complex fluid structures cannot be captured
by this framework. This context contributes to the rationale behind the
present extension of vortex methods as those already combine compu-
tational efficiency, even past complex deforming geometries, and the
ability to handle complex inflow perturbations.

The accurate numerical simulation of propulsive actuation strate-
gies in complex flow scenarios constitutes a necessary capability to-
wards uncovering the interplay between flow, sensing and gaits, in or-
der to develop rational design of engineering applications. Indeed ex-
perimental studies have shown, using a robot, that hydrodynamic force
feedback loops and redundancy of peripheral and central mechanisms
of generating propulsion motion produce robust swimming. In order
to deliver hydrodynamic force feedback, they used a custom designed
robot with dedicated distributed hydrodynamic force sensing modules
on its outer surface [40]. Other experimental results showed that flap-
ping kinematics of hydrofoils swimming in tandem can be used to con-
trol stable locomotion within wakes. Flow interactions arising between
them provide a mechanism which promotes group cohesion and pre-
vent collisions [41].

Schooling of fish is also a great example of exploiting the wake and
how sensing is a key mechanism of swimming. In [42], VPM method
with imposed kinematics is used in combination of Reinforcement Lear-
ning to study schooling-like interaction mechanisms. The results con-
firm that fish may harvest energy shed in vortices and support the con-
jecture that swimming in formation is energetically advantageous.

The present work aims at providing a global approach for handling
potentially complex and large perturbations in the environment of the
swimmer. To that end, we develop a computational framework that
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unifies the treatments of the flow and of the swimmer. Specifically,
we extend the methodology introduced by Coquerelle et al. [33]] and
further developed by Gazzola et al. [5]] to allow the kinematics of the
actuated device to be solved along with the fluid dynamics. The pro-
posed approach retains the penalization/projection steps of the origi-
nal works but deploys them in a more general fashion, which allows
the extraction of hydrodynamic efforts. These efforts can then be seam-
lessly integrated into a Multi-Body System (MBS) solver. For compli-
cated structures, kinematic constraints (e.g. rotational joints, linear
rails, etc) can be enforced exactly by the MBS solver. This waives the
use of a stiff forcing term in the flow equations and actually relaxes the
stability and accuracy constraints on the time integration within the
flow solver.

A central component of the proposed scheme is the computation of
the hydrodynamic forces and moments on the individual device com-
ponents based on information from the penalization and projection
approaches. The method thus avoids the computation of local wall
stresses and their subsequent integration. Incidentally, we note that
the recovery of wall stresses in vortex methods has always been chal-
lenging. It indeed entails the evaluation of vorticity at the wall, i.e. in a
region of high gradients, and the solution of a specific Poisson equation
for the pressure at the wall. Verma et al. [43]] used the same FSI-enabled
VPM method of [5,/33] as in the present work, together with such a lo-
cal wall stress computation, in order to calculate the power required for
locomotion. The present approach can thus be seen to save one Pois-
son solution compared to Verma et al. [43] but at the cost of recovering
integrated forces only.

1.4 Overview

The developments leading to the coupling methodology for continuous
actuated structure will be progressively introduced in this manuscript.

The existing VPM solvers are mainly designed to study prescribed
kinematic movements, whereas we want to develop a computational
framework that unifies the treatments of the flow and of the swimmer.
As a consequence, the first main objective of this work is to develop
a VPM method that handles dynamic interactions between a fluid and
an articulated structure. This allows dealing with the complex dynam-
ics exchange between fluid and solid structure that is described with a
multi-body system. The first two chapters will be devoted to this effort:

* Chapter 2 presents the elements allowing to extend the VPM
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method coming from Gazzola et al. [5] that enables only pre-
scribed deformation with an FSI coupling based on projection
and penalization techniques. The hydrodynamic effort computa-
tion and the multi-body system resolution are presented and in-
cluded in a new algorithm of resolution. The developments lead
to a solver capable of performing accurate simulations of artic-
ulated structure with rigid bodies that do not collide with each
other in an unbounded domain.

* Chapter 3 presents a verification of numerical accuracy of our
method by reproducing several benchmarks [5}32,(44,45]: sedi-
mentation of a 2D cylinder, comparison with the vorticity-based
control volume approach of Noca, flow past an elastically mount-
ed cylinder, free swimming of an articulated fish, and its passive
locomotion in the wake of a cylinder.

In the two next chapters, we focus on applying our method to con-
crete ecological situations where energy can be harvest from the vorti-
cal structure of the environment : a specific harvesting structure and a
swimmer subjected to an incoming perturbed flow. More specifically,

* Chapter 4 will be devoted to the application of the present frame-
work to an eel-like energy harvester lying in the wake of a cylin-
der. The harvester is composed of springs and dampers in or-
der to capture energy in the flow. The damping values will be
optimized through several simulations in order to find the most
efficient combination in term of energy gathered. Finally an har-
vester with individually-tuned dampers will be investigated.

* Chapter 5 presents the development of a controller that allows a
swimmer to draft behind an obstacle. Three different controllers
are presented for three wake situations: no wakes, the wake of
a stationary cylinder and the wake of a cylinder with sinusoidal
vertical motion. In each situation, the swimmer manages to self-
stabilize and we show that the presence of a wake in these cases
reduces the cost of swimming.

The content of the chapter 2, 3 and 4 was published as a journal article
entitled “Simulations of propelling and energy harvesting articulated bod-
ies via vortex particle-mesh methods” [46]]. It is essentially reproduced here
as it was published with some additional developments presented in the last
section of Chapter 4. The content of chapter 5 was published as a confer-
ence article entitled “Numerical Simulations and Development of Drafting
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Strategies for Robotic Swimmers at Low Reynolds Number” [47|]. Again
it is essentially reproduced here as it was published with some additional
changes that will be discussed in the conclusion of this chapter.

The second main objective of this work is to upgrade the VPM meth-
od developped in Chapter 2 to continuous articulated structures inter-
acting with fluid (see Fig. [1.3). The last two chapters focus on this
effort:

* Chapter 6 addresses the verification of the previously established
interaction forces and moments on a continuously deformable
body with a non-solenoidal deformation velocity field. To do this,
we take the original formulation of Gazzola et al. [5] and modify
it so that the global dynamics of the body is governed by Newto-
nian equations of motion. This allows to artificially slice the body
in order to extract the hydrodynamic efforts that are compared to
the reference work of Verma [43]]. We also show that this method
can as well extract the actuation efforts.

* Chapter 7 presents the elements allowing to extend the first VPM
method only capable of simulating discontinuous structures to
continuous ones. The new algorithm is presented and we show
that it is capable of re-producing a specific swimming gait based
on the actuation extracted in the previous chapter via an imposed
kinematic simulation. Finally, we show the new capabilities of
this method via a global swimming simulation.

The developments and results obtained during this doctoral thesis
were communicated to the scientific community through oral presenta-
tions in different international conferences [47}/48}/49}/50]] and through
a journal paper [46].



Chapter

A Vortex Particle-Mesh
method for articulated rigid
bodies

This chapter presents the implementation of a Vortex Particle-Mesh
(VPM) method capable of simulating actuated rigid bodies structures
in fluids. The present approach builds upon the method developed
in [5], and crucially extends it. The efficiency of the methodology relies
on the use of an underlying grid describing the body; it allows the use
of a FFT-based Poisson solver to calculate the velocity field. We recall
that this method in its original form can only handle the interaction
between a flow and an object whose deformations are prescribed; it is
then the total linear and angular momenta of the object that are solved
for. The proposed extension allows for the treatment of a system of ar-
ticulated rigid bodies the deformations of which are unknown a priori,
and are recovered by solving its internal dynamics.

A change has been made with respect to the algorithm presented in
the corresponding published article [46]: the projection step no longer
explicitly includes the resolution of the free flow through advection,
diffusion and the resolution of the Poisson equation in order to obtain
the velocity field. This very computational step has been removed as
it was superfluous. The algorithm comes back to the original method
where the projection is hidden in the Gudunov splitting as the fluid
is free to evolve through advection and diffusion step. All the result
in this manuscript were recomputed with this modification in the al-
gorithm and no significant deviations with respect to the previously
published results were observed.

11
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In Sections[2.1]to[2.3] we briefly present the original algorithm of [5]
in terms of its components : a vorticity-based flow solver, the enforce-
ment of wall boundary condition and handling of the fluid-structure
interaction via the Brinkman penalization and a projection technique.
Further details about its implementation are provided in [5]. In Sec-
tion we describe the handling in the new algorithm of the artic-
ulated body via a multi-body approach and extract the hydrodynamic
efforts from the VPM method.

2.1 The Vortex Particle-Mesh method

Both the original work and the present extension rely on a Vortex Part-
icle-Mesh (VPM) method. The incompressible flow past the deforming
objects is solved using the velocity (u)-vorticity (w = V xu) formulation
of the Navier-Stokes equations (i.e. V-u =0)

D—t:(w-V)u+vV2w (2.1)
V-u=0 (2.2)
where % = % +u-V denotes the Lagrangian derivative, u is the velocity

field, w the vorticity field and v the kinematic viscosity. The velocity
field is recovered from the vorticity by solving the Poisson equation

Viu=-Vxw. (2.3)

The advection of vorticity is handled in a Lagrangian fashion using par-

ticles, as schematize in Fig. characterized by a position x,, a volume
V, and a vorticity integral a, = [vp wdx
dx
P _
W = up (24)
da, 2
— = J (w-V)u+ vV wdx,
dt v,
= |[(@-Vu+V’w| V, 2.5
[(@-V)u+v w]p g (2.5)

where we identify the roles of the velocity field in the advection (Eq.
(2.4)), and of the vortex stretching and diffusion for the evolution of
vorticity (Eq. (2.5)). The stretching term is omitted in the remainder of
this article because it is identically equal to zero in a two-dimensional
setting. The diffusion part of (2.1), illustrated in Fig. is efficiently
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evaluated on a regular mesh [51]. The diffusion operator uses second
order centered finite difference schemes. The Poisson solver operates in
Fourier space for unbounded domain. To this end, information is made
available on the mesh, and retrieved from the mesh, by interpolating
back and forth between the particles and the grid using high order in-
terpolation schemes. Advantageously, this hybridization does not affect
the good numerical accuracy (in terms of diffusion and dispersion er-
rors) and the stability properties of a particle method [52]. The method
adapts the time step according to the diffusion Fourier number defined
by At < % and to a Lagrangian CFL condition (LCFL) for the explicit
time integration of advection [53], e.g. At < LCFL/||Vu||pnax- Addition-
ally, imposing LCFL < 1 prevents particle trajectories from crossing
each other.

2.2 Brinkman penalization

The immersed objects are described by mollified characteristic func-
tions, x; (see for more details). Each of these functions is built
upon a level set function that specifies the signed distance to the sur-
face of the body, d. This geometric information is carried by a spe-
cific deformable grid associated with the object, and the resulting color
function is interpolated onto the regular computational mesh (see [5]
for further details).

The no-slip boundary condition enforcement is achieved by means
of the Brinkman penalization technique (for a detailed proof of con-
vergence see [54]]). This approach extends the fluid domain into the
solid region and thus considers the fluid and solid as a global contin-
uous domain Y, combining the solid domain () and the fluid domain
Y. The approximation of the no-slip boundary condition is achieved
by extending the momentum equation with a term that drives the fluid
velocity u inside the solid region to a prescribed body velocity u;. The
penalized Navier-Stokes equations then read

D 1
D_ltl :—EVerszqu/\xs(us—u), xeY (2.6)

where A > 1 is the penalization factor and Ax(us —u) is the penaliza-
tion term. The value of A can be fixed arbitrarily, this directly governs
the error in the penalized solution: |[u—u,|| < CA™?||lu||, as shown
in [55]. A larger value enforces the wall boundary condition more
strictly, although at the cost of a stiffer term that needs to be integrated
in time.
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By taking the curl, we obtain the corresponding penalized velocity-
vorticity formulation,

D 1
D_(;) :(a)-V)u+vV2w+EVprer/\Vx(xs(us—u)) (2.7)

where we identify the additional terms (with respect to Eq. (2.1)) re-
lated to the baroclinic generation of vorticity and the penalization. The
baroclinic generation of vorticity will appear in the case of a fluid with
a space-varying density. In the present work, the density is considered
uniform across the fluid and the solid bodies as we leave the handling
of any density difference to the MBS solver. This treatment is allowed
by the fact that the effects of a density difference can be well-identified;
they are twofold and consist of inertial and gravity effects. On the
one hand, inertial effects are treated by the use of the specific body
density in the integration of the body dynamics by the MBS solver, as
discussed in Section On the other, the effect of a gravity force
can be isolated as it generates a constant hydrostatic pressure gradient
in the fluid. In the case of a density difference, this gradient in turn
generates a constantly active baroclinic vorticity generation term at the
fluid-body interface, which is equal to the buoyancy force. This means
that the buoyancy force can be computed exactly as (ps — pf)Vsg and
be simply added to the forces that need to be treated by the MBS. It
is worth mentioning that such a treatment is also followed in the Im-
mersed Interface Method (IIM) in velocity-pressure formulation of Xu
and Wang [56].

2.3 Projection technique

The projection technique captures the effect of the fluid on the solid
body. At each time step, the fluid evolves freely over the whole domain
—i.e. like if no body was there — according to the current velocity field.
The momentum acquired by the footprint of the body on the domain
correctly captures the flux of momentum between the fluid and the
body (for detailed proof see [36]]). The captured flux of momentum
allows to recover the correct body velocity, which is then used in the
penalization step to make the flow field consistent again. The body
velocity is then composed of the translational, and rotational velocity,
ur and ug described as follows
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1
ur = EJQ pxsu dx, (2.8)
0 = lJ- PXs(X—Xcp) X dx, (2.9)
]s Q
ug = Ox(x—x.) (2.10)

with M; the mass of the body, J; the inertia taken at the center of mass
of the body and x,, the center of mass of the body.

This original algorithm does not explicitly provide the efforts ap-
plied to the body but rather their time integral over a time step, i.e.
the changes in linear and angular momenta. Unlike the approach of
Eldredge [45], this approach does not treat the added mass effects im-
plicitly. It thus exhibits a lower convergence in the capture of forces
produced by the acceleration of the bodies, as investigated in [5]. Ad-
ditionally, the body has prescribed kinematics and the solver does not
provide any information about the actuation required to achieve that
motion.

2.4 Extension to an articulated system

We here modify the method presented in Sections [2.1]to[2.3]in order to
treat an articulated system of solid elements with embedded actuation.
This entails the computation of hydrodynamic forces and moments on
each element of the structure to solve the dynamics of the degrees of
freedom related to the multy-body joints. In this section, we detail and
discuss the components of this extension: the description of the artic-
ulated structure, the multi-body system (MBS) solver and the compu-
tation of the hydrodynamic efforts from the penalization (Section
and projection (Section[2.3)) schemes.

2.4.1 Free articulated system

We focus on a two-dimensional MBS composed of N linked rigid bod-
ies, here elliptical elements, immersed in a fluid (Fig. N =3)and
connected by means of rotational joints, being here virtual. Each joint
entails a degree of freedom that is represented by a generalized coordi-
nate g;, i.e. the angle between two successive elements. The three first
coordinates, qq, g5, 43, (2 linear and 1 rotational coordinates) describe
the floating base, providing the global structure with the three transla-
tional and rotational degrees of freedom related to the x, y plane. The
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q 5 —0)— Rotational joint

—[F— Linear joint

Figure 2.1: Multi-body diagram of three segmented two-
dimensional eel-like structure: floating base generalized coordi-
nates, qq, 42, 43, and the joints generalized coordinates, q4, qs5; 2a
the length, 2b the width and c the distance from the tip to the hinge
joint of each element.

articulated structure is then described by the generalized coordinates:
q =141 92--- 4,]7, with n = N + 2. The footprint of the structure in space
is then described by a set of characteristic functions, x; ;, each one rep-
resenting an elliptical element j, as in Eq. (A.1).

2.4.2 Multi-body dynamics equations

In this section, we establish the dynamic equations governing for the
actuated structure. The linear and angular velocities of each body j,
v.; and w,;, are measured with respect to its center of mass and are
computed from the generalized coordinates as

ve; = Juj@q (2.11)
wei = Joj@)q (2.12)

where J, j(q) and J,,,;(q) are the Jacobian matrices associated into the
linear and angular velocities, respectively. Following a classical ap-
proach from robotics, we derive the governing equations for the whole
system dynamics through the Euler-Lagrange formalism. The complete
dynamic system is then described by the following matrix equation, de-
rived in 57|

D(q)§+C(q,q)q = . (2.13)

D(q) is the inertia matrix:

N

D(q)= ) {mi)} Ju;+J5 Ri(@LR] (@)} (2.14)
j=1

where we dropped the explicit dependencies on q of the matrices J,
and J,, ; for the sake of clarity. The mass of body j and its inertia about
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a frame fixed to its center of mass are denoted m; and I;, respectively;
R;(q) is the rotation matrix capturing the body orientation with respect
to the inertial frame. The matrix C(q,q) gathers the Coriolis and cen-
tripetal term; its elements are given by

n

1 (oD, 0Dy 8Dim} _
Cim= Y = + ;. 2.15
m=)_3 { T 213

i=1

7T is the effort applied in each joint (g1, 92, ... , qn+2) and is defined as
T = Thyd + Tact (2.16)

where Ty,4 is the equivalent force for g, and g, or torque for g3, ... ,
gn+2 due the hydrodynamic forces and torques applied to the elements
and T, is the actuation effort transmitted by the body, see figure
for a graphical representation. For a rotational joint i, 7; represents the
applied torque and for a linear one, it is the force collinear to the joint

direction.
Flzyd,l Tact,4 thd,z Tact,5 Fl1yd,3
40 b r—~
q3 V\ 31‘ M \/54 hvd.3
) hyd,1 Thiyd, 4 hyd,2 . 1yd,3
Thyd,3 hyd,5

2 ional o
T Thpdo = ZF]Z: y —o6)— Rotational joint
P g 8l ez =T,

=, B X
X Thyd,1 = Z]‘ thd,j

—[F— Linear joint

Figure 2.2: Multi-body diagram of three segmented two-
dimensional eel-like structure: floating base generalized coordi-
nates, 41, 42, 493, and the joints generalized coordinates, q4, gs5; 2a
the length, 2b the width and c the distance from the tip to the hinge
joint of each element.

2.4.3 Fluid-structure interaction efforts

We now derive the extraction of the hydrodynamic efforts 7,4 on the
structure elements. The original method (Appendix [A) solves the FSI
problem through the combined use of penalization and projection tech-
niques. As a result, the resulting approach does not explicitly compute
the forces exerted on the immersed bodies.

A first departure from the original technique concerns the exten-
sion of the flow field inside the solid structure. The fluid properties
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will be taken as uniform, with viscosity and density values v, pf every-
where, unlike the original spatially-dependent quantities of Eq. (A.2).
This is motivated by the fact that the whole dynamics of the solid will
be handled explicitly by the MBS solver through the hydrodynamic
forces 7 in Eq. (2.13). The extended domain simply provides a support
for the computation of rates of momentum transfer, as shown below.

We recover the hydrodynamic forces and moments from the penal-
ization and projection steps, as shown in

d
Fhya; = ﬁJQ

4
dt Jo

pru dV+J prAxs(u—ug)dV (2.17)
0Q;

mat,j

Mhyd,j = prf (xxu) dV+J-

xX(prAxs(u—uy))dV (2.18)
Q:

mat, j

The resulting efforts, F;,; and Myyq, are each composed of two
terms. The first term is associated with the projection step, since the
projection scheme effectively performs the time integration contained
in this term. Conversely, the present approach will perform the evalua-
tion of the time derivatives of these volume integrals. The second term
is straightforwardly identified as the contribution due to the penaliza-
tion technique. Note that the moment My,q4 is computed with respect
to the origin frame of reference (x,y) ; it still needs to be translated to
each body center of mass X, through Mpyg cm = Mhyd — Xem X Fryq in
order to be used in the MBS solver (Section [2.4.2).

The uniform density extension has additional consequences. Be-
cause the baroclinic term in the vorticity evolution equation (Eq. (2.7)),
1/p*Vp x Vp vanishes, the efforts of Egs. and are miss-
ing the hydrostatic component exerted on a body lighter or heavier
than the ambient fluid. This component will need to be accounted for
within the multi-body system solver through the straightforward addi-
tion of corresponding forces and moments, i.e. F, j = (ps—pf) Vjg and

Mstat,j =(ps— Pf)Vchm X8

2.4.4 Computational aspects

In the following, we describe the implementation of the above method-
ology into a full algorithm. We recall that the forces and moments Fy,y4
and My,q,; are computed independently for each sub-body. Each ele-
ment j of the structure then needs to be characterized by a characteris-
tic function x; ;. For the sake of notation simplicity, the subscript j of
the sub-body will be omitted in the remainder of this section. Forces
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and moments will then have to be understood as the set of forces and
moments applied to each system element.

The whole coupled method is summarized in Algorithm (1| and a
simplified schematic is presented in Fig. The superscript n denotes
the evaluation time t" of fields and variables. We then denote the ve-
locity, vorticity, characteristic function, generalized coordinates, forces,
moments and density fields at time t" as u”, 0", x?, q", F", M" and p",
respectively.

The second order differential equation for the MBS (Eq. (2.13)) is
integrated by means of a fourth order Runge-Kutta-Fehlberg method.
This method offers error control through an adaptive time step: a local
error is estimated from solutions obtained with a fourth and fifth or-
der Runge-Kutta method; the time step is reduced if the error is larger
than a threshold value &. In this work, we used & = 107° for all simu-
lations. The high order integration of our MBS solver is motivated by
its stability region: these systems often present little or zero damping
and high stiffness. Additionally, the associated computational over-
head is affordable given the limited number of variables in the MBS
(O(10! = 10?)).

Step 1: Velocity update The fluid velocity field is recovered from
the Poisson equation (Egs. and (2.20)), solved by an unbounded
Fourier solver. The time step is constrained by the diffusion Fourier
number and the advection CFL condition. Especially the lagrangian
CFL condition is used in order to control the Lagrangian dis-
tortion of particles over a time step due to the remeshing of the parti-
cles [53,58].

Step 2: Projection forces The projection step consists in letting the
whole flow (i.e. including the extension inside the body) evolve freely
over a part of the time step At" as if the structure was not there. It is
done through the use of a Godunov splitting approach in the step 2 of
this algorithm where the vorticity field ultimately violates the rigid mo-
tion. The resulting velocity field u” corresponds to a gain in linear and
angular momentum for each element of the immersed bodies. This pre-
dicted momentum is used to compute the flux of momentum between
two time steps by performing the time differentiation of Egs. and

(2.18)); these steps correspond to Egs. (2.22) and (2.23).

Step 3: Solving the MBS The hydrostatic and hydrodynamic torques
acting at the joints are obtained through a free body diagram method
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Algorithm 1 Coupled Method

WHILE " < T,,4
Step 1 : Velocity update

V2 = —o" (2.19)
u" =Vxy" (2.20)
h2
IVu”||At" < LCFL and At" < 5 (2.21)
v

Step 2 : Projection forces

1+ 1
P _P
wn+1 _ n, n+l . n+l _ S proj P"’]
o = [, epwrttax b= Sl (222)
*,1+1 _en
sn+l _ n n+1 n n+1 . n+l _  Proj proj
lpmj _J . Prxs (x x u'7) dx+x¢y, % Fpr()] with Mpr()] —Am (2.23)

Step 3 : Time integration of the MBS

Tl = FELELMERD)  with BIEL = (ps—pf)Vjg and Msm] (ps—pf)VjXemxg  (2.24)

stat =7 (Fstars Mtay stat,j
Thod = F (Bl + B, My L+ M) (2.25)
7! provided by a control law
D(Q)d +C(q,4)q = Tjp) + 7,8 +T??a% (2.26)
Compute q"*! and ¢"*! for "1 = " + At"
X;Hl _ g(q”“) (2.27)
u;1+1 _ H(q"“,qnﬂ) (2.28)

Step 4 : Penalization

il u” +/\At)(5"+1u?+l

= (2.29)
A 1+ AAty+]
wy =Vxult! (2.30)
Epi = f App ! —utdx (2.31)
Y L /\ n+l n+l _ntlyg n+l  prtl 2.32
pen = PfXs x (uy ug”)dx +Xep pen (2.32)
Step 5 : Time integration of the vorticity field
Jdw, 2
WZVV w)—-V-(nywy) (2.33)
o™l = cuK+1 (2.34)
Ml _yn + A"
n=n+1

ENDWHILE
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(see Fig.[2.3). They are computed from the applied forces and mo-
ments, both hydrostatic (Eq. (2.24)) and hydrodynamic (Eq. (2.25)),
through a mapping 7. The MBS solver uses these torques and the actu-
ation torques provided by a control law, 7,., to advance the structure
to a new configuration q*1.

Frya
Ti =IxFpyg + Mpya + Tisy ( ) ~Tin
hyd

Figure 2.3: Free body diagram of one structure’s segment: only the
last segment differs as there is no right rotational joint.

This configuration is then translated into a characteristic function
that describes the structure shape at t"*!, x*!. This step is summa-
rized by a mapping function G in Eq. (2.27). Similarly, the velocity

field of the structure is also found through the function H in Eq. (2.28).

Step 4: Penalization The no-slip condition is enforced at the inter-
faces approximately through the penalization of the velocity field. A
first order implicit Euler time discretization scheme is used see Eq.
(2.29). The penalized vorticity is then recovered from the penalized
velocity (Eq. (2.30)). The forces due to this constraint are computed via
the integration of the penalization term over the body surface via an
implicit Euler scheme; these penalization forces, Egs. and (2.32),
will be used in step 3 of the next time step.

Step 5: Solving the vorticity field Step 5 describes the vorticity field
update. The vorticity field is diffused and advected through Eq. (2.33))
with an explicit second order scheme as in the original method [5].

2.5 Conclusion

In this chapter, the elements allowing to combine the VPM solver with
a multi-body system solver were presented. The method is simple and
efficient, since it does not require the computation of local wall stresses
and their subsequent integration. Incidentally, we note that the recov-
ery of wall stresses in vortex methods has always been challenging. It
indeed entails the evaluation of vorticity at the wall, i.e. in a region
of high gradients, and the solution of a specific Poisson equation for
the pressure at the wall [43]. In contrast, the method presented here
only involves integrals over the body and it highly reduces the compu-
tational cost to evaluate the effort on a solid body.
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Advection Penalization
e ) ¢
Diffusion
LS Ayt
Projection method I Pyoroj = IQ AU P o
ma
The fluid evolves freely I pltl _ gt coe
N n+l _ Tproj 'proj n+l' =
Forces computed via the momentum flux Fpmj = T proj
W W R 1
I 1_ 1 1
. . T = F(Fi, MGED
orques computation o il n il .
I Thyd = g:(Fproj + Fpem Mpraj + Mpen) I

= - - - = = — 1

Time integration of the multi-body system I - NI h | +1 +1
(MBS) I D(q)q + C(q,9)q = T;r:yd + T + T I

Penalization step

Penalization force and moment I Fybl = I Aot —uwthdx M= L App i hxx ! — widx + X0 x Frtl I
Q

Diffusion % = v
Vorticity field update Wt = Wt

\ 4
= At

Figure 2.4: Schematic representation of the resolution over one time
step of the algorithm : the various steps corresponding to the ad-
vection, diffusion and penalization are highlight in color. The blue
dashed rectangles show the new step in the algorithm compared to
the original method of [5].



Chapter

Validation of the methodology

In this Chapter, the coupled methodology will be applied to a series
of test cases. We verify that the method is able to recover smooth
hydrodynamics efforts and that it can be used in combination with a
MBS approach. To do so, several well-documented test cases are re-
produced and compared to the performance of competing techniques.
These cases include the sedimentation of a 2D cylinder, efforts compar-
ison with Noca formulas, the flow past an elastically-mounted cylinder,
the free swimming of an articulated fish, and the passive propulsion of
a fish in a wake. We use the case of the elastically-mounted cylinder
for a convergence study.

3.1 Sedimentation of a 2D cylinder

We first test the two-way fluid-solid coupling for a rigid body subject to
gravity using the case of a falling 2D cylinder. We compare the results
to Gazzola et al. [5] and Namkoong et al. [59].

3.1.1 Configuration

A rigid 2D cylinder of diameter D = 0.005 m and with p,/p; = 1.01
is released from rest and accelerates due to gravity (g = 9.81m/s?), see
Fig.[3.T]until it reaches its asymptotic terminal velocity, corresponding
to a Re = 156 in water (v = 81077 m?/s, pr =996 kg/m?). The domain
size was set to [0;8.75 D] x [0;70 D] discretized by a 1024 x 8192 grid.
The following numerical parameters for VPM and the penalization are
used: LCFL = 107", € = 2V2h, A = 10* with h being the mesh spacing.

23
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D

Vi ¢

X

Figure 3.1: Sedimentation of a 2D cylinder: configuration parame-
ters.

This resolution of 117 mesh points per cylinder diameter is similar to
the 128 points used in [5].

3.1.2 Results

w/U;

t*=tU/D

Figure 3.2: Sedimentation of a 2D cylinder: Normalized stream-
wise velocity u,/U; (solid lines) and lateral u,,/U; (dashed lines);
present method (red lines), Gazzola et al. [5] (blue lines) and
Namkoong et al. [59]] (black lines).

Fig. shows the time evolution of the normalized vertical, uy/ U,
and lateral, u;,,/U;, velocities obtained by the present method and by
the references. U, represents the reference terminal velocity U; = 2.501
cm/s achieved by [59]). Similar dynamics are observed. Specifically, the
falling velocity overshoots the terminal velocity and then slows down
when the shedding starts. The terminal velocity is seen to differ from
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the reference by less than 1%. A snapshot of the vorticity around the
cylinder is presented at Fig. The lateral and angular (not shown)
velocities in the steady regime also agree both in amplitude and fre-
quency. The initial transient is triggered by numerical noise when sym-
metry of the flow is broken. This effect is not controlled and depends
on the grid and implementation of the method. This effect explains
the delay and overshoot observed for the falling velocity, as well as the
transient of the lateral velocity.

[
o
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7 . @
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(a) =0 (b) t* =15 (c) t*=30 (d) +* =45 (e) t* =60

Figure 3.3: Sedimentation of a 2D cylinder: snapshots of the config-
uration and the vorticity around the cylinder at various t* = tU/D.
Dimensionless vorticity contours have values from -15 to 15 in 10
uniform increments with negative and positive vorticity in blue and
red respectively.
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3.2 Comparison with vorticity-based Noca formu-
las

In order to compare the two effort calculation methods, the force for-
mula (81) of Noca et al. [60], further developped in [61], was chosen
to find the drag and lift of a moving body. We chose to take an ex-
ample representative of what our method is capable: enforce actua-
tion efforts, compute hydrodynamics efforts and impose kinematic con-
straints thanks to the MBS solver within the fluid solver.

3.2.1 Configuration

| =

<
S

Figure 3.4: Comparison with vorticity-based Noca formulas: con-
figuration parameters.

The setup is composed by a neutrally buoyant cylinder of diameter
D with only one degree of freedom, the vertical one in the y direction,
immersed in a uniform free stream with a velocity U (see Fig.[3.4). The
Reynolds number, based on cylinder diameter and free-stream velocity,
is taken to Re = ? = 100. An actuation force F.y; is applied on the
cylinder in the free motion direction and is controlled to enforce the
cylinder kinematic to follow a sinusoidal movement.

The MBS framework presented in Section simplifies into an
ordinary differential equation for the cylinder position y(t)

my = F(t) = Fy(t) + Feyi(1) (3.1)

where the mass coefficient is m and the Coriolis and centrifugal effects
vanish because of a single actuated degree of freedom. The total force
applied to the system F(¢) contains the hydrodynamic force F,(t) and
the actuation force Fy. The control of the actuation force is done
through a Proportional-Derivative controller (PD controller) defined

by:
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Fcyl(t) = K;,J(yref -y)+ Ki,(vref —v);

where p,.r = 0.1 sin(%) and v,.r = 0.05 COS(%) are the reference mo-

tion and velocity, and, K;’7 =K 750 and K/ = K, 50 are the

pU’D pUD? —
dimensionless proportional and derivative coefficients.
The simulation uses a computational domain size of [0; 10 D] x [0;
10 D] discretized by a 512 x 512 grid. The cylinder initial position is
located at (3.5 D, 5 D). The following numerical parameters for VPM

and the penalization are used: LCFL = 5.1072, € = 2+2h, A = 1.10%.

3.2.2 Results

Fig. shows the time evolution of the movement followed by the
cylinder by the present method compared to the reference motion. The
initial transient is due to the parameter of the controller that does not
manage to follow exactly the imposed curve due to the value of the
coefficient chosen that are not too stiff. The drag coefficient and the
lift coefficient are shown on Figs. 3.5(b)|and |[3.5(c)l Similar dynamics
are observed compared to the one obtained via the Noca formula. The
drag coefficient is subject to small oscillations which is explained by
the coarse mesh used for this validation test (see Section [3.3.3|for more
insight on the convergence of this method).
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t*=tV/D t*=tV/D
(a) Movement of the cylinder (b) Drag coefficient
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t*=tV/D
(c) Lift coefficient (d) Vorticity at t* =6

Figure 3.5: Forces calculation method comparison on an actu-
ated cylinder: present method (dashed red) and reference move-
ment/force coefficient (solid black). Dimensionless vorticity con-
tours have values from -5 to 5 in 10 uniform increments with nega-
tive and positive vorticity in blue and red respectively.

3.3 Flow past an elastically-mounted cylinder

The vortex shedding generated by the flow past a circular cylinder is
a quite common study case in fluid mechanics. Here, we focus on
the transverse oscillations induced on an elastically mounted circular
cylinder (Fig. due to its vortex shedding, and more specifically on
the characterization of these oscillations as the mounting stiffness and
the ratio between the fluid and solid densities vary. This validates the
handling of the external force, i.e. the elastic spring, on the body by
our algorithm as well as the effect of the density difference between the

fluid and the body.
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Figure 3.6: Elastically-mounted cylinder in a free stream at Re =
100: configuration parameters.

3.3.1 Configuration

We use the problem setup considered in the work of Shiels et al. [44],
also based on a vortex method but with a panel-based boundary con-
dition enforcement. The Reynolds number is fixed at Re = 22 =100,
with D the diameter of the cylinder, U the velocity of the induced flow
and v the kinematic viscosity of the fluid. The cylinder is constrained
to move only in the transverse direction, along the y-axis.

The MBS framework presented in Section simplifies into an

ordinary differential equation for the cylinder position y(t)
my = F(t) = Fy(t) - ky(t) (3.2)

where the mass coefficient is m and the Coriolis and centrifugal effects
vanish because of a single actuated degree of freedom. The total force
applied to the system F(¢) contains the hydrodynamic force F,(t) and
the actuation force —ky(t), derived from a simple Hooke’s law with k
the spring stiffness.

We verify the extraction of the hydrodynamic force and the cou-
pling of the flow and MBS solvers through the reproduction of a set
of results reported in [44]. The shedding cycle is triggered through a
brief starting phase in which the cylinder is rotated with an angular
velocity () = sin(0.1257t*) during the dimensionless time (t* = %) in-
terval [0;4], in a way similar to [44]]. After this period the cylinder is
prevented from rotating and is freed in the y direction to undergo the
external forces.

All simulations uses a computational domain size of [0;21 D] x
[0;3.5 D] discretized by a 3072x 512 grid. We chose a large domain due
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to the use of a purely unbounded solver for the Poisson equation and to
capture the wake evolution over a long time, thus distance. The cylin-
der rest position is located at (0.63 D, 1.75 D). The following numerical
parameters for VPM and the penalization are used: LCFL = 107!, e = i,
A=10%

3.3.2 Results

Fig. shows a representative result in terms of kinematics and dy-
namics. As expected, the adopted motion converges to a periodic oscil-
lation.
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Figure 3.7: Elastically-mounted cylinder in a free stream at Re =
100: case m* = 7.5 and k* = 14.84, (a,b) trajectory and (c) lift coeffi-
cient and (d) drag coefficient, as a function of dimensionless time.

Figure [3.8] and Table [3.1] gather several cylinder and stiffness con-
figurations and compare them to the reference [44]. Each configura-
Ps

tion corresponds to dimensionless numbers m* = Zo; and k* = #
2Pf
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Case | Kk | ki | m | f+ | A | ¢ | Cq
Present work 0 -3.79 4 0.155 | 0.08 | 0.17 | 1.32
Reference [44] -3.94 0.158 | 0.05 | 0.20 | 1.32
Present work 248 0.863 1.25 0.181 | 0.56 | 0.50 | 2.08
Reference [44] ' 0.810 ’ 0.184 | 0.57 | 0.45 | 2.16
Present work 14.84 4.46 75 0.1872 | 0.32 | 1.49 | 1.38
Reference [44] ’ 4.37 ' 0.188 | 0.34 | 1.52 | 1.42
Present work 29,68 9.80 15 0.183 | 0.10 | 0.78 | 1.37
Reference [44] ' 12.96 0.168 | 0.06 | 0.55 | 1.35

Table 3.1: Elastically-mounted cylinder in a free stream at Re = 100:
dimensionless kinematic and dynamic coefficients.

for mass and stiffness, respectively. The resulting cylinder dynamics
and kinematics are characterized by the oscillatory part of the lift co-

efficient Cl’ = pU—fD, the mean drag coefficient, Ed = p%]L{D,
sionless amplitude A* = A/D and frequency f* = fD/U; these values
are estimated from the last fifteen cycles of the simulation results. Fol-
lowing [44], the effects of inertia and elasticity can be gathered into
an effective stiffness k¥, = (k* — 47 f*?m*) under the assumption of a
purely sinusoidal motion.

The present results are in a satisfactory agreement with the refer-
ence. The kinematics and dynamics, in raw form, mostly follow the
reference and the global response, as a function of the effective stiff-
ness, reproduces the same highly non-linear response. Our result for
the highest mass ratio exhibits a slight departure from the reference.
It can be explained by several factors: (i) the computational domain
and the simulation time of Shiels are longer (50 dimensionless times
compared to our 21); (ii) our simulation (as seen in Fig. Fig. is still
settling towards an asymptotic regime: the amplitude A is still decreas-
ing; (iii) the translation of the results to an effective stiffness makes the
comparison quite severe as it uses the square of the frequency.

the dimen-
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Figure 3.8: Elastically-mounted cylinder in a free stream at Re =
100: dimensionless kinematic and dynamic coefficients: reference
data [44] (star), present results (circles, with matching colors for the
same input parameters).

3.3.3 Convergence

We use the case with m* = 1.25 and kx = 2.48 to assess the convergence
of the method. We compute the solution at t* = 0.5 using a tighter
computational domain: [0;3 D] x [0;3 D] as the wake has not devel-
oped yet. We set the ratio e/h = 1 and maintain the Lagrangian CFL
at LCFL = 0.002. This LCFL value was chosen such that the time step
was essentially constant across all resolutions, thus maintaining a sim-
ilar and very low time integration error. The penalization parameter
is kept at A = 10%. We vary the space resolution from 128 x 128 to
2048 x 2048, which we use as our reference solution.

The convergence order was determined by considering the L? and
L* norms of the error e(x) of the vorticity field with respect to the ref-
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erence solution
e(x) = |lw(x) — Wreference (X)|- (3.3)
Both these errors (shown in Fig. [3.9) exhibit first order convergence;

this behavior is consistent with the mollification of the immersed object
(using a fixed e/h) in the penalization technique.
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Figure 3.9: Elastically-mounted cylinder in a free stream at Re =
100, convergence study: L (red) and L? (black) errors; dashed lines
indicate first order.

3.4 Articulated eel-like swimmer

We verify the handling of a chain of several elements with the case of
an eel-like self-propelled swimmer. The contributions of Eldredge [32]
and Kanso et al. [13] who assembled swimmers from articulated el-
lipses with prescribed kinematics are taken as references. This setup
allows to assess the extraction of hydrodynamic forces within a MBS
and the application of joint kinematics to a complex structure.

3.4.1 Configuration

We consider a swimmer composed of three ellipses, see Fig. with
an aspect ratio of # = 10. The distance that separates a hinge from the
ellipse tips ¢ is taken equal to 0.24. We impose the same prescribed
kinematic patterns as in the references

q4(t) = —cos(t —1/2) and q5(t) = —cos(t). (3.4)
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Figure 3.10: Articulated eel-like swimmer: floating base general-
ized coordinates, g, 95, 43, and the joints with imposed kinematic,
44, q5; 2a the length, 2b the width and c the distance from the tip to
the hinge joint of each element.

The initial velocities are chosen to match the ones of the reference arti-
cle by taking the same initial values §; jnj;. Our simulations match the
undulation Reynolds number proposed by Eldredge [32]], based on the
peak joint angular velocity §,,,, and the total length of one ellipse, i.e.

Re = M = 200, whereas the results of Kanso et al. [13] provide a
theoretical inviscid reference as they are based on the theory for slen-
der bodies. Furthermore, we note that both these references assume
massless bodies while the present study considers them as neutrally-
buoyant. We still expect the comparison to be relevant as inertial ef-
fects are dominated by the added masses of the ellipses along their mi-
nor axes (my, = pfmzz); the ellipse mass difference (m = pyrab instead
of m = 0) can then be seen to be a 10% discrepancy.

The characteristic length and velocity scales used for the nondi-
mensionalization are respectively L = 2a and U = §,,,,L. The simu-
lation uses a computational domain size of [0;2.04 L] x [0;1.53 L] dis-
cretized by a 768 x 576 grid. The swimmer starting position is located
at (0.48 L,1.06 L). The following numerical parameters for VPM and
the penalization are used: LCFL =2.01072, e = 2h, A = 1.010%.

3.4.2 Results

The resulting motion over the course of four undulation periods are
compared to [32] and [13] in Fig. The path of our swimmer was
rotated so that its asymptotic direction matches the one of the viscous
reference [32]. As a consequence, the steady-state behavior and the
initial error can be assessed separately. This correction corresponds to
an angle of 5.14°. This mismatch has two potential causes: a more ac-
curate treatment of added mass effects and a body mass exactly zero
in the references. The added mass effects are indeed significant and



3.4. ARTICULATED EEL-LIKE SWIMMER 35

y/L

1504

x/L

Figure 3.11: Articulated eel-like swimmer: trajectory of the cen-
tral body centroid: rotated present results (solid red), viscous refer-
ence [32] (dashed blue) and inviscid reference [13] (solid black).

govern the initial motion of the swimmer and we recall that the orig-
inal method, on which our algorithm is based, only exhibited first or-
der temporal convergence for added mass effects [5]. Concerning the
density, numerical tests with a smaller density p; = 0.5 indicate that
this angular mismatch in the asymptotic trajectory reduces to 3.6, thus
hinting at a substantial role of the body density.

Figure 3.12: Articulated eel-like swimmer: vorticity snapshot
around the swimmer at t* = 15. Dimensionless vorticity contours
have values from -5 to 5 in 10 uniform increments with negative
and positive vorticity in blue and red respectively.

The steady motion appears to be in very good agreement with the
viscous reference, both regarding the longitudinal velocity and the lat-
eral oscillations, including their shape and the cusp-like features at the
direction changes. The inviscid reference produces a faster swimmer
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Figure 3.13: Articulated eel-like swimmer: velocity components
of central body; present results (solid), viscous reference [32]
(dashed). Position (velocity) plot depicts x5 (Vy2): in blue, y5 (V) 5):
in black and w, (Q5): in red.

with very similar lateral oscillations. The reason is twofold: (i) vis-
cous effects play an important role in the longitudinal dynamics of
the present results and the viscous reference [32] and (ii) the lateral
dynamics are dominated by potential flow effects, which are correctly
predicted by the inviscid reference.

Fig. offers further insight into the resulting kinematics of the
swimmer and confirms the good agreement with the viscous reference
in the steady state regime. Forces and moments exerted by the fluid
on each constituent body are shown in Fig. Force histories con-
firm the excellent agreement with the reference in spite of the different
densities for the swimmers (null in the case of [32]). Again, we re-
call that the present slender geometries cause the added mass effects
to overwhelm the inertia effects and dominate the dynamics. Finally,
let us mention that the forces are presented in terms of their raw data
for the present work, unlike for the reference where some smoothing
is applied [32]]; the noise in the forces extracted from the penalization
and projection steps thus appear quite moderate.
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Figure 3.14: Articulated eel-like swimmer: histories of the forces
and moments coefficients; present results (solid black), viscous ref-
erence [32] (dashed red).

3.5 Passive propulsion in vortex wakes

This fifth test case considers an articulated swimmer similar to the one
used in the fourth test case. The swimmer is initially set in a uniform
flow past a cylinder as depicted in Fig. and its joints are free to
rotate, i.e. there is no actuation torque. This setup allows to validate
the influence of upstream perturbations on the behavior of a complex
system and the application of kinematic constraint between serial body
joints.

3.5.1 Configuration

We use the problem setup considered in the work of Eldredge [45]. A
cylinder of diameter D and a three segmented swimmer are immersed
in a uniform free stream with a velocity U (see Fig.[3.15). The passive
swimmer is neutrally buoyant and placed at a distance d downstream
of the cylinder. In order to break the symmetry, the fish is placed above
the central line at a distance H = 0.25 D. The swimmer is composed of
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three identical ellipses, a = 0.3125 D, of aspect ratio 5, and the distance
from tip to hinge c is set to 0.1D. The separation distance d is fixed
at 3D. The fish is constrained to stay behind its initial position in the
horizontal direction to prevent it from being swept away due to the
incident flow. The Reynolds number, based on cylinder diameter and
free-stream velocity, is taken as Re = % =100.

D

U - - -

——)

d | L

L

Figure 3.15: Passive propulsion in vortex wakes: configuration
setup; cylinder of diameter D and a three-link passive swimmer
of length L.

The simulation uses a computational domain size of [0;9.9 D] x
[0;4.95 D] discretized by a 1536 x 768 grid. The cylinder rest posi-
tion is located at (1.485 D,2.475 D). The following numerical param-
eters for VPM and the penalization are used: LCFL = 2.0 1072, e = 2h,
A=1.010%

3.5.2 Results

Figure depicts the vorticity field and the instantaneous configu-
ration of the system for a fish of length L = 2.275D. The joints of the
swimmer are free to rotate without frictional or elastic resistance.

After the vortical wake of the cylinder reaches and surrounds it,
the fish moves downward towards the central line. At approximately
t* = tU/D = 15, the fish begins to move towards the cylinder (Fig.
[3.17(a)). The reference and the present result begin to move towards
the cylinder at the same time, although our swimmer does not move as
far upstream. This quantitative mismatch is due to the fact that this for-
ward movement is affected by a flow instability which break the sym-
metry of the wake. The onset of this flow instability is very sensitive
to the numerical method used; a sensitivity to the spatial and temporal
resolutions was also confirmed by numerical experiments. When the
fish begins to move towards the cylinder, the symmetry of the wake is
broken, and alternating von Karman vortex shedding begins.
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Figure 3.16: Passive propulsion in vortex wakes: snapshots of the
configuration and the vorticity around the free swimmer at various
t* = tU/D. Dimensionless vorticity contours have values from -5 to
5 in 20 uniform increments with negative and positive vorticity in
blue and red respectively.

The induced vortical flow affects the shape of the swimmer and gen-
erates an undulation of the articulated body. The histories of the angles
of the individual bodies are plotted in Fig. they offer a fairer and
more meaningful comparison as the swimmer responds to similar flow
structures once the vortex shedding has started. The simulations are in
a quantitative agreement and one can observe a traveling deformation
wave through the phase shift of the consecutive joints.
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Figure 3.17: Passive propulsion in vortex wakes: horizontal posi-
tion of the left-most point of the articulated chain; angle of inclina-
tion of each body along the fish with respect to the x axis 6;; present
results (solid), reference [45]] (dashed).

3.6 Conclusion

This chapter confirms that the VPM method is able to compute the
efforts exchanged between fluid and solid whatever the shape of the
solid and its motion. Moreover, these examples demonstrate the effec-
tiveness of the method to reproduce the dynamics of fluid/solid inter-
action, especially when the latter is subjected to an actuation mostly
achieved through the use of springs throughout this chapter.



Chapter

An optimization of energy
harvesting structure

In this chapter, we investigate an energy harvesting application where a
dynamic interdependence scheme is exploit to extract energy. It shows
that the present FSI technique can be used to simulate complex inter-
actions between an articulated structure and a vortical flow.

In Section we present the configuration of the haverster com-
posed of damping element that carry out the harvesting process. Then,
we describe the results and discuss the optimization of those differents
dampers. Finally, in the last Section we present the harvester with in-
dividually tuned damping coefficient.

4.1 Configuration

This application relies on nearly the same setup as for the validation of
Section [3.5] (Fig. [3.15). We consider a three-body swimmer immersed
in the wake of a cylinder. The novel structure includes passive me-
chanical elements. As in the previous test case, the Reynolds number,
based on the cylinder diameter D and free-stream velocity U, is taken
to be Re = % =100. To restrain the degrees of freedom, we reduce the
floating base of the swimming structure by removing the first general-
ized coordinate q;. The swimmer is fixed at d = 3D in the x direction.
The other generalized coordinates are set up in parallel with passive
elements such as dampers and spring.

Figure shows the new setup and illustrates the parallel springs
ki and k, and the dampers C. The initial vertical eccentricity of the
swimmer with respect to the cylinder H and the initial angular position

41
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Figure 4.1: Energy harvesting in vortex wakes: multi-body diagram
of 3 bodies eel-like structure with damping.

of the joints are set to zero. These damping elements are in charge of
carrying out the energy harvesting process. Indeed, damping elements
dissipate energy through a reactive torque proportional to the angular
velocity of the joint: 7,; = C4;, where C is the damping coefficient.
The parallel dampers added to each joint are described via a coefficient
value C common to the three damping elements. A new dimensionless
coefficient captures this damping: C, = pZU_IC)3' As in the first verifica-
tion case, the shedding cycle of the induced flow is triggered via a brief
starting phase in which the cylinder is rotated (Section [3.3).

Here, we investigate the interaction between the harvester and the
vortical structures depending on the damping coefficient. We used sev-
eral damping values: Cg = 25, 5, 2.5, 0.5, 0.25, 0.05, 0.025, 0.005
and 0. The spring values are described by the following spring coeffi-
iz
the simulations, we choose k] = 0.8 and k3 = 0.1. The spring are cho-
sen in arbitrary fashion, they are not the focus on this specific study
and could be also optimise in another research study. The simula-
tion uses a computational domain size of [0;14.85 D] x [0;4.95 D] dis-
cretized by a 1536 x 768 grid. The cylinder rest position is located at
(4.45 D,2.475 D). The following numerical parameters for the VPM
method and the penalization are used: LCFL = 2.01072, ¢ =2h, A =
1.010%.

cients: k] = pz—{}‘z for linear spring and k’, = for angular spring. For

4.2 Results

In order to describe the results, several dimensionless coefficients are
introduced:

* the drag coefficients of the cylinder, the harvester and the system

2FD,cyl/har/sys

as a whole: Cp cyl/har/sys = 07D

and where Fp cyl/har/sys 18
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4.2.1
Table

the applied streamwise hydrodynamic force;

the lift coefficients of the cylinder, the harvester and the system
2FL,cyl/har/sys

pU?D
applied transverse hydrodynamic force; note that the structural
force applied on the harvester is recovered from

Fp har ) (ql ) : (ql ) (thyd )
’ =D . |+Cl(q e ’ ;
( FL har @ g2 (@9 92 Fy hyd

the mean power coefficient recovered by the damping elements :
_ 20100,

—
Pharvest - " pUD

as a whole: CL,cyl/har/sys = where FL,cyl/har/sys is the

the dimensionless mean power required to tow the cylinder-harv-

2(fD,cyl'*'fD,har) _ Z(fD,sys)_ LR
07D = U note that this is

ester at a velocity U: Py =
identical to Cp gys;

. . P
the harvesting efficiency: 7, = %.
F

Harvesting performances

[4.1] gathers the values of the mean power recovered by the dam-

pers, the mean power spent to constrain the longitudinal position of the
structures — or equivalently to tow the cylinder-harvester in the ambi-
ent fluid — and the harvesting efficiency as a function of the damping
coefficient. Figure highlights the dependency between the mean
recovered power and the damping coefficient of the system. We can
observe that the maximum power is generated for the C, case where
Cy = 2.5, corresponding to a harvesting efficiency of 29.14%.

Case CO Cl C2 C3 C4 C5 C6 C7 Cg
Ce 25 5 2.5 0.5 0.25 0.05 0.025 | 0.005 | 0
Prarvest || 0.090 | 0.430 | 0.520 | 0.279 | 0.279 | 0.154 | 0.134 | 0.012 | 0
Py 171 | 1.73 1.78 2.01 196 | 1.98 | 2.08 | 225 | 0
i 5.26% | 24.87% | 29.14% | 13.90% | 14.24% | 7.79% | 6.43% | 0.54% | 0
Table 4.1: Energy harvesting in vortex wakes: dimensionless mean

power coefficients for several C, values.
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Figure 4.2: Energy harvesting in vortex wakes: mean power coef-
ficient (solid) and efficiency (dashed) versus damping coefficient;
the distribution among the joints of the mean harvested power is
denoted by the shaded areas.

The distribution of the harvested power among the joints is also
highlighted and the resulting values are presented in Table The
power distribution varies substantially depending on the case tested
and the trend is non-trivial: the optimum configuration C, relies most-
ly on the first joint while the softer C4 configuration exploits the second
joint. Finally, if we consider that the cylinder cross-section is the rep-
resentative scale of our device, we can see that the cylinder-harvester
system can extract energy at a rate (ﬁ;awest’max = 0.52) that is compara-
ble to Betz’ optimum for wind turbines (Pj,;, = 0.59).

Case CO Cl Cz C3 C4 C5 C6 C7 Cg
Cq 25 5 2.5 0.5 0.25 0.05 0.025 0.005 0
ﬁ:h 70.68 % | 72.85% | 85.75% | 17.33% | 3.91% | 14.78% | 3.77% | 0.61% | 0
ﬁ:h 27.64 % | 25.45% | 13.69% | 73.92% | 91.61 % | 13.50 % | 88.66 % | 50.22% | 0
7;5 1.68 % 1.70% | 0.56% | 875% | 4.48% | 71.71% | 7.57 % | 49.17% | 0

Table 4.2: Energy harvesting in vortex wakes: distribution of the
mean harvested power among the joints for all the C, values.

4.2.2 Dynamics

The resulting hydrodynamic forces can be studied from two perspec-
tives, considering either (i) the harvester and the cylinder as two sepa-
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rate entities, and thus the effects of the harvester presence on the cylin-
der forces, or (ii) the cylinder-harvester system as a whole.

Cylinder forces We consider the drag and lift coefficients, and more

specifically, the amplitude of their oscillatory parts C; o1 & Cl’),cyl and

their means ELWZ & ED,M (Table . Figure shows the evolution
of these coefficients according to the damping coefficient. The mean
drag coefficient only decreases slightly whereas the oscillatory compo-
nent appears to go through a more substantial reduction over the in-
vestigated damping coefficients. For the lift force, its mean remains at
small values for all the configurations while its oscillatory part exhibits
a notable reduction. This very small mean lift and the periodicity of
the oscillatory part (a representative history is provided in Fig. in-
dicate that the found asymptotic regimes are symmetric: there is no
bias in the kinematics or dynamics in the transverse direction.

25 1.5

2
0.5
1.5

-0.5

o

CD,cyl/tut
CL,cyl/tot

50 100 150 o 50 100 150
t t

(a) Drag coefficient (b) Lift Coefficient

Figure 4.3: Energy harvesting in vortex wakes: histories of the drag
and lift coefficient of the system for the C, case.

All these force parameters decrease with the damping coefficient
but in a non-monotonic fashion, with a local-minimum for the config-
uration Cy4. If we compare those values to those of an isolated cylinder,
the no harvester case of Table we can observe decreases of up to
7.6% for the mean drag coefficient and of 58% for the oscillatory lift
coefficient; however, the oscillatory part of the drag coefficient exhibits
an increase up to 51%.

These modified hydrodynamic forces for the cylinder also translate
in a modification of the shedding cycle of the cylinder. Figure

shows the Strouhal numbers computed for the cylinder and the har-

D . .
vester, S; cyl/har = fcy”% where the frequency is extracted either from
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Case No harvester | C, C C, Cs Cy Cs Ce Cy Cg

Cg / 25 5 2.5 0.5 0.25 | 0.05 | 0.025 | 0.005 0
ED,cyl 1.45 1.34 | 1.35 | 1.35 | 1.36 | 1.36 | 1.37 1.38 1.39 1.39
Cb,cyl x 102 2.23 199 | 2.33 | 249 | 2.70 | 2.40 | 3.04 | 3.31 3.38 | 3.37
Cp ey x 107 -0.54 0.11 | 0.04 | 0.09 | -0.16 | -0.07 | -0.10 | -0.08 | -0.06 | -0.05
Ci,cyl 0.31 0.13 1 0.13 | 0.14 | 0.15 | 0.14 | 0.14 | 0.16 | 0.18 | 0.19

Table 4.3: Energy harvesting in vortex wakes: force coefficients of
the cylinder for all the C, values.
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Figure 4.4: Energy harvesting in vortex wakes: evolutions of the
cylinder force coefficients, also in terms of the relative differences
with respect to an isolated cylinder, and of the Strouhal number
versus the damping coefficient.

the lift coefficient of the cylinder f. or in the motion pattern of the
harvester f;,,. The two bodies get essentially synchronized; we can
therefore consider a single Strouhal number, which covers the range
[0.145;0.151]. These values are only slightly smaller than the one that
was computed for the isolated cylinder S; = 0.154.
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System forces Figure and Table [4.4| give the evolution of the sys-
tem force coefficients with damping. The mean total drag coefficient
shows a clear decrease over the investigated range of damping coeffi-
cients; this drag is larger than for an isolated cylinder for all the cases
and specifically, this difference amounts to 27% for the optimal har-
vesting case (C, ). The oscillatory component appears to go through a
more complex evolution. In particular, the oscillatory drag can show
a 30-fold increase for the lower damping values. For the lift force, its
mean remains at small values for all the configurations while its oscil-
latory part exhibits a more intricate course. All cases increase the lift
oscillations with respect to the isolated cylinder (up to 120%) with the
exception of the case Cj, where the oscillatory part is reduced by 26%:
the harvester is then quite stiff and tends to act as a fin.

Case No harvester | C, C C, Cs Cy Cs Ce Cy Cg

Cg / 25 5 2.5 0.5 0.25 0.05 | 0.025 | 0.005 0
Ch,sys 1.45 1.65|1.75|1.84 | 1.97 | 2.00 2.21 2.28 2.28 2.27
besys x 102 2.23 8.87 | 6.68 | 9.26 | 9.57 | 11.45 | 68.02 | 59.59 | 35.00 | 27.78
GL,sys x 102 -0.54 0.06 | 0.73 | 0.61 | -0.80 | -0.40 | -0.31 | -0.20 | 0.03 | -0.04
Ci'sys 0.31 0.23 | 0.45 | 0.59 | 0.68 | 0.56 | 0.45 | 0.52 | 0.57 | 0.58

Table 4.4: Energy harvesting in vortex wakes: force coefficients of
the system for all the C, values.
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Figure 4.5: Energy harvesting in vortex wakes: evolutions of the
system force coefficients, also in terms of the relative differences
with respect to an isolated cylinder, versus the damping coefficient.

4.3 Harvester with individually-tuned dampers

We now waive the assumption of a constant damping coefficient for
all the joints and, based on the results above, we investigate a config-
uration that combines the individual optimum values of the damping
factors of the joints as identified in Fig. Specifically, we pick the
cases Cp, C4 and Cjs as the ones that maximize the power generated
for the joints g3, g4 and g5 respectively. The new configuration is then
characterized by the damping factors C, = 2.5 for q3, Cy = 0.25 for q4
and C, = 0.05 for q5. By doing so, we intend to increase the power
recovered by each joint and the total harvesting power.

Figure [4.6(a){shows the resulting damping torque histories at each
joint presented as a dimensionless torque coefficient

2Tc.

Cr.. = —=. 4.1
Tci pU2D2 ( )
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The associated instantaneous dimensionless powers are defined as

. 4 D 2tciq;
P = TC"IT:pU;DI’ (4.2)

they are shown in Fig. [4.6(b) and logically exhibit a frequency twice
that of the torques. The mean power harvested is P, . = 0.47 with

0.6
05+
04

03+

0 A
175 180 185 190 195 175 180 185 190 195
t t

(a) Torque coefficient (b) Power coefficient

Figure 4.6: Energy harvesting in vortex wakes, individually-tuned
damping case: histories of the torque and harvested power for the
first joint q3 (solid black), second joint g4 (dashed) and third joint
g5 (solid red).

an efficiency of #, = 22.7%. The power distribution among the joints
is more uniform: P‘;S =53%, Pq: =37% and Pq”5 = 11%. The histories of
the system force coefficients are provided in Fig. The cylinder and
the harvester are still well synchronized in this configuration and the
corresponding Strouhal number is S; ., = 0.1482. Figure depicts
the vorticity field and the instantaneous configuration of the system
during a period of the motion. The system mean drag, and thus its
power coefficient Py, are increased by 12% when compared to the C,
case.

This individually-tuned damping therefore does not achieve the
power production and the efficiency of the uniform damping case C,.
It still exhibits the interesting property of a more uniform utilization
of the harvester devices. Finally, this case hints at the highly non-linear
responses to be expected of such systems and it shows that a rigorous
optimization procedure will be necessary in order to find and exploit
the relevant modes of this configuration.
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Figure 4.7: Energy harvesting in vortex wakes: harvester configu-
ration and vorticity field over a cycle starting at t; = t,U/D =176
with individually tuned damping factors Cy = 2.5 for g3, C, = 0.25
for g4 and C, = 0.05 for gsDimensionless vorticity contours have
values from -5 to 5 in 10 uniform increments with negative and
positive vorticity in blue and red respectively.
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Conclusions

In this chapter we have highlighted the great modularity of this method
which allows to test a lot of configurations for the study of passive ele-
ments interacting with a flow. This energy harvesting case have shown
that depending on the setup parameter, we can find damping values
that either maximize the efficiency and the recovered power or mini-
mize the drag and lift coefficient on the cylinder.

The last part, Section devoted to a rough optimization of the
harvester was not presented in the paper [46].
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Chapter

Swimmer drafting strategies in
a perturbed flow

Biological locomotion in fluids studies promises great advances in hy-
drodynamics, flow control, and efficient underwater vehicles (UVs) pro-
pulsion. Nowadays UVs are thrust by means of propellers: those are
barred from achieving high efficiency due to the high velocities, hence
energy losses, in the jets being produced.

A closer look at fish swimming techniques, for instance anguilli-
form ones, reveals that undulatory gaits achieve higher efficiency be-
cause of effective linear momentum transfer to the flow in the forward
direction [62]]. Moreover, fish can sense the flow in order to adapt their
gait to unsteady conditions and exploit beneficial flow structure. Such
behaviors have only recently begun to be uncovered by biologists and
engineers alike [1]. An intuitive illustration is represented by the en-
ergy saving behavior of fishes resting behind rocks in rivers [63]. On
the way to reproduce and understand such intriguing flow-structure
interplay, an increasing number of robotic platforms emerged in the
last decades [3},9}64].

Numerical flow solvers were also applied to self-propelled swim-
mers in order to investigate swimming gaits and bio-inspired senso-
rimotor mechanisms. Several methods were proposed, ranging from
quasi-analytical theoretical models in potential flow [11},12)|13]] to more
computationally-intensive numerical methods for viscous flows [5}65].
Interestingly, very few can actually be used to study self-propelled struc-
tures, their actuation principles, and their dynamical control in a uni-
fied framework [8}(9,47].

In the present chapter, we extend the methodology to the develop-
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ment of a controller that allows a swimmer to draft behind an obstacle.
Such a behavior is actually a simplified version of collective motions
in actual schools of fish, where the individuals are believed to exploit
flow structures generated by their neighbors [66,67]].

In our simulations, the virtual swimmer entails flow sensors, which
are used to track the wake of a cylinder in a uniform flow. We inves-
tigate the energy saving through this drafting technique by comparing
its cost to that of stationary gait in an uniform flow. We also assess the
performance of the drafting technique if the wake generator is moving
in order to reproduce a leader-follower scenario.

In Section we present a bio-inspired control framework. Then,
we describe the results and discuss the efficiency of each drafting strat-
egy compare to the free swimming (in Section|5.2.1).

5.1 Drafting benchmark

In this section, we describe a bio-inspired control framework aimed
at tracking a wake structure to achieve energy savings. We consider
the evolution of a swimmer’s configuration in the wake generated by a
uniform flow past a cylinder (fixed or moving). Indeed the flow past a
cylinder features a wake region, characterized by velocities favorable to
the swimmer, increasing its propulsion efficiency. However, the swim-
mer has to stay close to the cylinder in order to exploit this wake.

We focus on a case where a cylinder of diameter D and a four-
element swimmer interact in a uniform free stream of velocity U (see
Fig.[5.1). The swimmer is neutrally buoyant and located at a distance
d downstream of the cylinder at the beginning of each simulation. The
swimmer is composed of four segments, each characterized by 2a =
0.625D, b =0.1a and ¢ = 0.1D (Fig.[2.1).

D

U d
% L
I_'.X

Figure 5.1: Simulation setup: cylinder of diameter D and a four-
elements swimmer of total length L. The incoming uniform stream
flow has a velocity equal to U.©2018 IEEE
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In order to feel the flow, the swimmer is equipped with virtual an-
tennas attached to its head at a distance d, = 2a of its front segment
(Fig.[5.2). The position is chosen to allow the swimmer to feel the ex-
ternal flow and not the boundary layer present near the body surface.
The antennas provide an absolute measurement of the flow vorticity
VR and VL'

V,R - Antennas

a
Figure 5.2: Simulation setup: the swimmer is equipped with virtual
antennas measuring the vorticity on the right Vi and on the left V|
of its first segment.©2018 IEEE

In the remainder of this section, we develop three nested control
laws that are combined in order to stabilize the swimmer in the wake.
The three controllers are described as :

* the propulsion controller: it gives a sinusoidal movement to each
articulation of the body allowing the actual swimming propul-
sion;

* the position controller: it manages the distance with regard to the
cylinder by modulating the amplitude of movement used for the
propulsion;

* the steering controller: it is used to manage the rotation of the
swimmer so that it remains align with respect to the wake of the
upstream cylinder.

Altogether as shown in Fig. the three control loops thus drive
the swimmer to maintain a position within the wake of the cylinder and
thus should contribute to decrease the energy spent for its locomotion.

5.1.1 Propulsion controller

The fish is propelled by imposing an eel-like movement to its body; the
elements generalized coordinates follow the trajectory given by:

Fori=4,.,N+2 :

Qiref = @ L:ﬁ sin(27z(wft+L+‘B#)), (5.1)
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Figure 5.3: Schematic of the three control loops: propulsion, posi-
tion and steering controllers.

where a is the motion amplitude, L is the length of the fish, s; is the
position of the joint i along the body and wy is the global movement
angular frequency.

The coordinates kinematics tracking is achieved through a simple
proportional controller, i.e.:

Fori=4,.,N+2:

T = Kprop(qi,refZ - qz) (5.2)

Expressed in dimensionless form, this proportional gain is taken equal
K . . . .

to Kjppp = pg’;}’) =100 in all reported simulations. This value was cho-

sen by trial and error to provide a good kinematic tracking.

5.1.2 Position controller

The distance to the cylinder, d is controlled via the the overall move-
ment amplitude, «, in Eq. (5.1). This parameter makes the swimmer
move faster or slower. Closed-loop control is achieved through the use
of a saturated PI controller combined with an anti-windup loop, see
Fig. The coefficients of this controller are the gains K, and K;, and
the saturation limit S. These gains are adjusted according to the appli-
cation scenarios that were tested (see Section 5.2).

5.1.3 Steering controller

Finally, a steering controller is in charge of maintaining the swimmer
aligned with the cylinder motion relative to the fluid and within the
shed vortices, through virtual sensory inputs collected by both anten-
nas. The instantaneously measured values are first filtered through a
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din (06 d
& K; —.( >_. 1/s 7|£ U Fish —2us

)
Figure 5.4: Position controller: Proportional/Integral control of the
gait amplitude « stabilizing the distance to the cylinder d. An

anti-windup loop cancels the integral action when the control in-
put reaches the saturation zone. ©2018 IEEE

second-order exponential smoothing filter with a cutoff frequency f;.

The filtered signals are denoted as V and V. Steering is achieved by
modulating the reference motion of the generalized coordinates by

Qiref2 = Giref T Cos (5.3)

with C, being the desired body curvature. This curvature is controlled
towards achieving balancing of the absolute vorticities sensed by the
the left and right antennas, thus driving the swimmer to an alignment
with the vortex shedding

(O :KS(VR_VL)‘ (5.4)

In [43]], the swimmer learn by employing a Reinforcement Learning
algorithm, how to stay in the wake of a leader. The Actions taken by
the follower involve manipulating its body curvature. This allows the
swimmer to execute turns and to control its speed. This is achieved by
introducing a linear superposition to the travelling wave apply on the
mid-line curvature. In that approach the swimmer knows its State by
using its displacement and orientation compared to the follower. Our
approach also uses the distance to the upstream obstacle but the big
novelty is that we do not use the absolute orientation between the ob-
stacle and the swimmer but the vorticity at the vicinity of the swimmer
head in order to give the steering command.

5.1.4 Simulations parameters

Simulations are performed on a domain size of [0;13.2D]x[0;6.6D] and
discretized by a 512 x 256 grid. The cylinder diameter is taken equal
to 0.2 m, its rest position being located at (1.98D, 3.3D). The following
numerical parameters for VPM and the penalization are used: LCFL =
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2.1072, € = 2hs515, A = 1.107* where ks, is the spacing of the uniform
grid.
The Reynolds number is set equal to Re = % =100 and the Strou-

hal number for the cylinder alone is found to be St = chD = 0.23, with
fc the shedding frequency. We chose the angular frequency of the im-
posed coordinates trajectory to be high compared to the frequency of
shedding, i.e. wy = 2mnf = 24nf.. This higher frequency allows the
swimmer to maneuver within the wake vortices and track their motion

adequately, as a small fish would surf into the wake of a whale.

All simulations start with an initial phase (t* = % < th,y) during

which the swimmer is held stationary. This initial phase also con-
tains a perturbation to accelerate the transition to the periodic shed-
ding of vortices by the cylinder. This perturbation, which happens
for t* < 4, consists in a rotation of the cylinder at an angular veloc-
ity QO = sin(0.1257tt*). The remainder of the initial phase allows the
shedding to reach its periodic regime and the shed vortices to interact
with the still fixed swimmer.

5.2 Results

In this section, the controllers derived above are validated on three dis-
tinct test cases: a swimmer maintaining a stationary position in a uni-
form flow without a cylinder (1), evolving behind a stationary cylinder
(2), and evolving behind a moving cylinder (3). The resulting dynamics
are presented in the video attached to this paper.

Table 5.1] gathers the values of the controller coefficients for all the
test cases; they are provided in dimensionless form for the sake of gen-
erality.

Table 5.1: Dimensionless controller coefficients (for case (1) K" =
K!D)

Cases || K/ = K"llj)z K, =K,D | K= KEJD S ff’ = ffTD
(1) 0.6 6 1.4 2.5 /
(2) 0.6 15| 0.13
(3) 0.6 4 0.3 25| 0.05

S
©
N
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5.2.1 Position holding in a uniform flow

In this test case, since there was no vorticity upstream of the swimmer,
we did not use the steering controller from Eq. (5.4). Instead, a pro-
portional controller canceling the difference of bare vertical position
between the swimmer and the reference was used to compute C,:

G, = K;/(yref -9(1))

The swimmer goal was thus to remain centered at y,.;. Figure
shows that the swimmer reach a stable position but does not manage to
reach the center of the domain. It has a steady-state error but for this
specific test it is not of paramount importance because we just wanted
to have a swimmer that stabilize horizontally in the flow.

Figure [5.6| reveals that the swimmer reached its reference position
at the center of the domain in about 40 dimensionless time units. The

average dimensionless power produced by the three joints was equal

to P = pUL3D = 15.53 where P = 2?24 7;4; is the actuation power. This

average was calculated when the swimmer reached its steady position
and movement, i.e. when t* > 50.

0.25
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0.15

0.1

2 0.05
=N

-0.05

-0.1+

-0.15 : : : : : : -
20 40 60 80 100 120 140

*_ tV
=5

Figure 5.5: Position holding in uniform flow: vertical position of the
first segment center of mass (solid) and reference value (dashed).
©2018 IEEE
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(a) Horizontal position (b) Vorticity snapshot

Figure 5.6: Position holding in uniform flow: horizontal position
of the first segment center of mass (solid) and reference value
(dashed). Vorticity snapshot at t* = tU/D = 40. ©2018 IEEE

5.2.2 Stationary cylinder wake tracking

Figure[5.7(a)|shows the results of the three nested controllers presented
in Section [5.1|thus combining the stabilization of distance to the cylin-
der, and flow exploitation. It reveals that the swimmer reached its sta-
tionary position, d,.y = 3.5D, in the horizontal direction in about 20
dimensionless time and with no overshoot. Regarding the y direction,
Fig.[5.7(b)|reveals that the swimmer oscillated around the reference po-
sition, i.e. the one of the cylinder. The amplitude of these oscillations is
about 0.6D. The average dimensionless power produced by the three ar-
ticulated joints is equal to P’ =13.58. This average was computed when
the swimmer reached its steady position with respect to the cylinder,
i.e. when t* > 40. The average power is thus 12.56% smaller as com-
pared to the first case where the swimmer did not interact with vortical
perturbations to maintain its stationary position.

Figure|5.8|shows the vorticity contour around the swimmer when it
stabilized in the wake.
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Figure 5.7: Stationary cylinder wake tracking: position of the first
segment center of mass (solid) and reference value (dashed). The
red dots shows the position where each vorticity snapshot have
been taken see Fig. ©2018 IEEE
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(a) £} = 66.2
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Figure 5.8: Stationary cylinder wake tracking: vorticity snapshots
at different normalized times: t* = tU/D taken in the last period
of the regime movement of the swimmer (Fig/5.7(b)). Negative and
positive vorticity are denoted in blue and red respectively. ©2018
IEEE
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5.2.3 Moving cylinder wake tracking

Here the kinematics of the cylinder are imposed to follow a vertical
motion captured by

ycyl(t) = Oyl Sin(znfcyl t)

) _ acyl _ . . . . ;7 fcyID _
where Ay =D = 1.5 is the dimensionless amplitude and fcyl =~ =

0.066 the dimensionless frequency of this motion.

U
—) ‘ - - -
y

Lx

Figure 5.9: Simulation setup: cylinder of diameter D moving in the
y direction.

Again the swimmer reaches its reference distance to the cylinder
dyef = 3.5D, although with larger oscillations as in the previous case,
since the cylinder itself is oscillating. The average power in this case is
P’ = 15.03. This was calculated when the swimmer reached its steady
position with respect to the cylinder, i.e. when t* > 30. Again the power
consumed to stabilize behind the moving cylinder is 3.2% smaller as
compared to swimming in a uniform flow.

Fig. shows the vorticity plot around the swimmer when stabi-
lized in the wake.
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d/D

2.5

Figure 5.10: Moving cylinder wake tracking: horizontal position
of the first segment center of mass (solid) and reference value
(dashed).

Figure 5.11: Moving cylinder wake tracking: vertical position of the
first segment center of mass (solid) and of the cylinder (dashed).The
red dots shows the position where each vorticity snapshot have
been taken see Fig. ©2018 IEEE
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Figure 5.12: Moving cylinder wake tracking: vorticity snapshots at
different normalized times: t* = tU/D taken in the last period of the
regime movement of the swimmer (Fig/5.11). Colors are similar as

in Fig. ©2018 IEEE
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Conclusions

Wakes involve very specific vortical structures (vortices, sheets, tubes)
which can subject a downstream device to substantial forces as pre-
sented in previous chapter where those forces are used to harverst en-
ergy. In the specific case of a cylinder subject to an incoming flow at low
Reynolds number, a von Karman vortex street is generated. This wake
structure involves a low pressure region directly behind the cylinder
and the shedding of well-separated vortices with alternating strengths.
We have shown that it is possible, through a specific motion within the
vortex street, to reduce the mean power required to propel the swim-
ming device as it was already promising in Section where a pas-
sive swimmer achieved a forward movement in the wake of a cylinder.
The efficient exploitation of the shed vortical structures requires that
the swimmer remains both synchronized with the vortex shedding and
close to the cylinder. The last test case illustrates these requirements
in a counter-example: the swimmer does not manage to stabilize well
enough in the wake and loses most of the drafting benefit. The result-
ing tracking performance of the control algorithm is thus of paramount
importance to stay synchronized with the vortical structures.

This work paves the way towards more complex energy efficient
bio-inspired frameworks in complex flow scenarios, which could in-
clude many devices interacting through their wakes. Bio-inspired sens-
ing mechanism measuring velocity or pressure along the body length
could also be added to the swimmer in order to enhance its percep-
tion of the environment. This enhanced sensory apparatus could then
be used to follow a specific stream or perturbations created by obsta-
cles. The topic of bio-sensory mechanisms and the subsequent use
of the perceived information is still an open problem in biology and
engineering: the present simulation environment, which covers flow
dynamics, structure dynamics and their control, enables, for the first
time, the assessment of sensory and control hypotheses for biological
or bio-inspired systems.

In reference to IEEE copyrighted material which is used with per-
mission in this thesis, the IEEE does not endorse any of UCLouvain’s
products or services. Internal or personal use of this material is permit-
ted. If interested in reprinting/republishing IEEE copyrighted material
for advertising or promotional purposes or for creating new collective
works for resale or redistribution, please gotohttp://www.ieee.org/
publications_standards/publications/rights/rights_link.html
to learn how to obtain a License from RightsLink.
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Chapter

Hydrodynamic effort
computation on continuously
deformable bodies

Continuous slender bodies are the focus of our attention in this Chap-
ter. By studying continuous deformable bodies, we will be able to study
in more detail the fluid/solid dynamics interaction actually at play in
biological situations. Indeed, the examples presented in the previous
chapters do not allow to reproduce the influence of an actuator be-
tween the sub-bodies describing the body. Our goal at the end of the
manuscript thesis would be to derive an approach enabling the simu-
lation of continuously actuated bodies. In this Chapter, we focus on
the first step toward this goal: the validation of the hydrodynamic ef-
forts formulas, meant for non-deformable sub-bodies, on continuous
slender bodies with elastic deformation. The elastic deformation im-
plies a non-solenoidal deformation velocity field: indeed the body de-
formation does not guarantee a constant volume of deformation. This
method validation would be a huge improvement compared to usually
used method that recover the effort via the vorticity at the wall, i.e. in
a region of high gradients, needing the resolution of a specific Poisson
equation for the pressure at the wall. Indeed this method only involve
integrals computation on the body that are really simple to implement
and computationally less expensive.

First in Sections[6.1Jand[6.2}, we consider a simple case of fluid/solid
interaction with non-solenoidal continuous deformation motion and
characterize whether the previously established hydrodynamic forces
and moments formulas are still valid. In Section[6.3} those verified for-
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mulas are then used to extract the hydrodynamic efforts imposed on a
body during its motion and compare them with the literature. Further-
more, we show that the method enables the extraction of the actuation
needed for a specific deformation motion. This method could easily
retrieve the actuation needed for any prescribed motion.

6.1 Implementation of test case on continuously de-
forming body

The idea of this test case is to fall back to the algorithm of Gazzola et
al. [5] but with a simple difference on the resolution principle. This dif-
ference consist in applying the dynamics equation of movement based
on the hydrodynamic efforts (see Section on the swimmer. The
swimmer deformation is still prescribed but its resulting motion is the
result of the interaction with the fluid. By comparing the results with
those of Gazzola, we can then verify if the calculation of forces and
moments is valid on a deformable body and not only on rigid bodies.

This verification is the first step to create a fluid/solid interaction
solver where the solid is a deformable body (presented in the next chap-
ter). Indeed, if we want to work with deformable bodies we need to
check if the way the efforts are computed are still valid.

This swimmer is the same as used in the biolocomotion study from
[5] and is defined by a envelop containing the body and a prescribed
kinematics of deformation with a non-solenoidal velocity field. The
algorithm is modified in order to compute the dynamics equations on
the whole body. This entails the computation of hydrodynamic forces
and moments on the whole deforming body.

In this section, we detail and discuss the components of this new
approach: the body definition and deformation, the divergence step
that must be added to correctly capture the flux of momentum on non-
solenoidal structure, the handling of the hydrodynamic efforts and the
corresponding computational aspects.

6.1.1 The body : geometry and deformation

The geometrical aspect of the two dimensional swimmer is character-
ized by the half width w(s) of the body along its midline s, 0 <s <L
(see Fig.[6.1). Following the work of Kern and Koumoutsakos [10] and
Carling et al. [16]], the half width w(s) is defined as
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Y

Figure 6.1: Anguilliform swimmer: geometrical definition of the
swimmer.

\V2wy,s — s2 0<s<s,

2
_ S—Sp
w(s) =3 wy,—(wy —wt)(st_sb) sp <5< s
L—s
WiTss, si<s<L

where L is the body length, wj, = s, = 0.04L, s; = 0.95L and w; =
0.01L.

Several analytical descriptions for the motion of anguilliform swim-
mers have been proposed in the past. In this chapter, we only focus on
the lateral displacement of the mid-line, y(s, t) (the red line in Fig.
in the head of the swimmer local frame of reference (w,s), defined as

0.03125+s/L .
————S

1.03125 m(zn(i—i)) (6-1)

Vs(s, 1) =0.125- I°T

where L is the fish length, s is the arc length of the mid-line,  the time,
and T the period.

The previous definition gives access to the position and the defor-
mation velocity of the mid-line in the head frame of reference. In or-
der to obtain a deformation field for the whole swimming body, it is
necessary to extend position and velocities away from the mid-line.
This is achieved by constructing a deformable mesh as described in
Appendix A from [5]. This Cartesian computational grid sticks to the
body and describes its deformation through the position and the veloc-
ities achieved by each point of the mesh (see Fig.[6.2).

6.1.2 Divergence step

In this study, the velocity deformation ug4,f of the shape is prescribed
and varies in time. As this extended velocity field can be non-solenoi-
dal inside the object as it will expand with its deformation, the conti-
nuity equation of Eq. must be modified into
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Figure 6.2: Continuous deformable bodies: Schematic of the use of
the grids. Here two independents shapes are embedded in their cor-
responding deformable grids M; and M, the black dots, that carry
the values of deformation velocity u,,r, the red arrows, and charac-
teristic function x ¢, , X, the blue contour, to be bilinearly in-
terpolated onto the Cartesian computational grid C, the black mesh
(figure extracted from [3]).

Viu = 0e2\Q (6.2)
V-u = V-udefEQ (6.3)

where ¥, the whole domain of computation containing the fluid and
body and (), the sub-domain containing only the body. Since the de-
formations u4,r may not be locally volume-preserving, the recovery of
a consistent velocity field across the extended domain requires evaluat-
ing the divergence field Eq. and adding the corresponding dilata-
tional term in the Helmholtz decomposition Eq. (6.7). Thus this will
change the resolution of the velocity field inside the body where those
equations must be solved for :

o = Xxs(V-uge) (6.4)
Vi = —w (6.5)
Vip = o (6.6)

u = Vxyp+Ve (6.7)

6.1.3 Fluid-structure interaction efforts

We now derive the hydrodynamic efforts 7j,; to apply on the whole
body. The original method (in Appendix @ solves the FSI problem
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through the combined use of penalization and projection techniques
without explicitly computing the forces exerted on the immersed body.

In this setup, the deformation of the body is prescribed and we
do not need to indentify (anglular) moments injected from the actu-
ation component. As a consequence, the penalization contribution is
no longer needed as compared to the Algorithm from Chapter |2, We
show in Appendix [C]that the penalization identically oppose to the ac-
tuation effects. The only efforts to take into account are thus

d
Fhyde = EJQ pru dv = Forojr (6.8)

mat
d

T 5 pf(xxu)dV =M

mat

Mhyd,c proj-

6.1.4 Computational implementation

In the following, we describe the implementation of the above method-
ology into a full algorithm. We recall that the forces and moments F
and Mp,,; are computed on the whole body.

The new hybrid method is summarized in Algorithm [2| In red we
highlight the lines that changed compared to the original Algorithm of
Chapter |2l The superscript n denotes the evaluation time t" of fields
and variables. We then denote the velocity, vorticity, characteristic
function, generalized coordinates, forces, moments and density fields
at time t" as u”, 0", x¥, q", F", M" and p", respectively.

Only Egs. (6.11), and differ from the original Algo-
rithm [4in Appendix [A] The projection efforts are computed as in the
former segmented approach but on the whole body, see Egs. and
(16.12).

proj

Xcm
C/ >
ey
qco —o)— Rotational joint
Y1 e
—E— Linear joint
X

Figure 6.3: Multi-body diagram the new continuous eel-like struc-
ture: floating base generalized coordinates, 4.1, 4.2, 4.3 where the
reference point on the body is the center of mass.
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Algorithm 2 Original method

WHILE " < T, g4

x¥ given deformation

u}pp given deformation velocity field
0= x5 (V-upgp)

p" =psxs +pf(1-x5)

VZI[JH = _—o"
V2¢n ="
u" =Vxy"+Ve"
*n+1 *, 1
P = .
Hn+l n, n+l . n+l _ " Proj proj
Pyroj 7J‘ prxsu’ dx with Fproj S v
mat

= 1n+1 _ 1*,11

proj proj — At

1;,:1(;;1 :J (’f)(;l (x x u””) dx+x?m XFH+1 with M"H» _ _Pproj proj
Qmat

uf =uf +up =solve(Fproj, Mproj)

u’ + AAtx ¢ (uf +ulypp)
1+ AAH I

n _
u)) =

9&)’1 _ Vo y auK

n
2 - v
3&)3 n_.n
5 +V-(ujw))=0
"l = wKH
xibil =x, +ulk A"

6n+1 = 0" 4+ O" A"

L= g AT

ENDWHILE

(6.10)

(6.11)

(6.12)
(6.13)

(6.14)

(6.15)

(6.16)

(6.17)

(6.18)
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In Eq. (6.13), the solid motion of the deformable structure is solved
only based on Newton equations of movement see Fig. for notation
reference. This is indicated by the function solve() characterized by

n+1 n+1 n+1
Geg = M oo = _yproj Gos= M (6.19)
1™ Mass™ 192~ Mass™ 193 ™ Inertia™ '

where §. 1, 4., and §. 3 represent the floating base generalized coordi-
nates acceleration. The Mass and Inertia of the structure are recom-
puted at each time step based on the new characteristic function x!.

6.2 Swimming fish: kinematic and dynamics com-
parison

Based on this new algorithm, a comparison between our methodology
and the method of Gazzola et al. [5] is shown for the simulation of
2D self-propelled anguilliform swimmers. The aim of this section is to
validate the use of the hydrodynamic efforts on a continuous deforming
body with a non-solenoidal deformation velocity field.

The motion pattern used for validation purposes in [5]] was first in-
troduced by [16]], and consists of a two dimensional deformation of the
swimmer mid-line. The lateral displacement of the mid-line, v,(s, ),
in a local frame of reference is defined as in Eq. (6.1).The normals and
velocities are approximated with a finite difference scheme.

All simulations are started with the body at rest and the motion
is initialized by gradually increasing the displacement magnitude thr-
ough a sinusoidal function from zero to its designated value during the
first cycle. We set the viscosity of the fluid to be y = 1.4 1074, the body
length to be L =1 and the density to be pfj,ig = pPpody = 1, resulting in
a Reynolds number of approximately 3800, given the final swimming
velocity. The volume is conserved, therefore fluid and body densities
are the same and the baroclinic term drops out. Simulations are carried
out on a rectangular domain [0,4L] x [0,4L] with a resolution of 1024 x
1024 grid, LCFL=0.01, A =10*, and € = 22h.

Fig. depicts the unsteady forward (u,, solid line) and lateral (u,,
dashed line) velocities of the center of mass of the body, normalized by
L. Similar kinematics are observed. The lateral and angular velocities
in the steady regime also match both in amplitude and frequency. We
can conclude that the hydrodynamic effort that we consider correctly
capture the dynamics of interaction and reproduce correctly the same
results.



74 CHAPTER 6. CONTINUOUS APPROACH

0.6
0.5+
0.4}

0.3}

ux,uy/L

0.2+t

0.1+

;’\ P K\ i.””\ N\ 2\ N
VAN 5N 2
AN \\‘ 7N NS NS NS

-0.1 . . . .
0 2 4 6 8
t'=

i~

Figure 6.4: Anguilliform swimmer: Forward velocity u,/L (solid
line), lateral velocity u,/L (dashed line). Black lines indicate 2D
swimmer simulations with the proposed method and red lines re-
produce the results from Gazzola et al. [5].

6.3 Extraction of fluid and actuation moments

The aim of this section is to compare the hydrodynamic efforts exerted
on the continuous deformable swimming structure. The only other
method that enables the computation of the hydrodynamic effort is
done by Verma et al. [43] where they also use a VPM method com-
bined with the calculation of pressure along the surface of the fish by
the complex handling of another resolution of Poisson equation. The
present method does only require the integration of the penalization
term and projection term on the body domain no complex resolution is
needed to recover the efforts on the body.

The second objective of this section is to show that our method is
able to recover the hydrodynamic moment exerted on the midline, s,
of the structure and ultimately the actuation moment needed to repro-
duce the same dynamic of motion.

6.3.1 Extraction of the hydrodynamic moments on the mid-
line

In order to compute the hydrodynamic moment exerted on the midline
of the swimmer, the body was cut in N sub-bodies which are used to
compute the impact of the fluid with respect to the central line.

In Fig. we can see the body subdivision. Each subdivision is
represented by a characteristic function mollified at the cutting edge
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with the same mollification factor, € = h, as on the outer surface. Those
sub-function are only used to compute the hydrodynamic effort and
are not involved in the resolution of the motion dynamics as it is done
only on the whole body.

Figure 6.5: Anguilliform swimmer: characteristic function used to
compute the resulting moment and forces on the midline. The col-
ormap ranges from blue, “no body” to red, "body”, with the tran-
sition of color enabling the visualisation of the mollification of the
body surface.

We see in Fig.[6.6|how the moments and forces are accounted for on
the midline. The integral of the forces calculations are performed on
each sub-bodies and the moment is calculated with respect to the red
dot. This red dot is located on the midline at the cutting edge.

Concerning the result received from Verma, the forces were given
on the outer surface of the body as exposed in Fig. For each point
of the midline we computed the forces and moments based only on
the red colored outer surface in order to have the same hydrodynamic
moments than for the present simulations.

M = Zxsz (6.20)

where x is the vector from the surface point of force and the red dot
located on the midline.
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Figure 6.6: Anguilliform swimmer: schematic of the hydrodynamic
effort computation on the continuous structure.

6.3.2 Hydrodynamic efforts comparison

Based on this new algorithm, a comparison between our methodology
and the method of Verma et al. [43] is shown for the simulation of 2D
self-propelled anguilliform swimmers. The motion pattern used for
validation purposes in this section is the same as for the previous test
(see Section but the fluid parameters and dimensions are different:
the viscosity of the fluid is set to u = 2.5¢7°, the body length to be L =
0.1 and the density is still pgj,ig = Ppoay = 1, resulting in a Reynolds
number of approximately 2600, given the final swimming velocity.

All simulations are started with the body at rest and the motion
is initialized as in the last Section. Simulations are carried out on a
rectangular domain [0, 2L]x[0, 2L] with a resolution of 1024x1024 grid,
LCFL=0.01,A=10*,and e = h.

In Figs.|6.8(a){and [6.8(b), we compare total hydrodynamic force ap-
plied by the fluid on the structure from the reference curve and the
current approach. We can see a slight difference that can be explained
by the different methodology. The present methodology is less accurate
due to the fact that it does only uses integrals over the body domain.

In Figs.[6.9]to[6.19} the evolution during one period of motion along
the midline of the swimmer, s, is pictured. Moments are shown in Fig-
ures (a): in black we see the comparison of the hydrodynamic moment
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Figure 6.7: Anguilliform swimmer: computation of the hydrody-
namic forces and moments on the swimmer form Verma et al. [43].
Subfigures A and B illustrate on two subdivision the outer surface
in red where the Fg are taken into account in order to compute the
equivalent force and moment on the red circle center. Subfigure C
illustrate the various points taken on the midline used to compute
the equivalent forces and moments.

between the reference, dashed line, and the present method, solid line.
The result are quite well in agreement. In the same figures, another
curve in red show the actuation moment extracted from the movement,
the penalization component of force. Figures (b) and (c), show the
comparison of force contribution in the forward and lateral direction
between the reference, dashed, and the present method, solid. The re-
sults are consistent in shape and average value even though we observe
a slight difference for the forward component of force. Furthermore,
the present method does capture the efforts exchanged at the cutting
edge for each sub-function while Verma’s method takes into account
only the efforts on the surface of the body. Figures (d) shows the vor-
ticity plot around the propelling swimmer.

This method enables to compute the hydrodynamic efforts applied
on a deformable body in contact with fluid. The original method of
Gazzola et al. [5] did not allow to find these hydrodynamic forces.
Through this work, we were able to extend this former work to reach
the same result of Verma et al. [43] through a different approach which
is less computationally costly but loses a slight precision.
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Figure 6.8: Anguilliform swimmer: hydrodynamic force exerted on
the whole body, compared to data from Verma et al. [43]. Verma et
al. is reproduced with dashed black lines. The present method is
reproduced in solid black lines with the explicit components : pro-
jection component, solid blue, and penalization component, solid
red.
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Figure 6.9: Anguilliform swimmer: anguiliform swimming t] =
1.95 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.10: Anguilliform swimmer: anguiliform swimming ¢}, =
2.0 : present results, total forces : solid black line and actuation mo-
ment solid red line; reference curved from Verma et al. (dashed
black line).
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Figure 6.11: Anguilliform swimmer: anguiliform swimming t; =
2.08 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.12: Anguilliform swimmer: anguiliform swimming t; =
2.14 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.13: Anguilliform swimmer: anguiliform swimming t; =
2.21 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.14: Anguilliform swimmer: anguiliform swimming tg
=2.27 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.15: Anguilliform swimmer: anguiliform swimming t; =
2.34 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.16: Anguilliform swimmer: anguiliform swimming tg; =
2.40 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.17: Anguilliform swimmer: anguiliform swimming t5 =
2.47 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.18: Anguilliform swimmer: anguiliform swimming #;0
= 2.53 : present results, total forces : solid black line and actua-
tion moment solid red line; reference curved from Verma et al.
(dashed black line).
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Figure 6.19: Anguilliform swimmer: anguiliform swimming t]1 =
2.6 : present results, total forces : solid black line and actuation mo-
ment solid red line; reference curved from Verma et al. (dashed
black line).
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6.3.3 Recovery of the actuation moment on the midline

By observing more deeply the actuation moment obtained in this test
shown in Figs.[6.9(a)|to[6.19(a), we were able to establish an analytical
approximation of this curve. This approximation is done by a parame-
ter fit of the following function mainly depending on the position along
the midline, s, and the frequency of motion, f (from Eq. (6.1)) :

Mae(s,)/(pV2L?) = A(s)sin(2mft + ¢), (6.21)
A(s) = a-(1+ps)(s—1)(s—1)s? (6.22)

(6.23)

(6.24)

¢ = ¢Po+k, 6.23
k = =2mty,s. 6.24

with a = 0.4862, p = -0.1329, 14,;; = 0.2326 and ¢, = 0.5986, the pa-
rameter of adaptation. The result exposed as a 3D shape can be seen in
Fig. This moment will be used in the following Chapter to see if
it is possible to generate a similar swimming gait by direct actuation of
the body with this actuation torque pattern.

6.4 Conclusion

In conclusion, this chapter validates the force calculation method for a
continuous deformable body with the same formulation as in the first
part of this work concerning only rigid articulated bodies. The hydro-
dynamic effort are still valid even if the characteristic function overlap
through the mollification zone. Another result is that the method re-
mains valid if the body has a non-solenoidal deformation velocity field.

This method is really a huge improvement compared to usually
used method that recovers the effort via the vorticity at the wall, i.e.
in a region of high gradients, and the solution of a specific Poisson
equation for the pressure at the wall. Indeed this method only involve
integrals computation on the body that are really simple to implement
and computationally less expensive than the resolution of the Poisson
equation.

We were also able to show that the method allowed to find the actu-
ation efforts necessary to produce a particular swimming gait by isolat-
ing the part related to the penalization of the effort computation. This
is a great advance in the field and allows to study the efficiency of a
swimming gait kinematic according to a chosen criterion (low energy
consumption, fast, silent gait).
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Figure 6.20: Anguilliform swimmer: extraction of actuation mo-
ment needed for this motion configuration.
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Chapter

Direct dynamics actuation of
continuous bodies

This Chapter is devoted to the upgrade of the algorithm presented in
Chapter 2| so that it can be adapted to a body with continuous defor-
mations. Being able to reproduce bodies undergoing continuous de-
formation is interesting to better study the mechanisms of fluid-solid
interaction in a biological way. Indeed, living organisms interacting
with fluid are all deformable bodies. The first algorithm presented is
not able to take into account articulated systems whose segments de-
form and overlap. This difference in the body definition influence the
masses and inertias that must be used as well as the way the velocity
field is calculated.

As in the previous method, the structure will be composed of differ-
ent sub-bodies connected by means of rotational joints. These different
sections will deform in order to guarantee that the body remains in one
piece. This approach is very close to what is found in nature where the
bodies of anguilliform swimmers are discretized in the spine by a finite
number of segments, while still having a continuous skin. The changes
made to the code are explained in the first Section.

In Section we characterize this new method. We reproduce the
swimming pattern presented in section |6.2| using the prescribed defor-
mation mode of this new solver. To achieve this, we fit the angular
profiles as well as their first and second derivatives to mathematical
functions, based on the lateral deformation of the mid-line. The results
show that our solver is able to reproduce a motion very close to the
reference.

The last part of this Chapter is devoted to the study of the actuation

93
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moments necessary for generating the motion. To do this, we proceed
by steps. First we observe the moments extracted from the simulation
with prescribed kinematics and we compare them to the actuation mo-
ments retrieved with inverse dynamics analysis in the last section of
the previous Chapter. We then proceed to two controlled tests by re-
playing the code in “direct dynamics” mode, i.e. without prescribing
the deformation of the swimmer. The two test cases that we created are
a very simplified version of a biomechanical simulator for anguiliform
swimmer: continuous body and direct dynamics.

The first scenario is a pure feed-forward control where the swimmer
movement is obtained by direct integration of the torque patterns. In
the second one, we created a test where feed-forward and feed-back
control are coupled in order to stabilize the resulting motion.

The last section of this chapter is devoted to pilot study of a differ-
ent swimming scenario aiming at opening new avenues of simulations
with the developed solver.

7.1 Extension to continuous systems

We here modify the algorithm presented in Section in order to
treat an articulated continuous system of deforming elements with em-
bedded actuation. The body is discretized in segments connected via
rotational joints. The segments deform in order to guarantee that the
body remains in one piece. This entails the computation of hydrody-
namic forces and moments on each deforming element of the struc-
ture to solve the dynamics of the degrees of freedom related to the
body joints. In this section, we detail and discuss the addition to the
main algorithm: the new description of the body articulated structure,
the multi-body system (MBS) updated solver and the computation of
the hydrodynamic efforts on the new setup from the penalization (Sec-

tion [2.2)) and projection (Section |2.3)) schemes.

7.1.1 Free articulated system

We focus on a two-dimensional MBS composed of N linked rigid bod-
ies, here more complex elements are used that can adapt to the defor-
mation of each joints in order to ensure a continuous body (Fig.
N = 3). Each joint entails a degree of freedom that is represented by
a generalized coordinate g;, i.e. the angle between two successive el-
ements. The three first coordinates, g1, g5, g3, also describe the float-
ing base, providing the global structure with the three translational
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o —

q 5 —0)— Rotational joint

—— Linear joint

Figure 7.1: Continuous actuation scheme : Multi-body diagram of
three segmented eel-like structure: floating base generalized coor-
dinates, g1, q», q3, and the joints generalized coordinates, q4, g5; 2a
the lenght, 2b the width and c the distance from the tip to the hinge
joint of each element here set to 0 in order to have a continuous
structure.

and rotational degrees of freedom related to the x, y plane. The ar-
ticulated structure is then described by the generalized coordinates:
q=1[41 92-- 4], with n = N + 2. The footprint of the structure in space
is then described by a set of characteristic functions, x; ;, each one rep-
resenting a cutting element j, as in Eq. .

The geometrical aspect of the two dimensional swimmer is the same
as in the previous Chapter, see Section [6.1.1} The cut between the seg-
ments is done at the middle of each transition in between generalized
coodinates, g4 gs... 4,1 as represented in Fig. This is done using
a mollification parameter to create for each segment a characteristic
function as it is presented in Fig. If we sum all the characteristic
functions the result will be equal to the characteristic function of the
whole body without cutting edges and the transition in between the

segments will not be visible.
» [ f—

q , —6)— Rotational joint

—{E— Linear joint

Figure 7.2: Free articulated system : Zoom on the characteristic
function of 3 segments. Blue represent the absence of body where
the characteristic function equals zero and red the present the body
where the characteristic function equals 1. The transitioning colors
represent the mollification zone where the characteristic function
goes from 1 to zero gradually.
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7.1.2 Multi-body dynamics equations

In this new scheme the only difference comes from the fact that the
Inertia, I]-, and the mass, m; of each sub-element will be different and
that they will change with time. It will only affect the inertia matrix,
D(q) but we consider that this is negligible since we will take small
elements subject to very small changes. Indeed, we can show that if
we assume that at the transition between two segments the thickness
of the section remains constant then the variation of inertia and mass

is equal to zero, see Fig.

Figure 7.3: Multi-body dynamics equations : zoom on one deform-
ing segment where the dashed red line show the transition between
two segment of the structure. The hatched red zone represent the
part that must be removed or added to the new deformed segment.

Moreover, we do not take into account the elasticity of the body
structure in this thesis, i.e. there is no resistance to deformation due to
the body’s inherent structure which could come from the skin, tendons
and other biological elements. This can be added in a later version of
the code.

7.1.3 Computational aspects

It is the same algorithm as presented in the second Chapter (see Algo-
rithm [1)) except that we take into account the divergence of the defor-
mation velocity field. The changes are highlight in red compared to the
former algorithm. There is also a difference in the way that the defor-
mation velocity field is computed. Each segment has its own velocity
field, u; , they are then combined via the use of each characteristic
function, ug o = ) Xxs,itlsi, see Eqs. (7.13) and (7.14). This guarantees a
smooth transition of the velocity field in between segments.

Egs. (7.1), (7.2), and differ from the original Algorithm 1]
and make it possible to take into account the non-solenoidal deforma-
tion velocity field. In Eq. , the deformation velocity field, uZef’ is
computed based on the function momentFree() characterized by
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Algorithm 3 Coupled Method for continuous actuated body

WHILE " < T4
Step 1 : Velocity update

ugef: nmm@ntFrUU()(;l,ngmt) (7.1)
(TIIZX;I(V‘“:;M) (7.2)
LT (7.3)
qu)H: s (7.4)
u =V x V" (7.5)

"2
|[Vu™||At" < LCFL and At" < 3 (7.6)

Step 2 : Projection forces

*, 1+ 1 *,1

plth—ptt .
s+l _ n n+l ; n+l _ _ProJ proj
Pproj = JQmat pXsu dx with Fproj = N (7.7)
1*,n+.1 o
,m+1 1 1 . 1 proj __proj
l;raj = jﬁmm pf;(;’ (x x u"t) dx+xly, XF;:U]‘ with M;:;:oj = (7.8)
Step 3 : Time integration of the MBS
n+l _ n+1 prn+l
Tstat =7 Fstat Msar) (7.9)
n+l _ n+1 n n+1 n
Thyd =7 Fyro; + Fpen My Lo+ Mpen) (7.10)
Igg'tl provided by a control law
N o\ 1 1 1
D(q)q+C(q,q)q=rZ;dw i Tl (7.11)
Compute q”"'1 and q”“ for 111 = ¢4 AfT
21 Zg(gty (7.12)
u;Hl :H(q””,q””) (7.13)
il =) eyt (7.14)
Step 4 : Penalization
ul + AAt)(""’lu“H
n+1 s s,tot
ulttl = - (7.15)
1+ AAtx It
wy =Vxulttl (7.16)
Fn+1 _ 2 n+1( n+l _ n+1)d (7.17
pen = ) Prxs (uy us X 17)
Mgzr,} = jQ /\pf)(g”l X X (ug+1 - u?“ )dx + x?,,tl X Pg;r,,l (7.18)
Step 5 : Time integration of the vorticity field
dw
TtA:vVZm/\—V-(uA(uA) (7.19)
ol 2 il (7.20)

LS

n=n+1

ENDWHILE
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1
ur = Mass Jp”x?uﬁtat dx, (7.21)

. 1
o = Inertia jp"%?(x—x?m)xugtot dx, (7.22)
ul = O"x(x-x,), (7.23)
Weg = Moo TUE U (7.24)

where x.,, represent the position of the center of mass and ©”" represent
the angular velocity of the swimmer at the center of mass.

This code would require optimization through better computational
techniques in the treatment of the various fields, especially the charac-
teristic functions and the velocity fields, because for the moment the
code is very memory intensive.

7.2 Validation with imposed kinematics

In this section, we only use prescribed kinematics simulations. To val-
idate the deformation motion pattern and the resulting global move-
ment, we use as reference the simulation from Gazzola et al. [5]. To
validate the hydrodynamic and actuation moments, we use as reference
the simulation from Verma et al. [43]. The same lateral displacement of
the mid-line are applied on the two references but the fluid properties
differ as explained in the previous Chapter.

7.2.1 2D self-propelled anguilliform swimmer

Based on this new algorithm, a comparison between our methodology
and the method of Gazzola et al. [5]] is presented for the simulation of
2D self-propelled anguilliform swimmers. The motion pattern used for
this validation is described by the lateral displacement of the mid-line,
vs(s, 1), as in Eq. (6.1).

The only difference relies on the parameterization of the motion
imposed to the new scheme of deformation. Indeed, we only have ac-
cess to the generalized coordinates and not the lateral displacement of
the mid-line. In Fig. we show the deformation of the body mid-
line where dy can be found via the formulation Eq. along s. This
allows to compute the angle corresponding to the general coordinates
already mentioned in Fig.[7.1| by calculating
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. d
0, = asm(d—z) (7.25)
9 = 0;-0;i. (7.26)

Figure 7.4: Continuous actuation scheme : midline segmentation
principle.

In Fig. a slight difference of position at the end of the body can
be possible as we impose the body to keep a constant length (see the
different position of the bullet and the mid-line of the body). This will
always induce a difference in the resulting motion, that will have to be
taken into account and discussed.

All simulations are started with the body at rest and the motion is
initialized by gradually increasing the displacement magnitude (throu-
gh a sinusoidal function used on the rising quarter of its period) from
zero to its designated value during the first cycle. We set the viscosity of
the fluid to be p = 1.4 1074, the body length to be L = 1 and the density
to be priuia = Prody = 1. The volume is conserved, therefore fluid and
body densities are the same and the baroclinic term drops out.

Simulations are carried out on a rectangular domain [0,4L] x [0,4L]
with a resolution of 2048 x2048 grid, LCFL =0.01, A = 1/dt,and € = h.

Results

Fig. depicts the unsteady forward (u,, solid line) and lateral (u,,
dashed line) velocities of the center of mass of the body, normalized
by L. Similar dynamics are observed but a slight difference can be ex-
plained by the notable variation in the motion applied. The lateral and
angular (not shown) velocities in the steady regime also agree both in
amplitude and phase.

Two curves are visible: one for 8 segments swimmer and one of
16 segment swimmer. The only notable difference between these two
curves is that the one with 16 segments allows a more smooth velocity.
We can see that the oscillations are more rounded than in the case of 8
segments which is closer to the reference.
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0.6

ux,uy/L

Figure 7.5: Validation with imposed kinematics: Forward veloc-
ity u,/L (solid lines), lateral velocity u,/L (dashed lines). Black
and blue lines indicate 2D swimmer simulations with the proposed
method, black for an 8 segments swimmer and, blue, 16 segments.
Red lines reproduce the results from Gazzola et al. [5].

7.2.2 Simplified generation of movement

For future simulations, it would be useful to have a mathematical ex-
pression of the angular pattern of the generalized coordinates g; that
corresponds to the “typical” body deformation provided in Eq. (6.1).
This is motivated by the simplification of the implementation of the
several controllers that will be needed in the next section. We have
exported the angles g; assigned to each coordinates for a 8 segmented
body and we have approximated these angles with a simple sinusoidal
function whose amplitude and phase shift vary, see Fig.[7.6]:

I
q = Aicos(2nf—§+(pi) (7.27)
withA = [ 0.194 0.235 0.289 0.349 0.413 0.481 0.551 |
mdp =[S SE 3 Z g o00)

To verify that this approximation works we have reproduced the
simulation of the swimmer from [5]. Fig.|7.7|shows the comparison of
the velocities between the movement with the original angles in black
and the simplified movement in blue. This shows that the simplified
motion is very close to the original motion and that we can use it for
further investigations.
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Figure 7.6: Simplified generation of movement: generalized coordi-
nates motion g; from the complete simulation in black, mathemati-

cal model given in Eq. (7.27) in color.

Here the simulation is carried out on a rectangular domain [0,4L] x
[0,4L] with a resolution of 1024 x 1024 grid, LCFL = 0.01, A = 1/dt,
and € = h.

0.6
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0.1}

0. / \///‘ \\// N
1 2 ;

-0.1
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3 4 5
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Figure 7.7: Simplified generation of movement: Forward velocity
uy/L (solid lines), lateral velocity u,/L (dashed lines). Black lines
indicate 2D swimmer simulations with the proposed method for an
8 segments swimmer. Blues lines account for the results obtained
with the complex motion resolution and red lines account for the
results from Gazzola et al. [53].
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7.2.3 Extraction of actuation moments from imposed defor-
mations

Now we look at the actuation torque needed to imposed this motion for
the simulation parameters presented in Section We use the config-
uration where we impose the kinematics in order to extract the torque
by using the inverse dynamics of the system. The inverse dynamics
requires solving for the term 7, in the equation of the dynamics pre-
sented in Chapter[2]:

Tact = D(q)q'f'c(qu)q_Thyd- (7.28)

As a reminder, this simulation is done with viscosity of the fluid set
to u = 2.5e76, the body length L = 0.1; it is carried out on a rectangular
domain [0,4L] x [0,4L] with a resolution of 1024 x 1024 grid, LCFL =
0.01, A =1/dt, and € = h. Fig.[7.8|reports the velocity profile compared
to the test of Verma et al. [43].

0.6
0.5+
0.4}

0.3}

ux,uy/L

0.2t

0.1}

ok

-0.1

Figure 7.8: Continuous actuation scheme: Forward velocity u,/L
(solid line), lateral velocity u,/L (dashed line). Black lines indicate
2D swimmer simulations with the proposed method and red lines
account for the results from Verma et al. [43].

In Fig. the actuation torque of each joint inside the swimmer
(94, --- ,qn+2) needed to achieve motion is pictured, both in 3D view and
as a function of time. If we compare to the torque extracted form the
theoretical mapping (from Section[6.3.2) that we repoduced in Fig.
with the same color map, we can see that the torque from this simula-
tion is not quite smooth but remains in the same range of values espe-
cially if we look at the last period of motion between t* = [6;8.5]. What
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we can also see is that the acceleration phase at the beginning of the

movement does require a higher torque amplitude.

In Fig. we can see the difference between the torque from the
inverse dynamics and the theoretical torque again with the same color
map. The gait frequency is visible but it is dominated by higher mode

of noise.

Minv/(pszz)

Miny/(pV?L?)

Figure 7.9: Extraction of moment actuation from imposed deforma-
tions: extraction of actuation moment via the inverse dynamics of

motion.
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(b) Side view

Figure 7.10: Extraction of moment actuation from imposed defor-
mations: theoretical torque extracted from Section with more
periods to match the simulation case.



7.2. REINTRODUCTION IN THE NEW FRAMEWORK 105

0.04
0.03
0.02
)
L 0.01
=
E 0
T
2 -0.01
=
-0.02
-0.03
-0.04
s position along the fish 1 = %
(a) 3D view
0.04 ¢ 0.04
0.03 0.03
0.02 + 0.02
3
T 001} 0.01
=
T o0 0
=
L -0.01 -0.01
g
=
-0.02 l -0.02
0.03 -0.03
0.04 -0.04

2 4 6 8
=

(b) Side view

==

Figure 7.11: Extraction of moment actuation from imposed defor-
mations: difference between the actuation torque issue from the
inverse dynamics and the theoretical actuation torque.

7.3 Moments reintroduction in the new framework

The aim of this Section is to give the actuation moments extracted on
the mid-line of the swimming continuous fish in Section[6.3]to the new
model without imposing the kinematics of deformation. The model is
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set in direct dynamics mode and is free to respond to actuation torques
and hydrodynamics efforts.

To study the response of the new algorithm, we are going to make
several tests. At first, we will make a simple test by giving to the
swimmer only the theoretical moments that we will call for now on
the feed-forward moments/torques. For this test, we expect that the
feed-forward control is not stable and that the swimmer will not be
able to reach the same speed nor a stable propulsion. Indeed, the feed-
forward moments were fitted on the steady operation of the swimmer
where it reaches constant velocity and is, thus, not able to carry out the
start up phase. As we showed in last section the torque amplitude must
be higher for the start-up phase.

In a second step, we add a feed-back component to the feed-forward
one which will help to stabilize the movement on the basis of a refer-
ence motion which is the one presented in the Section This will
allow the swimmer to get closer to the prescribed kinematic swimming
curve. We will be able to show that the feed-back torque is very noisy
but that this is not the main component of torque. Remember that for
this test we only have an approximation of the reference movement
due to the discretization of the body, as explain in Section and not
the exact movement of the midline, Eq. (6.1), unfortunately this will
introduce error in the feed-back.

The fluid parameters and dimensions stays the same as in the test
of Verma et al. [43]], the viscosity of the fluid is set to y = 2.5¢76, the
body length to be L = 0.1 and the density is still pfiyia = pPpody = 1,
resulting in a Reynolds number of approximately 2600, given the final
swimming velocity. All simulations are started with the body at rest
and the motion is initialized with a sinusoidal trigger. Simulations are
carried out on a rectangular domain [0,4L] x [0,4L] with a resolution of
1024 %1024 grid, LCFL=0.01, A =1/dt ,and e = h.

7.3.1 New framework : feed-forward control

In this test, as we have already mention, we control the swimmer only
by providing the torque extracted from Section defined as the
feed-forward torque, 7; ¢,
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T,ac (S(i), t) T, . .
v - (pvgz):A(s(z))sm(2r(ft+<;b), (7.29)
A(S) = a-(L+Bs)(s(i) - 1)(s(i) - 1)), (7.30)
¢ = do+k (7.31)
k = =2mt,;s(i). (7.32)

with a = 0.4862, f = -0.1329, 74, = 0.2326 and ¢ = 0.5986, the pa-
rameter of adaptation.

We made this simulation to see how the structure will react without
any stabilization from a feed-back signal except the fluid around the
structure.

Figure 7.12: Feed-forward control: Forward velocity u,/L (solid
lines), lateral velocity u,/L (dashed lines). Black lines indicate 2D
swimmer simulations with feed-forward control for an 8 segments
swimmer. Red lines account for the results obtained with the im-
posed motion resolution.

We can see in Fig. that the swimmer manages to accelerate in
the longitudinal direction at the very beginning and then reach or a
short moment u,/L = 0.5 to finally be completely destabilized. This can
be seen in more detail when you look at the generalized coordinates of
the Figs. [7.13(a) and [7.13(b)} Indeed, the position of two joints goes
to extremes and is not regulated. In other words the feed-back only
realized by the hydrodynamic efforts is not sufficient in this set-up to
stabilize the swimming mode in a pure feed-forward case. In Fig.
we can observe the swimmer deformation and it is clear for the last
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time sequence that the fish is reaching a state that the solver could not
treat as the segment are too much overlapping.

qi
E N N - T L I~ I N |
—————————————

o
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0 015 ; ‘i 115
st y_ t
=7 =+

(a) Motion g; (b) Velocities g;
Figure 7.13: Feed-forward control: generalized coordinates present

results, black, comparison to the approximation from Section[7.2.2}
in colors.

a) t/ =0.33
1

Figure 7.14: Feed-forward control: vorticity snapshots at different
normalized times: ¢’ = t/T. Negative and positive vorticity are de-
noted in blue and red respectively.
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7.3.2 Combined feed-forward and feed-back control

In this section, we stabilize the control in feed-forward with a feed-back
action that will be realized with a proportional controller,

Tiact = K;;(qi,ref - qi) + Tiffs

where g; ..; = Ajcos(2r+ - § + ¢;) with A; and @; form Eq.
p{f—é’D =0.190 the dimensionless propor-
tional coefficients, and, 7; ¢; the feed-forward torque component. K,
was chosen to be the lowest to ensure a good tracking of the chosen
kinematic.

The feed-back control is only there to stabilize the swimmer, so it
should be very small or of an order of magnitude smaller than the feed-
forward torque. On the Fig. we can see that the feed-back stabi-
lization allows to reach almost the same swimming speed as when the

simulation is done with prescribed kinematics.

the the reference motion, K, =

0.5
0.4+
0.3+

0.2+

u/L

0.1+

0

-0.1
0

Figure 7.15: Continuous actuation scheme: Forward velocity u,/L
(solid line), lateral velocity u,/L (dashed line). Black lines indicate
2D swimmer simulations with the proposed method and red lines
account for the results of the present method but with imposed
kinematics.

Indeed the values of the generalized coordinates g;, see Fig.
reach well the same values in position although their speed is a little
noisy leading to a slight difference on the average speed of the swimmer
in the last cycles of movement.
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* Figs. shows the actuation torque obtained by the inverse dy-
namics of the system.

* Figs. shows the torque generated by the feed-back control.
* Figs. shows the torque given by feed-forward controller.

All these visualizations have been made with the same color bar to
guarantee a better comparison between them.
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(b) Velocities ¢;

Figure 7.16: Anguilliform swimmer: generalized coordinates
present results, black, comparison to the approximation from Sec-

tion in colors.

What we observe is that the main component of the inverse torque
is indeed the feed-forward torque as can be seen by comparing Figs.
b) (feed-back) and m (feed-forward). However, this inverse
torque is very noisy as it was the case in the prescribed kinematics sim-
ulation (see Fig.|7.9). These noises are therefore compensated by the
feed-back torque which is also very noisy. If we now look at the top
view of the 3D graphs we can see that the feed-back has also changed
the position of the torque amplitude peak compared to the feed-forward
torque. Indeed we can see on the figure Fig.[7.17(c)|that the peak in yel-
low is more at 0.65L along the length of the swimmer rather than at the
center of the swimmer as it was the case of the imposed kinematics
simulation.

We have to be careful that here we do not have exactly the right
reference motion because as we said in the Section the body be-
ing sectioned in a rough way, we cannot give exactly the same refer-
ence motion in the feed-back component since it has a constant length.
This means that the feed-back torque can never cancel and is of the
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Figure 7.17: Anguilliform swimmer: extraction of actuation mo-
ment via the inverse dynamics, the color bar represent the moment

amplitude for each subfigure.
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Figure 7.18: Anguilliform swimmer: extraction of actuation mo-
ment provided by the feed-back controller, the color bar represent
the moment amplitude for each subfigure.
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Figure 7.19: Anguilliform swimmer: extraction of actuation mo-
ment provided by the feed-forward component, the color bar rep-

resent the moment amplitude for each subfigure.
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same order of magnitude as the feed-forward torque. We only impose
a proportional control which implies that the deformation speed of the
joints is not checked. This has also an influence on the importance of
the feed-back torque.

7.4 Analytical swimming gait

In this new test case, we impose a new reference motion and the swim-
mer is discretized with 5 segments (N = 5), it has thus 4 joints, to ob-
serve the differences from the previous test case and see if it works
with more segments. We use a controller with only a feed-back action
because we did not extract the actuation torque needed for this spe-
cific reference motion. This controller is realized with a proportional
controller,

Tiact = K[;(qi,ref - qi);

with K, = pv—gD = 40 the dimensionless proportional coefficients. This
coefficient is chosen in order to be lowest to ensure a good tracking of

the desired kinematic.

Gure ==+ (- +b,)/(1+ b)sin(2m(E = ) (1 - §>. (7.33)
with b, =0.25, T =1.0and a = 1.0

The fluid parameters and dimensions stay the same as in the test
of Verma et al. [43]], the viscosity of the fluid is set to u = 2.5¢76, the
body length to be L = 0.1 and the density is still pj,ig = Ppoay = 1. The
simulation is started with the body at rest and the motion is initialized
with a sinusoidal trigger. Simulations are carried out on a rectangular
domain [0,4L] x [0,4L] with a resolution of 1024 x 1024 grid, LCFL =
0.01, A=1/dt,and € = h.

In Fig. we can observe the speed profile reached by the swim-
mer. It reaches a higher velocity but has higher oscillation amplitude.
It seems to benefit from higher generalized coordinates amplitude of
motion as it is shown in Fig.

In Fig. we can observed the torque needed to achieved the
swimming gait. The torques has a higher amplitude and if we compare

the top views, Fig.[7.22(c)} has the same patterns as Fig.[7.18(c)
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Figure 7.20: Continuous actuation scheme: Forward velocity u,/L
(solid line), lateral velocity u,/L (dashed line). Black lines indicate
2D swimmer simulations with the proposed method and red lines

account for the results of the present method but with imposed
kinematics.

Figure 7.21: Continuous actuation scheme: generalized coordinates
positions, g;, present results, black, comparison to the approxima-
tion from Section adapted for 5 segments, in colors.
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Figure 7.22: Anguilliform swimmer: extraction of actuation mo-
ment via the inverse dynamics of motion, the color bar represent
the moment amplitude for each subfigure.
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We now look at the Cost of Transport of this motion compared to
the case "Combined feed-forward and feed-back control”. The CoT
indicates the energy spent per unit distance traveled and is defined
following the definition found in [68] :

t
Jy_q max(Pacy, 0) dt

t
[*lull dt

In Fig. we can see that the Cot of the “Combined feed-forward
and feed-back control” is less energy demanding than the specific pro-
pulsion motion. The swimmer consume more energy per unit of dis-
tance with four actuators. The CoT is flatter and more stable in the
reference motion than for the present result, this means that the mo-
tion presented here has not yet reached a constant speed propulsion.

CoT(t) =

(7.34)

%107

7} \\

CoT
(6)]

4 5 6 7 8 9 10 11
=ty
~— L

Figure 7.23: Anguilliform swimmer: Cost of transport, present re-
sult for the specific motion in black and reference result from the
case “Combined feed-forward and feed-back control” in red.

7.5 Conclusion

In this Chapter, we introduced a new variant of the methodology in
which continuous deformable bodies can be solved. These continuous
bodies can deform via the use of prescribed kinematics or actuation
torques. We have shown that this variant is able to reproduce a refer-
ence motion with prescribed kinematics. The torques extracted from
that exercise showed a very good coherence with the theoretical result
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found in the previous Chapter, even though the ones extracted in this
chapter were very noisy.

The new solver allows the application on the continuous body of
the torque formula extracted in the previous chapter. We showed that
if it is applied alone to the body, it is not sufficient to guarantee a given
swimming gait. If we want to reach the same swimming gait, it is neces-
sary to add a stabilizing term to the torque component. Here, we tested
a proportional feed-back term on the position. This allowed extracting
the feed-back torque from the solver, as expected the feed-back torque
helps mainly the swimmer to start but it seems also to change the am-
plitude peak of the total torque function necessary for the movement,
which is no longer in the middle of the body but at 3/4 of it.

Finally, we showed a last swimming test where the number of seg-
ments is changed and where the torques given to the segment follow
another function. In this case the swimmer manages to reach a higher
swimming speed.



Chapter

Conclusions and perspectives

8.1 Conclusions

In this manuscript, we have developed a Fluid-Structure-Actuation In-
teraction solver for free-swimming problems based on the combination
of a Vortex Particle-Mesh method with a Multi-Body System solver. Be-
cause it needs to time-integrate the dynamics of the actuated system
too, the solver constitutes a marked departure from the force-free ap-
proach originally proposed in the works of [5,(33}/36] and thus enables
investigations of structural internal dynamics including complex kine-
matic constraints (e.g. rotational joints, linear rails, efc). It indeed has
to recover hydrodynamic forces and moments; this is achieved through
a procedure that exploits the results of the intermediate steps of penal-
ization and projection.

The resulting approach was applied to benchmark cases of increas-
ing complexity: the sedimentation of a 2D cylinder, a comparison with
vorticity-based Noca formulas, the flow past an elastically-mounted
circular cylinder, a free swimming articulated fish and the problem
of passive propulsion within the wake of a bluff body. The method is
shown to reproduce reference results and accurately capture the cou-
pled dynamics of the flow and the articulated structure.

The approach was then applied to the motion of an articulated
eel-like harvester in the wake of a cylinder where the harvesting pro-
cess is achieved by damper-like elements. We performed a series of
simulations to identify a maximum power recovery and concurrently
studied the interaction between the fluid mechanics of the cylinder-
harvester system and the power recovery. Our test configuration, in
spite of its simple geometry, is an effective test-bed for the investigation
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of dynamically-rich harvesting problems. It has indeed shown some
interesting features: a tuned uniform damping allows the harvester to
achieve 88% of Betz’s optimum while a spatially-varying damping al-
lows to harvest energy more uniformly over the device. These perfor-
mances are promising as they hint at the efficient combination of power
production and flow control, through drag reduction and lift stabiliza-
tion.

We have also developed a bio-inspired control framework for self-
propelled swimmers evolving in complex flows. This framework relies
on three nested control layers controlling the motion of a self-propelled
swimmers in the wake of a cylinder. The swimmer equipped with vor-
ticity sensor near his head is able to feel the complex environment. The
resulting approach has been applied to several scenarios of increasing
complexity. The swimmer indeed had to maintain a stationary position
in a uniform flow or exploit the wake of an obstacle, which was first
stationary then mobile. Results showed that the swimmer saved 3.2 -
12.6 % energy when it evolved within a wake rather than in a uniform
flow.

We validated the use of forces on a continuous and deformable body
by comparing our results to the original algorithm of Gazzola et al.
[5]. We also show that this new method is able to extract the necessary
actuation torques in order to achieve a certain swimming kinematics.

We adapted the method presented in the first part to extend it to
a continuous body. We show that our method allows to reproduce a
similar motion with the same imposed kinematics. The new algorithm
is now able to extract and impose actuation torques on a continuously
deformable body. Actuation torques extracted from a specific kinemat-
ics that are applied to a swimmer with the same morphology enables to
reproduce a very close swimming gait if they are stabilized by a feed-
back component. We also show that the use of the torques alone does
not allow the reproduction of the same swimming gait.

8.2 Discussion

In Section we identified a series of research questions to be ad-
dressed in the present thesis. We begin this discussion by enumerating
again these research questions, and outlining how we believe the thesis
has contributed to address them. In the first part of this manuscript,
Chapter 2 to 5, we focused on the first two research questions that we
mentioned in the introduction, namely
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* Is VPM method suited to retrieve the hydrodynamics efforts (forces

and moments) applied to a fixed or moving, deformable or rigid body
?

In Chapter 2, we presented the method that addresses this ques-
tion. We found a correct formulation of the hydrodynamic efforts
by integrating already available quantities. Two contributions to
this hydrodynamic efforts were exposed : the penalization and
the projection term. The penalization contribution is obtained
by integrating the Brinkman penalization constraint included in
the Navier-Stokes equations on the body surface. The projection
contribution is identified as the momentum gained by the system
when the fluid evolves freely over the whole domain —i.e. like if
no body was there — according to the current velocity field.

* Can these efforts be introduced in an actuation scheme described by
means of a multi-body system governing the deformation and motion
of articulated rigid bodies in a fluid?

In Chapter 2, we described the method applying the hydrody-
namic efforts to a multi-body system of rigid bodies. Then in
Chapter 3, we validate the framework on well documented refer-
ence test cases showing the efficiency of the method to reproduce
the same dynamics.

This method handles complex interactions with the environment
as presented in the example of Chapter 4 and 5. We have shown that
the algorithm can be adapted in order to be a competing technique in
the identification of wake effects, in comparison to other formalisms.
Furthermore, this approach easily enables the extraction of all the ac-
tuation and hydrodynamic efforts that takes place in the mechanism
without any supplementary computation. By using VPM method, we
surpass the capabilities of analytical fluid dynamics solvers used in
robotic design [9,139,/40] to capture the environment of the swimmer
at the cost of longer simulations.

A critical limitation of the method is that it cannot handle contin-
uous actuated bodies. For this reason, actuation is provided by virtual
actuators that are actually not embodied in the very body structure.
Therefore, in the second part of this manuscript, Chapter 6 and 7, we
focused on the last two research questions, namely

* Can this method recover the actuation forces of a continuous deform-
ing body in a fluid?
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In Chapter 6 and in Appendix |C, we show that the code is able
to extract the necessary actuation torques in order to achieve a
specific swimming kinematics. The penalization contribution in
the hydrodynamic efforts computation correspond to the inverse
of the actuation.

In this chapter, the deformation are prescribed and are not the re-
sult of the underlying dynamic interactions. The dynamic coupling
between the swimmer and the fluid is computed only on the whole de-
formed body. The purpose of this chapter was precisely to compute
the hydrodynamic and actuation torques distributed along the fish in
order to compare them with the literature where prescribed deforma-
tions are also used. It shows that the efforts computation method is still
valid on continuous body swimmer and that the distribution of hydro-
dynamic efforts along the center line of the fish is really close to the
result identify in other studies like [43].

* Can this method be used to create a dynamic control scheme for an
articulated continuous body moving in a fluid?

In Chapter 7, we adapt the method presented in the first part
to extend it to a continuous body. We show that our method al-
lows to reproduce a similar motion with the same imposed kine-
matic than in previous chapter. The new algorithm is also able
to resolve the direct dynamics on continuously deformable body.
We manage to impose actuation torques extracted from a specific
swimming gait to a new swimmer and it reproduce a kinematics
very close to the reference one. This is only possible if the ac-
tuation torque applied is augmented by the use of a stabilizing
feedback component.

The last results from Chapter 7 are obtained by the use of an ap-
proximation of the prescribed movement and thus are not exactly re-
producing the same deformations as in Chapter 6. This induced differ-
ences observed in the results comparing Sections[6.2land[7.3.2} Also the
method does not accurately reproduce the deformation velocity field
of the continuous swimmer since it is computed on each sub-element.
The velocity transition between each sub-element is then not continu-
ous even if it was mollified with the same properties as the definition
as the body surface. Although the deformations velocity field is not
perfectly continuously defined the body of the swimmer is closed and
continuous.
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8.3 Perspectives

The present work focused on the Direct Numerical Simulation of mod-
erate Reynolds number cases but nothing precludes the present me-
thodology from higher Reynolds number cases. One should however
use care in the handling of the penalization and projection techniques:
(i) penalization will likely have to be quite stiff to remove spurious
flows inside the body (one might then use an iterative penalization as
in Hejlesen et al. [34] and Gillis et al. [35]); (ii) the grid will be finer in
order to ensure that the thickness of the mollified region is small com-
pared to the boundary layer around the body; (iii) the accuracy of the
momentum flux, as calculated over the pseudo-time step of the projec-
tion, will probably lead to more severe constraints on the spatial and
temporal resolutions. On the topic of time integration, we note that the
method in its current state achieves a low temporal convergence order.
One could either extend the method to multi-step schemes by using
intermediate evaluations of the projection and penalization terms or
use the above-mentioned iterative penalization to better capture added
mass effects.

The present methodological contribution has a broader scope than
vortex particle methods. Indeed, the hydrodynamic force extraction
procedure can readily be transposed to the original velocity-pressure-
based penalization context, as introduced by Angot et al. [31]]. It does
also constitute a potential breakthrough for the robust handling of ac-
tuated and deformable structures, either position- or torque-control-
led. It can be readily applied to the study of the interactions between
a system, either artificial or biological, and its fluid environment and
bring some new interesting questions and prospects.

First, there are perspectives regarding the first part of this work, i.e.
dealing with disconnected elliptical sub-bodies.

* a 3-D implementation of the algorithm is an interesting prospect
as it will enable easier comparison with real robotic devices evolv-
ing in a fluid environment. The transition is quite straightfor-
ward, as it does not entail any stencil modification or deep me-
thodological changes;

* this framework allows to envision applications for the design of
robotic swimmers and the control of their actuation, the study
of neuromuscoluskeletal systems and gait generation. This tool
could be used in the investigation of control schemes and motion
generation mechanisms to produce efficient and robust swimming
gaits;
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* from a biological viewpoint, our algorithm also enriches the tool-
box of the experimentalist, for example in order to study sensory
pathways recruited in swimming locomotion control. In partic-
ular, our framework could be used in order to highlight the way
fishes perceive their environment with different sensory modal-
ities (pressure line, velocity sensor, ...) and how they manage to
adapt their behavior in order to exploit this sensory information
in an optimal way.

There is more fundamental developments being still required re-
garding the second algorithm presented in this manuscript, i.e. the one
dealing with continuous bodies. In particular, we believe that our re-
sults will be more faithful to those from other fields of research if the
following directions are explored;

* Thorough sensitivity analyses could be performed in order to bet-
ter characterize the solver developed in this work. The analyses
could concern the following elements:

— the effect of larger mollification region on the deformation
velocity field and body definition;

- an analytical definition of the prescribed reference motion
in order to correctly capture the difference between the ref-
erence simulation with prescribed deformation and the dy-
namically coupled one;

— the convergence properties of the methodology by perform-
ing temporal and spatial convergence studies on simple test-
cases.

* The code could benefit from a computational study to make the
resolution faster with a better consideration of the different ve-
locity fields and characteristic function.

* Moreover, we do not take into account the elasticity of the body
structure, i.e. there is no resistance to deformation due to the
body’s inherent structure which could come from the skin, ten-
dons and other biological elements. This can be added in a later
version of the code to study the interplay between compliance
and actuation in the locomotion mechanism.

As an outcome of those enhancements, the dream simulation envi-
ronment would allow studying the flow around a continuously actu-
ated swimmer sensing the flow and evolving in a perturbed fluid with
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specific target positions to be reached in the domain. The underly-
ing challenge would be to optimize its movement in order to harvest
energy from the environment and reach a optimum efficiency. This
multi-layered simulation framework will then open the doors towards
new studies on sensing and control for robotic swimmer and energy
harvesting applications. This is of potential interest for a vast amount
of industrial fields that are concerned by interactions between fluid and
solid structures.
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Appendix

Vortex method for fluid
structure interaction

In this Appendix, more details are given on the main computational
steps for the vortex method formerly developed by [5].

A.1 Brinkman penalization details

The immersed object shapes are described by a mollified characteristic
function, x,. This function is built upon a level set function that spec-
ifies the signed distance to the surface of the body, d. The mollified
characteristic function is evaluated as

0 d<-—e
Xs=11/2[1+% + Lsin(nd)] |d<e (A.1)
1 d>e

where € is the mollification length. For moderate Reynolds numbers,
€ should be a small fraction ( about 1%) of the characteristic length of
the body geometry. This geometry information is carried by a specific
deformable grid; this allows to interpolate the color function onto the
computational mesh in a flexible manner (see [5]] for further details).

A.2 Splitting

For the sake of completeness, all the operations performed in this me-
thod are summarized in the global Algorithm 4| In this Algorithm, a
first order Godunov splitting approach is used in order to solve Eq.
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(2.7). Given the penalized vorticity field Eq. (A.7), the first step is to
solve for the baroclinic term Eq. then diffuse the vorticity strength
Eq. and finally advect the particules Eq. (A.10). It also highlights
and explains the force-free character in the treatment of the fluid-struc-
ture interaction, as it handled as an exchange of momentum, or inte-

grals of the fluid forces over a time step (Eqs. (A.3)-(A.4)).

Algorithm 4 Original method
WHILE " < T, g

x¥ given deformation

uppp given deformation velocity field

o= Xg(v'u?)gp)

p" = psxs +or(1-x¢) (A.2)
VZIPn = _o"
V2¢n —o"
u" =Vxy"+ V"
1
uf = YR Lp"){?u” dx (A.3)
. 1
o" = I LP”X?(X*X?m) xu" dx (A.4)
S
u?{ = 0" x (x=x{y) (A.5)
. u”’ + AAtx ¢ (ul +uf +uppr) (A.6)
v L+ AAtnxl ’
'l =V xul (A7)
dw" Vo' (ou]
Tt/\ - p‘i x( 31‘/‘ + (- V)u! (A.8)
dw
A 2. n
=vWw (A.9)
ot A
ol
+V-(u}ol) = .
50 V- (jwh) =0 (A.10)
wn+1 — wT—l
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Xep =Xem + uTAt

6n+1 — 9" 4+ O" A"
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ENDWHILE




Appendix B

Hydrodynamic forces

In this section, the hydrodynamic contact forces between the body and
the fluid are computed. We first focus on the effort exerted by the fluid
at the boundary of a volume (). The resulting force and moment are
expressed as

FC:I o-ndS;
o0Q)

MC:J- xX (0-n)dS.
0Q)

Through the Green’s theorem, both expression F¢ and M¢ are readily
simplified as

FC:J o-ndS
5Q

:J V-0dV; (B.1)
Q
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and

M‘ = x X (0-n)dC
JoQ)
s
MZC = (eijk X]‘ nj alk)dC

JoQ)

Through the Green’s theorem, the expression becomes

" J
= | s (&jk xj o)dV
Ja ox "

= eijk_] Olk dV+J‘ Eijkx]'ﬂ av

Jao 7 ox 0 9%y

The first term vanishes by symetry of the strain tensor, o, i.e.

(

M= | x x (V-0)dV. (B.2)
JQO

We now focus on the Navier-Stockes equations in their conservative
form

Du
pr_t =V-o+prA(us—u). (B.3)
The combination of Eqgs. (B.1), (B.2) and (B.3) gives the following

expressions:

c_ Du _ )
F —Jo(pf D +prAu—uy))dV
d

mat

e Du B
M —J.QX X (prﬁLpf/\(u us))dV

Following the Reynolds transport theorem, it becomes

:% Qmmx X (pfu)dV+J;)x X (pf/\(u—us))dv (B.5)

And we retrieve the equations used in Section |2} Egs. (2.17) and
(2.18).



Appendix

Motion control test case

In this appendix, we highlight the different types of simulations that
we used though the manuscript : imposed kinematics, torque control
using pure feed-back and torque control using feed-forward coupled
to feed-back useful for stability reason. This allow us to dissociate the
influence of the two components, penalization and projection, of the
hydrodynamic efforts presented in Section [2.4.3]

2a Cc
2b ............ E ......... ' 3)_._.
........... q3 q4
q —6)— Rotational joint
y ql ’ —[— Linear joint

Figure C.1: Motion control test case: two segmented stucture de-
scription : floating base generalized coordinates, q;, g5, 43, and the
joints generalized coordinates, g4, q5; 2a the lenght, 2b the width
and ¢ the distance from the tip to the hinge joint of each element.

We consider a structure composed of two ellipses with an aspect
ratio of # = 10. The distance that separates a hinge from the ellipse
tips c is taken equal to 0.054 (see Fig. [C.I). We based our control on a
reference motion described by

Garef(t) = 0.45 sin(2mt/T). (C.1)
with T = 5. The present study considers the bodies as neutrally-buo-
yant (g—f =1).
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The characteristic length and velocity scales used for the non-di-
mensionalization are respectively L = 0.42 and U = 4y, = 0.56. The
common Reynolds number in this study is Re = % =1176. The simu-
lation uses a computational domain size of [0;4 L] x [0;2 L] discretized
by a 768 x 384 grid. The following numerical parameters for VPM and

the penalization are used: LCFL = 2.0 1072, e=2h, A =1.010%

C.1 Imposed kinematics

For the imposed kinematics case, we impose the motion and velocity
of the generalized coordinates g4 to follow g4,.r. The floating base
dynamics is then solved following the hydrodynamic efforts and the
articulation dynamics. The torque needed for actuation is then recover
through the inverse dynamics by inverting the equation Eq. :

T="Thyd t Tact = D(q)q + C(q, q)q
Tactimposed = D(q)q + C(q' q)q- Thyd-

C.2 Pure feed-back control

The pure feed-back control is achieved by imposing the actuation tor-
que, T, 4, in order to follow the desired kinematic through a PD con-
troller:

Tact, 4 = kp : (q4,ref - Q4(1)) + kd . (q4,ref - Q4) (CZ)

where k,/(pV2L) = 0.0298 and ky/(pV?L) = 3.7229 - 10~* are respec-
tively the proportional and the derivative coefficients.

C.3 Combined feed-forward and feed-back control

The feed-forward associated to the feed back controller is achieved by
adding the feed-foward component to the same controller as in the pre-
vious section :

Tact, 4 = Tff + kp : (q4,ref - (M(l)) + kd : (q4,ref - q4) (C3)

where Trr = Ty, 4imposed 18 extracted from the imposed kinematics
test. In this approach, we preferred using an analytic fitted curve to
describe T7r = A - cos(2mt/T + ¢p) for easier computational aspect. k,
and k, are the same than in the previous section.
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C.4 Results

First we compare the results form the imposed kinematic case with the
pure feed-back control. The resulting motion over the course of three
undulation periods appears to be in very good agreement with the ref-

erence curve see Fig. We see that the imposed movement is well

followed with the selected control gains.
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Figure C.2: Motion control test case: angle of inclination, g4 be-

tween the two bodies : imposed kinematic, dashed red; pure feed-
back, solid black .

In Fig. we can compared the resulting actuation moment need-
ed to achieved this motion, 7,.;. We see that the two approaches reach
the same moment to accomplish the same movement. Based on this
result, we can extract a feed-forward component for the next control

scheme, T Ff here shown in yellow. This curve is characterized by this
analytic formula :

S 563751075 - cos(21tt/5 + 11/3 C.4
v2z = . -cos(2mt/5+ 1/3). (C.4)
p

This component is supposed to be sufficient to provide the right ac-
tuation moment except for the start-up phase. This is visible in Fig.
where we can see the result of the feed-forward coupled to feedback
test. The feed-back action is really reduced (solid black curve) and is
activated only at start-up and in the sharp transitions.

Fluid moments exerted by the fluid on the central joint is shown
in Fig. and also the component extracted from the projection step
and penalization step. This result show that the penalization compo-

nent of the hydrodynamic penalization moment correspond to inverse
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Figure C.3: Motion control test case: actuation moment under var-
ious control scheme: imposed kinematic, dashed red; pure feed-
back, solid black; curve fitting along the moment, solid yellow.
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Figure C.4: Motion control test case: actuation moment under var-
ious control scheme: imposed kinematic, dashed red; feed-back
component, solid black; feed-forward component, solid yellow;
feed-back associated to feed-forward, solid red.

of the actuation applied on the joint. This is a quite outstanding re-
sult because this really simple method relying only on integration on
the body enables to retrieve the actuation need to produce a defined
movement.
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Figure C.5: Motion control test case: central joint hydrodynamic
moments : solid red, its component : dashed blue for the projection

part and dashed black for the penalization part, and the actuation
torque : solid black.
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