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The current trend towards miniaturization of technological components has increased the need for precise manipulation and assembly of small objects (below a few millimeters). Although many advances have been made, there is still no technique that can satisfy the needs of all industries.

In that context, this project proposal is to develop new micro-robotic tools at the free surface of a fluid, a large and mostly flat interface between two fluids. Indeed, at the free surface, it is possible to profit from interfacial phenomena (e.g., Cheerios effect), which become dominant at small scales, for robotic applications (e.g., self-assembly). In particular, we propose a new tool for micro-manipulation at the air-water interface, which is based on interfacial phenomena. The system consists in locally heating the interface with a laser beam, thus triggering a thermocapillary flow from hot to cold areas. Then, by displacing the laser spot on the surface, it is possible to actuate floating objects, which are conveyed by the flow. In order to achieve a precise control, we first studied (experimentally and numerically) the generated flow, evidencing the strong effect of surface contamination. Then, we developed different closed-loop control strategies for the control of objects of diverse sizes and shapes. Indeed, profiting from the local nature of the flow, we achieved, for example, the simultaneous control of multiple spheres (of 0.5 mm diameter), and the pose control of a multiple-legged robot (of approximately 1 cm). Moreover, this system was used to autonomously guide the capillary self-assembly of flat objects, which opens the way for micromanufacturing applications at the free surface. Finally, we have shown how this proposed tool can be combined with other phenomena. In particular, we used this tool to study the formation of 2D magneto-capillary crystals at the air-water interface. Altogether, the main goal of this project is to emphasize the richness of the free surface for the development of micro-robotic applications, and it is our hope to inspire other researchers to explore the possibilities.

Résumé (FR)

La tendance actuelle à la miniaturisation de composants technologiques souligne le besoin de nouvelles techniques de manipulation et d'assemblage de petits objets (en-dessous de quelques millimètres). Bien que de nombreuses avancées aient été réalisées, il n'existe toujours pas de technique pouvant satisfaire les besoins de toutes les industries. Dans ce contexte, la proposition de ce projet consiste à développer des outils microrobotiques à la surface libre du fluide, une interface étendue et principalement plate entre deux fluides. En effet, à la surface libre, il est possible de tirer parti de phénomènes interfaciaux (e.g., effet Cheerios), qui deviennent dominants à petite échelle, pour des applications robotiques (e.g., auto-assemblage). En particulier, nous proposons un nouvel outil de micromanipulation travaillant à l'interface air-eau, qui s'appuie sur les phénomènes interfaciaux. Le système consiste à chauffer localement l'interface avec un faisceau laser, déclenchant ainsi un écoulement thermocapillaire des zones chaudes vers les zones froides.

Ensuite, en déplaçant le point laser sur la surface, il est possible d'agir sur des objets flottants, entraînés par l'écoulement. Afin de réaliser un contrôle précis, nous avons d'abord étudié (expérimentalement et numériquement) l'écoulement généré, mettant en évidence le fort effet de la contamination de la surface. Ensuite, nous avons développé différentes stratégies de contrôle en boucle fermée pour des objets de différentes tailles et formes. En effet, profitant du caractère local de l'écoulement, nous avons réalisé, par exemple, le contrôle simultané de plusieurs sphères (de 0.5 mm de diamètre), et le contrôle de position et orientation d'un robot à plusieurs pattes (d'environ 1 cm de taille). De plus, ce système a été utilisé pour guider de manière autonome l'auto-assemblage capillaire d'objets plats, ce qui ouvre la voie vers des applications de microfabrication à la surface libre. Enfin, nous avons montré comment l'outil proposé peut être combiné avec d'autres phénomènes. En particulier, nous avons utilisé cet outil pour étudier la formation de cristaux magnétocapillaires 2D à l'interface air-eau. En conclusion, l'objectif principal de ce projet est de mettre l'accent sur la richesse de la surface libre pour le développement d'applications microrobotiques, et nous espérons inspirer d'autres chercheurs à en explorer les possibilités. 

Mots-clés :

Resumen (ES)

La tendencia actual hacia la miniaturización de componentes tecnológicos ha evidenciado la necesidad de nuevas técnicas de manipulación y ensamblaje de objetos pequeños (por debajo de unos milímetros). Si bien se han logrado muchos avances en el área, no existe aún una solución que pueda satisfacer las necesidades de todas las industrias. En ese contexto, la propuesta de este proyecto es el desarrollo de nuevas herramientas microrobóticas en la superficie libre de un fluido, una interfase extensa y mayormente plana entre dos fluidos. De hecho, en la superficie libre, es posible explotar fenómenos interfaciales (e.g., efecto Cheerios), que son dominantes a pequeña escala, para aplicaciones robóticas (e.g., autoensamblaje). En particular, nuestra propuesta es una nueva herramienta, basado en fenómenos interfaciales, para la micromanipulación en la interfase aire-agua. El sistema consiste en calentar localmente la interfase con un láser, provocando así un flujo termocapilar desde las zonas más calientes a las más frías. Luego, desplazando el punto láser sobre la superficie, es posible accionar diferentes objetos que floten en la interfase, los cuales serán transportados por el flujo. Para lograr un control preciso, primero estudiamos (experimental y numéricamente) el flujo generado, evidenciando el notable efecto de la contaminación superficial sobre el mismo. Luego, desarrollamos diferentes estrategias de control de lazo cerrado para objetos de diversos tamaños y formas. De hecho, aprovechando la naturaleza local del flujo, hemos logrado, por ejemplo, el control simultáneo de múltiples esferas (de 0.5 mm de diámetro) y el control en posición y orientación de un robot con múltiples patas (de aproximadamente 1 cm de tamaño). Asimismo, este sistema se utilizó para guiar de forma autónoma el autoensamblaje capilar de objetos planos, lo que abre camino hacia aplicaciones de microfabricación en la superficie libre. Finalmente, hemos mostrado cómo la herramienta propuesta se puede combinar con otros fenómenos y sistemas funcionando en la intefase. En particular, utilizamos esta herramienta para estudiar la formación de cristales magnetocapilares bidimensionales en la interfase aire-agua. En conclusión, el objetivo principal de este proyecto es enfatizar la riqueza de la superficie libre para el desarrollo de aplicaciones microrobóticas, y esperamos inspirar a otros investigadores a explorar las posibilidades. 
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Introduction

The current miniaturization of technological components requires the development of new tools to precisely manipulate and assemble them. Indeed, the manipulation of components smaller than 1 mm in size gives rise to difficulties normally negligible at larger scales. Namely, adhesion forces become considerable and can hinder the performance of manipulation tools. Therefore, in this size range, non-contact manipulation techniques are widely investigated. Although in the literature we find different proposals for non-contact micro-manipulation, no solution can answer the needs of all the different applications. Therefore, there is an increasing interest in the improvement of the existing techniques, as well as the development of new alternatives.

In that context, we propose a new non-contact micro-manipulation tool working on the free surface of a fluid. We define the free surface as an interface between two fluids where the manipulated objects float. The development of robotic tools at the free surface results interesting since they experience reduced adhesion forces (compared to dry environments) and reduced drag (compared to the fluid bulk). Moreover, at the fluid interface, we can profit from surface tension effects for different applications. For example, surface tension allows the flotation of small dense objects, the Cheerios effect prompts the self-assembly of floating particles, and the Marangoni effect can be used for propulsion. Indeed, we propose to profit from the Marangoni effect for the actuation of small objects at the fluid surface.

System Schematics: The laser induces a local temperature increase, which triggers a thermocapillary flow that conveys floating objects. See Video 1a in Appendix A.

INTRODUCTION

More in detail, we propose to manipulate objects floating at the air-water interface by exploiting the thermocapillary effect. The principle consists in pointing an infrared laser beam to an air-water interface to locally heat the interface, thus decreasing the surface tension. This leads to the apparition of a flow (known as thermocapillary flow) that conveys floating objects away from the laser spot as shown in the System Schematics. The laser spot can then be displaced on the surface, enabling the controlled actuation of floating objects. Moreover, the system is compatible with other interfacial phenomena (e.g., capillary self-assembly) and with other micro-robotic actuation mechanisms (e.g., magnetic actuation), opening the way to the development of complex robotic systems.

The structure of the manuscript is the following:

General framing of this work. In Chapter 1 we present the challenges associated with micromanipulation and the solutions proposed in the literature, with the focus on non-contact (electric, optical, acoustic, magnetic, and fluidic) and capillary manipulation. We also introduce the concept of capillary micro-manipulation, and the use of capillary effects for actuation. Then, in Chapter 2 we provide the theoretical framework that is used throughout the manuscript. In particular, we introduce the concepts of fluid interface and the associated phenomena (surface tension, capillary flotation, Cheerios effect, Marangoni effect, surfactants, and surface elasticity).

Development of the laser-induced thermocapillary manipulation tool. In Chapter 3, we perform numerical, experimental, and analytic studies of the laser-induced thermocapillary flow. In particular, how the inevitable contamination of the interface by surfactants can considerably affect the flow. In Chapter 4, we present the different automated manipulation algorithms we developed for the thermocapillary manipulation platform. In particular, one of the explored applications of the developed system is the guiding of capillary self-assembly towards micro-fabrication at the air-water interface.

Addition of magnetic actuation. In Chapter 5, we present the results of a collaboration with the Université de Liège, Prof. Nicolas Vandewalle, and (soon to be Dr.) Ylona Collard. In this chapter, we study the interactions of magneto-capillary crystals (self-assembled regular particle distribution) with the thermocapillary actuation platform. In particular, thermocapillary actuation was used to study the different metastable assemblies and how to transition between them.

Finally, in Chapter 6 we present a side project, the result of a three-month mobility at the Physical Intelligence Department, Max Planck Institute for Intelligent Systems, under the supervision of Prof. Metin Sitti and in collaboration with (soon to be Dr.) Gaurav Gardi. This project consisted in the use of self-organized dynamic collectives of spinning micro-disks for the transport of passive particles at the air-water interface.

Altogether, the work presented in this thesis involves different areas of science. First, the study of the laser-induced capillary flow could be inscribed in the field of interfacial rheology (the study of fluid interfaces). Then, the development of micro-manipulation and micro-assembly operations could be inscribed in the micro-robotics field. Finally, the study of magneto-capillary crystals and dynamic collectives could be inscribed in the applied physics field. A schema of how all these concepts relate to each other is shown in the Thesis Mind Map. Although some of the mentioned
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Thesis Mind Map: In shades of red the state of the art regarding micromanipulation. In shades of blue, the fluid interface an the associated effects exploited throughout this work. In shades of green, the main subject of this work, capillary micro-manipulation. In brown, the performed studies on magneto capillarity. In gray, interdisciplinary concepts. In the digital version of this document, the links on each node can be used to navigate the document.

1 In this chapter, we present the state of the art in micro-manipulation, with special emphasis on non-contact micro-manipulation. We start by describing the most common micro-manipulation techniques.

State of the art

We then discuss the different media in which micro-manipulation is conducted and compare their advantages and disadvantages. Finally, we focus our interest on micro-manipulation at the fluid interface, with particular attention to capillary-driven micro-manipulation.

Micro-manipulation

The current trend towards the miniaturization of technological components requires the development of adequate techniques to manipulate them. Although there is no well-defined limit, we understand by micro-manipulation the handling of objects between 1 µm and 1 mm in size [1].

The handling of objects in this size range gives rise to different difficulties than at the macro-scale.

Due to different scaling laws, some effects normally neglected at the macro-scale become dominant at the micro-scale [START_REF] Diller | Micro-scale mobile robotics[END_REF].

For example, at the lower limit of this size range Brownian motion, the stochastic movement of particles immersed in a fluid medium [3], could become considerable with respect to the object size. In that case, special techniques to reduce the effect could be necessary [4].

Also, at lower scales, surface forces dominate over inertia and other volumetric forces. In particular, adhesion forces can make the handling of micro-objects difficult [5]. Three main kinds of adhesion forces are identified: Van der Waals forces, electrostatic forces, and capillary forces [5].

Therefore, traditional macro-scale manipulation techniques may not be suitable at the microscale.

In the following sections, we present some of the most common micro-manipulation techniques following the classification presented in [6]. A first distinction is made between contact and non-contact micro-manipulation.

1.1.a Contact manipulation

We understand by contact manipulation when the actuation of an object is achieved through contact with an end effector, as shown in Fig. 1.1. End effectors can be passive single-ended probes [START_REF] Xie | Development of a flexible robotic system for multiscale applications of micro/nanoscale manipulation and assembly[END_REF] or micro-grippers [START_REF] Nah | A microgripper using piezoelectric actuation for micro-object manipulation[END_REF]. Although precise control of the object can be achieved, the main drawback of contact manipulation is the adhesion between the manipulated object and the end effector, which could make the release of the object difficult [START_REF] Hériban | Robotic micro-assembly of microparts using a piezogripper[END_REF]. Therefore, non-contact manipulation is often preferred on the micro-scale. 

1.1.b Non-contact manipulation

In contrast, non-contact manipulation relies on the control of a force field for actuation. In this category, we identify electric, acoustic, optical, magnetic, and fluidic actuation [6].

Electric

The most common techniques to achieve micro-manipulation using electric fields are electrophoresis and dielectrophoresis [START_REF] Velev | On-chip micromanipulation and assembly of colloidal particles by electric fields[END_REF]. In the case of electrophoresis, a charged particle can be manipulated by externally controlling a uniform electric field. However, ions present in the fluid media can have a considerable counteracting effect [START_REF] O'brien | Electrophoretic mobility of a spherical colloidal particle[END_REF] On the other hand, in the dielectrophoresis (DEP) case, a dielectric particle in a non-uniform electric field would experience a net force, as shown in Fig. 1.2. The direction of the force could be in the direction of the gradient of an electric field or in the opposite direction depending on the particle and fluid electrical properties [START_REF] Pethig | Dielectrophoresis: Status of the theory, technology, and applications[END_REF][START_REF] Çetin | Dielectrophoresis in microfluidics technology[END_REF][START_REF] Kharboutly | 2d open loop trajectory control of a microobject in a dielectrophoresis-based device[END_REF] 

Optical

Since light carries momentum, its interaction with matter can produce forces. In particular, a focused laser beam intersecting a refractive particle would produce two forces, scattering and gradient forces [START_REF] Ashkin | Observation of a single-beam gradient force optical trap for dielectric particles[END_REF]. If the gradient forces exceed the scattering force, the particle would be driven to the focal point of the beam, obtaining an optical trap known as optical tweezers [START_REF] Moffitt | Recent advances in optical tweezers[END_REF], as shown in Fig. 1.3. Optical tweezers have been successfully used to manipulate single [START_REF] Li | Robotic cell manipulation using optical tweezers with unknown trapping stiffness and limited fov[END_REF] or multiple [START_REF] Xie | Automated pairing manipulation of biological cells with a robottweezers manipulation system[END_REF] cells, and 3D printed structures with optical handles [START_REF] Gerena | High-bandwidth 3-d multitrap actuation technique for 6-dof real-time control of optical robots[END_REF]. Nevertheless, the exerted optical forces are normally around a few pN, which could be limiting for some applications.

Acoustic

Acoustic manipulation consists in controlling a pressure wave on a fluid or substrate for actuation.

We can distinguish three different approaches: levitation, plate vibration, and acoustic streaming.

(a) Optical tweezers physical principle. A dielectric particle is attracted towards the focus point of a laser beam [START_REF] Dholakia | Optical tweezers: the next generation[END_REF].

(b) Control of 3D printed objects with several optical tweezers [START_REF] Gerena | High-bandwidth 3-d multitrap actuation technique for 6-dof real-time control of optical robots[END_REF]. In the acoustic levitation case, a standing pressure wave is created in a fluid bulk, which drives immersed objects towards the high-or low-pressure nodes depending on their density [START_REF] Vandaele | Acoustic wave levitation: Handling of components[END_REF][START_REF] Kozuka | Noncontact acoustic manipulation in air[END_REF],

as shown in Fig. 1.4. Another option is to profit from the vibrations on a plate [START_REF] Zhou | Controlling the motion of multiple objects on a chladni plate[END_REF][START_REF] Latifi | Multi-particle acoustic manipulation on a chladni plate[END_REF] to control particles on them, as shown in Fig. 1.5. Finally, the ultrasound-powered expansion-contraction of trapped bubbles can produce acoustic steaming, which can produce propulsion [START_REF] Qiu | Active acoustic surfaces enable the propulsion of a wireless robot[END_REF][START_REF] Aghakhani | Acoustically powered surface-slipping mobile microrobots[END_REF], as shown in Fig. 1.6. In this case, however, controlling the propulsion direction cannot be achieved without other effects (like magnetic steering).

Magnetic

Magnetic manipulation is, by far, the most common micro-manipulation technique. Magnetized particles in a magnetic field experience a torque T m that tends to align the magnetic moment of the particle m with the external magnetic field B as

T m = m × B. (1.1)
They also experience a force F m as a function of the gradient of the external magnetic field as Manipulation of magnetic particles can then be achieved by externally controlling a magnetic field. We can distinguish two main strategies: force-based and torque-based actuation. Forcebased actuation is to control of magnetic objects by imposing a magnetic field gradient, and thus a force [START_REF] Dkhil | Closed-loop control of a magnetic particle at the air-liquid interface[END_REF][START_REF] Denasi | Independent and leader-follower control for two magnetic micro-agents[END_REF], as shown in Fig. 1.7. On the other hand, toque-based actuation uses time-varying homogeneous magnetic fields to make magnetic objects rotate. Then, by the interactions with the fluid media [START_REF] Peyer | Bio-inspired magnetic swimming microrobots for biomedical applications[END_REF][START_REF] Oulmas | 3d closed-loop swimming at low reynolds numbers[END_REF] or a system boundary [START_REF] Bozuyuk | Shape anisotropy-governed locomotion of surface microrollers on vessel-like microtopographies against physiological flows[END_REF], this rotation is translated into propulsion of the object, as shown in Fig. 1.8.

F m = ∇(m • B). (1.2)

Fluidic

Besides the techniques mentioned before, which rely on the material properties of the controlled particles, one can find fluidic actuation. This kind of actuation relies on the generation of a flow that, through drag forces, drives the particle, as shown in Fig. 1.9. Notice that at the microscale, the obtained flows are normally laminar (negligible fluid inertia). There are many options to generate a controlled flow: mechanically [START_REF] Tanyeri | Manipulation and confinement of single particles using fluid flow[END_REF][START_REF] Shenoy | Stokes trap for multiplexed particle manipulation and assembly using fluidics[END_REF] electrically [START_REF] Kohlheyer | Miniaturizing free-flow electrophoresis-a critical review[END_REF], chemically [START_REF] Yu | Microchannels with self-pumping walls[END_REF], or by profiting from the Marangoni effect [START_REF] Amador | Temperature gradients drive bulk flow within microchannel lined by fluid-fluid interfaces[END_REF] (further developed in Section 1.3).

Different media for micromanipulation

Although traditional robotics takes place in a vast variety of environments, micro-manipulation has been developed, mainly, in two media: dry media and liquid media [START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF].

1.2.a Dry media

By dry media, we refer to the manipulation of micro-objects in air, which normally rest on a solid substrate. In dry media, adhesion forces cannot be neglected since air allows the buildup of electrostatic charges, and condensation of ambient humidity can generate capillary interactions between solid surfaces [START_REF] Diller | Micro-scale mobile robotics[END_REF][START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF]. Moreover, the magnitude of these adhesion forces contrasts with the low viscosity of air. Indeed, strong forces are needed to overcome adhesion, but once the contact is broken, the same forces can lead to huge accelerations of the manipulated particle, often leading to its loss [START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF]. In the case of non-contact manipulation, dry friction induces a stick-slip motion [START_REF] Dkhil | Closed-loop control of a magnetic particle at the air-liquid interface[END_REF] that makes precise position control difficult.

1.2.b Liquid media

By liquid media, we refer to the manipulation of micro-objects inside a liquid bulk. In liquids, capillary adhesion forces are nonexistent (since everything is wet) and electrostatic charges are often dissipated by the fluid [START_REF] Diller | Micro-scale mobile robotics[END_REF][START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF]. The increased viscosity of the medium can help to limit the velocity attained by the manipulated object, thus limiting the loss of components [START_REF] Gauthier | Analysis of forces for micromanipulations in dry and liquid media[END_REF]. However, the same viscosity implies an increase in the required manipulation forces. Additionally, the fluid inertia makes the control of multiple particles in the same workspace difficult, since the displacement of a particle would generate a flow that could affect other particles in the vicinity. 

1.2.c Free surface

Besides the two main media mentioned before, we introduce a third media, the free surface of a fluid. We define a free surface as a fluid interface where the manipulated objects float, which remains almost flat and that is much larger than the manipulated objects (in contrast to fluid joints [START_REF] Mastrangeli | The fluid joint: The soft spot of micro-and nanosystems[END_REF]). Some non-contact micro-manipulation tools have recently been developed to work at the free surface based on magnetic forces [START_REF] Ongaro | Design, characterization and control of thermally-responsive and magnetically-actuated micro-grippers at the air-water interface[END_REF][START_REF] Barbot | Floating magnetic microrobots for fiber functionalization[END_REF] or capillary forces [START_REF] Furukawa | Self-propelled ion gel at air-water interface[END_REF][START_REF] Pena-Francesch | Multifunctional and biodegradable self-propelled protein motors[END_REF][START_REF] Terrazas | Closed-loop particle motion control using laser-induced thermocapillary convective flows at the fluid/gas interface at micrometric scale[END_REF]. Although micromanipulation at the free surface limits the actuation to 2D, it also finds a balance between the advantages of the previously mentioned media: it profits from a reduced drag compared to the liquid bulk, and it is not subjected to dry friction. Moreover, interfacial phenomena can be exploited for different applications, like capillary flotation, capillary self-assembly, and Marangoni propulsion (for the origin of these and other capillary phenomena, see Chapter 2). Therefore, in this work, we focus on the development of micro-manipulation techniques working at the air-water interface and the exploitation of these phenomena. In the following section we present different alternatives to exploit fluid interfaces for micro-manipulation.

Fluid interfaces and micro-manipulation

In the micro-manipulation field, fluid interface phenomena serve different purposes. We distinguish two main categories: the fluid joint and the free surface.

The fluid joint [START_REF] Mastrangeli | The fluid joint: The soft spot of micro-and nanosystems[END_REF] is a reduced volume of liquid (with a size comparable to the manipulated object) whose interface has an important curvature. A typical application of the fluid joint is capillary grippers, which use a fluid joint (or bridge) to pick micro-objects using capillary forces [START_REF] Dehaeck | Hybrid two-scale fabrication of sub-millimetric capillary grippers[END_REF] In contrast, we consider the free surface to be a fluid interface much larger than the manipu- Figure 1.10: Solutocapillary propulsion example. A solvent embedded in the particle matrix is slowly released into the water. Due to the particle's asymmetrical shape, the release is not homogeneous, and the resulting surface tension gradient generates propulsion [START_REF] Pena-Francesch | Multifunctional and biodegradable self-propelled protein motors[END_REF].

lated objects and that remains almost flat. At the free surface, capillary self-assembly of floating objects can facilitate the fabrication of 2D structures [START_REF] Bowden | Self-assembly of mesoscale objects into ordered two-dimensional arrays[END_REF][START_REF] Rothemund | Using lateral capillary forces to compute by self-assembly[END_REF][START_REF] Hu | Optocapillarity-driven assembly and reconfiguration of liquid crystal polymer actuators[END_REF], profiting from the Cheerios effect (see Section 2.1.c). Additionally, at the free surface, we can profit from the Marangoni effect (see Section 2.1.d) for manipulation. The latter is the surging of a flow along a fluid interface in the presence of a gradient of surface tension [START_REF] Scriven | The marangoni effects[END_REF]. Such a gradient can be due to a concentration (solutocapillary) or temperature (thermocapillary) gradient.

1.3.a Solutocapillary actuation

One option to generate a Marangoni flow is to locally decrease the surface tension using solvents or surfactants (solutocapillary actuation), as shown in Fig. 1.10. This technique is appealing since it induces high speeds [START_REF] Furukawa | Self-propelled ion gel at air-water interface[END_REF][START_REF] Pena-Francesch | Multifunctional and biodegradable self-propelled protein motors[END_REF][START_REF] Park | Metal-organic framework "swimmers" with energy-efficient autonomous motility[END_REF][START_REF] Zhang | Marangoni effect-driven motion of miniature robots and generation of electricity on water[END_REF] and does not require any external source of energy. However, it has a limited lifespan due to fuel depletion and surface saturation. Moreover, the control of the propulsion direction requires additional physical effects.

1.3.b Thermocapillary actuation

Another option to generate a Marangoni flow is to locally decrease the surface tension by heating the air-water interface (thermocapillary actuation), thereby generating a convective flow at the interface from hot to cold areas. Thermocapillary manipulation has found many applications in micro-manipulation. Indeed, it has already been exploited in the liquid bulk to manipulate bubbles [START_REF] Rahman | Cooperative micromanipulation using the independent actuation of fifty microrobots in parallel[END_REF] and cells [START_REF] Hu | An opto-thermocapillary cell micromanipulator[END_REF], and at the interface to manipulate droplets [START_REF] Basu | A programmable array for contact-free manipulation of floating droplets on featureless substrates by the modulation of surface tension[END_REF] and solid spheres [START_REF] Terrazas | Closed-loop particle motion control using laser-induced thermocapillary convective flows at the fluid/gas interface at micrometric scale[END_REF].

As explained in Section 2.1.d, the thermocapillary flow is driven by the temperature gradient.

Therefore, a concentrated heat source is required to generate locally significant temperature gradients. Among the different strategies, laser-induced heating has proven to be one of the most efficient ones due to its high power density [START_REF] Piñan Basualdo | Effect of insoluble surfactants on a thermocapillary flow[END_REF]. We then identify two different approaches for laser-induced thermocapillary actuation: thermally responsive object and thermally responsive fluid [START_REF] Lucchetta | Controlled-motion of floating macro-objects induced by light[END_REF]. Figure 1.11: Absorbent object thermocapillary manipulation example. A near-infrared (NIR) laser is used to heat a light absorbent floating particle. The resulting temperature and surface tension gradient generate propulsion [START_REF] Wang | Superhydrophobic photothermal graphene composites and their functional applications in microrobots swimming at the air/water interface[END_REF].

Thermally responsive object

One option to create a thermocapillary flow is to use a light absorbent object that would absorb the laser energy, increasing its temperature, and triggering the thermocapillary effect [START_REF] Okawa | Surface tension mediated conversion of light to work[END_REF], as shown in Fig. 1.11. If the object is bigger than the laser spot, the spot position on the object can be used to control the displacement direction [START_REF] Wang | Superhydrophobic photothermal graphene composites and their functional applications in microrobots swimming at the air/water interface[END_REF][START_REF] Zhang | Dual-laser-actuated operation of small size objects at a liquid interface[END_REF]. In the opposite case, particles with non-homogeneous absorption properties (similar to Janus particles) can be used to obtain a net effect under homogeneous illumination [START_REF] Dietrich | Microscale marangoni surfers[END_REF]. In this last case, the direction control would require other effects, like magnetic steering.

Thermally responsive fluid

On the other hand, the energy of the laser can be directly absorbed by the fluid [START_REF] Vela | Non-contact mesoscale manipulation using laser induced convection flows[END_REF]. The resulting thermocapillary flow would propel floating particles as shown in Fig. 1.12. For this, we can either tune the fluid light absorption by doping it [START_REF] Lucchetta | Controlled-motion of floating macro-objects induced by light[END_REF], or choose the laser wavelength to fit the liquid absorption spectrum [START_REF] Terrazas | Closed-loop particle motion control using laser-induced thermocapillary convective flows at the fluid/gas interface at micrometric scale[END_REF][START_REF] Liao | Photothermal delivery of microscopic objects via convection flows induced by laser beam from fiber tip[END_REF]. Although heating the fluid could be less efficient (since the maximum temperature gradient is at a distance from the controlled object), we gain the versatility to control any floating object, regardless of its light absorption properties.

Thesis framework 1.4.a Work objective

The objective of this work is to develop a micro-manipulation technique working at the air-water interface to be able to exploit the capillary phenomena (e.g., self-assembly and self-alignment)

for micro-robotic applications. In particular, we target micro-assembly operations of objects in the 0.1 to 10 mm size range, which requires the simultaneous and independent control of multiple objects. Figure 1.12: Absorbent fluid thermocapillary manipulation example. In this case, the laser energy is absorbed by the liquid, triggering a thermocapillary force. The resulting flow conveys floating particles that, by displacing the laser, can be driven to a target location [START_REF] Terrazas | Closed-loop particle motion control using laser-induced thermocapillary convective flows at the fluid/gas interface at micrometric scale[END_REF].

1.4.b Micro-manipulation technique selection

At the free surface, the use of contact manipulation tools could cause, on top of adhesion, the deformation of the interface, which could disturb other floating particles. Therefore, we focused on non-contact micro-manipulation techniques.

From the non-contact manipulation techniques described in Section 1.1.b, only optical [START_REF] Jesacher | Holographic optical tweezers for object manipulations at an air-liquid surface[END_REF][START_REF] Pradhan | Interfacial colloidal assembly guided by optical tweezers and tuned via surface charge[END_REF], acoustic [START_REF] Melde | Holograms for acoustics[END_REF][START_REF] Cox | Acoustic hologram enhanced phased arrays for ultrasonic particle manipulation[END_REF] and magnetic [START_REF] Dkhil | Closed-loop control of a magnetic particle at the air-liquid interface[END_REF][START_REF] Ongaro | Design, characterization and control of thermally-responsive and magnetically-actuated micro-grippers at the air-water interface[END_REF][START_REF] Barbot | Floating magnetic microrobots for fiber functionalization[END_REF] actuation have been proposed for manipulation at the interface. Optical tweezers can allow the precise control of single or multiple particles of a few µm, but the exerted force (around a few pN) is too weak to control larger particles. Holographic acoustic systems have been shown to generate spatially selective actuation, but these holograms are hard to tune dynamically, thus limiting their application for real-time manipulation. Finally, magnetic manipulation has been proven efficient to manipulate objects in the entire microscale (from a few µm to a few mm), but the magnetic field normally affects the entire workspace, making the independent control of multiple objects difficult.

An alternative and elegant manipulation solution at the free surface is to exploit the interfacial phenomena for actuation. Indeed, as shown in Section 1.3, there are two main proposals to exploit the Marangoni effect: solutocapillary and thermocapillary actuation. Although solutocapillary actuation is much stronger, it has a limited lifespan and results difficult to control. Therefore, we decided to base our tool on the thermocapillary effect, which requires a controlled way to generate interfacial temperature gradients.

First, to be able to control any floating object regardless of its properties, we decided to heat the fluid instead of the object. Then, from the different ways to generate a temperature gradient (resistive heating, inductive heating, etc.) we chose to use laser heating because of its higher power density, which allows us to obtain localized temperature gradients. Indeed, the localized nature of a laser-induced thermocapillary flow enables the simultaneous and independent control of multiple objects.

Conclusion

In this chapter, we have presented some of the literature proposals for manipulation at the microscale. In particular, we focused on non-contact manipulation techniques, which eliminate the problem of adhesion between the manipulated object and the end effector. We have also presented the two media in which micro-manipulation normally takes place: dry and liquid media, and we introduced the free surface as a third possible medium. Indeed, at the free surface, the Cheerios and the Marangoni effects can be profited from for self-assembly and actuation, respectively. Next, we have presented the two solutions to generate propulsion at the fluid interface profiting from the Marangoni effect: solutocapillary and thermocapillary manipulation. A comparison between all the discussed non-contact manipulation techniques can be seen in Table 1.1.

In Section 1.4 we presented the thesis objective: to develop a micro-manipulation tool working at the air-water interface that would exploit capillary phenomena to enable micro-assembly operations. Then, we presented our arguments to choose laser-induced thermocapillary flows as the working principle of our tool. In the literature, we find different approaches for thermocapillary micro-manipulation. However, they are limited, with a few exceptions, to proof of concepts, which present basic controllers based on empirical characterizations. In this work, we try to fill the gap and develop the first autonomous thermocapillary manipulation device working at the air-water interface, capable of complex manipulation tasks and based on a deep understanding of the underlying physics. For this purpose, in Chapter 2 we first introduce some of the phenomena taking place at fluid interfaces that could be useful for micro-robotics applications. Next, in Chapter 3 we study the thermocapillary flow generated by laser heating, with special attention to the influence of pollution-induced surface elasticity. Then, in Chapter 4 we present some robotic applications of our system, showing its manipulation capabilities and its potential for micro-manufacturing applications at the air-water interface. Later, in Chapter 5 we expand this setup to include magnetic interactions between particles. Finally, in Chapter 6 we focus on the use of magneto-capillary collective systems for micro-manipulation.

Table 1.1: Non-contact micro-manipulation techniques comparison. For the force scaling, we considered the constant field case for every technique.

Other assumptions (e.g., scaling the laser beam size with the particle size for the optical tweezers) give rise to different scaling laws. By object selectivity, we mean the required object properties to enable the actuation. By stability, we mean the object position stability under a constant input.

By controllable, we mean the possibility to control the advancement direction of the object without using other effects (and not the formal definition of controllability). For the effect range, we distinguish two cases: the entire workspace (global), and only a section of the workspace (local). In Chapter 1 we introduced some of the difficulties associated with the handling of small objects -i.e., micro-manipulation-with particular attention to adhesion forces. We then presented some of the micro-manipulation solutions proposed in the literature, classifying them between contact and non-contact manipulation. Next, we discussed the two media where micro-manipulation normally takes place (wet and dry environment) and we introduced a third medium, the free surface, a large and horizontal fluid interface. In this chapter, we introduce some of the concepts and effects associated with fluid interfaces that will be used throughout this manuscript. We start by defining a fluid interface, then we define one of its properties, the surface tension, and some of the associated effects. Finally, surface active agents, or surfactants, and the associated phenomena are introduced. This is, however, not an exhausting list, we left aside important phenomena related to fluid interfaces (e.g., wetting and capillary condensation) since their effect on thermocapillary manipulation is limited.

We call fluid interface the separation area between two immiscible fluid phases (often liquidliquid or gas-liquid). In reality, there is no sharp transition or discontinuity between the two phases, but a finite thickness interfacial region in which the system properties evolve continuously (see Fig. 2.1). The thickness of the interfacial region can be defined in terms of density, concentration, or other thermodynamic quantities [START_REF] Butt | Physics and chemistry of interfaces[END_REF]Ch. 3].

In general, the thickness of this interface (in the order of a few nm) is negligible for most applications and can be idealized by a zero-thickness surface as shown in Fig. 2.1. Then, the total number of molecules N i of the component i can be written as the number of molecules in both phases (α and β) plus the number of molecules at the interface (σ) as

N i = c α i V α + c β i V β + Γ i A σ (2.1)
where c α i and c β i are the volume concentration (in [mol/m 3 ]) of i in the phases α and β, V α and V β are the volumes of the phases α and β, Γ i is the interfacial excess (in [mol/m 2 ]), and A σ is the interface area. Notice that the volumes V α and V β depend on the position of the interface, while c α i , c β i and A σ do not (for a flat interface). Therefore, since the total number of molecules N i must be conserved, the surface excess Γ i also depends on the interface position. Consequently, for the simplest case of the interface of a pure liquid with its vapor phase (a single substance), the most commonly used interface definition is the Gibbs dividing interface, which is defined as the interface that makes the surface excess become zero (Γ = 0). For dissolved solutions the Gibbs dividing interface position is defined as the position that makes the solvent interfacial excess zero

(Γ s = 0) [66, Ch. 3].

Surface tension

Fluid interfaces exhibit several interesting behaviors. In particular, similar to elastic membranes, fluid interfaces tend to minimize their surface area. A didactic example can be constructed by imagining a soap film (two fluid interfaces) on a wire frame with a mobile slider as shown in 

γ = F 2 L . (2.
3)

The origin of surface tension can be found at the molecular level, due to cohesive interactions [START_REF] Marchand | Why is surface tension a force parallel to the interface?[END_REF]. In condensed phases, the molecules attract each other and thus tend to get surrounded by other molecules. However, molecules at the interface are only partially surrounded by other molecules as shown in Fig. 2.2b. Thus, molecules at the interface have a higher potential energy than those at the bulk. Therefore, we can interpret the surface tension (or surface energy)

as the energy necessary to bring a molecule from the bulk to the surface to increase its surface area [START_REF] Butt | Physics and chemistry of interfaces[END_REF]Ch. 2].

Alternatively, surface tension can also be defined from a thermodynamic point of view. The most usual definition in terms of a two-phase system free Gibbs energy is [START_REF] Butt | Physics and chemistry of interfaces[END_REF]Ch. 3]

γ = ∂G ∂A T, p, N i . (2.4)
That is, surface tension can be defined as the derivative of the Gibbs free energy with respect to the interface surface area under constant temperature, pressure, and number of molecules. 

2.1.a Laplace pressure

One of the consequences of the fluid interface's surface tension is the Laplace pressure, the pressure discontinuity between both sides of a curved fluid interface. Similar to an elastic membrane, the concave side of a fluid interface must be at a higher pressure than the convex side to compensate for the surface tension. The pressure discontinuity follows the Young-Laplace equation [66,

Ch. 2] ∆p = γ 1 R 1 + 1 R 2 (2.5)
where R 1 and R 2 are the principal radii of curvature.

2.1.b Flotation

Another consequence of surface tension is capillary flotation. Although at the macroscale, flotation can be explained only by buoyancy forces, at the microscale, surface tension provides a significant contribution. Indeed, thanks to surface tension, objects denser than the liquid can still float at the liquid surface [START_REF] Vella | Floating versus sinking[END_REF]. This phenomenon is a consequence of the deformation of the fluid interface by the object. Objects denser (lighter) than the liquid deform the surface down (up) due to gravity.

From an energy point of view (2.2), this deformation increases the surface area of the interface, and thus the potential energy of the system. Therefore, the interface will resist the deformation exerting a net force on the object in the direction opposite to the mentioned deformation.

From a force point of view (2.3), the surface tension along the contact line has a net component in the vertical direction, in the opposite sense of the deformation.

In most cases, the surface deformation provoked by the object is complex to compute since it requires integrating the Laplace equation considering the wetting conditions on the object and force equilibrium. Nevertheless, for the simple case of a vertical cylinder (or circular triple line)

shown in Fig. 2.3a, an analytic solution exists [START_REF] Kralchevsky | Particles at fluid interfaces and membranes: attachment of colloid particles and proteins to interfaces and formation of two-dimensional arrays[END_REF]Ch. 7]

ζ(r ) = Q K 0 r λ c with Q = R sin ψ (2.6)
where ζ is the interface deformation, r is the radial coordinate, Q is the object capillary charge (in length units), R is the cylinder radius, ψ is the angle of the interface at the triple line, λ c is the interface capillary length, and K 0 is the modified Bessel functions of the second kind. The capillary length relates surface tension and gravity and is defined as

λ c = γ ∆ρ g (2.7)
where ∆ρ = ρ αρ β is the difference in density between the two phases, and g is the gravitational acceleration. In the case Q is not known, it can be computed considering the vertical force equilibrium. Indeed, the vertical component of the capillary force results F v = 2 πγQ.

2.1.c Cheerios effect

The cheerios effect [START_REF] Vella | The "cheerios effect[END_REF] or lateral capillary force [START_REF] Kralchevsky | Lateral capillary forces between floating particles[END_REF] is the interaction between objects at the fluid interface. As previously explained, objects can deform the fluid interface, and thus experience a response from it. Additionally, when multiple objects are on the same interface, each object can experience the effect of the others' deformation. The term lateral means that, on top of the contribution to the flotation force (vertical), in the presence of multiple objects the interface can exert a net lateral (horizontal) force on the objects.

Trying to find the interface shape in the presence of multiple objects to compute its effect on each one can be overly complex, even in the stationary case. For the case of cylinders (or circular triple line objects) that are far from each other (shown in Fig. 2.3b), the pairwise interaction potential can be written as [START_REF] Kralchevsky | Particles at fluid interfaces and membranes: attachment of colloid particles and proteins to interfaces and formation of two-dimensional arrays[END_REF]Ch. 8]:

U i j = -2π γQ i Q j K 0 d i j λ c (2.8)
where d i j is the distance between the objects. This potential is due to a variation of gravitational energy in the case of free-floating objects, and of wetting potential in the case of vertically constrained objects. In terms of force, the interaction felt by the particle i due to the particle j is

F i j = -2π γ Q i Q j λ c K 1 d i j λ c , (2.9) 
where the minus sign represents an attractive force interaction if both charges have the same sign.

Finally, notice that the interaction is not limited to objects on the interface, it can exist between any feature that deforms the interface. In particular, floating objects interact with the walls of the recipient, either by being attracted or repelled by it.

2.1.d Marangoni effect

So far, we have considered some of the effects that arise from a fluid interface with homogeneous surface tension. However, surface tension can vary as a function of different parameters, like temperature [START_REF] Shmyrov | On the extent of surface stagnation produced jointly by insoluble surfactant and thermocapillary flow[END_REF][START_REF] Chraïbi | Thermocapillary flows and interface deformations produced by localized laser heating in confined environment[END_REF], solute concentrations [START_REF] Benouaguef | Solutocapillary marangoni flow induced in a waterbody by a solute source[END_REF], and electric fields [START_REF] Casson | Small voltage electrocapillary flows in the presence of ionic surfactants[END_REF]. In particular, the temperature dependence of a pure liquid-vapor interface can be modeled by the Eötvös rule [START_REF] Palit | Thermodynamic interpretation of the eötvös constant[END_REF] γ

V m 2 /3 = K e (T c -T ) (2.10)
where V m is the molar volume, K e is a constant that depends on the liquid, and T c is the critical temperature, the point at which the difference between gas and liquid vanishes.

In the presence of a gradient of surface tension, a flow arises near the interface in the direction of the gradient, an effect known as Marangoni effect [START_REF] Scriven | The marangoni effects[END_REF]. From an energy point of view, it makes sense that areas of lower surface tension (lower surface excess energy) tend to expand over areas of higher surface tension. From a force point of view, areas of higher surface tension pull with more strength than areas of low surface tension, giving place to the flow.

To explain the origin of this effect, we consider a section of a fluid interface d A under a surface tension gradient as shown in Fig. 2.4. As seen, the surface tension forces do not balance in the gradient direction. The net interfacial force per unit of area (known as surface stress) is

T γ = d F σ d A = d γ d y d A = ∇γ d y d x d A = ∇γ. (2.11) 
This stress pulls the interface towards areas of higher surface tension (in the direction of the gradient). Since the ideal zero-thickness interface does not have any inertia, this stress must be in equilibrium with the viscous stress in each phase

T µ = -µ ∂U σ ∂n σ (2.12)
where n is the interface normal coordinate, µ is the dynamic viscosity of the phase,

U σ = U-n(U•n)
is the fluid velocity tangential to the interface. If we now consider both phases and the interface, the balance results .13) where the normal coordinate n points from phase α to phase β. 

∇γ = µ α ∂u α ∂n σ -µ β ∂u β ∂n σ . ( 2 

Surfactants

As explained before, an interface surface tension can depend on a solute concentration. One special kind of substance are surfactants, which are molecules that have a hydrophobic part (tail) and a hydrophilic one (head), as shown in Fig. 2.5a. These molecules find it energetically favorable to remain (adsorb) at the interface between an aqueous phase and air or oil, with the head in the aqueous phase and the tail in the other one. The typical concentration of soluble surfactants close to the interface can be seen in Fig. 2.5b. If we define the Gibbs dividing interface (using the solute), then the total amount of surfactants cannot be explained considering the volume concentrations in both phases, we must consider the surface excess Γ > 0. Moreover, when adsorbed at the interface, surfactants can strongly reduce the surface tension, thus their use as detergents.

2.2.a Thermodynamics aspects

For surfactants, the surface excess Γ can be related to the surface tension γ using the Gibbs isotherm [START_REF] Butt | Physics and chemistry of interfaces[END_REF][START_REF] Eastoe | Dynamic surface tension and adsorption mechanisms of surfactants at the air-water interface[END_REF]. For diluted solutions, the Gibbs isotherm reduces to [START_REF] Eastoe | Dynamic surface tension and adsorption mechanisms of surfactants at the air-water interface[END_REF] RT Γ = -c ∂γ ∂c T (2.14) where R is the ideal gas constant. Notice that (2.14) is valid for any solute affecting the surface tension. It means that, as expected, solutes that decrease the surface tension (∂γ/∂c < 0) tend to accumulate on the interface (Γ > 0), and solutes that increase the surface tension, tend to avoid it.

On the other hand, in equilibrium, volume concentration (c) and surface excess (Γ) can be related using different adsorption models. Among those, one of the best known is the Langmuir

adsorption isotherm [77] Γ Γ ∞ = K L c 1 + K L c (2.15)
where Γ ∞ is the maximum excess (saturated interface) and K L is the Langmuir equilibrium ad-sorption constant, which is characteristic of each interface. Finally, combining (2.14) and (2.15) we can obtain a closed expression for the surface tension [START_REF] Eastoe | Dynamic surface tension and adsorption mechanisms of surfactants at the air-water interface[END_REF] 

γ = γ 0 + R T Γ ∞ ln 1 - Γ Γ ∞ (2.16)
On the other hand, for the insoluble case, the volume concentration in both phases is close to zero and all the surfactants can be assumed to be at the interface. In that case, at low excess Γ, we can express [START_REF] Butt | Physics and chemistry of interfaces[END_REF]Ch. 13]

γ = γ 0 -RT Γ (2.17)
Please notice that in this section we have only considered the simplest kind of surfactants and the simplest models. Namely, we left aside ionic surfactants, which can create electric double layers on the interface, and whose behavior is more complex [START_REF] Butt | Physics and chemistry of interfaces[END_REF].

2.2.b Surfactant adsorption/desorption kinematics

As mentioned before, there are different thermodynamic models to explain the equilibrium between surfactant volume concentration (c) and surface excess (Γ). Additionally, some models, based on the dynamic equilibrium between molecules adsorption and desorption, have been proposed [START_REF] Butt | Physics and chemistry of interfaces[END_REF][START_REF] Eastoe | Dynamic surface tension and adsorption mechanisms of surfactants at the air-water interface[END_REF] for the out-of-equilibrium regime. In particular, close to equilibrium, the adsorption relaxation time can be defined as [69, Ch. 1]

t σ = 1 D ∂Γ ∂c 2 (2.18)
where D is the volume diffusion coefficient of the surfactant in the aqueous phase. The expression (2.18) is valid only for a simple diffusion-controlled case, it does not consider micelles dynamics [START_REF] Eastoe | Dynamic surface tension and adsorption mechanisms of surfactants at the air-water interface[END_REF]. Then, if the system dynamics are slow compared to t σ , we can assume the system is always at equilibrium (quasi-static). In the other extreme case, if our system dynamics are fast compared to t σ , we can neglect the adsorption/desorption kinematics and assume the surfactants as insoluble.

2.2.c Surface elasticity

Another effect closely related to the Marangoni effect is the surface elasticity, the increase of surface tension upon the sudden expansion of the fluid interfaces area [START_REF] Lucassen-Reynders | Gibbs elasticity, surface dilational modulus and diffusional relaxation in nonionic surfactant monolayers[END_REF]. The surface elasticity of a surfactant coated interface can be explained by the fact that upon a sudden interface expansion (faster than t σ ), the excess Γ is reduced (Fig. 2.5c), and thus the surface tension γ increases. The Gibbs surface elasticity is then defined as [69, Ch. 1]

E σ = -Γ ∂γ ∂Γ T (2.19)
Notice that the Gibbs surface elasticity has surface tension units [N/m]. For the soluble surfactants case of (2.16), the surface elasticity results [69, Ch. 1]

E σ = R T Γ ∞ K L c (2.20)
For insoluble surfactants case (2.17), the surface elasticity results

E σ = RT Γ (2.21)
The surface elasticity quantifies the resistance of the interface to lateral deformations. For example, it can help to stabilize fluid films [START_REF] Champougny | Surfactant-induced rigidity of interfaces: a unified approach to free and dip-coated films[END_REF] or to stabilize bubbles below the interface [START_REF] Atasi | Lifetime of surface bubbles in surfactant solutions[END_REF].

2.2.d Surfactant transport

Similar to the fluid bulk, species adsorbed at the interface are subjected to mass transfer. Indeed, adsorption and desorption are mass transfer mechanisms between the bulk and the interface.

However, surfactant transfer also happens along the interface itself. Indeed, for insoluble surfactants, the surface excess (Γ) transfer can be written as [START_REF] Stone | A simple derivation of the time-dependent convective-diffusion equation for surfactant transport along a deforming interface[END_REF] ∂Γ ∂t

+ Convection ∇ σ • (Γ U σ ) +Γ (∇ σ • n)(U • n) Area expansion = Diffusion D σ ∇ 2 σ Γ (2.22)
where ∇ σ is the surface gradient operator (∇ or not deforming (U • n = 0) interfaces, the term related to surface area expansion disappears.

σ f = ∇ f -n(∇ f • n)),

Conclusion

Fluid interfaces and the associated surface tension give rise to a variety of effects, some of which have been presented in this chapter. Since surface tension forces scale linearly with objects size L (whereas volume forces and inertia scale as L 3 ), these effects become dominant at small scales.

Therefore, it results scientifically interesting to study these phenomena and how to exploit them at the micro-and nano-scale.

Indeed, some of these effects are already exploited in nature. For example, trees exploit the Laplace pressure and the associated capillary rising to bring water from the roots to the leaves.

Insects also profit from different capillary effects [START_REF] Kwak | Locomotion of arthropods in aquatic environment and their applications in robotics[END_REF]: water striders profit from capillary flotation to walk on the water surface, microvelia use the Cheerios effect to climb the surface meniscus, and some rove beetles profit from the Marangoni effect by secreting surfactants to quickly escape from predators using the generated flow.

Likewise, these phenomena have been exploited for different technological applications at small scales. For example, capillary gripers use surface tension to manipulate micro-objects [START_REF] Dehaeck | Hybrid two-scale fabrication of sub-millimetric capillary grippers[END_REF].

CHAPTER 2. FLUID INTERFACES

Also, capillary flotation and the Cheerios effect enable the self-assembly of particles at the fluid interface [START_REF] Bowden | Self-assembly of mesoscale objects into ordered two-dimensional arrays[END_REF][START_REF] Mastrangeli | Self-assembly from milli-to nanoscales: methods and applications[END_REF]. Finally, the Marangoni effect can be used for micro-actuation [START_REF] Pena-Francesch | Multifunctional and biodegradable self-propelled protein motors[END_REF][START_REF] Piñan Basualdo | A microrobotic platform actuated by thermocapillary flows for manipulation at the air-water interface[END_REF] and flow generation [START_REF] Amador | Temperature gradients drive bulk flow within microchannel lined by fluid-fluid interfaces[END_REF].

In conclusion, fluid interfaces and surface tension effects are a rich environment for the development of micro-robotics and micro-manufacturing tools. For this, it becomes essential to study these effects both from a fundamental and technological point of view. In the following chapters we followed this philosophy, first studying the laser-induced thermocapillary flow and the effect of an adsorbed layer of surfactants in Chapter 3, and then studying its application for micromanipulation and micro-manufacturing at the air-water interface in Chapter 4. In particular, we developed a strategy to use thermocapillary flows to guide the capillary-based self-assembly of particles at the air-water interface, which shows the huge potential of fluid interfaces and capillary phenomena for micro-robotics applications.

Laser-induced thermocapillary ow characterization In Chapter 2, we have introduced some of the phenomena taking place at the fluid interface that could be exploited for micro-robotic applications. In this chapter we study one of these phenomena, the Marangoni effect (Section 2.1.d), which is the arising of a flow due to a gradient of surface tension. In particular, when this gradient is due to a temperature gradient, then flow is often called thermocapillary flow. Understanding the driving mechanisms of the thermocapillary effect could benefit diverse technological and scientific fields. For example, it is known that thermocapillary flows have an impact on the welding quality [START_REF] Mills | Marangoni effects in welding[END_REF] and the growth of crystals [START_REF] Chang | Inhomogeneities due to thermocapillary flow in floating zone melting[END_REF][START_REF] Kamotani | Oscillatory thermocapillary convection in a simulated floating-zone configuration[END_REF]. In the other hand, in the literature there are several potential applications: a thermocapillary micropump [START_REF] Amador | Temperature gradients drive bulk flow within microchannel lined by fluid-fluid interfaces[END_REF], thermocapillary micro-motors [START_REF] Maggi | Micromotors with asymmetric shape that efficiently convert light into work by thermocapillary effects[END_REF], and the manipulation of bubbles [START_REF] Rahman | Cooperative micromanipulation using the independent actuation of fifty microrobots in parallel[END_REF], cells [START_REF] Hu | An opto-thermocapillary cell micromanipulator[END_REF],

droplets [START_REF] Basu | A programmable array for contact-free manipulation of floating droplets on featureless substrates by the modulation of surface tension[END_REF], and solid particles [START_REF] Terrazas | Closed-loop particle motion control using laser-induced thermocapillary convective flows at the fluid/gas interface at micrometric scale[END_REF][START_REF] Lucchetta | Controlled-motion of floating macro-objects induced by light[END_REF][START_REF] Vela | Non-contact mesoscale manipulation using laser induced convection flows[END_REF][START_REF] Zhang | In-fibre particle manipulation and device assembly via laser induced thermocapillary convection[END_REF].

Although there are models for the thermocapillary flow on pure interfaces [START_REF] Chraïbi | Thermocapillary flows and interface deformations produced by localized laser heating in confined environment[END_REF], the presence of surfactants (Section 2.2) is known to have a significant impact on interfacial flows [START_REF] Koleski | Surfactant-driven instability of a divergent flow[END_REF][START_REF] Mizev | On the shear-driven surfactant layer instability[END_REF]. Therefore, it results necessary to account for these effects to develop an accurate model.

In this chapter, we present a model to study the thermocapillary flow with a special focus on the effect of surfactant-induced surface elasticity. This model is then validated through experimental measurements. Most of the results in this chapter have been already published in a peer-reviewed journal [START_REF] Piñan Basualdo | Effect of insoluble surfactants on a thermocapillary flow[END_REF].

General considerations

In this section, we present the problem we want to model and introduce our assumptions. We approach the case illustrated in Fig. 3.1 where a volume of water whose top surface is in contact with air is heated from above by an infrared laser beam. In the ideal case, we consider a semiinfinite volume of liquid, but in the simulations, we consider a finite volume. The parameter values are summarized in Table 3.1.

Water was selected as the fluid due to its high surface tension and low viscosity, giving place to high fluid velocities. However, being water a polar fluid, its interface tends to adsorb surfactants from the environment, making it almost impossible to keep a perfectly clean air-water interface.

Therefore, in the model, we must consider the induced surface elasticity to obtain a representative Qualitatively, once the laser is turned on, the temperature at the center increases, creating a surface tension gradient, and giving place to a positive (divergent) radial flow at the interface.

Because of mass conservation, a negative radial flow arises deep below the surface, generating a pseudo-toroidal convection cell as shown by the arrows in Fig. 3.1. However, the radial flow at the free surface generates a depletion of surfactants around the laser spot, increasing the surface tension and counteracting the effect of the temperature increase.

3.1.a Laser propagation and heating

If we assume the laser beam to be Gaussian, the irradiance of a free propagating beam can be written as [START_REF] Alda | Laser and gaussian beam propagation and transformation[END_REF] 

I (r, z) = 2 QL πR(z) 2 exp -2 r 2 R(z) 2 (3.1)
where R(z) is the laser radius, and QL is the laser power. The axial evolution of the laser radius is

R(z) = R L 1 + z z R 2 (3.2)
where R L is the laser waist radius, and z R is the Rayleigh range. This range depends on the laser waist radius (R L ) and wavelength (λ) as

z R = π R 2 L n r λ (3.3)
where n r is the medium refractive index.

In our case, we used a Keopsys Fiber Raman Laser (CRFL-01-1455-OM1-B130-FA) as a laser source with an output wavelength λ = 1455 nm. The source output was connected using an optic fiber (Thorlabs SM980-5.8-125) to a fiber adapter (Thorlabs HAFC -FC/PC) in front of which we placed an aspheric lens (Thorlabs Lens A110TM) with a focal length f = 6.24 mm. According to the supplier, the optic fiber mode field diameter for our wavelength is MFD = 8.8 µm, obtaining an We can then estimate z R both in air (n r = 1) and in water (n r ≈ 1.3) obtaining z R ≈ 1 m. Since the obtained z R is much larger than our water layer thickness (H r = 7.5 mm), we can neglect the laser radius variation (collimated beam) and assume R = R L in (3.1). Under the assumption of a collimated beam, the irradiance evolution in an absorbent medium is

output beam radius of R L ≈ 2λ f π MFD = 0.65 mm.
I (r, z) = 2 QL πR 2 L exp -2 r 2 R 2 L -α L h (3.4)
where α L is the linear attenuation coefficient, r is the radial coordinate, and h is the depth inside the material. Then, the laser energy absorption by the water can be modeled as a volumetric heat source [START_REF] Chraïbi | Thermocapillary flows and interface deformations produced by localized laser heating in confined environment[END_REF] qL

= ∂I ∂z = 2 QL α L πR 2 L exp -2 r R L 2 + α L z (3.5)
where z is the vertical coordinate (origin at the interface and pointing upwards, z = -h). For water and λ = 1455 nm, we have α L = 3280 m -1 [START_REF] Bertie | Infrared intensities of liquids xx: The intensity of the oh stretching band of liquid water revisited, and the best current values of the optical constants of h2o (l) at 25 c between 15,000 and 1 cm-1[END_REF]. Then, using (3.5), it is possible to compute the laser heating on water, which would generate the thermocapillary flow discussed below.

3.1.b Interface dynamics and assumptions

In this section, we present the governing laws of the fluid flow at the interface and the related assumptions.

The first assumption is to neglect the air viscosity (around 50 times lower than water's) in the surface stress balance equation (2.13):

∇γ = µ ∂U σ ∂n (3.6)
where γ is the surface tension, µ is the water dynamic viscosity, U σ is the fluid velocity tangential to the interface, and n is the interface normal coordinate pointing upwards.

The second assumption is that the interface is slightly contaminated by only one species of insoluble surfactants, that is, we assume (2.17) to be valid. Furthermore, since the temperature increase is only up to 5 K from the ambient temperature T amb ≈ 293 K, we can further simplify the problem by assuming

φ Γ = - ∂γ ∂Γ = R T amb = cte (3.7)
where Γ is the interface surfactant excess and R is the ideal gas constant. On the other hand, since the interface is only slightly contaminated, we can assume the Eötvös rule (2.10) to still be valid:

φ T = - ∂γ ∂T = K e V m 2 /3 = cte. (3.8)
In the case of the air-water interface and the explored temperature range, this coefficient was measured to be φ T = 155 µN/mK as shown in Fig. 3.2, based on the data extracted from [START_REF]Dortmund data bank[END_REF]. Notice that with this assumption, we get 

∂ 2 γ ∂T ∂Γ = 0,
µ ∂U σ ∂n = -φ T ∇ σ T -φ Γ ∇ σ Γ (3.9)
which accounts for both temperature and surfactant effects.

Third, we assume the interface to remain flat. Although the laser could indeed deform the interface, surface deformations are considerable only for thin fluid layers [START_REF] Sen | Steady thermocapillary flows in two-dimensional slots[END_REF][START_REF] Messmer | Confined thermo-capillary flows in a double free-surface film with small Marangoni numbers[END_REF]. The vertical deformation of the interface in a similar configuration [START_REF] Chraïbi | Thermocapillary flows and interface deformations produced by localized laser heating in confined environment[END_REF] has been predicted to be ∆H

R L = φ T ∆T γ 0 .
If we consider ∆T ≈ 5 K (the measured temperature increase for a laser power QL = 160 mW), we obtain ∆H R L ≈ 0.01, thus validating our assumption. Under this assumption, the surfactant excess transfer equation (2.22) simplifies to

∂Γ ∂t + ∇ σ • (Γ U σ ) = D σ ∇ 2 σ Γ (3.10)
where D σ is the surface diffusion coefficient of surfactants. In most cases, this value is normally small D σ < 10 -7 m 2 /s and hard to measure. Nevertheless, in a convection-dominated scenario, the exact value is not important, as it will be shown in Section 3.2.b.

Finally, the last assumption on the interface is to neglect the heat transfer to the air phase.

Heat transfer towards the air phase can be compared to the heat conduction in the water phase

through the Biot number Bi = h R L κ
, where h is the convective heat transfer coefficient to the air phase. Typical values for free convection of air [START_REF] Kosky | Chapter 14 -mechanical engineering[END_REF] are h < 25 W/m 2 K, thus obtaining Bi < 0.03 and validating our assumption. Now that we have introduced the dynamics and our hypothesis at the interface, in the following section, we present the bulk temperature and momentum transport.

3.1.c Bulk equations

In the fluid bulk, the standard fluid mechanics equations for an incompressible liquid are considered [START_REF] Landau | [END_REF]:

Mass conservation ∇ • U =0 (3.11) Momentum conservation ρ ∂U ∂t + (U • ∇)U = -∇p + µ∇ 2 U (3.12) Energy conservation ρC p ∂T ∂t + (U • ∇)T =κ∇ 2 T + qL (3.13)
where we neglected the effect of buoyancy forces. Indeed the strength of buoyancy forces can be compared to thermocapillary forces through the dynamic Bond number

B o d = ρβg R 2 L φ T = 0.005,
where β = 200 × 10 -6 K -1 is the thermal expansion coefficient of water, and g = 9.8 m/s 2 is the gravitational acceleration.

3.1.d Nondimensionalization

As seen in the previous sections, the system, composed of interfacial and bulk equations, depends on 10 parameters (laser, surfactant, and fluid properties). A common procedure to reduce the number of parameters is the nondimensionalization of the equations. Moreover, the nondimensionalization has the added value of rendering the analysis more general, allowing us to compare different systems through these non-dimensional parameters.

For this system, the velocity and temperature increase are a priori unknown. Therefore, we

consider U µ = µ ρ R L
as characteristic velocity, and ∆T c = QL κ R L as the characteristic temperature increase. We then normalize the lengths, time, velocity, pressure, temperature, and surface excess as

r = R L r t = ρ R 2 L µ t U = µ ρ R L Ũ p -p amb = µ 2 ρ R 2 L p T -T amb = QL κR L Θ Γ = Γ Γ 0 .
where Γ 0 is the initial surface excess. Applying this nondimensionalization to the surface stress balance (3.9) we get

∂ Ũ ∂ ñ = -C T ∇σ Θ -C S ∇σ Γ (3.14)
where we called C T and C S the thermocapillary and the solutocapillary numbers, respectively.

With our nondimensionalization, these numbers result

C T = ρ φ T QL κ µ 2 = ρ φ T R L ∆T c µ 2 (3.15) C S = ρ φ Γ Γ 0 R L µ 2 . (3.16)
To our knowledge, the non-dimensional parameters C T and C S have not been defined in the literature before. Nevertheless, they can be related to the well-known thermal and soluto Marangoni numbers as:

M a T = φ T ρ C p R L ∆T c µ κ =P r C T M a S = φ Γ R L Γ 0 µ D σ =Sc C S ,
respectively, where P r = µC p κ and Sc = µ ρD σ are the Prandtl number and the Schmidt number, respectively. However, as it will be explained in Section 3.4, for a convection dominated scenario, C T and C S result more appropriate.

Applying this nondimensionalization to the interfacial surfactant transport equation (3.10) we get:

∂ Γ ∂ t + ∇σ • Γ Ũ = 1 Sc ∇2 σ Γ, (3.17) 
where the only parameter is the Schmidt number Sc. The nondimensionalization of the bulk equations (3.11) to (3.13) result:

Mass conservation ∇ • Ũ =0 (3.18) Momentum conservation ∂ Ũ ∂ t + Ũ • ∇ Ũ = -∇ p + ∇2 Ũ (3.19) Energy conservation ∂Θ ∂ t + Ũ • ∇ Θ = 1 P r ∇2 T + qL , (3.20) 
where the only parameter is the Prandtl number P r . The non-dimensional laser heating is:

qL = 2β L π exp -2 r + β L z (3.21)
where β L = R L α L defines the aspect ratio of the heated zone.

Finally, we end up with five non-dimensional parameters (summarized in Table 3.2) governing the system. The Prandtl number depends only on the fluid properties; for water it is P r = 7. The Schmidt number depends on D σ , which is not easy to measure due to its low value. For the simulations, we used Sc = 10, which is lower that the expected value, but it improves the convergence of the simulations and further increasing it does not affect the results (see Fig. For the air-water system and the parameters in Table 3.1, the dimensional equivalence of the non-dimensional values is:

r = (0.65 [mm]) r t = (0.42 [s]) t U = (1.5 [mm/s]) Ũ QL = (4 [µW])C T T -T amb = (10 [mK])C T Θ φ Γ Γ 0 = (1.5 [µN/m])C S . (3.22)
In the following sections, we will only consider non-dimensional variables to remain general.

Table 3.2: Governing non-dimensional parameters and the values corresponding to the experimental conditions.

Name Definition Experimental value

Heated volume aspect ratio

β L = α L R L 2 Prandtl number P r = µC p κ 7 Schmidt number Sc = µ ρD σ > 10 
Thermocapillary number

C T = ρφ T QL µ 2 κ 5 × 10 3 to 5 × 10 4
Solutocapillary number

C S = ρφ T Γ 0 R L µ 2 0 to 80

Numerical simulations

Due to the complexity of the system, it results difficult to predict analytically its response. Therefore, we implemented a numerical model to study the effect of each of the parameters, identifying different flow regimes.

Finite elements, axisymmetric, time-dependent simulations were performed using Comsol

Multiphysics with the parameters shown in Table 3. and C S = 40), the results have been observed to be independent on the recipient height Hr and its radius Rr provided they are larger than a minimum threshold value ( Hr > 8, Rr > 20 respectively).

We chose a larger value Rr = 40 because the developed flow size may increase when increasing C T or decreasing C S .

3.2.a Observed regimes

Depending on the values of C S and C T , three regimes were observed: the convective, the transition, and the conductive regime.

If C S is small enough (low surfactant-induced surface elasticity) and C T large enough (large laser power), we observe the convective regime. In this regime, a central area with no surfactant and a positive radial flow is obtained as shown in Fig. 3.3. Close to the laser, the velocity doublet typically observed for point sources [START_REF] Benouaguef | Solutocapillary marangoni flow induced in a waterbody by a solute source[END_REF] is obtained, but further apart, the flow pattern resembles a pseudo-toroidal flow. Beyond a given radius, the surface tension gradients induced by temperature and concentration cancel each other and, according to (3.14), the shear stress at the surface vanishes. This radius coincides with R cell , the radius at which the surface radial velocity vanishes, (see Fig. 3.3b). In addition, in this regime, the maximum fluid velocity and temperature increase have been found to be independent of C S . This is the regime we observe experimentally without Finally, for large enough values of C S (high surfactant-induced surface elasticity) and small enough values of C T (low laser power), we obtain the conductive regime. In this regime, the effect of the temperature is not strong enough to create a complete depletion of surfactants at the laser spot. The stable state is a zero fluid velocity in the whole domain since the surfactants completely counteract the temperature gradient. Therefore, the temperature profile is governed by heat conduction alone. We can find the limiting value for this regime as the point where the maximum temperature effect on the surface tension is equal to the initial surfactant effect on the surface tension: C S lim = C T Θ c where Θ c is the value of Θ at the center of the interface for a conduction only case. By performing a conduction only simulation to estimate Θ c , we find C S lim ≈ 0.2C T .

3.2.b Effect of the governing non-dimensional numbers

The effect of P r and C T (non-dimensional laser power) on the surface variables is shown in Figs. 3.4 and 3.5 respectively. It can be seen how decreasing the Prandtl number (P r ) has a similar effect to increasing the thermocapillary number (C T ). Therefore, fluids with a higher thermal capacity C p would require the use of higher laser power to obtain a similar effect.

The effect of C S (non-dimensional surfactant-induced surface elasticity) on the surface variables is shown in Fig. 3 Finally, the model can be generalized to include the heat transfer to air to study the effect of the Biot number Bi . The generalized energy boundary condition in non-dimensional notation is

∂Θ ∂ z ( z=0) = Bi Θ.
The results are shown in Fig. 3.9. It can be seen that the effect of increasing Bi is to diminish the temperature increase and, thus, the flow. The effect starts to be considerable for Bi > 1.

3.2.c Flow transient

The surfactant-induced surface elasticity (non-dimensionalized as C S ), besides affecting the convection cell radius, can also affect the flow transient regime. In the beginning, the flow develops independent of the surfactant-induced surface elasticity, since there is still no concentration gradient. Then, the concentration gradient created by the flow starts counteracting the flow. Therefore, upon a sudden laser illumination, different transients can be observed depending on the surface elasticity as shown in Fig. 3.10. Indeed, for a larger surface elasticity, the surface velocity takes longer to attain its maximum (Fig. 3.10a) and the temperature can present an overshoot (Fig. 3.10b).

However, the most striking observation is the effect of surface elasticity upon a sudden stop of laser illumination, as shown in Fig. 3.11. In the presence of surface elasticity, the surface velocity changes direction upon stopping of the laser illumination (Fig. 3.11a). This could explain the bouncing back effect, the reversal of the controlled particle movement upon withdrawal of the laser spot, noticed in [START_REF] Terrazas | Thermocapillary micromanipulation: laserinduced convective flows towards controlled handling of particles at the free surface[END_REF].

On the other hand, surface elasticity helps to stabilize a surface temperature increase, even when the flow extinguishes, as shown in Fig. 3.11b. This can be explained by the fact that temperature gradients can be sustained without a flow if they are compensated by a concentration gradient. Moreover, notice that the first drop in temperature stops at around C T Θ = C S , which could be useful to experimentally determine C S .

As it has been shown, the performed numerical simulations are particularly useful to get insight into the flow dynamics and the effect of each governing parameter. Nevertheless, experimental measurements are needed to validate the numerical results and our assumptions. In particular, we have forced the system to be axisymmetric, but several works have shown that this kind of system can spontaneously break this symmetry [START_REF] Mizev | On the shear-driven surfactant layer instability[END_REF]. 

Experimental results

In this section, we present some experimental measurements to validate our simulation results.

Several experiments have been performed enabling to determine the flow velocity, the convection cell size, and the temperature on the surface. The impact of surfactants has been also analyzed experimentally.

3.3.a PTV measurements

Particle tracking velocimetry (PTV) measurements (performed by Ronald Terrazas Mallea) were used to validate our model flow velocity predictions. A sketch of the setup is shown in Fig. 3.12a.

The optical system is composed of a green laser (MGL-III-532 200 mW) which is coupled to a fiber (Thorlabs P5-460B-PCAPC-1). Then, a set of lenses was used to generate a thin collimated laser sheet, which was then used to illuminate the air-water interface. Polyamide seeding particles with a diameter of 50 µm (Dantec Dynamics PSP-50) were dispersed in the water. Because the seeding particles were only slightly denser than water (ρ = 1030 kg/m 3 ) the convective flow was strong enough to move them along. The laser sheet was placed as close as possible to the interface but ensuring that enough particles could be detected by the camera to reconstruct the flow velocity around the laser spot. As the exact vertical position of the laser sheet is unknown, and due to its strong influence on the fluid velocity, it was turned into a fitting parameter. Consequently, we do not compare the measurements with the simulation results at the interface, but at a horizontal plane below the interface, at an unknown vertical position depth. Since the position of this plane mainly affects the maximum value of the radial velocity and C S mainly affects the point at which the velocity becomes zero, both parameters can be fitted independently. First, the position of the plane was fitted to 80 µm below the interface (comparable with the size of the particles). Then, C S was fitted between 30 and 75 to explain the measurements. The process is shown in Fig. 3.12b, where the variation between each experimental measurement can be explained by a variation of surface contamination in each water sample. It can be seen that the predictions of the simulation that did not considered the presence of surfactants (C S = 0) are not compatible with the experimental measurement, thus highlighting the need to consider them.

3.3.b Convection cell radius measurement

To eliminate the immersion depth dependence, we decided to look directly at the interface. Some aluminum flakes (typical size 71 µm) were deposited on the water surface, where they float thanks to surface tension [START_REF] Vella | Floating versus sinking[END_REF]. They are used as tracers to observe the surface flow since their inertia is low (Stokes number St < 0.3). Then, the laser was pointed towards a cluster of these floating flakes for at least 10 s, where the generated thermocapillary flow repelled the flakes from the laser. The mean radius R cell of the area without flakes was estimated using the area entrapped by the dashed line shown in Fig. 3.13a. For the simulations results, since the surface velocity never becomes exactly zero (due presumably to rounding errors), the non-dimensional radius R cell was defined as the point at which the non-dimensional radial velocity at the surface ũ becomes lower than 0.3.

The obtained R cell value is not particularly sensitive to the threshold value in the range 0.3 to 1, but quickly increases for lower values. The comparison between experimental measurements and simulations can be seen in Fig. 3.13b where the measurements agree with the numerical results obtained with C S = 25 (which is comparable to the lower value used to fit the PTV measurement C S = 30). In this case, we did not observe a considerable variation among different water samples.

Another observation is that upon removal of the laser spot, the clean area shrinks as shown in Fig. 3.14. This observation evidences the effect of the surface elasticity on the flow dynamics as explained in Section 3.2.c. This highly non-linear effect makes the use of the generated flow for the manipulation of particles more difficult. Moreover, the observation of this flow inversion allows us to validate our assumption that the other observed behaviors are due to surface elasticity and not due to surface viscosity. Indeed, only surface viscosity cannot explain the flow inversion since once the interfacial flow is stopped, the surface stress induced by surface viscosity also vanishes.

3.3.c Thermography measurements

The two previously presented experimental measurements provided us with a valuable characterization of the flow. Now, we are interested in experimentally characterizing the temperature distribution, the other variable of interest. Experimental temperature measurements were performed by imaging the interface from above with an infrared camera Gobi-384. This eliminates both the immersion depth effect and the aluminum flakes' distortions of the flow. However, thermography measurements at the fluid interface are not easy [START_REF] Rubio | Without Bounds: A Scientific Canvas of Nonlinearity and Complex Dynamics[END_REF], since the expected temperature increase are quite small (2 K and 8 K for 40 mW and 300 mW laser power, respectively). Nevertheless, thermography has successfully been used, for example, to study the evaporation of sessile water droplets [START_REF] Girard | Infrared thermography investigation of an evaporating sessile water droplet on heated substrates[END_REF]. In our case, a thermal image is taken before turning on the laser and another one 30 s after the laser has been turned on. The temperature map shown in Fig. 3.15a was obtained as the difference between both images. The temperature reading depends on both the camera sensor and ambient temperature, and these can vary during the measurement. Therefore, sometimes it was necessary to add a constant offset (< 0.5 K) to the temperature map to make the temperature increase vanish at large distances from the laser spot. Then, the point with the maximum temperature (in this case, 3 K) is defined as the laser center, and the temperature and 

3.3.d Controlled surfactants

Finally, we added a controlled quantity of a known insoluble surfactant to the interface to compare simulations and experiments without any fitting parameter. Oleic acid (OA) was chosen as a surfactant since it has been used in previous works [START_REF] Shmyrov | On the extent of surface stagnation produced jointly by insoluble surfactant and thermocapillary flow[END_REF]. First, a Langmuir trough (MicroTrough XS, Kibron Inc.) was used to measure the change of surface tension as a function of the surface excess of OA. The corresponding since the induced surface elasticity for higher Γ would stop the thermocapillary flow.

C S = ρ R L µ 2 γ 0 -γ .
For our experiments, we added 5 nL and 10 nL of OA, corresponding to a surface excess Γ a = 0.62 nm -2 and Γ b = 1.24 nm -2 (C S a = 220 and C S b = 440), to the interface. Smaller concentrations produce results that are hard to distinguish from those produced with no added surfactants, and at larger concentrations, C S becomes large enough to stop the flow. These molecules, besides surface elasticity, could also induce surface shear and dilatational viscosity [START_REF] Earnshaw | Surface viscosity of water[END_REF][START_REF] Choudhury | Enhanced stability of free viscous films due to surface viscosity[END_REF]. In our configuration, like in many other experimental setups, the effect of surface elasticity and surface dilatational viscosities cannot be distinguished.

Then, the previously described procedure was followed to perform the thermography measurement. The results agree with the simulation using the corresponding C S value (no fitting parameter). When the effect of surfactant is much weaker than the thermocapillary flow, there is a good agreement with simulations as shown in Fig. 3.17a. On the other hand, when the surfactant excess becomes higher, there is an agreement with the simulations in the maximum temperature increase as shown in Fig. 3.17b, but the plateau observed in the simulation is not observed in our experimental measurement. This can be due to second-order effects not accounted for in our model, like the induced surface viscosity, or the heat transfer to air. Also, the added surfactant excess is close to Γ e where a small variation in Γ can cause a huge variation in γ. Another plausible explanation could be measurement uncertainties since the temperature differences are close to the camera sensibility. Moreover, we cannot guarantee that the initial surfactant excess was homogeneous over the entire workspace.

As explained before, the presence of surfactants also affects the dynamics of the flow. In particular, upon removal of the laser spot, surfactants can sustain a temperature gradient, slowing down the cooling of the affected area. The measured maximum temperature evolution upon removal of the laser spot for the pure water and added OA cases are shown in Fig. 3.18. We can see that upon the removal of the laser spot, the maximum temperature remains much higher in The measurements agree qualitatively with the numerical results, but the measured temperature decrease seems to be slower than the one predicted by the numerical model.

We would like to mention that with the added OA, we observe some instabilities at higher laser powers (C T > 4 × 10 4 ). These instabilities can be explained by the competition between the thermocapillary and solutocapillary effects [START_REF] Mizev | On the shear-driven surfactant layer instability[END_REF], but they are out of the scope of this work.

Now that we have validated our numerical model results with different experimental measurements, we can use those results to develop an analytic model.

Analytic model

In this section, we present a novel analytic model that we developed to explain our simulations and experimental results. In particular, we seek to explain the effect of each governing parameter and to find the scaling laws of the system. This model allows us to better conceptualize the interplay between the different phenomena. Moreover, the found scaling laws can be used to dimension a system at other scales or with other fluids, without the necessity to perform new numerical simulations.

Similar configurations have been analytically analyzed [START_REF] Bickel | Effect of surface-active contaminants on radial thermocapillary flows[END_REF] under the assumption of negligible thermal convection (Pe << 1), decoupling the temperature and momentum equations. In such a case, both the fluid velocity and the temperature increase turn out to be proportional to the laser power. However, for the case of water and a convection-dominated scenario like ours (local Péclet number Pe = P r ũ ≈ 100), no analytical model has been reported.

3.4.a Model development

First, to model the pure thermocapillary flow (without surfactants), we used the concept of the boundary layer as it was done in [START_REF] Roché | Marangoni flow of soluble amphiphiles[END_REF] for a solutocapillary system. We assume that away from the laser beam ( r > 1) there is both a viscous and a thermal boundary layer whose thicknesses are [START_REF] Schlichting | Boundary-layer theory[END_REF] δµ ∝ r ũS and δT

= δµ P r 1 /2 ∝ r P r ũS , (3.23) 
respectively, where ũS is the non-dimensional radial fluid velocity at the interface. We can then apply the non-dimensional energy conservation equation (3.20) to the interface for r > 1 ( qL ≈ 0) under a steady-state condition. There, we can neglect the conduction term in the radial direction (since Pe ≈ 100), and approximate

∂ 2 Θ ∂ z2 ∝ - Θ S δ2
T . With these assumptions, (3.20) simplifies to 

∂Θ ∂ r ∝ - Θ S r . ( 3 
Θ S ∝ r 1 /2 ũ3 /2 S C T . (3.25)
Then, we can assume that most of the energy brought by the laser will be evacuated through the boundary layer by convection as shown in Fig. 3.19. The balance results then

P L ∝ r δ av ρ C p (T S -T amb ) u S (3.26)
where δ av is in between the thermal and viscous boundary layer. If we consider δ av = P r -1 /4 δ µ , the geometric mean between δ µ and δ T , the balance in non-dimensional form results r P r

3 /4 δµ Θ S ũS = r 3 /2 P r 3 /4 Θ S ũ1 /2 S = cte. (3.27)
Finally, combining (3.25) and (3.27), we obtain

C T Θ S = A * Θ C 3 /4 T P r -9 /16 r -1 (3.28) ũS = A * u C 1 /2 T P r -3 /8 r -1 (3.29)
where both A * Θ and A * u are fitting parameters. Notice that in that case, we obtain δµ ∝ r , which is compatible with the velocity doublet observed on a similar configuration [START_REF] Benouaguef | Solutocapillary marangoni flow induced in a waterbody by a solute source[END_REF]. On the other hand, we can look at the maximum velocity and temperature values. Assuming they both occur at r ≈ 1, we find 16 (3.30)

C T Θ max = A Θ C 3 /4 T P r -9 /
ũmax = A u C 1 /2 T P r -3 /8 ∝ (C T Θ max ) 2 /3 (3.31)
where both A Θ and A u are fitting parameters. As a comparison, in the case of negligible thermal convection [START_REF] Bickel | Effect of surface-active contaminants on radial thermocapillary flows[END_REF], it was found that ũmax ∝ C T .

If we now consider the presence of surfactants, we can recover the concept of solutal counterflow [START_REF] Bickel | Effect of surface-active contaminants on radial thermocapillary flows[END_REF]. In that case, we can see the total flow as composed of a thermocapillary flow ( ũ) in a clean interface and a solutal counterflow ( ũc ). Under that assumption, for r > Rcell , the counter flow completely balances the thermocapillary flow at the interface. If we assume that the solutal counterflow follows the same scaling law than the thermocapillary flow ũc max ∝ C 2 /3 S , we can find Rcell as the point at which ũS ≈ ũc max . By recovering the predicted thermocapillary flow evolution (3.29), we get

Rcell = A R C 1 /2 T C -2 /3 S P r -3 /8 ∝ C T Θ max C S 2 /3 = φ T ∆T max φ Γ Γ 0 2 /3 . (3.32)
where A R is a fitting parameter. Notice also that the non-dimensional convection cell radius R cell results proportional to the ratio between the dimensional temperature increase and the dimensional surface elasticity to the power 2 /3.

3.4.b Model validation

The comparison between the predicted surface temperature (3. In conclusion, the developed simplified model allows us to quickly dimension the system for a given desired flow velocity and convection cell radius. Indeed, knowing the liquid properties, one could use (3.31) to find the required C T (and thus QL ) to obtain a given flow velocity. Then, one could use (3.32) to estimate R cell if the surface elasticity (and thus C S ) is known.

Conclusion

In this chapter, we analyzed the effect of surface elasticity generated by an adsorbed layer of surfactants on a laser-induced thermocapillary flow. Qualitatively, an infrared laser is pointed towards a water volume from above, locally heating the air-water interface. The temperature gradient triggers an interfacial thermocapillary flow. The interfacial flow generates a depletion of surfactants around the laser spot, increasing the surface tension and counteracting the effect of the temperature increase. Analyzing the problem, we found 4 governing non-dimensional parameters (besides geometric ones): the Prandtl number (P r ), the surface Schmidt number (Sc), the thermocapillary number (C T , non-dimensional laser power), and the solutocapilary number (C S , non-dimensional surfactant-induced surface elasticity).

A numerical thermo-soluto capillary model was developed and applied to the problem described above. This model suggests that a (no matter how small) surface elasticity affects the thermocapillary flow, reducing the size of the convection cell. Its results were compared with three different experimental observations: PTV, convection cell radius, and thermography. Firstly, we performed these measurements on different water samples with uncontrolled surface contamination, obtaining good agreement with the same range for C S between 25 and 75. Then, a known quantity of oleic acid was added as surfactant and the thermography measurements were repeated. The result was in good agreement with the simulations using the corresponding value of C S = 220 and C S = 440, thus validating the numerical model without fitting parameters. Furthermore, the effect of surfactants on the flow transient was also analyzed numerically. Although the development of the flow is not greatly affected, the relaxation of the system (upon stopping the heat source) strongly depends on the surface elasticity. Indeed, in the presence of surfactants, there is a flow inversion and a sustained temperature increase, which do not occur in the clean surface case. Moreover, the observed flow inversion allows us to validate our assumption that the surface elasticity is responsible for most of the observed behaviors, and not the surface viscosity.

Indeed, surface viscosity may still exist, but it cannot give place to such a flow inversion by itself since if the flow stops, the surface stress generated by surface viscosity also vanishes.

Then, we profited from the insights gained from the numerical and experimental observations to develop a novel analytic model for the thermo/solutocapillary flow in the convectiondominated regime. We observed a good agreement between this model and the numerical one in the explored range of parameters (P r , C T and C S ). This model provides the scaling laws of the temperature, flow velocity, and convection cell radius with the governing parameters. The interest of this model is to help dimension similar systems at other scales or other fluids. In particular, it allows us to quickly find the required laser power to obtain a desired fluid velocity.

In conclusion, we have shown that the thermocapillary flow is strongly affected by even the slightest surfactant-induced surface elasticity. Indeed, an analogy can be made between the effect of surface elasticity on interfacial flows and viscosity on bulk flows, where the inviscid case can be completely different from the slightly viscous case. A system like the considered one could be used to determine the level of contamination of a slightly contaminated air-water interface through the estimation of its surface elasticity.

In the following Chapter 4, we show how this laser-induced thermocapillary flow can be used for micro-manipulation by displacing the laser on the interface. The studies performed in this chapter allow us to explain some of the particularities of this actuation system (e.g., bouncing back effect) and helped us to develop a model of the system that was then fitted empirically. In this chapter, we will discuss how the laser-induced thermocapillary flow studied in Chapter 3 can be used to manipulate floating objects by displacing the laser spot on the surface. As seen in the previous chapter, however, the generated surface flow is divergent from the laser spot, which makes necessary the development of closed-loop control strategies to stabilize the system.

Moreover, the flow velocity dependence on the distance to the laser spot (u ∝ 1 /r ) can be exploited to perform precise actuation without varying the laser power. It is worth mentioning that some of the results presented in this chapter have already been published in a peer-reviewed journal [START_REF] Piñan Basualdo | A microrobotic platform actuated by thermocapillary flows for manipulation at the air-water interface[END_REF].

The objective is always to control the planar position (2 translations and/or 1 rotation) of micro-objects using as a control input the 2D position of the laser spot on the interface. For this, we use visual feedback to measure the position and orientation of the object. The laser spot position is controlled by the computer via a piezoelectric tip/tilt mirror. The controller will define the laser position to, for example, follow a reference position or path. Because of the non-linear response of the system, the controller was divided into a linear controller, which defines the desired system response as a function of the object position and objective, and a non-linear inverse model that defines the laser spot position(s) to obtain such a response.

In Section 4.1 we present the experimental setup and the tools that are common to all the control cases. This includes the description of each of the components of the setup, the preparations needed before the experiments, the image analysis algorithm for the visual feedback, and the mirror calibration procedure.

We differentiate the controlled objects into two categories: smaller and bigger than the laser waist diameter 1.3 mm. In 

Experimental setup and common procedures

The actuation is based on the generation of a laser-induced thermocapillary flow as explained in Chapter 3. Once the thermocapillary flow is onset, it will convey objects floating at the air-water interface away from the laser spot.

4.1.a Experimental setup

The actuation system consists of a laser source, a piezoelectric tip/tilt mirror capable of displacing the laser spot on the interface, and a camera used to close the control loop (Fig. 4.1). The mirror rotation limits and its distance to the interface result in a 80 × 80 mm workspace.

In more detail, our setup can be subdivided into four different subsystems:

Optical system. We used an infrared (IR) laser source (Keopsys Fiber Raman Laser CRFL-01-1455-OM1-B130-FA) with a wavelength λ = 1455 nm and an output power from 40 mW to 1 W to locally heat the water. The source output was connected using an optic fiber (Thorlabs SM980-5.8-125) to a fiber adapter (Thorlabs HAFC -FC/PC) in front of which we placed a collimating lens (Thorlabs Lens A110TM) with a focal length f = 6.24 mm. According to the supplier, the optic fiber mode field diameter for our wavelength is MFD = 8.8 µm, obtaining an output beam diameter of d ≈ 4λ f πMFD = 1.3 mm. The total efficiency of the optical system was measured to be around 50 %, therefore the power reaching the water surface can be varied between 20 mW and 500 mW. Finally, all the above-described elements, except for the laser and water sources, were placed on top of an anti-vibration table (Newport VH3030W-OPT) to reduce the ambient noise during the experiments.

4.1.b Controlled objects

The described setup was used to control different floating objects, which are schematized in Fig. 4.2. These objects are:

• The 0.5 mm diameter spheres were used to show the position control of particles smaller than the laser spot. They are made of AISI 420C stainless steel and were supplied by Redhill Precision.

• The rhomboidal 1 mm particles were used to show the orientation control of particles smaller than the laser spot. They were 3D printed using Nanoscribe and were sputtered with gold to make them opaque.

• The multiple-legged object were used to show the control of out-of-plane objects and the simultaneous position and orientation control of particles bigger than the laser spot. They • The flat objects were used to show the self-assembly guidance of pieces bigger than the laser spot. They were cut with FEMTOPrint from a 0.5 mm thick fused silica slide, and then painted in black.

4.1.c Software and visual feedback

We wrote a custom C code using the QT WIDGET toolkit to control the system. We used the provided software development kits to communicate with the camera and the mirror controller. When launched, the software sets the camera configuration and began the image acquisition. Upon the reception of each frame, an image analysis routine based on OPENCV 2.4.11 was performed to obtain the position and orientation of the floating object(s). Secondly, a control law routine and the user input were used to determine the desired laser spot position. Thirdly, the later described mirror calibration was used to find the necessary mirror input, which was finally sent to the mirror controller. Each frame, the objects' positions, the laser positions, other auxiliary data, and, optionally, the received images were saved.

Visual feedback. We use the camera to provide visual feedback to the controller. Indeed, the images captured by the camera are analyzed using OPENCV routines to obtain the object(s) position in the image frame. Because of the background light, the camera is saturated everywhere, except where the floating object blocks the light, which facilitates the image analysis. First, we use the threshold function (OPENCV) to transform the camera 8-bit grayscale image to a binary image. Second, we use the findContours function (OPENCV) to find the edge of the floating object.

Third, we discard contours that are outside the expected size range.

Then, for the spheres and flat objects standing at the air-water interface, we use the moments to compute the moments m i j and central moments µ i j of each contour. We then compute the geometrical center of each contour as P x = m 10 m 00 and P y = m 01 m 00 . Finally, we associate each found contour to the ones found in the previous frame to keep the same tag. If needed, we also compute the angle of each contour as 2θ = arctan 2µ 11 µ 20 -µ 02

. Since this gives us the direction of the object modulo π, we compare the found angle with the previous one to decide if we need to add π to the found angle or not.

Instead, for the four-legged robot, since part of the body stands above the interface, the perspective can change with the position of the object. In that case, the legs' position relative to the contour geometric center can vary. Therefore, in this case we fit a rotated rectangle using the minAreaRect function (OPENCV). Then, the contour position and orientation are taken as the center and orientation of this rectangle. Again, the orientation is compared with the previous value and adjusted accordingly.

4.1.d Mirror calibration

To find the adequate mirror rotation to obtain a desired laser position in the camera frame (calibration box in Fig. 4.1a), a preliminary calibration step is necessary. Since the infrared (IR) laser is not visible to the camera, a visible red laser (Visual Fault Locator TL532) was coupled with the IR laser in the optic fiber using a laser coupler (Thorlabs WD202C-APC). To be able to see the red 

4.1.e Laser spot multiplex

Although the communication time with the mirror controller can be slow (up to 50 ms), the latter has an internal memory that can hold hundreds of points and execute them in sequence. This can be used to multiplex the laser beam into several spots. However, because the controller was designed to draw figures with the laser, we can only specify the transition time t tr between points, and not if it needs to stay at some points. One workaround to stay for a time t st in different spots, is to specify the each spot N rep = t st t tr times consecutively. The mirror should stay for the desired time at each spot and then transition to the next one in t tr . For the laser to stay at least 80 % of the time in useful spots, we took N rep = 5. Then, although the transition time can be as low as 1 ms, the controller applies a filter to the points to limit the mirror accelerations. Therefore, for lower values of t tr , the signal gets distorted. We found a good compromise between a slow transition and the signal distortion for t tr = 2 ms. We recorded the red laser spot displacement between two points using a high-speed camera to confirm the expected behavior, the results are shown in Fig. 4.3. 

4.1.f Preliminary procedures

To ensure the reproducibility of the experimental results, the following steps were performed before each experiment:

1. The mirror controller was turned on, activated and left to settle for at least 30 min, since derivations in the position were observed during warming up.

2. Meanwhile, the water recipient was cleaned with ethanol, rinsed with pure water, and dried to eliminate any possible contamination.

3. Then, the mirror calibration was verified by shining the red laser on a diffusive surface and measuring the position with the camera. The mirror calibration was repeated if necessary.

4. The recipient is put in place, filled with 100 ml of pure water, and the objects are placed on the surface.

5. Finally, the IR laser and the backlight are turned on and the experiment began.

We also tried to keep the experiments under 10 min to minimize the effect of environmental contaminants and to avoid having the backlight warming up. We also tried to let the backlight cool down between experiments, but the mirror controller was left on to keep its temperature constant.

Sphere control

In this section, we developed strategies to control small spheres (smaller than the laser waist diameter 1.3 mm). In particular, we control 0.5 mm diameter AISI 304 steel spheres that float at the interface thanks to surface tension [START_REF] Vella | Floating versus sinking[END_REF]. Because of the symmetry of the sphere, we only control the position, and not the orientation, of the sphere. 

4.2.a Direct model

We propose a dynamic model of the system based on empirical observations. For a given sphere and fluid, two main observations were made: the sphere tends to move away from the laser spot, at a velocity that is larger when the sphere is closer to the laser spot. Indeed, when the laser spot is kept at a constant relative position from a floating sphere initially at rest, the latter accelerates until reaching a steady velocity as shown in Fig. 4.4a. This steady velocity direction is always away from the laser. For a fixed fluid (pure water) and sphere (0.5 mm diameter steel sphere), the steady velocity magnitude depends on the laser power QL and laser-sphere distance, as shown in Fig. 4.4b.

Assuming that the main force driving the particle is the thermocapillary flow drag, and considering the flow model found in Section 3.4 (u ∝ 1 /r ), we propose the system model

τ P + Ṗ = α P -L ∥P -L∥ 2 (4.1)
where P is the absolute sphere position, L is the laser spot position, and τ and α are fitting parameters. The parameter τ accounts for the system response time, due to the inertia of the system (thermal, fluid, and sphere). Its value was fitted to τ ≈ 0.2 s using the empirical measurements shown in Fig. 4.4a, where the laser was suddenly approached to a sphere initially at rest and then kept at a constant relative position. Although τ may vary slightly with the laser power and laser-sphere distance, this variation is neglected to simplify the model. On the other hand, we expect α ∝ Q1 /2 L (the scaling of the fluid velocity, Section 3.4). The parameter was fitted to α ≈ 0.8 [mm 2 s -1 mW -1/2 ] Q1 /2 L using the empirical measurements shown in Fig. 4.4b. Under these assumptions, the force exerted by the flow on a stationary sphere ( Ṗ = 0) can be estimated as

F ≈ m τ Ṗsteady
where m = 0.5 mg is the sphere mass, obtaining forces in the order of 10 nN. 

4.2.b Inverse model

In this section, we explain how to find the laser spot position that would generate the desired system reaction. For this purpose, it results convenient to make a change of variable and consider

C = α P -L ∥P -L∥ 2 (4.2)
as the input. Then, the laser spot position can be related to this new variable through the inverse non-linear model

L = P -α C ∥C∥ 2 . ( 4.3) 
In this case, the composition of the inverse model (4.3) and the system (4.1), with C as an input and P as the output, results τ P + Ṗ = C, which is linear. Moreover, since the response time τ is negligible for most of our applications, we can assume Ṗ = C.

Although this strategy allows us to linearize the system, it has a big flaw. In case of an error in calibration of the mirror or sphere position measurement, the real laser-sphere relative position will differ from the expected one, obtaining a system input different from the expected one. In Fig. 4.5, we schematize this effect where, without loss of generality, the error was assumed to be on the laser spot positioning. In this case, the difference in input results

∆C = α P -L ∥P -L∥ 2 - P -L -∆L ∥P -L -∆L∥ 2 .
Notice that if ∥∆L∥ ≈ ∥P -L∥, then ∆C can be arbitrarily large. On the other hand, if we assume ∥∆L∥ << ∥P -L∥, the velocity error can be bounded to

∥∆C∥ ∥C∥ ≈ ∥∆L∥ ∥P -L∥ . (4.4)
Therefore, we keep ∥P -L∥ > 1 mm to bound ∆C. This is, to impose a minimum laser-sphere distance of 1 mm.

In Fig. 4.6 we show the full control diagram, whose different blocks are explained in the following sections.

4.2.c Position stabilization

In this section, we explain how we can define C to stabilize a sphere around a constant target position. While pushing the sphere in the desired direction using this repulsive effect results straightforward, the lack of equilibrium points in the system makes necessary the implementation of closed-loop control to stabilize the sphere around the desired position. To achieve the 2D stabilization, we decompose the problem into two independent controllers, one for each axis. To stabilize the sphere position around a target R, the control velocity is computed as a function of the error E = R -P as

C = K P E + K I ¢ t 0 E d t . (4.5)
With this controller and a constant target, the error dynamics in the linear regime result

τ Ë + Ė = -K P E + K I ¢ t 0 E d t (4.6)
which is stable as long as τ K I < K P . The controller (4.5) together with the inverse model (4.3) were implemented on the experimental setup with gains K P = 0.5 s -1 and K I = 0.5 s -2 . A first approximate values of the gains were found using (4.6) and the MATLAB PID TUNER tool. Then, the values were adjusted empirically until obtaining a satisfactory result. The results with the found values K P = 0.5 s -1 and K I = 0.5 s -2 are shown in Fig. 4.7 1 . For details on the PI discrete implementation, see Appendix E.1. As it can be seen, during the approaching phase, the sphere does not always move towards the target, since there is no explicit control of the displacement direction. Once the target is reached, the integral action helped to stabilize the sphere with a precision of 0.3 mm (4 pixels). Moreover, the laser actuation was applied only when needed and in the appropriate direction, in contrast to the technique shown in [START_REF] Terrazas | Thermocapillary convective flows generated by laser points or patterns: Comparison for the noncontact micromanipulation of particles at the interface[END_REF], where the laser was constantly performing a circular motion around the target to prevent the sphere from drifting away.

4.2.d Tracking

For the tracking case, where the target position is changing with time, we can still use (4.5) considering that the target velocity must be added to the desired control velocity where Ṙ is the target velocity. In Fig. 4.8 we show the result of this tracking using the same gains as in the previous section (K P = 0.5 s -1 and K I = 0.5 s -2 ). After the initial approach, the error is kept under 1 mm.

C = Ṙ + K P E + K I ¢ E d t . ( 4 

4.2.e Closed path following

One way to prevent the sphere from describing anomalous trajectories to the target is to compute the desired trajectory (path) in advance and then make the sphere follow it. For the path following part, the objective is to make the sphere advance on the prescribed path with no time schedule.

For this, an explicit control of the velocity direction is more appropriate. The schema of the developed algorithm is shown in Fig. 4.9. Firstly, we found the closest point of the path to the object and compute the path orientation (θ p ) and the curvature (κ p ) at this point. We also compute the coordinates of the object in the Frenet frame at this point (tangent s p and normal d p ). Then, if the where θ e = θθ p is the sphere velocity direction relative to the path. Therefore, we define the desired advance direction as θ p +θ c , where θ c is the returning angle. The controller is then defined

as      ∥C∥ = C max 1 + B κ p θ c = arcsin K P d p + K I ¡ t 0 d p d t (4.9)
where C max is the desired velocity in a straight path, B is a control parameter (B ≥ 0), and the argument of the arcsin was saturated to [-1, 1]. As it can be seen, the control velocity magnitude is reduced around high curvature sections. Using this controller and neglecting the system inertia, the distance to the path dynamics from (4. 

4.2.f Pathfinding

The open path-following case (with starting and ending points) differs from the closed path-following since a stopping technique must be implemented. We propose to combine both previously described algorithms, using the path-following algorithm in the approaching phase, and switching to the position stabilization algorithm when the sphere is close enough to the target (∥E∥ < 5 mm). To prevent the system from switching back and forth between the two algorithms, a small hysteresis is considered around the transition distance.

An example of pathfinding and open path following is shown in Fig. 4.11. The objective is to displace the sphere from its initial position to the target position while avoiding other spheres in the workspace. Thanks to the local effect of the laser, it is possible to displace one of the spheres without disturbing the others as long as they stay sufficiently apart. Firstly, the workspace is divided into a 100 × 100 grid, and weights are assigned to each slot based on the distance to the obstacle spheres. Then, a path between the starting position and the target is found using a A * algorithm [START_REF] Hart | A formal basis for the heuristic determination of minimum cost paths[END_REF]. To obtain a smooth path, the points found by the A * algorithm are sampled down 1 There was an error in the PI implementation that forced the first input θ c (t = 0) = 0. This is why the sphere first advanced parallel to the path. The effect of this error on the system is to slow down the initial approach to the path, as it can be seen by the difference between the expected trajectories in Fig. 4.9b and the obtained one in 4.10a. and used as control points for a Bézier curve [START_REF] Choi | Path planning based on bézier curve for autonomous ground vehicles[END_REF] between the starting point and the target. Once the path is computed, the path following controller is used to keep the controlled sphere on the path. When the sphere reaches the transition distance from the target, the system switches to the position stabilization controller. To obtain a smooth transition, the last control output of the path following controller is used as the previous output of the position controller to compute the new output (see discrete PI implementation in Appendix E.1). This way, we profit from the explicit control of the velocity direction of the path-following controller in the approaching phase, and then from the stabilization around the target by the position stabilization controller.

4.2.g Multiple spheres simultaneous control

All the previously presented strategies can be extended to the simultaneous control of several spheres by multiplexing the laser spot. Indeed, by using one laser spot to control each sphere, we can control each one independently of the others as long as they are sufficiently apart from each other. This is, they should be sufficiently apart to avoid the laser spot controlling one sphere affecting the others significantly (convection cell radius R dell ≈ 5 mm), and also to avoid capillary interactions among the spheres (capillary length λ c = 2.7 mm). The experimental simultaneous path following of two spheres and the position control of four spheres can be seen in Fig. 4.12.

The control of multiple spheres that are close to each other (less than the size of the thermocapillary convection cell) is beyond the scope of this work, but it could also be envisioned. That case is considerably more difficult since one may need to consider the capillary interactions between the spheres. Additionally, even for non-interacting spheres (neutral capillary charge), it would be necessary to consider the effect of the laser spot on every sphere to find an adequate position. Indeed, this is done in Section 4.4.e, where the effect of the laser spot on each foot of the structure is considered to compute the total effect. The main difference is that in the case of N independent spheres, the number of degrees of freedom is 2N , in contrast with the 3 degrees of freedom of a rigid structure.

4.2.h Adaptive control

In this section, we present a non-linear controller to compensate for errors in the mirror calibration. So far, we have presented linear controllers for position stabilization and path following. This was achieved by circumventing the nonlinearity of the system as described in Section 4.2.b. However, in the case of a large enough mirror calibration error or sphere position measurement error, the system would fail since it cannot compensate for the non-linear effect of these errors. One option to compensate for this error is to add to the commanded mirror position an estimate of the error as

L = P -α C ∥C∥ 2 + L ad . (4.10)
where L ad is the adaptive compensation. The value of L ad should be computed based on an estimation of the real laser spot position computed as a function of the observed sphere response (velocity).

The measurement of the sphere velocity must be performed carefully since the position measurement has a high-frequency noise (the measure position can vary plus/minus one pixel every frame). A simple backward finite difference would amplify this noise, thus obtaining a poor measurement. Therefore, we implemented an IIR filter as an observer (see Appendix E.3) to estimate the velocity. However, such an observer could induce a measurement time delay that must be taken into account.

Then, although we could estimate the real laser spot position using the measured sphere ve- 

L real ≈ P -α Ṗ Ṗ 2 ,
this estimation has several limitations. First, the estimation would only be accurate for constant velocities, and its uncertainty becomes too large for small measured velocities. Second, the fitted parameter α is not perfectly accurate and could lead to counterproductive corrections. Third, the observer's time delay would affect the estimation. Finally, there could be other sources of noise and velocity fluctuations besides errors in the laser-sphere position.

To deal with all of the previously mentioned issues, we propose several modifications. First, to increase the robustness to accelerations, the observer delay, and noise, the correction is added gradually as

L ad = K ad ¢ t 0 C ad d t (4.11)
where K ad is a gain and we call C ad the correction velocity. For the following, we use the value K ad = 0.1. Second, the correction velocity C ad is computed using a combination of the velocity (∆C e ) and position (∆L e ) error estimation. Indeed, we move in the direction of ∆L e , but at a velocity ∥∆C e ∥ as

C ad = ∆L e ∥∆C e ∥ ∥∆L e ∥ . ( 4.12) 
This is because, at high velocities, small errors in position ∆L could lead to large errors in velocity ∆C that we need to minimize quickly. On the other hand, at small velocities, large errors in position ∆L could lead to small errors in velocity ∆C that we do not need to minimize quickly. Finally, to deal with the uncertainty of the laser position estimation for small sphere velocities and the model uncertainty, we perform different estimations according to different cases.

1. If the filtered velocity is Ṗf < 1 mm/s and (a) the commanded velocity is ∥C∥ < 1 mm/s, we perform no further correction (C ad = 0).

(b) the commanded velocity is ∥C∥ > 1 mm/s, most probably the laser is further apart than expected. In this case, we assume C ad = C.

If the filtered velocity is

Ṗf > 1 mm/s and (a) the difference between the expected and filtered velocity magnitudes is above 50 % ∥C∥ -Ṗf > 0.5 ∥C∥ , we compute C ad using (4.12) with

∆L e = α Ṗf Ṗf 2 - C ∥C∥ 2 ∆C e = Ṗf -C.
(b) the difference between the expected and measured velocity magnitudes is below 50 %, we assume that the magnitude error is due to model errors and we do not consider it for the correction. Then, we compute C ad as

C ad = Ṗf ∥C∥ Ṗf -C
Notice that in this case, C ad becomes zero if Ṗf and C point in the same direction, thus rendering the system more resilient to model errors in the expected velocity magnitude.

The experimental results of the implemented controller can be seen in Fig. 4.13. There, it can be seen how under a constant input C, the initial sphere velocity Ṗ might be misaligned with C, but the adaptive controller compensates for this in around 2 s. Moreover, the adaptive controller can be coupled with all the previously described sphere controllers. For example, it can be coupled with the position stabilization as shown in Fig. 4.13b. Notice how, in this case, the sphere advancement direction is initially erroneous, but the adaptive controller quickly compensates for it, in contrast with the case shown in Fig. 4.7a. Moreover, upon a change in the target, the correction previously found by the adaptive controller remains valid and the sphere starts moving towards the new target from the beginning.

Although the adaptive controller dynamics could interfere with the other controllers, this is generally not the case. Indeed, at the beginning of a position stabilization or path following, the error is normally large enough to saturate the controller, thus keeping C approximately constant for the first seconds and giving time to the adaptive controller to settle. 

Non-axisymmetric particle orientation control

The position of small (smaller than the laser waist diameter 1.3 mm) non-axisymmetric particles can be controlled with the techniques developed for the sphere control (Section 4.2). However, these techniques do not consider the orientation of the particle. In this section, we develop a strategy to control the orientation of such an asymmetric particle.

4.3.a Direct model

Experimental observations showed that when we actuate a non-axisymmetric particle, this one tends to align its longer axis perpendicular to the motion direction. This can be explained by the fact that the section of the particle closer to the laser experiences a larger force than the one further away, increasing any initial misalignment as shown in Fig. 4.14a. Therefore, to control the orientation of the particle without displacing it, we propose to place the particle in between two laser spots. The results of a numerical simulation of the flow generated by two laser spots are shown in Fig. 4.14b. We can see that the flow will tend to align the particle perpendicular to the line joining the spots.

We now define the angle difference ∆θ = θ L -θ where θ is the particle orientation and θ L is the angle perpendicular to line joining the laser spots as shown in Fig. 4.14c. It can be seen that the difference between the forces acting on each extreme is proportional to sin ∆θ. On the other hand, the torque will be proportional to the force difference and cos ∆θ. In that case, we propose the model We have only fitted these values to τ ≈ 0.2 s and α r ≈ 5 s -1 for a total laser power QL = 75 mW and a laser-particle distance d L = 2 mm.

τ θ + θ = α r sin ∆θ cos ∆θ = α r 2 sin (2∆θ) ≈ α r ∆θ for ∆θ < π /4. (4.13)

4.3.b Inverse model

The inversion of the model (4.13) results straightforward. We consider

θ L = Ω α r + θ. (4.14)
where Ω is a rotation velocity. In this case, the composition of the inverse model (4.14) and the system (4.13), with Ω as an input and θ as the output, results τ θ + θ = Ω, which is linear. Then, it suffices to define the laser spot positions as

L 1 = P + d L (cos(θ L + π /2); sin(θ L + π /2)) L 2 = P + d L (cos(θ L -π /2); sin(θ L -π /2)), (4. 15 
)
where P is the particle position. Notice that in this case, an error on the mirror calibration and/or the particle position measurement, will induce approximately the same error on both laser spots, thus θ L would not change significantly. Consequently, the orientation control is more robust to these errors than the position control.

4.3.c Orientation control

In this section, we explain how to define Ω to achieve a given objective. In particular, we can stabilize the particle orientation around a reference orientation θ R by defining the error angle θ e = θ R -θ and

Ω = K P θ e + K * I ¢ t 0 θ e d t .
However, for the particular case of K P = α r and considering (4.14), the controller can be simplified to After the initial approach, the error is kept under 10 • . See Video 4g in Appendix A.

θ L = θ R + K I ¢ t 0 θ e d t . ( 4 
where we limit |∆θ| < 0.5 to stay in the linear regime. The controller, shown in Fig. 4.15, was implemented with and K I = 2.5 s -1 and the experimental results are shown in Fig. 4.16. As it can be seen, after the initial approach, the error in orientation is kept under 10 • . On the other hand, although the particle position is not explicitly controlled, the observed displacement remained around a few mm. For details on the PI discrete implementation, see Appendix E.1.

Multiple-legged robot control

In this section, we present the developed strategies to control multiple-legged robots standing at the water surface. The size of the robot is approximately 10 mm, this is, the robot is big relative to the laser spot size. These robots consist of a body standing on a set of feet. The body remains in the air while the feet stand on the air-water interface thanks to surface tension [START_REF] Vella | Floating versus sinking[END_REF]. In this case, our objective is to control simultaneously the robot's position and orientation.

4.4.a Direct model

In this section, we propose a model for the response of a robot with N P feet standing on the water surface. If we consider that the force acting on each foot P i of the robot can be computed using (4.1) (as shown Fig. 4.17a), the dynamic equation of the geometric center O = P i N P and the orientation θ can be reduced to

τ t Ö + Ȯ = α N P P i -L ∥P i -L∥ 2 . τ r θ + θ = α ∥P i -O∥ 2 (L -O) × P i -L ∥P i -L∥ 2 (4.17)
For the derivation of (4.17), see Appendix D. Similar to the sphere model, the parameters α, τ t and τ r of the model depend on the laser power, the fluid, the robot properties, the feet immersion depth, etc. However, for a fixed fluid and robot, we expect α ∝ Q1 /2 L and a constant τ t and τ r . The To compare our model to experimental measurements and fit the model parameters, we decoupled the translation and rotation by using two laser spots. For this, we extended the model to multiple virtual laser spots (see Section 4.1.e). Indeed, in the presence of several laser spots L j , we can approximate the total effect as the addition of the effect of each spot, as long as they are sufficiently apart from each other. In that case, we can extend (4.17) to multiple laser spots as:

τ t Ö + Ȯ = α N P i , j P i -L j P i -L j 2 τ r θ + θ = α i ∥P i -O∥ 2 i , j L j -O × P i -L j P i -L j 2 . (4.18)
We then perform measurements of pure translation and pure rotation as shown in Fig. 4. [START_REF] Xie | Automated pairing manipulation of biological cells with a robottweezers manipulation system[END_REF]. With these and the transient results, we fitted α ≈ 0.9 [mm 2 s -1 mW - 

4.4.b Non-holonomic inverse model

For the multiple-legged robot case, there is no analytic inverse for the system (4.18). In this section we explain how we can restrict the two laser spot positions, and thus the robot velocity, to simplify the inversion of the model. Indeed, we restrict the relative laser spot positions to act on two neighboring feet as shown in Fig. 4.19a. Then, if we also consider only the effect of each spot on the closest foot and we neglect the system inertia, we can write

       Ȯ = α 4 1 d 1 + 1 
d 2 θ = h α 2 w 2 + h 2 1 d 1 - 1 d 2 .
(4. [START_REF] Gerena | High-bandwidth 3-d multitrap actuation technique for 6-dof real-time control of optical robots[END_REF] In this scenario, the movement direction will always be in the direction of the robot, similar to a car. This kind of system is known as non-holonomic (N-H) system [START_REF] Morin | Motion control of wheeled mobile robots[END_REF]. The system can be inverted to find d 1 and d 2 as a function of Ȯ and θ, but instead we compute the curvature of the robot trajectory κ as:

κ = θ Ȯ = 2 h w 2 + h 2 d 2 -d 1 d 2 + d 1 = 2 h w 2 + h 2 ∆d d m (4.20)
where

d m = 1 /2 (d 1 + d 2 ) and ∆d = 1 /2 (d 1 -d 2 )
. In this case, we can inverse the system to obtain d 1 and d 2 as a function of a reference curvature κ R as

d 1 = d m 1 - w 2 + h 2 2 h κ R d 2 = d m 1 + w 2 + h 2 2 h κ R . (4.21)
Finally, the considered system to control is the composition of the inversion (4.21) and the simplified system (4. [START_REF] Gerena | High-bandwidth 3-d multitrap actuation technique for 6-dof real-time control of optical robots[END_REF], with κ R as the input and O and θ as the output, which is non-holonomic. 

4.4.c Non-holonomic path following

In this section, we implement an algorithm to make a multiple-legged robot follow a path while keeping the object orientation (θ) aligned with the path orientation (θ p ). As noticed in the previous section, the system is non-holonomic (N-H) [START_REF] Morin | Motion control of wheeled mobile robots[END_REF] and the controller had to be designed accordingly. Firstly, we found the closest point of the path to the object and compute the path orientation (θ p ), curvature (κ p ) and curvature derivative ( κp ) at this point. We also compute the coordinates of the object in the Frenet frame at this point (tangent s p and normal d p ) and the orientation error

(θ e = θθ p ). For details on the discrete implementation, see Appendix E.2. Secondly, we considered a variation of the coordinate transformation given in [START_REF] Morin | Motion control of wheeled mobile robots[END_REF]:

Z = (1 -κ p d p ) tan θ e V 1 = cos θ e 1 -κ p d p V 2 = (κ R -κ p V 1 ) (1 + κ p d p ) 2 + Z 2 -(κ p Z + κp d p )Z V 1 (1 -κ p d p ) . (4.22)
where κ R is the reference trajectory curvature. With this transformation and neglecting the response time of the system (τ t = τ r = 0), the composed system results

           ṡp = Ȯ V 1 ḋp = Ȯ V 1 Z Ż = Ȯ V 2 . (4.23)
Then, the control strategy, shown in Fig. 4.20, consists in:

1. Compute Z and V 1 using (4.22).

2. Compute V 2 as

V 2 = -B 1 V 1 d p -B 2 |V 1 | Z (4.24)
where B 1 and B 2 are positive control gains. It can be proven that the system (4.23) with the control signal (4.24) is asymptotically convergent as long as d p κ p < 1 [START_REF] Morin | Motion control of wheeled mobile robots[END_REF]. 

κ R = κ p V 1 + (1 -κ p d p )V 2 + (κ p Z + κp d p )Z V 1 (1 + κ p d p ) 2 + Z 2 .
4. Use (4.21) to compute d 1 and d 2 as a function of κ R .

We implemented this controller with gains B 1 = 0.5 mm -2 and B 2 = 3 mm -1 and a constant d m = 2.5 mm. However, since we want to keep d 1 , d 2 > 1 mm, the imposed d m was automatically increased when |κ R | was high enough. Numerical simulations using our control law and model showed that, after the initial approach, the distance to the path was kept under 1 mm, as shown in Fig. 4.19b. This result, however, underestimates the obtained experimental error, shown in Fig. 4.21. This could be explained by the fact that the implemented controller is sensitive to disturbances (e.g., water droplets on the object changing the mass distribution, a foot being more immersed than the others due to fabrication errors, etc.). Moreover, most of the object remains above the water surface, being more susceptible to air movement.

Although this simple controller produced satisfactory results, we achieved it by purposely limiting our input degrees of freedom, thus limiting the system's capabilities. Indeed, it can only control the robot as long as it has a non-zero velocity, and the orientation and position dynamics remain coupled. In the following sections, we show how we can implement a controller without limiting the input by using a numerical inversion.

4.4.d Numerical model inversion

Another option to inverse the model is to do it numerically. First, we define the variables

C = α N P i , j P i -L j P i -L j 2 Ω = α i ∥P i -O∥ 2 i , j L j -O × P i -L j P i -L j 2 (4.25)
The objective of the numerical inversion is to find the laser positions

X = (L 1 x , L 1 y , L 2 x , L 2 y ) that would generate the desired values Y d = (C x , C y , Ω) d .
If we now define the vector function f as the non-linear model (4.25), so that Y = f (X), we can approach the solution by minimizing ∥Y df (X)∥ 2 , that is, solving a linear least squares problem. Among the different alternatives for numerical minimization (Gauss-Newton algorithm, gradient descent, evolutionary algorithms) we decided to use the Levenberg-Marquardt algorithm [START_REF] Levenberg | A method for the solution of certain non-linear problems in least squares[END_REF][START_REF] Marquardt | An algorithm for least-squares estimation of nonlinear parameters[END_REF], and in particular the MATLAB implementation [START_REF] Moré | The levenberg-marquardt algorithm: implementation and theory[END_REF]. This algorithm interpolates between the Gauss-Newton and gradient descent methods, benefiting from the advantage of each.

Briefly, the algorithm receives the non-linear system f , the objective Y d , and an initial guess X 0 . Then, it computes the error E = f (X 0 ) -Y d , and estimates numerically the Jacobian of f at X 0 (J(X 0 )). Based on these estimations, it proposes a new guess X = X 0 + δ where δ is the solution to

J T × J + λ I δ = J T E.
The parameter λ is adjusted according to the evolution of the minimization.

If the new proposal reduces the error, it is kept and λ is reduced. If not, λ is increased, and a new guess is made. Finally, by repeating the process, we iteratively approach a solution to the problem. In our case, since there are 4 input variables and 3 output variables, if the system can be solved, there is normally more than one solution. Therefore, the found solution will likely be the one closest to X 0 . Since the algorithm is to be used each time step, it made sense to use the position found in the previous time step as the initial guess, for two reasons. First, probably the objective did not change that much in one time step, then the new solution is likely to be close to the previous one. Second, by doing this, the algorithm will probably find the solution that is closest to the previous one, and thus minimize the distance the laser spots have to be displaced in that time step.

Finally, this numerical model inversion can be integrated into a control loop to regulate the position and orientation (pose) of the robot. Notice that if the numerical inversion succeeds in finding the appropriate laser spots positions, then the composition of the numerical inversion and the system (4.18), with C and Ω as an input and O and θ as the output, results 

τ t Ö + Ȯ = C τ r θ + θ = Ω,

4.4.e Position and orientation stabilization

Using the numerical model inversion, we can now stabilize the position and orientation of the robot. In this case, we decompose the problem into three independent controllers, one for each position axis and one for the orientation. To stabilize the robot position around a target R with a target angle θ R , the control variables are computed as a function of the position error E = R -O and angle error

θ e = θ R -θ as    C = K P t E + K I t ¡ t 0 E d t Ω = K P r θ e + K I r ¡ t 0 θ e d t . (4.27)
With the composition of this controller and the system (4.26), the error dynamics in the linear

regime result    τ t Ë + Ė = -K P t E + K I t ¡ t 0 E d t τ r θe + θe = -K P r θ e + K I r ¡ t 0 θ e d t
The controller (4.27) was implemented on the experimental setup with gains K P t = K P r = 0.25 s -1 ,

K I t = K I r = 0.025 s -2 .
For details on the PI discrete implementation, see Appendix E.1. The results are shown in Fig. 4.23. The mean and maximum position error after the initial approach are 1.5 mm and 3.6 mm (15 % and 36 % of robot size), respectively. On the other hand, the mean and maximum angle errors are 2 • and 7 • , respectively. This result is satisfactory, considering that in this case there was no prescribed strategy to displace and rotate the robot, and the position of the laser spots was found by the numerical minimization algorithm.

4.4.f Path following with independent orientation control

Using the numerical inversion, we can also control the robot's position to follow a path while controlling the orientation independently. In fact, we can reuse the control law developed for the sphere (Section 4.2.e) to define the path following velocity magnitude and direction as

     ∥C∥ = U max 1 + B κ p θ c = arcsin K P p d p + K I p ¡ t 0 d p d t .
(4.28)

For details on the discrete implementation, see Appendix E.2. On the other hand, for the orientation control, we define a reference orientation θ R = f (θ p , t ) that can be a function of the path orientation (θ p ) and time (t ). In that case, we define

Ω = K P r θ e + K I r ¢ t 0 θ e d t , (4.29) 
where θ e = θ R -θ is the error in orientation. For example, we can define the desired orientation as minus the path orientation (θ R = -θ p ) and make the robot follow a Lissajous curve, as shown in Fig. 4.24. In this case, the mean and maximum distances to the path (shown in Fig. 4.24c) were 0.8 mm and 2.3 mm, respectively. The mean orientation error was quite high (20 • ), but only because there was a time delay between the reference and the robot trajectory, as shown in Fig. 4.24d.

The same controller was applied to different curves and reference orientations, and the results are summarized in Table 4.1. The shown values correspond to only one experiment of each case that, given all the sources of variation of the system, might differ from future measurements. Nevertheless, these results suggest that the orientation has an impact on the position precision, highlighting a coupling between orientation and position that is not considered by the model. In particular, we notice how the position precision is better when the robot advances perpendicular to the path (as in Section 4.4.c) than when the robot is aligned with the path. This could be explained by the fact that when advancing perpendicular to the path, the actuated feet are further apart, favoring the control.

Flat objects control

In this section, we present the developed strategies to control flat objects floating at the air-water interface. The size of these objects is around 6 mm, this is, large with respect to the laser spot. In this case, however, we cannot assume the laser actuating on a discrete number of points as we did in the multiple-legged robot case.

4.5.a Direct model

We propose two alternative models to explain the observed response of a floating flat object to the laser-induced thermocapillary actuation. The procedure is similar to the one explained in Section 4.4.a, but in this case, there are no defined points (or feet) to consider. Instead, we imagine rays coming out of the laser spot L in all directions. Then, we find the intersection points P i of these rays with the object. Finally, we compute the force of each of these rays on the object as shown in Fig. 4.25a. With this assumption, we can compute the dynamics of the center of mass O and the orientation θ as

τ t Ö + Ȯ = α t N R P i -L ∥P i -L∥ 2 τ r θ + θ = α r N R (L -O) × P i -L ∥P i -L∥ 2 (4.30)
where N R is the number of rays that made contact with the object, and α t , τ t , α r and τ r are model parameters. The predicted steady translation and rotation velocities using (4.30) with α t = 3 mm 2 /s and α r = 0.2 rad/s as a function of the laser spot position are shown in Figs. 4.25b and 4.25c, respectively. These values were computed using 500 equally spaced rays from the laser spot.

While the model (4.30) predictions are compatible with most experimental observations, it fails when the flat object has a channel. In fact, in the Master Thesis of Gianluca Carbone [START_REF] Carbone | Geometry optimization for thermocapillary micromanipulation of 3d printed particles using Nanoscribe or FemtoPrint[END_REF], we studied the effect of a channel in such flat objects. We showed that the velocity of an object with a channel can be as high as double the velocity of an object without one, as shown in Fig. 4.26. This contradicts the model (4.30), which predicts that the object with the channel should be slower.

One plausible explanation is that the channel helps to direct the flow backward which, in analogy with a rocket engine, should help to increase the object's velocity. To reflect it in our model, instead of adding each ray contribution as vectors, we add their magnitudes and take the average direction as the direction of the applied force, as shown in Fig. 4.27a. Mathematically, this is

τ t Ö + Ȯ = α t N R 1 ∥P i -L∥ P i -L ∥P i -L∥ 2 P i -L ∥P i -L∥ 2 τ r θ + θ = α r α t 1 ∥P i -L∥ P i -L ∥P i -L∥ 2 (L -O) × P i -L ∥P i -L∥ 2 . ( 4.31) 
We see that both the steady-state translation and velocities are scaled by the same factor with respect to the model (4.30). This factor is the ratio between the sum of the magnitudes and the magnitude of the sum, of the effect of each ray on the object. The predicted steady translation and rotation velocities using (4.31) with α t = 3 mm 2 /s and α r = 0.2 rad/s as a function of the laser spot position are shown in Figs. 4.27b and 4.27c. It can be seen that both models predict comparable results on the convex side of the object (left) but differ on the concave side (right), where the model (4.31) predicts a higher velocity.

4.5.b Non-holonomic inverse model

In this section, we explain how we can restrict the laser spot position and the object velocity to simplify the inversion of the model. Indeed, if we restrict the relative laser spot positions as shown in Fig. 4.28, and neglect the system inertia, we can write

Ȯ ≈ α t d 1 θ ≈ α r d 2 d 1 κ = θ Ȯ ≈ α r α t d 2 .
(4.32)

This restricted system (4.32) results non-holonomic (N-H). The system (4.32) can easily be inverted to find d 1 and d 2 as a function of the desired velocity magnitude ∥C∥ and trajectory curvature κ R as

d -1 1 = ∥C∥ α t d 2 = α t α r κ R . (4.33) 
Finally, the system composed by the inversion (4.33) and the simplified system (4.32), with d -1 1 and d 2 as the input and O and θ as the output, results non-holonomic and decoupled. 

4.5.c Control example: Guided self-assembly

In this section, we explain how the non-holonomic (N-H) inversion (4.33) can be used to guide the self-assembly of two equal objects. Indeed, two equal flat C shape objects floating at the air-water interface attract each other due to lateral capillary forces [START_REF] Vella | The "cheerios effect[END_REF][START_REF] Kralchevsky | Lateral capillary forces between floating particles[END_REF]. Indeed, similar floating objects tend to minimize the surface excess energy by assembling with each other. In this case, we can identify a global minimal energy (stable) configuration and, possibly, several local minimal energy (metastable) configurations as shown in Fig. 4.29a. While driving a system to a stable configuration can be achieved easily through random perturbations or agitation (stochastic actuation), obtaining a particular metastable configuration may require precise control (deterministic actuation). In this particular case, it suffices to simply keep the two objects facing each other while approaching to obtain the square assembly, as schematized in Fig. 4.29b. For this, the controller of each object can be summarized as

d -1 1 = B (d e -d contact ) d 2 = K P θ e + K I θ e . (4.34) 
where d e is the distance between the objects, d contact is the distance between the objects at contact, and θ e is the object angle relative to the line joining the two objects. Additionally, we saturated 4.2. As it can be seen, the assembly precision (< 0.3 mm) is much higher than the thermocapillary manipulation precision due to the self-alignment property of the capillary attraction. Moreover, it can be seen that the process is repeatable, in contrast to stochastic self-assembly operations. In conclusion, this technique benefits from the capillary self-alignment and the repeatability of robotic operations.

Conclusion

In this chapter, we presented our thermocapillary micro-manipulation platform, and the first thermocapillary actuated microrobots working at the air-water interface. The actuation system is based on the generation of a thermocapillary flow, a flow arising from an interface temperature gradient (Marangoni effect). We generated this temperature gradient by pointing an infrared laser at the interface, generating a flow that propelled floating objects away from the laser spot. By re-positioning the laser spot using a piezoelectric tip/tilt mirror, we could achieve full control of the robots' trajectories and orientations. The laser's high power density allows the objects to attain velocities of up to 12 mm/s with low temperature increases (less than 6 K), making our system suitable for actuating sensitive components. Moreover, our system does not require any onboard actuators and it does not rely on any robot property, making it a versatile system. Furthermore, the localized nature of the thermocapillary flow enables the simultaneous and independent control of multiple robots. These are the key features behind our platform's capability to perform controlled operations at the air-water interface, and hopefully pave the way for the emergence of new, complex micro-manufacturing applications.

We have implemented different control algorithms (summarized in Table 4.3) for various objects with different sizes and shapes. In particular, we distinguish between objects smaller and bigger than the laser spot. For small spheres, we implemented position and path following control, which were extended to multiple spheres control. For asymmetric small particles, we implemented orientation control. For big multiple-legged robots, we implemented two different strategies: non-holonomic and numeric model inversion for path following and pose control. Finally, for big flat objects, we have implemented a guided self-assembly algorithm to drive the objects to the desired configuration. This results in a mixture between deterministic assembly and selfassembly, where we profit from the repeatability of a deterministic robotic system and the self-alignment of a self-assembly system. All these results highlight the versatility of the system to achieve autonomous manipulation and assembly operations.

Concerning the further miniaturization of the system, it should be noted that, since the particles' speed becomes independent of size at small scales (theoretically, a mass-less point particle would follow the flow), the proposed system represents a promising alternative for manipulation at even smaller scales. Moreover, the scaling laws found on Section 3.4 show that for a given laser power, focusing the laser spot to a smaller size should strengthen the flow and diminish the effect of surfactant-induced surface elasticity.

In the following Chapter 5, we extend the presented system to include magnetic fields that trigger magnetic interactions between the particles. In particular, we study the formation of magnetocapillary crystals and their interactions with the thermocapillary flow. In Chapter 3 we have studied the physics of a laser-induced thermocapillary flow and in Chapter 4 we have proposed different ways to use such a flow for the autonomous manipulation of objects floating at the air-water interface. In particular, we have shown how our platform can be used to guide the self-assembly of floating particles. All these interactions were based on capillary phenomena: capillary flotation, capillary attraction, and thermocapillary flow generation. In this chapter, however, we introduce a new physical phenomenon, magnetic interactions. In particular, we seek to study the self-assembly of magneto-capillary crystals [START_REF] Grosjean | Remote control of self-assembled microswimmers[END_REF][START_REF] Collard | Magnetically powered metachronal waves induce locomotion in self-assemblies[END_REF] and their interactions with the thermocapillary flow.

Self-assembly has caught the interest of academia and industries because of its use to fabricate tiny structures. Indeed, some structures are too large to be prepared by chemical synthesis while too small to be assembled by robotic methods. In particular, the micrometer-millimeter scale is typically the bottleneck between bottom-up and top-down standard fabrication methods [START_REF] Mastrangeli | Self-assembly from milli-to nanoscales: methods and applications[END_REF].

One characteristic of multiple-particles self-assembly is that, due to the high number of degrees of freedom, on top of the global minimal energy state, there often exist several local minima, known as metastable states. Recently, interest in how to leverage these metastable states for active structuring [START_REF] Liljeström | Active structuring of colloids through field-driven self-assembly[END_REF] has been growing. Therefore, a fundamental question, that we address in this chapter, is to define the conditions enabling us to navigate between the different metastable states.

In this chapter, we present our study of the metastable configurations of magneto-capillarydriven self-assemblies at the air-water interface. Besides trying to get some insight into the fundamental questions presented before, there is also a practical interest. Indeed, the coexistence of different metastable states and the transition between them has been shown to be a key ingredient to the functionalization and locomotion of the assemblies [START_REF] Grosjean | Magnetocapillary self-assemblies: locomotion and micromanipulation along a liquid interface[END_REF].

This work is part of a collaboration with the Université de Liège, with Prof. Nicolas Vandewalle and Ylona Collard. The collaboration consisted in the construction of two complementary experimental setups, one at the ULB and one at ULiège, to study these metastable configurations from two different points of view: local and global actuation, respectively. In this chapter, however, we will present only our results, except when explicitly stated otherwise.

The structure of the chapter is the following. First, we explain the physical mechanism giving place to magneto-capillary crystals. Then present the experimental setup used to investigate how to transition between metastable states. Next, we present a numerical model allowing us to reproduce the experimental results. Finally, we present other interactions between magneto-capillary crystals and the thermocapillary flow, and how the magneto-capillary interactions can be used to characterize the effect of the thermocapillary flow on particles.

Magneto-capillary interactions

In this chapter, we consider magneto-capillary driven self-assemblies of particles at the air-water interface [START_REF] Grosjean | Remote control of self-assembled microswimmers[END_REF][START_REF] Collard | Magnetically powered metachronal waves induce locomotion in self-assemblies[END_REF][START_REF] Hubert | Scallop theorem and swimming at the mesoscale[END_REF]. The considered particles are 500 µm diameter soft ferromagnetic beads floating, thanks to surface tension [START_REF] Vella | Floating versus sinking[END_REF], at a horizontal air-water interface and under a vertical magnetic field B z as shown in Fig. 5.1a. Each particle is attracting the others by the capillary interaction, also called the Cheerios effect [START_REF] Vella | The "cheerios effect[END_REF][START_REF] Kralchevsky | Lateral capillary forces between floating particles[END_REF]. The imposed vertical magnetic field induces parallel dipoles inside the particles, providing a repulsive magnetic interaction between them. Although the use of non-homogeneous magnetic fields can be of interest for micromanipulation purposes [START_REF] Dong | Controlling two-dimensional collective formation and cooperative behavior of magnetic microrobot swarms[END_REF], in this work we focus on the homogeneous magnetic field case.

5.1.a Pairwise interaction

The interaction between two vertically magnetized particles floating at a horizontal fluid interface can be described as the addition of both the capillary interaction and the magnetic interaction.

The potential energy of two identical floating particles interacting through capillarity can be written as (Section 2.1.c): where γ is the surface tension, Q is the capillary charge (of both equal particles), K 0 is the modified Bessel functions of the second kind, d i j is the distance between the particles, and λ c is the capillary length. Notice that this model is only valid when the distance between the particles is large compared to the particles' diameter [START_REF] Kralchevsky | Particles at fluid interfaces and membranes: attachment of colloid particles and proteins to interfaces and formation of two-dimensional arrays[END_REF].

U c i j = -2π γQ 2 K 0 d i j λ c ( 5 
On the other hand, the magnetic dipole-dipole interaction of two identical vertically magnetized particles can be written as [START_REF] Grosjean | Magnetocapillary self-assemblies: locomotion and micromanipulation along a liquid interface[END_REF] 

U m i j = µ 0 m 2 z 4π d 3 i j = χ 2 V 2 B 2 z 4π µ 0 d 3 i j (5.2)
where µ 0 is the magnetic vacuum permeability, m z is the vertical magnetic moments of the particles, χ is the particle effective susceptibility, V is the particle volume and B is the external magnetic field. For the second equality, we used the fact that the magnetic moment of soft ferromagnetic particles is related to the external magnetic field as

m = χ V µ 0 B.
Then, the total pairwise interaction can be described as the addition of both potentials. By normalizing the potential by 2π γQ 2 and the distance between the particles by λ c , we can write a dimensionless potential as

u i j = -K 0 (x i j ) + Mc x 3 i j with Mc = χ 2 V 2 B 2 z 8π 2 µ 0 γ Q 2 λ 3 c , (5.3) 
where

x i j = d i j
λ and the parameter Mc is the magnetocapillary number, capturing the competition between magnetic and capillary effect.

The balance between the capillary and magnetic interaction induces long-range attraction and short-range repulsion (as shown in Fig. 5.1b), similarly to molecular interactions. As shown, the potential can be tuned by the vertical field since Mc = κB 2 z . For the used 500 µm stainless steel beads, the coefficient has been calibrated in an earlier work [START_REF] Collard | Magnetically powered metachronal waves induce locomotion in self-assemblies[END_REF] to κ = 0.0027 mT -2 . When more particles are present, this interaction gives place to the formation of 2D floating crystals without contact between the particles.

5.1.b Metastable states

In this work, we study the stable and metastable states of crystals with a small number of particles N (from 3 to 19). For certain numbers N , the particles are observed to stabilize in different metastable states depending on the initial conditions, as shown in Fig. 5.2. The final state has been observed to be extremely sensitive to the initial distribution of particles, with some states very rarely obtained from random initial conditions. Therefore, a controlled way of transitioning between states could be useful to study this phenomenon.

Controlled growth

To navigate between metastable states, we propose a technique based on the controlled growth by thermocapillary actuation. The methodology consists in, first, placing a given number of particles at the air-water interface, with a vertical magnetic field on, and leaving them to assemble. Then, a new particle is guided by the laser spot towards the existing crystal in a particular direction, to favor one or other resulting state. This is, to control the growth of the crystal.

For this purpose, the use of thermocapillary actuation proved to be very efficient. First, being a non-contact manipulation tool, it can be used to control the particle without strongly deforming the interface, which could destabilize the original crystal. Second, the local nature of the thermocapillary flow allowed us to control the new particle without perturbing the existing crystal. Finally, the strength of the thermocapillary flow was enough to detach a particle from a crystal, allowing us to repeat an experiment several times without having to manually separate the particles.

5.2.a Experimental setup

The experimental setup is illustrated in Fig. Notice that, contrary to the magnetocapillary interactions, the thermocapillary actuation is based on gradients of surface tension rather than on its absolute value. Considering the used laser powers ( QL < 150 mW), the measured temperature increase is ∆T < 6 K, and the resulting surface tension variation is ∆γ < 1 mN/m [START_REF] Piñan Basualdo | Effect of insoluble surfactants on a thermocapillary flow[END_REF]. Therefore, we can neglect the variation in surface tension due to the laser heating and assume the magnetocapillary interactions to remain unchanged. On the other hand, although the laser could deform the interface, since the change in surface tension is small (< 1.5 %), this deformation can be neglected [START_REF] Chraïbi | Thermocapillary flows and interface deformations produced by localized laser heating in confined environment[END_REF].

5.2.b Experimental results

To illustrate the controlled growth principle, the transition between S5 and S6a or S6b is considered, as shown in Fig. 5.4. We used the laser to guide a particle towards an existing S5 crystal in the appropriate directions to favor the transitions to S6a or S6b as shown in Figs. 5.4a and 5.4b, respectively. One way to characterize the evolution of the system is to consider the distance l * 6 between the new particle and the center of mass of the original 5 particles. The evolution of l * 6 with time is shown in Fig. 5.4c. As an observation, the kinetic energy of the added particle can sometimes drive the assembly out of equilibrium and into a state other than the expected one, especially when trying to obtain S6b (which has a higher energy). The results of other observed transitions are summarized in Fig. 5.2. Additionally, laser-induced thermocapillary actuation can also be used to remove a particle from an assembly. However, the disturbances induced by the flow make the resulting N -1 state unpredictable. For example, removing a particle from a S9a could randomly render a S8a or S8b.

Numerical modeling

To rationalize our experimental results, a numerical model was implemented to simulate the evolution of the particles from an original state.

The model used in this work is based on three main assumptions : (i) hydrodynamic effects are neglected since only equilibrium states are searched for, (ii) the superposition principle is considered to calculate the total magneto-capillary potential since particles are well separated, and (iii)

the particles are at the same elevation on the water surface. 

5.3.a Force model

One option to model the system is to consider all the pairwise forces acting on each particle. First, the dimensionless pairwise interaction force is computed as the gradient of the pairwise dimensionless potential (5.3) as

f i j = K 1 x i j -3 Mc x 4 i j ri j , (5.4) 
where f i j is the dimensionless force exerted by the particle j on the particle i , and ri j is the unitary vector pointing from particle i to particle j . Second, the total force acting on each particle is computed as

f i = ∀ j ̸ =i f i j . ( 5.5) 
Then, neglecting inertia (viscosity-dominated scenario), the velocity of the particle is approximated as proportional to the force (v i ∝ f i ) as predicted by the Stokes law for low Reynolds number flows. Finally, it suffices to numerically integrate each particle position as

x i n+1 = x i n + αf i n ,
where n is the current step and α acts as an integration time step. We found that for α < 10 -2

the system converges, but we chose α = 10 -3 for robustness. Notice that for a larger number of particles, the equilibrium distance between central particles is shorter and the forces are stronger.

Therefore, smaller values of α might be needed to stabilize the simulations.

The previously described simulator was used to predict the existing metastable states for different numbers of particles. Starting from a random distribution of particles, the system was left to converge, and the resulting assemblies were categorized. The results for the cases with more than one observed stable state are summarized in Fig. 5.5a. Interestingly, not always the most energetically favorable configuration is the most stable one, as shown in Fig. 5.5b. Notice that (b) Predicted final state as a function of the angle at which we add the sixth particle.

Figure 5.6: Simulation results for the transitions from S5 to S6a and S6b for an external magnetic field B z = 5 mT. The sixth particle is placed at 5λ from the initial assembly and, depending on the direction in which the new particle is added, the system will stabilize in one state or the other.

given the finite number of runs, there could be more metastable configurations with a low rate of appearance that were not obtained.

5.3.b Controlled growth predictions

To illustrate the controlled growth numerical simulation, the transitions between S5 and S6a or S6b are considered. For this, we performed numerical simulations to predict the evolution of the system upon the addition of a new particle at different points. In particular, two basic scenarios, shown in Fig. 5.6, are analyzed: adding a particle from one side or the other of an existing S5 crystal, obtaining a S6a crystal in one case or S6b crystal in the other. The transition and final state are analyzed using the total dimensionless potential u as a function of the normalized distance l * 6 between the new particle and the center of mass of the five original ones. Both the distance l * 6 and the potential u decrease until reaching its equilibrium value, which is different for each final state, as shown in Fig. 5.6a. It can be seen, however, that the two final states differentiate only at the end of the trajectory, close to equilibrium. We also analyzed numerically the reached metastable state as a function of the angle at which the new particle is added. The results are shown in Fig. 5.6b, where it can be seen that the transition to the state S6a is much more common, as expected. Similar studies were performed for crystals made of up to 19 particles. The obtained results are summarized in Fig. 5.7.

The first discrepancy we identify between simulation and experimental results (see Fig. 5.2) is that, for an eight particles crystal, only one stable state (S8c) is predicted. This can be explained by the fact that the energy landscape around equilibrium is quite flat as suggested by the results shown in Fig. 5.8. In that case, any variation in the model (e.g., short distance capillary interactions, small inhomogeneities between the particles) or not considered effect (e.g., immersion depth variation) can make the system fall into one state or another. A similar scenario is suspected to happen for S18b and S18c, where only S18b is predicted stable by the numerical model. Ad- ditionally, although five different states are predicted for an 18 particles assembly, only S18a and S18b are obtainable from S17 which agrees with experimental observations. On the other hand, although the numerical simulation distinguishes between S15b and S15d, experimentally they were considered the same since the central particles have the same symmetry. Finally, some transitions are predicted to happen only when placing the new particle in a precise location (e.g., from S15a to S16d), which is not realizable experimentally. Besides the previously mentioned cases, all the predicted transitions were observed experimentally.

Other thermocapillary interactions

Besides the study of metastable states, thermocapillary actuation could be used to actuate magneto-capillary crystals in diverse ways and for different purposes. Notably, illumination patterns can be used to displace the capillary assembly as a whole or to divide the assembly. On the other hand, the distortions on the crystal caused by the thermocapillary flow can be used to study the force exerted by the flow on the particles.

5.4.a Displacement and cutting

Although each particle is smaller than the laser spot and the area affected by the flow (see Chapter 3), the self-assembled crystal can be much larger. Therefore, using only the laser spot to actuate the entire crystal could result in an inhomogeneous effect on the particles. In that case, high deformations or even separation of the assembly were observed. Thus, it results natural to propose the use of light patterns to actuate the crystal.

We call light pattern to the continuous movement of the laser spot on the surface, describing a trajectory. Indeed, the fast time response of the mirror allows us to send several control points to the mirror controller, and make the mirror travel them, making the laser spot describe a continuous trajectory on the interface. Since the movement of the laser is fast compared to the fluid response, we can assume the system will behave as if we had a static heat source with the shape of the light pattern.

Experimentally we observed two interesting behaviors, the translation, and division of the crystal shown in Fig. 5.9. For the translation (Fig. 5.9a), we used an arc section as light pattern.

With this technique, we could successfully displace the whole crystal without losing any particle.

On the other hand, using a higher laser power and a straight-line pattern, we succeeded in dividing the crystal in two (Fig. 5.9b), which could be useful for the creation of multiple magneto-capillary swimmers [START_REF] Grosjean | Magnetocapillary self-assemblies: locomotion and micromanipulation along a liquid interface[END_REF].

5.4.b Thermocapillary stretching

From the analyzed configurations of a magneto-capillary crystal and thermocapillary actuation, the simplest stable configuration was a straight-line light pattern with one bead on each side, as shown in Fig. 5.10a. In that configuration, on top of the magneto-capillary interaction, there is the effect of the thermocapillary flow on each particle. Therefore, the equilibrium distance between the particles becomes larger than in the free case as shown in Fig. 5.10b. Analyzing the change in equilibrium distance of the particles could help us understand the thermocapillary flow effect on each particle. Indeed, we can use our model of the magneto-capillary interactions (Section 5.1) to estimate the force exerted by the thermocapillary flow on each particle as the extra force necessary to explain the observed equilibrium distance:

F thc = 2π γQ 2 λ c K 1 d λ c - 3χ 2 V 2 B 2 z 4π µ 0 d 4 .
(5.6)

The results are shown in Fig. 5.10c for both cases. However, we must consider that (5.6) is only valid for d much larger than the diameter of the particles (D = 0.5 mm). This explains why even for the no laser case, we obtain an attractive force prediction, when it should be zero. However, since we know that for the no laser case, the thermocapillary force must be zero, we can estimate the force for the laser case over the entire range as the difference between both curves. The result is shown in Fig. 5.10d, where it can be seen that the estimated force follows the same trend as the fluid velocity (with a maximum at around 1 mm). Moreover, the measured values are compatible with the observed particle accelerations (Fig. 4.4b) for the same laser power (but for a laser spot instead of a light pattern).

Conclusion

In this chapter, we have studied the interplay between our thermocapillary manipulation platform and magneto-capillary assemblies. In particular, we have shown the use of both phenomena to characterize one another. Indeed, the thermocapillary manipulation helped us to study the metastable states of magneto-capillary crystals, and the magneto-capillary interactions were used to estimate the force exerted by the thermocapillary flow on the particles.

First, we studied experimentally the different metastable states of 2D self-assembled magnetocapillary crystals of particles, paying particular attention to how to transition between states. For this, we used the controlled growth method, which consists in using our thermocapillary manip-Use of micro-disks collectives for actuation In Chapter 4 we have presented a robotic tool for the autonomous micro-manipulation of objects floating at the air-water interface. Then, in Chapter 5 we introduce the effect of magnetic fields to study the formation of magneto-capillary crystals and their interactions with the thermocapillary flow. In this chapter, however, we leave aside the thermocapillary flow and focus on the magneto-capillary interactions between particles at the air-water interface. In particular, we profit from the collective behavior exhibited by rotating magnetic micro-disks at the air-water interface to propose an alternative actuation mechanism.

The results presented in this chapter are the result of a three-month mobility at the Max Plank Institute for Intelligent Systems, in the department of Physical Intelligence led by Prof. Metin Sitti.

During this stay, and in collaboration with Gaurav Gardi, we studied the use of dynamic magnetocapillary collectives for the actuation of passive particles at the air-water interface. Our results [START_REF] Piñan Basualdo | Control and transport of passive particles using self-organized spinning micro-disks[END_REF] pave the way to further studies on the use of magnetic collectives for micro-manipulation.

In this chapter, we demonstrate feedback control of passive objects at the air-water interface using a collective of rotating magnetic micro-disks. First, we demonstrate that we can modify the being inherently more robust to surface contamination.

Micro-disks collective: behavior and positioning

In this section, we first explain the different mechanisms giving place to the collective behavior of rotating micro-disks. Then, we explain how by changing their rotation speed we can change the distribution of disks on the water surface.

6.1.a Magnetic rotation of the disks

The experimental setup consists of two pairs of Helmholtz coils to generate a uniform rotating magnetic field along the horizontal plane. In between the coils, we place a recipient with water, on top of which magnetic micro-disks float. The disks are corrugated along the edges [START_REF] Wang | Dynamic and programmable self-assembly of micro-rafts at the air-water interface[END_REF] (see Fig. 6.1a) and are sputtered with cobalt to generate a magnetic dipole. During normal operation, the magnetic field magnitude is kept constant, and its orientation is rotated with an imposed an-gular velocity Ω, this is

B = B 0 cos(Ω t ) • x + B 0 sin(Ω t ) • ŷ (6.1)
where we fixed B 0 = 7 mT. The magnetic disks at the interface experience a torque from the imposed magnetic field and begin to rotate with an angular velocity ω. As long as the magnetic rotation speed Ω is not too high (Ω < Ω step-out ), the disks will rotate with the same average angular speed ( ω = Ω). Then, when several rotating disks are close to each other, the pairwise interactions are non-trivial and give place to interesting behaviors.

6.1.b Pairwise interactions

Rotating magnetic micro-disks interact with each other through capillary, magnetic, and hydrodynamic interactions [START_REF] Grzybowski | Dynamics of self assembly of magnetized disks rotating at the liquid-air interface[END_REF]. These interactions (shown in Fig. 6.1b) are described in the following sections.

Capillary interaction

The corrugations of the disks deform the air-water interface in a complex way. This deformation induces an orientation-dependent capillary interaction between the disks. In particular, this interaction is attractive if two bumps are facing each other, and repulsive if a bump is facing a valley.

For a pair of continuously rotating micro-disks, the average capillary interaction is repulsive [START_REF] Wang | Dynamic and programmable self-assembly of micro-rafts at the air-water interface[END_REF].

On top of this, because of the attraction between the bumps, there is also a capillary torque that tends to align the bumps on the disks [START_REF] Wang | Dynamic and programmable self-assembly of micro-rafts at the air-water interface[END_REF]. Nevertheless, as long as the magnetic torque is high enough, the average rotation speed of the disks remains equal to the magnetic field's speed.

Magnetic interaction

The magnetic dipole of the disks also causes an orientation-dependent dipole-dipole interaction between the disks. This interaction consists of a torque and a force. The torque can momentarily advance or retard the rotation of a micro-disk with respect to the external magnetic field, but it does not affect the average rotation speed. On the other hand, the force interaction can be attractive or repulsive depending on the relative orientation of the disks' magnetic dipoles. In this case, for a pair of continuously rotating micro-disks, the average magnetic interaction is attractive [START_REF] Wang | Dynamic and programmable self-assembly of micro-rafts at the air-water interface[END_REF].

Hydrodynamic interaction

Finally, there is the hydrodynamic interaction due to the flow generated by each disk. This interaction is always repulsive, and it depends on the rotation speed of the disks (ω). Additionally, the generated flow makes the micro-disks orbit around a common center of mass [START_REF] Wang | Dynamic and programmable self-assembly of micro-rafts at the air-water interface[END_REF] at an orbiting speed ω o .

Dynamics collective formation and tuning

All these interactions combined make the disks stay at an average distance from each other while orbiting, as shown in Fig. 6.1b. These interactions can be extended to more disks, which would form a collective with a characteristic average distance between particles. If all the other parameters remain constant, the average interparticle distance can be tuned by changing the rotation speed Ω, which has an impact on the hydrodynamic interactions [START_REF] Wang | Order and information in the patterns of spinning magnetic micro-disks at the air-water interface[END_REF].

6.1.c Magnetic traps

Although the described interactions between rotating micro-disks in a homogeneous magnetic field give place to interesting behaviors [START_REF] Gardi | Microrobot collectives with reconfigurable morphologies, behaviors, and functions[END_REF], the use of magnetic traps to confine the collective can enrich the system. These magnetic traps are areas with stronger magnetic flux that attract the disks. Such traps can, for example, be created with ferrite bars that concentrate the magnetic field at their extremes, attracting the disks there. In the presence of a magnetic trap, on top of the previously described pairwise interactions, there is also a magnetic force pulling the disks to the trap.

Furthermore, two traps can be created next to each other arranging the bars as shown in Fig. 6.2a. Under this configuration, the behavior of the collectives can radically change depending on Ω, as shown in Fig. 6.2b. When the rotation speed is below a given threshold, the disks in one trap cannot escape to the other one. Above this threshold, because of the increased hydrodynamic repulsion between the disks, they escape from one trap to the other, filling the space in between and forming an elongated collective (expanded state). If then Ω is decreased again, the collective breaks into two localized groups (split state). These different states can be exploited for more advanced manipulation of passive particles at the interface.

Passive particles control

In the previously described setup, the rotation of each magnetic disk generates an azimuthal flow around it. The superposition of these flows translates into a flow around the entire collective [START_REF] Grzybowski | Dynamics of self assembly of magnetized disks rotating at the liquid-air interface[END_REF],

which can convey passive particles that are close to the collective. Moreover, the shape of the flow can also be controlled by switching between the expanded and split state, as shown in Fig. 6.3a.

6.2.a Passive particles actuation strategy

To accurately control the passive particle, we need to control the strength and direction of the generated flow. The simplest way to control the flow strength would be to adjust the magnetic rotation speed Ω. However, modifying Ω also affects the interactions between the disks and, therefore, the behavior of the collective as explained in Section 6.1.c.

One way to adjust the flow intensity without strongly affecting the collective shape is to keep the absolute rotation speed Ω constant, but periodically change its direction. In other words, the magnetic field, and thus the disks, are rotated for a time t CW in the clockwise direction and for a time t CCW = ∆tt CW in the anti-clockwise direction. We can then define the first time interval as

t CW = ∆t u + 1 2 (6.2)
where u ∈ [-1, 1] is our control variable. One limitation of the current setup is that a waveform cannot be interrupted midway, thus limiting t CW and ∆t to whole periods. Consequently, a low value of ∆t would leave only a few possible values for t CW , and a too large ∆t would make the passive particle oscillate back and forth. We found a good compromise for ∆t = 300 ms, leaving 7 possible values for t CW when Ω = 20 rps (split state), and 19 when Ω = 60 rps (expanded state).

The response of the system under a sudden change of u from zero to a given value is shown in Fig. 6.3b. Two observations can be made from these results. First, the inertia of the system is negligible, with the particle accelerating almost immediately. Second, the instantaneous particle velocity strongly fluctuates. These fluctuations can be explained by the fact that the collective is constantly reorganizing itself, thus affecting the generated flow. Nevertheless, the effectiveness of the proposed technique can be seen in Fig. 6.3c, where the average velocity of the particle resulted approximately proportional to u. The fact that both values of Ω produced similar velocities could be explained by considering that even if at lower rotation speeds the individual effect of each disk is weaker, they aggregate closer together and the particle also gets closer to the collective (because of the reduced hydrodynamic repulsion), thus compensating the weakening of the individual contributions.

The remaining parasite velocity for zero actuation and the passive particle velocity fluctuations, make it impossible to predict the required input to obtain a given displacement of the passive particle. Therefore, we need to implement a closed-loop controller for the control of the passive particle position.

6.2.b Closed loop control

The developed closed-loop controller consists of first identifying the passive particle position, then computing the error to the target, and finally updating the value of u accordingly. Its implementation is split into two computers communicating through TCP/IP protocol, one executing several Python scripts with Robot Operating System (ROS) for communication between them, and one running LabVIEW. A schematic of the closed-loop system is shown in Fig. 6.4. The ROS computer is in charge of image acquisition, image analysis, user interface, and controller calculations.

The image acquisition subsystem sets the camera and launches the image acquisition. The image analysis transforms the image to HSV representation and filters the H channel to detect blue objects. The user interface (GUI) displays the image to the user, receives user inputs (target and mode), and calculates the error (e). The controller block defines the necessary actuation (magnetic field rotation) as a function of the error. On the other hand, the LabVIEW computer receives the waveform parameters (Ω and t CW ) from the ROS side and computes the signal for each coil driver.

Since the particle can only be controlled around the collective, both the particle position and the target are projected on the contour of the collective, and the error is computed along it, as shown in Fig. 6.5a. The control subsystem implements a PI controller to compute u as

u(t ) = K p e(t ) + 1 T i ¢ t 0 e(τ) d τ , (6.3) 
where e is the error, K p is the proportional gain, and T i is the integral time. Then, the control variable was saturated to |u| ≤ 0.9, to reduce the collective deformations and to stay in the linear regime (see Fig. 6.3c). The control subsystem also computes t CW using (6.2).

In the expanded configuration (Ω = 60 rps), the particle can be controlled all around the collective. We implemented the previously described controller with a proportional gain K p = 0.22 mm -1 and an integral time T i = 200 s, and the results are shown in Fig. 6.5b. This controller successfully drives the particle and stabilizes it around the target with a precision of approximately 0.5 mm. Although a derivative action could improve the transient response, the previously discussed velocity fluctuations make it not trivial to implement without introducing fluctuations in the control variable u. The same controller was used in the split configuration (Ω = 20 rps) to control the particle around one of the small collectives, and the results are shown in Fig. 6.6a. In this case, the particle is stabilized around the target with a precision of Figure 6.4: Schematic of the control architecture. Images acquired (image acquisition) using a camera are analyzed (image analysis) to detect the passive particle. The target position is received from the user through a GUI. A PI controller is used to compute the waveform parameters (Ω and t CW ). The LabVIEW program computes and commands the currents to the coils accordingly. The coils then generate a magnetic field that drives the collective, which in turn drives the passive particles (controlled system). The control architecture was implemented using a custom-made python package with Robot Operating System (ROS) for communication between different modules.

approximately 0.3 mm.

The main advantage of collective systems over single active particles is that collective systems can be reconfigured on demand. In particular, our system allows us to split the collective while holding the particle in place to later control the particle around one of the smaller collectives as shown in Fig. 6.6b. In this example, the particle is first driven to one of the extremes of the expanded collective, stabilized there while the collective was split, and finally, the control is set to u = 1 to make the particle orbit around the smaller collective. This can be reversed by first stopping the particle, then expanding, and finally controlling the particle around the expanded collective.

6.2.c Asymmetric particles

One advantage of this system is that, since it is driven by fluid motion, the shape and material of the passive particle do not have a significant impact on its response. Therefore, passive particles with different shapes can be controlled without having to modify the controller gains, as shown in Fig. 6.7. The particles' position could be controlled with similar precision to the spheres. Additionally, we noticed that, although it is not possible to explicitly control the passive particle orientation in this configuration, there is a relationship between the actuation strength and the rotation of the passive particle. Indeed, when the passive particles are slowly displaced, they tend to remain in the same orientation (do not rotate). On the contrary, at high velocities, the passive particle tends to rotate much more.

Multiple passive particles

Although the defined system has only one input (u), the use of the split state enables the control of multiple particles. In this case, however, the actuation on each particle is not independent, with all particles experiencing a similar actuation.

(a) Error calculation. The particle position is projected on the collective's contour. The error is then calculated as the distance to the target along the contour.

(b) Closed-loop position control and error evolution of a 1 mm sphere while the collective is in expanded state at Ω = 60 rps. The blue trail represents the trajectory of the particle over the last 5 s. (b) Transition from expanded collective to split collectives, while holding the particle at the target position. The particle was first moved to a target position in the expanded state. Then, it transitions into the split state while still holding the particle in place. Finally, the particle was allowed to orbit around the small collective to the right. The blue trail represents the trajectory of the particle over the last 5 s. 

6.3.a Use of split state for multiple particles control

One way to way to control two particles simultaneously is to use the split state collective and place each passive particle around one of the sub-collectives as shown in Fig. 6.8a. Although the particles experience a similar actuation, the difference in the number of disks in each sub-collective and any existing difference between the particles, make them experience slightly different effects. Indeed, it can be seen that the orbit of the two particles, around their respective sub-collective, are not synchronized. This is, after a turn, the relative positions of the particles do not remain the same.

Therefore, it is, in principle, possible to bring both particles to their respective target position after a given number of turns.

Additionally, we can use both the expanded and split states to merge two initially separated particles, as shown in Fig. 6.8b. For this, first, we use the expanded state to bring one particle towards one of the extremes of the collective, and the other towards the center. Then, we switch to the split state, trapping one particle around the external sub-collective and the other around one the central one. Finally, by rotating in the appropriate direction, we bring the particles together, which makes them merge. In the shown example, the particle around the central collective took some time to start moving, so the other particle performed a whole turn around its sub-collective before the merge. Figure 6.9: Active surface filter example. Under an imposed flow (from left to right), the expanded state is used to prevent passive particles from moving along. Then, when a new particle is detected, the trapped particle is moved up to catch it, forming a duo. Then, the pair is moved down to catch the third particle, forming a trio. Finally, the collective transitions into the split state, letting the trio go through. See Video 6c in Appendix A.

6.3.b Active surface filter

Another application of the micro-disks' collective is as an active surface filter as shown in Fig. 6.9.

In that case, a flow perpendicular to the collective is externally imposed on the recipient. The magnetic traps are strong enough to keep the collective in place, resisting the flow drag. Then, a passive particle is fed upstream, which is conveyed by the flow towards the collective. The collective impedes the advancement of the passive particle, trapping it in place. When a second particle is added, the first one is displaced to catch it, forming a pair. When a third particle is added, the same procedure is repeated to form a trio. Then, the collective transitions into the split state to let the trio through. Once the trio is on the other side, the collective transitions into the expanded state to re-form the barrier and trap future incoming particles.

Conclusion

In summary, we presented a novel non-contact manipulation technique that makes use of the flow created by a collective of rotating magnetic micro-disks to control a passive particle around it.

First, we showed how the distribution of micro-disks at the interface can be controlled by changing their rotation speed. Indeed, the collective exhibits two distinct states depending on the rotation speed. Namely, the collective expands along several magnetic traps for fast rotation and splits into several small sub-collectives for slow rotations. Then we showed how to use the flow generated by the collective to control passive particles around them, using visual feedback for position stabilization. Additionally, we showed how the expanded and split states could be used to actuate multiple particles at the same time.

Compared to the thermocapillary manipulation device, this system has several advantages and disadvantages. The main limitation of the collective system in its current state is that passive particles can only be controlled along the contour of the collective, and the position of the particle perpendicular to this contour depends on its interaction with the collective. Another drawback is that all the passive particles around the collective experience a similar actuation (clockwise or anti-clockwise), thus making difficult the complete independent control of multiple particles. As an advantage, the collective actuation system does not depend on surface tension gradients, thus being more robust to interfacial pollution. In fact, the system could work with simple tap water, but distilled water was still used to mitigate the degradation of the disks.

As a perspective, many improvements could be made to the system. For example, the fluctuations in the collective structure (magnetic particle positions) may affect the propulsion. For example, in the expanded configuration the passive particle can occasionally break through the collective and orbit around one of the external traps, thus preventing the collective from re-forming.

More advanced controllers could consider the distribution of micro-disks to predict and prevent such undesirable situations.

The developed system has several potential applications in micro-manipulation. First, it could be used as a micro conveyor belt to displace particles or assemblies in a micro-fabrication device.

Additionally, a scaled-down version of the system could be used to transport delicate biological material, because of the non-contact manipulation capability of the system. Finally, the surface active filter could be used for the sorting and grouping of floating passive particles, with possible applications within a lab-on-a-chip device.

Conclusion and perspectives

General conclusions

In this work, we have studied the development of robotic micro-manipulation tools on the free surface. We define the free surface as the interface between two fluids, which is much larger than the manipulated objects and that remains almost flat, in contrast with the fluid joint [START_REF] Mastrangeli | The fluid joint: The soft spot of micro-and nanosystems[END_REF]. As explained in Chapter 2, at a free surface we can profit from some capillary phenomena for microrobotic applications. Namely, capillary forces allow the flotation of objects denser than the liquid, and Cheerios forces prompt the self-assembly of such particles. Moreover, the Marangoni effect can be exploited to induce strong interfacial flows through the control of concentration (solutocapillary) or temperature (thermocapillary) gradients.

Considering the richness of the free surfaces for micro-robotic applications, we developed a laser-induced thermocapillary manipulation platform working at the air-water interface. The actuation mechanism is based on the generation of an interfacial thermocapillary flow by locally heating the interface with an infrared laser. In the development of this tool, we have contributed to different areas of science.

First, our contribution to interfacial rheology was the study of the thermocapillary flow dynamics, considering the effect of an adsorbed layer of surfactants (Chapter 3). One of the main conclusions of this study was that the laser-induced thermocapillary flow is strongly affected by even the slightest presence of surfactants at the interface. Indeed, because of the strong effect, we proposed that such a system could be used to measure the surface elasticity of slightly polluted interfaces, where the sensibility of other methods would not suffice. Another important conclusion is that the scaling laws of the flow dynamics are favorable toward miniaturization, thus opening the way to its use at even smaller scales.

Second, we have proposed original micro-robotic applications of the laser-induced thermocapillary flow (Chapter 4). Indeed, we achieved, to our knowledge, for the first time the autonomous control of multiple spheres and the control of multiple-legged robots both in position and orientation at the free surface through the use of thermocapillary forces.

Third, profiting from the Cheerios effect (the attraction of alike floating particles), we imple-mented a guided self-assembly system, a mixture between robotic assembly and self-assembly.

This system allowed us to drive particles towards metastable configurations in a deterministic manner, something impossible in a stochastic self-assembly process. Therefore, we profit from some of the advantages of each methodology: the repeatability of a robotic system and the selfalignment of a self-assembly system. Although for the construction of metastable structures the system required continuous laser actuation, we can imagine a scenario where the main driving mechanism is self-assembly, and the laser would actuate only occasionally to prevent or correct assembly errors. Altogether, the proposed guiding of capillary self-assembly could open the way to novel and precise micro-manufacturing of 2D structures at the air-water interface.

Fourth, we have studied the interplay of the thermocapillary actuation with magneto-capillary crystals (Chapter 5). Indeed, we have shown that both phenomena can be used to study one another. First, thermocapillary manipulation was used to study the different metastable configurations of the magneto-capillary crystals, which results of interest for the applied physics community. Second, our understanding of magneto-capillary interactions was used to estimate the force exerted by the thermocapillary flow on the particles. To our knowledge, this is the first measurement of thermocapillary forces with free (without imposing the vertical position) and particles.

Finally, we have also proposed an alternative manipulation technique at the air-water interface using self-assembled collectives of rotating magnetic micro-disks (Chapter 6). Although in this case the control is limited to one (curvilinear) dimension, the actuation is more robust to contamination of the interface than the thermocapillary actuation. Moreover, both techniques are compatible with each other, opening the way for their combination in complex micro-manufacturing processes at the air-water interface. This last work was the result of a three-month mobility at the Physical Intelligence Department, Max Planck Institute for Intelligent Systems, under the supervision of Prof. Metin Sitti and in collaboration with Gaurav Gardi.

As a general conclusion, in this work we have shown the richness of the free surface for micro-robotic applications. Indeed, we have presented how to profit from interfacial phenomena for micro-manipulation (thermocapillarity) and micro-assembly (Cheerios effect). Additionally, micro-robotic tools have proven to be useful for the characterization of interfacial phenomena, with visual feedback and the laser positioning system allowing the estimation of thermocapillary forces.

Perspectives

Although in this work we have conducted an extensive study on thermocapillary manipulation,

there remain some open questions and improvements to the setup that we will list in the following paragraphs.

Open questions regarding the physics of the system. First, the study of the effect of soluble surfactants on the flow remains an open question. Indeed, we expect surfactants with quick adsorption/desorption dynamics to have a weaker effect than insoluble surfactants. Nevertheless, in that case, the surfactants transport in the fluid bulk could give place to unforeseen behaviors. Second, concerning the manipulated particles, an open question is the effect of their wettability on the manipulation. There are some studies suggesting that hydrophobicity could help reduce the drag force, and thus enhance the manipulation [START_REF] Wang | Superhydrophobic photothermal graphene composites and their functional applications in microrobots swimming at the air/water interface[END_REF][START_REF] Shi | Towards understanding why a superhydrophobic coating is needed by water striders[END_REF]. In our case, however, it is not clear if a reduction of drag would be beneficial, since part of the propelling force is, indeed, the drag force.

Complex assembly procedures. On the other hand, it could result interesting to study the use of thermocapillary manipulation for soft and deformable particles. The weak thermocapillary forces (measured to be around 10 nN) would require exceptionally soft materials to obtain noticeable deformations. The simultaneous manipulation and deformation of soft particles could be of interest for the assembly of active components. Additionally, the next step toward assembly operations at the air-water interface would be to fix or glue the particles together for their extraction. One issue is that the susceptibility of the system to surface pollution prevents the use of standard glue. Indeed, we have tried to use UV glue to fix the particles in place on demand, but the resulting surface pollution completely suppressed the thermocapillary effect.

Experimental setup improvements.

One possible improvement would be to replace the tip/tilt mirror with a spatial light modulator. Such a light modulator has been used in the literature to create up to fifty laser spots [START_REF] Ishii | Cooperative micromanipulation using optically controlled bubble microrobots[END_REF]. Additionally, a spatial light modulator is not limited to discrete illumination spots, it allows the control of the laser power distribution over the workspace, opening the way to the generation of more complex flow patterns. The use of complex illumination patterns, and the resulting complex flows, could help in the development of robust multiple-particle control strategies. In that case, the system would result in a distributed-parameter system, and the control laws would have to be defined accordingly. Another crucial step toward the development of thermocapillary manipulation at the microscale would be the further miniaturization of the setup. Although the flow scaling laws are favorable toward miniaturization, the experimental implementation could not be that straightforward. In particular, the focusing of the laser beam on a smaller spot would increase the laser beam divergence. In that case, the assumption of a collimated laser beam might be no longer valid.

B Flow numerical simulation settings

In this appendix we give the details on the numerical model implementation

B.1 Transport equations

The bulk non-dimensional equations 

∂ ũ ∂ t + ũ ∂ ũ ∂ r + ṽ ∂ ũ ∂ z = - ∂ p ∂ r + 1 r ∂ ∂ r r ∂ ũ ∂ r - ũ r 2 + ∂ 2 ũ ∂ z2 Axial momentum conservation ∂ ṽ ∂ t + ũ ∂ ṽ ∂ r + ṽ ∂ ṽ ∂ z = - ∂ p ∂ z + 1 r ∂ ∂ r r ∂ ṽ ∂ r + ∂ 2 ṽ ∂ z2 Energy conservation ∂Θ ∂ t + ũ ∂Θ ∂ r + ṽ ∂Θ ∂ z = 1 P r 1 r ∂ ∂ r r ∂Θ ∂ r + ∂ 2 Θ ∂ z2 + qL .
where u is the radial fluid velocity and v the axial one.

At the interface, the surfactant transport (3.17 

B.3 Initial conditions

The initial conditions in the fluid bulk are a steady fluid ( ũ = ṽ = 0) and homogeneous ambient temperature (Θ = 0). At the interface, an initially homogeneous surfactant excess ( Γ = 1) is assumed.

B.4 Discretization

We used a quadrilateral mesh to discretize the geometry, with finer elements close to the interface and close to the laser spot (symmetry axis). The minimum non-dimensional element size was 0.09 and the maximum is 0.44. The convergence of the simulations was verified for the standard case and the worst-case scenario as shown in Fig. B.1b. Even for the worst-case scenario, the variations with respect to the converged value is less than 0.5 %. We used a P2+P1 discretization for the momentum, and a quadratic Lagrange for the energy and surfactant transport equations.

C

State space models

C.1 Sphere model

In state-space representation, if we define the state vector X, the output vector Y, and the input vector U as 

X =       
(x 1 -u 1 ) 2 +(x 2 -u 2 ) 2 -x 3 1 τ α(x 2 -u 2 ) (x 1 -u 1 ) 2 +(x 2 -u 2 ) 2 -x 4        Y = x 1
x 2 .

(C.4)

It can be seen that the dynamic system (C.4) is non-linear and that for any finite value of U, there are no equilibrium points (defined as those conditions to obtain Ẋ = 0). The system (C.4) can be linearized using (4.1) and defining which is a completely controllable and observable system. To control the system (C.6) robustly, we include an integral action. Therefore, the extended state vector, as a function of the error with respect to a constant target, results where Pi is the position of the feet on the robot frame (constant). Then, we define the state vector X, the output vector Y and input vector(s) U j as It can be seen that the dynamic system (C.15) is non-linear and that for any finite value of U j , there are no equilibrium points. The system (C.17) can be linearized defining

U L = u L 1 u L 2 = C x
X I =             x 1 x 2 x 3 x 4 x 5 x 6             =             ¡ e x ¡
X =             x 1 x 2 x 3 x 4 x 5 x 6             =             O x O y θ Ȯx Ȯy θ             (C.12) Y =    
U L =     u L 1 u L 2 u L 3     =     C x C y Ω     =          α N P i , j P i x -L j x
(Pi x -L j x ) 2 + P i y -L j y 2 α N P i , j P i y -L j y (Pi x -L j x ) 2 + P i y -L j y which again is a completely observable and controllable system.

D

Multiple-legged robot model derivation

To find the effect of a laser spot on a robot with N P feet, we assume that the force F i (shown in Fig. 4.17a) acting on each foot P i can be computed using (4.1). This is

F i = β α P i -L ∥P i -L∥ 2 -Ṗi (D.1)
where β is a proportionality constant. If we now consider the geometric center of the robot O = P i N P , the velocity of each foot can be written as the velocity of the center Ȯ plus the contribution of the robot rotation ω as Ṗi = Ȯ + ω × P i (D.2)

where the origin of the spatial system is assumed to be at O to simplify the notation. By replacing (D.2) in (D.1), we can find the total force as On the other hand, the total torque exerted on the robot results where K P and K I are the proportional and integral gains respectively and T s is the sampling time.

F = m Ö = F i = β α P i -L ∥P i -L∥ 2 -Ȯ -ω × P i = β α P i -L ∥P i -
T = I ω = P i × F i = β P i × α P i -L ∥P i -L∥ 2 -Ȯ -ω × P i = β      α P i × P i -L ∥P i -L∥ 2 T 1 -P i × Ȯ
The PI (E.1) is initialized as u 0 = K P e 01 .

Then, it is often necessary to saturate the output. For example, for the sphere position controller (4.5), the outputs of both controllers (one for each axis) is saturated to keep the laser-sphere distance above 1 mm. For this, we impose C 2 x + C 2 y < C 2 max . In those cases, it is necessary to avoid the windup of the system, where the integral term keeps increasing while the output is saturated, which leads to an increased overshoot. To avoid it, we implemented a back calculation anti-windup strategy. Therefore, the algorithm is the following:

1. Find the unsaturated u * k using (E.1).

2. Saturate the output to obtain u sat .

3. Update the value of u k for the next iteration as

u k = u * k + T s T w u sat -u * k (E.2)
where T w is the anti-windup time. We normally took the anti-windup time equal to the integral time (T w = T I = K P K I ).

Finally, for the open path-following with position stabilization, to obtain a soft transition between both controllers, it suffices to feed the last output from one algorithm to the other. In details, when we switch from the path following to the position stabilization controllers, we first take the 

E.2 Discrete path following

θ p = θ 0 + (1 -α) 2 (θ -1 -θ 0 ) + α 2 (θ +1 -θ 0 ).
which produces a continuous variation of the θ p with the object position, instead of the sudden changes that using only θ 0 would produce.

Then, if we define the path curvatures at the point Ph -1 and Ph +1 as κ -1 = 2(θ 0 -θ -1 ) ∥Ph -2 -Ph -1 ∥ + ∥Ph -1 -Ph +1 ∥ κ +1 = 2(θ +1 -θ 0 ) ∥Ph -1 -Ph +1 ∥ + ∥Ph +1 -Ph +2 ∥ respectively, we can define the curvature seen by the object as

κ p = (1 -α) κ -1 + α κ +1
which again produces a continuous variation of κ p with the object position.

Finally, the path curvature derivative is computed as κp = κ +1 -κ -1 ∥Ph -1 -Ph +1 ∥ which does not produce a continuous variation with the object position, but in general the effect of this term is negligible.

E.3 Discrete state observer for velocity estimation

We implemented a discrete state observer to estimate the velocity of the manipulated object. Because of the visual feedback, the object position (and orientation) measurement has a high frequency noise, since the detected position can vary in plus/minus one pixel each time step. Consequently, the simple backward finite difference velocity estimation is not very well suited since it would amplify that noise. Therefore, we implemented a state observer to filter this noise as

                         O o k = 1 -K pos O o k-1 + Ȯo k-1 T s + K pos O m k θ o k = 1 -K ang θ o k-1 + θo k-1 T s + K ang θ m k Ȯo k = (1 -K vel ) Ȯo k-1 + K vel O m k -O o k-1 T s θo k = (1 -K rot ) θo k-1 + K rot θ m k -θ o k-1 T s (E.3)
where O is the position, θ the orientation, Ȯ the translation velocity, and θ the rotation velocity.

The superscript o and m stand for observer and measured respectively. The subscripts k and k -1

indicate the value at the current and previous time steps, respectively. We used the parameters

K pos = K ang = K vel = K rot = 0.2.
Notice that the use of this observer (or filter) will induce an unavoidable time delay. The gains were chosen to keep this delay small compared to the system response time.
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 11 Figure 1.1: Atomic force microscopy (AFM) probes used for contact manipulation [7].

  (a) Dielectrophoresis (DEP) force on an induced dipole by a non-uniform electric field[START_REF] Çetin | Dielectrophoresis in microfluidics technology[END_REF]. (b) Manipulation example. Four electrodes are used to control the particle in the shown square trajectory[START_REF] Kharboutly | 2d open loop trajectory control of a microobject in a dielectrophoresis-based device[END_REF].
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 12 Figure 1.2: Dielectrophoresis principle and example.
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 13 Figure 1.3: Optic micro-manipulation principle and example.

  (a) Setup. (b) Example.

Figure 1 . 4 :

 14 Figure 1.4: Acoustic levitation example. Two transducers are used to create a standing acoustic wave in which particles can be trapped [22].

Figure 1 . 5 :

 15 Figure 1.5: Acoustic manipulation on a Chladni plate example. The different vibration modes of the plate can be used to generate spatially selective actuation, enabling the simultaneous control of several particles [24].

  (a) Principle schematics. (b) Manipulation example.
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 16 Figure 1.6: Acoustic streaming propulsion example. The expansion/compression of the trapped bubble under ultrasound excitation generates acoustic streaming that propels the structure [26].
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 17 Figure 1.7: Magnetic gradient manipulation example. Magnetic field gradients are used to make a magnetic particle overcome the capillary forces and climb the meniscus [27].

Figure 1 . 8 :

 18 Figure1.8: Helical magnetic swimmer example. Rotating and homogeneous magnetic fields are used to make a helical swimmer rotate, generating hydrodynamic propulsion[START_REF] Oulmas | 3d closed-loop swimming at low reynolds numbers[END_REF].

Figure 1 . 9 :

 19 Figure 1.9: Fluidic actuation example. The cross-flow of the six channels creates two hydrodynamic traps. By controlling the flow intensities, two particles can be controlled simultaneously [33].

  (a) Propulsion principle. (b) Propulsion examples.

Figure 2 . 1 :

 21 Figure 2.1: Typical concentration transition at the diffuse interface between a liquid phase (α) and its vapor phase (β). The Gibbs dividing interface is a zero-thickness interface idealization.

Fig. 2 .

 2 Fig.2.2a. To displace the slider a distance d x, a certain work dW must be done. We can then define the interface surface tension γ as[START_REF] Butt | Physics and chemistry of interfaces[END_REF] Ch. 2] 

Figure 2 . 2 :

 22 Figure 2.2: Surface tension. (a) Didactic example to understand the definition. (b) The molecular origin of surface tension, the molecules at the interface have a higher potential energy level than those in the bulk.

Figure 2 . 3 :

 23 Figure 2.3: Flotation (a) and Cheerios effect schematics (b).

Figure 2 . 4 :

 24 Figure 2.4: Marangoni effect schematics. The force balance on a section of the interface d A explains the origin of the flow.

Figure 2 . 5 :

 25 Figure 2.5: Surfactants and surface elasticity. (a) a surfactant molecule with a hydrophilic head and a hydrophobic tail. (b) Typical surfactant concentration evolution along the fluid interface. Surfactants tend to adsorb at the interface. (c) Variation of surfactant surface excess upon a sudden expansion of the interface, origin of the surface elasticity.

  and D σ is the surface diffusion coefficient. The term ∇ σ •n can be shown to be the surface curvature. Therefore, for flat (∇ σ •n = 0)
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CHAPTER 3 .

 3 LASER-INDUCED THERMOCAPILLARY FLOW CHARACTERIZATION (a) Ideal problem. (b) Considered system.

Figure 3 . 1 :

 31 Figure 3.1: Schematics of the solved problem. (a) The ideal problem considering a semi-infinite liquid volume. (b) Considered system. An infrared laser (wavelength λ = 1455 nm) is used to heat the surface of a cylindrical volume of water (radius R r = 25 mm and height H r = 7.5 mm) from above. The laser waist diameter is 2R L = 1.25 mm and it is assumed to be constant (collimated beam).

Figure 3 . 2 :

 32 Figure 3.2: Air-water surface tension variation with temperature (data obtained from the Dortmund Data Bank [94]) and its linear fit γ = 72.7 mN/m -155 µN/(m K) (T -20 • C).

3 . 7 )

 37 . The parameter β L is defined by the laser beam radius and the fluid light absorption coefficient; in our case it is β L = 2. Therefore, the only two control parameters we can vary experimentally are C T and C S .

2 ,

 2 Hr = 10, and Rr = 40. For the details on the numerical model implementation, see Appendix B. For the standard case (P r = 7,C T = 1 × 10 4

  added surfactant. The transition regime is obtained for intermediate values of C S and C T . In this regime, R cell (a) Fluid velocity result. We used a logarithmic scale since the velocity at the interface is an order of magnitude larger than in the bulk. (b) Surface non-dimensional velocity ũ, temperature C T Θ, and surfactant excess C S Γ. The nondimensional radius R cell = 7 is the point where the non-dimensional radial velocity becomes smaller than 0.3.

Figure 3 . 3 :

 33 Figure 3.3: Simulation results in the convective regime for C T = 1 × 10 4 , and C S = 30. The results correspond to t = 25. See Video 3a in Appendix A.

  .6. For C S < 40, the convection cell radius strongly depends on C S , but the maximum velocity remains almost constant. For C S > 40, the maximum fluid velocity starts to diminish as Rcell approaches unity. On the other hand, we observe how the temperature distribution also remains almost constant for C S < 40. For C S > 40, the maximum temperature starts to increase due to the reduced convection.

  (a) Surface non-dimensional velocity ũ. (b) Surface non-dimensional temperature Θ.

Figure 3 . 4 :

 34 Figure 3.4: Surface simulation results for t = 25, C T = 1×10 4 , C S = 40, Sc = 10, β L = 2, and different values of P r .

Figure 3 . 5 :

 35 Figure 3.5: Surface simulation results for t = 25, C S = 40, P r = 7, Sc = 10, β L = 2, and different values of C T .

Figure 3 . 6 :

 36 Figure 3.6: Surface simulation results for t = 25, C T = 1 × 10 4 , P r = 7, Sc = 10, β L = 2, and different values of C S .

  (a) Surface non-dimensional velocity ũ at r = 1. (b) Surface non-dimensional temp. Θ at r = 0.

Figure 3 . 10 :

 310 Figure 3.10: Transient simulation results upon sudden laser illumination for C T = 1 × 10 4 , P r = 7, Sc = 10, β L = 2, and different values of C S .

Figure 3 . 11 :

 311 Figure 3.11: Transient simulation results upon sudden stop of the laser illumination for C T = 1 × 10 4 , P r = 7, Sc = 10, β L = 2, and different values of C S .

  (a) Sketch of the PTV setup. A green laser beam is transformed into a laser sheet through an optical system and pointed toward the recipient. Only the illuminated tracers (50 µm diameter polyamide seeding particles) are seen by the camera. (b) Measurements and simulations for C T = 1 × 10 4 . First, the maximum velocity was used to fit the position of the measurement plane at h = 80 µm below the interface. Then, the point at which the velocity vanishes was used to fit C S =30 to 75.

Figure 3 .

 3 Figure 3.12: PTV measurement setup and comparison between measurements and simulations. The experimental measurements were performed by Dr. Ronald Terrazas Mallea.

Figure 3 . 13 :

 313 Figure 3.13: Convection cell superficial radius measurement and comparison with simulations

  (a) Difference between a first image taken before turning the laser on, and a second one 30 s after. A constant value was added (< 0.5 K) to compensate for the deviations and make the temperature increase far from the laser vanish.(b) Comparison with simulations. The distance to the center and the temperature were computed for each pixel. The results were compared with the simulations, fitting C S = 60.

Figure 3 . 15 :

 315 Figure 3.15: Thermography results and comparison with simulations for C T = 2 × 10 4 . See Video 3b in Appendix A.

Figure 3 . 16 :

 316 Figure 3.16: Characterization of oleic acid (OA) as surfactant. Corresponding C S value as a function of the surface excess Γ. Isotherm measurements performed with a Langmuir trough with a compression rate of 2.04 Å 2 /(min molecule). Two regimes are observed with a transition concentration Γ e = 1.37 molecule/nm 2 .

  distance from that center are computed for each pixel. The results are compared to the simulations as shown in Fig.3.15b, fitting C S (non-dimensional surfactant-induced surface elasticity) to 60. The same experiment was repeated for C T varying from 1 × 10 4 to 4 × 10 4 ( QL varying from 38 to 150 mW) and the fitting parameter C S resulted always between 25 and 60. It is worth mentioning that while the convection cell radius strongly depends on C S , in the conductive regime the maximum temperature does not.

  is shown in Fig. 3.16 as a function of the surface excess. Two different regimes are observed. For concentrations below a threshold value (Γ e = 1.37 molecule/nm 2 ) the variation of surface tension with the OA concentration is low. Meanwhile, for concentrations larger than Γ e , the surface tension quickly decreases until reaching saturation. For our experiments, we must remain below Γ e , (a) Thermography results with added oleic acid (Γ a = 0.62 molecule/nm 2 corresponding to C S = 220) and simulations for C T = 4 × 10 4 . We used the same procedure as the one used to obtain Fig. 3.15b. (b) Thermography results with added oleic acid (Γ b = 1.24 molecule/nm 2 corresponding to C S = 440) and simulations for C T = 2 × 10 4 . We used the same procedure as the one used to obtain Fig. 3.15b.

Figure 3 . 17 :

 317 Figure 3.17: Thermography results with added surfactants.

  (a) Experimental measurement. (b) Simulation result.

Figure 3 . 18 :

 318 Figure 3.18: Measured and simulated maximum temperature as a function of time upon removal of the laser spot. The results correspond to C T = 4 × 10 4 .

Figure 3 . 19 :

 319 Figure 3.19: Energy balance schematics. The energy brought by the laser is evacuated by convection through the boundary layer.

  28) and velocity (3.29) distribution with simulation results can be seen in Fig. 3.20. The parameters were fitted to A * Θ = 0.32 and A * u = 0.77. As seen, the model accurately describes the results for r > 1 and low values of C S . For the temperature (3.30) and velocity (3.31) maximum values, we simulated all the combinations of P r =1, 3, 7 and 14, C T =(5, 10, 20 and 40)×10 3 ; and C S =10, 20, 40 and 80. We can fit the simulations results with A Θ = 0.54 and A u = 0.43 as shown in Figs. 3.21a and 3.21b respectively. In this case, we see that the model holds even for higher values of C S . For the convection cell radius, the simulation results can be fairly fitted with A R = 1.3 as shown in Fig. 3.21c. The discrepancy between the model and simulations for Rcell > 20 can be explained by the fact that we simulated a finite volume of water ( Rr = 40). When Rcell ≈ 1 (approaching the (a) Surface non-dimensional temperature Θ. (b) Surface non-dimensional velocity ũ.

Figure 3 . 20 :

 320 Figure 3.20: Comparison between the simplified model distribution (3.28) and (3.29) and simulation results for t = 25, C T = 1 × 10 4 , C S = 40, P r = 7, Sc = 10, β L = 2 and different values of C S .

Figure 3 . 21 :

 321 Figure 3.21: Comparison between the simplified model maximum values (3.30) to (3.32), the simulation results and experimental measurements. For the simulations results, we simulated all the combinations of P r =1, 3, 7 and 14; C T =(5, 10, 20 and 40)×10 3 ; and C S =10, 20, 40 and 80.
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  Sections 4.2 to 4.5 we explain the control of small spheres, small nonaxisymmetric particles, big multiple-legged robots, and big flat pieces. Each of these sections has the same structure: direct model, inverse model, and control examples. In the direct model subsection, we develop a dynamic model of the object position as a function of the laser position. In the inverse model subsection, we explain how we use the direct model to find the laser position that will cause the desired response. Finally, in the control examples, we explain how we define the desired velocities to achieve different objectives (approach the object to a target, make it follow a path, etc.).(a) Schema. (b) Picture.

Figure 4 . 1 :

 41 Figure 4.1: Experimental setup. (a) Schematics showing the basic control loop. (b) Picture of the experimental setup.

Mirror system.

  After being collimated, the laser beam reflected on a piezoelectric tip/tilt mirror (Mirrorcle A7M20.2-2000AL-DIP24-C/TP) which was located at approximately 80 cm from the interface. The mirror maximum rotation angles are ±5 • , resulting in a maximum workspace of 140 × 140 mm, but we limited it to 80 × 80 mm since the mirror behavior becomes highly nonlinear for high deflection angles. The mirror orientation was controlled by its dedicated controller (Mirrorcle MEMS Controller USB-SL MZ) which was connected to the computer via USB. This controller generates the high voltage signals required to control the piezoelectric mirror and has an internal filter to protect the mirror from abrupt movements.Water system. We used a 125 × 125 × 15 mm polyethylene container filled with an 8 mm deep layer of ultrapure water (100 cm 3 ). The recipient was cleaned with ethanol and then rinsed with ultrapure water before each experiment. The water we used was obtained from the Arium pro Ultrapure Water Systems, which, according to the supplier, has a quality superior to the ASTM Type 1 water quality standard.Vision system. We used an IDS camera USB 3.0 UI-3370CP with the Navitar Lens NMV-75M1 for vision. The camera was configured for a resolution of 1024 px × 1024 px and the frame rate was 20 fps. The camera was placed at around 80 cm from the interface, resulting in a field of view of 80 × 80 mm (13 px/mm). To be able to accurately identify position of the objects from the images, a white backlight (PHLOX LEDW-BL-100x-LLUB-Q-1R-24V) was placed below the water recipient to saturate the camera and make it easier to digitally analyze the image.

  (a) Sphere. (b) Rhomboidal part. (c) Four-legged robot. (d) Flat object.

Figure 4 . 2 :

 42 Figure 4.2: Schema of the different controlled objects.

  laser spot, the water recipient was replaced by a white paper surface at approximately the position of the air-water interface. Next, a calibration step, where only the red laser was on, was performed varying both mirror inputs and recording the obtained laser spot position in the camera frame. Finally, a third-degree 2D polynomial fitting was performed, defining the required mirror input for the desired laser position (calibration box in Fig.4.1a). The calibration produced a coefficient of determination R 2 > 99 %. The expected average laser positioning error is approximately 80 µm. The calibration was also corroborated using the IR laser and a laser viewing card (Thorlabs VIS/NIR Detector Card). The calibration was checked every day before performing experiments and repeated if necessary.

  (a) t tr = 1 ms. (b) t tr = 2 ms.

Figure 4 . 3 :

 43 Figure 4.3: Laser multiplex position measurement using a high-speed camera. Results corresponding to a transition time N rep = 5 and different t tr .

  (a) Transient ( QL = 38 mW). (b) Steady velocity.

Figure 4 . 4 :

 44 Figure 4.4: Sphere, experimental characterization. (a) Transient acceleration of an initially at rest sphere when the laser spot is approached and kept at a constant relative position. (b) Measured sphere steady velocity as a function of the laser power QL and the laser-sphere distance. The force was estimated considering the sphere mass and system response time.

Figure 4 . 5 :

 45 Figure 4.5: Schematics showing the difference ∆C between the expected response of the system upon an error ∆L on the laser spot positioning due, for example, to a bad calibration of the mirror.

. 7 )Figure 4 . 6 :

 746 Figure 4.6: Sphere control diagram that includes the position stabilization, path following, and adaptive control blocks. The switch SW1 selectsbetween tracking/position stabilization and path following. In the case of path following, the switch SW2 selects between the user input path following and pathfinding.

Figure 4 . 7 :

 47 Figure 4.7: Experimental position stabilization of a 500 µm diameter AISI 304 steel sphere. We implemented (4.5) with K P = 0.5 s -1 and K I = 0.5 s -2 . After the initial approach, the distance to the target is kept under 0.3 mm. See Video 4a in Appendix A.

Figure 4 . 8 :

 48 Figure 4.8: Sphere target tracking experimental results. Tracking of a moving target using (4.7) with K P = 0.5 s -1 and K I = 0.5 s -2 . See Video 4b in Appendix A.

Figure 4 . 9 :

 49 Figure 4.9: Sphere path following algorithm. (a) Schema of the developed path following algorithm. The returning angle θ R is defined as a function of the distance to the path d p , and the velocity magnitude, as a function of the path curvature κ p using (4.9). (b) Simulation results for the path following of a Lissajous curve (x = 20 mm cos φ; y = 15 mm sin 2φ). The control algorithm consist in (4.9) with K P = 0.5 mm -1 , K I = 0.25 mm -1 s -1 and B = 3 mm. The system model is (4.1).

Figure 4 . 10 :

 410 Figure 4.10: Experimental closed path-following of a 500 µm diameter AISI 304 steel sphere. We implemented (4.9) with K P = 0.5 mm -1 , K I = 0.25 mm -1 s -1 and B = 3 mm. After the initial approach, the distance to the path is kept below 0.6 mm. See Video 4c in Appendix A.

Fig. 4 . 10 .

 410 Fig.4.[START_REF] Velev | On-chip micromanipulation and assembly of colloidal particles by electric fields[END_REF]. For details on the discrete implementation, see Appendix E.2. After the initial approach, the distance to the path is kept below 0.6 mm.

Figure 4 . 11 :

 411 Figure 4.11: Experimental pathfinding results of a 500 µm diameter AISI 304 steel sphere. First, a path from the controlled sphere (#1) to the target, avoiding the obstacle spheres (#2 and #3), is found. Then the path-following technique is used to follow this path. When the sphere is close enough to the target, the system switches to the position stabilization controller. See Video 4d in Appendix A.

Figure 4 . 12 :

 412 Figure 4.12: Multiple spheres simultaneous control. See Video 4e in Appendix A.

  (a) Constant input. (b) Position stabilization. (c) Filtered velocity. (d) Controller correction.

Figure 4 . 13 :

 413 Figure 4.13: Experimental sphere adaptive control results. Trajectories under (a) constant actuation and (b) position stabilization. The red and green circle represents the requested laser position with and without the adaptive correction, respectively. (c) Sphere filtered velocity, defined in (E.3). (d) Adaptive controller correction (4.10) evolution. See Video 4f in Appendix A.

(a) 1

 1 spot orientation effect. (b) 2 spots flow simulation.(c) 2 spot orientation effect.

Figure 4 . 14 :

 414 Figure 4.14: Small particles orientation. (a) Schema of the forces F i acting on a non-axisymmetric particle. It tends to align perpendicular to the movement direction. (b) Numerical flow simulations of the flow generated by two laser spots. The image of the particle was added a posteriori, it was not considered in the numerical simulation. (c) Schematics of the direct model, which predicts that the particle tends to align perpendicular to the laser spot.

Figure 4 . 15 :

 415 Figure 4.15: Small particles orientation control diagram.

. 16 )

 16 (a) Orientation control result. (b) Position evolution.

Figure 4 . 16 :

 416 Figure 4.16: Small particles orientation experimental results. (a) Orientation evolution under several target changes. (b) Position uncontrolled evolution. We implemented (4.16) with K I = 2.5 s -1 .After the initial approach, the error is kept under 10 • . See Video 4g in Appendix A.

  (a) Schema of the model. (b) Model translation. (c) Model rotation.

Figure 4 . 17 :

 417 Figure 4.17: Multiple-legged robot direct model. (a) Schema of the forces F i applied to the robot feet P i by the laser spot L. Model (4.17) steady translation C (b) and rotation Ω (c) velocities due to one laser spot with a power QL = 150 mW (α ≈ 12 mm 2 /s) as a function of the spot position. Scale bar 10 mm

Figure 4 . 18 :

 418 Figure 4.18: Multiple-legged robot experimental characterization. Measured pure translation (a) and rotation (b) steady velocities as a function of the total laser power and laser spots relative positions.

Figure 4 . 19 :

 419 Figure 4.19: Multiple-legged robot non-holonomic (N-H) model inversion. (a) Restricted relative laser spot positions to inverse the model. The instantaneous velocity can only be in the direction of the robot. (b) Simulation results for the path following of a Lissajous curve (x = 30 mm cos φ; y = 10 mm sin 2φ). The control algorithm consists in (4.21) and (4.24) with B 1 = 0.5 mm -2 and B 2 = 3 mm -1 . The system model is (4.18)

Figure 4 . 20 :

 420 Figure 4.20: Multiple-legged robot non-holonomic path following control diagram.

Figure 4 . 21 :

 421 Figure 4.21: Multiple-legged robot non-holonomic (N-H) path following experimental results. (a) Experimental position and orientation evolution for the path following of a Lissajous curve (x = 30 mm cos φ; y = 10 mm sin 2φ). The control algorithm consist in (4.21) and (4.24) with B 1 = 0.5 mm -2 and B 2 = 3 mm -1 . (b) Distance to the path evolution. See Video 4h in Appendix A.

(4. 26 )

 26 which is a linear and decoupled system. A schema of the control loop including a pose control and a path following with independent orientation control is shown in Fig.4.22. Both control techniques are explained in the following sections.

Figure 4 . 22 :

 422 Figure 4.22: Multiple-legged robot control diagram including the pose and path following blocks. Both switch SW (both must be in the same position) select between pose control and path following.

  (a) Trajectory. (b) Position error. (c) Orientation error.

Figure 4 .

 4 Figure 4.23: Multiple-legged robot experimental dexterous position and orientation control. The control algorithm consist in (4.27) with K P t = K P r = 0.25 s -1 , K I t = K I r = 0.025 s -2 . See Video 4i in Appendix A.

Figure 4 . 24 :

 424 Figure 4.24: Multiple-legged robot experimental dexterous path following with independent orientation control. The control algorithm consist in (4.28) and (4.29) with K P t = K P r = 0.25 s -1 , K I t = K I r = 0.025 s -2 . See Video 4j in Appendix A.

  (a) Schema of the model. (b) Model translation. (c) Model rotation.

Figure 4 . 25 :

 425 Figure 4.25: Flat object direct model. (a) Schema of the forces F i applied to the flat object by the laser spot L. Model (4.30) steady translation C (b) and rotation Ω (c) velocities due to one laser spot with α t = 3 mm 2 /s and α r = 0.2 rad/s as a function of the spot position.

Figure 4 . 26 :

 426 Figure 4.26: Experimental velocity measurement of objects with and without a channel [114]. The objects with the channel move almost twice as fast as those without one.

  (a) Schema of the model. (b) Model translation. (c) Model rotation.

Figure 4 . 27 :

 427 Figure 4.27: Flat object alternative direct model. (a) Schema of the forces F i applied to the object by the laser spot L. Model (4.31) steady translation C * (b) and rotation Ω * (c) velocities due to one laser spot with α t = 3 mm 2 /s and α r = 0.2 rad/s as a function of the spot position.

Figure 4 . 28 :

 428 Figure 4.28: Flat object non-holonomic (N-H) model inversion. Restricted relative laser spot positions to inverse the model. The instantaneous velocity can only be in the direction of the robot.

  (a) Stable and metastable self-assemblies. (b) Guiding strategy.

Figure 4 . 29 :

 429 Figure 4.29: Flat objects guided assembly technique. (a) Schematics of a stable and a metastable assembly. (b) Schematics of the guiding self-assembly strategy. The laser spots make the objects face each other while approaching.

Figure 4 . 30 :

 430 Figure 4.30: Flat objects guided self-assembly control diagram. The shown diagram corresponds to the controller of object 1.

d 1 >

 1 1 mm and |d 2 | < 3 mm. The controller diagram of object 1 is shown in Fig. 4.30, with the controller of object 2 being completely symmetrical. An example of the experimental results is shown in Fig. 4.31 and a summary of 30 experiments is shown in Table

Figure 4 . 31 :Table 4 . 2 :

 43142 Figure 4.31: Flat objects guided assembly experimental results. See Video 4k in Appendix A.
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 1 (a) Magneto-capillary interaction. (b) Pairwise potential for different B z .

Figure 5 . 1 :

 51 Figure 5.1: Pairwise magneto-capillary interaction. The interplay between capillary attraction and magnetic repulsion gives place to an equilibrium distance between the particles.

5 . 3 .

 53 A container filled with water is placed in the center of one pair of Helmholtz coils orientated vertically. Also, a robotized infrared laser beam (wavelength λ = 1455 nm, waist diameter d L = 1.3 mm) is pointed towards the water surface enabling to locally heat the air-water interface, triggering a thermocapillary flow (see Chapter 3). The generated flow, which tends to push floating particles away from the laser spot, can be used to actuate the particles (see Chapter 4).

Figure 5 . 2 :

 52 Figure 5.2: The various structures adopted by a floating crystal for a number of particles between N = 3 to N = 19. The possible transfers between states having the same number N of particles (black arrows) are obtained with a magnetic modification method, experimental work done by Ylona Collard (see Section 5.5). The possible transfers from states having N particles to ones having N + 1 particles (blue arrows) are obtained with the controlled growth method.

Figure 5 . 3 :

 53 Figure 5.3: Controlled growth setup composed of one pair of Helmholtz coils to produce a vertical magnetic field B z and an IR laser to create a hot spot on the liquid interface, triggering a thermocapillary flow. The flow pushes the particle away from the laser spot and can be used to guide a particle towards an existing crystal to obtain a desired final state.

Figure 5 . 4 :

 54 Figure 5.4: Experimental results showing the controlled transitions from S5 to S6a and S6b for B z = 4.8 mT. (a and b) In black, the initial position, in yellow the trajectory and in red the final position of the particles. (c) Normalized distance evolution between the new particle to the center of mass of the other five particles. See Video 5a in Appendix A for the other transitions.

  (a) Found configurations and their appearance frequency. The states are organized from left to right in an increasing energy order. (b) Appearance frequency as a function of the configuration normalized energy (with respect to the minimum energy for each number of particles).

Figure 5 . 5 :

 55 Figure 5.5: Metastable configurations found through numerical simulations for different numbers of particles. We performed 5000 simulations for each number of particles (except for N = 10, for which we performed 25000), starting with a random distribution of particles.

  (a) Energy as a function of the normalized distance of the sixth particle to the center of mass of the five others.

(a) 8

 8 particles assembly. The energy minimum is not well-defined.(b) 7 and 9 particles assembly. Welldefined energy minimum.

Figure 5 . 8 :

 58 Figure 5.8: Simulation results stability. Results for an external magnetic field B z = 5 mT. In this case, the interdistance of the two colored particles was imposed, and the rest were left free to rearrange around them. We show the assembly energy as a function of the imposed interdistance.

Figure 5 . 9 :

 59 Figure 5.9: Translation and division of magneto-capillary crystals using thermocapillary actuation. To obtain translation and division, we use different laser patterns, semicircle, and straight-line, respectively.

  (a) Used configuration schema. (b) Measured equilibrium distance. (c) Estimations using (5.6). (d) Difference between both curves.

Figure 5 . 10 :

 510 Figure 5.10: Equilibrium distance measurement with and without a laser line in between the particles. Result corresponding to QL = 38 mW and a laser line of 5 mm. The forces in (c) were estimated using (5.6), which is only valid for large distances. Then, in (d) the thermocapillary force can be estimated in the entire range as the difference between both curves.
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  (a) Optical microscope image of a single micro-disk (left) and the edge height profile (right). Measurement performed by Gaurav Gardi. (b) Schematic of a pair and a collective of rotating magnetic micro-disks at the air-water interface.

Figure 6 . 1 :

 61 Figure 6.1: Magnetic micro-disks geometry and behavior under a rotating magnetic field.

  (a) Schematic of the arrangement of soft magnetic ferrite rods that create a double magnetic trap and COMSOL simulation results (right) showing the angle-average magnetic flux density corresponding to that arrangement in a uniform rotating magnetic field (10 mT). COMSOL simulations performed by Gaurav Gardi.(b) Behavior of disks in the double magnetic trap. At low rotation speed, the disks were localized in one trap. At high rotation speed, they expanded and occupy the neighboring trap. Upon reducing the rotation speed again, the collective splits into the two traps. Experiment performed by Gaurav Gardi.

Figure 6 . 2 :

 62 Figure 6.2: Rotating magnetic micro-disks in magnetic traps.

  (a) Image showing the passive particle orbiting around the collective at 20 rps and 60 rps due to the flow generated by the disks. The blue trail represents the trajectory of the particle over the last 5 s. (b) Plot of speed vs time of a 1 mm polystyrene bead for different values of u at 20 rps, and 60 rps.(c) Plot of average speed of a 1 mm polystyrene bead at 20 rps, and 60 rps for different values of u.
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 63 Figure 6.3: Passive particle transport by the flow generated by the collective.

Figure 6 . 5 :

 65 Figure 6.5: Closed-loop control of passive particles using expanded collective.

Figure 6 . 6 :

 66 Figure 6.6: Closed-loop control of passive particles using split collective and transition from one state to the other. See Video 6a in Appendix A.

Figure 6 . 7 :

 67 Figure 6.7: Control of passive particles of different shapes. The images showing the trajectory of 1 mm square, 1.5 mm rod, and 2 mm cross-shaped passive particle (3D printed). The blue trail represents the trajectory of the passive particle over the last 5 s.

Figure 6 . 8 :

 68 Figure 6.8: Multiple passive particles control using a rotating micro-disks collective. The blue trail represents the trajectory of the particles over the last 5 s. See Video 6b in Appendix A.

  (3.18) to(3.20) in cylindrical coordinates and neglecting the azimuth

  Regarding the boundary conditions, we considered no slip, thermal insulation and zero surfactant flux boundary conditions on the lateral recipient walls; no slip and constant temperature on the bottom wall; and thermal insulation, zero vertical velocity, and the surface stress balance (3.14) at the free surface. The explicit boundary conditions in cylindrical coordinates are shown in Table B.1. Table B.1: Boundary conditions used in the numerical simulations. Used quadrilateral mesh with smaller elements close to the interface and the axis of the laser. (b) Maximum ũ (normalized) as a function of the minimum element size for C S = 40 and different values of C T and P r .
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 1 Figure B.1: Space meshing for the numerical simulations
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 2 control the system (C.8), we define a PI controller as Multiple-legged robot model To write (4.18) as a function of the position of the geometric center O and angle θ, we can write the absolute position of each foot as P i = O + R(θ) Pi with R(θ) = cos θ -sin θ sin θ cos θ (C.11)
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 2 N P Ȯω × P i (cross product factoring) = β α P i -L ∥P i -L∥ 2 -N P Ȯ P i = 0 (by definition). (D.3)By defining τ t = m N P β , (D.3) can be rewritten as the first equation in (4.17).

T 2 - 4 )(D. 5 )T 2 =

 2452 P i × (ω × P i )APPENDIX D. MULTIPLE-LEGGED ROBOT MODEL DERIVATIONThen each term can be further manipulatedT 1 = α P i × P i -L ∥P i -L∥ 2 = α P i × P i -P i × L ∥P i -L∥ 2 (cross product distribution) = α -P i × L ∥P i -L∥ 2 (null self cross product) = α L × P i ∥P i -L∥ 2 (anticommutative cross product) = α L × P i -L × L ∥P i -L∥ 2 (null self cross product) = α L × P i -L ∥P i -L∥ 2 (cross product factoring) P i × Ȯ = P i × Ȯ (cross product factoring) = 0 P i = 0 (by definition) (D.6) T 3 = P i × (ω × P i ) = (P i • P i ) ω -(P i • ω) P i (vector triple product) = (P i • P i ) ω P i • ω = 0 (orthogonality) = ω ∥P i ∥ 2(by definition).(D.7)By replacing (D.5) to (D.7) in (D.4), the total torque resultsT = I ω = β α L × P i -L ∥P i -L∥ 2 -ω ∥P i ∥ 2 (D.8)By defining τ r = I β ∥P i ∥ 2 , (D.8) can be rewritten as the second equation in (4.17).

  The discrete PI implementation defines the output u at the time step k as a function of the error e as u k = u k-1 + K I T s e k + K P (e ke k-1 ) (E.1)

  APPENDIX E. NUMERICAL IMPLEMENTATIONS last path following outputs (∥C∥ and θ c ) and transform it to Cartesian coordinates    C x = ∥C∥ cos θ c C y = ∥C∥ sin θ c . These values are then used as previous controller outputs (u k-1 ) for each of the two (x and y) PI controllers.

For

  Fig. E.1.

Figure E. 1 :

 1 Figure E.1: Schema of the discrete implementation of the path following algorithm.

  

Actuation principle Workspace Force scaling (const. field) Object selectivity Stability (const. input) Controllable (no other effects) Effect range (w.r.t. workspace) Dielectrophoresis [14]

  

	Global	Local	Local	Global	Global	Global	Global	Global	Local	Local	Local
	Yes	Yes	Yes	Yes	No	Yes	Yes	Yes Fluid interfaces No Yes Yes
	Stable (often)	Stable	Stable	Stable	Unstable	Stable (trap)	Unstable	Unstable	Unstable	Unstable	Unstable
	Electric properties.	Optical properties	Density	Density	Trapped bubble	Magnetic properties	Magnetism and shape	None	Containing fuel	Light absorption	None
	L 3	L 3	L 2	-	-	L 3	L	L	L	L	L
	2D	3D	3D	2D	2D	3D	3D	2D	2D	2D	2D
		Optical tweezers [15, 20]	Levitation [22]	Chladni [24] Acoustic	Streaming [26]	Force [27, 28] Magnetic Swimmer [30]	Fluidic [32, 33]	Solutocapillary [42, 50]	Thermocapillary Abs. obj. [57] Abs. fluid [43]
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Table 3 .

 3 1: System parameters.

	Parameter		Value	Parameter		Value
	Recipient radius	R r	> 25 mm	Water layer thickness	H r	7.5 mm
	Ambient temperature	T amb 20 • C	Ambient pressure	p amb 1 atm
	Density	ρ	997 kg/m 3 Dynamic viscosity	µ	1 mPa s
	Thermal conductivity	κ	0.6 W/m K Specific heat capacity	C p	4181 J/kg K
	Laser wavelength	λ	1455 nm	Light attenuation coeff.	α L	3280 m -1
	Laser waist radius	R L	650 µm	Laser power	QL	up to 500 mW
	Surface tension (@T amb )	γ 0	72 mN/m	Thermocapillary coeff.	φ T	155 µN/m K
	Surfactant diffusivity	D σ	10 -7 m 2 /s Surface elasticity	φ Γ Γ up to 0.7 mN/m
	model.					

  which simplifies the calculations significantly. If we now replace (3.7) and (3.8) in (3.6), we obtain

Table 4 .

 4 1: Numerical inversion multiple-legged robot control summary.

			Control case	Position error (mm)	Angle error ( • )
				Mean Max RMS Mean Max RMS
		Pose stabilization	1.5	3.6	1.6	1.6	6.8	2.3
	Path Following	Circle Lissajous	Constant (θ R = 0) Normal (θ R = θ p + π 2 ) Tangent (θ R = θ p ) Inverse (θ R = -θ p ) Horizontal (θ R = 0) Vertical (θ R = π 2 ) Normal (θ R = θ p + π 2 ) Tangent (θ R = θ p )	0.9 0.9 1.2 1.5 1.1 1.1 0.9 1.8	2.8 2.0 4.4 7.1 4.3 3.9 2.9 6.4	1.1 1.1 1.6 1.9 1.4 1.4 1.1 2.2	10.6 45.0 15.2 5.8 17.2 7.4 11.1 57.3 15.8 12.2 44.0 16.4 20.0 34.5 21.3 15.8 39.0 17.4 21.4 52.0 27.7 17.1 55.0 23.0
			Inverse (θ R = -θ p )	0.8	2.3	0.9	21.0 45.2 24.0

Table 4 . 3
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: Summary of robotic application results.

There was an error in the PI implementation that forced the first input C(t = 0) = 0. The effect of this error on the system is negligible, only slowing down the departure for a couple of seconds.

Initially there was an error in the code where the initialization was u 0 = 0, which delayed the response of the PI controller
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terms have not been explained yet, we encourage the reader to come back to this schema while advancing through the manuscript for an overview of the relationship between the diverse concepts.

The take-home message of this work is to show the richness in the combination of micro-robotics and fluid interfaces, with interfacial phenomena enabling the development of new micro-robotic applications.

(a) Surface non-dimensional velocity ũ.

(b) Surface non-dimensional temperature Θ. 

Figure 5.7: Summary of the simulation results for the transitions from an N crystal to an N+1 crystal for an external magnetic field B z = 5 mT. The added particle is placed at five capillary lengths of the initial assembly and different angles. The color of each assembly is represented by the dashed square around it. The first state of each row (in a blue square) is the global energy minimum, the subsequent states are in increasing order of energy. The color ring around each assembly represents the possible transitions to assemblies of the following row if a particle is added in that direction. For example, adding a particle "south" of S5 (blue color ring region) renders S6a (blue dashed square), while adding it "north" (orange color ring region), renders S6b (orange dashed square).

ulation setup to sequentially add particles to an existing crystal in a controlled direction. As part of a collaboration, Prof. Nicolas Vandewalle and Ylona Collard, at the Université de Liège, have developed a complementary methodology, magnetic stretching, which consists in inducing a horizontal magnetic field to deform the crystals. The combined results of both techniques are shown in Fig. 5.2. This study of how to transition between states, besides being critical to functionalizing the crystal [START_REF] Grosjean | Magnetocapillary self-assemblies: locomotion and micromanipulation along a liquid interface[END_REF], could be of interest to other areas of science. Indeed, the similarity between the magneto-capillary potential and molecular interaction potentials could enable the extension of these results to molecular systems.

Second, our model of the magneto-capillary interactions was used to estimate the force exerted by the thermocapillary flow on the particles. For this, a stable configuration of particles with a laser pattern in between was found. Then, by measuring the difference in equilibrium distance between the cases with and without a laser pattern, we can estimate the thermocapillary force exerted on the particles. Moreover, by tuning the external magnetic field, we can measure this force as a function of the laser-particle distance. Although in this case we had to use a laser pattern (instead of a single spot), the measured forces agree with the expected ones considering the observed acceleration of the particle in the previous sections. Furthermore, to our knowledge, these are the first measurements of thermocapillary forces and the first time magneto-capillary assemblies have been used to measure such small forces.

In Chapter 6, we leave aside the thermocapillary flow and we consider a similar magnetic system, with a rotating horizontal field. The magneto-capillary interactions between rotating magnetic micro-disks give place to collective behaviors that we utilize to develop an alternative micromanipulation technique at the air-water interface.

A

Supplementary videos

All the listed videos can be found in the following folder:

https://figshare.com/s/e2bde44d48eb29e31b2e

1. Thermocapillary manipulation system:

(a) Animated presentation: Intro.mp4