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Cell encapsulation in hydrogel microspheres is a fast growing field, with multiple areas of application such as cell therapy or the 3D in-vitro culture of mini-organs (oraganoids) for personalised medicine or drug screening. Although several encapsulation techniques have been proposed, challenges still exist in order to fully respond to the inherent constraints of the aforementioned applications. In this thesis we focus on one microencapsulation technique based on the centrifugal force, which presents multiple advantages.

Centrifugal microencapsulation (CME) is a technique for embedding microscale enclosures in a polymer matrix through centrifugation. It is based on the extrusion in air, accelerated by centrifugal force, of the polymer containing the inclusions, and its subsequent gelation through sedimentation in a Calcium solution. By satisfying all the strict requirements imposed by biomedical applications, such as sterile processing, controlled capsule properties and high throughput, it is a promising technique for cell implant. The objectives of this work are (i) to propose a standardisation of the CME device design and operation; (ii) to propose a detailed modelling of the CME process and to apply it to the optimisation of the design and operation of the device.

Based on a previously proposed device using common commercially available components, in order to achieve objective (i), a standardised workflow is proposed for capsule production and characterisation by microscope imaging and automated image analysis, coupled with an algorithm of automated classification of capsule shapes. An extensive experimental parametric study is performed over the four main parameters of the process (rotating speed, ejection nozzle diameter, viscosity of the encapsulation biopolymer and height of the extrusion nozzle over the gelation solution). A statistic analysis of the experimental data is used to construct a nondimensional global model of the process, allowing the prediction of the produced capsules (size, integrity and shape) based on the input parameters.

For the objective (ii), the CME process is first decomposed in five stages. An initial modelling of the physics in each process stage is performed, using analytical tools and experimental correlations based on relevant dimensionless numbers. The models show a good agreement with experimental results and provide explanations for the origin of different capsule shapes and characteristics. A sequential model of the process, based on the successive coupling of the individual stage models, is proposed and can be used for finding the optimal working parameters as a function of the hydrogels used, which can vary depending on the applications.

In order to obtain a finer description of the key stage of droplet extrusion, numerical simulations are performed, using the open-source finite-volume flow solver Gerris. The simulation is validated by comparison with experimental results, allowing to validate the hypotheses made in the analytical modelling and to gain a fine understanding of the formation of capsules and other products, such as fibres or satellite drops.

Finally, based on the previous modelling, several major technical improvements of the device are proposed, tested, and validated experimentally on prototype devices. These modifications optimise different stages of the process and significantly extend the operating ranges of the device and the capsule production frequency, proposing for the first time both a viable production method with very viscous biopolymers and a size-sorting variant.

Résumé

L'encapsulation de cellules dans des microbilles d'hydrogel est un domaine en pleine expansion qui a plusieurs champs d'applications tels que la thérapie cellulaire ou la culture tridimensionnelle in vitro de mini organes (organoïdes) pour la médecine personnalisée ou le criblage de médicaments. Bien que plusieurs techniques d'encapsulation soient proposées, plusieurs challenges demeurent pour répondre pleinement aux contraintes inhérentes aux applications décrites. Dans cette thèse nous nous focalisons sur une technique basée sur la force centrifuge qui offre de multiples avantages.

La microencapsulation par centrifugation (CME) est une technique pour incorporer des particules microscopiques dans une matrice de polymère par centrifugation. Elle est basée sur l'extrusion dans l'air, accélérée par la force centrifuge, du polymère contenant les inclusions, suivie par la gélification de ce polymère par sédimentation dans une solution de Calcium. En satisfaisant tous les critères stricts imposés par les applications biomédicales, la CME est une technique prometteuse pour l'implant de cellules. Les objectives de ce travail sont (i) de proposer une standardisation du design et de l'opération de la CME ; (ii) de proposer une modélisation détaillée du procédé CME et d'appliquer cette modélisation pour l'optimisation de la conception et de l'opération du dispositif.

En partant d'un dispositif proposé précédemment qui utilise des composants commerciaux standard, afin d'atteindre l'objectif (i), une procédure expérimentale standardisée est proposée pour la production des capsules et leur caractérisation. Cette caractérisation est réalisée par imagerie microscopique et analyse automatique des images, couplée avec un algorithme de classification automatique des formes des capsules. Ensuite, une ample étude expérimentale est réalisée sur les quatre paramètres principaux du procédé (vitesse de rotation, diamètre du capillaire d'éjection, viscosité du biopolymère d'encapsulation et distance entre la buse d'extrusion et le bain gélifiant). Une analyse statistique des données expérimentales est utilisée pour construire un modèle adimensionnel global du procédé, qui permet la prédiction des capsules produites (taille, intégrité mécanique, forme) à partir des paramètres d'entrée.

Par rapport à l'objectif (ii), le procédé CME est décomposé d'abord en cinq étapes. Une modélisation initiale de la physique de chaque étape est effectuée, en utilisant des modèles analytiques et des corrélations expérimentales, qui s'appuient sur des nombres sans dimension représentatifs. Les modèles montrent un bon accord avec les résultats expérimentaux et fournissent des explications sur l'origine des différentes formes et caractéristiques des capsules. Un modèle séquentiel du procédé, résultant du couplage successif des modèles individuels des étapes, est proposé. Afin d'obtenir une description plus fine de l'étape-clé du procédé, qui est l'extrusion des gouttes, nous effectuons des simulations numériques en utilisant le solveur volumes-finis libre Gerris. La simulation est validée par comparaison avec les résultats expérimentaux et permet de valider les hypothèses faites dans la modélisation analytique précédente, ainsi que d'avoir une compréhension plus fine sur la formation de capsules et d'autres produits, comme les fibres et les gouttes satellites.

Enfin, sur la base des modélisations réalisées, plusieurs améliorations techniques majeures du dispositif sont proposées, testées et validées expérimentalement sur des prototypes. Ces modifications optimisent différentes étapes du procédé et permettent d'élargir considérablement les plages d'opération du dispositif et la fréquence de production, proposant pour la première fois une méthode de production fiable avec des biopolymères très visqueux et une méthode de tri des capsules par leur taille.
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General introduction

The object of this thesis is a device to produce under controlled conditions small polymer particles (capsules), typically of the order of hundreds of micrometers, containing living cells. This process is called microencapsulation and it is part of the wider process class of encapsulation.

Encapsulation can be defined as the process of incorporating active compounds in solid or liquid form within a polymer coating layer, which plays the role of a physical barrier between the encapsulated active ingredients and the outer medium. Multiple objectives are achieved in this way: protection, stabilisation, immobilisation, enhanced durability and controlled release, etc. Encapsulation has multiple areas of application, such as cosmetics, food and feed, materials or textile, pharmaceuticals and biomedical.

Among different concepts, microencapsulation has emerged as the most widely used and applied encapsulation approach, due to the optimal compromise between size miniaturisation and mechanical stability, which is important for long-term functionality, manipulation and transport of the capsules. Microencapsulation is a fast growing technology, to which considerable research is currently dedicated. In the biomedical field, microencapsulation currently has a high development potential, since it opens new possibilities in many fast-developing fields such as cell therapy, targeted drug delivery, gene therapy, or in-vitro 3D cell and organoid1 culture for drug screening and personalised medicine. For biomedical encapsulation applications, the most widely used matrix material to this day is alginate, which is a natural polymer from the family of polysaccharides, extracted from brown algae, forming a mechanically stable gel at room temperature in the presence of divalent cations (for example Ca 2+ ). Among its main advantages we can name its long-term biotolerance, its thermal stability, its mechanical strength and its availability in large quantities.

One illustrative example of the usage of microencapsulation technology for biomedical applications is the cell therapy of type 1 diabetes. Diabetes mellitus is a severe metabolic disorder affecting more than 425 million people worldwide and characterized by high blood glucose levels over prolonged periods of time. Type 1 diabetes (10% of the total patients) is caused by the destruction of pancreatic β-cells, responsible of regulating blood sugar by secretion of insulin, due to autoimmune response. Although the most common treatment consists in (manual or partly automated) exogenous insulin supply, there exists a promising solution avoiding daily monitoring, namely the cell therapy, which consists in grafting of endocrine (pancreatic) cells or cell clusters (islets) which naturally regulate the blood glucose level. However, in order to avoid the destruction of the transplanted pancreatic islets by the response of the immune system (called "graft rejection"), immunosuppressive treatments are conventionally administered. Unfortunately, these treatments 6 CONTENTS have heavy secondary effects on the patient's health, immunity and life expectancy. A promising alternative method to maintain viability and functionality of the grafted cells without the need for immunosuppressive treatments is to protect them in semi-permeable Calcium-alginate microcapsules. These microcapsules allow the exchange of oxygen, nutrients and secretions with the blood (the 100 µm-scale wall thickness allows a fast diffusion), but block the detection and destruction of the cells by the host's immune system.

This thesis was performed at the French Alternative Energies and Atomic Energy Commission [START_REF][END_REF] , Institute for Electronics and Information Technologies 3 (CEA-LETI), in the Department of micro-and nano-Technologies for Healthcare and Biology 4 (DTBS), where cell microencapsulation for the therapy of type 1 diabetes has been an active research topic for more than 15 years (e.g. projects BIOCAPAN, FUTURCAPS). The previous works in our division on this topic were focused on developing and characterising an integrated microfluidic platform for the microencapsulation of pancreatic islets [START_REF] Le | Microsystème pour l'encapsulation de cellules pancréatiques[END_REF][START_REF] Dalle | Système intégré pour l'encapsulation monocouche de cellules[END_REF]14] , or on improving the chemical composition and structure of alginate microcapsules for implant [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . However, it was found that microfluidic methods present certain shortcomings for the microencapsulation using viscous biopolymers such as alginate, notably a low capsule production frequency, a long device set-up and initialisation time, as well as the necessity of post-washing steps in order to remove residuals of the oil phase from the capsules. Consequently, a new microencapsulation technique was sought that can respond to the strict criteria imposed by the cell therapy application, and at the same time overcome the limitations of the microfluidic platform.

Before the beginning of this thesis, the centrifugal microencapsulation (CME) was selected as a promising technique for the research applications in the DTBS department, based on results from recent literature [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF][START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF] . This method is based on the extrusion in air, accelerated by centrifugal force, of the alginate containing the inclusions, and its subsequent gelation through sedimentation in a Calcium solution. Besides a higher throughput allowed by centrifugal accelerations typically in the range 10 2 -10 3 g, other advantages of this technique are the possibility of using only low-cost conventional laboratory material and its very fast set-up. A preliminary CME system was designed and tested at DTBS for a proof-of-concept (figure A(a)). This series of experiments confirmed that the CME technique could be employed successfully for the production of spherical monodisperse Calcium-alginate microcapsules as required by the applications (figure A(b)-(c)). It also showed that when encapsulating cells or pancreatic islets, these preserved excellent viability [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] after encapsulation, although the sphericity and monodispersity of the microcapsules were lost (figure A(d)-(g)). Satisfactory capsule shapes could be obtained with one particular combination of operating parameters (e.g. centrifugation speed, extrusion nozzle diameter, alginate viscosity), which yielded however a relatively low capsule production frequency compared to what had been reported in the literature. Moreover, when the parameters were modified, the system was not producing satisfactory capsules anymore. A generalisation of this first working configuration was desired, allowing to find other combinations of control parameters for successful and optimised capsule production. In addition, when incorporating cells or islets in the precursor Na-alginate solution, the shapes of the obtained capsules were not smooth anymore, but featured a protuberance (figure A(d) and (f)). In the literature, neither a guide on choosing the system parameters for new CME devices, nor an explanation for the change in shape when incorporating particles in the [START_REF][END_REF] French: "Commissariat à l' Énergie Atomique et aux Énergies Alternatives". 3 French: "Laboratoire d' Électronique et de Technologie de l'Information". [START_REF]nisco engineering ag[END_REF] French: "Département des micro-et nano-Technologies pour la Biologie et la Santé". [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] Percentage of living cells from the total number of cells, at a given time. (f ) and (g) Encapsulation of human pancreatic islets and their viability (J here stands for the day when the encapsulation was performed; J+1 is the following day, and so on).

CONTENTS solution, were found. Therefore, the first objective of this thesis is to study and understand the physical basis of the centrifugal microencapsulation technique and the influence of all its relevant parameters. In this way, it will be possible to optimally choose the control parameters depending on the applications. In addition, this understanding is necessary to realise relevant improvements to the design of the CME device, in order to allow a fast, robust and reliable encapsulation that respects all the requirements of biomedical applications.

I.1 Encapsulation technology in the biomedical field: application to the cell therapy of type I diabetes

Encapsulation can be defined as a coating technique that allows the incorporation of a wide range of active ingredients in polymer capsules. The encapsulated active compounds, solid or liquid, are protected by a layer of natural or synthetic biopolymer. In addition to their protection, this technology ensures their viability, functionality, the extension of their shelf life, their vectorisation and their controlled release. These compounds can be varied: colourants, flavours, oils, vitamins, cells, proteins, probiotic bacteria [START_REF] Shabana | Microencapsulation of vitamins in food applications to prevent losses in processing and storage: A review[END_REF][START_REF] Schrooyen | Microencapsulation: its application in nutrition[END_REF][START_REF] Seng | Preparation of Ca-alginate beads containing high oil content: Influence of process variables on encapsulation efficiency and bead properties[END_REF][START_REF] Bernard | Encapsulation in the food industry: A review[END_REF][START_REF] Heidebach | Microencapsulation of Probiotic Cells for Food Applications[END_REF][START_REF] Vallejo-Castillo | Development of alginate-pectin microcapsules by the extrusion for encapsulation and controlled release of polyphenols from papaya (Carica papaya L.)[END_REF][START_REF] Koupantsis | Flavour encapsulation in milk proteins -CMC coacervate-type complexes[END_REF][START_REF] Eng Seng Chan | Encapsulation of herbal aqueous extract through absorption with ca-alginate hydrogel beads[END_REF] . Thus the fields of application are numerous: cosmetics, food and feed, materials or textile, agriculture, pharmaceutical and biomedical [START_REF] Gibril Bah | Fabrication and application of complex microcapsules: a review[END_REF][START_REF] Shabana | Microencapsulation of vitamins in food applications to prevent losses in processing and storage: A review[END_REF][START_REF] Wong | Microparticles, microcapsules and microspheres: A review of recent developments and prospects for oral delivery of insulin[END_REF][START_REF] Bruno | Core-shell microcapsules: biofabrication and potential applications in tissue engineering and regenerative medicine[END_REF][START_REF] Ghiman | Recent progress in preparation of microcapsules with tailored structures for bio-medical applications[END_REF]12,[START_REF] Lu | Advances in controlled release of microcapsules and promising applications in self-healing of asphalt materials[END_REF][START_REF] Saberi Riseh | Encapsulation of Plant Biocontrol Bacteria with Alginate as a Main Polymer Material[END_REF] .

Depending on the field of application, different quality and performance requirements are imposed to the encapsulation techniques that are employed. This research work was performed at the CEA-LETI in Grenoble, in the Department of micro-and nano-Technologies for Healthcare and Biology (DTBS), which is specialised in the development, design, integration and qualification of micro-and nanotechnologies in application to health and life sciences. One particular biomedical 10 CHAPTER I. CONTEXT, STATE OF THE ART AND MOTIVATION OF THIS WORK application that has been investigated for more than a decade in our division is the cell therapy for type 1 diabetes, using cell and pancreatic islets microencapsulation [START_REF] Le | Microsystème pour l'encapsulation de cellules pancréatiques[END_REF][START_REF] Dalle | Système intégré pour l'encapsulation monocouche de cellules[END_REF]14,[START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . This thesis project was proposed as a continuation in the development of this line of research, notably by characterising and optimising a new microencapsulation technique based on centrifugal force. Therefore, the focus in this thesis will be on the encapsulation technology applied to the biomedical field, and more specifically to the cell therapy of type 1 diabetes. At the same time, as will be seen later in this chapter, the microencapsulation technique that is studied and optimised in this thesis can be employed for many other applications in the biomedical or in other fields, such as drug delivery, 3D cell culture, organoid encapsulation for personalised medicine, gene therapy, materials self-healing, etc.

In section I.1.1 we will introduce the concept of the cell therapy and the advantages of using encapsulation for this therapy. In section I.1.2, the requirements that arise from this application with respect to the encapsulation material (section I.1.2.1), the encapsulation concept (section I.1.2.2) and the encapsulation technique (section I.1.2.3), are discussed. This will allow to gradually select the most suitable approach among the available encapsulation technologies, by comparing their advantages and drawbacks with respect to this application. This detailed study will then motivate the choice of the centrifugal microencapsulation technique using Na-alginate, which is the object of investigation in this thesis.

I.1.1 Cell therapy of type I diabetes

The glucose level in the blood of a human is regulated by an hormone, the insulin, secreted by the β-cells found in the islets of Langerhans1 inside the pancreas. Type 1 diabetes (T1D) is a chronic auto-immune disease causing the immune system of a patient to mistakenly destroy the β-cells of its own pancreas. Thus, without the ability to regulate its blood sugar level (glycaemia), the patient can suffer from hyperglycaemia (high blood sugar), which may entrain severe or lethal complications. T1D occurs in children and adults and there is currently no cure. The standard treatment for type 1 diabetes patients is by multiple daily insulin injections, allowing to regulate their glucose level and to prevent long-term negative effects of the diabetes. Since it is a chronic disease, this treatment is to be followed all life long. In addition, patients very often have to strictly and continually control their diet and their glycaemia, in order to adapt the insulin doses. More modern portable monitoring and insulin pumping devices, such as Diabeloop© may relieve some of these constraints, but still impose a control of the diet and the continuous wearing of the device on the patient. Moreover, the blood glucose regulation using exogenous insulin is not as finely tuned and as fast as the one realised by the β-cells, meaning that hyperglycaemia or hypoglycaemia peaks can still occur, with possibly severe consequences for the patient [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]14] .

Cell therapy is based on the implant of living and functional cells from a donor into the patient's body to replace the dysfunctional cells, or to secrete the lacking substances. For type I diabetes, the implanted cells are healthy pancreatic islets originating from a donor, which is in most cases a human in brain-death condition (allogeneic transplantation), although research is under way to make transplant of porcine islets (xenogeneic transplantation) a viable option [START_REF] Wang | Identification and characterization of essential genes in the human genome[END_REF][START_REF] Jack | History of xenotransplantation[END_REF] . Today, the protocol used clinically is the Edmonton protocol [START_REF] Shapiro | Islet Transplantation in Seven Patients with Type 1 Diabetes Mellitus Using a Glucocorticoid-Free Immunosuppressive Regimen[END_REF] , where the islets are transplanted into the liver of the patient, due to several advantages of this implant site (good blood irrigation, high implant acceptance rates, etc.). This therapy is a very advantageous alternative to total pancreas transplantation, which is surgically very invasive and exposes the patient to high surgical
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risks [START_REF] Cogger | Recent Advances in Cell Replacement Therapies for the Treatment of Type 1 Diabetes[END_REF][START_REF] Frank | Transplantation for Type I Diabetes: Comparison of Vascularized Whole-Organ Pancreas With Isolated Pancreatic Islets[END_REF][START_REF] Rainer | The current state of pancreas transplantation[END_REF] . So far a large number of pancreatic islet transplantations for cell therapy of type 1 diabetes have been performed to this day, showing very good results [START_REF] Pellegrini | The state of the art of islet transplantation and cell therapy in type 1 diabetes[END_REF]29,[START_REF] Figliuzzi | Mesenchymal stem cells help pancreatic islet transplantation to control type 1 diabetes[END_REF] . Due to the shortage of pancreases and islets derived from human organ donors, alternative cell therapies are under development, based on stem cells [START_REF] Chen | Current progress in stem cell therapy for type 1 diabetes mellitus[END_REF] . Despite these promising results, cell therapy presents a number of drawbacks, among which the most limiting is the need of immunosuppressive treatments. Indeed, when the transplanted cells originate from a foreign organism, cell implants cause a reaction of the patient's immune system, which detects these cells as foreign bodies and destroys them. In order to avoid transplant rejection, an immunosuppressive treatment needs to be taken by the patient (usually life-long), which causes serious secondary effects, such as low immunity, renal impairment and a reduction of the life expectancy. This is the reason why in practice, cell therapy is applied clinically mostly for patients with an advanced diabetes and for patients who are experiencing major glucose variability and lack of predictability and unawareness of hypoglycemic episodes despite intensive insulin therapy (brittle diabetes 1,2) [START_REF] Tattersall | Brittle Diabetes Revisited: the Third Arnold Bloom Memorial Lecture[END_REF][START_REF] Choudhary | Evidence-Informed Clinical Practice Recommendations for Treatment of Type 1 Diabetes Complicated by Problematic Hypoglycemia[END_REF] .

In this context, cell encapsulation is a promising solution to protect the transplanted pancreatic islets and eliminate the need for immunosuppressive treatments. It consists in coating the cells with a semi-permeable membrane, which acts as a selective barrier: it prevents the immune system cells and antibodies to detect the encapsulated cells, while it allows the exchange of oxygen, nutrients and secretions between the encapsulated cells (or islets) and the blood surrounding the capsule [START_REF] Safiya Naina Marikar | Microencapsulation-based cell therapies[END_REF][START_REF] Grace | Cell Microencapsulation BT -Therapeutic Applications of Cell Microencapsulation[END_REF][START_REF] Dimitrioglou | Paving the way for successful islet encapsulation[END_REF] (see figure I.1). The working principle of this membrane is based on porosity: the size of the pores determines the maximum size of particles that are able to pass through the capsule walls. Another advantage of cell encapsulation is that it eliminates secondary reactions that arise when transplanting porcine islets, and thus opens the way for xenotransplantation, which could be very effective in overcoming the shortage of human pancreases and islets [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

The first studies on pancreatic islet encapsulation for diabetes type 1 cell therapy were from Lim and Sun in 1980 [START_REF] Lim | Microencapsulated islets as bioartificial endocrine pancreas[END_REF] . Since then, pancreatic islet microencapsulation for cell therapy of diabetes has been tested in clinical tests of different levels [START_REF] Basta | Long-Term Metabolic and Immunological Follow-Up of Nonimmunosuppressed Patients With Type 1 Diabetes Treated With Microencapsulated Islet AllograftsFour cases[END_REF][START_REF] Matsumoto | Clinical Porcine Islet Xenotransplantation Under Comprehensive Regulation[END_REF][START_REF] Tuch | Vijayganapathy Vaithilingam, and Robert Philips. Safety and Viability of Microencapsulated Human Islets Transplanted Into Diabetic Humans[END_REF][START_REF] Welsch | Concise Review: Lessons Learned from Islet Transplant Clinical Trials in Developing Stem Cell Therapies for Type 1 Diabetes[END_REF][START_REF] Bruni | Islet cell transplantation for the treatment of type 1 diabetes: recent advances and future challenges[END_REF] , using alginate as material for the microcapsules [START_REF][END_REF] . Despite promising results, several limitations still exist for this application [14] , such as: hypoxia (lack of oxygen) of the encapsulated islets; immune response and development of a fibrosis around the capsules, limiting oxygen and nutrients diffusion to the encapsulated cells; loss of immunoprotection due to an insufficient stability (bursting) of the capsules in vivo; the lack of standardisation of the procedures. Current research aims at overcoming these limitations, notably through the improvement of the encapsulation technologies [START_REF] Dimitrioglou | Paving the way for successful islet encapsulation[END_REF][START_REF] Iacovacci | The bioartificial pancreas (BAP): Biological, chemical and engineering challenges[END_REF] .

In the following a step-by-step selection of the encapsulation technology will be performed, based on the criteria imposed by the cell therapy application.

I.1.2 Requirements for the cell therapy application

Many encapsulation technologies exist to this day, differing by the materials used for encapsulation, the encapsulation scale (macro, micro or nano) and the encapsulation technique (the combination of physical and chemical processes used to produce capsules) [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] . Most of the conventional encapsulation technologies, such as spray drying or coating, are sufficient to meet the requirements of many applications [START_REF] Gharsallaoui | Applications of spray-drying in microencapsulation of food ingredients: An overview[END_REF][START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF][START_REF] Bidoret | Cell microencapsulation: Dripping methods[END_REF][START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] . However, in the biomedical field strict criteria need to be satisfied at the same time by the encapsulation technology, the encapsulation material (polymer) and the (physical and mechanical) properties of the capsules [START_REF] Paul De Vos | Multiscale requirements for bioencapsulation in medicine and biotechnology[END_REF] . These criteria arise from: (i) [14] .

the compatibility between the encapsulating polymer with the encapsulated biological material; (ii) the compatibility between the polymer capsule with the receiving organism, especially in implant applications; (iii) the function to be fulfilled by the capsules. In the following discussion, these requirements are divided in three categories: requirements on the encapsulation material, requirements on the general concept and scale of encapsulation, and requirements on the shape, size and properties of the capsules.

I.1.2.1 Encapsulation material

Synthetic biopolymers are standardised and easy to produce and therefore widely used in different applications not involving long-term stability inside the organism or long-term contact with an encapsulated biomaterial [177] . In applications where these latter criteria are crucial, synthetic biopolymers may lack full biocompatibility due to the synthesis process [START_REF] Iacovacci | The bioartificial pancreas (BAP): Biological, chemical and engineering challenges[END_REF][START_REF] Soldani | Long term performance of small-diameter vascular grafts made of a poly(ether)urethane-polydimethylsiloxane semi-interpenetrating polymeric network[END_REF][START_REF] Anand | In vivo modulation of foreign body response on polyurethane by surface entrapment technique[END_REF] , and are therefore often not usable in different biomedical applications, notably in the case of encapsulation of living cells or islets. Crouigneau [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] gives an in-depth discussion on some common synthetic biopolymers, weighting their strengths and weaknesses with respect to the properties needed for biomedical applications, which are: non-toxicity of the synthesis process, hydrophilic character (in order to avoid cellular adhesions in vivo 3 ), chemical stability in vivo, non-sterilising polymerisation process (for example polymerisation under UV light is to be prohibited due to its impact on the encapsulated biomaterial), selective permeability (permeability to nutrients and non-permeability to cytotoxic molecules and to proteins like IgG antibodies), in-vivo biotolerability [START_REF]nisco engineering ag[END_REF] . The general conclusion when considering synthetic polymers is that they are not well suited for cell encapsulation, due to their lack of biotolerability and permeability. These are the facts that have motivated most of
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the cell encapsulation research groups to use natural polymers, and notably hydrogels formed from polysaccharides of natural origin. [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] Natural polymers, especially polysaccharides, are most commonly used for cell encapsulation, since they form hydrogels with the following properties:

• hydrophilic

• composed of more than 90% water, thus generally usable in bio-friendly conditions, which do not deter cell viability

• non-toxic for the encapsulated cells

• non-toxic polymerisation process

• forming a three-dimensional network by cross-linking, similar in structure to the natural environment of cells in the body (extracellular matrix)

• bio-tolerable in implant applications (low response of the immune system) All these properties are favourable for bioencapsulation and implant, which makes of hydrogels from natural polymers good candidates for cell encapsulation [START_REF] Cardoso | Natural Biopolymers as Additional Tools for Cell Microencapsulation Applied to Cellular Therapy[END_REF][START_REF] Paul De Vos | Polymers in cell encapsulation from an enveloped cell perspective[END_REF][START_REF] Gasperini | Natural polymers for the microencapsulation of cells[END_REF][START_REF] Luis | Therapeutic applications of cell microencapsulation[END_REF][START_REF] Masuelli | Advances in Physicochemical Properties of Biopolymers[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]14] . Several authors list and compare the most common biopolymers used in cell encapsulation applications: e.g. alginate, agarose, chitosan and collagen. Some of the important criteria for the selection of these materials for cell therapy applications are:

• long-term thermal and chemical stability in vivo

• compatibility with the encapsulated cells (negative or neutral charge, neutral pH, etc.)

• sufficient yield strength and stiffness to ensure mechanical resistance during capsule production and implant

• controllable permeability, in order to ensure immunoprotection

• biotolerability in vivo

• availability in large quantities

• ease of processability A detailed comparison allows to identify alginate as the most suitable biopolymer for cell encapsulation applications, satisfying all the above requirements [START_REF] Luis | Therapeutic applications of cell microencapsulation[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . Due to its interesting properties, alginate is currently the most widely used material for microcapsule formation in biomedical, bioprocess, food and pharmaceutical applications. In particular, it is the most commonly used biopolymer in cell encapsulation applications, although some challenges still exist for attaining a higher standardisation of its physico-chemical properties and limiting the batch-to-batch variation [START_REF] Luis | Therapeutic applications of cell microencapsulation[END_REF][START_REF] Paul De Vos | Multiscale requirements for bioencapsulation in medicine and biotechnology[END_REF][START_REF] Ronke | Cell microencapsulation with synthetic polymers[END_REF] . Alginate is a natural polysaccharide, extracted from brown algae. Commercially, it is usually available as a water-soluble salt (most commonly sodium alginate), obtained from the algae through a series of extraction, filtration, purification and conversion steps. The alginate polymer is formed by a chain of two types of monomers: the β-D-mannuronic acid (M units) and the α-L-guluronic acid (G units), illustrated in figure I.2(a). These two are linked via (1 → 4) glycosidic linkage,
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forming different types of sequences: G blocks (composed of G units), M blocks (composed of M units), or MG blocks (composed of alternating M and G units), as shown in figure I.2(c). The relative percentage of M and G monomers (i.e. the M/G ratio) can vary between different alginates and influences alginate properties [START_REF] Kuen | Alginate: Properties and biomedical applications[END_REF][START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF][START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

The basic structure of alginates consists of linear unbranched chains. In the presence of divalent cations (like Ca 2+ ), alginate chains cross-link and form a network corresponding to a ionotropic gel (figure I.2(b)). This gelation is produced by a cooperative binding of divalent cations and the G-block regions of the polymer, following an "egg-box" model: the divalent cations are bound inside the cavities formed by the G blocks, and these cavities stabilise the bonds with the ions (illustration in figure I.2(d)) [START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . While the cross-linking is mainly determined by the G-units, the M-units in the initial polymer moderate the elasticity and lateral association in the formed gel (figure I.2(e)). Gels produced from alginates with high percentage of M units are soft and elastic, whereas the ones from alginates with high G units percentage tend to be more compact and rigid [START_REF] Kuen | Alginate: Properties and biomedical applications[END_REF] . The gels formed by cross-linking in the presence of divalent cations are mechanically stable at room temperature.

The concentration of the precursor alginate solution influences the mechanical properties (stiffness and yield strength) of the resulting gels (capsules) [START_REF] Swapnil | Factors influencing the mechanical stability of alginate beads applicable for immunoisolation of mammalian cells[END_REF][START_REF] Eng Seng Chan | Effect of formulation of alginate beads on their mechanical behavior and stiffness[END_REF][START_REF] Martinsen | Alginate as immobilization material: I. Correlation between chemical and physical properties of alginate gel beads[END_REF] , which are crucial to control in implant applications [START_REF] Peirone | Encapsulation of various recombinant mammalian cell types in different alginate microcapsules[END_REF] , and also determines the porosity of the resulting layer. This porosity determines the release rate of substances [START_REF] Pillay | Drug release modulation from cross-linked calcium alginate microdiscs, 1: Evaluation of the concentration dependency of sodium alginate on drug entrapment capacity, morphology, and dissolution rate[END_REF][START_REF] Hadjiev | An assessment of the ability of the obstructionscaling model to estimate solute diffusion coefficients in hydrogels[END_REF][START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] when hydrogels are used for drug delivery. For cell therapy applications [24] , the porosity allows a control of the permeability to nutrients, oxygen and substances of interest, and conversely the impermeability to antibodies and immune proteins or molecules.

A detailed study and comparison of alginates for cell encapsulation was performed in previous work at CEA-LETI [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] , taking into account, among others, their mechanical properties, rheological properties, and the viabilities of the encapsulated cells. In that study, sterile ultrapure alginates with high G content (low M/G ratio) and long chains (molecular weight 150-250 kDa) were selected as the most suitable candidates [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] for cell encapsulation. Therefore, the present thesis will focus on the usage of PRONOVA SLG100 alginates (Novamatrix, Norway), that correspond to these selected specifications.

Finally, different studies comment that no optimal biopolymer for cell encapsulation has yet been found, and that often performances can be improved by using a combination of materials, for example in core-shell capsules or in multilayer capsules [START_REF] Krishnan | Islet and stem cell encapsulation for clinical transplantation[END_REF]14,[START_REF] Ma Lgorzata Stanisz | Recent advances in the fabrication and application of biopolymer-based micro-and nanostructures: A comprehensive review[END_REF][START_REF] Zhang | Coreshell microparticles: From rational engineering to diverse applications[END_REF] . This thesis focuses on mono-layer alginate capsules, even if the results presented here can represent a basis for further development in the generation of core-shell or multilayer capsules.

I.1.2.2 Size scale of the generated capsules

An important criterion for the encapsulation is related to the size scale of the generated capsules. This scale will have a major impact on the technology that can be used for the production of capsules. Three major concepts exist to this day (cf. figure I.3 (a) and (b)): macroencapsulation (capsule sizes of several mm up to several cm in diameter), microencapsulation (capsule sizes smaller than 1 mm and larger than 1 µm) and nanoencapsulation (direct coating of the islets by several thin polymer layers, resulting in capsules diameters smaller than 1 µm) [START_REF] Iacovacci | The bioartificial pancreas (BAP): Biological, chemical and engineering challenges[END_REF] . Two main criteria are used to measure the performances of the encapsulation approach used for implant applications: the diffusivity of substances (nutrients, oxygen, secretions) between the surrounding medium and the (reused from [START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (b) Formation of the egg-box structure during the ionic gelation of sodium alginate. (reused from [START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (c) Possible sequences of L-guluronic acid (G) and D-mannuronic acid (M) residues in an alginate polymer. (reused from [START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (d) Alginate gel structure in presence of calcium ions: the "egg-box" model. (reused from [START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF] ) (e) Effect of calcium on the MG, MM and GG alginate units. (reused from [START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF] )
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encapsulated cells across the capsule walls, and the mechanical (long-term) stability of the capsules.

Other medical aspects can also be taken into consideration such as the availability of implant sites in the body (dependent on the volume of the capsules) and the ease of implant removal for a renewal of the encapsulated islets. Below we summarise the main results from the literature on the performances attained with each of the three cited encapsulation concepts: Macroencapsulation. In this approach, a pouch with a porous membrane, containing the encapsulated cells, is used as a carrier (cf. figure I.3(b) and (c)). The pouches have relatively large sizes (up to a few cm), which confers them a high mechanical resistance and makes them easy to remove from the implant site and recharge with fresh islets or cells. However, their main drawback is the long diffusion distances between the encapsulated cells and the outer medium, which slows down the transfer of nutrients and oxygen. The result is that often the necrosis of islets might occur inside the capsules, in the locations where the exchange of these substances is too slow.

Another consequence of the large capsule sizes is that the choice of implant site in the body is very limited: so far most of the implants are performed in the peritoneal cavity. The downside is that blood irrigation and oxygenation are poor in that region of the body. As a response, some existing prototypes, like βAir© , incorporate techniques of external oxygen supply for the capsules, which in return require daily oxygen injections. In other prototypes, the oxygenation problem was addressed by direct implant of long tube-like capsules inside the blood vessels. However, this creates a high risk of thrombosis and haemorrhage, both of which occurred in tested animals [START_REF] Robert P Lanza | Treatment of Severely Diabetic Pancreatectomized Dogs Using a Diffusion-Based Hybrid Pancreas[END_REF][START_REF] Prochorov | Treatment of insulin dependent diabetes mellitus with intravascular transplantation of pancreatic islet cells without immunosuppressive therapy[END_REF] . A recent review of in-vivo macroencapsulation studies for islet transplantation is given in [START_REF] Dimitrioglou | Paving the way for successful islet encapsulation[END_REF] . To sum up, macrocapsules have a good mechanical resistance and are easy to remove, but present high limitations in terms of diffusion performances and choice of implant sites, which both hinder the long-term viability and functionality of the encapsulated islets [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]14] .

Microencapsulation. Microcapsules (cf. figure I.3(a)) feature a good diffusion of substances due to the relative low thickness of the capsule walls (of the order of a few tens to a few hundreds of micrometers). Their volume is relatively low, allowing the implant in different other sites of the body which present better blood irrigation and oxygenation than the peritoneal cavity. Another advantage of the reduced size is that vascularisation can develop naturally around each implanted capsule. At the same time, microcapsules present a sufficient mechanical resistance and long-term mechanical stability in vivo. Their only drawback is the difficulty of implant removal due to their small sizes. Nevertheless, microcapsules represent a good compromise between optimal exchange of substances by diffusion and mechanical stability, which makes them the best candidates for cell encapsulation and implant applications, and in particular for cell therapy [START_REF] Calafiore | Microencapsulation for cell therapy of type 1 diabetes mellitus: The interplay between common beliefs, prejudices and real progress[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]14] .

Nanoencapsulation. The nano-scale polymer layer coating of islets presents optimal diffusion performances and therefore an optimal exchange of substances between encapsulated cells and the surrounding medium. The volume of the capsules is practically equal to that of the islets, making the implant possible in many sites of the body [START_REF] Teramura | Bioartificial pancreas: Microencapsulation and conformal coating of islet of Langerhans[END_REF][START_REF] Zhi | Polysaccharide Multilayer Nanoencapsulation of Insulin-Producing β-Cells Grown as Pseudoislets for Potential Cellular Delivery of Insulin[END_REF] . However, due to the very thin layers of coating, nanocapsules trigger the immune response and are not stable mechanically. In some of the reported experiments, the coating was damaged few days after implant, which entrains a loss of functionality of the capsules. Another effect of the thin layering is the protrusion of islets out of the nanocapsule, which favours its detection by the immune system and triggers a fibrosis around the capsule. Added to that, the tiny volumes of the capsules make the implant difficult to remove. In conclusion, although nanocapsules optimise the diffusion of substances across the membrane, their poor mechanical resistance and stability makes them unsuitable for implant applications [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF][START_REF] Teramura | Bioartificial pancreas: Microencapsulation and conformal coating of islet of Langerhans[END_REF] .

After considering each encapsulation approach, it is the microencapsulation that stands out as the most suitable candidate for cell therapy applications, due to the good compromise between [START_REF] Dimitrioglou | Paving the way for successful islet encapsulation[END_REF] ) (a) Nanoencapsulation and microencapsulation of an islet. (b) Macroencapsulation devices house a large mass of islets. Encaptra© is a planar device containing a semi-permeable barrier, whereas βAir© is a device with ports for recharging oxygen. (c) Immunosuppression using TheraCyte T M , a thin biocompatible membrane-bound polymeric chamber. (d) Shortly after the transplantation a host response occurs. Over time, a vascular network forms providing the supply of oxygen and nutrients for the encapsulated islets. mechanical resistance and diffusivity of substances. For this reason, much of the research on cell encapsulation and cell therapy so far has been done in the field of microencapsulation [14,26] .

This thesis was performed in the Technologies for Healthcare and Biology Division of the CEA Grenoble, in the continuation of a series of projects on cell microencapsulation for type 1 diabetes cell therapy applications using microfluidic techniques [START_REF] Le | Microsystème pour l'encapsulation de cellules pancréatiques[END_REF][START_REF] Dalle | Système intégré pour l'encapsulation monocouche de cellules[END_REF]14,[START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . Thus, due both to the previously mentioned advantages and to the environment and expertise in microencapsulation at the CEA Grenoble, this thesis has been focused on the microencapsulation approach. In the following section, we will discuss more in detail different additional requirements that microcapsules need to satisfy in order to ensure biocompatibility and stability in cell therapy applications.

I.1.2.3 Encapsulation technique

After selecting the biopolymer and the encapsulation approach, let us now discuss other constraints that need to be fulfilled for cell therapy applications. These will guide the choice of the
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microencapsulation technique that will be used in this thesis.

1. For survival and growth [START_REF] Alberto | Immunological and technical considerations in application of alginate-based microencapsulation systems[END_REF] of living cells, the diameter of microcapsules should not exceed a certain value: some authors speak about 300 µm [START_REF] Renken | Microencapsulation: a review of polymers and technologies with a focus on bioartificial organs[END_REF][START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Iacovacci | The bioartificial pancreas (BAP): Biological, chemical and engineering challenges[END_REF] for cell encapsulation, whereas in the case of islet encapsulation other authors speak about a value of 500 -600 µm [START_REF] Calafiore | Microencapsulation for cell therapy of type 1 diabetes mellitus: The interplay between common beliefs, prejudices and real progress[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF][START_REF] Laporte | Improved human islets viability and functionality with mesenchymal stem cells[END_REF] .

2. A monodisperse size distribution is essential for reproducibility and optimal diffusive mass transport [START_REF] Poncelet | Microencapsulation technologies for a bioartifical endocrine pancreas. The bioartificial pancreas[END_REF] .

3. For cell therapy implants or drug delivery applications, the capsule surface should be smooth and without protuberance, in order to avoid capsule detection by the immune system and subsequent fibrosis around the capsule [START_REF] Matlaga | Tissue response to implanted polymers: The significance of sample shape[END_REF][START_REF] Thomas | Some aspects of macrophage behavior at the implant interface[END_REF][START_REF] Spector | The local tissue response to biomaterials[END_REF] .

4. Also to avoid this detection, it may be necessary to reduce the pore size [24] and thus increase the concentration of alginate in the initial solution, the viscosity of which is consequently increased. The encapsulation technique must then be suitable for using medium or high viscosity polymers.

5. Capsules should feature sufficient mechanical resistance during the handling and implant process and long-term mechanical stability for the entire duration of the application [START_REF] Paul De Vos | Multiscale requirements for bioencapsulation in medicine and biotechnology[END_REF] . This resistance increases with the concentration of the alginate. Hence, the encapsulation technique should be able to process highly concentrated (and thus viscous) alginates. This constraint appears to be one of the most difficult to satisfy for most common encapsulation techniques.

6. For the treatment of diabetes, which is one of the examples of cell therapy in which capsule production frequency must be high, 10,000 encapsulated islet equivalents (IEq) [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] are required per kilogram of patient [START_REF] Soon-Shiong | Treatment of type I diabetes using encapsulated islets[END_REF] .

7.

A fast process set-up is desirable to avoid loss of viability of the cells. That is because during the encapsulation process, the cells are found in media that are not adapted for their survival (e.g. polymer solution or Calcium solution). A fast process set-up minimises the time spent by the cells outside of growth medium [START_REF] Heinzen | Use of vibration technology for jet break-up for encapsulation of cells and liquids in monodisperse microcapsules[END_REF] .

8. For many biomedical applications, especially for cell immobilisation, the encapsulation technique must ensure that an aseptic and biocompatible environment must be maintained for the transported biological material throughout the encapsulation process. As well, the fluid should not be subjected to high shear stress, which may be damaging for the cells [START_REF] Ning | Characterization of Cell Damage and Proliferative Ability during and after Bioprinting[END_REF][START_REF] Blaeser | Controlling Shear Stress in 3D Bioprinting is a Key Factor to Balance Printing Resolution and Stem Cell Integrity[END_REF] . 9. Finally, for living cells in general, the encapsulation process must be rapid and straightforward in order to minimise the time that the cells spend in the alginate and calcium solutions before the final storage of the capsules in a culture medium. This means that the production process should ideally involve as few post-production treatments as possible [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] .

The process of particle microencapsulation consists basically of three major steps: (1) incorporation (mixing) of the material to be encapsulated (cells, islets, etc.) in the polymer solution;

(2) dispersion of this suspension in droplets; (3) gelation of the droplets to form hydrogel microcapsules [START_REF] Alpizar-Reyes | Biobased Spore Microcapsules for Asphalt Self-Healing[END_REF] . Two optional steps may be performed as pre-and post-processing operations: (0) (reused from [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] ) preparation of the alginate solution, with the possibility of including certain additives8 in order to enhance the viability and functionality of the encapsulated cells and/or the mechanical properties of the gel; (4) post-processing of gelled capsules by adding one or more functional coating layers 9 to reduce fibrosis and inflammatory reaction in vivo. These additional steps will not be further discussed in this thesis.

Whereas the mixing step is usually done by stirring, there exist various technologies for the dispersion and the gelation steps. Since the choice of the gelation technique may restrict the compatible dispersion techniques, we will first discuss the selection of the former.

Gelation techniques

For the formation of alginate microspheres encapsulating solid particles, two main gelation techniques exist: external gelation and internal gelation [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] . Internal gelation consists in preincluding an insoluble calcium salt (e.g. CaCO 3 ) inside the alginate solution and dispersing the alginate droplets in oil. Then, an acid is added to the oil medium (e.g. acetic acid) in order to reduce the pH below 6.5 and to convert the inactive calcium salt in divalent cations Ca 2+ , which are then available to cross-link the alginate molecule chains. The gelation process is thus controllable through the amount of salt converted into cations, and results in a more uniform gelation of the entire capsule volume [START_REF] Poncelet | Production of alginate beads by emulsification/internal gelation. i. methodology[END_REF][START_REF] Poncelet | Production of alginate beads by emulsification/internal gelation. ii. physicochemistry[END_REF] . However, this method presents two major drawbacks for cell encapsulation: (i) the acid conditions needed for the release of Calcium ions may be damaging for the cells; (ii) the obtained capsules do not present a smooth surface, due to the presence of the Calcium salt crystals [START_REF] Lekka | Hydrogel microspheres: influence of chemical composition on surface morphology, local elastic properties, and bulk mechanical characteristics[END_REF][START_REF] Bünger | Biocompatibility and surface structure of chemically modified immunoisolating alginate-PLL capsules[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

External gelation consists of releasing an alginate droplet into a bath containing the crosslinking agent (divalent ions, e.g. Calcium chloride). The ions will migrate inside the droplet by diffusion and trigger the cross-linking of the alginate by the mechanism described above in section [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] ) I.1.2.1. Due to this diffusion, the cross-linking will be denser in the outer layers of the capsules than in the centre [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] . However, the obtained capsule surfaces are smooth. In addition, external gelation can be performed in physiological conditions (neutral pH) and produces capsules with smooth surface. It is also a very fast and straightforward self-triggered process.

Due to these considerations, external gelation is generally the preferred method for applications of cell encapsulation in alginate hydrogels [START_REF] Wah | Mechanisms of external and internal gelation and their impact on the functions of alginate as a coat and delivery system[END_REF] , and will be the gelation technique used in this thesis.

Dispersion techniques

Concerning the droplet formation step, dispersion methods can be grouped in three categories: liquid-liquid dispersion (formation of biopolymer droplets inside another immiscible fluid), liquidair dispersion (formation of biopolymer droplets in air) and self-assembly methods [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF][START_REF] Poncelet | Fundamentals of dispersion in encapsulation technology[END_REF] . Especially due to requirement no. 7 from the above list, liquid-air methods are generally preferred for cell encapsulation applications [START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] . In the DTBS department of CEA, the method of droplet formation in a microfluidic flow-focusing device has been proposed as an alternative to liquid-air methods [START_REF] Le | Microsystème pour l'encapsulation de cellules pancréatiques[END_REF][START_REF] Dalle | Système intégré pour l'encapsulation monocouche de cellules[END_REF]14,[START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . These two families of methods will be discussed more in detail in the following.

Liquid-air droplet formation methods are based on the principle of extrusion of the suspension of biopolymer with the respective cargo (cells or islets) through a capillary nozzle. In the basic form of this family of techniques, droplets are formed and detach by gravity from the vertically placed capillary. The detached droplets fall through an air gap and land in a bath of gelation (reused from [START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) solution containing divalent cations, where they cross-link as they sediment on the bottom of the recipient (figure I.6). This is called the (unassisted) dripping10 method [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . The unassisted dripping has the advantage of being very simple and using low-cost equipment. However, its main drawbacks are (i) the very low production frequency; (ii) the size of the capsules which is usually of the order of a few mm, and thus not adapted for microencapsulation; (iii) the difficulty to process high-viscosity biopolymers (without using complex additional equipment), which are advantageous for better mechanical properties of the capsules and optimal pore sizes [START_REF] Poncelet | Fundamentals of dispersion in encapsulation technology[END_REF][START_REF] Prüße | Bead production with jetcutting and rotating disc/nozzle technologies[END_REF][START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] . As a consequence of the shortcomings of the standard dripping method, several improved variants of this technique have been proposed, which are sometimes called assisted dripping techniques. The most common of these techniques are depicted in figure I.7.

The coaxial air-flow technique uses an air flow around the extrusion nozzle in order to help detach the droplet at smaller diameters, typically down to a minimum of around 500 µm [START_REF] Bidoret | Cell microencapsulation: Dripping methods[END_REF][START_REF] Poncelet | Microencapsulation technologies for a bioartifical endocrine pancreas. The bioartificial pancreas[END_REF][START_REF]nisco engineering ag[END_REF][START_REF] De Vos | Upscaling the production of microencapsulated pancreatic islets[END_REF][START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF][START_REF]nisco engineering ag[END_REF] . However, droplet diameters are still too large for many encapsulation applications and a higher polydispersity of capsule sizes occurs when using the coaxial air-flow [START_REF] Prüße | Bead production with jetcutting and rotating disc/nozzle technologies[END_REF][START_REF] Poncelet | Microencapsulation technologies for a bioartifical endocrine pancreas. The bioartificial pancreas[END_REF] . Moreover, as in the case of gravitational dripping, this technique can be used for monodisperse beads generation only with relatively low-viscosity polymers (below 200-600 mP a.s) [START_REF] Koch | Alginate encapsulation of genetically engineered mammalian cells: Comparison of production devices, methods and microcapsule characteristics[END_REF][START_REF] Prüße | Bead production with jetcutting and rotating disc/nozzle technologies[END_REF] . Productivities between 1900 and 2400 capsules per minute have been reported with coaxial air-flow devices [START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF][START_REF]nisco engineering ag[END_REF] .

The electrostatic technique uses an electrostatic potential at the ejection nozzle, which lowers the surface tension and leads to the detachment of the droplet at smaller diameters [10,[START_REF] Poncelet | Formation of microgel beads by electric dispersion of polymer solutions[END_REF] . This method can reduce droplets diameters down to around 200 µm, which is well in the range required by cell encapsulation applications, and at the same time to increase the productivity [START_REF] Mattheus Fa Goosen | Electrostatic droplet generation for encapsulat ion of somatic tissue: Assessment of high-voltage power supply[END_REF][START_REF] Douglas | Production of small, monodispersed alginate beads for cell immobilization[END_REF] . Production frequencies between 2000 and 6000 capsules per minute have been reported with this [START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF] ) technique [START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF][START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF] . Although higher than for simple dripping, these values still remain relatively low. More importantly, both the volume of droplets and the variation coefficient of droplet diameters11 increase significantly (even above 50%) with the viscosity of the biopolymer solution [START_REF] Manojlovic | Immobilization of cells by electrostatic droplet generation: a model system for potential application in medicine[END_REF][START_REF] Bugarski | Electrostatic droplet generation: mechanism of polymer droplet formation[END_REF] . Hence, only low-viscosity polymer solutions can be used for monodisperse and small-sized capsule production with the electrostatic method [START_REF] Prüße | Bead production with jetcutting and rotating disc/nozzle technologies[END_REF] . This method is thus not viable for monodisperse capsule production with medium or high viscosity alginates.

CHAPTER I. CONTEXT, STATE OF THE ART AND MOTIVATION OF THIS WORK

In the jet vibration technology, the biopolymer is extruded under the form of jet. The nozzle is subjected to axial vibration, with a controllable frequency. This will favour a particular wavelength in the Rayleigh-Plateau instability that breaks the jet and thus create a reproducible jet segmentation mechanics that forms monodisperse-sized droplets [START_REF] Lee | Continuous Production of Uniform Calcium Alginate Beads by Sound Wave Induced Vibration[END_REF][START_REF] Mazzitelli | Production and characterization of alginate microcapsules produced by a vibrational encapsulation device[END_REF][START_REF] Rodríguez-Rivero | Development of a new technique to generate microcapsules from the breakup of non-newtonian highly viscous fluid jets[END_REF][START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF] . Due to the ejection in a jetting regime, this technique allows a significant increase of the production frequency of capsules. Droplet sizes down to around 200µm are obtainable with this technique. However, productivity decreases with decreasing droplets sizes [START_REF] Poncelet | Microencapsulation technologies for a bioartifical endocrine pancreas. The bioartificial pancreas[END_REF][START_REF] Douglas | Production of small, monodispersed alginate beads for cell immobilization[END_REF][START_REF]nisco engineering ag[END_REF][START_REF]büchi[END_REF] . The main drawback of this method is the inability to use viscous polymers (above a limit of around 200 mP a.s), because of the damping effect induced in the jet by the viscosity [START_REF] Poncelet | Microencapsulation technologies for a bioartifical endocrine pancreas. The bioartificial pancreas[END_REF][START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF][START_REF] Bidoret | Cell microencapsulation: Dripping methods[END_REF] .

Another standard assisted dripping technique, the jet cutter technique uses a rotating disc with wires to segment the extruded polymer jet and form droplets. The extrusion of the jet takes place at high pressure, allowing very high production frequencies. As well, viscous polymers up to several P a.s can be extruded using this technique [3,[START_REF] Prüße | Production of spherical beads by jetcutting[END_REF][START_REF] Prüße | Bead production with jetcutting and rotating disc/nozzle technologies[END_REF][START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF][START_REF] Schwinger | High throughput encapsulation of murine fibroblasts in alginate using the jetcutter technology[END_REF][START_REF] Pruesse | The jetcutter technology[END_REF][START_REF] Mishra | Handbook of encapsulation and controlled release[END_REF] . However, besides a certain difficulty to obtain monodisperse droplet sizes (diameter CV > 15%), the main drawback of this technique is the high shear to which the solution is subjected both during extrusion at high pressure and during the jet segmentation using the wired disc, which can damage and reduce the viability of the encapsulated cells [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]14] .

Microfluidic droplet formation using flow-focusing devices (MFFD), belonging to the family of liquid-liquid dispersion methods, is an alternative dispersion method which features excellent control of droplet sizes (CV < 3%, with sizes between a few µm and over 1 mm) and has the advantage of being able to automate several stages of the capsule generation process (including gelation), offering uniform production conditions for all individual capsules in a batch. Although very high droplet production frequencies can be attained with conventional low-viscosity liquids, only a few hundreds of capsules per minute can be formed with MFFD from medium viscosity alginates. Another drawback of the MFFD is the long set-up time, characteristic for microfluidic experiments. Finally, the need of an intermediate immiscible liquid phase for droplet formation (usually oil) creates the need for extra post-encapsulation process steps for rinsing and cleaning the capsules from oil traces [START_REF] Le | Microsystème pour l'encapsulation de cellules pancréatiques[END_REF][START_REF] Dalle | Système intégré pour l'encapsulation monocouche de cellules[END_REF]14,[START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

Finally, a more recent assisted dripping technique was proposed for the first time in 2008 [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] , namely the centrifugal extrusion technique. Here, the biopolymer reservoir and ejection nozzle are placed in a centrifuge, so that the extrusion of droplets is driven by the centrifugal force (figure I.8). This technique allows the production of droplets with diameters ranging from below 100 µm to above 1 mm, with high monodispersity (CV ≈ 2-16%), at high production frequencies (up to ∼ 600 capsules/sec) and using very viscous polymers (up to several tens of P a.s) [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF][START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF] . Moreover, as opposed to most of the other assisted dripping techniques, centrifugal extrusion needs no specialised equipment and can be performed using only standard laboratory material and a standard laboratory centrifuge. The set-up is rapid and simple, and no additional intermediate phase is required for the dispersion. Parallelisation can be done very easily by placing multiple ejection nozzles in the same tube or multiple tubes in the same centrifugation run, thus significantly increasing the output of the process [START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] .

Table I.1 -Summary of the performances of different (assisted) dripping techniques for cell microencapsulation. The production frequency reported is per ejection nozzle. A summary of the comparison of the different dispersion techniques discussed in this section is given in table I.1. In conclusion, the centrifugal encapsulation technique represents a very promising candidate for cell therapy applications, due to its simplicity and to its ability to meet the criteria listed above. This thesis will focus on the investigation and the development of this technique, in the context of cell encapsulation. The following sections will describe this method more in detail and give a review on previous works on centrifugal encapsulation, both from the point of view of applications and of the process development and modelling. 
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I.2 Centrifugal microencapsulation: state-of-the-art

A schematic representation of the centrifugal microencapsulation technique is given in figure I.8. The principle is simple: due to the centrifugal force, the Na-alginate solution flows from the reservoir into the capillary and is ejected from the capillary tip under the form of droplets. These droplets fly through air in the centrifugal force field and impact the gelation bath. Once in contact with the CaCl 2 solution, the cross-linking reaction of the alginate chains with the Ca ions begins immediately at the surface of the droplet. This leads to the formation of an elastic gel membrane at the surface of the droplet [START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] and hinders thus the coalescence of droplets in the gelation bath. The alginate droplet has a density slightly higher than that of water (density difference of the order of 10-20 kg/m 3 [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] ) and thus sinks in the gelation bath, while the cross-linking continues. The thus formed Ca-alginate capsules accumulate on the bottom of the centrifuge tube.

I.2.1 Studies previous to this work

The centrifugal microencapsulation technique in the form discussed in this paper was first proposed in 2007-2008 by Haeberle et al. in [START_REF] Haeberle | Alginate micro-bead fabrication on a centrifugal microfluidics platform[END_REF][START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] from the University of Freiburg. The authors used an own-made rotating platform to eject droplets of alginate solution from a reservoir via an attached capillary and collect them in a gelation bath placed inside a tube in a swinging bucket (only the collection tube with the gelation solution is placed in the swinging bucket). A stroboscopic camera was used to take pictures of the pending and detaching droplets. Monodisperse capsules (CV<15%) could be produced at high production frequencies (up to 600 per second), even from high-viscosity alginates, while using only inexpensive laboratory equipment. Long-chained alginate solutions of various concentrations were used, at different rotating speeds and two different capillary diameters, to study the sizes of the produced droplets. A 1-D theoretical estimation of droplet sizes based on a force balance on the pending droplet was validated experimentally. For high concentration alginates (of 4% (w/v) and above), featuring very high viscosities (up to around 50 Pa.s for 6% alginates), the produced capsules were not spherical, but featured a protuberance, often called "tail" in the literature. As well, for high alginate viscosities, long filaments attached to the capsules were reported. Living PC12 cells were encapsulated in 2% alginate capsules and viability tests were carried out, showing very little loss of viability linked to the encapsulation.

The same research group later applied this technology for the production of chitosan microbeads [START_REF] Mark | Manufacture of chitosan microbeads using centrifugally driven flow of gel-forming solutions through a polymeric micronozzle[END_REF] , using tripolyphosphate (TPP) as gelation agent in the gelation solution. They reported the production of monodisperse chitosan beads at high frequencies and proposed an analytical model for the production frequency and for the size of the beads. In the model, the chitosan solution was assumed to follow a power-law non-Newtonian fluid behaviour.

In 2012, Maeda et al. from the University of Tokyo reported on an own-made improved variant of the centrifugal microencapsulation device (called the "centrifuge-based droplet shooting device"-CDSD), which they used to encapsulate cells and to generate complex multi-compartment particles, by modifying the structure of the ejection nozzle and adding parallel nozzles with different solutions [START_REF] Maeda | A centrifuge-based droplet shooting device for the synthesis of multi-compartmental microspheres under ultrahigh gravity. 15th International Conference on Miniaturized Systems for Chemistry and Life Sciences[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] . For example, Janus particles were produced, that contained cells in one compartment and magnetic particles in the other compartment for manipulation. The working biopolymer fluid was short-chained low-viscosity alginate, in different concentrations. The authors also studied the sensitivity of the capsules size and shape to some of the working parameters of the device, namely the alginate concentration (and thus viscosity), the diameter of the ejection capillary and the collecting distance. They showed that the capsules are deformed with increasing collecting distance and decreasing viscosity. The same team reported the usage of the device to create microparticles with complex structures, by generated multi-compartment capsules using multiple parallel ejection nozzles and then chemically removing some of the compartments after centrifugation [START_REF] Hayakawa | Rapid formation of anisotropic non-spherical hydrogel microparticles with complex structures using a tabletop centrifuge-based microfluidic device[END_REF] . The same device was also shown to function with ultra low volume of samples in order to encapsulate single cells in capsules [START_REF] Inamori | Centrifuge-based single cell encapsulation in hydrogel microbeads from ultra low volume of samples. 17th International Conference on Miniaturized Systems for Chemistry and Life Sciences[END_REF][START_REF] Onoe | Centrifuge-based cell encapsulation in hydrogel microbeads using sub-microliter sample solution[END_REF] .

The same team at the University of Tokyo constructed an optical system with stroboscope lighting and magnetic sensor triggering in order to visualise droplet formation and ejection in the centrifugal encapsulation device. The obtained images allowed to distinguish between dripping and jetting regimes, using again low-viscosity short-chained alginate solutions. Furthermore, a parametric study of the ejection process has been made using the dimensionless parameters W e 12 and Oh 13 , and transition points between jetting and dripping regimes were identified experimentally. Although not entirely conclusive, the overall tendency of the transition between these regimes seemed to correspond to theoretical predictions. The authors also showed that the gelation solution could be placed at a certain distance from the ejection nozzle in order to "freeze" the ejected viscous jet of alginate solution by gelation during capillary breakup and to obtain "beads-on-astring" structures [START_REF] Maeda | Instantaneous solidification of a centrifuge-driven capillary jet with controlled hydrodynamic instability in a centrifuge-based droplet shooting device through observational analysis[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF] .

In the years 2015 -2018, the number of applications of the centrifugal extrusion technique were multiplied. The same team at the University of Tokyo developed own-made variants of the initial device for monodisperse droplet production [START_REF] Yamashita | Generation of monodisperse cell-sized microdroplets using a centrifugebased axisymmetric co-flowing microfluidic device[END_REF][START_REF] Morita | Capillary-based centrifugal microfluidic device for size-controllable formation of monodisperse microdroplets[END_REF][START_REF] Shin | Centrifuge-based membrane emulsification toward high-throughput generation of monodisperse liposomes[END_REF][START_REF] Chel Shin | Generation of monodisperse droplets from tens of ul sample volume using centrifuge-based microfluidic device[END_REF] , for liposome production [START_REF] Morita | Droplet-shooting and size-filtration (dssf) method for synthesis of cell-sized liposomes with controlled lipid compositions[END_REF] , for the generation of complex-structured multi-helical microfibres and microbeads [START_REF] Yasuda | Generation of multi-helical microfibers and marble microbeads using orbital-rotation and axial-spin centrifuge[END_REF][START_REF] Yasuda | Twisting microfluidics in a planetary centrifuge[END_REF] and of branched and chained alginate microfibres which can be used as a negative mould to create blood-vessel-like structures for medical research [START_REF] Nishimura | Formation of vessellike channel using alginate fiber as a sacrificial structure[END_REF][START_REF] Nishimura | Formation of branched and chained alginate microfibers using theta-glass capillaries[END_REF] . If we focus on the area of microbead production and encapsulation, two important improvements to the initial device were proposed by the research group at the University of Tokyo in the period 2015 -2018: (i) the production of core-shell microparticles by using concentric ejection nozzles [START_REF] Sawayama | Core-shell microparticles formation with centrifugal coaxial microfluidic device[END_REF] . Both solutions for the core and the shell were alginate solutions at different concentrations (higher concentration in the shell) and with different colours of fluorescent dye for demonstration. Thus, the usage of the centrifugal microencapsulation device for core-shell microparticle production was demonstrated, that can be used for various applications, including the usage as cell containers with an outer protective shell. (ii) the technical optimisation of the device for the mass production of monodisperse alginate particles, by a system that keeps constant the collecting distance during the centrifugation process, so that all alginate microbeads are produced under the same conditions.

During the same period, different other teams began to publish on the centrifugal encapsulation technique. In 2015, in a work supervised by Prof. Devendra Verma at the National Institute of Technology in Rourkela, India, a sensitivity study of the standard centrifugal microencapsulation device (using a rotating bucket, standard centrifuge tubes and medical needles for ejection) to some of its parameters (rotation speed, alginate concentration and nozzle diameter) was realised [START_REF] Kumar | Fabrication of Micro-alginate Beads Under Centrifugally Induced Artificial Gravity Conditions[END_REF] . In 2016, the research group of Liu et al. at the Northeastern University in China proposed an own-made rotating platform for centrifugal generation of microbeads [START_REF] Liu | On-chip preparation of calcium alginate particles based on droplet templates formed by using a centrifugal microfluidic technique[END_REF] . Monodisperse Calciumalginate particles (CV<5%) with controlled shape were produced in the basic configuration. With an adapted configuration with parallel micronozzles, Janus microbeads with two compartments could be produced, encapsulating magnetized particles in one of the compartments. Thus, the authors validate again the ability of the centrifugal extrusion technology to generate microbeads with complex morphology and multifunction from diverse polymeric materials.

A milestone in the modelling and understanding of centrifugal microencapsulation devices was achieved in 2016 with the work of Eral et al. (a research team combining researchers from the Delft and Utrecht Universities in the Netherlands, the MIT in the US and the Ulsan Institute of Science and Technology in South Korea) where for the first time a thorough modelling of a part of the process was performed, namely of the ejection stage [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . The authors proposed models for the transition between different ejection regimes and validated the models with experimental results. However, the alginates used were low-viscosity short-chained alginates, and a Newtonian behaviour of the fluid was assumed. This assumption cannot be applied directly to high-viscosity long-chained alginate solutions, since these feature a strong non-Newtonian behaviour [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

In 2018, the research team of Cheng et al. from the University of Science and Technology of China and the Southeast University in China reported on the development of a new own-made centrifugal microencapsulation platform, capable to produce both single-phase and core-shell alginate fibres and beads [START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF] . Low-viscosity short-chained alginates were used for the study. For the first time, they give an extended parametric study of alginate bead sizes as a function of both nozzle diameter and centrifugal acceleration. Also, data is given on the processing capacity of the system for different rotating speeds and nozzle diameters. For the case of core-shell structures (fibres or capsules), a parametric study was realised and a phase diagram shows the regimes of production of different kinds of products (capsules, fibres, deformed structures or failure region) as a function of two dimensional parameters: the centrifugal rate and the viscosity of the inner solution. Finally, successful production of microcarriers for 3D cell culture was reported, evoking applications in cell-therapy, tissue engineering and other biomedical fields.

I.2.2 Studies parallel to this work

The current research work started in October 2019 and was based on the available literature at that time. Meanwhile, in 2019, the research team of Kang et al. from the University of Incha (South Korea) and the Georgia Institute of Technology (US) reported the usage of a standard centrifugal microencapsulation device, easy to fabricate and setup using only conventional lab material, able to produce simple alginate microbeads, core-shell capsules, as well as Janus particles, with different nozzle configurations [START_REF] Sung | Centrifugal Force-Driven Modular Micronozzle System: Generation of Engineered Alginate Microspheres[END_REF] . They report the production of spherical microbeads with high monodispersity (CV < 2%). A strong emphasis is made on the simplicity of the experimental method and the availability of the materials used, as well as on the possibility to parallelise the production by placing several nozzles on the same centrifuge tube. A sensitivity study is realised with respect to several system parameters (centrifugation speed, alginate concentration, gelation bath concentration, nozzle diameter). Demonstrative experiments for the production of pH-response alginate microspheres are carried out successfully, illustrating the potential of this technology for drug delivery applications. However, the alginates used in this work were short-chain (low-viscosity) alginates, whereas for cell therapy applications long-chain (high viscosity) alginates may be more adapted [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . As well, no information is given on how to choose the system parameters when using a different polymer (for example, a different type of alginate, with a different viscosity-concentration function).

Finally, in 2021, the research team from the Southeast University in Nanjing, China, proposed a highly improved centrifugal microencapsulation system, featuring a multi-channel system that allows a massive parallelisation of the ejection stage and a high-throughput production of alginate microcapsules from a single loading of the centrifugal device [START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] . Again, low-viscosity alginates were used. Like in [START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF] , a parametric study on capsule sizes is performed, as well as on the microgel generation frequencies. A phase diagram of capsule shapes is realised depending on two parameters, rotating velocity and Na-alginate concentration. A second phase diagram of capsule shapes is given depending on the rotating velocity and the nozzle diameter. Both these diagrams are two-dimensional, representing only slices of a higher dimensional parameter space. Using this technology, the successful production of two-compartment capsules and core-shell capsules was reported, although the latter case still needed optimisation with respect to capsule shapes. Demonstrative experiments were performed for drug delivery applications, exhibiting the drug loading and release performance of the produced capsules.

During recent years, various teams around the world have reported the usage of the centrifugal microencapsulation technology to generate microcapsules for various kinds of applications. Some examples include:

• droplet-based 3D cell cultures for suspension culture or large batch bioreactor studies that require uniform populations [START_REF] Lora | Centrifugal Generation of Droplet-Based 3D Cell Cultures[END_REF] ;

• the production of β cell-laden hydrogels, coupled with a novel cryopreservation method, for diabetes treatment successfully demonstrated in rats [START_REF] Cheng | Cold-Responsive Nanocapsules Enable the Sole-Cryoprotectant-Trehalose Cryopreservation of β Cell-Laden Hydrogels for Diabetes Treatment[END_REF] ;

• the production of biobased spore microcapsules for asphalt self-healing [START_REF] Alpizar-Reyes | Biobased Spore Microcapsules for Asphalt Self-Healing[END_REF] ;

• the production of hydrogel microbeads supporting a technology of near infrared-triggered on-demand adeno-associated virus release for gene therapy or drug delivery [START_REF] Takatsuka | Near Infrared Light-Triggerd on-Demand Drug Delivery from Non-Toxic Hydrogel Microbeads with Heat Transducer[END_REF][START_REF] Takatsuka | Near Infrared-Triggered On-Demand Adeno-Associated Virus Release from Hydrogel Microbeads for Gene Therapy[END_REF] .

I.2.3 Unexplored aspects

As a conclusion on these studies, considerable research has been carried out on the centrifugal microencapsulation technique, with a special focus on improving the device's performances and demonstrating its potential for various biomedical applications. A palette of different devices and different successful applications were presented in the literature. The capability of centrifugal microencapsulation systems to meet simultaneously the strict requirements (listed above) for encapsulation in the biomedical field was validated. The optimisations brought to these devices allow the fast and controlled production of microcapsules in sterile environment, using only inexpensive laboratory equipment and a conventional laboratory centrifuge.
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However, at the beginning of this thesis project in 2019, the following gaps were identified in the existing literature:

• A lack of standardisation of centrifugal microencapsulation devices, with a clear and complete procedure for device setup, operation and result analysis. Most research teams created own-made devices optimised for different purposes. However, for a vast diffusion of this technology in the biomedical field worldwide, standardised devices based on standard commercial components would be preferable. As well, a standardised procedure for carrying out the experiments, analysing the results and characterising the capsules would be beneficial for a quick implementation of the device.

• The lack of a generic operational phase diagram (or parameter space) of the device, guiding the selection of the operating parameters in order to obtain capsules with desired properties. This process has at least four main operating parameters (alginate viscosity, nozzle diameter, collecting distance, rotation speed). However, in the literature only sensitivity studies are present with respect to one or maximum two of these parameters, in relatively moderate ranges of values. Secondly, these studies were performed in dimensional form, so that they only apply to the specific devices used in those studies. For the diffusion and the rapid implementation of this technology in any lab worldwide, a phase diagram covering the entire operational ranges of the four parameters is needed, allowing a quick prediction of the process result based on the input. Moreover, this phase diagram should be expressed in a nondimensional form, in order to permit its application to any type of centrifugal microencapsulation device.

• Only a few studies were aimed at modelling the centrifugal microencapsulation process from a physical point of view, and all of these studies were focused on only one stage of the process, namely the centrifugal formation and ejection of droplets. A physical description of the whole process would be beneficial for proposing more robust models of the process and for guiding the optimisation of certain stages.

• Most of the studies cited used low viscosity alginates, whereas for cell and islets encapsulation it appears that long-chained medium or high viscosity alginates are more appropriate [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . Moreover, little or no material characterisation has been performed in many studies in the literature.

• Several directions of improvement potential can be identified from the previous studies, which might considerably increase the ranges of parameters accessible for device operation and increase production frequencies. For example, device optimisation could be aimed at solving the problem of co-production of satellite droplets along with the main droplets, which need an additional filtration step for removal. Another example would be to extend the production of spherical or ellipsoidal capsules to high-viscosity alginate solutions, which so far has not been possible due to the formation of a tail on the capsules.

The work in this thesis is aimed at addressing these gaps in the literature and completing previous studies using a combined experimental, theoretical and numerical approach.

I.3 Objectives and contents of this thesis

This work seeks to contribute to the development and spreading of the centrifugal microencapsulation technique, by pursuing the following objectives, that address the gaps existing in the literature:

1. Define a standardised centrifugal microencapsulation technique, able to generate monodisperse spherical capsules with controlled size at high production frequencies and in a sterile environment, from biopolymers with a wide range of viscosities (including highly viscous alginates), using only (low-cost) commercially available laboratory equipment.

2. Construct a global model that allows to control the centrifugal microencapsulation technique by predicting the process outputs based on the inputs and thus guiding the choice of operating parameters for the production of microcapsules with desired shape, size and mechanical properties. This phase diagram should be expressed in a nondimensional manner and be applicable to any (existing or new-design) centrifugal encapsulation devices.

3. Perform a detailed physical modelling of the process, taking into account all the process stages and the transformations that occur in each stage, in order to understand the formation of different capsule shapes and centrifugation co-products in all the relevant operating regimes.

4. Define, implement and validate technical solutions that address the main limitations of the centrifugal microencapsulation technique identified in the state-of-the-art, particularly the separation of satellite droplets from the main capsules and the production of spherical or ellipsoidal capsules from highly viscous alginates.

In order to attain these objectives and respond to the questions opened at the end of the stateof-the-art section, this thesis is organised as follows:

• In chapter II, a global model of the centrifugal microencapsulation process is given, under the form of dimensionless phase diagrams which allow the prediction of capsule shapes and sizes based on four input parameters: alginate viscosity, nozzle diameter, collecting distance and rotation speed. First, the CME device developed at CEA-LETI-DTBS in this thesis is presented in detail (section II.1). Second, a dimensional analysis is used to identify the dominating control parameters governing the system behaviour in section II.2. Then, the experimental procedure for microcapsule production using the CME device is described and a parametric study over the identified control parameters is performed in section II.3. Section II.4 presents the methods and models that are necessary to quantitatively describe capsule shapes and sizes from the generated experimental data. Finally, in section II.5, a global model of the CME process is constructed, consisting in a correlation for droplet sizes and a threedimensional phase diagram for capsule shapes. A procedure is proposed for the selection of operating parameters for a given set of requirements on capsule size and shape. The limitations of this global model are discussed at the end of the chapter, introducing the need for a detailed model, which takes into account the physics of each of the stages, and which will be introduced in the next chapter.

• In chapter III, we give a complete description of all of the process stages and attempt a physical modelling of the transformations inside each stage, resulting in a sequential physical model of the process. First, the process is divided in five consequent stages in section III.1. In each
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stage, a qualitative description of the physical phenomena at play is given, together with a brief review of works that study those phenomena in other contexts. Then, in section III.2, a modelling of the relevant physical basis of each stage is proposed, validated by experimental data. Section III.3 summarises the results obtained with the above models and describes the construction of novel phase diagrams, based on relevant dimensionless parameters that represent the physics of different stages. Moreover, validation cells and microspheres encapsulation experiments are carried out, allowing to confirm the validity of the models for real-life encapsulation applications. The acquired understanding of the process helps point out some of its limitations at the end of the chapter, to which technical solutions will be sought in chapter V.

As well, the limitations of analytical modelling of the stages and of the hypotheses that were used are discussed, introducing the need for a finer numerical modelling to corroborate some of the strong hypotheses made in the construction of the sequential model. The numerical modelling will be the object of chapter IV.

• Chapter IV completes the previous modelling of the process by proposing a numerical study of the first three stages of the centrifugal microencapsulation process (capillary flow, ejection and fall through air), that are named together the centrifugal extrusion problem. This study aims at gaining a better understanding of the physical mechanisms that lead to the formation of certain types of capsule shapes and of secondary centrifugation products (fibres, filaments, satellites), and at corroborating the hypotheses made in the sequential model. In section IV.2, a rheological characterisation of the alginate solutions is realised, resulting in mathematical models of non-Newtonian fluid behaviour that will be used in the simulation. Subsequently, a numerical model of the the centrifugal extrusion problem is defined in section IV.4. The model is validated against experimental data and analytical predictions in section IV.5. Then, the model is used to simulate different ejection regimes and regimes where the formation of specific capsule shapes was observed experimentally in sections IV.6 and IV.7, respectively. The results are compared with experimental data and discussed, providing important complementary information to the previous modelling of the process.

• Chapter V focuses on technical improvements of the standard centrifugal encapsulation device, which were motivated and inspired by the previous physical modelling of the process stages. Section V.1 presents a technique for simultaneous capsule production and size-sorting based on the trajectories of the droplets in the centrifugal field. This improvement, which addresses the problem of satellite droplet production, gave rise to a patent. Section V.2 describes an adaptation of the soft landing technique for producing spherical and ellipsoidal capsules at high frequency from high viscosity alginates. Section V.3 presents an improvement of the device based on deflectors placed inside the gelation solution, meant for avoiding the formation of capsule aggregates on the bottom of the centrifuge tube. This improvement has been protected by a patent.

• This work ends with a chapter of conclusions and perspectives. In the previous chapter we laid out the different methods used in this thesis and described in detail the experimental CME device and the experimental procedure for capsule formation and data collection. In this chapter we will carry out an experimental parametric study of the centrifugal microencapsulation (CME) system in order to construct a global model of the process.

As mentioned in chapter I, despite the different optimisations that have been made to centrifugal encapsulation devices by various research teams over the past decade, the centrifugal encapsulation technique is still difficult to apply on the sole basis of the results of the literature, either to renovate old devices or, possibly, to design new ones, in order to achieve the desired shape and size (and other properties) of the capsules produced. In fact, a guide is necessary to be able to specify all the operating parameters of this technique, knowing that the four relevant parameters are the viscosity of the alginate used, the rotational velocity of the centrifuge, the diameter of the needle used to extrude the droplets and the distance between needle tip and gelation bath (collecting distance) [START_REF] Lora | Centrifugal Generation of Droplet-Based 3D Cell Cultures[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . For the classical and less complex technique of conventional dripping encapsulation, phase diagrams in terms of dimensionless control numbers have been formulated [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Wan | Calcium alginate hydrogel beads with high stiffness and extended dissolution behaviour[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF][START_REF] Shilpa | Getting in shape: Molten wax drop deformation and solidification at an immiscible liquid interface[END_REF] , but the equivalent for centrifugal encapsulation is missing. There are only partial studies in the literature: they include a maximum of 2 parameters at a time or they do not specify the exact values of some control parameters (like alginate viscosity or collecting distance). Thus, today, a trial-anderror process must be conducted for each new device, in order to find a functional configuration for a desired application, without guaranteeing optimality.

Thus, the objective of this chapter is to fill this gap and to facilitate the generalisation and adaptation of this technique to any application and any laboratory, by formulating a global process model that allows the prediction of capsule sizes and shapes based on the input parameters (figure II.1).

An important remark is that in the work presented in this chapter we choose to perform experiments where capsules with no cargo are produced. This is crucial to keep in mind, since the encapsulation of a certain cargo is the final application (plain alginate beads are not useful in most applications). However, the choice of this approach can be justified by the following two aspects:

• According to the literature, it is useful to split the study of encapsulation systems in two steps.

The first step in order to characterise and describe an encapsulation system is to understand the behaviour of the system when only plain beads are generated (for example [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] ). This first analysis on "empty" capsules is less complex to carry out and it serves as a baseline for the second step, which is the study of the system including the cargo. Once the behaviour of the system without cargo is well understood, it is more convenient to build on this foundation and investigate how the system behaviour changes when cargo is included.

• Validation experiments with encapsulation of cells and microspheres in alginate capsules will be performed in chapter III. The sizes and shapes of the obtained capsules will be compared with results from experiments using the same parameters, but without cargo encapsulation.

Global Process Model

Fluid properties

System geometry

Centrifuge operation

Ambient conditions

Prediction of capsule properties

In the following, we will first present more in detail the centrifugal microencapsulation device, including its components and its geometry (section II.1). Then, in order to construct a model for this system, we will use an approach that can be broken down into four successive steps:

1. The first step will be a dimensional analysis, in order to identify all the independent input parameters and then to select the dominant parameters that control the system (section II.2).

2. The second step will be to define an experimental procedure for the production of microcapsules. Then, using this procedure, to carry out a parametric study on the system parameters selected in step 1 (section II.3).

3. The parametric study will produce a considerable amount of data (microscope images of capsules) which needs to be analysed. The third step focuses on the quantitative characterisation of the capsules produced in the experiments, based on image analysis. For this, different criteria will be formulated, allowing to automatically calculate capsule volumes and to classify capsule shapes, based on the geometric data extracted from the images (section II.4).

4.

Finally, the analysed experimental data will be used to provide the final tool sought, namely the implementation of a global model which links the properties (shape and size) of the capsule produced to a minimal set of independent control parameters (section II.5).

II.1 The centrifugal microencapsulation device

The experimental device used in this work is an adaptation of the device presented in [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] . As opposed to the device in that reference, here we focus on using only standard and commercial components, for purposes of standardisation of the CME device.

An initial device was developed and used for proof-of-concept studies at the CEA before this thesis, and it is illustrated in figure II.2. In that device, the needle support was designed under the form of a cylinder, introduced inside the centrifuge tube. Two vertical slits were cut in the centrifuge tube and two lateral holes were drilled in the needle support. The axial fixation of the support was realised by two screws, which attach the support to the walls of the centrifuge tube, by tightening the couple hole-slit. Unfortunately, the recurrent tightening and loosening of the screws has been seen to wear the thread inside the plastic needle support after several experiments. At the beginning of this thesis, a new device was designed (figure II.3(a)), with the following major modification: the support of the ejection needle is designed under the form of a cap for the centrifuge tube2 , with a lower cylindrical part that is introduced inside the tube and an upper one that reposes on the edge of the tube (see drawings in figure II.4). Thus, the centring function is fulfilled by the lower cylinder that is introduced inside the centrifuge tube, whereas the axial fixation is fulfilled by the upper cylinder of diameter 31 mm, which reposes on the edge of the tube.

This design of the needle holder has the following advantages:

• The design of the needle support is simplified, since no transversal holes are needed. Thus, it can be manufactured in only one step on a lathe. Moreover, there is less risk of wear of this piece, meaning that it can be used for an increased number of experiments.

• The centrifuge tube is not modified, thus standard centrifuge tubes can be used directly.

• The mounting and removal of the needle support is much simpler. • The mechanical stability of the centrifuge tube is increased, because no slit is cut in the tube.

• The needle is always located at the same height in the tube, which is useful for the reproducibility of the experiments.

Thus, the new CME device, which will be used throughout this work, is composed of a 50ml FALCON centrifuge tube, a needle holder (own design and fabrication, drawings given in figure II.4) and a dispensing needle (Nordson EFD Optimum general purpose dispensing tips), which consists of a small reservoir and a stainless steel capillary. Needles with inner diameters of 100, 150, 200, 330 and 410 were used. The nominal length of the needle, which corresponds to the length of the steel capillary outside the plastic basis, was 12.7 mm for all needle sizes, except for the 100 needle, which has a length of 6.35 mm. Figure II.4 shows drawings of the needle holder used in our experiments, for both needle lengths 12.7mm (a) and 6.35mm (b). The hole in the holder for the 6.35 mm needles was chamfered at the bottom. The needle holders were manufactured using transparent polycarbonate.

The centrifuge tube is placed in a conventional laboratory centrifuge of type Eppendorf 5810 R (Germany) (figures II.3(b) and II.3(c)) equipped with a swing bucket rotor of type A-4-62. Figure II.3(a) also comprises some of the most important geometrical parameters of the device: y tip , h, D tube and the centrifugal force. The distance from the centrifuge rotation axis to the needle tip, denoted y tip , and the FALCON tube diameter, D tube are kept constant all along our experiments. The height of fall of the droplets h is therefore controlled solely by the quantity of gelation solution filling the centrifuge tube. In our experiments, y tip was measured to approximately 81 mm and the inner tube diameter of the FALCON centrifuge tube D tube to 27.8 mm at the tube entrance 3 .

The working principle of this device is the following: under the effect of the centrifugal force, the Na-alginate solution flows from the reservoir into the capillary and is ejected from the capillary tip under the form of droplets. These droplets fall through air in the centrifugal field and enter into II.2. DIMENSIONAL ANALYSIS -SELECTION OF SYSTEM CONTROL PARAMETERS 37 the gelation bath. Due to the presence of Ca ions in the gelation bath, the cross-linking reaction of the alginate chains with the Ca ions takes place. The droplet gelation takes place as it sinks in the solution (due to a slight density difference) and sediments on the bottom. The Ca-alginate capsules formed through the gelation of the droplets accumulate on the bottom of the centrifuge tube.

Thus, our device uses only standard commercial components, with the exception of the needle holder (not directly involved in the capsule formation process) which is easy to manufacture and reusable.

II.2 Dimensional analysis -selection of system control parameters

As mentioned in the introduction, the first step in defining a global model for the CME system is to perform a dimensional analysis. For the modelling of the CME process, it is useful to use dimensionless quantities, that ensure to vary independent parameters during the phase space exploration, and later facilitate the generalisation and the physical interpretation of the resulting models. In this chapter, the dimensional analysis will also allow to identify the dominant control parameters of the CME system. A classical nondimensionalisation procedure will be used [START_REF] Yunus | Fluid mechanics: fundamentals and applications[END_REF] :

1. Listing of all the n (dimensional) parameters of the system. 2. Listing of the primary dimensions (L, T, M, etc.) of the parameters. Let j be the number of distinct primary dimensions.

3. Computing of the number of resulting independent dimensionless groups k = n -j, according to the Buckingham Pi theorem.

4. Choice of j repeating parameters among the n parameters identified at step 1. These will be used to construct the dimensionless groups.

5. Generating of the dimensionless groups Π i (with i from 1 to k) by forcing the product of each of the remaining k parameters from step 1 with a combination of the j repeating parameters to be dimensionless. If necessary, manipulation of the Π's in order to retrieve established dimensionless groups.

In the following, we apply this procedure to the CME system described in section II.1.

II.2.1 Listing of system parameters

In figure II.5 we give a list of the parameters describing the CME system, grouped in two categories:

1. External parameters (right part of figure II.5), which are controllable by the user (system design, choice of materials, centrifuge operation) or defined by the system environment. 
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seeking to model in detail the physics of each of the intermediate process stages. Therefore, we will focus on the external parameters, which can be considered as inputs of the global model. We consider the ambient temperature4 constant, since it is not expected to have a direct impact on the process. Indirectly, the temperature can influence the properties of the different fluids, but this can be expressed directly by taking these fluid properties (viscosity, density) as input parameters.

Without taking into account the temperature, we note that our system contains three primary dimensions (L, T and M). In the following, we will follow the Vaschy-Buckingham procedure for defining the dimensionless parameters (Π's) of the system.

II.2.2 Generation of dimensionless parameters

Since our system contains j = 3 primary dimensions, we choose three repeating parameters that contain together all three primary dimensions:

ρ alg , ω , D cap (II.1)
These parameters will be used in the following to nondimensionalise the remaining system parameters. In many cases, several additional manipulations will be performed in order to obtain established dimensionless groups. Calculation details will not be mentioned here, but they can be found in chapter 7 in [START_REF] Yunus | Fluid mechanics: fundamentals and applications[END_REF] .

Alginate properties

For the viscosity of the alginate, we seek to build an established dimensionless group, the Ohnesorge number, comparing viscous and surface tension forces:

Π 1 = η alg γ alg ρ alg D cap (II.2)
For the surface tension we will also make some modifications to the raw dimensionless Π in order to let a Weber-like dimensionless number appear, where ωD cap has the dimension of a velocity (L/T):

Π 2 = ρ alg ω 2 D 3 cap γ alg (II.3)
The concentration (w/v) of the alginate solution has the same unit as a density, but their ratio would be difficult to interpret in physical terms. Therefore we choose to make it dimensionless using a constant, namely the reference density of alginate solutions c alg,0 = 10 g/l, which is the value commonly used by manufacturers to indicate alginate solution properties:

Π 3 = c alg c alg,0 (II.4)
Elongational viscosity and further rheological properties will not be regarded in detailed in this study, since the purpose is to build a global model with a low level of detail.

The molecular weight and the M/G-ratio (ratio between M-blocks and G-blocks) of the alginate were constant in this work, since only a single type of alginate (SLG100) was used throughout this 40
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thesis. Furthermore, they are not expected to directly influence the capsule formation process, but rather indirectly, via a modification of other properties of the alginate solution, which are already described by the previously defined Π's.

Gelation bath

The density of the gelation bath forms a density ratio when divided by ρ alg :

Π 4 = ρ bath ρ alg (II.5)
The same procedure can be used for the viscosity and surface tension:

Π 5 = η bath η alg (II.6) Π 6 = γ bath γ alg (II.7) (II.8)
Finally, like in the case of alginate, the calcium concentration of the gelation solution will be made dimensionless using a reference concentration rather than the density. Here, the reference concentration is taken from common practice in microencapsulation c CaCl2,0 = 11, 1 g/l (corresponding to 100mM) [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] :

Π 7 = c CaCl2 c CaCl2,0 (II.9)

Capillary geometry

All the relevant dimensions of the capillary and reservoir can be made dimensionless using D cap : 

Π 8 = D out D cap (II.

Operating conditions

The air properties can be made dimensionless as follows:

Π 18 = ρ air ρ alg (II.20) Π 19 = η air η alg (II.21)
The Earth gravity can be compared with a centrifugal acceleration:

Π 20 = g E ω 2 y tip (II.22)
The initial alginate volume can be compared to the volume of the reservoir:

Π 21 = V 0 πD 2 res h res /4 (II.23)
Finally, the centrifugation and hardening times can be compared to the rotation period:

Π 22 = ωt exp (II.24) Π 23 = ωt hardening (II.25)

Capsule properties

The dimensionless size of the capsules can be expressed using a diameter ratio:

Π 24 = D caps D cap (II.26)
We will see later that more details are needed in order to specify the value of the capsule diameter D caps , since capsules are not perfectly spherical.
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The shape of the capsules is more complex to quantify and a more detailed discussion will be made in section II.4 on this topic. For the moment, we can symbolically use the aspect ratio, which is already a dimensionless quantity and can be defined as the ratio between the maximal and the minimal capsule diameter:

π 25 = D max D min (II.27)
The number of capsules produced is not the main focus in this study, since we are interested primarily in the properties of the obtained capsules (size and shape).

II.2.3 Discussion and selection of control parameters

Certain parameters of those listed above may not control capsule sizes and shapes, and thus can be excluded from the present study. Here we propose a more detailed discussion on each of the constructed Π's, using basic understanding of the system and/or studies from the literature, in order to reduce the number of parameters for the construction of the global system model.

• The alginate Ohnesorge number Π 1 captures the effect of alginate viscosity and surface tension.

As we will see in section II.3.1, viscosity varies significantly with the alginate concentration, therefore this number is expected a priori to be an important control parameter of the system.

• The number Π 2 , compares inertial effects of the droplet to the surface tension. A priori, this number is important and will be kept.

• The concentration of the alginate solution made dimensionless in Π 3 is expected to influence both its viscosity [START_REF] Evageliou | Shear and extensional rheology of selected polysaccharides[END_REF] and its gelling kinetics [START_REF] Sindre | Gelling kinetics and in situ mineralization of alginate hydrogels: A correlative spatiotemporal characterization toolbox[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] . It is thus an important quantity and will be a priori kept for the global model.

• The gelation bath is usually an aqueous solution with properties very close to that of water. As we will see later, the density of alginate solutions also varies only weakly with their concentration and remains very close to that of water. Therefore, Π 4 is not expected to vary significantly in practical cases and will not be further considered in this study.

• The viscosity of the gelation solution modifies significantly the shapes of the obtained capsules. However, in practical situations, aqueous solutions are used for the gelation bath, with a viscosity very close to that of water. Furthermore, as mentioned before, in the work performed in this thesis we do not use surfactants inside the gelation solution, since they can have an inhibitory effect on the encapsulated cells [START_REF] Yang | Tween-80 and impurity induce anaphylactoid reaction in zebrafish[END_REF] . Thus, the surface tension of the gelation solution is also not expected to vary significantly. Under these considerations, Π 5 and Π 6 can be kept out of this study.

• Calcium concentration in the gelation solution is important for defining the cross-linking speed of alginate [START_REF] Sindre | Gelling kinetics and in situ mineralization of alginate hydrogels: A correlative spatiotemporal characterization toolbox[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] . Therefore, Π 7 is an important control parameter of the system and will be kept for further investigation.

• Since we use standard ejection needles, the outer diameter of the capillary is not an independent dimension, but it is dependent on the inner capillary diameter. Since it is expected to play a less important role than the inner capillary diameter (which governs both the capillary flow and the ejection), the number Π 8 will not be kept for further investigation.
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• The length of the ejection needle is important in the capillary flow [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] , but is not expected to influence droplet properties once the droplet has been ejected, if y tip remains constant. Therefore, Π 9 is important in describing the capillary flow and the ejection regime, but it is not expected to influence droplet sizes or shapes. Under the assumption of a drop-by-drop ejection regime, Π 9 is therefore not relevant for the construction of a global model for sizes and shapes of the capsules.

• Reservoir dimensions are kept constant throughout all our experiments and are not expected to influence the flow inside the capillary, due to the much larger diameter of the reservoir compared to the capillary diameters. Therefore, Π 10 and Π 11 can be kept out of this study.

• The x and z positions of the capillary are not expected to have a direct influence on the magnitude of forces acting on the fluid, since they are transversal to the system radius.

Although the trajectory of the droplet might be modified, this effect will not be analysed here, where we focus on the size and shape of the capsules. Therefore, under the assumption that droplets do not impact the tube wall during flight, Π 12 and Π 14 will not be further considered in this study. However, y tip directly modifies the centrifugal acceleration and thus the balance of forces inside the system. Therefore, Π 13 will be kept for the construction of the global model.

• Π 15 contains the height of fall of the droplet in an accelerated motion (in centrifugal field), thus it will have a direct effect on the velocity of the droplet at impact and on its transit time in air. Therefore, it will be kept for the global model.

• The depth of the gelation solution is not an independent parameter when using standard centrifuge tubes, but it is directly defined by the difference between the (fixed) tube height and h. Furthermore, under the assumption that droplets are sufficiently cross-linked during the sedimentation phase before reaching the tube bottom so that they do not coalesce or form agglomerates, the depth of the gelation solution is a priori not expected to influence the formation of capsules. Therefore, Π 16 will not be kept for the construction of the global model.

• Unless the droplet impacts the tube walls, tube dimensions are not relevant for the transformations that occur on the alginate droplet. Therefore, with the assumption that droplets do not impact the walls of the centrifuge tube, Π 17 will not be further considered in this study.

• It should be noted that in all the geometric parameters of the system (from Π 8 to Π 17 ), under the assumptions mentioned above, there remain two degrees of freedom: D cap and h. Therefore, at least two of these geometric parameters must be kept to represent the system geometry, which justifies the selection of Π 13 and Π 15 .

• Air density and viscosity are much lower than those of the alginate solution. Hence the two-phase problem is in an asymptotic regime where the system is not sensitive to small variations in the the air properties. As a consequence, Π 18 and Π 19 will not be kept for the further investigation.

• Earth gravity is typically a few hundreds to a few thousands times smaller than the centrifugal acceleration in CME systems [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] . Therefore, Π 20 can be neglected and will not be further considered in this study.

• The initial alginate volume in the reservoir may influence the capillary flow in the ejection needle and thus Π 21 will be kept for further investigation.

• The experiment time influences the number of capsules that will be produced, but it is not expected to play an important role if most of the production is done in a quasi-steady regime of the process, where all successive capsules are formed in the same manner, under the same conditions. With the latter assumption, Π 22 can be kept out of this study.

• The hardening time is expected to influence capsule sizes, and possibly, to a lesser extent, their shapes, as long as the hardening is not complete [START_REF] Smrdel | The influence of selected parameters on the size and shape of alginate beads prepared by ionotropic gelation[END_REF] . However, in practice, the goal is to obtained fully hardened alginate microbeads, which are stable mechanically and can fulfil their function in the application. Therefore, we choose to use a constant hardening time, sufficient to produce stable capsules. For this reason, we will not take Π 23 into account in the global model.

After this first reduction of the system input parameters, we are still left with seven parameters to define the global model (Π 1 , Π 2 , Π 3 , Π 7 , Π 13 , Π 15 and Π 21 ). Since we wish to explore experimentally the parameter space via a parametric study, a space with 7 input parameters would require a too large number of experiments. Therefore, in order to keep the number of parameters reasonable for experimental exploration and at the same time focus on the dominant and most important parameters, the following additional assumptions will be made:

• The concentration of calcium in the gelation solution will be kept constant at the standard value of 100mM (c CaCl2,0 = 11, 1 g/l). Therefore, Π 7 will be kept constant in this study.

• Since the concentration and viscosity of the alginate solution are dependent and cannot be discriminated when using the same type of alginate, we will no further consider the variation of Π 3 in this study, the variation of viscosity being encoded in Π 1 .

• The initial volume of alginate in the reservoir will be kept constant throughout the experiments V 0 ≈ 20µl, since it is expected to have a lesser influence on the capsule properties than other parameters such as the nozzle diameter, the alginate viscosity, the centrifuge rotating velocity or the collecting distance. Therefore, we can exclude also the parameter Π 21 from this study.

Table II.1 summarises the dimensionless parameters of the systems and the assumptions that were made to reduce the number of variable input parameters (which we will call control parameters). The significant number of assumptions that had to be made illustrate the non-trivial character of the CME system. The remaining four control parameters are representative of the four dominant degrees of freedom of the CME process, that had been mentioned before in [START_REF] Lora | Centrifugal Generation of Droplet-Based 3D Cell Cultures[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] : the alginate viscosity η alg , the inner diameter of the ejection needle D cap , the centrifuge rotating speed ω and the quantity of gelation solution in the centrifuge tube, which controls the collecting distance h. The parametric study of the CME system will be defined by the variation of these four parameters.

The drawback of the systematic procedure followed in this section is that the obtained dimensionless groups are difficult to interpret from a physical point of view. Therefore, before constructing the global model, in section II.5, we will rewrite these parameters in order to obtain expressions that facilitate a straightforward physical interpretation.
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Table II.1 -Summary of the dimensionless system parameters of the CME technique, with the decision that was taken whether to be used or not in the global model, and with the assumption needed to neglect that parameter. The assumptions marked with bold are the ones which we consider less robust. 

II.3 Experimental parametric study of the CME system

The next step in our approach to construct a global model will be to define an experimental method that will allow us to produce microcapsules with the CME system, based on pre-defined values of the four input parameters: alginate viscosity, centrifuge rotating speed, collecting distance and nozzle diameter. Then, we will perform an experimental parametric study to investigate the centrifugal microcapsule production when these four parameters are varied.

In order to achieve this, we will first characterise the fluids used in the experiments (alginate solution, gelation solution), then describe in detail the procedure followed in the capsule production experiments. In the end, we give the design of experiments for the parametric study of the CME system.

II.3.1 Characterisation of the working fluids

Several mechanical properties of the working fluids are expected to play an important role in the CME process, e.g. (i) the viscosity describes the flow behaviour of the alginate solution and determines, among others, its flow rate, which is directly related to the productivity of the global process; (ii) the density of the alginate solution will play a role, since the system involves, among others, the fall and sedimentation of droplets; (iii) the surface tension of the alginate solution will govern, among others, the formation of droplets; the surface tension of the gelation bath will be important at the impact of alginate droplets on its surface.

Hence, it is crucial to characterise the mechanical properties of the fluids used in the experiments in order to build a predictive model. As well, for the reproducibility of the experiments, it is important to give the details of the preparation of both solutions. The preparation of the solutions and the measurement of their physical properties will be described in the following subsections.

II.3.1.1 Solutions preparation

The alginate solution used in the experiments is prepared from a highly purified sodium alginate basis, PRONOVA SLG100 (Novamatrix, Norway), commonly used in bio-encapsulation applications [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] . SLG100 choice was motivated by the fact that alginates with a high content of G have shown to form stable gels with good permeability when compared to alginate microcapsules of high-M material [START_REF] Martinsen | Alginate as immobilization material: I. Correlation between chemical and physical properties of alginate gel beads[END_REF] . Additionally, antibodies to high-M material have been identified in transplanted mice. Consequently, G/M ratio defined as the ratio of G-Blocks/M-blocks is an important parameter to address to produce stable and biocompatible capsules.

The lyophilised alginate powder is diluted with an alginate buffer solution, containing microfiltered water, 150mM N aCl and 25mM HEPES5 , to produce sodium alginate solutions of different concentrations. In practice, usually first a solution of 40 g/l is prepared and stirred over 24h. After this, solutions of different concentrations are obtained by combining the 40 g/L solution with alginate buffer in different proportions.

Not all Na-alginate batches are exactly the same in composition (cf. data sheet sent with each batch), so they can slightly differ in properties (e.g. rheological, mechanical). Several batches of PRONOVA SLG100 Na-alginate powder were used in this work, which will be called Alg. A, B, and C:

• Alg. C was used for the parametric study for the construction of the global model (this chapter).

• Alg. A was used for several complementary experiments, validating the physical models of the CME process stages (chapter III), e.g. the flow rate measurement experiments. Alg. A was also used for the validation of the different technical improvements of the CME device (chapter V).

• Alg. B was used for a detailed rheological characterisation and for the validation of the numerical simulations of centrifugal alginate extrusion (chapter IV).

In the present study for the construction of a global CME process model, eight solutions with different concentrations were prepared from Na-alginate from batch C. In the rest of this chapter, only these solutions will be discussed. The gelation bath is prepared using microfiltered water, 80mM NaCl, 100mM CaCl 2 and 25mM HEPES buffer [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] . The N aCl and CaCl 2 powder were purchased from Sigma-Aldrich (USA) and the HEPES was purchased from Fisher scientific (France). The CaCl 2 concentration in the gelation solution is 100 mM, as it is typically used for Ca-alginate bead formation [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . Unless otherwise specified, the Ca concentration in the gelation bath was kept constant in all our experiments. As opposed to common practice in general encapsulation procedures [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] , no surfactant was added to the gelation solution in our experiments. This choice was motivated by the fact that surfactants may have an inhibitory effect on the encapsulated cells or biomaterials in biomedical encapsulation applications [START_REF] Yang | Tween-80 and impurity induce anaphylactoid reaction in zebrafish[END_REF] .

When cell encapsulation experiments are performed, the precursor solutions (alginate buffer, gelation solution) are first sterilised by filtering through a 0.22 µm filter. The solutions are then prepared under protected atmosphere.

II.3.1.2 Viscosity of the solutions

As we will see, alginate solutions do not have a simple (Newtonian) rheological behaviour, thus the measurement of their viscosity variation with the shear rate will be important for the understanding of the phenomena studied in this thesis.

The shear viscosity of the sodium alginate solutions at various shear rates were measured using a KINEXUS pro+ cone and plate rheometer (Malvern Instruments Limited, UK). Measurement curves are reported in figure II.6. The alginate solutions show a typical shear-thinning behaviour, featuring a Newtonian plateau at low shear rate, where the viscosity is nearly constant7 , and a shear-thinning region. The zero-shear viscosities for each alginate concentration are reported in table II.2.

Since in this study we are interested in building a global model for the CME process, without modelling in detail the physical mechanisms underlying the formation of capsules, only the value of the zero-shear viscosity η 0 of each alginate solution will be used to represent the influence the viscosity on the process. The surface tension is expected to be one of the most important forces in our system, since we are in the presence of several phases separated by interfaces (droplet, air, gelation bath).

The surface tension of the gelation bath was measured using the pendant drop method [START_REF] Gmbh | Technical Note Pendant Drop Measurements Method: Drop Shape Analyzer-DSA100 Drop Shape Analyzer-DSA30[END_REF] and found to be 71.91 mN/m, differing very little from the surface tension of water in air. This method seems appropriate for the determination of the surface tension in the droplet formation by detachment from the needle in the centrifugation device, that is quasistatic. The surface tensions γ alg of four of the eight alginate solutions prepared using alginate C were measured with the same method (cf. table II.2).

However, some authors suggest that a static measurement of surface tension may not be fully representative of the behaviour during droplet formation and impact on the gelation bath [START_REF] Davarci | The influence of solution viscosities and surface tension on calcium-alginate microbead formation using dripping technique[END_REF] . This may be motivated by the fact that the droplet does not reach full relaxation during these stages of the process, especially in the case of very viscous droplets. By contrast, full relaxation is an important assumption of the pendant drop measurement method of surface tension.

Therefore, having no better information, in this study we will make the simplifying assumption that the surface tension of all the alginate solutions remains constant and approximately equal to that of water: γ alg ≈ 72 mN/m.

II.3.1.4 Density of the solutions

The density of the alginate solution is also expected to influence the formation of droplets, since the centrifugal force detaching the droplets is proportional to the density. The density difference between alginate droplets and the gelation bath will drive their speed of sedimentation.

Measurements from the literature show that the alginate solutions have a density ρ alg slightly higher than that of water (density difference of the order of 10-20 kg/m 3 [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] ), with little variation over the range of alginate concentrations used here. The density of the alginate buffer was measured using a pipette and a precision balance. Since the extraction of a precise amount of highly viscous liquid in small quantities is rather difficult with a pipette, the density of the alginate solutions was measured only for one concentration (21 g/L). The density values of the other alginate solutions were calculated based on a simple mixture law, linear in volume (cf. table II.2).

The density of the gelation bath is expected to be slightly higher than that of water, due to the small concentrations of N aCl and CaCl 2 salts in the solution [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF] . However, as motivated in section II.2.3, the exact value is not of interest in the present study and we will consider for simplicity rho bath ≈ 997 kg/m 3 . 

II.3.2 Experimental method for capsules production

With the measurement of the physical properties of the fluids in the CME system, all the relevant input parameters have been quantified. Now we can describe in detail the procedure to produce capsules using the CME system, based on a given set of input parameters.

The centrifuge tube is filled with gelation solution up to a defined level, according to the desired fall height 9 of the droplets h. The needle reservoir is filled with Na-alginate solution. Around 20 µl were used for each needle in our experiments. Then, the needle is introduced in the needle holder. The needle holder is then fixed at the top of the FALCON centrifuge tube, and the tube is placed in the centrifuge. The centrifuge is balanced, the desired rotation speed and centrifugation time are selected and the centrifugation is started.

The centrifugation time should be chosen preferably large enough so that all the Na-alginate solution is evacuated from the reservoir and ejected from the needle. Otherwise, there is a danger of ejecting some unwanted droplets during the transient deceleration phase of the centrifuge, when the rotation speed (and thus the centrifugal force) is lower than the nominal one. These droplets will then have a size significantly higher than that of the majority of the droplets ejected during the centrifugation at nominal rotating velocity, thus affecting the size monodispersity of the formed capsules. The centrifugation time for 20 µl of alginate solution, in order to obtain a sufficient amount of capsules for analysis, can range from a few minutes for high rotation velocities, high needle diameters and low alginate viscosities, to about 20-25 minutes for low rotation velocities, low needle diameters and high alginate viscosities.

Finally, the value of the temperature to be maintained constant inside the centrifuge during the centrifugation process was selected to be 20 • C in all our experiments.

Once the centrifugation is over, the tube is collected and the needle holder is taken out. The tubes are left for at least 5 to 10 minutes in order to let all remaining capsules settle on the bottom of the tube and to give enough time for the hardening of the capsules [START_REF] Smrdel | The influence of selected parameters on the size and shape of alginate beads prepared by ionotropic gelation[END_REF] . It should be kept in mind that the typical capsule diameter produced in our experiments is of the order of a few hundreds of µm, compared to diameters of a few mm as in gravitational dripping. Because of the smaller size, the necessary time for the diffusion of Ca ions inside the alginate capsule and thus for the hardening of the gel is expected to be much shorter, since the diffusion time varies quadratically with the diameter.

After the centrifugation, the Ca-alginate capsules are located at the bottom of the tube, due to their density which is slightly higher than that of the aqueous gelation solution. The supernatant from the FALCON centrifuge tube is extracted with a pipette, leaving around 10ml of solution on the bottom of the tube. The remaining liquid is first stirred, either by repeated blowing with a pipette or by gently shaking or rotating the tube, in order to put the alginate capsules in suspension in the liquid. This solution is then poured into a Petri dish. Typically, Petri dishes with a diameter of 6 cm were used. The level of liquid in the Petri dish is of around 3 to 5 mm, which is around 10 times the typical size of the capsules. By waiting a few seconds, we ensure that the capsules are located on the bottom of the dish and covered by a sufficiently deep layer of liquid, avoiding any free surface effects. The Petri dish is then covered with its transparent lid and placed under microscope for observation.

The obtained capsules will be characterised by microscopic imaging, according to the methods that will be described in section II.4.

II.3.3 Design of experiments

In the previous section, we have described the procedure to produce capsules with the CME system for a given operating point (i.e. combination of the four control parameters η alg , D cap , ω and h). Here we introduce the experimental plan that allows to define the operating points to be explored in the parametric study.

A total of about 200 operating points were considered. Out of these, a first series of 108 experiments was performed, where the parameter space was explored systematically, taking several values of each of the parameters. The goal here was to cover the ranges of possible values of each of the parameters as largely and as uniformly as possible. A set of values was chosen for each of the four parameters:

• η alg ∈ {0.175, 1.791, 7.337, 18.556} P a.s (logarithmic scale, accounting for the exponential variation of viscosity with the alginate concentration);

• D cap ∈ {0.1, 0.2, 0.41} mm;

• ω ∈ {1221, 1931, 2442} RP M (obtaining a linear scale in the centrifugal acceleration ωy 2 tip );

• h ∈ {5, 10, 15} mm.

The 108 operating points are obtained by the Cartesian product of these four sets. The remaining 92 experiments were performed after a first analysis of the results from the first experimental series. Additional points were placed in the parameter space where more detail was needed to separate between regions, where different types of capsules were produced.

The first 108 of these experiments were performed in triplicate. Good statistical agreement was found between the 3 samples of this experiments series, showing a good reproducibility of the process. The remaining 92 experiments were performed in unicate (more details are given in the appendix A.1).

The global variation ranges of the four control parameters are given in table II.3. All the raw data from these experiments has been made available to the community in [START_REF] Badalan | Effect of Process Parameters on the Shape and Size of Calcium-alginate Microcapsules Generated with the Centrifugal Encapsulation Technique -Main[END_REF][START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] . The procedure to characterise the obtained capsules in each operating point will be detailed in the following section, leading to a method of quantification of the capsule properties. Defining a mathematical model linking the input parameters of the system to the obtained capsule properties is the final goal of the parametric study performed here.

II.4 Capsule characterisation procedure

The experimental parametric study of the CME system allowed to produce Calcium-alginate microcapsules with different combinations of control parameters. In order to be able to link the control parameters to the properties of the obtained capsules, a necessary step is to quantify these properties. This is not a straightforward process, and the difficulties that arise from it can be illustrated by the following questions. This section is dedicated to answering these difficulties and defining an automated method for the quantification of capsule sizes and shapes.

• How to measure the different geometric properties of sub-millimetre sized gels? In this work, we will use a microscope and a connected camera to visualise the capsules and capture 2D images of the capsules produced in each experiment (section II.4.1).

• Once visualisation of the capsules is possible, how to describe the shapes of the capsules? How to define different shape categories? A first look at the various possible shapes of the capsules will show that these can be quite complex (section II.4.2). Previous works with the gravitational dripping did not exhibit so many different shape types as obtained here with the CME technique [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , therefore the classification introduced there is not directly applicable to our system. In this work we will introduce only a few broad shape families, based on how the morphology of the capsules defines their fitness for applications. The distinctions between these families will be defined by discontinuous features (section II.4.3).

• Once shape categories have been defined, is a subjective classification of the capsules by visual analysis of the images sufficiently accurate and efficient? In this work we choose to perform an automated classification of capsules, based on their geometrical properties. Given the vast number of capsules to analyse, these geometrical properties will not be extracted manually from the images, but by an automated image analysis pipeline (section II.4.4). Then, different criteria and an algorithm will be defined to automatically classify capsules into the defined shape families. based on the measured values of their geometric properties (section II.4.5).

The following subsections will address these points in detail.

II.4.1 Acquisition of microscope images for capsule characterisation

The first step to measure the properties of the capsules produced in the parametric study is to visualise them and capture images of the capsules under the microscope. These images will represent the raw data for the capsules characterisation.

The images for the analysis of capsule sizes and shapes are collected using a digital camera connected to an inverted microscope (Olympus IX50, Japan)10 , using lens with a magnification varying from 2.5x to 10x, chosen conveniently depending on the size of the beads. The focus of the lens is adjusted in order to capture clearly the contour of the capsules. Then, the image of the bottom plane of the Petri dish is swept manually using the microscope, in order to take photos of the capsules in the Petri dish, using the digital camera connected to the microscope. Around 15-20 photos are taken for each Petri dish with a low-zoom lens (typically 2.5x), and 5-10 complementary photos are taken with a higher zoom (typically 4x). The number of capsules captured in an image can vary from 5 to 50, depending on the size of the capsules and the lens chosen. The 2D images taken represent the raw data of our experiments.

A previous calibration of the digital camera and microscope has been performed, using standard microscope calibration slides. For each lens used, a conversion factor has been obtained, allowing to convert the length from pixels to mm.

In this thesis, in addition to the standard capsule formation experiments, in order to investigate the three-dimensional shape of the capsules, we perform complementary analyses, where single capsules, located inside the Petri dish with gelation solution, are turned manually using a needle and photos were taken from various sides. This analysis is important in order to avoid misinterpretations that can occur on the third dimension of objects when analysing them only from 2D images.

Once capsules can be visualised, defining different classes of capsule shapes is not trivial. In the following section, we will first look at the possible shapes and features that can be obtained, before choosing a strategy to define shape categories. (g) Tear-shaped capsules with filament.

(h) Ellipsoidal capsules with filament.

(i) Fibre. 

II.4.2 Examples of obtained capsules

Before attempting a classification of the capsule shapes, let us first give an overview of possible capsule shapes that were obtained in the parametric study.

Different examples of capsule shapes are given in figure II.7. In figure II.7(a) we observe spherical capsules, with a smooth surface. This is the simplest capsule shape and at the same time one that is often desired in applications [START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF] . Moreover, we notice the monodispersity of the capsule shapes and sizes, which is also an important characteristic in applications. In figure II.7(b) we observe ellipsoidal capsules, which are also called "egg-shaped" capsules in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . Just as the spherical capsules, they present a smooth surface and are monodisperse in shapes and sizes. The difference is the slight elongation in one of the axes of the capsules, resulting in shapes which can be described as prolate ellipsoids.

In figure II.7(c) we notice tear-shaped capsules (according to the nomenclature from [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] ). These
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capsules feature an elongated shape, with one rounded end and one pointed end, which will be called "protuberance" or "tip" in this thesis [START_REF] Ashgriz | Atomization Hand Book[END_REF] At the tip we notice a remnant of a filament, represented by a thin, flexible stump. Besides this protuberance, these tear-shaped capsules present a smooth surface. They also feature shape and size monodispersity, meaning that all capsules produced in the same experiment look remarkably similar.

Figure II.7(d) shows capsules resembling the shape of a pear. The name "pear-shaped" capsules exists in the literature [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . At the first look, the presence of a protuberance makes them similar to the previously discussed tear-shaped capsules. However, several differences can be noticed: the protuberance does not have neither a pointed tip, nor a flexible stump that may indicate the remnant of a filament that was attached to the capsule. On the contrary, the protuberance on most capsules seems rounded and has the aspect of a bump. At the basis of the protuberance, we notice some tiny wrinkles on the capsule surface, in the shape of rings. Finally, the shapes of the capsules are not all similar, as one can notice more rounded or more pointed protuberances, as well as some capsules without protuberance.

Figure II.7(e) shows an example of capsules which have an irregular shape 12 Remembering that capsules are actually 3D objects, in this case it is difficult to guess the aspect of the capsules in the third dimension. Moreover, besides the apparent protuberances (the two corners), the surface of the capsules is not smooth, but presents visible wrinkles. However, the different capsules observed are similar in shape. These capsules are probably deformed from their original shape during the process of production. Finally, a few satellite capsules (capsules much smaller in size than the main capsules observed) are visible in the image.

In figure II.7(f) we notice capsules that are highly deformed. The surface is very wrinkled and irregular, although an ellipsoidal body of the capsules is still recognisable. The capsule shapes are polydisperse.

Figure II.7(g) shows capsules that present an attached long filament. The body of the capsule seems close to the tear-shaped or pear-shaped capsules seen previously. Although each of the capsules in the image has an attached filament, the length of these filaments is very variable. No similar shapes are described in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . The capsules seem to have a roughly similar size and shape. One satellite capsule is also noticeable in the image.

In figure II.7(h) we observe again capsules with an attached gelled filament. However, this time the shape of the capsule body is ellipsoidal, and the sizes of the capsules are clearly polydisperse.

Finally, in figure II.7(i) we notice a long gelled fibre, with a roughly constant thickness. The fibre seems relatively entangled and presents many elbow-like changes of direction.

These images give a non-exhaustive overview of different possible capsule shapes and features that can be obtained. Various other deformed shapes or combinations of the shapes and features presented above were noticed in the different operating points of the parametric study. In the following section we will address the question of how to group these different types of capsules into distinct and practical shape categories. 

II.4.3 Qualitative classification of capsule shapes

As illustrated by the examples in the previous section, establishing a classification of capsule shapes is not trivial. Also, there is probably no unique correct way of defining these classes.

One naive approach, for example, might be to define a separate class for each combination of capsule shapes and features that was encountered in the experiments. Considering, for instance, only the examples presented in the previous section, we would obtain the following classes: spherical capsules, (monodisperse) ellipsoidal capsules without filament, (polydisperse) ellipsoidal capsules with filament, tear-shaped capsules without filament, pear-shaped capsules, pear-shaped (or tearshaped) capsules with filament, hat-shaped capsules, fibres, wrinkled (damaged) ellipsoidal capsules, etc. This approach is not convenient, because it creates a large number of classes and it does not take advantage of the similarities between these classes. For example, the filament present on ellipsoidal capsules or on tear-shaped capsules may be the result of a similar physical mechanism during capsule formation. As well, we can ask: is there really a significant morphological difference between spherical and ellipsoidal capsules? In reality there is no morphological feature present in one class that is not present in the other class. The transition between spherical and ellipsoidal is actually a continuous transition, and the distinction is based only on a subjective visual threshold [START_REF] Atkins | complex viscosity[END_REF] .

In this section we propose a classification of capsules in wider "shape families" based on the following two principles:

1. The shape families should reflect how the morphology determines the fitness of these capsules for applications, for instance in the biomedical field. In this way, shape families are of practical use for experimenters.

2. The transition between two different families should not be a continuous variation of a parameter, on which one can define (subjectively) a threshold. It should rather be a discontinuous morphological feature that is present in one family and absent in the other.

We note also that the physical mechanisms leading to the formation of the different capsule shapes are not considered in this classification 14 . The definition of the different shape families is based only on the morphology of the observed capsules and potentially on how their morphology determines their fitness for the applications. In the following, we will describe each shape family in detail.

II.4.3.1 Fibres and capsules with filament

A first logical separation can be made between regimes where fibres are produced and regimes where individual capsules are produced. Fibres are long chains of gelled alginate (examples in figures II.8(a), II.8(b), II.8(c) and II.8(d)). They are morphologically very different from capsules in that they represent a continuous structure. In view of the applications, fibres will have very different properties and applicability than individual capsules. In specific cases the production of fibres can be desired for applications [START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF][START_REF] Nishimura | Formation of branched and chained alginate microfibers using theta-glass capillaries[END_REF] .

Often, along with the fibres, the presence of some capsules was also noticed in the gelation solution. However, most of the volume of gelled alginate observed in the gelation solution is found in the fibres, not in the co-produced capsules.

In the regimes of fibre production, for low values of the fall height h, a long continuous fibre is observed in the gelation solution. For higher values of the fall height, the fibre is broken in fragments (as in figure II.8(d)). A very high number of fragments, polydisperse in size, are observed, which are probably the result of the fragmentation of the fibre before gelation due to the Plateau-Rayleigh instability. The fibre is most likely the result of a jetting ejection regime of the Na-alginate solution, whereas individual capsules are formed when the ejection takes place in a dripping regime [START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF] .

After separating the fibres from the rest of possible centrifugal production regimes, we can further discriminate among the individual capsules based on the presence of an attached filament. We thus define the shape family of capsules with filament, i.e. which present a thin cord attached, regardless of the shape of the capsule body (examples in figures II.8(e), II.8(f) and II.8(g)). The difference between this family and the family of fibres is that they do not represent a continuous structure.

From a practical point of view, the presence of the filament changes the fitness of the capsule for certain applications. For example in implant applications, the thin filament may trigger an immune reaction or cause a protrusion of encapsulated cells that may be found in the filament region. This again justifies the definition of a separate shape family for capsules with filament. 

II.4.3.2 Deformed capsules

We have separated all regimes where either continuous structures (fibres) or capsules with attached filament are produced. We are left with all the cases where individual capsules are produced without filaments. These remaining cases still present high morphological differences between them, so that further separation is necessary.

One distinctive feature in the capsules is the observable surface damage, bursting and breaking of the capsules. We can use this feature to define a shape family, namely the "deformed" capsules. This group comprises all the capsules that present surface damage (often under the form of wrinkles like in figure II.9(a)), irregular shape deformations (like in figure II.9()) or are totally burst during production (like in figure II.9(b)), regardless if their presumed original shape is ellipsoidal, tearshaped or another. These morphological features define a discontinuous transition from all other capsule shapes: the presence of wrinkles, surface damage or bursting is clearly recognisable. If none of these features is observed (i.e. if capsules have a smooth and intact surface), these capsules do not belong to the family of "deformed" capsules.

Deformed capsules are unwanted in the applications, not only because of their shape irregularity, MICROENCAPSULATION PROCESS but also because of the loss of mechanical properties and surface integrity, therefore compromising the ability of the capsules to accomplish their desired function.

The 3D examination of these capsule types has shown that these shapes are very irregular and the assumption of rotational symmetry is not justified, even for the less irregular ones. For example, the capsules in figure II.9() are flattened in the third dimension. More details are given in section II.4.3.6.

II.4.3.3 Tear-shaped capsules

After the definition of the previous three shape families, only the individual capsules, without filament, with a smooth and intact surface (without damage and wrinkles) remain to be categorised. For the differentiation of the remaining capsules, one last distinctive morphological feature will be used, namely the presence of a protuberance.

This leads us to the definition of the family of "tear-shaped" capsules, comprising all the capsules that feature a protuberance, which can have the form of a narrow-angle tip (figure II.9(c)), a wideangle tip (figure II.9(d)), a small tail (figure II.9(e)) or a rounded protuberance resembling the shape of a pear (figure II.9(f)). The presence of a protuberance is indicated by a discontinuity in the tangent slope on the capsule circumference, and/or by a change of sign of the curvature of the capsule circumference. The passage from ellipsoidal capsules to capsules with protuberance is discontinuous, represented by the appearance of a protuberance or tip on the capsule surface.

This shape family comprises the shape types described as "pear-shape" and "tear-shape" in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . The reason we group them together is that they have a similar effect from the point of view of the application: they are undamaged in surface but present a protuberance, which can be unwanted in certain application fields (cf. section I.1.2.3).

The 3D analysis of these capsule shapes has shown that the tear-shaped capsules are prolate-like and roughly circular in the cross section perpendicular to the protuberance, so the assumption of rotational symmetry is justified (more details in section II. 4.3.6).

II.4.3.4 Ellipsoidal capsules

By elimination of all the shape families defined in the previous sections, the remaining capsules have the following properties: they represent individual capsules, with no attached filaments, they do not feature any surface damage (wrinkles, bursts, irregular surface deformation), and they do not have any protuberance. We will group all these remaining capsules in the shape family of"ellipsoidal" capsules (examples in figures II.9(g), II.9(h) and II.9(i)). It turns out that this family comprises all the capsules with a roughly circular or elliptical profile in the 2D images. The uniformity of morphological features in this remaining group (obtained by successive elimination of the previously defined groups) indicates that the separation criteria are robust and well-defined.

This family of shapes corresponds to the shape types "spherical" and "egg-shaped" defined in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . In the cited paper, the authors consider sphericity as the central quality of the beads, define a threshold between capsules that can be considered spherical and non-spherical, and delimit a region in the dimensionless parameters Re -Oh space where spherical beads are formed. Here we choose to focus mainly on the regularity of the shape of the capsule. In the cited applications in the biomedical field, it is not the perfect sphericity that plays the central role in avoiding the response of the immune system, but rather the shape regularity and the absence of protuberances. Secondly, the transition between ellipsoidal and spherical capsules is represented by a continuous variation of an indicator (the major axis length), and setting a threshold is based on a chosen (subjective) criterion. Based on these considerations, in this work we group both spherical and ellipsoidal capsules into one family.

The 3D analysis of the ellipsoidal capsules showed that in general the prolate ellipsoid assumption is a good approximation (see section II. 4.3.6). In some rare cases, capsules actually have the shape of oblate ellipsoids, since they appear circular in the 2D images, but are slightly flattened in the third direction. In other cases, capsules are more similar to a general ellipsoid, since they appear as elongated ellipses on the 2D images, but the second and third axes of the ellipsoid are not equal, so the rotational symmetry is not respected (slight flattening perpendicular to the image plane). However, these differences remain minor in all observed cases, the overall shape of the capsules is still roughly ellipsoidal and the criteria of shape and surface regularity mentioned above are respected, so the definition of the ellipsoidal shape family is not affected by these observations. In section II.4.5.4 we show quantitatively that these differences observed in the third dimension do not introduce a significant error in the calculation of the capsule equivalent diameter or shape indicators.

II.4.3.5 Secondary features

In some of the operating points we notice the presence of satellite capsules, which are capsules much smaller in size than the main capsules formed by centrifugation. The ratio of the number of satellite to the number of main capsules observed can vary from values below unity to values much higher than unity. Often, high numbers of satellite capsules were noticed in the regimes where capsules with filament or fibres are produced.

In most of the operating points, the capsules show a high monodispersity in their morphology and size, i.e. all the capsules produced present roughly the same shape, size and features. In some few cases, especially at high centrifugation rates, a visible polydispersity of the capsule sizes was noticed (as for example in figures II.8(e) and II.8(g)). The polydispersity was mostly observed in the regimes where capsules with filament or fibres are produced.

II.4.3.6 Qualitative 3D analysis of capsule shapes

The optical examination of the capsules generated in our experiments was performed using an inverted microscope and capturing 2D images of the capsules located on the bottom of a Petri dish. Defining the 3D shape of a capsule based on a 2D image necessitates an assumption on the third dimension. The question we would like to answer is the following: does the 2D projection of the capsules lying in the Petri dish under the microscope represent always the 3D shape of the capsule?

We have observed in our experiments that capsules may not always fall in their equilibrium position on the bottom of the Petri dish. This is related to two observations:

• We use "easy grip" Petri dishes, made of an adherent plastic material. Combined with the fact that the alginate capsules are slightly "sticky" at the surface, some capsules can sediment in a certain position and remain in that position on the bottom of the Petri dish. Sometimes this can be different than their most stable equilibrium position, for example a vertical position for a prolate shape. Under visual microscope observation, gently shaking the Petri dish or the microscope table has led to noticing some capsules "falling" into a more stable position.

• When capsules sediment side-by-side, this contributes to the effect of some capsules remaining "standing" outside their most stable equilibrium position on the bottom of the Petri dish. Some examples will be shown in the images below. Such capsules, observed in 2D, appear different than the other capsules in the same Petri dish, but often this is just the result of the position in which they "lie" or "stand" on the bottom of the Petri dish. This could lead to false results in the automated image analysis and capsules characterisation procedure.

In order to evaluate the effect of the third dimension on the volume and shape calculation, a complementary three-dimensional analysis was realised for some operating points, representative of the most important shape types that were produced with the centrifugation system. In this analysis, individual capsules located inside the Petri dish with gelation solution were turned manually using a needle and photos were taken from various sides.

Ellipsoidal capsules

For ellipsoidal capsules, in most cases the assumption of a prolate shape is verified (example in figure II.10). The equilibrium position of a prolate is with the rotation axis parallel to the image plane, which implies that most of the capsules in the Petri dish will be lying in this equilibrium position and will thus be correctly identified as prolate ellipsoids by the automated image analysis. Since capsule volumes will be calculated using a prolate ellipsoid assumption (details in next section), this will lead to a correct measurement of capsule volumes from the 2D images in the case of ellipsoidal capsules.

In some cases, however, the ellipsoidal capsules are found to have a slightly oblate shape (see example in figure II.11). In this figure, we suppose all capsules have a similar shape, but are standing in different positions on the bottom of the dish. The capsules that appear as round have the oblate rotation axis perpendicular to the image plane and capsules that appear oval have the oblate rotation axis parallel to the image plane. It is interesting to notice that the capsules that appear as oval in this picture are always located very close to other capsules, which explains why they are able to "stand" in this position which is not the equilibrium position for an oblate shape. Under constant visual observation, we have tried to gently shake the microscope table and have noticed some of the capsules that appear as oval "rolling back" into the most stable equilibrium position and having a similar round profile as the others. This confirms the hypothesis that these capsules are actually similar to the others, but seen from a different angle. However, the error induced by this assumption in the volume calculation is relatively small, as it will be shown in section II.4.5.4.

Tear-shaped capsules

In the case of tear-shaped capsules, the 3D analysis confirmed that the prolate hypothesis is correct. Lifting the capsules into a vertical position showed that they have a round profile when the prolate axis is perpendicular to the image plane (see figure II.12).

As for the ellipsoidal capsules, in some of the collected images from operating points where tear-shaped capsules are produced, some capsules are seen as "standing", especially when they are slightly attached to neighbouring capsules (example in figure II.13). These capsules appear as round or ellipsoidal in the 2D image. In reality, these capsules have the same shape as the others, but are seen from a different angle, because they lie in a different position on the bottom of the Petri dish.

The number of such capsules was however very small compared to the total number of capsules photographed in an operating point. As well, a gentle shaking of the Petri dish or the microscope table was performed every time before capturing the images, in order to let all capsules settle in their most stable equilibrium position. In the rare cases when several capsules were attached to one another and seen in different positions, either these regions were not photographed or these images were excluded from the automated image analysis, in order to minimise the error induced by this 3D position on the automated image analysis and capsule shape statistics.

Deformed capsules

The 3D shape of the deformed capsules is complex and the assumption of rotational symmetry does not hold. For example, figure II.14 shows deformed capsules that are flattened in the third direction, perpendicular to the image plane. In the case of deformed capsules, it was very important to perform the 3D visual analysis, in order to avoid erroneous hypotheses on the third dimension that could be made when analysing only the 2D images.

As we will see in section II.4.5, the volume of these capsules will be difficult to measure with high precision based on the 2D measurements. However, we will propose shape indicators and a robust algorithm that is able to automatically identify and classify deformed capsules.

In conclusion, in this section we have classified the capsule shapes into five distinct shape families, based on discontinuous morphological features and on the way these determine the capsule fitness for the applications. A three-dimensional investigation of the capsules showed that it is important, when analysing capsule shapes from 2D images, to take into account certain 3D features of the different capsule types.

II.4.4 Automated image analysis and geometric data extraction

After having defined qualitatively different capsule shape categories, an important question arises: how to perform the shape classification of all the capsules produced in the parametric study?

As mentioned previously, the raw experimental data in this study consists of 2D images of capsules taken under the inverted microscope. The parametric study described in section II.3 led It can be seen that the capsule has a complex three-dimensional shape, with a flattening in one direction and an oval-like shape in the plane perpendicular to the flattened direction.

to the capture of over 5 × 10 4 capsules in 2D images. A simple approach would be to manually examine a few microscope images per experimental point. Then, by visual examination, to decide to classify the capsules produced in that experimental point in one of the shape families. However, in some cases the results may be subjective and dependent on the observer. Added to that, capsule positions, shapes and sizes may vary within a single experimental point. A visual observation is not sufficient to take into account the distributions of different capsule features and to make objective sorting decisions. Another related question is how to measure the sizes (volumes) of these capsules? This could be done by manual measurement of the diameter for a certain number of capsules in each experiment, based on the 2D images. However, it is recommended to analyse between 75 and 500 capsules per experiment in order to correctly represent the size distribution of the capsules, in cases where they are not perfectly monodisperse [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . A manual analysis of 75 capsules for each of the roughly 400 experiments performed (the first 108 experiments were performed in triplicate) would be very time consuming and probably far less accurate than an automated measurement by image processing.

As a conclusion, instead of performing a manual analysis, we choose to use an automated procedure to sort capsule by shapes and to measure capsule volumes. Such a procedure requires two steps: (i) an automated image processing pipeline to measure and extract the geometric properties from each capsule captured in the microscopic images; (ii) a robust set of quantitative criteria, based on these geometric capsule properties, allowing to classify the capsules in shape families.

We note as well that besides the advantages of rapidity, accuracy and completeness, an automated image analysis also allows to extract much more detailed geometric properties than possible by manual measurement (such as the area, the moments of the surface, the properties of the equivalent ellipse, etc.), that will be useful in performing the automated capsule sorting. In this section, we will describe the image analysis procedure. In the following section, we will discuss how to use the geometric capsule data to automatically compute its volume and determine its shape.

The automated analysis of the raw capsule images was performed using CellProfiler version 4 [START_REF] Michael | CellProfiler: Free, versatile software for automated biological image analysis[END_REF] . An outline of the analysis pipeline is given following in the list below:

1. The images are first converted to grayscale, since the colour-information is not necessary for the detection of capsule contours. The contour detection algorithms used are based on the intensity of the levels of grey.
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2. Different regions of the Petri dish (and notably close to the walls of the dish) may be illuminated differently by the microscope lighting. This produces some shaded regions in the images that may wrongly be interpreted as contour lines by the contour detection algorithm. Therefore, we apply an illumination correction step to render the background level of illumination in the image as uniform as possible.

3. The images may contain unwanted dark spots or shaded regions, due to impurities (dust) in the gelation solution, scratches on the surface of the Petri dish or dust on the different lenses and mirrods. In order to eliminate as much as possible these potential error sources, a smoothing by Gaussian filter is applied.

4. After all the preparation steps, a module to identify objects (capsules) is used, based on a global thresholding strategy of the pixel intensity with a minimum cross-entropy thresholding method. This module allows to identify the contour of objects with a prescribed range of sizes.

5. Sometimes even at this step, along with the capsule contours, some other background regions are incorrectly identified as "objects". These are generally very irregular in shape and have a wrinkled contour, whereas capsules generally have smooth contours. In order to eliminate these false "objects" from the automated detection, a filtering step is added. All objects identified in the previous step are filtered by the filtering module, using a criterion based on their solidity [START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF] . All objects with a solidity lower than a certain threshold are eliminated.

6. Finally, a module to measure the geometrical properties of the identified objects (area, perimeter, first and second area moments, Feret diameters, major and minor axes of the equivalent ellipse, etc.) is used and the extracted data is stored in comma-separated values (".csv") files.

The resulting database contains all the geometric information measured for each of the detected capsules and it is to be later read and processed statistically using Python Pandas [START_REF] Wes | Pandas : a Python Data Analysis Library[END_REF] . All the image analysis scripts (pipelines) used are provided in [START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] . An example of capsule detection by the software is shown in figure II. 15.

For each experimental point studied, a sample of images was analysed by hand and qualitative information was stored characterising not every capsule individually, but rather globally the experimental point. Some features of the centrifugation products cannot be easily detected using automated image processing, and so this qualitative information completes the measurements performed by the image processing software, and includes:

• The presence or not of gelled fibres in the gelation bath (value 1 or 0).

• The presence or not of filaments attached to the capsules (value 1 or 0).

• The ratio between the number of satellite capsules and the number of main capsules (rough quantification using three levels, 0: ratio less than 1/3, 1: ratio between 1/3 and 3, 2: ratio greater than 3).

The data collected from the image analysis will be used to characterise the properties (size, shape) of the capsules quantitatively, according to the models and criteria defined in the next section. 

II.4.5 Quantitative characterisation of capsule sizes and shapes

A series of geometric data describing each individual capsule in the experiments was made available by the image processing described in the previous section. Moreover, the fact that a considerable number of capsules have been measured (about 50, 000 capsules for about 400 experiments) is useful in order to obtain statistical information about the distributions of different size and shape features in each experiment.

In this section, we will define models to determine capsule properties (size, shape type) based on the collected 2D data.

II.4.5.1 Calculation of the capsule size

One of the most important characteristics of the produced hydrogel capsules is their size, which is generally expressed as an equivalent diameter, which is the diameter of a sphere with the same volume as the object under consideration. In this work, the capsules were characterised using 2D microscope images, because it is a convenient method to analyse a large number of capsules simultaneously [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . Estimating the volume of objects from 2D images can be quite tricky, especially if the objects are irregular in shape. A model needs to be defined for the estimation of the volume based on 2D data. In this thesis we decide to use the commonly used prolate ellipsoid model [START_REF] Dvorak | Volume estimation from single images: An application to pancreatic islets[END_REF] , which assumes capsules have a roughly prolate ellipsoid shape. As seen from the 3D capsule shape analysis in section II.4.3.6, this assumption is valid for most of the ellipsoidal and tear-shaped capsules.

An alternative calculation approach taking into account the information about the third dimension will be presented in section II.4.5.4 and the results obtained with the two models will be compared. It turns out that the volume computed from the more accurate 3D analysis is not very
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different from the one deduced by the 2D analysis under the prolate hypothesis, even for capsules that are oblate. The prolate ellipsoid model assimilates the shape of the detected 2D object to a prolate ellipsoid and assumes that its maximal projection is observed. It then calculates the major and minor axes lengths B and A (B > A) of an equivalent fitted ellipse with the same area and same second surface moment as the detected 2D object (see figure II.16). The volume of the 3D object is then calculated as the volume of a prolate ellipsoid whose longitudinal section is the calculated ellipse:

V E = π 6 A 2 B (II.28)
This equation will be used to calculate the volume of the capsules from the analysed 2D images. We then calculate an equivalent diameter of the capsule, which is the diameter of a sphere having the same volume as the ellipsoid V E :

D caps = 6V E π 1/3 (II.29)
Some of the dimensionless numbers used to describe the physics of the encapsulation process are based on the size of the Na-alginate droplet before the impact on the gelation solution, therefore it is necessary to estimate the size of the droplet prior to the gelation. Since real-time observation of the droplet flight is difficult in a closed centrifuge, we will estimate the size of the Na-alginate droplet based on the size of the gelled capsule, knowing that the cross-linking induces a shrinkage of the droplet size. The authors of [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] introduce a shrinkage factor k SF = D caps /D drop in order to estimate the ratio between the diameters after and before gelation of the alginate droplet. They determined the empirical values k SF = 0.88 for alginates with low M/G ratio and k SF = 0.81 for alginates with high M/G ratio. The SLG100 alginates used in the present work have a low M/G ratio. Therefore, we estimate the equivalent diameter of the Na-alginate droplet before impact using the following equation:

D drop = D caps 0.88 (II.30)
In the regimes where fibres are formed, a few capsules have also been observed in the gelation bath along with the fibres. In these few cases, the size measurements are based on these capsules. Another possibility would be to use the needle diameter as droplet size in those cases.

II.4.5.2 Indicators used for shape characterisation

Let us now address the question of automated classification of capsule shapes into one of the shape families defined above. For this, we will first define a number of shape indicators, based on the measured geometric properties of the capsules, that allow to discriminate between different capsule shapes. Some of these indicators are taken or adapted from the literature [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . Others will need to be adapted or defined here for the first time, since a larger number of different shapes and features are observed with the CME technique than in gravitational dripping. These indicators will be used to formulate quantitative criteria (under the form of inequalities), separating the different shape families. We will then establish a procedure for the automatic characterisation of the capsule shapes based on these criteria. 

Sphericity factor

The first shape indicator used in this work is the sphericity factor (SF ), defined as [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] :

SF = D F max -D F min D F max + D F min (II.31)
Here, D F max and D F min are the maximum and minimum Feret diameters of the 2D image of the capsule (see figure II.16). The Feret diameter is the distance between two parallel lines tangent on either side of the object. The minimum and maximum Feret diameters are the smallest and largest possible Feret diameters of a given object [START_REF][END_REF] . The SF equals 0 for a perfect sphere and approaches unity for a very elongated object. It can differentiate between compact (spherical) capsules (figure II.17(a)) and elongated capsules (figures II.17(b), II.17(c) and II.17(d)). According to [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , capsules with SF < 0.05 can be considered spherical.

Tip factor

It can be noticed that the SF is not able to distinguish between ellipsoidal elongated objects (figure II.17(b)) and tear-shaped elongated objects (figure II.17(d)). There is need for a second shape indicator that can discriminate the shapes with a protuberance. We define the tip factor (T F ) as the ratio between the maximum Feret diameter and the length of the major axis of the equivalent ellipse (figure II.16):

T F = D F max B (II.32) MICROENCAPSULATION PROCESS
The tip factor is an indicator of how different a shape is from an elliptical shape. It has the value of 1 if the 2D object is perfectly elliptical (be it circular or a more elongated ellipse), and a value higher than 1 if the object presents a protuberance, like the one produced by a tip or a small tail.

A threshold of T F = 1.015 has been found to distinguish between capsules without protuberance and capsules with protuberance in agreement with the evaluation by eye.

Solidity and regularity factor

The combination of SF and T F alone cannot distinguish the regular shapes (elliptical or tearshaped) from the deformed and damaged shapes. An example can be seen in figures II.17(c) and II.17(e), where the T F increases compared to figure II.17(b). However, this is not due to the presence of a single protuberance, like the tip of the capsule in figure II.17(d), but rather to the deformation and damage of the capsule surface. In order to be able to separate between regular and deformed (irregular) shapes, two other indicators will be used.

The first one is the regularity factor (RF ), which will be based on the definition of the roundness (Rn) [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] :

Rn = P 2 4πA (II.33)
Here, A is the area of the 2D object in the image and P is its perimeter. The roundness equals unity for perfectly circular objects and is higher than unity for non-circular objects. According to [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] , the roundness is appropriate to differentiate spherical particles from irregular particles, like the ones in figures II.17(c) or II.17(e).

Elliptical 2D objects will have a roundness higher than unity, which makes it more difficult to separate elliptical from irregular objects. In order to extend the definition of roundness to elliptical objects, we introduce a new dimensionless indicator and we call it the regularity factor RF , defined as the ratio between the roundness of an object Rn and the roundness Rn Ellipse of an ellipse with equal sphericity factor SF (or equal maximum and minimum Feret diameters) [START_REF] Badalan | Effect of Process Parameters on the Shape and Size of Calcium-alginate Microcapsules Generated with the Centrifugal Encapsulation Technique -Main[END_REF] :

RF = Rn Rn Ellipse = P 2 4πA • 1 -SF 2 1 + SF 2 (II.34)
With this correction, RF equals 1 for an elliptical 2D object and is higher than unity for irregular-shaped objects. A RF higher than 1.25 has been found to be a good indicator of surface irregularities.

The second factor introduced here, mentioned also in section II.4.4, is the solidity (SL), which is defined as the ratio between object surface and surface of the convex hull of the object [START_REF][END_REF] :

SL = A A Convex Hull (II.35)
This factor is appropriate to capture concavities of the capsule surface, which can be associated to deformation or damage of the capsule surface. A solidity lower than 0.975 has been found to be a good indicator of surface irregularities.

The SL and RF can be used in a complementary manner to detect capsules with a deformed or irregular surface, providing more robust classification results. In this work, RF and SL will be used in a combined manner in order to accurately discriminate deformed capsules from the other shape families.

Area-distribution factor

In a few rare cases, the combination of SF , T F and RF may not be able to distinguish between deformed capsules with a protuberance on both ends (figure II.17(e)) and tear-shaped capsules when the tip is bent (figure II.17(f)). We introduce an additional indicator, the area distribution factor (AF ), defined as follows:

AF = πD F max R max 2A (II.36)
Here, the maximum radius R max is defined as the maximum distance of any pixel in the detected object to the closest pixel outside the object. For elongated objects, this is 1/2 of the maximum width of the object [START_REF][END_REF] . AF = 1 for a perfect ellipse, AF > 1 for objects with corners or protuberances and AF < 1 for objects with holes or concavities on the surface. In the case of our capsule shapes, it is a good indicator of the presence of a protuberance and can be used alternatively to T F . Although it is less intuitive than T F , it was found to distinguish better between deformed and tear-shaped capsules. Consequently, both AF and T F will be employed in the automated classification process to discriminate tear-shaped capsules from the other shape families.

II.4.5.3 Dispersion of capsule sizes and shapes

It is important to remember that the automated image analysis and geometric data extraction provides not only mean values of these geometric properties, but also their distribution. In some cases, information about the dispersion of certain geometric features inside an experiment can be useful for the characterisation of the capsules.

For example, the coefficient of variation of the measured capsule diameters will be used as an indicator for the dispersion of the sizes of capsules produced in a certain operating point:

CV D = σ D µ D (II.37)
Here, σ D and µ D are the standard deviation and the mean of the capsule diameter distribution for a given operating point. In the literature, a size distribution with a CV < 5% is considered as monodisperse.

As for the capsule shapes, the dispersion will be measured using the standard deviation σ applied to the different shape indicators defined above, for each operating point. A careful analysis of the capsules produced in different operating regimes, combined with the 3D analysis, showed that a high variance in the capsule shapes is not always due to a true diversity of capsule shapes produced in that operating point. Other phenomena that might increase the evaluated shape variance are:

• The capsules are remarkably similar, but seen from different angles their projection in the microscope focal plane might appear very different. This is possible and has been observed to happen when the capsules sediment in different positions on the bottom of the Petri dish (discussion in the section II.4.3.6 regarding the 3D analysis of the images).

• A high dispersion in the capsules sizes (as for example in figure II. 19) can induce also a dispersion in the capsule shapes, since the smaller capsules formed along the main capsules might have different shape properties than the latter. MICROENCAPSULATION PROCESS Once this is known, proper statistical criteria can be chosen in order to distinguish between a true shape dispersion and an apparent shape dispersion induced by the effects mentioned here.

II.4.5.4 Model for 3D volume and shape calculation

The last step for the automated capsule size and shape characterisation will be to define an algorithm that sorts capsules in different shape families. However, before moving on to that last step, we ask ourselves an important question: all the indicators defined previously, as well as the prolate ellipsoid model for volume calculation, are based on data from 2D images. Hence, are they sufficiently robust to characterise three-dimensional capsules?

In this section we would like to assess the impact of the 3D effects on the calculation of the droplet volume and shape indicators. We will define a method to take into account the 3D information of the capsule shapes. We will then compare the results with the standard calculations, which only use 2D information.

Our model for taking into account the third dimension in the volume and shape calculation is based on the following assumptions:

• In a given operating point, the capsules are nearly identical in shape and size (hypothesis of monodispersity). So, with some approximation, what we actually observe is multiple 2D images of the same "model" capsule, which might be seen in different positions (from different angles) 17 .

• When photographing the capsules on the bottom of the Petri dish (in average, around 40 photos containing around 260 capsules are taken for each operating point), some of the capsules are not in their mechanically most stable position, but are lying on a side or in different intermediate positions.

Basically, this means that the few hundreds of 2D capsules detected in the images of one experiment are equivalent to different views of the same model capsule, from different perspectives. We suppose that among all these images, enough capsule positions are present in order to measure all 3 minimum sizes of a bounding box containing the capsule (length A, width B, height C, with A ≥ B ≥ C). We measure the size of this bounding box in the following way:

• The length A is the average of the 10% largest maximum Feret diameters measured on all the capsules in that operating point.

• The width B is the average of the 10% largest minimum Feret diameters measured on all the capsules in that operating point.

• The height C is the average of the 10% smallest minimum Feret diameters measured on all the capsules in that operating point.

Based on these 3 sizes, we construct a model shape of the capsule for that operating point as a general (not necessarily rotational) ellipsoid with the principal diameters A, B and C. The volume of the ellipsoid is then:

V 3D = π 6 ABC (II.38)
And the equivalent capsule diameter can then be calculated as:

D 3D = 3 6V 3D π (II.39)
The surface area of the ellipsoid is calculated with the approximate formula [START_REF] Thomsen | Surface Area of an Ellipsoid -Scalene Ellipsoid -Numericana[END_REF] :

A 3D = 4π p a p b p + a p c p + b p c p 3 (II.40)
Here, p ≈ 1.6075. For the shape characterisation taking into account the 3D effects, we use Wadell's definition of the sphericity [START_REF] Wadell | Volume, Shape, and Roundness of Quartz Particles[END_REF] :

Φ 3D = π 1/3 (6V 3D ) 2/3 A 3D (II.41)
The sphericity is equal to unity for spherical particles and lower than unity for all other particle shapes. We will use 1 -Φ 3D as an indicator of sphericity in order to have the same behaviour as the 2D indicator used in this work, the sphericity factor SF, which equals 0 for a perfect sphere and is higher than 0 for non-spherical objects.

In figure II.18, we show a comparison between the 3D and 2D volume (left) and shape (right) indicators. For the volume calculation, we notice that the error in the equivalent diameter calculation between the 3D model and the 2D model is less than 5% in almost all cases, with the exception of the regimes where polydisperse tear-shaped capsules, deformed capsules or capsules with high size polydispersity (example in figure II.19) are produced. However, in these regimes the assumption of monodispersity, upon which the 3D model is constructed, is not respected, thus the 3D calculation is not valid in these regimes. In these regimes, we expect also the 2D volume estimation to be less accurate than in regimes where the 3D-prolate and monodispersity assumptions are fulfilled.

Similarly, the 3D and 2D sphericity indicators show a good agreement (figure II.18, right), supported by the fact that we find a linear correlation between the 2 sphericity indicators that interpolates very well the experimental data. Again, an exception is noticed for the cases mentioned above, where monodispersity of the capsules is not respected. In these cases, however, the definition of an unique sphericity for a population of capsules is ambiguous, either due to the polydispersity of sizes, or to the irregularity of shapes in that population. Therefore, when characterising capsule shapes using 2D shape indicators, it will be important to take into account not only the mean values, but also a measure of the dispersion of these indicators in the capsule population of each experiment.

This analysis leads us to the following conclusions:

• the 2D models used in this work in order to characterise quantitatively the capsule shapes and sizes are sufficient for all cases where monodispersity of sizes and shapes is respected, which is the case for most of the experiments realised in this study. Even in the case of slightly oblate ellipsoidal capsules, the error induced by the prolate model is not significant and calculated volumes remains within 3% of the value obtained with the 3D model, in most of the studied cases. As a consequence, no significant errors are expected to be induced on the different shape indicators defined previously. Therefore, in the rest of this work, the 2D models introduced in the previous sections will be used for shape and size characterisation. We notice that the error between the 3D and the 2D models is in the vast majority of cases less than 5%, and exceeds 5% only in cases where deformed capsules (blue), polydisperse tear-shaped capsules (orange) or capsules which are polydisperse in size (experiment 82, with a CV larger than 10% in the capsule diameters), are produced. In these cases, the 3D calculation is not valid, because the assumption of monodispersity is not respected. Right: 3D indicator of capsule sphericity versus 2D indicator of capsule sphericity, per operating point. The dotted line shows an interpolation line through the plotted experimental points, excluding the regimes where deformed capsules are produced (blue markers). Except for regimes where capsules present a high polydispersity in size (like experiment 82), the two indicators of sphericity seem to be quite well correlated.

• in cases where capsules are polydisperse in size or in shape, the 3D models introduced here are not valid. In these cases, volume calculation is expected to be less accurate.

• in the case of deformed capsules, the 3D shape is significantly different from the prolate assumption. This introduces again an error in the experimental volume calculation from 2D images. The experimental volumes of deformed capsules will not be considered in later parts of this work when finding correlations for the prediction of capsule volumes.

• the shape characterisation of capsules using 2D shape indicators should take into account not only the mean values of these indicators in a particular experiment, but also their dispersion (e.g. standard deviation).

II.4.5.5 Automated sorting of capsule images in shape families

The analysis in the previous section confirmed that the usage of the 2D shape indicators defined in section II.4.5.2 is representative to characterise capsule shapes. In this section, we propose an automated classification procedure, allowing an automated sorting of the capsules obtained in the parametric study into the shape families defined in section II.4.3. As mentioned before, the presence of filaments or fibres in the centrifugation products is difficult to capture by automated image analysis. Therefore, for each operating point, a short visual observation of a few images is needed in order to identify whether capsules with filament or fibres were formed in that operating point. Usually, these are quite easy to notice and the observation of a couple of images is enough in order to recognise such features. Once this first manual selection has been done, if the observation showed that we are in a regime without formation of filaments or fibres, the capsule images taken can be analysed automatically and characterised using the methods described in this section.

The algorithm for automated shape classification is presented schematically in figure II.20. This algorithm is applied per operating point, and the goal is to define the shape family of the capsules produced with that set of operating parameters. The values of the indicators SF , T F , RF , SL and AF used in the algorithm do not characterise individual capsules, but represent averages of these indicators over all the capsules detected in an operating point. Likewise, the dispersion measures of some of these indicators σ SF , σ AF , σ T F and the size dispersion CV D are calculated over all the capsules detected in an operating point. Based on defined criteria, a label is assigned to each operating point, defining the shape family of the capsules generated in that operating point.

The first step of the sorting algorithm is based on the criterion T F < 1.015, which has been found to be sufficient for the distinction between ellipsoidal and tear-shaped capsules. This criterion divides the algorithm in two branches: if it is fulfilled, the capsules under consideration are expected to be either ellipsoidal, if the surface is regular and smooth, or deformed, if not. If the T F criterion is not fulfilled, the capsules are expected to be either tear-shaped, if the surface is regular and smooth, or deformed, if not. In both branches, the next classification step is aimed at distinguishing regular from deformed capsules, based on regularity and convexity criteria. Whereas differentiating ellipsoidal from tear-shaped capsules has proven to be simple and very efficient using only this criterion on the T F , the automated detection of the deformed shapes and the separation of these from ellipsoidal and tear-like shapes is more complex and requires a careful choice of indicators and criteria. Since the aspect of the deformed shapes can vary significantly, one should also assess the robustness of the selection criteria that are defined.

In our algorithm in figure II.20, in the upper branch, the separation of ellipsoidal from deformed capsules is made by an upper threshold on the regularity factor (RF < 1.25) and a lower threshold on the solidity (SL > 0.975). Each of these two thresholds separates almost the same set of capsules as the other, which is an indication of the robustness of the sorting method used. We have decided to require that both conditions be respected at the same time for regular capsules, in order to increase the robustness of the sorting procedure. If distinction needs to be made between spherical and other ellipsoidal capsules, another test can easily be applied on capsules categorised as ellipsoidal, by comparing their sphericity factor SF with values previously reported in literature (capsules with SF < 0.05 are considered spherical). In this work, this distinction has not been made.

In the lower branch, the separation between tear-shaped and deformed capsules is less trivial. This is because tear-shaped capsules might also present a certain concavity and have a roundness higher than unity by their nature, because of the existence of the tip protuberance. The first test AF < αSF + β is based on the separation between deformed and tear-shaped capsules using the AF , where the threshold is dependent on the elongation of the capsule, measured by SF . This first test is a necessary but not sufficient condition for the identification of deformed shapes: all capsules with AF higher than this threshold are expected to be tear-shaped. If this condition is fulfilled, a further test is performed based on the SL and RF , in order to assess the regularity of the capsule surface. This time, the upper threshold set on the RF and the lower threshold set on the SL are dependent on the AF factor, in order to distinguish between the concavity or low roundness produced by deformation and the ones which exist intrinsically because of the tip of tear-shaped capsules. If both conditions are met, the capsules are tear-shaped, otherwise they are classified as deformed. Like in the upper branch of the algorithm, the two conditions in this test S 2 are interchangeable and, applied to our data, both of them isolated exactly the same set of tear-shaped capsules from the deformed capsules. This is an argument for the robustness of the sorting method, because the same results were obtained using two different criteria, one based on convexity and the other on the length of the capsule perimeter compared to its area. Nevertheless, here too we choose to keep both criteria in order to increase the robustness of the sorting algorithm.

Regarding the variance of the capsule shapes, the deformed capsules are expected to have intrinsically a high shape variance, as being a result of a destructive process. For ellipsoidal capsules, no significant shape dispersion has been observed. It has been observed visually that any apparent dispersion is caused either by a dispersion in the capsule sizes or by a sedimentation of the capsules in different positions, as discussed in section II.4.5.3. Much more interestingly, in some operating points where tear-shaped capsules are generated, the capsules present a high shape dispersion, especially due to a variation of the size and aspect of the protuberance.

We introduce a distinction between these polydisperse tear-shaped capsules and the other tear-shaped capsules which are monodisperse in shape. The polydisperse tear-shaped capsules present a high dispersity in shape, whereas the tear-shaped capsules are generally highly uniform in shape (examples in figure II.21). Moreover the capsules identified as polydisperse tearshaped feature a different morphology than that of the usual tear-shaped capsules. The polydisperse tear-shaped capsules generally have tiny wrinkles in the form of rings around the conus of the tip and the tip is slightly rounded. The usual tear-shaped capsules do not present such ring-shaped wrinkles, and they usually have a small point at their tip, which seems to be a remnant of an attached filament that broke.

A quantitative way to make this distinction is based on the statistical criteria defining the condition set S 3 , which include a high variance in the sphericity factor (represented by σ SF ) and a high variance in the area-distribution factor (σ AF ), along with a limited variation in the capsule size (represented by the CV D ) and in the tail factor (represented by σ T F ) in order to eliminate the cases of apparent dispersion, as discussed in section II.4.5.3. As mentioned above, such a high shape dispersion has not been observed for any of the regimes where ellipsoidal capsules are generated and the criteria defining S 3 are not met for any of these regimes. That is why the test S 3 is applied only to the tear-shaped capsules. If all these conditions are met, the capsules will be defined as "polydisperse tear-shaped" capsules, otherwise simply as "tear-shaped" capsules. In this work, we will hereafter keep this distinction between tear-shaped capsules and polydisperse tear-shaped capsules.

The classification tools and algorithm presented here will be used to construct the global model of the CME process, by labelling each of the operating points from the parametric study according to the shape family of the generated capsules: ellipsoidal, tear-shaped, polydisperse tear-shaped and deformed.

II.5 Construction of the global process model

In section II.2 we have identified the four main control parameters (input parameters) of the CME process and defined the design of experiments to explore the parameter space. In section II.4 we have introduced the analytical tools and procedures needed to characterise the size and shape of the produced capsules and thus to analyse the experimental results (outputs of the process).

In this section, we describe the link between the control parameters of the centrifugal encapsulation device and the properties of the generated capsules. The goal is to provide a global model of the CME system (under the form of correlations and/or phase diagrams) for the prediction of the capsule size and shape based on the choice of control parameters. Using this model, we will also define a parameter selection procedure, guiding the experimentalist in the choice of the control parameters in order to produce capsules with the desired properties.

II.5.1 Redefinition of control parameters based on global system physics

Before starting to construct the model, let us come back to the definition of the dimensionless control parameters of the system. The direct application of the Vaschy-Buckingham technique in section II.2 yielded, after all simplifying assumptions, four control parameters Π 1 , Π 2 , Π 13 and Π 15 . However, some of these parameters are difficult to interpret physically and are not commonly in the literature. We will therefore attempt to convert these four parameters in four equivalent parameters which have more established forms and are more straightforward to interpret physically.

For this, we will follow the technique used in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , where the objective was very similar to that of this chapter (to define global models for capsule sizes and shapes), but for a different technique, namely the gravitational dripping. There, the authors decouple the problem in two distinct parts. In the first part, corresponding to droplet formation, they propose a model for the calculation of droplet sizes based on input parameters. Then, the droplet size enters the definition of the dimensionless control parameters Re and Oh which are used to define the model for capsule shapes, given under the form of a two-dimensional phase diagram. Thus, the size of the droplets, which is actually an intermediate variable and not strictly a control parameter of the entire system, becomes part of the control parameters for the second part of the process, which is the droplet fall and the capsule formation in the gelation solution.

Similarly, we will divide the process in two: the first part of the process lasts until a droplet is formed and detaches from the nozzle and only determines the size of the droplet. The second part starts when the droplet detaches from the nozzle, ends at the end of the process with the formation of fully gelled capsules, and determines only the shape of the capsules. The size of droplets is a known input parameter for the second part. In reality, the size of the capsules differs from the size of the droplets due to the gelation step. For simplicity and in order to keep the two parts of the global process decoupled, we will consider that droplets shrink by a constant percentage due to gelation. This latter point will be discussed in detail in the next section.

II.5.2 Model for capsule sizes

The sizes of the capsules produced by centrifugation are expected to depend on the ejection needle diameter and the centrifugal acceleration [START_REF] Cheng | Centrifugal microfluidics for ultra-rapid fabrication of versatile hydrogel microcarriers[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] . In figure II.22 we plot the results of capsule diameter as a function of the needle diameter and the centrifugal acceleration [START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] .

In figure II.22(a) we plot, for 9 different ejection regimes, the diameters of the capsules obtained with 4 different alginate concentrations, normalised by the average capsule diameter in that ejection regime. The size of the capsules does not seem to depend significantly on the alginate concentration, and thus on the viscosity. The variation of the capsule diameter with the alginate concentration is nearly in all cases below 2%.

In figure II.22(b) we plot the size of the capsules obtained by centrifugation for different extrusion needle diameters and different values of the centrifugal acceleration at needle tip. We compare our experimental results with [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] and equation (1) therein, which is used to predict the diameter D drop of droplets formed by centrifugation from a capillary:

D drop,th = 6D cap γ alg ρ alg g tip 1/3 (II.42)
This equation is based on the hypothesis that droplets are extruded in a quasistatic regime, thus droplet size is only determined by the balance of surface tension and gravity.

Here, g tip = ω 2 y tip is the centrifugal acceleration at the capillary tip, where the droplet is ejected. A dimensionless number can be constructed relating the droplet diameter to the capillary diameter, and depending only on input parameters of the problem:

D * drop = D drop,th D cap = 6γ alg ρ alg D 2 cap g tip 1/3 (II.43)
In order to predict theoretically the capsule diameter D caps,th after gelation and compare it with the diameters measured in our experiments, we use the shrinkage factor k SF = 0.88 from [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , which accounts for the reduction of the size of the Ca-alginate capsule due to the cross-linking process.

The predicted capsule diameter is then:

D caps,th = k SF D drop,th (II.44)
We notice a good agreement between the predicted capsule diameter and the diameters measured in our experiments. This represents a validation of the equations (II.42) and (II.44), and thus of the quasistatic droplet extrusion hypothesis. The good agreement is at the same time a validation of the k SF value determined in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , although it is applied here to capsules which are around 10 times smaller in diameter than in the experiments presented in this reference. We mention also that it is expected that k SF will vary if the CaCl 2 concentration in the gelation solution is modified.

II.5.3 Phase diagram for capsule shapes

As mentioned in the first chapter, a fine control of the shape of the obtained capsules can be crucial in certain applications. In this section a phase diagram will be constructed for the prediction of the capsule shapes (classified in one of the 6 shape families: fibres, capsules with filament, ellipsoidal, tear-shaped, deformed and polydisperse tear-shaped capsules) based on the input parameters.

Since a correlation was already defined for calculating capsule sizes (equation (II.43)), out of the four degrees of freedom of the system, only three independent ones are left that control the shape of the capsules. This will be seen in detail in the following sections.

II.5.3.1 Comparison with the conventional gravitational dripping technique

Before representing the experimental results of capsule shapes, we discuss briefly the difference between the centrifugal encapsulation device and the classical dripping technique presented in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , motivating in a different way the existence of three degrees of freedom controlling capsule shapes. In this reference, the authors use two dimensionless control parameters (the Reynolds number Re and the Ohnesorge number Oh, which will be defined later) and an additional correlation for droplet sizes in order to represent phase diagrams of capsule shapes and provide prediction models for the sizes and shapes of capsules produced with the classical extrusion dripping. Equivalent Re and the Oh number can easily be defined in the centrifugal system and this will be done in the following section.

In centrifugal encapsulation, we have obtained a similar correlation for capsule sizes. However, for the droplet shape problem a new parameter is introduced compared to gravitational dripping, namely the rotation speed of the system.

The rotation is described by a new parameter, the rotation speed ω (rad/s), which is null in the studies of encapsulation by gravitational dripping. Although only one extra degree of freedom is introduced, this changes substantially the physics of the system and has consequences on many previously existing relations between system parameters. We list here the most important phenomena that are modified by the introduction of rotation, as compared to gravitational dripping:

• Seen in the rotating reference frame, the centrifugal force becomes the dominating body force in the system, replacing the Earth gravity. In the CME system, the centrifugal force acting on the droplet is typically between a hundred and a few thousand times larger than the Earth gravity and thus dominates the movement of the droplet. Since the centrifugal force acts in the radial direction of the centrifuge, the droplet motion will essentially take place in the horizontal x -y plane, as opposed to conventional dripping, where droplet motion is in the vertical z direction. Moreover, the centrifugal force, which plays the role of artificial gravity, is proportional to the square of the rotating speed ω 2 and can thus be controlled by the operator. Finally, the centrifugal force is proportional to the distance to the rotation axis and thus increases as the droplet goes further from the centrifugation axis.

• The Na-alginate flow in the ejection needle is driven mainly by the centrifugal force. In the system presented in this paper, no additional pressure is applied, as opposed to standard dripping.

• The size of the extruded Na-alginate droplets depends on the centrifugal acceleration, their detachment from the needle tip being described by an equilibrium between the latter and capillary forces (Tate's law) [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] . Since the centrifugal acceleration can be controlled, the size of the droplets can be controlled via the rotating speed or the radial distance of the needle tip to the centrifuge axis. The centrifugal force in our system can vary typically from around 10 2 g up to the order of 10 3 g, meaning that the ejected droplets will be significantly smaller than in conventional dripping.

• The ejected Na-alginate droplet has an accelerated movement and its velocity at the impact with the gelation bath depends on the gravity, not only on the fall height, as in the dripping techniques where gravity is constant. Modifying gravity will modify the acceleration of the droplet in the air and its velocity at the impact with the gelation solution, even when the fall height is kept constant.

• The potential energy of the surface of the gelation bath in the gravity field (the energy needed to form a crater at impact) is dependent on gravity and is thus variable in our system. This can have an influence on the physics of the Na-alginate droplet impact on the gelation solution [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF] .

• The motion of the droplet through air in the centrifugal field is not on a straight line with respect to the tube, due to the Coriolis force that appears in the rotating reference frame of the centrifuge tube. This leads to an oblique impact on the surface of the gelation bath, which represents another fundamental difference to the standard gravitational dripping, and it might have an effect on the properties of the capsules that are produced [START_REF] Liu | Numerical Simulation of Oblique Droplet Impact onto a Deep Liquid Pool[END_REF][START_REF] Marise | Oblique drop impact onto a deep liquid pool[END_REF] . The flight trajectory is almost invariant with the rotating velocity in the range of the parameters studied here. The angle of impact between the droplet and the surface of the gelation bath can vary between around 50 and 80 degrees in our experiments (compared to 90 degrees in the case of a perpendicular impact). The effect of the variation of the contact angle between 50 and 80 degrees may be explored in further studies.

• Given that the droplet sizes are about one order of magnitude lower than those produced in standard dripping, the diffusion time of the Calcium ions into the Na-alginate droplet during the gelation phase is expected to be much shorter in our system. The diffusion distance is proportional to the square root of the time L dif f ∼ D dif f t, so the gelation time will be around 100 times shorter than in gravitational dripping for the same pair of materials (diffusion coefficient D dif f ). This means that the shape of the capsules is immobilised faster in centrifugal encapsulation and the final capsule shape observed will be closer to the shape of the droplet right after the impact with the gelation solution. Certain references show that the rate of the gelation process can play an important role in defining the final capsule shape [START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] .

All of the major phenomena listed above are related to the variation of gravity with the rotating speed, which represents indeed the predominant effect of the introduction of rotation.

Therefore, many of the correlations used to describe the physics in the gravitational dripping process have to be modified here to include a dependence of the gravity g CF (CF standing for centrifugal) on the rotational speed ω. We have already seen how the correlation for droplet sizes could be modified for the CME system, resulting in the definition of a dimensionless number D * drop (equation (II.43)). In the next sections, we will define a parameter space with the remaining three system parameters and represent the shape families in that space.

II.5.3.2 Definition of the three dimensionless control parameters for capsule shapes

The search for a different definition of the dimensionless control parameters of the CME system was done in order to obtain parameters which can be more easily interpreted physically. The Re and Oh numbers are adequate for describing the problem of an alginate droplet falling into the gelation solution [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . Let us then start by defining equivalent Re and Oh numbers for the centrifugal system, according to the definition given in this reference:

Re = ρ alg v imp D drop,th η alg (II.45) Oh = η alg ρ alg γ alg D drop,th (II.46)
For the estimation of the droplet impact velocity we used the velocity-distance equation for a uniformly accelerated movement of a point mass with null initial velocity:

v imp = 2hg avg (II.47)
Where g avg = ω 2 (y tip + h/2) is the average centrifugal acceleration during the fall of the droplet. Since gravity here is much higher than in the conventional dripping, the terminal velocity that droplets can attain is also much larger. Since the fall distance in our system is relatively short, the droplets do not reach near the terminal velocity, where the drag force becomes significant compared to the gravity force. For this reason, we choose to neglect the effect of air drag, unlike in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , where droplet velocity is computed by taking into account the air drag, which determines the terminal velocity in the Earth gravity field.

A reasonable choice for the third dimensionless parameter is the Froude number, which is defined as the ratio between inertial forces and gravitational forces right before the impact of the alginate droplet on the surface of the gelation solution:

F r = v imp g imp D drop,th (II.48)
Here, g imp = ω 2 (y tip + h) is the centrifugal acceleration at the point of impact. It is not difficult to show that the two combinations of four dimensionless parameters each (Π The dotted line represents the region defined in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] where spherical capsules (SF < 0.05) are produced using the gravitational dripping technique. As expected, this two-dimensional chart is not suitable to discriminate different regimes in the centrifugation system.

relating one set to the other (appendix A.2). Thus, by decoupling the problem of sizes and shapes (or of droplet ejection and of capsule formation from an ejected droplet), we have attained the objective of defining four dimensionless control parameters which are relevant for the physics of the global system: they describe ratios between inertial, viscous, gravity (centrifugal) and surface tension forces, which are the physical phenomena that govern the CME system.

II.5.3.3 Shape families in three-parameter space

In the introduction we have highlighted the absence in the literature of a phase diagram for the shape of the capsules produced by centrifugal extrusion, like the one provided in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] for the dripping technique. A first "naive" approach of analysis of our experimental results would be to try to plot the capsule shape families in the Re -Oh plane and compare it with the diagram provided in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] for the dripping method.

Plotting the capsule shape families in the Re -Oh plane yields the diagram in figure II. 23. We notice that this approach is not satisfactory for the generation of a shape diagram, because different regimes are not separated. This was of course expected, because the centrifugal capsule generation process introduces an additional degree of freedom through the ability to control gravity, as mentioned in section II.5.3.1. Thus we confirm experimentally that there is a need to introduce an additional dimensionless parameter, the F r number, in order to describe the system behaviour and construct a phase diagram, as discussed in the previous sections.

In figure II.24 we plot the capsule shape families in the Re -Oh -F r space, in logarithmic scale.

An interesting feature of this result is that the experimental points are arranged in the Re-Oh-F r space on a (thick) plane [START_REF] Badalan | Physical Analysis of the Centrifugal Microencapsulation Process[END_REF] . On the other hand, we notice that the different shape families (cloud of points of different colours) are much better differentiated when represented in the 3D parameter space. This can be seen more clearly in figure II. 25, where the volumes described by the point clouds are plotted in a coordinate system aligned with the (thick) plane on which the experimental points are situated. This coordinate system can be described by the following 3 base vectors, with u and v perpendicular to each other, both being parallel to the interpolation plane, and n normal to the plane The separation of the point clouds associated with different shape families validates the definition of the phase diagram using the Re, Oh and F r numbers.

II.5.3.4 Separation of unwanted centrifugation regimes

It is interesting to notice that the unwanted production regimes (producing fibres or beads with filament) are all situated on the same side of the (thick) plane and well separated from the other regimes (figures II.24(b) and II.24(c)). This feature can be used to separate the unwanted regimes from the main regimes and provide quantitative tools for the experimentalist to select the control parameters in such a way that the fibre and filament formation is avoided.

In order to explore this property more in detail, we can define in the Re -Oh -F r space with logarithmic scales a plane that interpolates the positions of all the experimental points corresponding to capsule production, without considering the operating points where fibres or filaments are formed. The equation of this plane can be written as:

a • lg(Re) + b • lg(Oh) + c • lg(F r) + d = 0 (II.50)
This equation is equivalent to Re a Oh b F r c 10 d = 1. The coefficients defining the interpolation plane are given in table II.5. In order to assess quantitatively the disposition of the experimental points with respect to this interpolation plane, the mean absolute and mean signed distance of each family of experimental points to this plane are tabulated in table II.4. These results confirm that all the experimental points of the regimes of fibre and filament formation are located on the same side of the interpolation plane, because for those two point clouds the mean of the absolute distances is equal to the absolute value of the mean of the signed distances to the plane. Also, these distances are much larger than the distances of the other point clouds to the plane, hinting again to the fact that we can find a surface separating the filament and fibre regimes from the others.

We can therefore define planes separating the main regimes from the filament and fibre formation regimes, using equations of the type (II.50). The coefficients defining these planes are given in table II.5. The separation planes can be used under the form of inequalities. The following inequality Table II.4 -Mean distances of the different shape families to the interpolation plane in the logarithmic Re -Oh -F r space. The shape families are abbreviated as follows: el=ellipsoidal, ts=tearshaped, pdts=polydisperse tear-shaped, def=deformed, fil=filament, fib=fibre. must hold in order to avoid the regime that is to be separated (fibre or filament).

lg(Re) < - b a • lg(Oh) + - c a • lg(F r) + - d a -lg(s) (II.51)
where s is a safety factor. In the case of the fibre formation regime, two separation planes have been defined and both inequalities must hold at the same time in order to avoid this regime. One may want to apply a small safety factor (for example lg(s) ≈ 0.02) in order to avoid the border regions between regimes.

It is worth noting that the formation of fibres or filaments might be avoided as well by choosing a longer ejection needle, which reduces the flow rate in the needle [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] due to larger head losses. This means that the limits of the fibre and filament formation regimes in the phase diagram can move by choosing a longer needle. However, if we are in a dripping ejection regime (drop by drop detachment from the needle), the needle length does not modify the size of the droplets nor the values of the 3 dimensionless numbers chosen. In figure II.22(b) we have shown that, when no filament or fibres are observed, the capsules are produced in a dripping ejection regime, because their size obeys a Thus, the length of the needle only influences the occurrence of the regimes where fibres and filaments are formed, but does not influence droplet properties if the ejection takes place in a dripping regime. In the current study, the choice was made to keep the length of the needles constant. A thorough physical description of the ejection regimes in centrifugal extrusion can be found in [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] .
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II.5.3.5 Phase diagram of capsule shapes

Once the unwanted centrifugation regimes are separated, we seek to build a phase diagram where the limits between the shape families are defined quantitatively in the control parameter space. A way of representing the 3D distribution of the experimental points is by using successive cuts through the 3-parameter space using horizontal planes at constant Froude numbers, as shown in figure II. 26 In figure II.26(b), if we had chosen to represent the data in the original Oh -Re axes, the experimental points would be distributed along an oblique line, because the intersection of the interpolation plane with cutting planes at constant F r gives oblique lines. In order to make the representation of the results more compact, we chose to change the Re axis with an oblique axis aligned with the projection of the interpolation plane on the Re -Oh plane u int = (a int /b int ) • Re + Oh, where a int and b int are the first two coefficients of the interpolation plane. This has the effect that the iso-Re contours are represented as oblique lines in this figure.

We notice that, for low Froude numbers, only tear-shaped capsules (most of the time polydisperse) can be formed. In the middle Froude regimes, ellipsoidal capsules are formed for lower Oh numbers and tear-shaped capsules for higher Oh numbers, with a transition region where for the same value of Oh, ellipsoidal capsules can be formed for lower Re numbers and tear-shaped capsules for higher Re numbers. Both for low and middle Froude numbers, there exists for each value of Oh a critical value of the Re number, above which capsules with filament or fibres are formed. This corresponds to the surface defined in section II.5.3.4 in the Re -Oh -F r space, separating (b) Horizontal cross-cuts through the Re -Oh -F r parameter space at constant F r numbers. The planes presented are parallel to the Re -Oh plane. The vertical coordinate is a linear combination of Re and Oh in order to compact the figure, by aligning the interpolation plane with the horizontal Oh axis. The effect of this is that the iso-Re contours appear as oblique lines. The 4 volumes (convex hulls) describing the regimes of formation of each shape family (represented here with intense colours) are well separated in the 3D parameter space, with minor intersections at the border, probably due to small experimental uncertainties. The spaces situated at the border region between two convex hulls are left white, since those transition zones have not been explored in more detail. The regions where a certain shape is expected were coloured with light colours.

the filaments and fibres from the other capsule production regimes. Experimentally, in the fibre production regimes, we observed that for higher Froude numbers the fibres are broken in fragments and a high number of satellite droplets is present in the gelation solution. For lower or middle Froude numbers below F r ≈ 7, a long gelled fibre can be formed in these regimes.

For production regimes at higher F r, the region of deformed capsules coexists with the ellipsoidal and tear-shaped capsules. For a given F r, a critical Oh number exists below which the capsules are deformed, and above which they are ellipsoidal in shape. The value of this critical Oh number increases with increasing F r until the ellipsoidal region disappears at high F r numbers, where either deformed or tear-shaped capsules are generated. On the other side, the transition between ellipsoidal and tear-shaped regimes slowly shifts toward higher Oh numbers with increasing F r. After a certain value of F r, the regimes of fibre and filament formation vanish progressively and deformed capsules are formed at higher Re numbers for a fixed value of Oh.

We notice that with the current device it is not possible to generate capsules without protuberance for Oh higher than Oh max ≈ 15. The boundary in the low Oh region has not been explored in this work, but such a boundary is supposed to exist (for the gravitational dripping technology, the low Oh boundary for regular-shaped capsule formation has been found to be located at Oh min ≈ 0.24 [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] ).

Another limit is found at low F r numbers: below F r min ≈ 2.4, only (polydisperse) tear-shaped capsules were formed. On the other side, there exists a limit in the high F r numbers region: for F r values higher than F r max ≈ 12.9, only deformed or tear-shaped capsules can be formed. For increasing F r numbers, the formation of deformed capsules is expected to be predominant.

In addition, as discussed previously, for each combination of F r and Oh there exists a maximum value of the Re number above which capsules with filament or fibres are formed. This limit is described by the inequality (II.51), with the coefficients presented in table II.5.

Qualitatively, the phase diagram described here agrees well with observations reported in previous works on centrifugal encapsulation. Due to the unavailability of some geometric or material data for the devices presented in the literature, a precise quantitative comparison could not be performed.

II.5.4 Parameters selection procedure

The previous results can be used both to predict the properties of the capsules formed by centrifugal encapsulation with a given set of control parameters and to select the operating parameters of the centrifugal capsule production device, in order to obtain capsules with the desired properties.

In practice, in many applications it is often the spherical or ellipsoidal capsule shape that is desired. In figure II.27 we plot the distribution of the sphericity factor inside the region of ellipsoidal capsules, projected in the Oh -F r plane. This can be used in the parameter selection method, if a specified sphericity is desired for the ellipsoidal capsules.

Here, we propose a procedure to select the operating parameters in the most common case, when ellipsoidal capsules of a prescribed size are desired, and the alginate solution is given. Supposing the properties of the alginate solution are known (ρ alg , η alg , γ alg ) and the desired capsule diameter is D caps . The determination of the necessary input parameters is not straightforward, but can be done for example by the following (iterative) procedure:

1. The size of the droplet prior to gelation is calculated with D drop = D caps /k SF using k SF from [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] (if the a CaCl 2 concentration of 100mM is used for the gelation bath). Then, the Oh number can be calculated using (II.46). 4. Based on diagram II.26, select the minimal F r min and maximal F r max numbers that can be considered for the given Oh number, in order to obtain ellipsoidal capsules. These are the lower and upper limit of the ellipsoidal region in figure II. 26(a). Select also the middle F r mid = (F min + F r max )/2 number between the two.

5. From the three F r numbers, compute the corresponding centrifugal accelerations at impact g imp = ω 2 (y tip + h), and then the impact velocities with (II.48). Compute the three corresponding Re numbers with (II.45).

6. Using diagram II.26 check if the combination Re-Oh-F r is compatible to produce ellipsoidal capsules for the three cases.

7. If at least one of the cases is compatible, one can either keep this choice of parameters or continue searching for a compatible F r number as low as possible, which might increase the sphericity of the capsules (see figure II.27).

8. If none of the three F r numbers is compatible, reiterate from step 2, choosing a needle diameter D cap smaller than the current one.

II.6 Conclusion and limitations of the global model

In this chapter, for the first time we defined a global model for the prediction of capsule sizes and shapes in the CME technique, based on the four main control parameters, under dimensionless form. The complete set of device dimensions and materials properties were provided, so that experiments can be easily and accurately reproduced. Moreover, the full space of the four main dimensional operating parameters has been explored over a wide range of values. For the first
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time, we have shown that three dimensionless parameters are needed in order to characterise the centrifugal encapsulation system. A set of three minimal and sufficient dimensionless parameters (Re, Oh, and F r) has been proposed and validated for the prediction of capsule shapes. Together with the correlation for capsule sizes, which had been proposed in earlier works and was verified here, these parameters give a complete description of the process output (capsule shape and size) based on the control parameters. We have proposed a phase diagram of the system in dimensionless form, which can be applied directly to any centrifugal device. The work presented in this chapter enables a straightforward generalisation of the centrifugal encapsulation technique. The prediction tools provided here are generic and sufficient to guide the experimentalist in the design and operation of any centrifugal encapsulation equipment, making this technology quickly accessible in any laboratory.

In addition, with respect to the existing analytical tools for capsule shape and size [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] , improvements and extensions have been made in order to describe more varied capsule shape types and to enable automated classification and characterisation of the capsule shapes. All the scripts, definitions of shape indicators and classification algorithms are provided in this work.

Three steps had to be performed in order to construct the global model: (i) select and define the relevant dimensionless control parameters; (ii) define an experimental microcapsule production procedure and carry out an extensive parametric study on the selected control parameters; (iii) define methods to characterise capsule sizes and shapes from the experimental data; (iv) use the obtained data to construct the global model.

Although this model is useful and necessary for the operation of CME devices, it presents several important lacks:

• Given the fact that it is a global model of a non-trivial multi-stage process, it does not describe the physics of each of the stages of transformation that the alginate undergoes to form the final capsules. Thus, without a finer understanding of each stage, device improvement and optimisation is strongly limited.

• A significant number of assumptions had to be made (section II.2.3) in order to neglect the influence of all the other system parameters and reduce the number of input parameters to four, which was needed for practical reasons in order to realise the parametric study. Thus, the model is valid in "standard" conditions, when all these assumptions are supposed to be fulfilled, but it may not be predictive in less standard experimental set-ups, when these assumptions are challenged. [START_REF] Badalan | A Soft Landing Approach for the Centrifugal Microgel Synthesis Process[END_REF] However, generally the model generally does not provide information on how to assess whether these assumptions are fulfilled -for example whether droplets will impact the tube wall.

• Other system parameters were not taken into account in the global model. In case of microcapsule production using alginate, the model was defined so as to cover the most standard configuration. However, for example if another biopolymer is used with a different gelling kinetics (like in [START_REF] Mark | Manufacture of chitosan microbeads using centrifugally driven flow of gel-forming solutions through a polymeric micronozzle[END_REF] ), if the needle length is increased to avoid jetting ejection (like in [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] ), if the tube geometry is different (in a centrifuge with fixed inclination angle, like in [START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] ), or if the Calcium concentration is different in the gelation solution, then it is uncertain whether the model remains valid. We expect that as long as the assumptions in section II. The previous chapter has shown that a global process model is advantageous for its simplicity, but it does not provide sufficient physical understanding of the process and is based on certain assumptions which are not trivial to assess. In this chapter, we propose a different approach, where we model successively, starting from the beginning of the process, all the relevant physical phenomena that come into play at each stage of the process.

In the centrifugal encapsulation process, the raw material (biopolymer solution2 containing the material to be encapsulated) undergoes several stages of transformation before the formation of the final product, the Ca-alginate capsules. In each of these intermediate stages, different physical phenomena enter into play and determine the properties of the product. Up to this date, there exist only few studies which intend to describe the stages of the capsule formation process by centrifugation in a more fundamental way [START_REF] Boadi | Drop formation and detachment from rotating capillaries[END_REF][START_REF] Maeda | Instantaneous solidification of a centrifuge-driven capillary jet with controlled hydrodynamic instability in a centrifuge-based droplet shooting device through observational analysis[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . However, all these studies have focused only on the same stage of the centrifugal encapsulation process, namely the ejection of droplets by centrifugation. Notably, a thorough physical analysis of this stage is given in [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] , under the assumption of simple (Newtonian) behaviour of the alginate solution.

A complete physical description and modelling of the entire centrifugal microcapsule generation process is still missing from the literature, despite the complex physical phenomena occurring in the stages other than droplet ejection (non-Newtonian effects in the capillary flow; flight in a rotating frame and relaxation; impact with the gelation bath; polymerisation). The benefits of such a description would be an improved predictability, control and optimisation of existing centrifugal devices and an easier design and operation of new devices. This chapter aims at providing such a complete description of the entire process, by modelling the physics of all the stages and the coupling between them, using a combined experimental and analytical approach.

The contributions of this modelling work are multiple: (i) we propose an original subdivision of the process in five consecutive stages, described through a compact flow diagram (section III.1.1); (ii) we give a state of the art of the knowledge on each of the stages, highlighting what is still unknown (section III.1.2); (iii) the relevant physics of each stage of the process is described using either adaptations of existing models to the centrifugal system or, wherever needed, original models, validated with experimental data (section III.2); (iv) appropriate dimensionless numbers are proposed, representative of the relevant physics in each stage, and allowing a generalisation of the models to all centrifugal devices (section III.2); (v) we use all the introduced models to construct novel phase diagrams that describe the process globally and allow to highlight the relevant physical phenomena into play (section III.3.3); (vi) we perform a preliminary validation with encapsulation of cargo (cells, microspheres), extending the study to cases directly relevant for applications (section III.3.4). 1. Capillary flow in the ejection needle.

III.1 Overview of the process stages

2. Droplet ejection at the needle tip.

3. Droplet fall in air.

4. Droplet impact on gelation bath.

Droplet gelation and sedimentation in the gelation bath.

In this section we give a short qualitative description of the phenomena coming into play in each of these stages. At the end of the section, we provide an overview diagram of the succession of transformations that the alginate solution undergoes during the process, and we point out the current state of research on each of the stages.

III.1.1 Qualitative description of the process stages Capillary flow in the ejection needle

The capillary flow is the first stage of the process and sets off as the centrifugation begins. Under the effect of the centrifugal force, the viscous alginate solution starts flowing from the reservoir into the capillary. Once the capillary is filled, the solution flows out of the capillary where surface tension causes capillary instabilities that break the fluid into droplets, while the reservoir is emptied progressively. This flow in principle has a transient (due to the emptying of the reservoir) and a pulsating (due to the periodic droplet detachment) character. This flow is determined by the centrifugal force (which acts as a volume force) and the viscosity of the alginate solution. It should be kept in mind that the biopolymer solution, at the concentrations relevant for centrifugal encapsulation, usually does not have a Newtonian behaviour, but shows shear-thinning and possibly viscoelastic properties [START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] .

Another feature of the capillary flow is that the liquid is highly viscous and the capillary diameter very small, which leads to very small Reynolds numbers, in most cases much lower than unity. The flow is thus a Stokes flow.
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Droplet ejection at the needle tip

The particularity in centrifugal systems with respect to the more classical gravitational syringedriven dripping systems is that the flow is entirely driven by the centrifugal force and there is no constant pressure gradient (and thus flow rate) imposed on the flow in the needle. Droplet ejection depends on the one side on the capillary flow in the needle, which determines the flow rate, and, on the other side on the equilibrium between capillary and centrifugal forces at the nozzle tip, which govern the detachment of the droplet.

Droplet fall in air

The third stage of the capsule formation process begins after the droplet detaches from the capillary tip and ends before the droplet impacts the gelation bath. The most relevant phenomena occurring in this stage, which influence the final shape and quality of the capsule, are the kinematics of the droplet motion in the centrifugal field and the droplet deformation during fall.

Regarding the fall kinematics, the droplet is accelerated in the centrifugal field and it is important to estimate the time of fall and the velocity at the impact with the Calcium solution. Given the fact that we are in a rotational system, the trajectory of the droplet is not straight with respect to the centrifuge tube, but curved, due to the Coriolis force -yet another particularity of the capsule production by centrifugation. Therefore, the impact position and the impact angle with the gelation bath are not trivial, and are important to estimate, both for avoiding the impact of the drop against the tube wall, that leads to the destruction of the non-gelled drop, and for predicting the dynamics of the impact with the bath.

Droplet deformation during fall is governed by surface tension (which tends to relax the droplet to a spherical shape), by viscosity (which slows down droplet deformation), and potentially by the aerodynamic forces (which tend to deform the droplet).

Droplet impact on gelation bath

After crossing the air gap between the ejection needle and the gelation solution, the droplet impacts the surface of the gelation bath. In our system, the droplet diameter is much smaller than the depth of the gelation bath, so that the impact can be compared to that of a drop on a deep liquid pool [START_REF] Rein | Phenomena of liquid drop impact on solid and liquid surfaces[END_REF] . We briefly list the phenomena occurring at droplet impact:

• The droplet deforms as it impacts the liquid surface.

• The liquid surface forms a crater [START_REF] Cai | Phenomena of a liquid drop falling to a liquid surface[END_REF] .

• The droplet either remains attached to the air-bath interface for a certain amount of time or crosses quickly the interface and is slowed down in the liquid [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF] . • The alginate cross-linking reaction begins as the droplet enters in contact with the liquid.

The properties of the droplet change after the gelation begins, as it forms an outer elastic membrane around the droplet [START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] . • In the moments right after the impact and penetration in the gelation bath, the droplet is still not fully gelled and its shape may still change. According to [START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] , the effect of the elastic membrane tends in some cases to make the droplet regain a spherical shape.

Droplet gelation and sedimentation in the gelation bath

After the initial penetration in the gelation solution, the droplet slowly sediments to the bottom of the tube due to a slight difference in density [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] between alginate solution and gelation bath, under the effect of centrifugal acceleration. During this sedimentation, the cross-linking reaction continues to take place. It is known that the size of the droplet changes (usually shrinks) during the cross-linking due to the formation of a tight gel network and the evacuation of water from the hydrogel capsule [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] . The newly formed capsules accumulate then at the bottom of the centrifuge tube while the hardening of the bio-polymer due to the diffusion of Ca ions inside of the capsule continues. If the cross-linking reaction is not sufficiently advanced before the droplet reaches the bottom, the capsules tend to stick together in aggregates at the bottom of the tube.

III.1.2 Flow diagram of the process and state-of-the-art of the knowledge on each stage

The flow diagram in figure III.2 summarises the transformations that the alginate solution undergoes during the centrifugal encapsulation, until the final formation of Ca-alginate hydrogels, according to the descriptions that will be given in this chapter. Table III.1 lists the control parameters of the process, grouped in five categories, with the ranges covered in the experiments supporting the current study (the full description is given in [START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] ). Table III.2 lists the ambient conditions (not controllable during the experiments).

Each stage of the process is presented on a line of the diagram. In the first column, the groups of control parameters playing a role in the process are listed. The name of each respective stage is given in the second column. In the third column, a flow diagram summarises the relevant dimensionless parameters describing the phenomena occurring in each stage. The dimensionless parameters on the left side of this column are determined either by global control parameters or by intermediate quantities, computed in the stages upstream. The arrows indicate correlations or models accounting for the transformations occurring at the considered stage. The dimensionless numbers on the right side of this column are the results of each stage, which are found by using the aforementioned correlations or models. The fourth column contains the dimensional quantities extracted from these resulting dimensionless parameters. The arrows in the flow diagram show the dependence of each stage to the stages upstream and the different conditions that need to be met in order for the capsule production process to continue. The different possible outcomes of the process are listed in the fifth and last column to the right. Only if all the needed conditions in each stage are fulfilled, there is a successful production of capsules. This diagram allows to visualise the inter-dependence of the process stages and the impact each stage can have on the global outcome of the process. In the following, we give a rapid overview of the relevant dimensionless groups (whose definition is summarised in figure III.2 and will be extensively given in section III.2) , of the state of the art for each process stage and anticipate our main findings.

Capillary flow

We will show in this chapter that the capillary flow is only governed by the Galilei number Ga cap (comparing gravity and viscosity forces), since we have a Stokes flow driven by a gravitylike volume force. This flow can easily be described if the liquid has a Newtonian behaviour [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . In section III.2.1 we model this capillary flow to predict the flow rate and show, both through experiments and modelling, that the non-Newtonian shear-thinning effect plays a crucial role and significantly increases the flow rate (by up to a factor 5) with respect to the previously studied Newtonian case. The influence of other non-Newtonian properties of the alginate (for example viscoelasticity) still remains to be explored.

Droplet ejection

Droplet formation by dripping in a gravity field has been studied in numerous works (for example [START_REF] Middleman | Modeling Axisymmetric Flows: Dynamics of Films, Jets, and Drops[END_REF][START_REF] Zhang | Drop formation in viscous flows at a vertical capillary tube[END_REF][START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF]9,[START_REF] Rubio-Rubio | Dripping dynamics and transitions at high bond numbers[END_REF] ), theoretically, numerically and experimentally. Droplet formation and ejection in centrifugal systems has been studied in [START_REF] Boadi | Drop formation and detachment from rotating capillaries[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF] , and a thorough description has been proposed in [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] , where a combined experimental and theoretical approach was used to describe the ejection regimes and construct a phase diagram of droplet ejection by centrifugation. That study only focused on Newtonian droplets. The theoretical description of the ejection of droplets with non-Newtonian behaviour is more complicated to model analytically due to the shape of the interface and deserves a separate study. In section III.2.2 we provide novel empirical models for predicting the ejection regime (droplets or fibres) of both Newtonian and non-Newtonian droplets, based on the Reynolds number Re cap (comparing inertia and viscosity forces) and Ohnesorge number Oh cap (comparing viscosity and surface tension forces) in the capillary. Finally, if droplets are ejected in the dripping3 regime, their size depends on a single dimensionless parameter, the Bond number (comparing gravity and surface tension forces) [START_REF] Middleman | Modeling Axisymmetric Flows: Dynamics of Films, Jets, and Drops[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] , following a correlation that we verify here experimentally.

Droplet fall

The motion of the droplet in the centrifugal field has not been thoroughly described, to our knowledge, for this kind of systems and is not trivial due to the Coriolis force modifying the droplet trajectory. In section III.2.3 we will propose an original analytical model for describing the trajectory of the droplet, which allows to predict the position where the droplet will impact the gelation solution (or the tube wall), its velocity at impact and the fall time, based on the fall Froude number F r f all (comparing inertia to gravity forces). Regarding the deformation of the droplet during fall, we will show that in the centrifugal system we are far from regimes where significant deformation or atomisation due to aerodynamic forces could take place. Previous works have mentioned the relaxation of the droplet shape during fall toward a spherical shape [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] , driven by surface tension and damped by viscosity. Here, we will define a novel, generic dimensionless correlation, based on the fall Deborah number De f all (comparing droplet relaxation time and fall time), which is sufficient to assess the droplet shape relaxation for any device involving the fall of a viscous droplet.

Droplet impact

The impact of droplets on a liquid pool or layer has been studied since very long, in various configurations [START_REF] Rodriguez | Some drops don't splash[END_REF][START_REF] Rein | Phenomena of liquid drop impact on solid and liquid surfaces[END_REF][START_REF] Yarin | Drop impact dynamics: Splashing, spreading, receding, bouncing[END_REF] . The impact of visco(-elastic) drops on liquid surfaces without chemical reaction has also been studied in the recent years for example in [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF][START_REF] Yakhshi-Tafti | Impact of drops on the surface of immiscible liquids[END_REF][START_REF] Chen | Viscosity effect on regular bubble entrapment during drop impact into a deep pool[END_REF][START_REF] Mohammad | Experimental dynamics of newtonian non-elastic and viscoelastic droplets impacting immiscible liquid surface[END_REF] . The viscoelastic character of the impacting droplet fluid (due to the existence of the polymer in the solution) plays an important role and modifies significantly the behaviour of the droplet with respect to normal Newtonian droplets. There are also many authors who have studied the impact of polymer droplets on liquid pools with cross-linking reactions (like in our system), for example [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Deng | The role of viscosity and surface tension in bubble entrapment during drop impact onto a deep liquid pool[END_REF][START_REF] Deng | The phenomenon of bubble entrapment during capsule formation[END_REF][START_REF] Lee | Shape-tunable wax microparticle synthesis via microfluidics and droplet impact[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF][START_REF] Haldar | Influence of marangoni stress on the variation in number of coalescence cascade stages[END_REF][START_REF] Davarci | The influence of solution viscosities and surface tension on calcium-alginate microbead formation using dripping technique[END_REF] .

In contrast to gravitational dripping systems studied by the cited authors, one specificity in the case of centrifugal devices is that the droplet impacts the surface of the gelation solution along an oblique trajectory, as we will show later, leading to an angle different from 90 degrees. Oblique impact of droplets on a pool of the same liquid, without chemical reaction, has been studied experimentally and numerically in [START_REF] Marise | Oblique drop impact onto a deep liquid pool[END_REF][START_REF] Liu | Numerical Simulation of Oblique Droplet Impact onto a Deep Liquid Pool[END_REF] . Other differences as compared to gravitational dripping devices are discussed in section II.5.3.1.

An important barrier in studying droplet impact in centrifugal devices is the difficulty of highspeed camera observation (which is the common experimental approach in the cited studies), due to the high-speed rotation of the system. However, we will apply some of the theoretical approaches used in previous studies to centrifugal devices, namely the use of an energy balance approach to analyse the droplet impact behaviour [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] .

To sum up, the impact stage is a complex three-phase non-axisymmetric process and a fine description would require further research. Nevertheless, in section III.2.4, we address two important practical questions related to the impact, that have not been systematically investigated before in centrifugal devices: the possible damage that a droplet can undergo at impact, entraining the subsequent loss of its functionality; the deformation of the droplet at impact. We will provide correlations, based on the impact Froude number F r imp (comparing droplet inertia before impact to the gravity force at impact position) and the composed impact K number K imp (representing the importance of inertia to the surface tension and viscosity of the droplet), in order to assess droplet damage and deformation.

Droplet sedimentation

In addition to providing mechanical resistance, droplet gelation plays an important role in defining the final size of the capsules. In section III.2.5 we provide a novel empirical correlation for predicting the shrinking of the droplets depending on the concentrations of the solutions, described through the shrinkage factor k SF . Furthermore, we propose an estimator based on a sedimentation Deborah number De sed , which can be used to assess whether the cross-linking reaction has pro-gressed sufficiently by the time the droplet reaches the tube bottom, in order to avoid the formation of aggregates.

III.2 Physical analysis and modelling of the process stages

In this section, we give a thorough presentation of the physical mechanisms at play at each stage of the centrifugal encapsulation process. After selecting the dominant ones, we propose simple models to describe these mechanisms and compare these models with experimental data.

III.2.1 Capillary flow

In this stage of the process, it is of interest to estimate the flow rate of the biopolymer through the capillary, since this determines the overall productivity of the process. In the following, we will perform an analytical flow rate calculation and validate this model with experimental data.

Flow rate calculation

The flow of the biopolymer solution in the reservoir and capillary is driven by the centrifugal force. A schematic representation of the reservoir and capillary system is given in figure III.5(a). First, let us look at the flow in the reservoir. Since the reservoir diameter is at least one order of magnitude larger than that of the capillary, so that the liquid height in the reservoir varies very slowly, we consider the flow in the reservoir as hydrostatic at the time scale of the flow in the capillary. The pressure p 1 at the inlet of the capillary is thus a hydrostatic pressure (i.e. we neglect head losses) due to the liquid column (of height h res ) in the reservoir, under the effect of the centrifugal acceleration g y (y) = ω 2 y. Integrating this centrifugal acceleration over the whole height of the reservoir yields:

p 1 = p atm + ρ alg ω 2 (y 1 -h res /2) • h res (III.1)
with ρ alg the alginate density, ω the angular velocity, p atm the atmospheric pressure and y 1 the y-coordinate at the inlet of the capillary. The pressure p 1 decreases with the emptying of the reservoir. Second, at the outlet of the capillary, where droplets are formed and ejected, assuming a quasistatic droplet formation the pressure p 2 can be computed using the Young-Laplace equation:

p 2 = p atm + 2γ alg R m (III.2)
During the formation and ejection of one pendant droplet, the meniscus radius R m can vary from R m → ∞ (when the meniscus is almost flat) to R m ≈ R cap (when the pendant droplet is hemispherical). For convenience, we use γ alg /R cap as an average value for the Laplace pressure term. Consequently, the flow inside the capillary is a pipe flow with known inlet and outlet timedependent pressure (p 1 and p 2 ), where we want to determine the flow rate. For this, we use the following simplifying assumptions: (i) the flow is laminar (since for all cases Re < 10) and parallel (no radial component); (ii) the flow is steady, fully developed, axisymmetric and without swirl; (iii) gravity can be neglected compared to the centrifugal force; (iv) only the y component of the centrifugal force, parallel to the capillary axis, is taken into account, g y = ω 2 y; (v) the fluid 102
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is incompressible and non-Newtonian, with a viscosity depending on the shear rate of the flow: η = η( γ). Under these assumptions, the Navier-Stokes equations describing the flow in the capillary (in cylindrical coordinates r, θ, y) reduce to the following equation (momentum balance in y direction) [START_REF] Yunus | Fluid mechanics: fundamentals and applications[END_REF][START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] :

0 = - ∂p ∂y + 1 r ∂ ∂r rη ( γ) ∂v ∂r + ρg y (III.3)
Where v is the velocity component in y direction. Separating the variables, one can deduce that pressure only depends on the axial coordinate y:

∂p ∂y -ρω 2 y = c 1 =⇒ p(y) = c 1 y + ρω 2 y 2 2 + c 2 (III.4)
Using the known boundary conditions p(y 1 ) = p 1 and p(y 2 ) = p 2 , one can determine the two constants:

c 1 = - (p 1 -p 2 ) + ρω 2 L(y 1 + y 2 )/2 L = ∆p tot L (III.5) c 2 = p 2 + ρω 2 y 1 y 2 2 (III.6)
Here, we call ∆p tot the total pressure gradient in the capillary. Note that if ∆p tot < 0, the centrifugal force cannot overcome the pressure generated by surface tension of the outlet meniscus, and thus no flow will occur. With some algebraic manipulations, the condition for the existence of a flow in the capillary can be written as follows:

ρ alg g CF (L cap + h res )R cap 2γ alg > 1 (III.7)
Where g CF = ω 2 (y tip -(L cap + h res )/2) is the centrifugal acceleration at the middle of the liquid column (we use the subscript "CF" for centrifugal). In common centrifugal encapsulation systems this requirement is largely fulfilled, but it might become restrictive for smaller systems (small y tip and/or small capillary radius R cap ).

Coming back to the flow rate calculation, on the other hand, equation (III.3) also implies the following relation for the radial velocity profile:

1 r ∂ ∂r rη ( γ) ∂v ∂r = c 1 (III.8)
With the above assumptions, in this flow there is shear only in the radial direction, so γ(r) = ∂v/∂r.

We choose to describe the rheological behaviour of the biopolymer solution using the Carreau-Yasuda model 4 , in the simplified form without lower Newtonian region of viscosity (η ∞ = 0), as commonly used for polymer solutions [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] :

η η 0 = [1 + (λ γ(r)) a ] n-1 a (III.9)
where η 0 is the viscosity at zero-shear, η ∞ the viscosity at infinite shear and λ, a and n are fitted parameters. The rheological properties of the alginate solutions (alginate A) used in flow rate measurement experiments were measured and the results and fitted Carreau-Yasuda parameters are presented in the next section. Equation (III.8) thus represents a non-linear ordinary differential equation in the independent variable r, with the boundary conditions v(r = R cap ) = 0 (no slip at the wall) and ∂v/∂r(r = 0) = 0 (axisymmetry). This equation can be integrated numerically [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] . The results will be compared with experimental flow rate measurements that are described in the next paragraph.

Rheology of the alginate solutions

The viscosity of the three alginate solutions from batch A (solutions of concentrations 1%, 2% and 4% (w/v)) used in the flow rate measurement experiments was measured using a rotative coneand-plate rheometer as described in chapter II. The measurement curves are reported in figures III.3(a) and III.3(b). A Carreau-Yasuda viscosity model without a lower Newtonian plateau (η ∞ = 0) was fitted on each of the three experimental curves. The values of the Carreau-Yasuda model parameters for each of the three solutions are reported in table III.3, along with the zero-shear viscosity η 0 .

Experimentally measured flow rates

For the validation of the capillary flow model, flow rate measurements were performed according to the following method: an operating point is chosen with a fixed set of operating parameters (rotating speed, alginate concentration, needle diameter, fall height, initial volume of alginate solution in the reservoir, and all other parameters). Then, three or four experiments are performed with this set of parameters, varying only the centrifugation time. The three or four experiments are independent, and a new needle and reservoir are filled each time with the same amount of initial was considered in the flow rate calculations in this work, and error bars were used to represent this uncertainty.

Comparison of flow rates

In figure III.5(b) we compare flow rates predicted using a Newtonian (Poiseuille flow with zeroshear viscosity η = η 0 ) and a Carreau-Yasuda model, with the experimentally measured flow rates. The Carreau-Yasuda viscosity model predicts the flow rate with an error below 15% in all cases [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] , whereas the Newtonian model underpredicts the flow rate by up to 75%. A representative example of obtained velocity profiles is given in figure III.5(c). The Newtonian assumption (green profile) heavily underpredicts the velocity. The dashed grey curve in this figure is a Poiseuille profile of a flow with the same flow rate as that computed with the Carreau-Yasuda model, to help visualising the difference in profile shape between the Carreau-Yasuda model and the Newtonian assumption. Not only the flow rate is very different when using a shear-thinning fluid, but the shape of the profile is not parabolic anymore. This analysis leads to the conclusion that the shearthinning behaviour of the polymer solution plays a crucial role in the capillary flow and is responsible for a significant increase in the flow rate, compared to an equivalent Newtonian fluid of viscosity η 0 .

Besides providing information that is necessary for the modelling of the subsequent process stages, the estimation of the flow rate Q V allows to compute the necessary centrifugation time in order to process a given initial volume of alginate solution:

t centrif ugation = V 0 /Q V (III.10)

Dimensionless qualitative correlation

In the following we derive a dimensionless approximate correlation for the flow rate, in order to highlight qualitatively the dominant phenomena at play in the capillary flow. Besides the assumptions mentioned in the previous section, we suppose, for simplicity, that the viscosity is constant Ga cap /32 
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107 in the capillary flow, and that the pressure jump at the capillary outlet due to the surface tension is negligible, so p 2 ≈ p atm7 . The first assumption leads to a Poiseuille flow [START_REF] Yunus | Fluid mechanics: fundamentals and applications[END_REF] . The second assumption leads to a simplified form of the total pressure gradient in the capillary:

∆p tot = ρ alg g CF • (L cap + h res ) (III.11)
With g CF = ω 2 (y tip -(L cap + h res )/2) the centrifugal acceleration at the middle of the liquid column. The flow rate can be determined using the Hagen-Poiseuille law:

Q V = ∆p tot πD 4 cap 128η alg L cap (III.12)
From equations (III.11) and (III.12), we obtain the following relation:

4ρ alg Q V πD cap η alg = 1 32 • ρ 2 g CF D 3 cap η 2 alg • L cap + h res L cap (III.13)
We define the dimensionless Reynolds and Galilei numbers:

Re cap = 4ρ alg Q V πD cap η alg Ga cap = ρ 2 g CF D 3 cap η 2 alg
The flow in the capillary is thus described by the following relation:

Re cap = Ga cap 32 • α (III.14)
Where α = (L cap + h res )/L cap is the ratio of the capillary system dimensions. In figure III.5(d) we plot the correlation between the experimental Reynolds number and the Galilei number. The Reynolds number is defined based on the measured volume flow rates, so that it takes implicitly into account the shear-thinning effect (increase of the flow rate), despite the modelling assumption of constant viscosity. The Galilei number is based exclusively on input control parameters. This correlation points out that the flow in the capillary is determined solely by the competition between the centrifugal force and the viscous forces (Galilei number), modulated by a geometrical parameter α.

III.2.2 Droplet ejection III.2.2.1 Ejection regimes

Depending on several control parameters (in particular: needle diameter, alginate viscosity, centrifugal acceleration), different extrusion regimes can be observed. They can be divided in dripping and jetting regimes. In dripping regimes, separated drops with monodisperse size are produced. In jetting regimes, one can obtain either long continuous filaments 8 , shorter and thinner filaments attached to the drops, or numerous satellite droplets besides the primary droplets. All these three products are an indicator of a jetting regime. A long continuous fibre is formed if 108
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the jet does not break up in the air before entering the gelation solution. Drops with filaments are obtained if the jet undergoes a Rayleigh-Plateau instability driven by surface tension, but the liquid ligament does not detach from the droplet and does not have enough time to retract. Satellites are obtained if the ligament between two consecutive drops breaks on both ends and retracts to small satellite droplets. Finally, the transition between dripping and jetting regimes passes through an intermediate regime of "dripping with satellites", as presented in detail in [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . More details on ejection regimes can be found for example in [START_REF] Middleman | Modeling Axisymmetric Flows: Dynamics of Films, Jets, and Drops[END_REF][START_REF] Zhang | Drop formation in viscous flows at a vertical capillary tube[END_REF][START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF]9,[START_REF] Rubio-Rubio | Dripping dynamics and transitions at high bond numbers[END_REF][START_REF] Villermaux | The viscous Savart sheet[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . A thorough physical description of this stage of the process, under the assumption of Newtonian fluids, is proposed in [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . Here we propose a practical correlation for the separation of the ejection regimes, validated with experimental data. Since the relevant forces acting at this stage are the inertial, capillary and viscous forces, we will use common dimensionless numbers, namely the previously calculated Reynolds number in the capillary and the Ohnesorge number in the capillary:

Re cap = ρ alg U cap D cap η alg (III.15
)

Oh cap = η alg ρ alg D cap γ alg (III.16)
Here, D cap is the capillary inner diameter; η alg is the zero-shear viscosity of the Na-alginate solution;

U cap = 4Q V /(πD 2 cap
) is the mean flow velocity in the capillary, which is obtained by integration of the flow profile obtained in section III.2.1.

Relationship between experimental centrifugation products and ejection regimes

The ejection cannot be easily observed experimentally during centrifugation due to the use of conventional lab material, where the process is confined inside the opaque centrifuge housing 9 . Therefore, the empirical criterion we will use to identify a dripping or a jetting regime is the presence of secondary products (fibres, filaments or numerous satellites) in the gelation bath at the end of the experiment: if such products are observed, this is an in indicator of a jetting regime. Otherwise, the ejection is considered to be in dripping regime. Here we discuss more in detail on the inference from the experimental centrifugation products at the end of the CME process to the regime in which the alginate extrusion occurred during the process.

As mentioned before, extrusion in dripping regimes produces individual monodisperse droplets that form at the tip of the capillary and detach because of their weight. At the end of the centrifugation experiment, monodisperse capsules are observed in the gelation solution. On the other side, in jetting regimes, the liquid is extruded from the capillary under the form of a viscous jet. Depending on the height of the air gap between the capillary and the receiving liquid, several scenarios of transformation of this jet are possible [START_REF] Middleman | Modeling Axisymmetric Flows: Dynamics of Films, Jets, and Drops[END_REF] . Since upon entering in contact with the Calcium solution the jet will "freeze" by gelation, different products will be visible at the end of the centrifugation experiment depending on the shape of the jet upon entering the gelation solution:

• If the jet does not break up during the flight, it will solidify directly as a long fibre after entering in contact with the gelation bath (example in figure III.6(a)).

• A further stage of transformation of viscous jets is the formation of a train of drops. Consecutive drops are not monodisperse in size and are connected to each other with a viscous 9 Visualisation was made possible in other studies by using own-built devices [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF][START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] . • When the liquid bridges connecting consecutive droplets in the viscous jet becomes thin enough, they break under the effect of the Rayleigh-Plateau instability. The fluid ligaments that were previously connecting two consecutive droplets, depending on the fluid properties, can either break up into multiple fragments, or recede due to the surface tension and form small droplets, which are often called satellite droplets [START_REF] Villermaux | The viscous Savart sheet[END_REF] . If the jet enters the gelation solution during this breakup phase, we expect to obtain capsules which are polydisperse in size, with either numerous polydisperse jet fragments in the surrounding solution or with gelled fluid ligaments partly attached to the capsules, and some few satellite droplets which result from fluid ligaments that had enough time to recede. Examples of the former and latter case are given in figures III.6(c) and III.6(d) respectively.

• In the case when fluid ligament receding to droplets is faster than the breakup of the ligaments, if enough time is given, the ligaments recede into satellite droplets, which enter the gelation solution and gel as such. An example of gelled satellite droplets is given in III.6(e).

All of the centrifugation products mentioned above are easily identifiable in the gelation solution under microscope observation. Moreover, the latter stages of the process do not modify these elements of identification of a jetting regime in the ejection stage. As an example, three experiments were performed with exactly the same parameters and only modifying the height of the air gap (collecting distance) between the capillary and the surface of the gelation solution. Microscope observations of the results of the three experiments are reported in figure III.7. When the collecting distance is small (figure III.7(a), we obtain capsules (polydisperse in size) with gelled filaments attached to them and very few satellite capsules. This clearly indicates a jetting ejection regime, with generation of a train of droplets connected by a fluid ligament. If the collecting distance is increased (figure III.7(b)), the obtained capsules do not feature an attached filament. At the same time, the number of satellite droplets formed is highly increased. The liquid ligaments were broken and receded into satellite droplets. The same can be seen if we further increase the collecting distance (figure III.7(c)). Whereas here the impact becomes violent and damages the capsules, the secondary products are still visible and easily identifiable. 

Empirical correlation for ejection regimes

In figure III.8(a) we present a jetting/dripping chart based on the observation of secondary products depending on the ejection parameters Re cap and Oh cap . We distinguish experiments where fibres or capsules with filament were obtained. For the rest of the experiments, we plot a qualitative indicator of the number of satellite droplets N sat , compared to the number of main droplets N caps that were obtained, and we divide into three categories. A low N sat : N caps ratio indicates a dripping regime, whereas a high N sat : N caps ratio indicates a jetting regime. We notice a transition from dripping to jetting regimes with increasing Re cap for all values of Oh cap , whereas the transition occurs at lower values of Re cap for higher values of Oh cap . The following empirical
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correlation describes the boundary between the two regimes10 :

Re cap • Oh 1.60 cap = 0.034 (III.17)
We can define a composed dimensionless number K cap = Re cap • Oh 1.60 cap which compacts the criterion for obtaining a dripping ejection regime (as illustrated in figure III.8(c)):

K cap < 0.034 (III.18)
Moreover, in dripping regimes, monodisperse capsules are obtained, whereas most of the jetting regimes produce polydisperse capsules [START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF][START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] , since the drops are formed from a Rayleigh-Plateau instability of the ejected jet. The monodispersity of droplet sizes can be used as a qualitative indicator of droplet production regime. In figure III.8(b) we present the variation coefficient (CV) of the capsule diameter, as a function of the ejection parameters Re cap and Oh cap . It can be noticed that most drops produced in jetting regimes are polydisperse, while drops produced in dripping regimes have low size variations. However, this criterion of identification of ejection regimes is less unequivocal than the observation of secondary products, because later stages of the process can also alter the final monodispersity of capsule sizes and shapes, independently of the ejection stage.

III.2.2.2 Size of ejected droplets

The dripping regime being quasistatic, droplet formation and detachment from the capillary is governed by the equilibrium between the centrifugal force acting on the volume of the pendant droplet and the capillary force that keeps the pendant droplet attached to the capillary. In an order-of-magnitude model, this balance of forces can be written as follows [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] :

ρ alg πD 3 drop 6 g tip = γ alg πD cap (III.19)
Here, g tip = ω 2 y tip is the centrifugal acceleration at the needle tip. If equation (III. 19) is made dimensionless using the diameter of the ejecting nozzle, the dimensionless droplet diameter D * drop = D drop /D cap only depends on the Bond number:

D * drop ≡ D drop D cap = 6 Bo tip 1/3 (III.20)
Where Bo tip is the Bond number at the ejection tip:

Bo tip = ρ alg g tip D 2 cap γ alg (III.21)
This is a well known model for the size of droplets formed from capillaries by gravity [START_REF] Middleman | Modeling Axisymmetric Flows: Dynamics of Films, Jets, and Drops[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . In figure III.8(d) we plot the droplet diameters obtained in our experiments [START_REF] Ashgriz | Atomization Hand Book[END_REF] in dimensionless form and compare them with the theoretical correlation from (III.20). A correlation factor of R 2 = 0.98 is obtained between the theoretical prediction and the experimental data, demonstrating the validity of the theoretical formula and of the quasistatic drop formation assumption. Moreover, in a quasistatic (dripping) regime, viscosity is expected not to play a role. In chapter II, we have shown experimentally that the size of the droplets (without considering jetting regimes) does not depend on viscosity.

III.2.3 Droplet fall III.2.3.1 Flight kinematics

The trajectory of the droplets in the centrifugal field is an important aspect to be taken into account for the design of centrifugal encapsulation systems. Firstly, due to the Coriolis effect, the trajectory is curved in the reference frame of the centrifuge tube and can lead to an impact of the Na-alginate droplet on the wall of the tube before entering the gelation bath (see examples in figure III.9). The prediction of this trajectory helps choosing the experimental parameters to avoid wall impact. Secondly, a droplet motion model can offer an estimation of relevant kinematic quantities (like impact velocity, fall time, impact angle), which are needed to characterise the droplet deformation during fall and at droplet impact.

In order to predict the droplet trajectory we model the droplet as a point particle of mass m drop = ρ alg V drop , moving in the rotating reference frame that rotates together with the centrifuge tube 12 , at a constant angular velocity ω. In this reference frame, the particle motion is governed by the second law of Newton:

m drop dv dt = F Centrif ugal + F Coriolis + F Drag + F Gravity (III.22)
The expressions of the forces acting on the droplet, in the rotating reference frame, are the following:

F Centrif ugal = -(ρ drop -ρ air )V drop ω × (ω × r) F Coriolis = -2ρ drop V drop ω × v F Drag = - 1 2 C D ρ air A drop |v|v F Gravity = (ρ alg -ρ air )V drop g E (III.23)
Here, ω = (0, 0, ω) is the rotation vector, aligned with the centrifuge rotation axis z and with constant rotating velocity (acceleration and deceleration phases of the centrifuge are very short compared to the total centrifugation time and are not considered here); r is the position of the droplet, v the velocity of the droplet; ρ alg and ρ air the densities of alginate solution and air; the droplet surface area projected in the direction of the flow is A drop = πD 2 drop /4; droplet mass and volume are m drop and V drop ; g E = (0, 0, -g E ) is the gravitational acceleration, with g E = 9.81 m/s 2 . For the drag coefficient of the droplet moving in air C D we use a correlation from [START_REF] Ya | Flow structure in motion of a spherical drop in a fluid medium at intermediate Reynolds numbers[END_REF] for a droplet moving in a fluid, with a relative viscosity η rel = η alg /η air : As the leaking droplets and liquid filament enter the gelation solution, the alginate cross-links and "freezes" this structure. This is probably the explanation of the observed long fiber with beads that can be seen in the figures.

C D = 1 1 + η rel η rel 24 
with a validity range for 0.5 ≤ Re air ≤ 200, where Re air = ρ air D drop v drop /η air . The value of the characteristic droplet velocity v drop to be used will be discussed later.

The following initial conditions are assumed in the rotating reference frame:

r(t = 0) = r tip = (x tip , y tip , 0) v(t = 0) = 0 (III.25)
The first condition indicates that the droplet is initially situated at the tip of the ejection needle.

The reference system, indicated with red arrows in figure III.5(a), is chosen in such a way that the tip of the ejection needle is located in the z = 0 horizontal plane, z tip = 0. The second condition assumes a zero initial velocity and is based on the assumption of quasistatic droplet formation, which was discussed in section III.2.2.2. Equation (III.22) (which, together with equations (III.23) and (III.25), will be referred to as the full droplet motion model) can be solved by numerical integration, allowing a prediction of the droplet motion. 

Experimental validation of the numerical droplet motion model

In order to validate the droplet motion model, a set of experiments have been carried out. The trajectory of the droplets after ejection is curved (in the reference system of the centrifuge tube), due to the Coriolis force. The goal of these validation experiments is to find the location (in y direction along the tube axis) where the extruded alginate droplets impact the wall, in the absence of the gelation bath (see figure III.10).

For this, a sheet of paper was glued to the wall of the 50ml centrifuge tube. Then, the standard centrifugal capsule formation experiment was carried out, but without filling the centrifuge tube with gelation solution. In the end of the experiment, the traces of the alginate drops, which have impacted the wall and run down on the wall toward the bottom of the tube, are examined on the paper. They are visible under the form of a single wetted line starting at a certain y position and continuing parallel to the tube axis toward the bottom of the tube. Thus we can identify the position where the alginate drops impacted the wall during centrifugation as the position where the line begins (the lowest y point of the line). The difference between this position and the y position of the needle tip will be called the height at the impact with the wall:

h wall impact = y wall impact -y tip (III.26)
The fall kinematics is expected to be the same for all the alginate droplets ejected during one centrifugation, and this is justified by the presence of a single wetted line on the tube wall.

In figure III.11, a comparison is shown between experimentally obtained values of h wall impact and curves computed numerically by solving the equation (III.22) (using the full droplet motion model). The kinematic model of droplet fall seems to be sufficiently accurate to predict the trajectory of the ejected droplet. 

Scaling analysis of the droplet equation of motion

Another approach to compute the trajectory and velocity of the falling droplet in centrifugal field is to perform a scaling of the ordinary differential equation (III.22) describing the motion of the droplet in centrifugal field between the capillary tip and the gelation bath. The purpose of this scaling is to identify possible dominant terms governing this motion, leading to the derivation of simplified equations of motion, which can be solved analytically.

Let us consider again the problem described by the equations (III.22)-(III.25). The independent variables in this problem are the position r = (x, y, z) and the time t. The ranges of possible values of these variables and of the velocity during droplet fall are given below:

x ∈ [x tip -D tube /2 ; x tip + D tube /2] y ∈ [y tip ; y tip + h] z ∈ [z tip -D tube /2 ; z tip + D tube /2] t ∈ [0 ; t f all ] |v| ∈ [0 ; v imp ] (III.27)
Here, D tube is the diameter of the centrifuge tube, t f all is the duration of the droplet fall and v imp is the velocity at impact with the gelation bath. We propose a scaling for the independent variables and of the velocity as follows:

x * = x -x tip D tube /2 y * = y -y tip h z * = z -z tip g E t 2 f all /2 t * = t t f all |v * | = |v| v imp (III.28)
Equation (III.22) can be written for the three coordinates:

ρ alg V drop ẍ = (ρ alg -ρ air ) V drop ω 2 x + 2ρ alg V drop ω ẏ - 1 2 C D ρ air A drop |v| ẋ ρ alg V drop ÿ = (ρ alg -ρ air ) V drop ω 2 y -2ρ alg V drop ω ẋ - 1 2 C D ρ air A drop |v| ẏ ρ alg V drop z = - 1 2 C D ρ air A drop |v| ż -(ρ alg -ρ air ) V drop g E (III.29)
By replacing the independent variables in equation (III.29) with the dimensionless ones, and dividing both sides of the equations by the coefficients ρ alg V drop ω 2 x tip , ρ alg V drop ω 2 y tip and ρ alg V drop g E /2 respectively, we obtain the following equations:

D tube /2 ω 2 t 2 f all x tip ẍ * = 1 - ρ air ρ alg x * D tube /2 x tip + 1 + 2 h ωt f all x tip ẏ * - 1 2 
C D ρ air A drop |v * |v imp ρ alg V drop ω D tube /2 ωt f all x tip ẋ * h ω 2 t 2 f all y tip ÿ * = 1 - ρ air ρ alg y * h y tip + 1 -2 D tube /2 ωt f all y tip ẋ * - 1 2 
C D ρ air A drop |v * |v imp ρ alg V drop ω h ωt f all y tip ẏ * z * = - 1 2 
C D ρ air A drop |v * |v imp ρ alg V drop t f all ż * -2 1 - ρ air ρ alg (III.30)
An estimation for the impact velocity and the duration of fall can be obtained using an approximation of linear uniformly accelerated motion with the mean centrifugal acceleration in y direction Let us define the following dimensionless groups:

g avg = ω 2 (y tip + h/2): v imp ≈ 2g avg h = ω 2h(y tip + h/2) (III.
x 0 = x tip D tube /2 y 0 = y tip h α = D drop h β = h D tube /2 ρ r = ρ air ρ alg (III.34)
After replacing these expressions and rearranging, the scaled equations of motion become: In order to assess the order of magnitude of the coefficient in the drag term, we use the following approach:

ẍ * = 2 (1 -ρ r ) x * + x 0 y 0 + 1/2 + 2β 2 y 0 + 1/2 ẏ * - 3 2 C D ρ r 1 α |v * | ẋ * ÿ * = 2 (1 -ρ r ) y * + y 0 y 0 + 1/2 - 2 β 2 y 0 + 1/2 ẋ * - 3 2 C D ρ r 1 α |v * | ẏ * z * = - 3 2 C D ρ r 1 α |v * | ż * -2 (1 -ρ r ) (III.
• For a given configuration, we compute the impact velocity v imp using the simplified expression in equation (III.44).

• We assume again a uniformly accelerated movement with a mean velocity v drop,mean = v imp /2. We calculate the average Reynolds number of the droplet during fall as Re air = ρ air D drop v drop,mean /η air . • We evaluate the drag coefficient using the correlation in equation (III.24).

• We evaluate the term (3/2)C D ρ r |v * |/α for the mean dimensionless velocity |v * | = 0.5.

This calculation was performed for different rotation velocities ω and different droplet diameters D drop , for a common collecting distance of h = 15mm [START_REF] Atkins | complex viscosity[END_REF] . The results are plotted in figure III.12.

The operating points explored in our experimental work are plotted using black "x" symbols. This figure shows that the coefficient of the drag term is higher than 10 -1 only for very small droplets (D drop < 0.1 mm) and in particular for low rotation velocities (ω < 100 rad/s). In the other situations, the drag term coefficient has an order of magnitude of less than 10 -1 .

Coming back to the scaled equations of motion, let us try to evaluate the order of magnitude of the different terms with respect to each other. Replacing the different geometrical and fluid properties with typical values from the experiments, we obtain different possible combinations of dimensionless parameters. In the table III.5, we summarise some possible configurations. Variations of h, y tip and D drop are studied. As it can be seen in the lower part of the table, the dominant terms of droplet motion are the centrifugal and the Coriolis forces. As mentioned above, except for the case of droplets with a diameter D drop < 0.1 mm, the drag can be neglected compared to the centrifugal and Coriolis forces.

Moreover, if droplet ejection is performed in air, the buoyancy term can also be neglected, due to the very low ratio of densities between the air and the liquid ρ r << 1.

For the equation of motion in z direction, the dominant term is the gravity term.

Table III.5 -Order of magnitude of the different terms in the equation of motion of the falling droplets, for different system configurations. A: common configuration used in the experiments associated with this work; B: small droplets (requiring high rotation velocities ω ∼ 250 rad/s); C: small centrifuge rotor; D: small collecting distance. Centrifugal y0

2y0(1-ρr) y0+1/2 1 1 1 1 Coriolis x * 2β 2 y0+1/2 1 1 1 10 -1 Coriolis y * 2 β 2 y0+1/2 1 1 1 10 Drag 3 2 C D ρ r 1 α |v * | 10 -2 10 -1 10 -1 10 -2 Gravity 2 (1 -ρ r ) 1 1 1 1
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As a conclusion, in the ranges of parameters studied here and in the experimental work presented in this thesis, this scaling analysis shows that drag and buoyancy effects can be neglected compared to the inertial forces (centrifugal and Coriolis). This leads to simplified dimensionless equations of motion of the droplet (equations (III.36)), which have the remarkable property of depending only on geometrical parameters (x 0 , y 0 and β). The motion of the droplet is dominated by the inertia in the centrifugal field. ẍ * = 2

x * + x 0

y 0 + 1/2 + 2β 2 y 0 + 1/2 ẏ * ÿ * = 2 y * + y 0 y 0 + 1/2 - 2 β 2 y 0 + 1/2 ẋ * z * = -2 (III.36)
Finally, when comparing the scales used for the x and y droplet displacement with the scale used for the displacement in z direction, it is not difficult to show that g E t 2 f all /2 << h and g E t 2 f all /2 << D tube /2. This implies that droplet displacement in the z direction is much smaller compared to displacements in x and y directions during droplet fall. The motion of the droplet could thus be considered only in a horizontal x -y plane.

Droplet motion governed by centrifugal inertia

If drag and buoyancy are neglected on the basis of the previous scaling analysis, the (dimensional) equation of motion of the falling droplet simplifies to:

ρ alg V drop ẍ = ρ alg V drop ω 2 ẋ + 2ρ alg V drop ω ẏ ρ alg V drop ÿ = ρ alg V drop ω 2 ẏ -2ρ alg V drop ω ẋ ρ alg V drop z = -ρ drop V drop g E (III.37)
For this simplified system of equations, analytical solutions can be found, using standard analytical ODE solving methods. The resulting kinematic equations of the droplet motion are given here:

x(t) = -A(t)cos(ωt) + B(t)sin(ωt) y(t) = A(t)sin(ωt) + B(t)cos(ωt) z(t) = z tip - 1 2 g E t 2 (III.38)
With the time-dependent coefficients:

A(t) = ωty tip -x tip B(t) = ωtx tip + y tip (III.39)
A comparison of this analytical solution with the full droplet motion model (which takes all forces into account) was performed and the error in the droplet trajectory calculation was found to be less than 5% (calculated on the distance between the impact position to the tube axis) in all realistic configurations studied.
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We can further simplify this solution by considering that droplet displacement in z direction is much smaller than in the x -y plane, because the ratio between centrifugal acceleration and Earth gravity is much higher than unity g CF /g E >> 1. For trajectory calculations it is then reasonable to consider that the droplet motion takes place in a horizontal plane x -y. Without restricting the generality, we can also choose the position of the references system at z tip = 0. Then, the droplet position and velocity in polar coordinates can be described as follows:

r(t) = x 2 + y 2 = 1 + ω 2 t 2 • x 2 tip + y 2 tip (III.40) ϕ(t) = f (ωt) = π + arctan y tip x tip + arctan(ωt) -ωt (III.41) v(t) = ẋ2 + ẏ2 = ω 2 t • x 2 tip + y 2 tip (III.42)
It is interesting to notice that ϕ = f (ωt) is a bijective and strictly decreasing function. Its inverse, g = f -1 (with g(ϕ) = ωt) is also bijective, strictly decreasing and positive (since ωt is always positive). Thus, the square of g will also be strictly decreasing and bijective. We can write then:

R(t) = 1 + (g(ϕ)) 2 • x 2 tip + y 2 tip = h(ϕ) (III.43)
We notice that h will also be a bijective function. This is a remarkable result, since it states that the trajectory can be described by a purely geometrical relation R = h(ϕ) and does not depend on any parameters other than the geometry of the system x tip and y tip . Notably, it does not depend on the rotating velocity ω or on the droplet size D drop .

As a conclusion, the droplet motion described by the equations (III.38) and (III.39) has some remarkable properties, that we will summarise again here:

• Since droplet displacement in z direction is small compared to droplet motion in the x -y plane, one can consider that droplet motion only takes place in the x -y horizontal plane. • The droplet trajectory in the x-y plane does not depend on the rotational velocity ω. It is determined only by the geometry of the system, i.e. x tip and y tip . • For a given system geometry, the following quantities are constant while varying ω, as explained below: ωt f all and v imp /ω. • Except for very small droplets, where air drag cannot be neglected, the droplet movement does not depend on the volume of the droplet.

Practical correlations for droplet fall

Using the analytical solution of the simplified model, further simplifications lead to the derivation of equations for the estimation of relevant quantities describing the fall of the droplet. The droplet velocity at impact with the surface of the gelation bath can be approximated as follows:

v imp ≈ 2g avg h = ω 2h(y tip + h/2) (III.44)
with the mean centrifugal acceleration g avg = ω 2 (y tip + h/2) and the collecting distance (at rest) h. We define the fall Froude number as the ratio between v imp and the mean centrifugal acceleration
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123 during droplet fall, multiplied by the mean droplet y position during fall:

F r f all = v imp g avg (y tip + h/2) = 2h y tip + h/2 (III.45)
The fall time of the droplet and the impact angle with the surface of the gelation bath (π/2 being a frontal impact) are approximated as follows:

t f all ≈ 2h g avg = F r f all ω (III.46) φ imp ≈ arctan 1 ωt f all ≈ arctan 1 F r f all (III.47)
These correlations were compared with results from the full droplet motion model over a wide range of configurations and were found to be accurate within 10%. Furthermore, the (numerical) droplet motion model allows to find that wall impact happens for a fall height h bigger than a certain threshold, that depends on the other geometrical parameters (x tip , y tip and D tube ). Using the full droplet motion model, a chart was derived indicating the maximum fall height h that can be used for a certain system geometry (x tip , y tip and D tube ) to avoid droplet impact on the wall. This chart, given in figure III.13(a), can be directly used for the design of centrifugal encapsulation systems.

One interesting experimental rule that can be derived from figure III.13(a) is that centrifuge tubes should preferably be placed in negative x tip positions inside the centrifuge bucket, in order to avoid as much as possible droplet impacts with the tube wall. That is why in most of the experiments performed in this thesis and in most simulations of droplet trajectories, the farthest position in negative x direction in the centrifuge bucket was chosen to place the tubes.

Trajectory inside the gelation solution

As discussed previously, drag does not play a major role in the droplet fall in air, since droplets do not have the time to reach close to their terminal velocity. Only for droplets of very small size, air drag produces significant modification of the trajectory, by slowing down the droplet and reducing the deviation caused by the Coriolis force.

In the gelation solution, because of the much higher density and viscosity of the surrounding fluid, both buoyancy and hydrodynamic drag on the droplet play a much more important role. Since drag depends on the size of the droplet, the trajectories of the droplets in the gelation solution will depend on their size.

The droplet trajectory in air and in the gelation bath has been computed using the full droplet motion model. In practice, a first computation in air yielded the droplet impact position on the surface of the gelation bath. With the assumption that the droplet velocity falls to zero rapidly after the impact, a second calculation was made inside the gelation solution, using as initial conditions the impact position and a zero initial velocity. The computed trajectories, for droplets of different diameters, are shown in figure III. 13(b).

In this work, we have successfully exploited this behaviour for automatic droplet sorting as described in section V.1, and this improvement of the system was also patented 14 . MICROENCAPSULATION PROCESS [17] )

III.2.3.2 Droplet deformation during fall

Many authors have reported that viscous droplets detach from the capillary in the shape of a teardrop, with a protuberance 15 due to the rupture of the liquid ligament between the drop and the liquid remaining in the capillary (for example [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Herran | Drop-on-demand for aqueous solutions of sodium alginate[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF][START_REF] Wan | Calcium alginate hydrogel beads with high stiffness and extended dissolution behaviour[END_REF][START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] ). The protuberance is longer when the solution is more viscous. An important question to answer in our system is how does the shape of the droplet evolve during its fall from the capillary tip to the interface of the gelation solution.

Aerodynamic droplet deformation

During the fall of the droplet, it is known that aerodynamic forces may lead to the deformation or breakup of the droplet [START_REF] Ashgriz | Atomization Hand Book[END_REF] . The aerodynamic deformation and breakup for Newtonian droplets can be predicted based on characteristic W e air and Oh drop numbers, using diagrams as in Faeth et al. [START_REF] Faeth | Structure and breakup properties of sprays[END_REF] . In our case, we compute the maximum W e air number of the droplet in fall using the maximum velocity the droplet attains, before impact: The droplet Ohnesorge number is defined as:

Oh drop = η alg ρ alg γ alg D drop (III.49)
In figure III.14 we plot the values of W e air and Oh drop in our experiments. All these points are located in regions of the diagrams in [START_REF] Faeth | Structure and breakup properties of sprays[END_REF] where a deformation below 5% or 10% is expected. Droplets from lower viscosity alginates would also fall in regions with deformation below 10%, due to the small W e air numbers. Of course it should be kept in mind that during most of their fall through the air the droplets have a smaller velocity, and thus W e air number, than the terminal one. Thus, if droplets are considered Newtonian, no significant deformation due to aerodynamic forces is expected.

No further in-depth analysis was performed in order to assess whether the non-Newtonian nature of the fluid could induce a more significant deformation of the droplet during fall, due to aerodynamic forces. The results in some references suggest that the elasticity of polymer solutions might, on the contrary, have a stabilising effect on the shape of droplets [START_REF] Lakhanpal | Dilute polymer solution drops impacting on heated surfaces: New impact morphologies and impact regime maps[END_REF] .

Droplet relaxation due to surface tension

On the other hand, the droplet tends to regain a spherical shape during its fall, due to the surface tension. A higher viscosity slows down the relaxation to a spherical shape. However, the falling time of the droplet is limited. Once the droplet enters the gelation solution, its shape is "frozen" due to the cross-linking reaction. If shape relaxation is not complete during the fall, the droplet will gelate in a tear-like shape. Thus, for high alginate viscosities, the gelled capsules are expected to feature a protuberance because of the insufficient time for the droplet to relax to a spherical shape during fall.

For the characterisation of droplet relaxation, we construct a dimensionless number representing the ratio between the characteristic relaxation time of a droplet to a spherical shape and the fall time of the droplet in the centrifugal field. This number has the significance of a Deborah number:

De f all = τ rel t f all = 19 40 
η alg D drop γ alg ω F r f all (III.50)
Here, the droplet fall time t f all was estimated using Eq. (III.46). The characteristic relaxation time of the droplet, τ rel , was estimated based on the following results from the literature: continuing a first modelling effort by Taylor [START_REF] Taylor | The formation of emulsions in definable fields of flow[END_REF] , Luciani et al. developed an analytical description of the relaxation of a ellipsoidal drop toward a spherical shape under the assumption of relatively small deformations [START_REF] Luciani | Interfacial tension coefficient from the retraction of ellipsoidal drops[END_REF] :

D(t) = D 0 exp - 80(m + 1) (2m + 3)(19m + 16) γ η o D drop t (III.51)
where D is the dimensionless deformation of the ellipsoidal droplet defined using its major and minor axis A and B: D = (A -B)/(A + B); D 0 is the deformation at t = 0; m is the ratio between the viscosity of the droplet fluid η i and the viscosity of the surrounding fluid η o ; γ is the surface tension of the droplet fluid and D drop is the equivalent diameter of a spherical droplet with the same volume. In the case of a liquid drop in air or of a very viscous drop inside a low-viscosity fluid (m >> 1), which is always the case in our system, equation (III.52) can be simplified as follows [START_REF] Juza | Surface tension measurements of viscous materials by pendant drop method: Time needed to establish equilibrium shape[END_REF] :

D(t) = D 0 exp - 40 19 
γ η i D drop t (III.52)
We will use the characteristic decay time of this exponential function as an estimation of the characteristic relaxation time of the tail formed on alginate droplets in our system:

τ rel = 19 40 
η alg D drop γ alg (III.53)
where η alg is the viscosity and γ alg the surface tension of the alginate droplet.

In conclusion, droplet relaxation governed by surface tension and viscosity is expected to be the main deformation mechanism the droplet undergoes during fall. A comparison with experimental results will be presented in section III.3.2, summarising the mechanisms that lead to the formation of capsules with protuberance.

III.2.4 Droplet impact

As mentioned in section III.1, the droplet impact on the surface of the gelation bath and the subsequent cross-linking reaction is a complex process, because of the variety of physical phenomena that come into play. The approach used here is to use information from the previous stages in order to describe the properties of the droplet at the impact and to evaluate the effects of these properties on the droplet transformation at impact. In this section, we discuss the phenomena of droplet damage at impact, droplet attachment to the interface and droplet deformation at impact.

III.2.4.1 Droplet damage at impact

Upon impact, the droplet may be severely damaged causing a highly irregular shape. As a consequence, one can find damaged capsules at the end of the process, sedimented in the gelation bath. If capsules are damaged, they lose their mechanical and physical properties which assure the functionality of the capsule (protection of the encapsulated material, vectorisation, controlled release, etc.). One indicator of capsule damage is the state of the capsule surface. Wrinkles or irregular surface deformations indicate that the capsule was damaged and has thus lost integrity in the sense of mechanical and physical properties. In chapter II, an automated image analysis procedure The onset of capsule surface damage is attributed to the apparition of a splashing impact regime when K imp > K imp,limit ≈ 215. The empirical deformation limit found by Chan et al. for gravitational dripping [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] is plotted with the dashed magenta line.

was defined, which specifically identifies damaged capsules (according to the above definition) and classifies them in a separate shape family, the "deformed" capsules.

The impact of a droplet on a deep liquid pool can generate bouncing, coalescence or splashing (also called jetting in some works). The latter impact pattern includes significant droplet deformation and breakup at the impact, and is generally characterised by liquid ejection from the crater formed in the deep pool and the formation of a crown which can breakup in droplets at its rim [START_REF] Rein | Phenomena of liquid drop impact on solid and liquid surfaces[END_REF][START_REF] Yarin | Drop impact dynamics: Splashing, spreading, receding, bouncing[END_REF][START_REF] Zhao | An experimental investigation of liquid droplets impinging vertically on a deep liquid pool[END_REF][START_REF] Mohammad | Experimental dynamics of newtonian non-elastic and viscoelastic droplets impacting immiscible liquid surface[END_REF] . One reasonable explanation of droplet damage or bursting at impact is that it is caused by a splashing impact regime, which induces significant stress on the capsule surface and leads to the damaging of the capsule. A thorough experimental study on the thresholds between these impact regimes is given in [START_REF] Zhao | An experimental investigation of liquid droplets impinging vertically on a deep liquid pool[END_REF] .

Transitions between impact regimes are commonly described based on the impact Weber number and the droplet Ohnesorge number:

W e imp = ρ alg v 2 imp D drop γ alg ; Oh drop = η alg ρ alg γ alg D drop (III.54)
The impact Weber number compares inertia to surface tension forces, whereas the drop Ohnesorge number compares viscosity to surface tension forces. A higher impact Weber number implies a higher energy in the system, a part of which is used at the impact to deform the droplet. A higher 128
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drop Ohnesorge number implies a higher resistance of the droplet to deformation. A composed dimensionless number using W e imp and Oh drop can be defined and is called in some references the impact K number [START_REF] Yarin | Drop impact dynamics: Splashing, spreading, receding, bouncing[END_REF] :

K imp = W e imp • Oh b drop (III.55)
Different authors have proposed different values for the exponent b, fitted on experimental data [START_REF] Zhao | Investigation of droplets impinging on a deep pool: Transition from coalescence to jetting[END_REF][START_REF] Zhao | An experimental investigation of liquid droplets impinging vertically on a deep liquid pool[END_REF] , for different impact configurations (the proposed values lie between -0.3 and -0.5). Here, we chose to use the exponent b = -0.5, determined in [START_REF] Huang | A study of different fluid droplets impacting on a liquid film[END_REF] for impacts on deep liquid pools, which is the closest to our application [START_REF] Badalan | Effect of Process Parameters on the Shape and Size of Calcium-alginate Microcapsules Generated with the Centrifugal Encapsulation Technique -Main[END_REF] .

In figure III.15 the capsule shape families are plotted in the Oh drop -K imp space. Notably, the blue points represent experiments where damaged capsules were obtained 17 , which present surface damage, surface wrinkles or are broken. It can be noticed that a criterion to avoid droplet damage at impact can be defined approximately as follows:

K imp < K imp,limit ≈ 215 (III.56)
Here, the threshold value is obtained by applying a classification algorithm18 on the experimental data. Drops impacting the surface with a K imp value higher than this limit present surface damage.

Qualitatively it has been observed that above the limit in Eq. (III.56), increasing K imp increases the level of damage. At the same time, all drops with a lower impact K imp have a good surface quality after the impact and gelation, regardless of their shape (ellipsoidal or tear-shaped).

Our data seems to be better fitted by this constant K imp value rather than by the correlation suggested in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] for gravitational dripping. This slight disagreement could be due to the differences in the impact physics between gravitational and centrifugal dripping, mentioned in section III.1.2 and discussed more in section II.5.3.1.

III.2.4.2 Droplet attachment to the interface

When crossing the interface between two fluids, a droplet can either cross relatively fast the interface or remain attached to it, depending on the parameters of the problem (droplet initial speed, surface tension between the two fluids, viscosities of the solutions, etc.) [START_REF] Capretto | Effect of the gelation process on the production of alginate microbeads by microfluidic chip technology[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF][START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF][START_REF] Davarci | The influence of solution viscosities and surface tension on calcium-alginate microbead formation using dripping technique[END_REF] . If, in the latter case, the second medium triggers a cross-linking reaction of the droplet, the cross-linking process occurs as the droplet slowly crosses the interface and a part of it still remains attached to the interface. This results in the formation of a protuberance in the final gelled capsule, although the initial droplet might have been spherical before arriving on the interface. This phenomenon tends to occur especially if the droplet falls through an immiscible liquid before reaching the interface between this liquid and the gelation solution [START_REF] Capretto | Effect of the gelation process on the production of alginate microbeads by microfluidic chip technology[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF] , but has also been observed in gravitational dripping with air and gelation solution, when the kinetic energy of the droplet at impact is very low [START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] .

In [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF] , the authors use energy conservation to define a criterion of droplet detachment from the interface after impact, based on the ratio of energies prior and after the impact of the droplet. In their analysis, the main component of the energy of the system after impact was the energy needed to form a crater in the receiving liquid pool and lift the liquid above the initial level. Based on these considerations, in order to characterise the ability of the droplet to cross and detach from the interface, we define the impact Froude number, describing the ratio between the initial kinetic energy of the droplet and a characteristic potential energy needed to form a crater in the receiving liquid:

F r imp = E kin E pot,crater = v imp g imp D drop (III.57)
The impact velocity is estimated using Eq. (III.44). By using the expression of the centrifugal acceleration at the impact position g imp = ω 2 (y tip + h), we define the impact Froude number:

F r imp = 2h(y tip + h/2) (y tip + h)D drop (III.58)
Comparison with experimental results will be presented in section III.3.2, that summarises the mechanisms leading to the formation of capsules with protuberance.

III.2.4.3 Droplet deformation at impact

Flattening

Based on the results of centrifugation experiments, we have noticed that droplets behave differently upon impact depending on their viscosity. Among droplets with low to medium viscosity, flattened ("oblate") capsules are observed in some experiments, when analysing the 3D shape of the capsules. This flattening is most likely linked with the impact of the droplets on the surface of the gelation bath. Following arguments for this hypothesis are proposed:

• No process in the ejection stage is known to shape the droplets in an oblate-like shape. On the contrary, extrusion by its nature tends to create prolate-like objects. As discussed in the article, the extruded droplets are prolate in shape and feature a protuberance due to the detachment from the capillary.

• During the fall of the droplet, it has been discussed in section III.2.3.2 that aerodynamic forces are unlikely to deform the droplet, due to the relatively low Weber and high Ohnesorge numbers characterising the droplet during its fall. On the other side, the surface tension deforms the droplet during the fall in air, tending toward a spherical shape. Since the alginate droplets are relatively viscous (about 100 to 10000 times more than water) and small, the droplet is not expected to deform in an oscillating regime, but rather in an aperiodic regime. Thus, formation of flattened capsules is unlikely to be due to the droplet fall stage.

• During the sedimentation phase, the gelling of alginate droplets has a shape-recovery effect [START_REF] Deng | Fluid dynamics study of bubble entrapment during encapsulation[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] on the capsule shapes, and is thus acting against a possible flattening of the capsules. Flattening is unlikely to be produced during the sedimentation stage.

• On the contrary to the above, the impact of droplets on the gelation solution is a physical mechanism which is known to flatten droplet shapes [START_REF] Yarin | Drop impact dynamics: Splashing, spreading, receding, bouncing[END_REF][START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF][START_REF] Mohammad | Experimental dynamics of newtonian non-elastic and viscoelastic droplets impacting immiscible liquid surface[END_REF] and has been observed with high-speed cameras in gravitational dripping experiments [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] .

These arguments support the hypothesis that attributes the observation of flattened capsules to the impact stage. A numerical validation of this hypothesis will be performed in chapter IV.
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Low viscosity drops are known to flatten upon impact on the surface of the crater formed at the surface of the gelation bath [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF][START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] . In an extensive study of droplet impact with cross-linking reaction in gravitational dripping [START_REF] Deng | The role of viscosity and surface tension in bubble entrapment during drop impact onto a deep liquid pool[END_REF][START_REF] Deng | Fluid dynamics study of bubble entrapment during encapsulation[END_REF][START_REF] Deng | The phenomenon of bubble entrapment during capsule formation[END_REF] , Deng showed that droplets flatten quite significantly upon impact (ratio of 1.8 between droplet width after impact and initial droplet diameter), but then recover a quasi-spherical shape within seconds after the impact. The mechanism explaining this recovery is the formation of an (elastic) membrane at the surface of the droplet which inhibits drop spreading process and aids restoring a spherical shape. Over the time scale of seconds after impact, the gelling reaction and the generated osmotic pressure contribute to the recovery of the droplet shape. The final shape of the gelled capsule is then a result of the competition between shape recovery process and solidification of the droplet [START_REF] Deng | Fluid dynamics study of bubble entrapment during encapsulation[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] .

In our experiments, we analyse the resulting capsules at the end of the global process. Flattening was observed in some cases for capsules of low and medium viscosity (roughly Oh drop < 10). In the case of ellipsoidal capsules, this flattening is not high and aspect ratios remain below 1.2. Most probably, the shape recovery mechanism mentioned above is effective in these cases to restore to a great extent the sphericity of the droplet after impact and before its complete gelation.

Interestingly, damaged capsules show a much higher degree of flattening. The probable cause for this is their loss of mechanical integrity, due to the damaging of the capsule. Thus, the mechanisms of shape recovery cited above are much less effective, due to the existence of surface damage (cracks, bursts, wrinkles).

For medium to high viscosity capsules [START_REF] Badalan | Physical Analysis of the Centrifugal Microencapsulation Process[END_REF] , very little or no flattening of the capsules was observed in our experiments. In this case, due to their high viscosity, the droplets probably deform much less upon impact. One should keep in mind that higher viscosity is also equivalent to a higher alginate concentration, which speeds up the cross-linking reaction. A deeper analysis of the simultaneous effects of hydrodynamic forces and gelation reaction on the deformation of the droplet at impact is beyond the scope of this thesis. The interested reader can refer to the works of Haldar et al. [START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] .

Elongation

In the case of medium to high viscosity alginates, another type of deformation has been observed at the end of the process of centrifugal encapsulation, namely the formation of elongated capsules. In earlier works, Maeda et al. obtained elongated capsules with increasing collecting distance (see figure 3 in [START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] ). Figure III.16(a) shows an example of capsules obtained in a series of experiments in this work, where the collecting distance h was varied and all the other control parameters were kept constant. Note that this implies varying F r imp . For low values of h, the capsules feature a protuberance, due to the detachment from the capillary and the insufficient relaxation time during the fall in air. We notice the protuberance is reduced with increasing fall height, due to the increased time that is available for the droplet shape to relax by the surface tension, before entering the gelation solution and cross-linking. For distances between 11 mm and 17 mm, almost perfectly spherical capsules are obtained. However, if the collecting distance is further increased, the capsules start to have an ellipsoidal prolate shape. The elongation of the ellipsoid seems to increase with increasing fall height.

Similar to the flattening of low-viscosity capsules, this deformation is most probably produced in the impact stage, more precisely at the penetration of the droplet in the gelation solution. Experimentally, we found that this droplet elongation correlates quite well with the impact Froude number defined in Eq. (III.58). This elongation can be quantified using the sphericity factor SF defined in section IIII.4.5.2. A perfectly spherical capsule will have SF = 0. An ellipsoidal capsule will have higher values of SF . Capsules with SF > 0.05 have a visibly non-spherical shape with increasing SF [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . However, capsules with a protuberance also feature high SF values. Another shape indicator, the tip factor T F , defined in section IIII.4.5.2, can then be used to distinguish between ellipsoidal elongated capsules and capsules with protuberance: the former have a high SF but T F ≈ 1; the latter have a high SF , but T F > 1.015.

Increasing fall height

In figure III.16(b) we show, for droplets of medium to high viscosity alginates, that the sphericity factor first decreases with the Froude number and then increases again. Despite a relatively high scatter of the data, we interpolate the points corresponding to each alginate concentrations with a second order polynomial to illustrate this evolution. Since increasing F r imp also increases De f all , the left branch of the parabola (the decrease of SF with F r imp ) can be explained by the relaxation of the droplet protuberance with the increasing fall time (see section III.2.3.2). This is also visible
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in figure III.16(c), which shows the evolution of the tip factor T F (characterising the size of the protuberance) with increasing F r imp . The right branch of the parabola could be explained by the deformation (elongation) of the droplet at impact. Although the T F (the size of the protuberance) continues to decrease with increasing F r imp , the sphericity factor starts to increase again at around F r imp ≈ 11. Since the impact Froude number represents the ratio between the energy of the droplet before impact and the energy the droplet loses at impact, a possible interpretation of this phenomenon is the following: if the F r imp number is higher, the drop maintains a higher kinetic energy after impact and it is probably this kinetic energy that leads to an elongation as the droplet advances and shears in the liquid. From the experiments performed in this study (figure III.16(b)), the transition point for the onset of this deformation by elongation has been found empirically at: F r imp,elongation ≈ 11.

(III.59)

Further study is required for a finer understanding of this phenomenon.

III.2.5 Gelation and sedimentation

The gelation reaction takes place once the Na-alginate droplet enters in contact with the gelation bath containing divalent ions (in our case Ca ions) and continues during the sedimentation of the droplet toward the bottom of the tube. The concentrations of both solutions, the Na-alginate in the droplet and the CaCl 2 in the gelation solution, are expected to influence the cross-linking reaction. In this section, we will discuss the impact of the gelation and sedimentation stage of the process on capsule sizes, capsule shapes and on the formation of capsule agglomerates on the bottom of the centrifuge tube.

III.2.5.1 Droplet shrinking by gelation

Regarding capsule sizes, both the concentration of the Na-alginate solution in the droplet and of Calcium dichloride in the gelation bath influence significantly the degree of shrinkage of the capsules upon cross-linking, and thus the final volume of the capsules.

We define the shrinkage factor k SF as the ratio between the diameter of a capsule, measured by microscope observation inside the gelation bath after a hardening time of 20 to 30 minutes (considered to be at the steady-state), and the diameter of the droplet before gelation, computed with Eq. (III.20): k SF = D caps /D drop,predicted . Furthermore, we normalise the concentrations of the Calcium solution and alginate solution with the following values: [CaCl 2 ] 0 = 11.1 g/L (standard concentration used in encapsulation techniques [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] ) and [Alg] 0 = 10 g/L (often used as reference by the alginate producers).

In figure III.17 we plot the shrinking factor of alginate beads, as a function of the product of the normalised solution concentrations. The following power-law function with threshold was fitted on the experimental values to express the dependence of the shrinking factor on the solution concentrations:

k SF = 0.103 [CaCl 2 ] [CaCl 2 ] 0 • [Alg] [Alg] 0 -0.513 + 0.779 (III.60)
These results are in good agreement with the empirical value found by Chan [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] for low M/G ratio alginates, with [CaCl 2 ] = 11. 20 g/L. It should be noted that the shrinking behaviour depends on the M/G ratio of the alginates and of the chain lengths (different results were obtained by Haldar for short-chain alginates [START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] ).

III.2.5.2 Influence of Calcium solution concentration on capsule shapes

The influence of the Calcium solution concentration on the shape of the produced capsules was investigated with three series of experiments. For this, gelation solutions with 7 different CaCl 2 concentrations (10, 20, 50, 100, 200, 500 and 1000 mM) were prepared. Three operating points were chosen, corresponding to three different capsule shapes that are obtained using the standard CaCl 2 concentration of 100mM. For each of the operating points, the concentration of Calcium dichloride in the gelation solution was varied and all the other parameters were kept constant. Each of the three series of experiments is named after the shape of the obtained capsules when the Calcium concentration is equal to the standard value of 100 mM. Alginate from batch A was used in all three series.

In figure III.18 we plot three different shape indicators for each of the three experimental series. The shape indicators are the sphericity factor SF (describing the elongation or compactness of the capsule), the tip factor T F (describing the existence and size of a capsule protuberance) and the solidity SL (describing the regularity of the capsule surface, an indicator of the capsule damage or deformation). More details about the definition of these shape indicators are given in section II.4.5.2.

First of all, we observe that the Calcium concentration has very little effect on the solidity of spherical and tear-shaped capsules. For ellipsoidal capsules, their solidity is almost unchanged for medium concentrations of Calcium dichloride. For very high concentrations (1000mM) or very low concentrations (10mM or 20mM), the ellipsoidal capsules are highly deformed. For high concentrations (example in figure III.19(c)), this is due probably to a very rapid gelation after the impact with the gelation bath, so that the alginate droplet that flattened upon impact does not have enough time to recover its shape before it starts gelling. For very low concentrations (example in figure III.19(a)), the gelation is too slow, and the mechanisms described in [START_REF] Deng | Fluid dynamics study of bubble entrapment during encapsulation[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF][START_REF] Haldar | Role of chemical reaction and drag force during drop impact gelation process[END_REF] for shape recovery due to the formation of an elastic membrane around the capsule are not effective. If Calcium were not present in the gelation solution, the alginate inside the droplet would tend to dissolve in the bath. The behaviour of droplet in the case of very low Calcium concentrations tends toward such a behaviour. This is clearly visible in figure III. 19(b), where a blurred continuous formation can be seen around the capsules, indicating the dissolution of alginate from the drops before its gelation. However, such extremely low or extremely high values of Calcium concentrations are not common in encapsulation applications [START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] .

Secondly, we notice that both the sphericity factor and the tip factor are not significantly influenced by the Calcium concentration, except for very high or very low concentrations, which are rarely used in practice. In conclusion, for commonly used concentrations of Calcium in the gelation solution, the concentration only has minor influences on the shape of the formed capsules. 

III.2.5.3 Droplet speed of sedimentation

Alginate droplets gelate during sedimentation in the CaCl 2 bath and accumulate on the bottom of the tube. When capsules are later extracted, gentle stirring of the tube is enough to separate each capsule from the rest and put them in suspension, knowing that we decided to not use a surfactant in the gelation bath. However, if alginate droplets are not sufficiently cross-linked by the time they reach the tube bottom, they can stick together and form aggregates of capsules which are undesired in applications.

In figure III.20, some examples of experiments are shown where capsule aggregate formation on the bottom of the centrifuge tube occurs. The sedimentation time is too short for a sufficient gelation of the capsules before they reach the tube bottom. Under the effect of the centrifugal force and a slight density difference with the gelation solution, the capsules are pressed together on the bottom of the tube, resulting in the sticking together of the capsules and the formation of aggregates. Although the images only show two-dimensional aggregates of capsules (groups of capsules that stick together), the aggregates generally have a three-dimensional structure: several layers of capsules are sticking together [START_REF] Badalan | Low-cost Centrifugal Device for Rapid and Controlled Microencapsulation of Insulinsecreting Cells[END_REF] . However, in all the experiments in this work, a preliminary stirring of the gelation solution is performed before extracting the capsules, either by manual shaking or by blowing air with a pipette inside the gelation bath. This stirring helps breaking these aggregates. Nevertheless, the two-dimensional aggregates that are visible in the images still remain in some cases after the stirring. This shows that this phenomenon is not easily reversible (especially without damaging the capsules or the encapsulated material) and should be avoided as much as possible in production.

In order to predict this phenomenon, the sedimentation time t sed can first be calculated using the model in III.2.3.1, with aqueous calcium solution as surrounding medium. Second, droplet gelation speed v gel can be assessed with empirical methods as in [START_REF] Sindre | Gelling kinetics and in situ mineralization of alginate hydrogels: A correlative spatiotemporal characterization toolbox[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF] , and a characteristic gelation time can be obtained by dividing the radius of the droplet by this velocity t gel = D drop /2v gel . These two timescales can be compared using a Deborah number: 

De sed = D drop /(2v gel ) t sed (III.61)

III.3 Summarising phase diagrams

Since many of the output parameters of this process (capsule production frequency, capsule properties) often depend on several of the process stages, in this section we summarise and assemble together the information presented in section III.2 and construct phase diagrams useful for both the description and the operation of centrifugal encapsulation devices.

III.3.1 Capsule production frequency III.3.1.1 Mass conservation during ejection

Capsule production frequency is determined by both the capillary flow and the ejection steps. Assuming that droplets are formed in a dripping regime and that the overall volume of satellite droplets is negligible with respect to the overall volume of the main droplets, mass conservation at III.3. SUMMARISING PHASE DIAGRAMS 137 droplet ejection gives:

Q V = f drop • V drop (III.62)
Here, Q V is the volume flow rate of alginate in the capillary calculated with Eq. (III.12) and V drop is the volume of a droplet, calculated with Eq. (III. 19). Thus, the droplet production frequency f drop can be determined from these quantities:

f drop = 6Q V πD 3 drop (III.63)

III.3.1.2 Dimensionless correlation

An order-of-magnitude dimensionless correlation for droplet production frequency can be obtained by building a dimensionless Strouhal number St drop = f drop D cap /U cap , which compares the frequency of droplet formation to the velocity of the flow. Using equation (III. 63), in which we express the flow rate as a function of the mean flow velocity Q V = U cap • (πD 2 cap /4), and with (III.20) to express D drop as a function of D cap , a linear correlation is obtained between this number and the Bond number at the ejection tip:

St drop = f drop D cap U cap ∼ ρ alg g tip D 2 cap 4γ alg = Bo tip 4 (III.64)
A comparison between St drop , where f drop was calculated using measured capsule diameters and estimated flow rates Q V , and Bo tip is shown in figure III.21(a). A good agreement can be observed between the theoretical correlation (equation (III.64)) and experimental results.

At constant geometry and fluid properties, increasing the centrifugal force not only increases the flow rate (equation (III.13)), but also increases the ratio of droplet production frequency to the flow rate. More droplets will be formed from the same amount of fluid, because they are smaller in size.

III.3.1.3 Estimated values of frequency in our experiments

In figure III.21(b) we give estimated capsule production frequencies depending on the dimensionless control parameters K cap and K imp . The production frequencies are estimated using the flow rate estimation from section III.2.1 of this chapter and the experimentally measured capsule diameters, which are converted to droplet diameters using the k SF factor from section III.2.5.1.

High production frequencies can be obtained in the upper right corner of the lower left box, close to the K cap = 0.034 and the K imp = 215 limits.

Optimised production frequencies of several tens of capsules per second can be reached below the K cap = 0.034 limit. This is a significant improvement compared to gravitational dripping systems, where production frequencies of the order of one per second can be obtained, using alginate solutions with much lower viscosities. Moreover, the centrifugal encapsulation system is easily parallelisable by placing multiple tubes in the same centrifuge. However, in case of centrifuge buckets with multiple tube positions, there is a need of adjusting the fall height from tube to tube to compensate different lateral x tip positions in the centrifuge and avoid a wall impact of the droplets.

If the generation of satellite droplets is not an issue for the application, capsule production frequencies of several hundreds of capsules per second can be attained before reaching regimes where filaments or fibres are formed, which is in agreement with results from the literature [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] . However, it should be kept in mind that the results plotted in figure III.21(b) are estimations, which lose accuracy when moving too close to jetting ejection regimes. A precise determination of production frequencies is challenging experimentally, but will be attempted numerically in chapter IV.

III.3.1.4 Polymer drying in slow droplet formation

Another important information is the droplet formation period, which is the inverse of the frequency: T drop = 1/f drop . Na-alginate solutions can dry due to the evaporation of water. We have observed experimentally that formation periods which are too long can lead to drying of the droplet at the capillary tip and eventually to blocking the (creeping) capillary flow. As an estimation, we have observed that experiments with droplet formation periods higher than 60 seconds could lead to drying of the alginate at the tip of the ejection needle.

T drop,drying ≈ 60 sec (III.65)

Further research is needed to establish an accurate criterion for this phenomenon.

III.3.2 Capsule protuberance formation III.3.2.1 Two different mechanisms of protuberance formation

As presented in chapter II, the capsules formed in certain regimes feature a protuberance [START_REF] Badalan | A Soft Landing Approach for the Centrifugal Microgel Synthesis Process[END_REF] . This family of capsule shapes is commmonly named tear-shaped capsules [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . In the literature, there are two distinct mechanisms reported to cause the formation of a protuberance on the gelled Ca-alginate capsules, one related to droplet ejection and fall (discussed in section III.2.3) and the second related to the droplet impact on the gelation solution (discussed in section III.2.4).

In figure III.22 the experimental points are plotted in the F r imp -De f all space, using the red or orange colour for the operating points where the capsules feature a protuberance (based on the criterion T F > 1.015) and the green colour for those where no distinct protuberance is identified (T F < 1.015). The blue crosses represent operating points where damaged or broken capsules are produced. These colours correspond to the shape families defined in chapter II.

The results plotted in figure III.22 highlight the existence of two limits for the formation of capsules with protuberance. For De f all > 1, Ca-alginate capsules with a protuberance are formed due to insufficient relaxation of the Na-alginate droplet during the fall: τ rel > t f all .

On the other hand, another limit for capsule protuberance formation is found for F r imp ≈ 3, even when the De f all number is much lower than unity. Following our discussion in section III.2.4, we can consider that in these operating regimes, capsules with a protuberance are formed due to insufficient energy of the droplet to cross the interface of the gelation bath. The droplet remains attached to the air-liquid interface for a certain time. While the lower part of the droplet is gelled and starts to sink in the gelation bath, the upper part still remains attached and causes thus a protuberance.

The shapes of the capsules formed by this latter mechanism were categorised as the family of polydisperse tear-shaped capsules. These are different from the family of tear-shaped capsules, formed by the former mechanism, in a certain number of ways, as previously discussed in chapter II: The point marked with a star "*" corresponds to experiment number 223. The capsules formed there have the same morphology as the polydisperse tear-shaped capsules, but they are not polydisperse in shape. Although this experimental point was classified as tear-shaped by the automated classification algorithm, based on the statistical criteria, the generated capsules resemble morphologically very much to the polydisperse tear-shaped capsules.

• They present a high protuberance size and shape polydispersity among the capsules produced in the same experiment. • They show some circular lines around the tip. These seem somehow created at the crossing of the surface of the gelation bath. • Their protuberance is slightly rounded at the tip and does not feature a pointed tip or a small point at their tip, that might be a remnant of an attached filament that broke after the droplet detachment.

The transition between ellipsoidal capsules and tear-shaped capsules also has different graduality for the two different protuberance formation mechanisms, one being sharp and the other being continuous. keeping De f all < 1), we notice some of the capsules in an operating point feature a protuberance (figure III.24(b)), whereas the rest of the capsules are spherical. With decreasing F r imp , the percentage of capsules featuring a protuberance increases (figures III.24(c), III.24(d), III.24(e)). However, ellipsoidal capsules are still present [START_REF] Badalan | Numerical Window in a Centrifuge: Simulation of non-Newtonian Biopolymer Extrusion and Fall in the Centrifugal Microencapsulation Process[END_REF] . The shape and size of the protuberance is quite variable from capsule to capsule (as in figure III.24(e)). For sufficiently low F r imp numbers, all the capsules observed featured a protuberance. The transition in this case is progressive and is described by a region defined approximately by 2 < F r imp < 3.5. Interestingly, the value of the lower limit F r imp ≈ 2 seems in accordance with the results from Pregent et al. [START_REF] Pregent | The impact and deformation of a viscoelastic drop at the air-liquid interface[END_REF] , who state that droplet detachment from the interface probably occurs when the droplet retains more than half of its impact kinetic energy at the time of maximum cavity depth.

•

III.3.2.2 Comparison with results from gravitational dripping

In order to assess the robustness of these two protuberance formation criteria, we compare with the results obtained in a gravitational dripping application. In [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , the authors carry out a parametric study to establish a phase diagram of capsule shapes produced with the gravitational dripping technique. In figure 4 in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , an empirical lower limit for the collecting distance was MICROENCAPSULATION PROCESS plotted, beneath which the generated beads were tear-shaped. The authors established an empirical equation for the curve describing the transition from spherical to tear-shaped capsules: D min = 1.63e 0.12 Oh drop . We show here that the two criteria identified in our current study for protuberance formation in centrifugal devices can be used to understand the origin of this curve proposed by Chan et al in the case of gravitational dripping. In our present work, we used the data in the paper by Chan et al. [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] to compute the F r imp and De f all numbers in their experiments. Then we applied the two criteria for capsule formation found here (De f all = 1 and 2 < F r imp < 3.5) to find the transition curve (minimal fall height) between ellipsoidal and tear-shaped capsules [START_REF] Gibril Bah | Fabrication and application of complex microcapsules: a review[END_REF] . In figure III.25, we compare the empirical curve found by Chan et al. with the curves based on the transition criteria defined here. The comparison of the curves points out clearly to the co-existence of the two protuberance formation mechanisms in the gravitational dripping encapsulation. For lower Oh drop numbers, it is the F r imp criterion which imposes a minimal collecting distance in order to obtain spherical capsules. Here, the mechanism of protuberance formation by droplet attachment at the interface is the limiting phenomenon. On the other hand, for higher Oh drop numbers, it is the criterion based on De f all that imposes a minimal fall height in order to obtain spherical capsules. The relaxation of the droplet is slower with higher Oh drop numbers and thus requires a longer time in air to recover a spherical shape before entering the gelation solution. This comparison provides an explanation to the empirical curve found in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] . The good agreement between these results shows that the underlying physical mechanisms for protuberance formation are the same for centrifugal and gravitational extrusion. The two criteria defined here are thus generic and describe the protuberance formation mechanisms in any similar encapsulation method based on droplet extrusion and external gelation, including the gravitational dripping and assisted dripping techniques.

Coming back to centrifugal extrusion, in practice, if high viscosity alginate solutions are used, it will only be the De f all < 1 limit that determines the minimal fall height needed. Indeed, in most of cases the condition F r imp > 3.5 is fulfilled, except for very low rotating speeds and small fall heights. For gravitational dripping, the protuberance formation mechanism by attachment to the interface comes more into play. Finally, the latter mechanism is expected to be dominant if droplets first cross an immiscible liquid before entering the gelation solution, like in [START_REF] Capretto | Effect of the gelation process on the production of alginate microbeads by microfluidic chip technology[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF] , since the impact velocity is noticeably reduced.

III.3.3 Phase diagram of capsule shapes

After having considered in detail each process stage in the centrifugal encapsulation technology, we can construct a global representation of the process, that summarises the results discussed in section III.2. In chapter II, it was shown that in order to describe the process as a function of the four relevant control parameters 24 , the following ingredients were necessary:

• A correlation to predict droplet sizes based on the control parameters, which accounts for the ejection stage. Indeed, this is an internal quantity that is neither a control parameter nor available to observation as a result of the full process (due to capsule shrinkage during gelation). The effect of this stage on the process can be represented with one dimensionless number D * drop = D drop /D cap , whose value can be computed from that correlation. Droplet shrinking through gelation (ratio between final capsule diameter and droplet diameter before gelation) has been considered constant in that work. • Three independent dimensionless parameters (Re, Oh and F r), with which it was possible to build the phase diagram of the process and to predict capsule shapes. Moreover, it was shown that the phase diagram could not be collapsed in two dimensions, as it is the case in gravitational dripping, where gravity is constant.

Thus, it was shown in chapter II that centrifugal encapsulation systems can be described with four independent dimensionless numbers: D * drop controlling the size of the capsules and Re, Oh, F r controlling the shape of capsules. However, in that first global description, several aspects remained open to improvement:

1. The representation of the system in the Re -Oh -F r space is well able to separate the different production regimes which produce different capsule shapes, but it does not allow a straight and clear interpretation of the underlying physical mechanisms at play. 2. Different technical constraints that are necessary to ensure successful capsule formation (nonzero flow in the capillary, avoiding of droplet drying at ejection, of wall impact and of capsule agglomeration) [START_REF] Basta | Long-Term Metabolic and Immunological Follow-Up of Nonimmunosuppressed Patients With Type 1 Diabetes Treated With Microencapsulated Islet AllograftsFour cases[END_REF] have to be implicitly assumed as fulfilled in order to be able to use the phase diagram in the Re -Oh -F r parameter space. 3. The most important constraint for successful and rapid capsule production, which is the transition between dripping and jetting ejection regimes, results from the ejection stage. Since the Re-Oh-F r phase diagram does not take into account the ejection stage, but only models the transformations of the droplet in further stages, ejection in a dripping regime must be assumed in order to use that diagram. The empirical criterion for avoiding jetting regimes given in chapter II is valid only for centrifugal devices with a similar reservoir geometry and needle length. A more complete model should take into account the ejection stage and provide generic criteria to predict dripping-to-jetting transitions for any given ejection geometry or needle length.

Compared to the global model defined in chapter II, the present study gives a more complete description of the centrifugal encapsulation process with adequately chosen dimensionless numbers. Here, instead of four dimensionless numbers, six dimensionless numbers (see table III.6) are used to control and describe the system, accounting for two additional degrees of freedom.

• The first dimensionless number, K cap , describes the ejection stage and discriminates between dripping and jetting regimes (equation (III.18)). This offers a more generic criterion for the separation of the ejection regimes and it accounts also for modifications in needle length and reservoir geometry, independent of the other process stages26 . • The second dimensionless number, D * drop , accounts for the size of the ejected alginate droplets in dripping regime, determined as well by the ejection stage, equation (III.20).

• Three additional dimensionless numbers are used to describe the system parameters that control the shape of the capsules: De f all , F r imp and K imp . These three numbers describe the same parameter space as Re, Oh and F r, used previously in chapter II. The advantage of choosing the former three is that they correspond to the relevant physical processes at play in capsule formation in the fall and impact stages. As a consequence of choosing this representation, the limits between different shape families become planes parallel to the coordinate planes in the De f all -F r imp -K imp space, unlike in the phase diagram from chapter II. • One last dimensionless number is the shrinkage factor k SF which accounts for the sedimentation and gelation stage, and which was considered constant in chapter II. k SF and D * drop together control the size of the produced capsules, independently of the other four parameters K cap , De f all , F r imp and K imp .

Another improvement in the current work with respect to the previously established phase diagram in chapter II, is that the constraints that appear at different stages of the process (nonzero flow in the capillary, avoiding droplet drying at ejection tip, droplet impact at the wall, and capsule agglomeration) have been described and quantified. Criteria have been proposed, which allow to predict if these constraints are respected, ahead of experiments. Nonetheless, some of these phenomena, in particular droplet drying and capsule agglomeration, deserve further study for a more thorough quantification.

Finally, the dimensionless parameters controlling the system allow to create novel comprehensive phase diagrams of the centrifugal encapsulation process. Since D * drop and k SF only control the size of the capsules and can be chosen independently of the other parameters, only four dimensions Supposing that capsules are produced in a dripping regime and below the damage limit (bottom left region in figure III.26), a second projection on the De f all -F r imp plane is plotted in figure III.27. This diagram summarises the effects of droplet fall (section III.2.3) and impact (section III.2.4) on the shape of the obtained capsules, using the F r imp and De f all numbers. It allows at the same time to guide the choice of input parameters in order to obtain the desired capsule shapes. For example, ellipsoidal capsules can be obtained for De f light < 1 and 3.5 < F r imp < 11.

III.3.4 Generalisation to capsules with cargo

Once the process of microcapsules generation has been characterised in detail using relevant dimensionless numbers, an important question to answer is: do the results presented in this work
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generalise when cargo is included in the alginate solution?

To provide an answer to this question, experiments with encapsulation of cells and microspheres were performed and compared with experiments producing capsules without cargo, under similar conditions.

III.3.4.1 Experimental method for cells and microspheres encapsulation

For the encapsulation of cells, the following experimental procedure has been followed: T HP -1 cells are suspended by gentle agitation of the growth medium container. A sample of 1 ml is extracted and the cell concentration is measured using an automated counter. Then, the necessary volume of growth medium is calculated based on this concentration, corresponding to the desired number of cells and the desired quantity of alginate solution for the encapsulation experiment. The calculated volume of growth medium is then extracted from the growth medium container and placed into a centrifuge tube. This volume is centrifuged and the supernatant is extracted, leaving 30 µl of medium on the bottom of the centrifugation tube. The desired amount of alginate solution is then placed inside the tube and mixing is performed manually using soft 2 µl cones. The concentration of the alginate solution is recalculated by taking into account the dilution with 30 µl of growth medium. For each experiment, a volume V init of alginate with cells is extracted using a pipette and placed inside the alginate reservoir of the centrifugal encapsulation device. The centrifuge tube of the centrifugal encapsulation device has been filled previously with gelation solution at the desired height. After centrifugation of the device at the desired rotation speed and a hardening time of at least 10 minutes, the gelation bath supernatant is extracted, leaving around 10 ml on the bottom. The capsules are suspended by gentle agitation of the tube. The 10 ml of gelation solution containing the capsules are poured inside a Petri dish and placed under the microscope for visual investigation.

For the microsphere encapsulation, fluorescent Fluoro-Max microbeads with a diameter of 9.9 µm from Thermo Fisher Scientific (US) were used. The diameter was chosen in order to be close to the diameter of cells. The concentration in the initial solution is given by the producer (1.87 • 10 7 beads/mL), so there is no need for a counting step. All other steps are identical to the encapsulation of cells.

III.3.4.2 Experimental design for cell and microsphere encapsulation

A preliminary experimental study has been carried out in this work in order to coarsely explore the parameter space and to validate the application of the results obtained for capsules without cargo to capsules containing cargo. As mentioned in the paragraph above, two types of encapsulated cargo were used: THP-1 cells and fluorescent microspheres.

In this series of experiments, thirteen operating points were explored and comparison has been made between capsules without cargo and with cargo (cells, microspheres or both). The parameters of the thirteen operating points are summarised in table III.7. The concentrations of cells and microspheres were chosen according to commonly used values in encapsulation applications [START_REF] Laporte | Improved human islets viability and functionality with mesenchymal stem cells[END_REF][START_REF] Lora | Centrifugal Generation of Droplet-Based 3D Cell Cultures[END_REF] , which are of the order of 10 7 cells/mL, or of a few hundreds of cells per droplet, although the latter quantity depends on the droplet size. 27 The chosen concentrations result in volumetric ratios V cells /V drop of a few percent. these remain small and the capsules still belong to the same shape family, present the same general features, and have roughly the same size. In two experiments, both located in the region of elongated tear-shaped capsules, the capsules with cargo present some features that are not observed on the empty capsules.

Let us discuss more in detail some of the figures:

• For both the experiments where damaged capsules are obtained (figures III.28 and III.30), the cargo-containing capsules, and especially the cell-containing capsules, show a smaller amount of damage and deformation when compared to the empty capsules. Besides experimental uncertainty, a first-order explanation to this observation could be that solution viscosity is increased by incorporating suspended solid particles (according to the Einstein equation). This increase in viscosity improves the resistance of the droplets to deformation at impact with the gelation solution.

• In the experiments where tear-shaped capsules are formed, outside of the elongation region (figures III.34 and III.36), the capsules with cargo (especially the ones containing cells) feature slightly longer protuberances (tails) than capsules without cargo. This could also be explained by a small increase in viscosity due to the incorporation of microparticles.

• Experiment 5 lies in the region of filament and satellite formation, well over the K cap = 0.034 boundary defined in this work. However, while the experiment without cargo formed many capsules with an attached filament, the experiments with cargo encapsulation generated capsules without filament, accompanied by a higher number of satellites. This is consistent with the discussion in section III.2.2.1 of this chapter, that filaments break in the air after ejection to form satellite capsules. This earlier breaking of the filaments in the case of cargo encapsulation could be explained in two ways: (i) the higher viscosity of the alginates with cargo leads to a lower flow rate, which reduces the thickness of the liquid ligaments formed in air at ejection; (ii) the presence of microparticles inside the ejected liquid favours an earlier breaking of the liquid ligaments, since the diameter of these ligaments cannot decrease below the size of the microparticles.

• The two cases where the shapes are quite different between capsules with cargo and without cargo are shown in figures III.33 and III.35. While the basic shape remains an elongated tear shape for all three cases, the capsules with cargo feature a second protuberance, which is not aligned with the longitudinal axis of the prolate-shaped capsule. While in the case of microsphere encapsulation only a fraction of the capsules have a second protuberance, the latter is present with almost all capsules in the cell encapsulation case. At the same time, none of the capsules in the case without cargo feature this protuberance.

Nevertheless in most cases, there were no major difference in the formation of capsules with and without cargo validating the robustness of encapsulation technology.

In this work the visual observation of the individual stages of the process was not possible, which would be very helpful in understanding this effect. However, based on the understanding accumulated in this work, we believe that the second (lateral) protuberance is formed at the impact and crossing of the interface between the air and the gelation surface. Following two observations support this hypothesis: (i) the axis of the second protuberance seems to form an angle of about 40 to 50 degrees with the longitudinal axis of the capsules. This is roughly equal to the angle between the capsule trajectory and the normal to the interface at impact, which can be calculated using the droplet motion model presented in the section III.2.3.1 of this chapter. In both experiments 6 and 8 with elongated tear-shaped capsules, this angle was calculated to about 40 degrees. As the droplet crosses the interface, the upper part of the droplet remains attached to the interface and forms this second protuberance, in a direction normal to the interface. (ii) The formation of this second protuberance is present only on a certain percentage of the capsules produced in one experiment. This is characteristic for the protuberance formation mechanism by attachment to the interface (see discussion in section III.3.2).

In conclusion, the protuberance aligned with the longitudinal axis of the capsule is formed by insufficient relaxation (as in the case of the empty capsules discussed in the paper), while the second protuberance for capsules with cargo is likely to be formed by the mechanism of attachment to the interface. Further investigation is necessary to understand this phenomenon.

III.3.4.4 Discussion on the generalisation of these results

Figures III.41(a) and III.41(b) summarise the results of the validation experiments and show the approximate positioning of these experiments in the parameter space. For most of the regions of the parameter space described in section III.3.3, including the most common regions "ellipsoidal" and "tear-shaped" capsules, good similarity has been found between capsules with cargo and without cargo. The incorporation of small-sized (compared to the size of the capsules) particles, like cells MICROENCAPSULATION PROCESS or microspheres, in commonly used concentrations [START_REF] Shilpa | Getting in shape: Molten wax drop deformation and solidification at an immiscible liquid interface[END_REF] does not significantly affect the shape of the capsules generated by centrifugation. Thus, the main results of this chapter, summarised in section III.3.3, can be generalised also for cases of encapsulation of cells, microparticles or similar materials.

It should be kept in mind, however, that even in these cases, introducing microparticles in the biopolymer slightly increases its viscosity according to the Einstein equation: η suspension = η polymer (1 + 2.5φ V ), where φ V = V cells /V suspension is the volumetric ratio of the solids in the suspension [START_REF] Einstein | Eine neue bestimmung der molekuldimensionen[END_REF][START_REF] Einstein | Berichtigung zu meiner arbeit: "eine neue bestimmung der molekuldimensionen[END_REF] . This slight increase in viscosity for droplets incorporating microparticles or cells has been observed in some of the validation experiments presented above, noticeable by a slightly longer tail in the case of tear-shaped capsules or by slightly less damage in the case of damaged capsules. Nevertheless, this increase remains small due to the low volumetric ratios used and does not have a significant impact on the results.

Finally, there is one region of the parameter space where the capsules with cargo present a different shape than the empty capsules: the region of elongated (tear-shaped) capsules, which is characterised by F r imp > 11. There, the capsules containing cargo feature another protuberance, besides the one that is caused by an insufficient relaxation during droplet fall and which is present also on the empty capsules. In the previous section, we have discussed a possible explanation for this phenomenon, which we believe is linked with the impact and crossing of the interface between the air and the gelation bath. Since no direct observation could be made in this study, further research is needed in order to understand this effect. Nevertheless, this phenomenon seems to remain restricted to a small region of the parameter space, which is not commonly employed in applications.

III.4 Conclusion. Process limitations and improvement potential

In this chapter, a sequential model of the CME process has been established, consisting of a sequence of models that describe the relevant physics of each stage (figure III.42). This model overcomes the limitations of the global process model defined in chapter II (i) by giving a detailed physical description of the phenomena that influence the capsule formation; (ii) by modelling and defining quantitative criteria for all the conditions that need to be met for successful capsule production. Moreover, this model is robust for predicting capsule sizes and shapes also in practical cases of particles encapsulation.

This detailed modelling of the process revealed and quantified some of the major limits of the CME technique:

1. The co-production of satellite capsules when operating the process close to the dripping-jetting limit in order to maximise production frequency (figures III.21(b) and III.26). This problem will be addressed by a technical solution in section V.1.

2.

The formation of capsules with protuberance when using medium-to-high viscosity alginates, due to the insufficient relaxation time of droplets in air (figure III.27). For this limitation, a technical solution will be proposed in section V.2.

Finally, as mentioned at several places throughout this chapter, the theoretical and experimental modelling performed in this chapter could be improved at least in the following two regards:

• The modelling might not provide sufficient information for a detailed description of certain stages, notably for the ejection and the impact stages, where the physics is relatively complex. In chapter IV, the ejection stage will be modelled using a numerical simulation, which will provide more physical understanding on the centrifugal extrusion of the alginate solution and validate certain hypotheses made in this chapter.

Chapter IV Numerical investigation of the centrifugal extrusion system 

IV.1 Motivation, problem definition and structure of this study

In chapter III, a comprehensive model of the process including all its stages was defined, using physical models to describe the transformations that occur at each stage. One important point that remained open was the lack of direct observation of the intermediate process stages: dynamics of drop formation at the capillary end, drop fall in air, drop impact on the gelation bath, gelation dynamics. This is due to the difficulties of visualisation given by the combination of high-speed rotating system with small sub-millimetric characteristic sizes and opaque centrifuge housing, imposed by the use of conventional lab material.

Most of the physical models used to describe the stages of the process had to be validated using only data collected at the end of the process, namely microscope images of the gelled products (capsules, fibres, filaments, satellite capsules) collected at the bottom of the centrifuge tube after centrifugation and hardening. As a consequence, different assumptions had to be made with respect to what happens in the intermediate stages of the process. As examples we cite (i) the formation of satellite drops, filaments and fibres, that is not always trivial to unequivocally ascribe to the ejection stage; (ii) the formation of flattened capsules, ascribed to the impact stage; (iii) the nondeformation of droplets by aerodynamic forces, that was supported using information on simpler Newtonian fluids; (iv) the formation of tear-shaped capsules, explained by an incomplete relaxation of extruded droplets during the fall in air; (v) the formation of polydisperse tear-shaped capsules, ascribed to an attachment of droplets to the interface of the gelation solution. Without visual observation of the process, these assumptions cannot be directly verified.

Another important question remaining from the study in chapter III was the importance of the non-Newtonian fluid behaviour in the droplet ejection stage, which is difficult to model analytically.

In this chapter we propose a numerical investigation of the first three stages of the CME process, namely the capillary flow, the droplet ejection and the fall of the droplets in the air gap between the capillary outlet and the gelation solution2 . The objectives of this investigation are multiple: (i) gain a better physical understanding of the process during the first three key stages, notably of the impact of fluid behaviour on these stages; (ii) corroborate some of the strongest assumptions made in chapter III; (iii) create a reliable computational model of the key process stages which can be used to validate analytical correlations and to optimise the system.

IV.1.1 The centrifugal extrusion problem

As mentioned in the introduction, the centrifugal extrusion problem represents the first three stages of the CME process (marked with a red dashed line in figure IV.1(a)): the flow of the biopolymer (alginate) solution from the reservoir through the capillary, its ejection from the tip of the ejection needle and its fall through the air before reaching the gelation solution. Table IV.1 -Dimensions of the ejection needles used in this thesis. Data from Nordson EFD catalogue [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] and Nordson EFD technical drawings [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] . An image of the real ejection system (reservoir+capillary) used in this thesis is shown in figure IV.1(b). A technical drawing of the ejection system is given in figure IV.1(c), with the corresponding dimensions listed in table IV.1 for each type of needle used. The geometric data was extracted from CAD drawings available from the manufacturer (EFD Nordson, General Purpose Stainless Steel Tips) [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] . As mentioned in section III.2.1, the results are sensitive to small changes to the values of the inner capillary diameter, given the dependence of the flow rate to the 4th power of the diameter for creeping flow. Thus, an estimation of the generated uncertainty will be necessary for comparison of numerical results with experimentally measured flow rates.

In the literature, the centrifugal extrusion problem has been investigated analytically in [START_REF] Boadi | Drop formation and detachment from rotating capillaries[END_REF][START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] , under the assumption of Newtonian fluid behaviour. However, in chapter III it has been shown that non-Newtonian effects are non-negligible when using (particularly long-chained) alginate solutions,
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that are the most common bio-encapsulation material nowadays, as extrusion material. More general works on droplet extrusion in gravity field [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF]9,[START_REF] Rubio-Rubio | Dripping dynamics and transitions at high bond numbers[END_REF] do not take into account centrifugationspecific effects or non-Newtonian material properties. Experimental visualisation of the centrifugal extrusion was attempted in [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Mark | Manufacture of chitosan microbeads using centrifugally driven flow of gel-forming solutions through a polymeric micronozzle[END_REF][START_REF] Maeda | Instantaneous solidification of a centrifuge-driven capillary jet with controlled hydrodynamic instability in a centrifuge-based droplet shooting device through observational analysis[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF][START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] . However, in most of these works, visualisation was for demonstration purposes and no in-depth discussion of the droplet extrusion physics depending on the operating parameters was made. In [START_REF] Maeda | Instantaneous solidification of a centrifuge-driven capillary jet with controlled hydrodynamic instability in a centrifuge-based droplet shooting device through observational analysis[END_REF][START_REF] Maeda | Observation and manipulation of a capillary jet in a centrifuge-based droplet shooting device[END_REF] the authors observe dripping-jetting transitions and discuss the particle fabrication in jetting regime, which produces polydisperse capsule populations. However, the influence of the nature of the fluid, and in particular its possible non-Newtonian fluid properties is not addressed, and short-chained alginates were used, having a behaviour closer to that of Newtonian fluids. In the application investigated in the present work, long-chained alginates are used for encapsulation 3 , which are strongly non-Newtonian fluids.

More general numerical studies of droplet formation and ejection in gravity field were undertaken for example in [START_REF] Zhang | Short-term oscillation and falling dynamics for a water drop dripping in quiescent air[END_REF][START_REF] Doshi | Scaling in pinch-off of generalized newtonian fluids[END_REF][START_REF] Zhang | Drop formation in viscous flows at a vertical capillary tube[END_REF] and notably in [START_REF] Davidson | Pendant drop formation of shear-thinning and yield stress fluids[END_REF] , where also non-Newtonian fluid behaviour was considered. However, a numerical simulation of centrifugal droplet extrusion under the conditions of CME devices (non-Newtonian fluid, centrifugal force) has not yet been performed to our knowledge.

This chapter is aimed at completing these previous studies by investigating the alginate-like fluid flow in centrifugal microencapsulation devices and taking into account material properties by careful rheological characterisation.

IV.1.2 Structure of this study

Several steps need to be taken in order to solve to solve numerically the centrifugal extrusion problem. This chapter is structured according to these steps:

1. A constitutive relation is necessary to describe the non-Newtonian fluid behaviour in the numerical model. In order to determine this relation, a rheological characterisation of the alginate solutions is carried out (section IV.2).

2. A dimensional analysis of the centrifugal extrusion system is performed in order to render the problem dimensionless and to identify the dominant parameters to be investigated in the numerical study (section IV.3).

3. The numerical methods are defined (solver, boundary conditions, mesh, parametrisation), that will be used to solve the equations describing the problem (section IV.4).

4.

In order to validate the numerical model, several series of experiments are performed, with both a Newtonian fluid (standard oil) and a non-Newtonian fluid (alginate). Measured values (flow rate, droplet volumes) are compared with numerical results (section IV.5).

5. Different ejection regimes in the centrifugal extrusion problem (dripping, jetting, filament formation) are explored numerically. Capsule production experiments of the same cases are performed. The combined analysis of the numerical and experimental results is used to understand the mechanisms of formation of different centrifugation products: capsules, fibres, filaments, satellite capsules (section IV.6).

6. Within the dripping regime, the formation of various capsule shapes is investigated numerically. For this, both experiments and simulations are performed for different configurations. The comparison of the numerical and experimental results shows good agreement and gives insight into the physical processes underlying the formation of different types of capsule shapes (section IV.7).

IV.2 Rheological model for the working fluids

Basic rheological measurements of the alginate solutions used in this thesis have been performed in sections II.3.1 and III.2.1 of the previous chapters. In section III.2.1, we have seen that the shearthinning effect was crucial in the flow rate calculation inside the capillary. The Carreau-Yasuda viscosity law was used to represent this behaviour.

The goal of this chapter is a finer description, not only of the capillary flow stage, but also of the ejection and fall in air of the alginate solution. Several more complex phenomena (surface tension, possibly elastic or elongational effects) are involved in the latter two stages, compared to the relatively simple capillary flow. There, the dependence of the results on the rheological properties is potentially strong. Hence, is a viscosity law like Carreau-Yasuda enough to describe the fluid behaviour in all these stages with sufficient accuracy?

In order to answer to this question, we perform an extended rheological characterisation of the alginate solutions using different complementary measurement methods. After analysing the results, we discuss the choice of the constitutive laws to be used in the numerical model for the centrifugal extrusion problem.

IV.2.1 Experimental methods of rheological characterisation

Three alginate (Alg. B) solutions with different concentrations are investigated in this study: 10 g/l (1% w/v), 20 g/l (2% w/v) and 40 g/l (4% w/v). The density and surface tension of solutions with the same concentrations but coming from different batches of the same supplier were measured and reported in section II.3.1. A thorough characterisation of medium-to-high viscosity alginate solutions was performed in [START_REF] Storz | Viscoelastic properties of ultra-high viscosity alginates[END_REF][START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] . Here we perform measurements in rotational (both steady and oscillation experiments) and elongational rheometry on these three alginate solutions, and we use an approach similar to Rodriguez-Rivero et al. [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] to analyse and interpret the experimental data.

The characterisation of the rheological behaviour of the working fluids was performed using two different rheometers, in two sets of experiments, all carried out on solution samples from the same batch.

• Kinexus pro+ cone and plate rotative rheometer (Malvern Instruments Ltd, UK), on which the shear viscosity was measured in both oscillation and rotation experiments, at 20 • C, in ranges of shear rates up to 10 2 s -1 (for 4% the alginate) or 10 3 s -1 (for 1% and 2% alginates).

• TriPAV rheometer (TriJet Ltd, UK), for the measurement storage and loss moduli G and G in high-frequency oscillation measurements. Oscillation measurements (SAOS4 ) on the rotative rheometer are limited to low and medium frequencies, since at high frequency inertia effects become dominant and measurement is not possible. The TriPAV rheometer functions on the principle of squeeze-flow, with piezoelectric actuation, allowing measurements at high frequencies. 
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of the rotational rheology measurements for the three Alg. B solutions (concentrations 1%, 2% and 4%): viscosity measurements in simple shear flow, in steady regime (circles: plots of shear viscosity η vs. shear rate γ) and in dynamic regime (triangles: plots of complex viscosity η * vs. oscillation frequency ω (rad/s)). As reference, steady measurements were also performed for the standard oil PSU2400, and the results are plotted as η vs. γ.

• CaBER rheometer (Cambridge Polymer Group, US), for the measurement of the elongational viscosity of the working fluids. The method of slow retraction method from [START_REF] Campo | The slow retraction method (SRM) for the determination of ultra-short relaxation times in capillary breakup extensional rheometry experiments[END_REF] was followed, using plates with a diameter of 6 mm, an initial gap of 0.51 mm and a stroke velocity of 0.11 mm/s. The liquid filament was observed with a fast camera and an automated image processing was performed in order to extract the minimum filament diameter D min as a function of time.

In the following, we present the results of these experiments and the analysis performed to extract relevant rheological parameters from the data.

IV.2.2 Viscosity measurement in rotational rheometry

Two types of measurements were carried out on the rotational cone-and-plate rheometer for the characterisation of the flow behaviour of alginate solutions: steady measurements, where a given constant shear rate is applied, and dynamic measurements (SAOS) [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] , where an oscillation is applied at a given frequency. The calibration of the rheometer was performed using a PSU2400 oil (Paragon Scientific Ltd) used as a viscosity and density standard (UKAS 0649, UKAS 4589). The same oil was later used for validation experiments with a Newtonian fluid.
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Results from the steady measurements with the three Alg. B solutions are reported in figure IV.2 (circle symbols). As expected, the solutions feature a Newtonian plateau (constant apparent viscosity) for low shear rates γ and a shear-thinning behaviour (decreasing viscosity) for high shear rates. The transition between the two regimes occurs at lower shear rates as the polymer concentration increases [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF][START_REF] Storz | Viscoelastic properties of ultra-high viscosity alginates[END_REF][START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] . We notice that for example for the 4% alginate solution, the shear viscosity η can decrease by an order of magnitude or more when a high shear is applied to the fluid. It is important to be able to accurately model this behaviour in the simulations, since it might have important consequences on the flow rates in the system (cf. chapter III, section III.2.1).

On the other hand, as expected, the standard oil PSU2400 presents a Newtonian flow behaviour in the studied ranges of shear rate, with a constant viscosity. The error between the measured viscosity and the reference viscosity is less than 2%.

Dynamic (oscillatory) measurements were used to determine the complex viscosity6 η * (Pa.s) as a function of the frequency ω (rad/s). If we superpose the curves η = f ( γ) and η * = f (ω) (figure IV.2), we observe a very good agreement between the oscillatory measurements and the steady shear measurements, which means the Cox-Merz rule7 is respected by the alginate solutions, as shown also in previous works [START_REF] Storz | Viscoelastic properties of ultra-high viscosity alginates[END_REF][START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] .

IV.2.3 Viscosity law for the alginate solutions

An incompressible fluid dynamics problem, such as the centrifugal extrusion problem treated in this chapter, is described mathematically by the momentum and mass conservation equations, which will be described in detail in section IV.4. In the momentum conservation equation, the behaviour of the fluid with respect to momentum transport is described by the divergence of the stress tensor ∇ • -→ -→ τ . In order to close the system of equations and enable a mathematical solution, a constitutive equation is needed, relating the stress tensor

- → - → τ to the rate-of-strain tensor - → - → D = 1/2 ∇ - → u + ∇ - → u T .
Newtonian fluids obey a simple constitutive equations where the stress tensor and the rate-of-strain tensor are proportional by a constant, namely the viscosity of the fluid η N :

- → - → τ = 2η N - → - → D (IV.1)
The measurements in the previous section have shown that viscosity is not constant for alginate solutions, therefore these cannot be considered Newtonian fluids. Two classes of constitutive equations are commonly used to describe non-Newtonian fluids, such as polymers. The first one is the class of Generalised Newtonian Fluids (GNF), where the shear stress tensor -→ -→ τ is supposed to be proportional to the rate-of-strain tensor -→ -→ D, by variable (non-Newtonian) viscosity η [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF][START_REF] Marn | Non Newtonian driven cavity flow comparison between boundary element and finite difference methods[END_REF] :

- → - → τ = 2η(| γeff |) - → - → D (IV.2)
Moreover, the variable viscosity can be expressed as a function of the second invariant of the rateof-strain tensor, commonly defined under the form of an effective shear rate | γeff |: There exist several models for the relationship between viscosity and effective shear rate η = f ( γeff ) (e.g. power-law model, Cross and Carreau-Yasuda models). The parameters of these models are generally determined by rheological measurements on the fluid of interest and by curve fitting techniques.

| γeff | = 2D ij D ij (IV.3)
While GNF models are simple and are able to describe the shear-thinning behaviour of fluids, they cannot explain any of the viscoelastic flow phenomena such as stress relaxation, normal stresses or extrudate swell [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] . Another class of models, called the viscoelastic models, are used in cases where viscoelastic phenomena are essential for the flow problem. These models (e.g. the Kelvin-Voigt model, the generalised Maxwell model, the Oldroyd-B model) have more complex constitutive equations which cannot be expressed in a simple analytical form like the GNF models.

The viscosity measurements in section IV.2.2 show that the viscosity behaviour of the alginate solutions is dominated by shear-thinning, which can be represented by common GNF models. Therefore, at this point, a GNF model can be used to represent the shear-thinning of the alginate solutions. In the following sections, a more detailed analysis of relaxation times and elongational behaviour of the alginate solutions will be performed in order to assess whether elasticity plays an important role and should be incorporated in the rheological model.

Among the most widely used rheological models for shear-thinning polymers, the power-law model is defined as:

η = m γn-1 (IV.4)
where the constants m (consistency index) and n (power-law exponent, n < 1 for shear-thinning fluids) are characteristic for a given fluid. Due to its simplicity, the power-law model would be in this case insufficient to describe the fluid behaviour at low shear rates and would probably lead to flow rate underestimation [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] . Other models such as the Carreau-Yasuda model, are used in such cases to represent viscosity dependence on the shear rate. Therefore, a Carreau-Yasuda model will be used, which has the ability to capture both the Newtonian and the shear-thinning region:

η -η ∞ η 0 -η ∞ = [1 + (λ C γ(r)) a ] n-1 a (IV.5)
where η 0 is the viscosity at zero-shear, η ∞ the viscosity at infinite shear and λ C , a and n are fitted parameters with the following physical signification: λ C is the relaxation time [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF] , n is the viscosity exponent 9 and a characterised the curvature of the function in the transition region. Since the fluid behaviour at the shear rates occurring in the centrifugal extrusion system remains far from the lower Newtonian plateau of typical polymer solutions, we can consider for simplicity, without reducing the accuracy of the model in the studied ranges, that η ∞ = 0 [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] . This simplifies the fitting reliability, passing from 5 to 4 parameters. The fitted parameters for three different alginate solutions measured in this work are listed in table IV.2. The curves showing the fitted models are represented in figure IV.2, showing the ability of the chosen model to accurately represent the viscous behaviour of the alginate solutions.

For simplicity, in this work we will assume that the rheological parameters n, λ C and a of the Carreau-Yasuda model are continuous bijective functions of η 0 , given the fact that only one type of material is used (SLG100 alginate) at different concentrations. The effect of the variation of these rheological parameters will therefore not be investigated separately in this work.

IV.2.4 Relaxation times in simple shear flow

The Carreau-Yasuda model, belonging to the family of Generalised Newtonian Fluid models, is able to represent the shear-thinning of the alginate solutions studied here. However, are any significant viscoelastic effects present in the centrifugal extrusion problem, that determine process output quantities such as flow rate, capsule size or capsule shape? If that is the case, incorporating only a GNF model to describe fluid behaviour in the numerical simulation of the centrifugal extrusion problem will introduce errors in the calculation and will not be representative for the real system.

In order to answer this question, we first carry out an in-depth analysis of the relaxation times of the alginate solutions, which allow to assess their viscoelastic behaviour in the centrifugal extrusion system.

The dynamic measurements (SAOS) in rotational rheometry can be used to determine the storage and loss moduli G and G of the alginate solutions. The storage modulus G is an indicator of the elastic properties of a material, while the loss modulus G characterises the viscous properties of a material. If G > G at a given frequency f (Hz) in the SAOS experiment, the material features a dominant viscous behaviour at that frequency. If, on the contrary, G > G , the material features a dominant elastic behaviour.

As mentioned previously, SAOS measurements in rotational rheometry are limited to low and medium frequencies f due to inertial effects (proportional with f 2 ) which become dominant at high frequencies and impede the measurement. Therefore, complementary oscillatory measurements of G and G at high frequencies are preformed on the TriPAV rheometer.

In figure IV.3 we plot the measured values of G and G for the three Alg. B solutions, as a function of the oscillation frequency (expressed in rad/s) ω = 2π • f , using both the rotational ("rot") and the TriPAV ("tpv") rheometers. We notice that for all the solutions, at low to medium frequencies, the loss modulus is greater than the storage modulus, indicating that the fluids have a predominantly viscous behaviour. At higher frequencies, we notice a cross-over between the G and G . Only for the 4% alginate solution, the cross-over point is captured both by the rotational and the TriPAV rheometers. G' or G" (Pa) up to the cross-over frequency ω G =G . However, generally a good overlap between the TriPAV and the rotational curves is observed, validating the TriPAV measurements.

2 1 2 1 2 1 1% rot G' 1% tpv G' 1% rot G" 1% tpv G" 2% rot G' 2% tpv G' 2% rot G" 2% tpv G" 4% rot G' 4% tpv G' 4% rot G" 4% tpv G"
The cross-over frequency is important, because it determines the transition to a predominantly elastic behaviour, where the polymer coils are not able to relax completely [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] . The inverse value of the cross-over frequency gives the relaxation time τ G =G . In general, transposing the results obtained in the rheometers through oscillations to a non-oscillating shear, the polymer will therefore respond with a fluid-like (viscous) behaviour to a loading (shear) applied with small velocity (corresponding to small frequencies, t shear > τ G =G ), and with a solid-like (elastic) behaviour to a loading applied with high velocity (t shear < τ G =G ).

The relaxation times computed from the inverse of the cross-over frequencies obtained with the TriPAV rheometer, τ T riP AV = 1/ω G =G , are given in table IV.3. They correspond to the short (high frequency) relaxation times from the Rouse polymer model, characterising the molecular stretching inside the polymer chains [START_REF] Gareth | Visco-Elasto-Capillary Thinning and Break-Up of Complex Fluids[END_REF][START_REF] Clasen | Dispensing of rheologically complex fluids: The map of misery[END_REF] .

We will also estimate the longest relaxation time τ terminal , relating to the full polymer disengagement from the network of neighbouring chains, according to the method from [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] : for each solution, we extrapolate a line (in the log-log plot) with slope 1 from the G values corresponding to the Newtonian region (low shear rates/frequencies) and another line with slope 2 from the G values corresponding to the Newtonian region. The relaxation time τ terminal can be calculated from the frequency at which the two lines intersect ω terminal . The values of τ terminal obtained for the three Alg B solutions are reported in table IV The three characteristic times of the polymer solutions λ C , τ T riP AV and τ terminal , estimated so far are representative for the behaviour of the fluids in shear flow.

Moreover, in the CME process, the fluid is subjected to an elongational flow during the ejection phase. Therefore, the second step of this analysis will be to perform elongational rheometry experiments with the CaBEr rheometer in order to estimate elongational relaxation times of the solutions.

IV.2.5 Elongational measurements

In the CaBER elongational rheometer experiments, the slow retraction method was used [START_REF] Campo | The slow retraction method (SRM) for the determination of ultra-short relaxation times in capillary breakup extensional rheometry experiments[END_REF] , where the upper plate of the rheometer is lifted at constant (and small) velocity. The evolution of the liquid filament minimum diameter over time was measured using a high-speed camera and image analysis software. The resulting data (R min = f (t)) will be analysed following indications from [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] .

The liquid ligament may go through several thinning regimes (inertial, viscous, elastic) before breakup. Notably, the elasticity-controlled thinning regime governs the evolution of the liquid ligament shortly before breakup. A quantitative threshold for the onset of this thinning regime can be estimated using the elastocapillary number:

Ec = λγ alg η alg R (IV.6)
where λ is the relaxation time of the fluid, γ alg and η alg its surface tension and viscosity, respectively, and R the radius of the ligament. Elastic effects become dominant in the thinning process when Ec is roughly bigger than 4.7, according to [START_REF] Clasen | Capillary breakup extensional rheometry of semi-dilute polymer solutions[END_REF] . With decreasing R, the elastocapillary number increases. Therefore, it is expected that the thinning will be governed by elasticity after the radius of the filament decreases below a certain value R ec :

R ec = λγ alg η alg • 4.7015 (IV.7)
In this study, we will use the longest relaxation time τ terminal as value for λ in the calculation of R ec . The resulting values are reported in table IV.3. The values of the minimum filament radius R min over time for the three solutions are reported in figure IV.4(a). In figure IV.4(b), we make a zoom on the section of interest of these curves (the region of elasto-capillary thinning), namely where R min < R ec . In this region, the filament radius is expected to decrease exponentially, according to the following law [27,[START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF][START_REF] Du | An improved Capillary Breakup Extensional Rheometer to characterize weakly rate-thickening fluids: Applications in synthetic automotive oils[END_REF] :
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R min = R 0 GR 0 2γ alg exp (-t/3λ el ) (IV.8)
where R 0 is the radius at the beginning of the filament thinning, G is the relaxation modulus and λ el is the stress-relaxation time of the polymer. By fitting a line on this region (starting from R min = R ec ) of the R min = f (t) curves in logarithmic scale, one can determine the relaxation time λ el from the slope of the fitted line, as shown in figure IV.4(b). The resulting values of λ el are given in table IV.3. The values of the ratio λ el /λ C are qualitatively in agreement with previous results from the literature [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] . However, as commented by the authors of [START_REF] Rodríguez-Rivero | Rheological characterization of commercial highly viscous alginate solutions in shear and extensional flows[END_REF] , the characteristic time extracted from filament thinning CaBER experiments strongly depends on the choice of equation and time regime to be used for data analysis. This hampers a straightforward estimate of the relaxation time at play during extension.

IV.2.6 Discussion on the elasticity in the rheological model

In section IV.2.3 we have introduced a discussion on the choice of the class of models (GNF or viscoelastic) to be used as constitutive equations describing the alginate solutions in the numerical model. Here we complete this discussion with the information on the relaxation times.

As mentioned in section IV.2.3 GNF-class models can describe shear-thinning behaviour of polymers and their constitutive equations have closed mathematical expressions relating the viscosity to the shear rate. The GNF models cannot explain any viscoelastic flow phenomena [START_REF] Vlachopoulos | Understanding Rheology and Technology of Polymer Extrusion (First Edition)[END_REF] , as opposed to the viscoelastic models. On the other hand, viscoelastic models are more complex to describe mathematically and their constitutive equations are under the form of differential equations, with one or more additional material parameters besides viscosity. This renders them more delicate to use in numerical simulations, especially in two-phase flow problems. For this reason, wherever the rheology of the flow is sufficiently simple, GNF models are more convenient to use in simulations due to their simplicity.

Magnitude of the forces in the system

We have observed qualitatively in the previous parts of section IV.2 that the rheology of the alginate solutions is dominated by viscosity, featuring a typical shear-thinning behaviour. In order to more quantitatively identify the dominant effects during the extrusion process, let us consider the following approach: in our centrifugal alginate extrusion problem, four types of forces enter into play in certain phases of the process: inertial forces (among which also the centrifugal force which drives the flow), viscous forces, elastic forces and surface tension forces (which drive the thinning and rupture of the filament after droplet ejection). These can be summarised using the following dimensionless numbers, that compare the magnitude of forces two by two [START_REF] Vadillo | Microsecond relaxation processes in shear and extensional flows of weakly elastic polymer solutions[END_REF][START_REF] Clasen | Dispensing of rheologically complex fluids: The map of misery[END_REF] :

Oh = η √ ργR (IV.9) De = λ ρR 3 /γ (IV.10) Ec = λγ ηR (IV.11)
Here, η is the (zero-shear) viscosity; ρ is the density; R is a characteristic system dimension (we will take R cap ); γ is the surface tension. For the relaxation time λ, according to [START_REF] Clasen | Dispensing of rheologically complex fluids: The map of misery[END_REF] , it is the short relaxation time that are be used in the case of semi-dilute and concentrated polymer solutions, not the longest relaxation time of the polymer. Therefore, in our case we take λ = τ T riP AV . The Ohnesorge number Oh compares viscosity and inertia, the Deborah number De compares elasticity and inertia, and the elasto-capillary number Ec compares elasticity and viscosity. The values obtained for the three alginate solutions are reported in table IV.4. All three solutions are characterised by Oh >> 0.2 (high viscosity) and Ec << 4.7 (weak elastic response), thus behaving as weakly elastic liquids with high viscosity, where viscosity dominates the flow behaviour [START_REF] Clasen | Dispensing of rheologically complex fluids: The map of misery[END_REF] . This justifies the choice of a GNF model to describe the alginate solutions in our problem.

Problem-specific considerations

Another argument for the usage of a GNF model without viscoelastic components can be made by the following considerations. It is important to keep in mind which are the quantities of interest
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of the CME process: the shape of alginate beads after gelation, their size, and the flow rate in the capillary, which determines the droplet (capsule) production frequency. Let us consider the following:

• The flow rate is driven by the competition between the centrifugal force and head losses inside the capillary, and thus by inertial and viscous forces. Elasticity is not expected to have a significant effect on the flow inside the capillary, while surface tension is not present in this single-phase flow.

• The shape of the alginate capsules is obtained after (partial) relaxation of droplets in air, meaning the different forces become balanced, and after gelation. Thus, effects of the alginate elasticity may be compensated by surface tension during the droplet relaxation.

Following the conclusions from the previous paragraph, we can assume that elasticity effects are negligible with respect to the experimental uncertainties and to the different simplifications in the numerical model. Then, we use a GNF model to describe the behaviour of alginate solutions in the centrifugal extrusion system. The predictions of the numerical model will then be compared with the experimental results:

• the flow rate in the capillary can be measured experimentally;

• in the experiments, the volume of the ejected droplets can be determined indirectly from the volume of the capsules obtained at the end of the process, by using the inverse of the shrinking correlations from chapter III, section III.

• the centrifugation products (capsules, fibres, filaments, satellites) obtained experimentally and their shapes can be compared qualitatively with the ejection regimes predicted in the simulations.

If good agreement is found, this means the previous assumption (no elasticity effects at order zero approximation) is valid. In other words, even though elasticity might be present in the alginates, its effects are less significant than the viscous effects, the experimental uncertainties and the numerical simplifications (mesh size, axisymmetric assumption, etc.), and therefore these effects are not observed in the quantities of interest (flow rate, extrusion regime, capsule size and shape). Thus, given its simplicity and ease of numerical implementation, the choice of a generalised Newtonian fluid model, namely the Carreau-Yasuda model, to represent the fluid behaviour is justified in this study.

IV.3 Dimensional analysis

In view of numerical simulations, after having chosen a mathematical model to describe the fluid behaviour, the following step is to render the problem dimensionless. As in chapter II, this procedure allows to identify the independent parameters, and in a second step also the dominant ones, controlling the extrusion system. Moreover, the dimensional analysis allows to define the numerical model, since it will be represented in dimensionless form.

The input parameters of the centrifugal extrusion problem are listed in table IV.5 and represented in figure IV.5.

Same as in chapter II, the problem contains three fundamental physical quantities (length, mass and time). Since it is the centrifugal acceleration that governs the flow, we choose ρ alg , R cap and g tip as repeating variables for the nondimensionalisation [START_REF] Jian | Drop impact on solid : splashing transition and effect of the surrounding gas[END_REF][START_REF] Yunus | Fluid mechanics: fundamentals and applications[END_REF] . Without giving all the details of the procedure, the obtained dimensionless numbers describing the problem are listed in table IV.6.

In the following, we discuss the ranges of variation and the problem sensitivity to each parameter.

In this way, we identify parameters that can be kept constant, parameters that are dependent, and dominant parameters, controlling the problem, that will be explored in the simulations. 
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The density ratio r varies within a very small range in our experiments and will be considered constant.

The two-phase problem presents an asymptotic limit for m → ∞, i.e. the problem is unsensitive to variations of viscosity ratio m as long as it remains above a certain threshold, roughly m = 500 (more details in appendix C.1). Since in our experimental device the value of m is always much larger than 500 (typically around 5000 for the less viscous alginates), the value of m can also be kept constant at m = 500. This value, at the beginning of the asymptotic region, will guarantee the stability of the simulations.

The value of L cap is fixed in the experiments using commercially available needles, depending on the needle diameter (see table IV.1). Therefore, its variation will not be investigated in this study. The same is valid for R out . Furthermore, since generally the interface of the liquid inside the capillary remains pinned at the inner edge of the capillary outlet during ejection, the outer needle radius R out is not expected to play a significant role [START_REF] Zhang | Short-term oscillation and falling dynamics for a water drop dripping in quiescent air[END_REF] . The reservoir geometry is identical for all the needles used, therefore R * res = R res /R cap will only depend on the needle diameter and will not be varied in this study. The same is true for the value of y tip , which is kept constant in our droplet ejection system for all needle diameters. As a consequence, y * tip only depends on the needle diameter and will not be considered for a parametric study. The initial height h res (t = 0) = h 0 of the liquid column in the reservoir is variable in the experiments. Also, as the liquid is ejected, the height of the liquid in the reservoir h res decreases in time. In order to investigate the effect of this variation, several operating points will be simulated both in a full reservoir and empty reservoir configuration.

The two dominant dimensionless parameters of the centrifugal ejection problem are the Galilei number Ga (representing the ratio between centrifugal and viscous forces) and the Ohnesorge number Oh (representing the ratio between viscous and surface tension forces), which can both vary over several orders of magnitude in the experiments, due to the variations of η alg , g tip and R cap . Traditionally, droplet ejection problems are described by a set of three dimensionless parameters: either the Weber number W e, the Bond number Bo and the Ohnesorge number Oh, or the Reynolds number Re, the capillary number Ca and the Ohnesorge number [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF]9] . In the case of the centrifugal system, since the centrifugal acceleration is at the origin of both the capillary flow and the droplet ejection, it can be shown that both W e and Bo are determined by a the combination of Ga and Oh and some other geometric parameters. These geometric parameters are constant in our system, as discussed above, except for h res . Therefore, each simulated case will be determined by a combination of Ga, Oh and h * res . For the representation of the results, it is convenient to use the derived Reynolds number Re th in the capillary, because it compacts together the parameters Ga and h * res . The derived Reynolds number in the capillary is defined as follows:

Re th = 1 8 • ζ • Ga 2 (IV.12)
with the composed geometric parameter ζ accounting for the position and length of the needle, as well as for the height of the liquid in the reservoir:

ζ = 1 + h res L cap 1 - L cap + h res 2y tip (IV.13)
It is important to note that during the emptying of the reservoir, ζ decreases due to the decrease of h res from the initial value h res = h 0 to h res = 0 when the reservoir is empty.

In conclusion, the results of the centrifugal extrusion problem in our system can be described in the space Re th -Oh. The advantage of using the derived Reynolds number and not the Reynolds number Re cap (from section III.2.1) based on the flow rate in the capillary, is that it can be derived immediately from problem input parameters, without the need to compute non-trivial intermediate process quantities such as the flow rate.

IV.4 Numerical model of the centrifugal extrusion problem

In this section we present the mathematical definition of the fluid flow problem in our system and the numerical methods that will be employed for its resolution, using the rheological model determined in section IV.2 and the dimensionless variables constructed in section IV.3.

IV.4.1 Governing equations

The fluid flow problem is governed by the momentum and mass conservation equations for an incompressible two-phase flow with surface tension:

ρ (∂ t - → u + - → u • ∇ - → u ) = -∇p + ∇ • - → - → τ + γκδ s - → n + ρ - → g c ( - → x ) (IV.14) ∇ • - → u = 0 (IV.15)
where ρ is the fluid density, -→ u = (u, v, w) is the velocity vector, p is the pressure, γ the surface tension, κ is the local curvature of the interface, δ s is a Dirac function at the interface, -→ n is the normal vector at the interface and -→ g c is the centrifugal acceleration which depends, during stationary centrifuge rotation, on the position -→ x = (x, y, z) as follows:

- → g c = -- → ω × ( - → ω × - → x ) (IV.16)
where -→ ω = (0, 0, ω) is the rotation vector with constant rotation speed ω. Centrifugal acceleration is taken into account as an external force, and the reference frame is inertial. This simplification of the way centrifugal acceleration is accounted for is motivated by the use of two-dimensional axisymmetric simulations, that cannot include a non-axisymmetric force, as it is the centrifugal force in our system. A thorough discussion of this point is provided hereafter. As discussed in section IV.2, a Generalised Newtonian Model will be used to express the stress term:

-

→ - → τ = 2η (| γeff |) - → - → τ = η (| γeff |) ∇ - → u + ∇ - → u T IV.4.

The Gerris flow solver

In this work, we will use the open-source Gerris flow solver to solve the flow equations (IV.14). Gerris is a finite-volume solver that uses quadtree spatial discretisation: the computational domain is discretised in an orthogonal way by using square (cubic in 3D) cells (boxes) organised hierarchically by a tree-structure called quadtree in two dimensions (octree in 3D). Each finite volume represents a cell. Each cell may be the parent of up to four children (eight in 3D, and so in the rest of this paragraph). The children cells are obtained by cutting the parent cell in four equally-sized boxes. The root cell is the base of the tree and the leaf cell is a cell without any child. The level of a cell is defined by starting from zero from the root (largest) cell and by adding one every time a group of four descendant children is added (example in figure IV.6). In order to [START_REF] Popinet | Gerris: A tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF] ) avoid abrupt variations of cell sizes, certain rules are imposed, e.g. the difference of level between direct-neighbour cells or diagonal-neighbour cells cannot exceed 1 [START_REF] Popinet | Gerris: A tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF][START_REF] Jian | Drop impact on solid : splashing transition and effect of the surrounding gas[END_REF] . Moreover, the spatial discretisation technique allows an adaptive mesh refinement.

In order to solve the Navier-Stokes equations, Gerris uses a classical Chorin projection method, decoupling the computation of the velocity and pressure field [START_REF] Joel | Numerical solution of the Navier-Stokes equations[END_REF] , with a staggered-in-time discretisation of the volume fraction, density and pressure. This means that intermediate values (at step n+1/2) of these fields are used to first compute an estimation of the velocity field -→ u * , to which then a correction is applied in order to compute the velocity field at step n + 1. This method leads to a formally second-order accurate time discretisation [START_REF] Zhang | Short-term oscillation and falling dynamics for a water drop dripping in quiescent air[END_REF][START_REF] Jian | Drop impact on solid : splashing transition and effect of the surrounding gas[END_REF] . The timestep is computed automatically based on stability criteria such as CFL for advection and Fourier for diffusion [START_REF] Popinet | Numerical models of surface tension[END_REF] .

In Gerris, the Volume-of-fluid (VOF) method is used to describe the two-phase flow. The VOF method represents the two-phase system by introducing the volume fraction c( -→ x , t), that distinguishes between phases: c = 0 in cells with only gas, c = 1 in cells with only fluid, and 0 < c < 1 in the interface cells. The volume fraction is transported by an advection equation:

∂ t + - → u • ∇c = 0 (IV.17)
The interface is reconstructed from the volume fraction values of the cells by a piecewise linear method. The volume fraction is also used to define the density and viscosity:

ρ(c) = cρ i + (1 -c)ρ o (IV.18) η(c) = cη i + (1 -c)η o (IV.19)
where the indices i and o refer to the inner fluid (alginate solution) and outer fluid (air) in the system.

IV.4.3 Simulation setup

After having defined the mathematical formulation of the flow problem and the general numerical framework used for the resolution, in this section several details are given with respect to the setup of the numerical model.

IV.4.3.1 Axissymmetry hypothesis and centrifugal force modelling

The geometry of the extrusion system (reservoir+capillary), as presented in section IV.1.1, is axisymmetric with respect to the axis of the capillary cylinder (which is parallel to the y axis in figure IV.1(a)). However, there are other aspects of the system that break the axisymmetric hypothesis in the extrusion system:

1. The extrusion system rotates with respect to the centrifuge axis z in fig. IV.1(a) during system operation. This rotation movement breaks the axisymmetry of the reservoir+capillary system, since it induces the Coriolis force 2 -→ Ω × -→ x (with Ω = (0, 0, ω) the rotation vector), which is not axisymmetric around the capillary cylinder axis.

2. In the experimental system the capillary cylinder axis is often shifted in x-direction (due to the placement of the centrifuge tube in the centrifuge bucket) and is therefore not placed radially with respect to the centrifuge rotation axis z (e.g. in figure IV.5, the shift has been denoted

x tip throughout this thesis). Thus, the centrifugal force, that acts radially from the centrifuge rotation axis, possesses both an axial component (in y-direction) and an x-component that is not axisymmetric around the axis of the capillary cylinder.

Nevertheless, several arguments can be presented supporting that the previous two effects are not important for the objective of this calculation (prediction of flow rates, extrusion regimes, droplet sizes and shapes):

• Regarding the effect of the Coriolis force 2 -→ Ω × -→ x on the flow inside the capillary, we expect it to be negligible with respect to the centrifugal force and viscous forces.

• Regarding the effect of the Coriolis force after ejection (during the fall of droplets): indeed, the Coriolis force is present and considerably affects the droplet trajectories, as shown and verified experimentally in section III.2.3.1. However, it can be argued that the Coriolis force does not deform the droplet but only modifies its trajectory and orientation: (i) the dominant force governing droplet deformation is the surface tension, balanced by viscosity (section III.2.3.2), both being independent of the position or velocity of the droplet centre of mass;

(ii) the dominant forces governing the motion of the droplet are the centrifugal and Coriolis force, causing a trajectory of the liquid that is dependant only on the starting position (section III.2.3.1): these forces can be summarised by resultant forces acting on the droplet centre of mass and thus not introducing any droplet deformation. The only force that couples droplet kinematics to the droplet shape is the aerodynamic drag force, which has been shown to be negligible in our system (sections III.2.3.1 and III.2.3.2). Thus, the problems of droplet trajectory and droplet deformation during fall can be decoupled according to the results in section III.2.3. Therefore, the study of the droplet deformation during fall using an axisymmetric model remains representative of the experiments if one assimilates the straight trajectory in the simulation to the curved trajectory in the experiments. If a trajectory computation is desired, a mechanical point mass model in centrifugal force field can be used. This was performed in chapter III and is beyond the scope of the present chapter.

• Regarding the shift x tip in x-direction and the resulting x-component of the centrifugal force acting perpendicular to the capillary axis (fig. IV.5): since from a mechanical force balance point of view, the x-component of the centrifugal force does not induce any change in the flow

CHAPTER IV. NUMERICAL INVESTIGATION OF THE CENTRIFUGAL BIOPOLYMER EXTRUSION

rate inside the capillary or in the balance of forces that lead to the detachment of the pending droplet, this effect is expected to modify the initial droplet trajectory after ejection and the initial direction of motion after detachment, but it is not expected to influence significantly the flow rate or the properties of the ejected droplets.

Indeed, it is known from previous visualisations of the CME system (e.g. in [START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] ) that droplets do not detach from the capillary in a direction aligned with the capillary axis, and that droplet trajectory is curved in the rotating reference frame. However, these effects do not affect the flow rate, the ejection regime, the size or the shape of the droplet during its fall, which are the main quantities of interest in the present numerical study. Therefore, we will model the centrifugal extrusion problem under the assumption of symmetry, which drastically reduces the computational cost from a 3D to a 2D grid. The symmetry axis is taken to coincide with the capillary axis, orthogonal to the rotation axis of the centrifuge (no shift in x-direction, x tip = 0). The effect of the centrifugal force in the axial direction (y-direction), which is expected to be the dominant effect, will be represented using a source term in the momentum equation in y-direction:

- → g c ( - → x ) = 0 • - → i + g y (y) • - → j (IV.20)
with -→ i and -→ j the unit vectors of the coordinate system, in the directions x and y respectively. With the above considerations, a 2D axisymmetric model is expected to be representative of the experiments, notably for predicting the capillary flow, the ejection behaviour and the shape and size of the droplets during fall.

IV.4.3.2 Geometry and boundary conditions

With the assumption described above, the numerical domain is two-dimensional with an axisymmetry condition (figure IV.7, green dashed-line box) and comprises the capillary, the reservoir, a region of surrounding air and a longer region downstream of the needle outlet where droplet fall can be simulated over a sufficient fall height.

The geometry of the ejection system in Gerris and its parametrisation is represented in figure IV.7(c) 10 . It is composed of:

• the capillary with inner radius R * cap , outer radius R * out and length L * cap ;

• a small entry region in the capillary with dimensions R * step and L * step ;

• the reservoir, simplified as a cylinder with inner diameter R * res , height h * res and wall thickness e * res .

Compared to the real system (figure IV.1(c)), the geometry of the reservoir inner walls is simplified to a cylinder with a diameter equal to the mean diameter of the reservoir cone. Since flow in the reservoir is expected to be much slower than the flow in the needle (diameter ratio of around 10), the flow in the reservoir can be approximated to a hydrostatic flow at the time scale of the droplet formation and ejection. Therefore, the precise geometry of the reservoir walls is not expected to play a role. The thickness of the walls does not influence the flow and it was supposed constant. Furthermore, since the precise shape of the inner edge at the needle outlet is not known, a 90-degree edge was used in the numerical model.

As boundary conditions, we use an axisymmetric condition on the x = 0 axis and free outlet conditions on the other three borders of the simulation domain.

IV.4.3.3 Parametrisation of the numerical model

The parametrisation of the simulations in Gerris (cf. figure IV.7(c)) follows the guidelines from the dimensional analysis in section IV.3. When certain experiments are reproduced in the simulation, the parameters of these experiments (table IV.7) are made dimensionless using ρ alg = 1008 [START_REF] Ashgriz | Atomization Hand Book[END_REF] , g tip = ω 2 y tip and R cap,ref .

The dimensionless lengths, radii and heights defining the geometry of the numerical model are obtained by dividing the system sizes from the experiments by the reference capillary radius in each experiment R cap,ref . In particular, for the inner capillary radius, the value from the technical drawings from the manufacturer R cap,tech was used [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF]12 , so that R * cap = R cap,tech /R cap,ref .
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For the calculation of the dimensionless height of the reservoir h * res , an approximated value of h res = 9 mm was used. This value is not expected to influence the solution as long as the liquid interface remains inside the reservoir, therefore an approximate value of h res was sufficient. The thickness of the reservoir walls is variable in the real geometry, but for simplification we used a constant value e res = 0.1 mm, since the flow is not sensitive to this thickness.

The following four dimensionless numbers:

Ga = ρ alg g 0.5 tip R 1.5 cap,ref η alg Oh = η alg ρ alg γ alg R cap,ref r = ρ alg /ρ air m = η alg /η air
are used to determine the dimensionless fluid properties:

ρ * i = 1 (IV.21) η * i,0 = 1/Ga (IV.22) γ * = η * i,0 /Oh 2 (IV.23) ρ * o = 1/r (IV.24) η * o = η * i,0 /m (IV.25)
As mentioned in section IV.3, our experiments are [START_REF] Atkins | complex viscosity[END_REF] in the asymptotic limit of m >> 1, where the system is no longer sensitive to the value of m. In order to preserve the stability of numerical simulations with the Gerris solver, we choose to use always m = 500, since this will not impact the solution.

In the above, η * i,0 represents the dimensionless zero-shear viscosity of the alginate solution. The viscosity function becomes thus:

η * i = η * i,0 [1 + (λ C γ) a ] n-1 a (IV.26)
where γ can be calculated by scaling back from the dimensionless rate-of-strain tensor computed by the solver:

γ = 2D * ij D * ij • g tip R cap (IV.27)
In order to impose a value of g * tip = 1 at the nozzle tip, the centrifugal force field will be imposed using the following function:

g * y (y * ) = c • g * tip + (y * -y * postip ) • ω * 2 (IV.28)
where y * postip is the position of the nozzle tip in the coordinate system of the simulation domain and ω * 2 = ω 2 R cap,ref /g tip . By multiplying by the volume fraction c, the centrifugal acceleration is only applied on the liquid and not on the surrounding gas. If centrifugal acceleration is applied to the gas as well, an artificial movement of the gas is observed driven by the centrifugal force, which is possible due to the free outlet conditions on the boundaries of the domain. In reality, the droplets are formed and fall in quiescent air. That is why applying the centrifugal acceleration only on the liquid is more representative for the real case and avoids possible errors that arise from the artificially imposed air movement.

IV.4.3.4 Meshing

A dynamic mesh adaptation technique is used to refine the mesh to a maximum level around the interface between the two fluids (in cells with c > 0 and c < 1) and at the solid boundary. A high refinement level is also imposed in the region close to the capillary inner wall, and at the capillary outlet. A coarser mesh is used for cells containing only air, far away from the interface of the two fluids (see figure IV.7(b)).

The standard mesh used for the validation simulations has a maximum refinement level 9, and will be denoted "L9" 14 . A mesh convergence study will be realised in order to ensure the independence of the numerical solution on the grid and to find the best compromise between accuracy and computational cost.

IV.4.3.5 Initialisation

Since the transitory filling of the capillary with liquid is not of main interest in this study, the numerical calculation is initialised in a configuration of filled reservoir and capillary in order to reduce the simulated time. However, initialising the centrifugal force field at nominal value directly from the beginning of the simulation can cause stability issues. Therefore, the centrifugal force field is imposed using a ramp function in time:

g y (y * , t * ) = g y (y * ) • (t * /t * ramp ), if t < t ramp (IV.29)
g y (y * , t * ) = g y (y * ), otherwise (IV.30) with t * ramp ≈ 100.

IV.5 Validation of the numerical model

The previous section presented the definition and parametrisation of the numerical model for the centrifugal extrusion problem. Before moving on to the numerical investigation of ejection regimes or droplet shapes, a series of validation tests was carried out to evaluate the ability of the solver to accurately compute relevant flow quantities.

IV.5.1 Carreau-Yasuda viscosity model in Gerris

The first test is to validate the implementation of the constitutive equations implemented for alginate solutions in the numerical model. The studied configuration is a single-phase flow of a Carreau-Yasuda fluid in an infinite pipe (periodic boundary conditions) of radius R = 165 µm, with an applied constant volumetric force in the axial direction. The purpose of this test is to evaluate the ability of the Gerris solver to correctly describe the shear-thinning fluid behaviour according to the Carreau-Yasuda model, in flow subjected to a volumetric gravity-like force g axial = 5297.4 m/s 2 . Several simulations are performed with the fluids Alg B, at concentrations 1%, 2% and 4% (w/v) (see section IV.2 for properties), with water (ρ = 997 kg/m 3 , η = 1.005 mP a) and with standard oil PSU2400 at 20 • (ρ = 875 kg/m 3 , η = 1.435 P a.s).

Comparison is made with analytical solutions obtained by numerical integration of the flow equations in radial direction, as described in section III.2.1, using a MATLAB ODE solver. In figure IV.8, the velocity profiles from the CFD simulation are compared with analytical solutions. An excellent agreement is achieved, confirming the ability of Gerris to accurately incorporate shearthinning fluid behaviour described by the Carreau-Yasuda model. The experiments follow the method for microcapsule production that has been described in detail in chapter II. A summary of the parameters used in each experiment is given in table IV.7.

IV.5.2 Validation experiments on the CME device

A first set of experiments is devoted to the validation of simulations representing a Newtonian fluid. Experiments NT1 to NT5 [START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF] were performed with the aforementioned PSU2400 oil, having a Newtonian behaviour in the operating ranges. In these experiments, the flow rate was measured, but droplet sizes could not be measured, since visualisation is not possible in the experimental device and the oil droplets do not cross-link to form capsules.

Table IV.7 -Summary of the experiments used as validation for the numerical results in this work, and their parameters. Alginate A is alginate from a batch used in the experiments presented in chapter III, comprising the experimental series NN. h 0 is the initial height of the liquid column in the reservoir. h f all is the collecting distance in the experiments. A second set of experiments will be used to validate the simulations of centrifugal extrusion with a non-Newtonian fluid (alginate). For this, we will use results from experiments NN1 to NN9 [START_REF] Badalan | Effect of Process Parameters on the Shape and Size of Calcium-alginate Microcapsules Generated with the Centrifugal Encapsulation Technique -Main[END_REF] , that were performed in section III.2.1, where both flow rates and droplet volumes were measured. The measurement of droplet sizes in experiments NN1 to NN9 was not discussed in chapter III and was performed for the study in the present chapter. As in chapter III, droplet sizes are determined indirectly from the size of the gelled capsules, via a shrinkage factor k SF (section III.2.5.1). In the following, we discuss the comparison of the numerical and experimental results for these cases.

IV.5.3 Droplet ejection with Newtonian fluids

A second series of tests is performed on the geometry of the centrifugal droplet ejection system, using the parameters of experiments NT 1-5 (centrifugal ejection of Newtonian fluid) described in section IV.5.2. The parametrisation of the numerical model is performed according to section IV.4.3.3, with the simplification that here the viscosity of the alginate solution is constant and equal to η * i .

The standard mesh refinement of level L9 is used. Unlike many fluid dynamics simulations, in our simulations we do not impose a flow rate since it is not a priori known. Rather, we need to impose a volumetric force representing the centrifugal acceleration. In practice, knowing the flow rate is important because it allows an estimation of the quantity of biopolymer that can be processed in a given amount of time. We need then to compute the flow rate of alginate solution in the simulation. In this work, we compute the flow rates by integrating the velocity profile in the capillary, at an axial position close to the capillary outlet (at a distance of about L cap /25 before the outlet):

Q * = ˆR * cap 0 u * y • 2πxdx (IV.31)
In figure IV.9(a), numerically computed flow rates are compared with experimental measurements. The values are normalised by the measured flow rates in each experiment. The relatively large error bars on the flow rate calculation are caused by the uncertainty on the inner capillary diameter, as discussed in detail in appendix B.1, since flow rate is sensitive to the fourth power of the capillary diameter. A series of measurements of the inner diameter of several needles with the same reference diameter were performed and it was found that the values are disperse between D cap,tech and D ref,tech , but closer to the technical diameter D cap,tech . That is why all the simulations in this work were performed using the value of D cap,tech as capillary inner diameter. Since we chose the higher limit in the range of possible diameters, this is probably the reason why the numerical calculation in most cases overestimates the value of the mean flow rate. The relative error between simulation and experiment lies below 15% for all cases.

Furthermore, a test simulation is run using the same conditions as experiment NN9 (centrifugal ejection of non-Newtonian fluid, i.e. alginate), but with a Newtonian fluid behaviour (the viscosity of the liquid is constant and equal to the zero-shear viscosity of the alginate used in the original experiment NN9, η = 0.104 P a.s. For this case, we compare numerical results with analytical estimations of flow rate.

The flow rate in the capillary over time for the same case is represented in figure IV.9(b) and compared with an analytical solution calculated with the Poiseuille equation for the capillary inlet region (subscript "step") and the capillary (subscript "cap"):

Q V = ∆p • π 128η Lstep D 4 step + Lcap D 4 cap (IV.32)
with ∆p being the difference between the pressure at the capillary inlet p 1 and the pressure in the liquid at the capillary outlet p 2 , and it can be estimated according to section III.2.1 as follows:

∆p = ρ alg ω 2 (y 1 -h res (t)/2) • h res (t) - γ alg R cap (IV.33)
with h res (t) the height of the liquid column in the reservoir as a function of time, ω the centrifuge rotation speed and y 1 the position of the inlet of the capillary in the coordinate system of the centrifuge.

In the numerical solution computed with Gerris, we notice the typical evolution of the flow rate in the CME system when ejecting droplets (figure IV.9(b)): the short ascending region t * < t * ramp at the beginning corresponds to the transient part in the simulation due to the ramp-like initialisation of the centrifugal acceleration (t * ramp ≈ 100). After this initial transient region, we notice periodic alternations of (smooth) growth and (sudden) drop regions, corresponding to the formation of droplets at the capillary tip and their detachment respectively.

A rolling average can be extracted from the fluctuating flow rate and compared with analytical estimations. From this comparison it can be concluded that Gerris predicts correctly the pressure drop through the emptying of the reservoir and thus the decrease in flow rate, as predicted by the analytical solution.
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Mesh L8 L9 (standard) L10 # cells / R cap ∼ 6 ∼ 12 ∼ 24 # cells total ∼ 11K ∼ 29K ∼ 89K dt max 1.25e-2 4.4e-3 1.6e-3
Table IV.8 -Characteristic sizes of the three meshed used in the grid convergence study, and resulting maximum timesteps for the simulation of case NN1.

IV.5.4 Droplet ejection with non-Newtonian fluids

A further series of validation simulations was performed on the configurations NN1-9 (centrifugal extrusion of non-Newtonian fluid, i.e. alginate), using a Carreau-Yasuda fluid model with the parameters corresponding to the batch A alginates in table IV.2. An L9 mesh is used for these simulations.

In figures IV.9(c) and IV.9(d), CFD and experimental flow rates and droplet volumes17 are compared, whereas each time normalisation is performed using the experimental values. Generally good agreement is observed, whereas experimental uncertainty is relatively high due to the manufacturing tolerances on the inner needle diameter (appendix B.1). The slight overestimation of the quantities in the CFD simulations is also probably due to the usage of the technical diameter from the manufacturer CAD drawings. As mentioned earlier, the measurements performed on the diameters showed that these are dispersed with values that lie between D cap,ref and D cap,tech , but closer to the latter. The difference D cap,tech -D cap,ref was used to compute the uncertainty in the calculation of Q * V and represent the error bars in the figures. These results confirm the validity of the non-Newtonian model and its ability to quantitatively describe the centrifugal extrusion problem.

IV.5.5 Mesh convergence study

The previously discussed validation simulations were run using a L9 refinement level. A grid convergence study is carried out using three different mesh refinement levels: L8, L9 and L10. An L11 refinement level would need a computing time of around 16-20 weeks and has therefore not been done in the present work. This mesh study is performed on the NN1 configuration, that corresponds to the centrifugal extrusion of a non-Newtonian fluid (Alginate A, 20g/L). Resulting numbers of cells and maximum timestep values in the simulations are reported in table IV.8.

Quantitative results of the mesh convergence study are given in table IV.9. The quantities that are considered in the comparison are the mean flow rate Q * V , the volume of the fourth18 ejected droplet V * drop , the production period T * prod (time between third and fourth droplet), the sphericity factor of the fourth ejected droplet SF y5 when the droplet front reaches a distance of 5 mm from the needle tip, and the position ∆y f 5 of the droplet front at ejection when the radius of the fluid ligament is 5% of the capillary inner radius. V : average flow rate after the initialisation ramp; T * drop : period between third and fourth drop; SF y5 : sphericity factor of fourth drop; ∆y f 5 : axial position of the fourth droplet front when the ligament radius equals 5% of the capillary radius. If the simulation with the finest mesh L10 is taken as reference, we can observe that both L8 and L9 meshed predict the flow rate within a few percent (less than 1% for L9) of the value calculated with the L10 mesh. For droplet sizes, L8 overpredicts by more than 25%, whereas L9 is still within around 5% accurate with respect to the reference L10. Since basically flow rate is equal to the product between droplet volume and production frequency (cf. section III.3.1), the L8 calculation shows a large error on droplet production frequency, whereas L9 is still within about 7.5% accurate. The droplet shape is more delicate to assess quantitatively, since it depends on the exact position of the interface. The variation of both parameters SF y5 and ∆y f 5 is not monotonous, but seems to converge toward the value obtained with the L10 mesh. Although the results obtained with the L9 mesh are closer to the reference values obtained with L10 than the results obtained with the L8 mesh, the deviation from the reference values remain relatively high (14% and 8% respectively. This could mean that the mesh appears to be converged at the level L9 with respect to the calculation of flow rate and droplet sizes, but not entirely converged with respect to the calculation of droplet shapes.

Mesh V * drop Q * V T *
A qualitative comparison of the droplet ejection with the three different meshes for case NN1 (centrifugal ejection of alginate droplets) is given in figure IV.10, including a comparison with EXTRUSION experimental results. It can be noticed that whereas mesh L9 produces a droplet of a very similar shape and size with that produced using L10, the satellite droplet produced with the mesh L9 is at the limit of numerical resolution (only around 3-4 cells with c = 1 inside the droplet, compared to 10-12 for the L10 mesh). We notice as well that the refinement in mesh L8 is not enough to capture the formation of satellite droplets. Experimentally we confirm the presence of satellite droplets in the gelation solution, which are, according to the simulation with the refined mesh L10, formed during the detachment of the main droplet and the rupture of the fluid ligament connecting it to the capillary.

The following conclusions can be retained from these results:

• All the studied properties converge with mesh refinement and the differences between L9 and L10 meshes are small.

• Mesh L8 is sufficient for a relatively accurate flow rate calculation, but it produces significant errors (over 10%) in the calculation of ejected droplet properties, like volume or sphericity factor. No satellite formation is captured using an L8 refinement level.

• Mesh L9 provides accurate flow rate calculation and a relatively accurate prediction of droplet volume and production period (errors of around 5% and 7.5% respectively). However, more deviation is noticed in the computation of droplet and interface shapes. Satellite formation is hardly captured using L9 refinement, at the limit of mesh resolution.

• Mesh L10 was used as reference for the calculation of flow rate and droplet properties. The formation of satellites, confirmed by experimental results, is well resolved (at least 15 cells inside a satellite droplet) using this mesh refinement.

These conclusions justify the strategies used in the simulations in this work:

• For the validation cases NT1-5 and NN1-9, where only quantities like flow rate and droplet volume were considered, the standard mesh refinement L9 is sufficiently accurate.

• For the study of ejection regimes it is necessary to precisely capture the interface during droplet rupture in order to conclude on the formation of satellite droplets or filaments. Therefore, mesh refinement L10 is more appropriate for simulations ER1-12.

• For simulations that are computationally very costly (high viscosity, implying long physical simulation time, and low capillary diameter, implying high spatial resolution), we could use an L8 refinement in the capillary to compute the flow rate and pendant drop formation, and only apply an L10 refinement at the interface when the pendant droplet is formed and during detachment and ligament rupture. This may allow a significant acceleration in the simulation time.

IV.5.6 Simplified geometry

While performing the validation simulations (section IV.5.4) we have noticed that simulations with smaller capillary diameters, low centrifugal acceleration and/or high alginate viscosities exhibit very long computational times.

For these cases, a simplified geometry (figure IV.7(a), violet box) is defined which contains only the capillary, a small lateral space with surrounding air and the fall height of the droplet.

IV.6. NUMERICAL DETERMINATION OF THE PHASE DIAGRAM: EJECTION REGIMES 187

In this model, the pressure at the capillary inlet is computed using a hydrostatic assumption in the reservoir and imposed as boundary pressure condition at the inlet of the capillary. All other boundary conditions remain unchanged. This simplification allows a reduction of the computational cost by eliminating the reservoir and thus significantly reducing the mesh size.

A comparison is performed between the full and the simplified model for one of the simulated configurations in order to validate the simplified model. A simulation on case NN1 (centrifugal extrusion of alginate solution) was performed using the simplified geometry, at equal refinement levels and with identical parametrisation. The results showed very good agreement (less than 2% difference) between the simplified model and the full model. Qualitatively also, a very similar behaviour was obtained with the two simulations. This validates the usage of the simplified geometry for simulations with high computational cost.

IV.6 Numerical determination of the phase diagram: ejection regimes

Once the CFD model has been validated on different types of tests, it can be used to investigate some major hypotheses made in the analytical and experimental work in the previous chapters regarding the formation of microcapsules by centrifugation, and to gain thus a better insight into the details of the fluid dynamics inside the process. A first important hypothesis concerns the ejection of the biopolymer fluid by centrifugation and the formation of secondary products. The questions to be answered could be formulated as follows:

• Are all these secondary products (fibres, filaments, satellite droplets) the results of the extrusion phase of the process, or do they come from other stages, like the impact of the droplet with the gelation bath?

• Why are these products often encountered together as centrifugation products (common combinations are: capsules+satellites, fibre+capsules, capsules+filaments(+satellites))?

In order to investigate these issues, we will use the following approach: both experiments and simulations are performed for twelve cases, denoted ER01 to ER12 [START_REF] Badalan | Physical Analysis of the Centrifugal Microencapsulation Process[END_REF] . The parameters of these cases are summarised in table IV.10. The variation of the three parameters η alg , D cap and ω results in the variation of two dimensionless numbers, Re th and Oh. The combined analysis of these results will allow to verify previously made hypotheses and to assess the ability of the numerical simulation to reproduce the different ejection regimes. In order to guarantee the comparability of the results, the experiments are realised with the same alginate solutions from which samples were taken for rheological characterisation.

In the following sections, the link between the formation of different types of centrifugation products and the ejection regimes, is discussed.

IV.6.1 Formation of fibres

Fibres are elongated and continuous volumes of extruded polymer, generally with a locally cylindrical aspect. They are observed in a gelled condition in the gelation solution, most often as a long entangled thick "wire". Experimentally, the formation of fibres is characteristic for high Ga 2 • ζ values, which can be obtained by using high rotation speeds, low viscosity alginates or high capillary diameters. In the analysis of the experimental results, fibres are always accompanied by some other products that are present in the gelation solution, such as (mostly polydisperse) capsules with or without filament, satellites or fibre fragments, as it can be seen in subfigures (a)-(c) of the figures IV.11, IV.12 and IV.13. The fibre obtained in experiment ER09 presents a special characteristic, namely that significant variations of the thickness of the fibre can be observed, under the form of pulsations along the fibre longitudinal axis (see figures IV.13(a) and IV.13(c)). For all the three cases ER1, ER5 and ER9, numerical simulations were performed both with a full (ζ ≈ 0.94) and with a nearly empty (ζ ≈ 0.77) reservoir. For case ER01, the results are presented in figures IV.11(d) and IV.11(e) [START_REF] Badalan | Low-cost Centrifugal Device for Rapid and Controlled Microencapsulation of Insulinsecreting Cells[END_REF] . In the full case, it can be seen that the polymer solution is extruded under the form of a jet that has a stable diameter over time at the point of contact with the gelation solution. This results corroborates the hypothesis made previously in the literature that the mechanism of fibre formation is the ejection of a jet which gels upon entry in the gelation solution, resulting in a long continuous fibre. The relative stability of the jet diameter over time is in good agreement with the characteristics of the fibre obtained experimentally, which features a roughly constant or a very gradually varying diameter.

In the case with an empty reservoir, first a jet with a smaller diameter than in the full-reservoir case is obtained. This is probably due to a decrease in the flow rate by the emptying of the reservoir. The polymer is extruded under the form of a jet until the reservoir is emptied and air bubbles start to enter the capillary. Then, when the air bubbles reach close to the tip of the ejection needle, the liquid is no longer ejected under the form of a jet, but under the form of irregular-sized droplets, as the air bubbles together with liquid that remained on the inner walls of the capillary reach the outlet of the capillary. The simulation helps to understand the formation of these by-products in jetting regimes and to attribute their origin to the transient regime at the very end of the emptying of the capillary. In this case, we still consider that the ejection regime at empty reservoir is a jetting regime.

The numerical results for case ER05 (figures IV.12(d) and IV.12(e)) show a similar ejection behaviour as in case ER01. When the reservoir is full, the polymer is extruded under the form of a jet with a stable diameter over time at the interface of the gelation solution. We can note that the jet is thinner than the one produced in case ER01 with full reservoir, as also is the case in the experimental results. With an empty reservoir, a stable jet is ejected until the reservoir is emptied and air "bubbles" enter the capillary and reach very close to the ejection tip. After this, a succession of different droplets are ejected, among which droplets with filament (the red contour in figure IV.12(e)) and polydisperse droplets without filament (the blue contour in figure IV.12(e)). These results are in very good agreement with the experiments, where both capsules with filament, capsules without filament of different sizes and satellites are observed in the gelation solution besides the fibre (figures IV.12(b) and IV.12(c)). Thus, the simulation is an excellent tool to help understand the formation of a range of quite different products alongside the fibre and to IV.6. NUMERICAL DETERMINATION OF THE PHASE DIAGRAM: EJECTION REGIMES 191 attribute their formation to the transient regime at the emptying of the capillary, when air bubbles and polymer liquid arrive intermittently at the ejection needle tip.

The experimental results of case ER09 are particularly interesting, because they present a wide variety of different features. The results of the simulations with full and empty reservoir for this case are shown in figures IV.13(d) and IV.13(e). In both the full and the empty cases, a pulsating oscillation of the jet thickness is observed under the form of periodic "bumps" (regions with significantly higher thickness than the average jet thickness) that travel from the capillary tip toward the gelation solution. Nevertheless, both in the full and empty reservoir cases the jet is continuous and there is no rupture between the ejection tip and the interface of the gelation solution. In the case of the full reservoir, the thickness oscillations decrease in amplitude over time, and the diameter of the jet stabilises after a certain time. Although the experimental results present more complexity than what is captured in the simulations, all the features of the numerical results that were discussed are in very good agreement with the experimental observations.

The simulation of case ER09 with an empty reservoir (figure IV.13(e)) shows at first the ejection of a thin jet, similar to the one found at the end of the simulation with full reservoir. Then, as air bubbles enter the capillary and reach close to the outlet, the ejection regime changes. First, individual droplets with a long attached filament are ejected (for example red contour in figure IV.13(e)). Later, individual droplets without filament are ejected in a quasi-periodic regime, for the whole remaining simulation time (the simulation did not reach a complete emptying of the capillary). This ejection regime found at the end of the emptying of the reservoir is probably the explanation for the individual droplets found experimentally in the gelation solution.

It is important to notice that the formation of fibres is sensitive to the collecting distance, i.e. the distance between the gelation bath and the ejection needle. If this distance is increased, jet breakup might occur before reaching the gelation solution and a different type of products might be obtained (fibre fragments and highly polydisperse capsules, see chapter II). However, this topic is not investigated more in depth here, where we focus on the ejection regimes.

IV.6.2 Formation of capsules with filament

Capsules with filament differ from fibres in that they represent discrete (discontinuous) products where the capsules are clearly identifiable as the bulk of the extruded polymer volume, featuring an attached gelled cord (filament) with a certain length. The filaments are not attached to other capsules and each individual capsule has at the most one attached filament. Experimentally, the region of filament formation is comparatively smaller than that of fibre or satellite formation (figure IV. 19), and it occurs generally at medium to large viscosities of the alginate solution (although very rare cases of filament formation with low-viscosity alginates at 1% concentration have been reported in [START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] ), at Ga 2 • ζ values comprised between those of fibre formation and those of satellite formation.

In figures IV.14(a) and IV.14(b) we present results for case ER10, where capsules with filament are found as products of the centrifugal extrusion, accompanied by filament fragments or satellites. In this case, no other major product of centrifugation is found, meaning that the working regime of the centrifugal extrusion remains constant throughout the experiment.

The numerical results show a very good agreement with the experimental data. In both situations of full and almost empty reservoir for case ER10 (figures IV.14(c) and IV.14(d)), we observe the formation of distinct droplets which detach from the capillary tip and form a long and thin ligament that still connects them to the bulk of the fluid in the capillary, until they reach the EXTRUSION gelation solution. In the absence of the gelation solution, this filament breaks at several points and forms a polydisperse population of fragments and satellite droplets. By comparison with the experimental results we can conclude that the effect of the gelation bath is to preserve the droplet and the attached lower part of the ligament, whereas the upper parts of the ligaments break up and fall as fragments into the gelation solution. This explains the formation of capsules with filament accompanied by filament fragments and satellites. Finally, we mention that here also, the formation of capsules with filament is sensitive to the collecting distance in the experiments. If the gelation bath were located at a larger distance from the ejection needle, the ligament might break and form satellites instead.

IV.6.3 Formation of satellites

Satellite droplets can be described as droplets with a diameter much smaller in size than the main capsules (typically 5 times smaller or less). In gravitational dripping systems, the formation of satellite droplets has been visualised experimentally and modelled analytically, and is attributed to the retraction of the fluid ligament resulting from the detachment of a droplet from the bulk fluid in the capillary [START_REF] Villermaux | The viscous Savart sheet[END_REF] . Eral et al. also proposed an analytical modelling of the formation of satellite droplets in centrifugal extrusion and validated the model with experimental centrifugal capsule formation results [START_REF] Burak Eral | Governing Principles of Alginate Microparticle Synthesis with Centrifugal Forces[END_REF] . Experimentally, the region of satellite formation spreads across all the Oh numbers tested, for Ga Numerical results for case ER11 with a full reservoir (h) and an empty reservoir (i).

The formation of satellites in cases ER3, ER7 and ER11 is shown in figure IV.15. Experimentally, in each of the three cases a monodisperse population of main capsules is obtained, accompanied by a roughly equal number of satellites. The shape of the capsules changes gradually from an ellipsoidal shape (IV.15(a)) to a tear-like shape (figures IV.15(b) and IV.15(c)) as the viscosity of the polymer solution increases.

In the corresponding numerical simulations, we can observe in detail the mechanism of satellite formation at droplet detachment. The pending droplet detaches from the capillary tip and forms a very thin and relatively short ligament connecting it to the bulk fluid in the capillary. This thin ligament breaks in two or several points, both on the side of the droplet and on the side of the capillary and retracts into one or several small droplets. A very similar behaviour is found for the cases with full reservoir (figures IV.15(d), IV.15(f) and IV.15(h)) and with empty reservoir (figures IV.15(e), IV.15(g) and IV.15(h)). Qualitatively, the simulation also capture the evolution of the

IV.6.4 Formation of capsules without satellites

In cases with sufficiently low rotation speed or low capillary diameters, the formation of capsules without secondary products (particularly without satellites) is observed experimentally. Examples of experimental results from cases ER4, ER8 and ER12, where capsules without satellites are formed, are shown in figures IV.16(a), IV.16(b) and IV.16(c). Again, the shape of the capsules changes gradually from an ellipsoidal shape to a tear-like shape with increasing polymer viscosity.

For all three cases ER4, ER8 and ER12, not according to expectations, the corresponding numerical simulations with full and empty reservoir (figures IV.16(d), IV.16(e), IV.16(f) and IV.16(g)) show the formation of very small satellite droplets. Most of the times, these satellites present less than 10 cells with c = 1 inside the droplet, for instance 4 cells in the case of ER8. This is different from the simulations ER3, ER7 and ER11 presented in section IV.6.3, where 15 or more cells are present inside each satellite droplets, indicating a better resolution of these droplets. One possible explanation for the formation of satellites in simulations ER4, ER8 and ER12 is that these satellites are numerical artefacts due to the spatial resolution which is close to the size of the satellite droplets. It could be imagined that a higher resolution would allow the filament to break differently, possibly avoiding the formation of satellite droplets in these regimes. This point deserves further investigation, which is beyond the scope of the numerical study presented here.

IV.6.5 Transitions between regimens

As mentioned in section IV.3, the height h res of liquid in the reservoir changes during one centrifugation experiment due to the emptying of the reservoir, which results in a change of the ejection conditions: Re th will decrease with the decrease in the geometric parameter ζ. In the experiments, it is very difficult to dissociate the products generated at the beginning from those generated at the end of one same centrifugation run. However, several experiments featured results combining two different types of products, which are generated in different ejection regimes according to the results discussed in sections IV.6.1, IV.6.2 and IV.6.3, but which are found together in abundance in the gelation bath at the end of the centrifugation [START_REF] Badalan | A Soft Landing Approach for the Centrifugal Microgel Synthesis Process[END_REF] . For example, in case ER6 (figures IV.17(a), IV.17(b) and IV.17(c)), a thin fibre is obtained experimentally along with numerous capsules with filament. As well, in case ER2 (figures IV.18(a), IV.18(b) and IV.18(c)), a fibre is obtained along with numerous capsules and satellites of various sizes.

Numerically, it is possible to dissociate between the ejection regime at the beginning of the centrifugation run (simulation with full reservoir) and toward the end of the centrifugation run (simulation with empty reservoir), and this can represent a valuable tool to validate the hypothesis that the different centrifugation products obtained experimentally in the same centrifugation run are a result of a change in ejection regime during the centrifugation.

Figures IV.17(d) and IV.17(e) show results of numerical simulations for case ER6 (simulation of centrifugal ejection of alginate solution of medium concentration, with a relatively high nozzle diameter) with a full and an empty reservoir respectively. At the beginning of the centrifugation, a transient regime is observed where few capsules with filament are produced. Later, a quasistationary regime of (thin) jet extrusion is established. This part of the centrifugation accounts for the formation of the fibre observed experimentally. In the simulation with an empty reservoir, a quasi-periodic regime is established from the beginning, where capsules with a a long thin ligament are ejected. This regime was observed steadily throughout the simulation with empty reservoir. This part of the centrifugation is at the origin of the numerous capsules with filament obtained experimentally. Thus, the simulation validates the hypothesis that a change in the ejection regime takes place at a certain point during the emptying of the reservoir, which accounts for the formation of the two different centrifugation products. We make a distinction between this case, where the change in ejection regime takes place during the emptying of the reservoir, and the cases shown in section IV.6.1, where a very short transient regime was observed at the end of the emptying of the capillary. The difference is that in the former case there is still plenty of polymer in the reservoir to be extruded in the new ejection regime, whereas in the latter case, only a very small quantity of polymer is extruded in the transient phase, compared to the total available volume at the beginning of the centrifugation. Only the former situation will be called hereafter a transition in the ejection regime. Due to long computational times, the simulation was not conducted until the full emptying of the reservoir, and the transitory phase of emptying of the capillary was not explored. However, from the previous numerical results presented in section IV.6.1, we assume that polydisperse droplets, not necessarily with a filament, will results from this short transient phase, accounting for the few polydisperse capsules without filament observed experimentally in the gelation solution.
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Figures IV. 18(d) and IV.18(e) show numerical results for case ER2 (simulation of centrifugal ejection of alginate solution of low concentration, with a relatively high nozzle diameter), with a full and empty reservoir respectively. In the full case, the polymer is extruded as a jet with stable thickness. This is in agreement with the formation of a fibre observed experimentally. In the simulation with an empty reservoir, individual droplets are ejected, with the formation of a thin ligament connecting the droplet to the bulk of the liquid in the capillary. The ligament breaks at both ends while the droplet is still in the air, and then further fragments into multiple parts of variable volumes. The filament fragments then retract while still in air to form satellite droplets of variable volumes. This ejection regime of droplet ejection with multiple polydisperse satellites is in very good agreement with the experimental results, where numerous capsules are obtained, accompanied by a polydisperse population of satellite droplets. Again for this case, the two simulations corroborate the hypothesis that the different products obtained experimentally are due to a transition in the ejection regime which occurs during the emptying of the reservoir. In order to better represent the experimental regions, a complementary series of experiments for the ejection regime (ER13-ER26) was performed. The coloured regions in the diagram correspond to the convex hulls of the experimental results from cases ER1-29, where each colour represents a different class of centrifugation products obtained (fibre, filament, satellites and capsules without secondary products, labelled as "no satellites"). If in one experiment several types of products were observed in relevant quantities (excluding the case of very few capsules accompanying a fibre), the experimental point was assigned to belong to both classes that correspond to those products. That is why the experimental regions overlap in the diagram.

IV.6.6 Summary of ejection regime simulations

The numerical results for the full and empty cases ER1-12 are plotted with individual markers in the diagram and coloured according to the same colour code. In the cases where both simulations with a full reservoir (higher Re th and with an empty reservoir (lower Re th ) were conducted, two distinct symbols are used to represent both simulations. The diagram shows the slight decrease in Re th for cases with an empty reservoir, compared to cases with a full reservoir. This illustrates the fact that the extrusion operating point is shifted towards lower Re th values during centrifugation, as the reservoir is emptied. If the operating point crosses a limit of transition between ejection regimes during this decrease (for example the limit between fibre and capsules with filament)

As discussed in detail in the previous sections, the numerical results are in good agreement with the experimental observations, which validate the assumption of neglecting elasticity effects in the simulations. In addition to the finer understanding of the underlying phenomena and transitions during centrifugal extrusion, the numerical results allow to better localise the transitions between the different regimes in the diagram, since numerically we can dissociate between the cases of full and empty reservoir, which is difficult to achieve experimentally.

IV.7 Dripping regime: focus on droplet shapes

In section IV.6 it has been shown that the CFD model is accurate in representing the interface phenomena during the ejection and fall of the biopolymer solution, whereas different ejection regimes could correctly be reproduced in Gerris, in good agreement with the experimental results. Here we will focus on the dripping (drop by drop) ejection regime and study the shape of the droplets during their fall and before entering the gelation solution. The purpose of this analysis is to validate different hypotheses made in chapter III on the origin of capsule shapes, notably tearshaped capsules, polydisperse tear-shaped capsules, flattened ellipsoidal capsules and elongated tear-shaped capsules [START_REF] Badalan | Numerical Window in a Centrifuge: Simulation of non-Newtonian Biopolymer Extrusion and Fall in the Centrifugal Microencapsulation Process[END_REF] .

A similar approach as in the previous section will be used. For each of these categories of capsule shapes, one case is selected where the capsules produced experimentally belong to the respective category. The same case is then simulated numerically (with full reservoir) and the results are compared and discussed. Experiments S1 to S3 [START_REF] Gibril Bah | Fabrication and application of complex microcapsules: a review[END_REF] were carried out for this purpose, with the same alginate solutions as the ER experiments.

IV.7.1 Formation of tear-shaped capsules

Tear-shaped capsules are one of the major families of capsule shapes that can be obtained with centrifugal encapsulation (cf. chapter II). Their formation has been explained by an insufficient relaxation of viscous droplets between the moment of their detachment from the capillary and the moment they penetrate into the gelation solution and begin to gel. Visualisation of this phenomenon has been done for gravitational dripping systems [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , but not for centrifugal systems. Moreover, the existence of a sub-class "elongated tear-shaped capsules" and of a different class "polydisperse tear-shaped capsules" imposes a finer modelling of the formation of each of these capsule types, in order to validate the differences in the formation mechanisms that were assumed in chapter III.

As an example of tear-shaped capsule production we select experiment NN8 (high alginate concentration, large rotation speed and medium nozzle diameter). Experimental results for this case are shown in figures IV.20(a) and IV.20(b), where we observe the production of monodisperse tear-shaped capsules. The numerical results for this same case are shown in figure IV.20(c). The simulation shows that droplets form a liquid ligament while detaching from the capillary. When this ligament breaks, the droplet keeps initially a tear-like shape. During the fall of the droplet through air, the shape of the droplet relaxes due to surface tension. However, the high viscosity renders this relaxation slow, so that the droplet does not reach its equilibrium shape (spherical) before entering the gelation solution, but a partially relaxed tear-like shape. This can be noticed when measuring the sphericity factor of the droplet in the simulation, which is a measure of the droplet elongation:

SF drop = A -B A + B (IV.34)
where A and B are the droplet's major and minor axes respectively. An SF drop < 0.05 indicates a spherical shape [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , whereas SF drop > 0.05 indicates an incomplete droplet relaxation. The sphericity factor of a droplet in case NN8 is plotted in figure IV.21. We notice the slow decrease of SF corresponding to the relaxation of the droplet during its fall through the air. A value of SF > 0.05 upon entry in the gelation solution predicts the formation of tear-shaped capsules, since the droplet cross-links in an incompletely relaxed shape. These results are qualitatively in good agreement with the model introduced in chapter III explaining the formation of monodisperse tear-shaped capsules by an insufficient relaxation of the droplet shape before entering the gelation bath. However, although in the experiments a pointed tip is present on many capsules, in the numerical model the droplets do not feature a pointed tip upon entry in the gelation solution. This tip is present on the droplets during their fall through the air (cf. figure IV.20(c), contour at 113.66 ms), but is reabsorbed in the droplet by surface tension before reaching the gelation solution (figure IV.20(c), contours at 124.54 ms and 130.95 ms).

In the simulation the droplets have a sphericity factor SF drop ≈ 0.07 before entry in the gelation solution. In the experiment capsules feature a sphericity SF caps ≈ 0.09 -0.11. 24 

IV.7.2 Formation of polydisperse tear-shaped capsules

Experiment ER24 is investigated as an example of polydisperse tear-shaped capsule production. This particular class of capsule shapes has been identified in the parametric study in chapter II. Their formation was explained in chapter III, by comparison with literature results and by defining an adequate dimensionless number characterising the phenomenon of interface crossing by the droplets, the impact Froude number F r imp . The experimental results for this case are shown in figures IV. 20(d) and IV.20(e). Typical features of this class of capsule shapes can be noticed: the tear-shaped capsules are polydisperse in terms of shape and size of the protuberance; only a fraction of the capsules present a protuberance, whereas the others are of ellipsoidal shape. Another specificity of polydisperse tear-shaped capsules is that they tend to form from lowerviscosity alginates, contrary to the more classical monodisperse tear-shaped capsules which form usually from higher viscosity alginate solutions.

The numerical results for this case are represented in figure IV.20(g). The striking observation here is that the droplet has a perfectly spherical shape before reaching the interface of the gelation bath. This can be measured quantitatively using the SF drop factor, as illustrated in figure IV.21. Indeed, SF drop is much lower than the sphericity threshold 0.05 before the droplets impact the gelation bath. Unlike the previous case of tear-shaped capsule formation, here the droplet relaxation process is finished before the droplet enters the gelation solution. Therefore, the origin of the protuberance (tear-like shape) in this case is not related to the process stages of ejection or fall in air, but it is to be attributed to the latter stages of impact and gelation. This confirms the hypotheses made in chapter III, where the polydisperse tear-shaped capsule formation was attributed to the impact phase (by attachment of the droplet to the interface), whereas the usual monodisperse tearshaped capsule formation was attributed to the ejection and fall stages (by an insufficient relaxation of the droplet shape during its fall in air). Elongated tear-shaped capsules are a particular sub-category of tear-shaped capsules. They are formed in the same ejection conditions as tear-shaped capsules, but at high impact Froude numbers F r imp , which is generally equivalent to high collecting distances h (cf. chapter III, section III.2.4). In figures IV.22(a) and IV. 22(b) we show examples of elongated tear-shaped capsules formed in experiment S29. In this experiments, the shapes of all the capsules are monodisperse.

Numerical results for the case S29 are shown in figure IV. 22(c). Like in the case of tear-shaped capsules, we notice the tear-like shape of the droplet at the moment of detachment from the capillary and a progressive relaxation toward a spherical shape. The evolution of the sphericity factor SF drop is plotted in figure IV.21. Since the collecting distance here is relatively large, the relaxation of the droplet advances more than in cases like NN8. Since the final shape of the capsule is more elongated than the droplet at the impact with the gelation solution, the elongation of droplets is not produced during the stages of ejection and fall through air.

These numerical results represent a confirmation of the hypothesis made in previous theoretical work, and provide a solid basis for the assumption that the droplet elongation takes place during the impact and/or sedimentation of the droplet.

IV.7.4 Formation of flattened ellipsoidal capsules

Flattened ellipsoidal capsules are obtained using low-to-medium viscosity polymer solutions. The flattening is a 3D-feature of the capsules and not immediately identifiable using 2D-imaging due to the horizontal deposition of the capsules under the microscope, making them looking spherical. A complementary analysis is performed under the microscope in order to investigate the 3D-aspect of the produced capsules, based on a by-hand pipette manipulation to rotate individual capsules under the microscope and capture images of the same capsule from different angles (cf. chapter II). In 2D-imaging, one common way to observe flattening is by identifying capsules that are standing "sidewise" on the bottom of the dish under microscope. Usually, these capsules do not fall into their equilibrium position because they are surrounded by (and sometimes lightly stuck to) other capsules, hindering their movement. Under the assumption of monodispersity of capsule shapes within that experiment, these "sidewise" standing capsules offer a profile view of the capsules produced in that experiment. An example is shown in figures IV.22(d) and IV.22(e), representing results from experiment S26. The 3D-aspect of the capsule shapes in experiment S26 was analysed according to the technique presented in chapter III, which confirmed the flattened ellipsoidal shape of the capsules.

In figure IV.22(f) we show the numerical results for case S26. The simulation shows that the ejected droplets quickly regain a spherical shape after detachment from the capillary and maintain a spherical shape during their fall (cf. plot of SF drop in figure IV.21). Hence, the simulation confirms that the flattened aspect of the capsules obtained experimentally is not due to the ejection and fall stages of the process, but to the later stages of impact and sedimentation. These results again corroborate the hypotheses made in chapter III.

IV.8 Conclusion

This chapter reports the construction and validation of a CFD model of centrifugal extrusion of a shear-thinning fluid, corresponding to the stages of capillary flow, droplet ejection and droplet
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fall in the centrifugal microencapsulation process. Comparison with experimental data shows that the model can accurately predict flow rates, droplet sizes and shapes, and also reproduce all the ejection regimes encountered in practice.

The obtained results represent an insight into the physics of the intermediate stages of the CME process, which is difficult to obtain experimentally due to visualisation issues on standard centrifugation devices. Thus, these results corroborate and complete previous analytical models for the CME process that have been developed in chapters II and III:

1. Careful rheological investigation of alginate solutions at different concentrations indicates shear-thinning as the dominant behaviour and justifies the usage of a Carreau-Yasuda model for the description of the fluid behaviour. Elasticity and elongational effects are not significant in the behaviour of alginate solutions under the experimental conditions of centrifugal extrusion.

2. The formation of satellite droplets, filaments and fibres is a results of the ejection regime and is governed mainly by the Re th and Oh numbers. The regions of formation of each of these products in the Re th -Oh space are shifted slightly during the emptying of the reservoir, as shown by comparing simulations with full and empty reservoir for each studied case.

3. The formation of tear-shaped capsules is confirmed numerically to be the result of the ejection stage, followed by an insufficient relaxation of the droplet during the fall through the air.

4. The formation of polydisperse tear-shaped capsules and oblate-shaped (flattened) ellipsoidal capsules is not a result of the centrifugal extrusion. Simulated droplet shapes were spherical before reaching the gelation solution in both of these cases.

5. The formation of elongated tear-shaped capsules is also not a result of the centrifugal extrusion, but is to be assigned to the later stages of the process.

6. The robust CFD model proposed here can be used for optimisation of centrifugal microencapsulation devices operation, allowing a precise determination of capsule production frequency and of the nature and sizes of the by-products.

As a final remark, a numerical simulation of the complete process was not attempted in this thesis due to the difficulty of describing the physics of the two latter stages (impact and sedimentation). This would include the simulation of a three-phase system, with mass diffusion of Calcium ions and a chemical reaction which modifies the properties and structure (and diffusion properties) of the alginate, which would probably necessitate a significant amount of development of numerical methods and implementation in the currently used solvers. Thus, a complete simulation of the system is an interesting perspective to explore in future work.

The previous chapters addressed the modelling and understanding of the physical effects in the centrifugal microencapsulation process. Notably, the fine understanding of the physics of the CME process has allowed to identify and quantify the most important limitations of the process, as discussed in the end of chapter III. This understanding also allowed to imagine solutions to overcome these limitations. So, in this chapter we propose three improvements to address three issues : (i) the presence of satellite droplets when increasing the production rates; (ii) the presence 206 CHAPTER V. IMPROVEMENTS OF THE CENTRIFUGAL DEVICE of a protuberance on highly viscous capsules and (iii) the aggregation of capsules at high production rates.

V.1 Droplet sorting [START_REF]büchi[END_REF] One of the main shortcomings of the CME technique pointed out in chapters III and IV is related to the ejection stage and can be summarised as follows: increasing the production frequency 2 generates a high amount of satellite droplets. In many applications the size monodispersity is looked for, so that satellite droplets are undesired. In particular, for cell therapy, satellite droplets trigger the immune response due to their small size [START_REF] Mariani | Biomaterials: Foreign Bodies or Tuners for the Immune Response[END_REF] . In the literature, in order to address this problem, an additional filtration step is performed after the capsule production, in order to remove the satellite droplets [START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF] . However, filtration, especially of large quantities of capsules, might be time-consuming, might lead to the deformation or agglomeration of capsules, and, unless filtration is done inside the growth medium, it might considerably extend the overall process time in which the encapsulated cells are outside a growth medium, thus reducing their viability.

In this scope, we present an improvement of the centrifugal device, suitable for high frequency production of monodisperse microcapsules enabling the simultaneous generation and sorting of microcapsules by size, and thus the purification from satellite droplets. This modification considerably reduces and may even totally remove the need for filtration steps after centrifugation.

V.1.1 Physical basis

As presented in detail in chapter III, modelling the drop as a sphere allows to determine an equation of motion for the droplet evolving in the centrifugal field after the detachment from the ejection needle. In the rotating reference frame, this equation is:

m drop dv drop dt = F Centrif ugal + F Coriolis + F Drag + F Gravity (V.1)
The equation was solved numerically to represent the cases of the droplet flight in air and for the droplet sedimentation in the gelation solution. For both cases, initial conditions were given by a specified position and zero initial velocity. This latter condition is justified for the droplet flight in air by the sudden rupture of the capillary bridge retaining the droplet at the capillary, and for the droplet sedimentation by the impact with the gelation bath that considerably slows down the droplet. This trajectory of the droplets is curved because of the Coriolis force and is approximately situated in the horizontal x-y plane, since the centrifugal force is several hundreds of times higher than the Earth gravity. In air, the droplet motion is dominated by the inertial effects (centrifugal and Coriolis) and is practically independent of the droplet size. Only for droplets under ∼ 20 µm in diameter, the drag becomes significant compared to inertial forces and the difference in droplet trajectory becomes observable. Conversely, for droplet motion in liquid, the drag plays a much more important role up to droplet diameters of a few hundreds of microns 3 . The trajectory is thus highly dependent of the droplet size (figure V.1). This property can be used for sorting the droplets by size, by placing different collecting containers along the x axis (horizontal and perpendicular to the radial coordinate y). In figure V.1, we represent the simplest case, including only one additional sorting collector which is placed at the tube wall in order to collect the droplets with large diameters (320µm in the figure), whereas the smaller droplets will not enter the sorting collector and will accumulate on the bottom of the centrifuge tube. This is a solution, for instance, to remove undesired satellite droplets from the main production batch.

V.1.2 Experimental validation and discussion

In order to validate the concept of capsule size-sorting using the size-dependent trajectory in the liquid under centrifugal force field, we carry out a series of experiments where we add one sorting collector inside the centrifuge tube, placed next to the tube wall. The sorting collector is fixed into the 50 ml centrifuge tube presented in figure V.2(a) at a specific location determined by the theoretical calculation. The relevant dimensions defining the sorting collector and its position are given in figure V.2(b): the length L and the width W of its opening (through which capsules can enter the collector), and the distance H along the y direction between the opening of the sorting collector and the surface of the gelation solution. Several collector dimensions4 and positions [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] were tested in these proof-of-concept experiments. Photos of the real device are given in figures V.2(c) and V.2(d).

The centrifuge tubes are filled with gelation CaCl 2 aqueous solution to the desired height (leaving h = 15 mm collecting distance). The Na-alginate solution (20 g/l concentration) for capsule formation is placed in the reservoir above the needle. The needle (0.33 mm nominal inner diameter) is placed inside the needle holder and fixed at the top of the centrifuge tubes. The tubes are centrifuged at ∼ 2000 RP M for few minutes. The capsules in the centrifuge tube and the collector are recovered separately using a pipette and placed in separate Petri dishes for microscope analysis. 
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The results presented here were obtained with the collector shape and sizes given in figure V.2(b). When using a standard 50ml centrifuge tube, without sorting collector, a high number of satellite capsules are obtained, collected together with the main capsules from the bottom of the centrifuge tube (figure V.2(b), left). When placing the sorting collector inside the centrifuge tube, all the main capsules were collected in the sorting collector, together with only ∼10% of the satellite droplets compared to the case without sorting. The remaining ∼90% of the satellites were successfully separated and collected on the bottom of the 50ml tube. No main capsules were present on the bottom of the 50ml tube, showing the ability of the sorting collector to collect 100% of the main capsules, as predicted by the theoretical calculations.

The presence of a part of the satellite capsules inside the sorting collector together with the main capsules is probably due to experimental uncertainty and to the limitations of the theoretical modelling of droplet trajectories presented in this work: (i) the model does not take into account interactions between successive droplets. Especially in the case of satellite droplets, they are much more sensitive to these interactions due to their small inertia; (ii) Satellite droplets are formed by the breaking and retraction of the ligament formed at the detachment of main droplets from the capillary tip. The break-up of the ligament may have a stochastic nature, in the sense that it is difficult to predict the initial position, initial velocity and the direction of motion of the satellite droplet at its formation. On the other hand, the droplet motion model introduced in chapter III assumes these initial quantities known and determined. Although in the case of the main droplets these assumptions are reasonable, this may not be the case for satellite droplets. Based on these considerations, the droplet motion model used in this work to predict droplet trajectories is expected to be much less accurate in the case of satellite droplets. This explains the partial disagreement found between experimental results and the theoretical modelling. At the same time, the model appears to correctly and robustly predict trajectories of the main droplets, since experimentally 100% of these were collected in the sorting collector, as predicted by the model.

V.1.3 Conclusion

We have validated experimentally the principle of sorting droplets by size based on their trajectories in centrifugal field. Only by placing a sorting collector of defined dimensions at a defined position in the centrifuge tube, we could obtain a purification of 90% of the satellite droplets. This purification takes place simultaneously with the capsule production, without additional filtration steps. Here, only a few proof-of-concept experiments were performed to demonstrate the feasibility of this principle. We expect that further optimisation of the sorting system (notably of the position and dimensions of the collector) could lead to further increase in the purification performances. We also note that this technique is easily adaptable to other centrifugal platforms for sorting size-polydisperse particle populations.

This technical improvement for droplet sorting gave rise to a patent [START_REF] Bottausci | Système de tri par taille de particules expulsées par centrifugation et procédé de configuration d'un tel système[END_REF] .

V.2 Soft landing layer 6

As presented in the first chapter, centrifugal encapsulation stands out from other liquid-air dispersion and external gelation encapsulation techniques by its ability to process highly viscous polymer solutions while using only common lab material. For other encapsulation methods, processing highly viscous solutions is either impossible or requires very specialised equipment, while losing some of the other qualities of the encapsulation process (sterility, controlled environment and temperature, beads monodispersity in size and shape, etc.) [START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] . We recall that capsules obtained from highly concentrated (and thus viscous) polymer solutions present certain advantages for different applications in the biomedical field: (i) increased mechanical resistance, stability and stiffness [START_REF] Swapnil | Factors influencing the mechanical stability of alginate beads applicable for immunoisolation of mammalian cells[END_REF][START_REF] Eng Seng Chan | Effect of formulation of alginate beads on their mechanical behavior and stiffness[END_REF][START_REF] Martinsen | Alginate as immobilization material: I. Correlation between chemical and physical properties of alginate gel beads[END_REF] , which are important to control in implant applications [START_REF] Peirone | Encapsulation of various recombinant mammalian cell types in different alginate microcapsules[END_REF] ; (ii) smaller pore sizes, which increases the immunoprotection in the case of cell therapy applications [24] ; (iii) an extended dissolution behaviour in the case of drug release applications [START_REF] Pillay | Drug release modulation from cross-linked calcium alginate microdiscs, 1: Evaluation of the concentration dependency of sodium alginate on drug entrapment capacity, morphology, and dissolution rate[END_REF][START_REF] Hadjiev | An assessment of the ability of the obstructionscaling model to estimate solute diffusion coefficients in hydrogels[END_REF][START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] .

In addition to the advantages of using highly viscous solutions, we have seen that a spherical shape of the capsules is desired in many biomedical applications (e.g. implant, drug delivery, cell therapy) due to a better diffusion capacity (high surface area to volume ratio), a high resistance to mechanical stress, a short and uniform diffusion time, a more fluent transport inside tubing, while offering access to a number of implantation sites by a simple injection procedure [START_REF] Paul De Vos | Advances and Barriers in Mammalian Cell Encapsulation for Treatment of Diabetes[END_REF][START_REF] Steele | Therapeutic cell encapsulation techniques and applications in diabetes[END_REF][START_REF] Iacovacci | The bioartificial pancreas (BAP): Biological, chemical and engineering challenges[END_REF][START_REF] Kendall | Effect of alginate composition and purity on alginate microspheres[END_REF][START_REF] De Vos | Considerations for successful transplantation of encapsulated pancreatic islets[END_REF][START_REF] Deng | Fluid dynamics study of bubble entrapment during encapsulation[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF] . The presence of a protuberance involves that capsule surface is not regular and not smooth, which can lead, for instance in the case of implant applications, to the failure of the implant function [START_REF] Matlaga | Tissue response to implanted polymers: The significance of sample shape[END_REF][START_REF] Thomas | Some aspects of macrophage behavior at the implant interface[END_REF][START_REF] Spector | The local tissue response to biomaterials[END_REF] .

An important observation from the literature is that several authors, using slightly different centrifugal devices, have reported that fabrication of spherical or ellipsoidal capsules is not possible for alginate solutions with a concentration above a certain threshold which often lies around 2% w/v [START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF][START_REF] Li | High-throughput generation of microgels in centrifugal multi-channel rotating system[END_REF] . In chapters II and III of this thesis, we have shown as well that capsules formed using alginate solutions with high concentrations always present a protuberance (see figure V.4). The existence of an upper limit in alginate concentration (and therefore in droplet viscosity) for ellipsoidal capsule production had also been reported for dripping extrusion techniques [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF][START_REF] Wan | Production of ultra-high concentration calcium alginate beads with prolonged dissolution profile[END_REF] . Thus, the fact that capsule shape regularity and high polymer concentrations cannot be satisfied at the same time represents an important limitation of the centrifugal encapsulation technique for biomedical applications.

In chapter III we have shown that formation of a protuberance in centrifugal capsule production when using highly viscous biopolymer solutions is due to an insufficient relaxation time of the droplet during its flight in air, before impacting the gelation solution. This model was validated by numerical simulations in chapter IV. This protuberance formation has been quantified with the definition of a Deborah number De f all , that compares the relaxation time to the fall time (see section III.2.3.2 of chapter III). In the same chapter we have shown that increasing the fall height above a certain limit induces (i) higher velocities of the falling droplet and hence in a more violent impact on the surface of the gelation solution, damaging or breaking the droplet; (ii) a risk that the droplet impacts the container walls before reaching the gelation solution, due to its non-rectilinear trajectory in the centrifugal field. So, the flight time in air cannot be increased above a certain threshold. Here we put forward a technique allowing to go beyond this limitation. The design idea is based on the work of Buthe et al. [START_REF] Buthe | Novel solvent-based method for preparation of alginate beads with improved roundness and predictable size[END_REF] in the context of gravitational dripping encapsulation, who added several layers of immiscible liquid on top of the gelation bath, slowing down the alginate droplet and thus increasing the time available for shape relaxation, therefore helping to improve a spherical shape recovery before gelation. In that study the alginate solutions used were not highly viscous, so the question of tail formation (tear-shaped capsules) was not addressed. Moreover, the question of the biotolerability of the intermediate organic solvent layers was not addressed either.

This study is structured as follows: in section V.2.1, an analytical model that is used to evaluate the feasibility of the concept of soft landing in centrifugal encapsulation is introduced. In section V.2.3 we present the modified CME device and carry out an experimental screening of possible materials that can be used for the soft landing layer, in order to select the three best-performing candidates. In section V.2.4 we analyse in detail, through an experimental parametric study, the behaviour of the system using each of the three candidates. Finally, in section V.2.5 we confirm, through the experimental results, the results obtained with the model introduced in section V.2.1.

V.2.1 Physical basis V.2.1.1 Formation of tear-shaped capsules with the standard device

The standard centrifugal encapsulation device (figure I.8) has been described in detail in chapters II and III. In this paragraph we come back to the initial device without the improvement by the soft landing layer. As mentioned in the introduction, the formation of capsules with protuberance in standard centrifugal systems when using highly viscous polymer solutions has been shown in chapter III to be due to a short relaxation time after extrusion and before gelation. Two time scales determine this behaviour (more details and derivation in chapter III):

1. the travel time of the droplet before its gelation, t f all . In the standard device, this time is equal to the travel time in air t air . This time can be estimated using the droplet motion model presented in chapter III. There it has been shown that for the droplet motion in air the drag term can be neglected in the equations of motion and a simple estimation of t f all can be found:

t f all = t air = 1 ω 2H air y tip + H air /2 (V.2)
where ω is the angular velocity, y tip the radial position of the capillary tip and H air the distance between the capillary tip and the gelation bath.

2. the characteristic relaxation time of the droplet, τ rel . In our system, this time can be estimated as follows:

τ rel = 19 40 
η alg D drop γ alg (V.3)
where η alg is the viscosity, γ alg the surface tension of the alginate droplet and D drop is the equivalent diameter of a spherical droplet with the same volume.

These two time scales can be compared by the definition of a Deborah number:

De f all = τ rel t f all (V.4)
If De f all > 1, the time available to a droplet before impacting the gelation bath is shorter than the time it needs to relax to a spherical shape. Thus, when the droplet begins to gel, a tail is still present and the gelation reaction will freeze it into a tear-shaped capsule. It has been shown in the previous chapters that using the standard device (figure II.3(a)), in the case of medium to high concentrations of alginate, De f all was always superior to unity, which causes the production of capsules with protuberance (see figure V.4(a)).

Increasing t f all can be done by increasing the fall height H air , by decreasing the rotation velocity ω, or by changing the properties (typically viscosity and density) of the medium in which the droplet falls before entering the gelation solution. The first solution can only be used in a limited manner, since a too large fall height increases the risk both of a droplet impact with the tube wall and of damage or deformation of the droplets upon impact with the gelation bath, due to higher impact velocities. The second solution is also not convenient, because decreasing ω will modify the capsule size and decrease the droplet production frequency. In this chapter, we propose using the third solution, which has been employed previously for capsule shape optimisation in dripping systems, called the "soft landing" approach [START_REF] Buthe | Novel solvent-based method for preparation of alginate beads with improved roundness and predictable size[END_REF][START_REF] Lee | Size and shape of calcium alginate beads produced by extrusion dripping[END_REF] .

V.2.2 Using a soft landing layer approach to increase droplet transit times t f all

The principle of soft landing is the following: we introduce a layer of an immiscible liquid on top of the gelation solution, as shown in figure V.5. The purpose of this liquid layer is to slow down the droplet long enough, so that it can relax to a spherical shape, before it reaches the gelation solution. If we denote t layer the travel time of the droplet in the immiscible liquid layer, the total transit time t f all of the droplet before reaching the gelation solution becomes:

t f all = t air + t layer (V.5)
Two properties of the immiscible liquid in the layer influence the transit of the polymer droplet through this layer: its density (which determines the buoyant force F Buoyancy ) and its viscosity (which affects the hydrodynamic drag force F Drag through the drag coefficient C D ), as shown in the set of equations (III.23). In the following we will refer to this liquid as the "soft-landing layer". We denote its thickness H layer , the air gap between its surface and the ejection needle H air , and define its relative thickness as:

h layer = H layer H air + H layer (V.6)
In this section we use the full droplet motion model from section III.2.3.1 of chapter III to study the feasibility of using a soft landing approach to increase the droplet relaxation time before gelation. The model is used to assess the travel time and trajectory of the droplet in the different fluids.

Compared to the case of droplet motion in air, in the case of droplet motion in the immiscible liquid of the soft landing layer the density ratio ρ alg /ρ f luid is orders of magnitude smaller. As a result, the drag force cannot be neglected in the calculation, and all the terms in equation (III.22) must be kept, hampering a simple analytical solution as the one of equation (V.2). Therefore a numerical solution is performed by integrating the ODE (III.22) numerically in time, in order to compute the trajectory and transit times of the droplet in the different media.

Let us now consider the following example: for a typical operating point where tear-shaped capsules are formed in the standard centrifugal encapsulation system, we perform a calculation of the transit time of the droplet before reaching the gelation solution, both with and without a soft landing layer. The parameters are listed in table V.1. For the soft landing layer in this example we will use soybean oil, which is immiscible with water, lighter than water and biocompatible; for the droplet we use a Na-alginate solution (Alg. A) at 40g/L, i.e. 4% w/v. [START_REF] Alpizar-Reyes | Biobased Spore Microcapsules for Asphalt Self-Healing[END_REF] .

When using a soft landing layer, a first solution of equation (III.22) in air yields the droplet impact position on the surface of the soft landing layer. With the assumption that the droplet velocity falls to zero rapidly after the impact, a second solution of equation (III.22) is then performed inside the soft landing layer, using as initial conditions the impact position and a zero initial velocity. Another assumption made in the model is to not take into account a potential attachment of the droplet to the interfaces between the different fluids, which might deform the droplet.

Table V.1 gives the computed transit times of the droplet in air t air and in the liquid layer t layer , as well as the characteristic relaxation time of the droplet τ rel . It can be more convenient to define the relative transit times compared to the relaxation time: t * air = t air /τ rel and t * layer = t layer /τ rel . Thus, the Deborah number is equal to:

De f all = 1 t * air + t * layer (V.7)
The computed results show that by introducing only 20 mm of soft landing layer, the total transit time of the droplet before gelation increases of orders of magnitude, becoming higher than the relaxation time, resulting in a Deborah number lower than unity. [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF] This example shows that the passage of the droplet through a soft landing layer could help extend the total droplet transit time enough so that the droplet tail has enough time to relax before entering into the gelation solution.

V.2.3 Experimental screening for materials

In order to address the problem of generating capsules without protuberance from highly viscous Surface tension in water, measured using the pendant droplet method (Krüss DSA100, Germany). c Values taken from the literature [START_REF] Guthmann | Manuel des corps gras. Technique et documentation[END_REF] . d Values taken from the literature [START_REF] Shahidi | Bailey's Industrial Oil and Fat Products[END_REF] .

e Values taken from the literature [START_REF] Bernardo D Ribeiro | Menthol-based eutectic mixtures: Hydrophobic low viscosity solvents[END_REF] . f Values taken from the literature [START_REF] Ediguer | Viscosity measurement of newtonian liquids using the complex reflection coefficient[END_REF] . g Sigma 317667 (Sigma-Aldrich, USA). h DL-Menthol: Sigma W266507 (Sigma-Aldrich, USA) and Lauric Acid: Sigma W261408 (Sigma-Aldrich, USA). i Sigma 8.03405 (Sigma-Aldrich, USA). j Sigma 63445 (Sigma-Aldrich, USA). k Roth 3686 (Carl Roth, Germany). l Acros 405435000 (Thermo Fisher Scientific, USA). m Sigma 18512 (Sigma-Aldrich, USA). n PRONOVA SLG100 (Novamatrix, Norway). p Values from chapter III.

alginate droplets, we will proceed in two steps:

• Firstly, a number of candidate liquids are proposed for the soft landing liquid layer. In this section, an experimental screening of these candidates is performed in order to retain the three liquids that produce the best and most robust results.

• In section V.2.4, a parametric study is carried out with the three selected liquids in order to find regions in the parameter space where spherical, or more in general ellipsoidal capsules are produced.

In the following paragraphs, we discuss the procedure used for the screening of candidate liquids for the soft landing layer and the results of this screening.

V.2.3.1 A priori selection criteria for materials

The candidate liquids for the soft landing layer must have certain properties in order to achieve the desired function: a density lower than that of the gelation bath (which is practically the same as water density) and immiscibility with the aqueous gelation solution, so to form a mechanically stable layer on top of the gelation solution, and biotolerability (for biomedical encapsulation applications). In this study, seven candidates have been chosen for investigation, which can also be regarded as representatives of different groups of liquids (vegetable oils, mineral oils, synthetic oils, deep eutectic liquids, solvents). The properties of these liquids are listed in table V.2. To produce the alginate droplets we use a Na-alginate (Alg. A) solution at 40g/L (see table V.2 for properties). No surfactant is used in the experiments in this work, due to the potential inhibitory effects on the encapsulated material in biomedical applications [START_REF] Yang | Tween-80 and impurity induce anaphylactoid reaction in zebrafish[END_REF] .

The choice of the different vegetable oils is obvious, since they are known to be biotolerable. The biotolerability of DLMA has been studied in [START_REF] Bernardo D Ribeiro | Menthol-based eutectic mixtures: Hydrophobic low viscosity solvents[END_REF] . While most of the solvents, like the ones used by Buthe et al. [START_REF] Buthe | Novel solvent-based method for preparation of alginate beads with improved roundness and predictable size[END_REF] are not biotolerable, one study has shown that short exposure (under a few minutes) of cells to n-Decane does not reduce cell viability [START_REF] Nezammahalleh | Exergy-based screening of biocompatible solvents for in situ lipid extraction from chlorella vulgaris[END_REF] . That is why n-Decane was also chosen as a candidate for the soft landing layer.

CHAPTER V. IMPROVEMENTS OF THE CENTRIFUGAL DEVICE

V.2.3.2 Control parameters for the screening experiments

A series of capsule generation experiments was performed with each of these liquids in order to identify the most suitable candidates. For each candidate liquid, three experiments were carried out with different rotation velocities. The rotation velocity was varied because it is one of the main parameters controlling the transit time of the droplet in air and in the soft landing layer, as well as the velocity of the droplet during the transit. The inner diameter of the ejection capillary was adapted for high rotation velocities in order to avoid ejection in a jetting regime. The control parameters for these experiments are listed in table V.3.

V.2.3.3 Results of the screening experiments

Qualitative results from the screening experiments are presented in figure V.6. For each of the three experiments and for each of the liquids tested, we show a representative image of capsules that were generated. The main criteria for the selection of a candidate are the ability to produce capsules without protuberance, the regularity of capsule shapes (ellipsoidal), and the monodispersity of the capsule sizes.

The vegetable oils (almond, corn and soybean) have a roughly similar performance, due to their similar properties. For low rotation velocities, all of them generate some capsules with protuberance. For middle and high rotation velocities, both the almond oil and the soybean oil experiments show the production of capsules which are more uniform in shape and roughly monodisperse in size. The corn oil, however, generates an aggregate of capsules for middle velocities and polydispersesized capsules for higher velocities. Between the almond oil and the soybean oil, the latter was retained as a candidate for the immiscible liquid layer, due to the slightly better performance and the significantly lower cost.

The experiments with paraffin oil generated polydisperse and tear-shaped capsules in all three cases, which justifies its rejection as a potential candidate.

The experiments with the deep eutectic liquid DLMA produced fairly uniformly shaped capsules for low and medium rotation velocities. However, at high rotation velocities, the capsules were not regular in shape and size, and the formation of long fibres was also observed, for which a clear explanation is not yet available. Moreover, the DLMA seems to react with the salts in the gelation solution and produce white aggregates at the interface with the gelation solution (giving the shaded regions in the corresponding images in figure V.6), that eventually fragment and sink to the bottom. These could represent a hindrance for the formation of capsules, therefore the DLMA was not further considered as a candidate for the soft landing technique.

Finally, remarkably good results were obtained with both n-Decane and PDMS as soft landing layer. For lower rotation velocities, the presence of a protuberance on some capsules was still observed, but for middle and higher rotation velocities both the liquids produce capsules with regular shapes and relatively uniform sizes. Therefore, both these liquids were retained, along with the soybean oil, as candidates for the soft landing layer in the centrifugal soft landing technique. The diameter of the ejection capillary was chosen adequately for each centrifugation speed in order to avoid an ejection in jetting regimes (cf. chapters III and IV). The alginate concentration was kept constant and the value was chosen in the region where tear-shaped capsules were obtained with the standard device. The viscosity of the alginate solution (Alg. A) at this concentration is around 15 P a.s. The fall height in air H air was kept constant, so that an increase of H layer corresponds to a decrease of the depth of the gelation solution, for two reasons: (i) its effect on droplet relaxation is much less significant than that of the soft landing layer thickness (see table V.6); (ii) a large fall height in air leads to a high impact velocity with the air-liquid interface, that can possibly damage or deform the droplet and hamper comparison between the experiments. A summary of the operating points explored in the parametric study is listed in table V.4.

V.2.4.1 Overview of possible capsule shapes

Before analysing in detail the results of the parametric study for each of the three liquids, let us first give an overview of the different types of capsules that could be obtained. Figure V.7 shows examples of capsules shapes and some combinations of these features. Figures V.7(a) and V.7(b) show spherical and ellipsoidal capsules. Such protuberance-free uniformly shaped monodisperse capsules could be obtained with all three candidate liquids with certain combinations of parameters, as we will show later. These results are a confirmation of the successful use of the soft landing method for the generation of ellipsoidal capsules from highly viscous alginates in centrifugal encapsulation devices.

Figure V.7(c) shows an experiment where capsules were highly polydisperse in size. The large capsules are most probably a result of a coalescence of alginate droplets. Since in the standard centrifugal encapsulation device droplet coalescence is extremely rarely observed (cf. chapters II and III), the coalescence most likely takes place inside the soft landing layer, before entering the gelation solution. One can suppose that two successive droplets may come into contact due to the very low sedimentation velocity in the soft landing layer, given by a low density ratio.

Figure V.7(d) shows an example of tear-shaped capsules, that present the following features: (i) they are monodisperse in size and shape; (ii) they feature a pointed "tip" on the protuberance which seems to be a remainder of the broken ligament which was connecting the drop to the rest of the alginate in the capillary at the moment of detachment; (iii) this tip is aligned with the longitudinal axis of the capsule. These features indicate a protuberance formation mechanism by insufficient relaxation of the droplet before gelation, as discussed in detail in chapter III. When this type of capsules is obtained, it indicates that the slowing down of the droplets in the soft landing layer was not long enough to allow a full relaxation of the droplet to a spherical shape. In this paper, we will use the term monodisperse pointed-tip protuberance (MPTP) for capsules featuring these characteristics. (iii) the protuberance is often rounded at the tip (it has the aspect of a bump) and does not feature a pointed tip that could be identified as a remnant of a broken ligament; (iv) if the capsule body has an ellipsoidal shape, the protuberance is often not aligned with the longitudinal axis of the capsule body. These characteristics are distinctive for another mechanism of protuberance formation, namely the attachment of the droplet to the interface between the two fluids during gelation (cf. chapter III). In the case of an interface between air and gelation solution, this phenomenon occurs very rarely, when droplets impact the solution with very low velocities [START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] . However, in the case of an interface between the gelation solution and an overlying immiscible liquid, this phenomenon has been reported in multiple studies in the literature [START_REF] Capretto | Effect of the gelation process on the production of alginate microbeads by microfluidic chip technology[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF][START_REF] Dang | Preparation of tadpole-shaped calcium alginate microparticles with sphericity control[END_REF][START_REF] Sheng | Microfluidic synthesis of tail-shaped alginate microparticles using slow sedimentation[END_REF][START_REF] Hu | Shape controllable microgel particles prepared by microfluidic combining external ionic crosslinking[END_REF] . These studies showed that this phenomenon is very limiting for ellipsoidal capsule production, and requires special treatments with pre-gelation steps when gravity with no centrifugation is used to sediment the droplets. Regarding the nomenclature that will be used to describe this kind of shapes, while characteristic (i) is universal for this type of protuberance and is present in all the cited studies, the other characteristics (iiiv) have been noticed mostly in centrifugation experiments with and without a soft landing layer (chapter II and the present experimental parametric study). This is why for capsules featuring these shape characteristics the term "polydisperse bump-like protuberance" (PBLP) will be used here specifically, whereas the term polydisperse protuberance would be more largely applicable to all the similar cases in the literature.

Additionally, figures V.7(f) and V.7(g) show combinations of the three latter cases above. The capsules in figure V.7(f) present two protuberances: the first protuberance is aligned with the capsule longitudinal axis and has a pointed tip; the second protuberance is located laterally from the capsule longitudinal axis, and it has the aspect of a bump, rounded and with no pointed tip. Given the distinctive characteristics of the two protuberance formation mechanisms mentioned above, we believe that the two protuberances observed on this type of capsules correspond to the coexistence of the two different mechanisms. Moreover, the location of the protuberance which we attribute to the attachment to the interface during gelation, located on the side of the prolate tear-shaped capsules, might indicate the orientation the droplets had while crossing the interface between the two liquids and started gelling (cf. chapter III).

Finally, in some experiments the formation of aggregates of capsules on the bottom of the centrifuge tube was noticed (figure V.7(h)). This is different from coalescence, because these aggregates are most likely formed when a partially gelled capsule sediments on the bottom of the tube and sticks to the capsules which sedimented there before (cf. chapter III). Sometimes the problem of capsule aggregation can be remedied relatively easily, by a gentle agitation of the solution, whereas sometimes a stronger agitation or other methods are necessary, which may damage the capsules. The formation of capsule aggregates will be addressed in detail in section V.3, and will not be further discussed in this study on the soft landing layer.

A qualitative analysis of the capsule shapes, based on the criteria presented in this section, was carried out for each experiment in order to identify the types of capsule shapes obtained in that experiment. This is presented in the paragraphs below and will be used to assess the results of the microcapsule production experiments with a soft landing layer.

V.2.4.2 Soybean oil

Results of the parametric study using soybean oil as soft landing layer are shown in figure V.8(a). With soybean oil, coalescence was observed in many of the experimental points, especially at a low thickness of the liquid layer and low rotating velocities. These are linked in our experiments with larger droplet diameters D drop and lower velocities at the interface v imp . Without the ability to visualise the droplet trajectory in the liquids during the centrifugation, it is not simple to predict where and why this coalescence of the drops takes place. The fact that coalescence takes place at lower rotating velocities, might correlate with a slower crossing of the soft landing layer and of the interface of the interface of the gelation solution, resulting in a higher probability of successive droplets to meet inside the soft landing layer.

For soybean oil, the formation of a protuberance by insufficient relaxation (MPTP) was not observed. This probably due to the higher viscosity of the soybean oil compared to the other liquids, which increases the transit time of the droplet in the soft landing layer, giving it sufficient time to relax to a spherical shape (cf. table V.6).

On the other hand, the formation of capsules with a PBLP, linked to an attachment to the interface between the two liquids, was observed in many of the experiments with using soybean oil as soft landing layer, coupled with the coalescence and especially for low rotation velocities. Lower rotation speeds, as well as larger droplet diameters, lead to a lower velocity of the droplet. The study in chapter III showed that the ability of a droplet to cross an interface correlates with the Froude number at the interface F r int = v int / g int D drop , where v int is the velocity of the droplet before reaching the interface, g int is the centrifugal acceleration at the location of the interface and D drop the diameter of the droplet. A low Froude number, implying low velocities of the droplet at the interface and/or large droplet diameters, favours the attachment to the interface and the formation of a PBLP. This is confirmed in the experiments with soybean oil, where protuberance-free capsules were obtained only for smaller droplet diameters and larger velocities at the interface.

Globally, using soybean oil as soft landing layer provided good results mostly for small droplet diameters, larger depths of the soft landing layer and for large velocities of the droplet at the interface.

V.2.4.3 PDMS

The results of the parametric study for the PDMS soft landing layer are plotted in figure V.8(b). Firstly, less cases of coalescence were observed compared to the soybean oil, and these are all found for the lowest rotating velocity (and highest droplet diameter). As discussed in the previous section, this is probably related to a slower crossing of the soft landing layer and of the interface and thus a larger probability of successive droplets meeting inside the soft landing layer.

Secondly, insufficient relaxation occurs more often in the case of PDMS, although only for the smallest height of the soft landing layer. Since PDMS has a similar density but significantly lower viscosity than soybean oil, the droplet transit times in the soft landing layer are shorter (see table V.6), which explains why more cases of insufficient relaxation were observed.

At the same time, more cases of PBLP formation were obtained using PDMS as soft landing layer. Similarly to the experiments with soybean oil, this phenomenon is correlated with the Froude number at the interface. For smaller droplet diameters and higher velocities at the interface, implying a larger Froude number at the interface, capsules without protuberance could be produced.

Although the parametric study using PDMS yielded slightly more successful results than using soybean oil, the same tendency has been noticed: in general monodisperse ellipsoidal capsules are obtained for smaller droplet diameters and large depths of the soft landing layer, inducing larger velocities at the interface between the soft landing layer and the gelation solution.

V.2.4.4 n-Decane

Using n-Decane as soft landing layer has yielded globally the most satisfactory results. Coalescence was observed in only one of the experimental points, for a low thickness of the n-Decane layer and low rotating velocity (large droplet diameter), implying a low Froude number at the interface.

On the other hand, the formation of capsules with MPTP occurred more frequently when using n-Decane, compared to the other two liquids. The lower viscosity and density of the n-Decane cause a faster transit of the droplet through the soft landing layer (see table V.6). Especially for small heights of the liquid layer, this transit time is not long enough to allow the droplet shape to relax before reaching the gelation solution (De f all numbers are higher than unity). This leads to the formation of capsules with MPTP for these cases. 9 The formation of PBLP was observed in the experiments with low thickness of the soft landing layer, which is correlated with a lower velocity at the interface. Secondly, the small values of H layer induce a higher uncertainty in the calculation of the droplet motion inside the soft landing layer, because side effects and interface effects may become more important. This might lead to an overestimation of the velocity at the interface in this case.

The experiments with n-Decane yielded the largest number of successful results in the explored parametric region and seem to be the most predictable and controllable: using a soft landing layer with sufficient depth, n-Decane can be successfully employed to form monodisperse ellipsoidal capsules from very viscous alginate solutions.

V.2.4.5 Summary of the results

The results of the parametric study with the three different liquids are summarised in table V.5. It can be seen that ellipsoidal monodisperse capsules could be obtained with all the three candidate liquids, in various configurations. Coalescence of droplets seems more likely to occur for the more viscous and denser liquids, whereas the formation of MPTP is more likely for the less viscous and less dense fluids. Regarding the occurrence of PBLB formation, the results indicated that it is lower when using large rotating velocities and large depths of the soft landing layer.

V.2.5 Modelling of the three selected materials V.2.5.1 Transit times and the Deborah number

The theoretical model presented in section V.2.1 was used to calculate the transit times of the droplets in air and the soft landing layer for each of the experiments performed in the parametric study with the three candidate liquids 10 . The relative transit times t * air and t * layer , as well as the characteristic relaxation time τ rel , are reported in table V.6. The highlighted cells in the table represent experiments where capsules with MPTP were observed. These results show that the 9 The experiments with H layer = 19 mm reported in figure V.8(c) are located very close to the transition limit between ellipsoidal capsules and MPTP formation. The experimental uncertainty causes some of these experiments to fall in the ellipsoidal regime and others in the MPTP formation regime, which gives the impression of a nonmonotonic evolution of the resulted shape with the control parameters (alternating green and red points). Examples and more discussion is given in the appendix D.2. 10 Other results from the computations, such as droplet trajectories or forces acting on the droplet, are given in the appendices D.3 and D.4. formation of MPTP correlates with the condition t * air + t * layer < 1, which describes an insufficient time for droplet relaxation.

In order to better visualise these results, Deborah numbers for the droplets in each of the experimental points are computed using equation (V.7). In figure V.9 we plot the De f all number and the relative thickness of the soft landing layer of liquid h layer for each experimental point. Red crosses were used to mark the experiments where tear-shaped capsules were produced, i.e. where the distinctive features of a protuberance attributed to insufficient relaxation of the droplet are noticed, according to the criteria discussed in the previous section. These also include the experiments where capsules with two protuberances were formed. All other experiments, where such protuberances could not be identified, were marked with green circles. In some cases, the De f all and h layer numbers of two experiments are very close to each other, which leads to the superposition of the markers on the plot, as it is the case for two experiments with De f all ≈ 1.5 and h layer ≈ 0.66, giving different results. These two points correspond to experiments in the parametric study with n-Decane, with H layer = 19 mm and w = 2115 RP M and w = 2442 RP M respectively. The produced capsules in both cases are very close to the limit between ellipsoidal capsules and MPTP capsules, as detailed in the appendix D.2.

It can be noticed in figure V.9 that the limit for protuberance formation due to insufficient droplet relaxation seems to be located around De f all = 1, which was also previously shown for the standard centrifugal device without a soft landing layer (cf. chapter III). This confirms that the model introduced in section V.2.1 can predict relatively well the transit times of the droplet in air and in the soft landing layer. For a low thickness of the soft landing layer, side effects and the hypothesis of zero initial velocity in the soft landing layer might introduce more uncertainty in this calculation, which might explain the results with h layer ≈ 0.33, where the transition to capsules with MPTP seems to occur at De f all ≈ 0.7.

V.2.5.2 Contributions of forces in slowing down the droplet

At this point, one may wonder which characteristic of the soft landing fluid is dominant in slowing down the droplets. Indeed, both density and viscosity can play a role, the former through a modification of buoyancy, the latter through a modification of drag.

In order to investigate more in detail the contribution of the different forces in slowing down the droplet inside the soft landing layer, we can use the droplet motion model introduced in section V.2.1 to calculate the mechanical work of each of the forces involved (set of equations (III.23)), according to the following definition: where t 1 -t 0 is the theoretical transit time of the droplet inside the soft landing layer. The theorem of kinetic energy states that the total work 11 done on a particle during a time lap is equal to the variation of its kinetic energy E k [START_REF] Cohen | Classical Mechanics: a Critical Introduction[END_REF] :

W F = ˆt1 t0 F • vdt (V.8)
W Centrif ugal + W Buoyancy + W Drag + W Gravity = ∆E k (V.9)
Normalising the different terms by the work of the centrifugal force, we obtain the equation:

∆E * k -W * Buoyancy -W * Drag -W * Gravity = 1 (V.10)
where the star superscript indicate values normalised by W Centrif ugal .

For each of the candidate liquids considered, the variation of the computed normalised work showed very little variation (usually lower than 1%) between the four experimental series and the four depths of the soft landing layer. In table V.7, we present the results for one of the experimental points 12 , which are representative of all the other experimental points for each liquid. Theoretical results with two hypothetical fluids as soft landing layer are given for comparison: "Dense Air" is a fluid with the properties of air but the density of soybean oil; "Viscous Air" is a fluid with the [START_REF] Ashgriz | Atomization Hand Book[END_REF] The Coriolis force produces a null mechanical work by its definition, being perpendicular to the velocity vector. 12 The chosen case was experiment series 3 with a soft landing layer depth of 19 mm. properties of air but the viscosity of soybean oil. The results in air (without soft landing layer) at equivalent fall height are also given. The computed Reynolds numbers Re = ρ f luid vD drop /η f luid at final velocity are also given for reference.

For the three real liquids tested, the buoyant force plays the dominant role in slowing down the droplet, while the rest is accomplished by the drag force. When comparing with the case in air, we see that the introduction of either a higher density or a higher viscosity is sufficient to significantly slow down the droplet (which can be seen in the final droplet kinetic energy). A combination of the two might help reduce the transit time, for achieving a full relaxation of the droplet to a spherical shape before gelation, and at the same time control the flow properties (Re number), for the optimisation of the system operation.

V.2.6 Conclusions on using a soft landing layer

The analytical droplet motion model confirmed the feasibility of using a soft landing approach to counter the phenomenon of protuberance formation by insufficient droplet relaxation during fall for high viscosity alginates.

We could achieve successful monodisperse ellipsoidal capsules production with all three candidate liquids, in operating points where tear-shaped capsules are produced with the standard centrifugal device (figure V.10). The best results were obtained for high rotating velocities, small droplet sizes and large depths of the soft landing layer, giving higher droplet velocities at the interface.

CHAPTER V. IMPROVEMENTS OF THE CENTRIFUGAL DEVICE

The parametric study carried out in this work showed that the soft landing layer technique applied to centrifugal microencapsulation can work successfully with various liquids. For all the three candidate liquids examined here (soybean oil, PDMS and n-Decane), operating regions could be found for successful ellipsoidal or spherical capsule production from highly viscous alginate solutions.

Boundaries in the application of the soft landing technique for the production of monodisperse ellipsoidal capsules were identified, given by three limiting behaviours. Firstly, as one would expect, experimental results show that the use of a too thin soft landing layer does not allow to obtain ellipsoidal particles and a thick enough soft landing layer must be used. This has been quantified with the introduction of a relevant Deborah number De f all comparing relaxation time and fall time: the condition De f all < 1 must be satisfied in order to ensure sufficient droplet relaxation before gelation. Secondly, coalescence of droplets occurred for large droplet diameters and low rotation speeds, mostly for the more viscous liquids, soybean oil and PDMS. This has been interpreted as being related to contact between drops within the soft landing layer. Thirdly, the formation of capsules with polydisperse bump-like protuberance was observed, for each of the tested liquids, at low velocities at the interface and large droplet diameters, which correlate with low interface Froude numbers F r int . This has been explained as being an effect of a slow interface crossing between the soft landing layer and the gelation solution.

As future work, in order to move towards the biomedical applications, validation experiments could be carried out by encapsulating cells using the soft landing approach and measuring the viability and functionality of these cells compared to those encapsulated using the standard centrifugal encapsulation process. For the improvement of the device, in order to avoid coalescence in the soft landing layer when using soybean oil or PDMS, the usage of biocompatible surfactants could be tested, either in the soft landing layer or in the gelation bath. Another improvement could be to find alternative liquids with similar physical properties as the n-Decane, but with higher biotolerability. Finally, further work could be performed to give a finer description of the physical phenomena at play in the slowing down of the droplet inside the soft landing layer.

V.3 Deflector for slowing down droplet sedimentation13 

V.3.1 Motivation

Increasing the capsule production frequency in CME devices often implies increasing the centrifuge rotation velocity, which also accelerates the droplet speed of sedimentation in the gelation solution. In the experimental parametric study realised in chapter II, we have noticed that this increase led to the formation of capsule aggregates on the bottom of the centrifuge tube, which are 3D structures of capsules that stick together. As described in chapter III, section III.2.5.3, this is probably related to an incomplete gelation of the droplets before reaching the bottom of the centrifuge tube. These aggregates are not desired in applications due to the difficulty of manipulation (clogging inside needles) and to the easier detectability by the immune system. In some cases, the capsules can be separated by stirring the solution, which can however lead to capsule damage. In other cases, stirring is not enough for the separation of the aggregates. This phenomenon was observed even more when using a soft landing layer (presented in section V.2 of this chapter), since the need of keeping the same flight distance in air implies a considerable reduction of the depth of the gelation solution. Since we use standard centrifuge tubes and a commercial laboratory centrifuge, we cannot increase the length of the centrifuge tube in order to increase the depth of the gelation solution and thus the sedimentation time. Therefore, another technical solution is necessary to increase the sedimentation time of droplets when operating the CME device at high rotation speed and/or when using a soft landing layer in the CME device.

In this section, we propose using deflectors placed inside the centrifuge tube, in the gelation solution, in order to deviate the droplet during its sedimentation and thus increase the time available for gelation before reaching the bottom of the centrifuge tube.

V.3.2 Physical basis

In order to assess the feasibility of using deflectors in the gelation bath to increase the sedimentation time, we will numerically solve the equations of droplet motion using the point mass motion model defined in section III.2.3.1 of chapter III.

In this proof-of-concept study, we choose to use deflectors with a relatively simple design, consisting of an incomplete ring with a right-angled triangle cross-section (figure V.11(a)). One of the sides of the triangle is pressed against the inner wall of the centrifuge tube, with the hypotenuse oriented upwards, in order to receive the sinking droplet. The characteristic sizes of the cross-section are given in figure V.11(b): the angle adjacent to the side that is in contact with the centrifuge tube wall, and the height h step of the ring, corresponding to the length of the triangle side which is in contact with the centrifuge tube wall. The deflector design as an incomplete ring has the advantage of being easy to introduce and to remove from standard centrifuge tubes, without modification of the latter. However, any other deflector shape could be used, as long as it fulfils the function of increasing droplet transit time in the gelation solution.

In figure V.11(c) we show an example of droplet trajectory calculation in a case when a single annular deflector is used (represented in cross-section only on the right side of the figure with the annotation D). In this example, the deflector has an angle of 45 • , a height of h step = 5mm and is placed at a distance H y = 55mm from the ejection tip. The centrifuge rotates at 1221 RPM and the droplet diameter is equal to 400µm. Qualitatively we can see that the deflector modifies and extends the droplet trajectory, which would otherwise continue straight along the tube wall C in the absence of the deflector D. We can quantify the efficiency of the deflector ε D by the relative increase of the transit time inside the gelation solution (before reaching the tube bottom) compared to the case without deflector:

ε D = ∆t/t ref = t D -t ref t ref (V.11)
where t D and t ref are the transit times of the droplet inside the gelation solution (before reaching the tube bottom) in the cases with and without deflector, respectively. Quantitatively, for the test case mentioned here, we notice an increase in the droplet transit time inside the gelation solution (before reaching the tube bottom) of around 7 to 8%, compared to the case without deflector. In the following sections we explore the different parameters that influence the total efficiency of the deflector(s).

Since the annular deflector acts as the "step" of a stair in the motion of the droplet, it is sometimes called simply a "step" in the figures.

Deflector dimensions

With respect to the dimensions of the annular deflector, a parametric study has been performed to estimate the performances of a single deflector as a function of the angle and the height. The results are plotted in figure V.11(d). For example, we notice that using a deflector with an angle of 75 • and a height of 2 mm increases the transit time in the gelation bath by 25%.

Number of deflectors

Besides the angle and the height of the deflector, other parameters are relevant for increasing droplet sedimentation times, such as the number of deflectors (N steps). Figure V.12(a) shows an example of a system with four identical deflectors, each having an angle of 45 • and a height of 5mm, and illustrates the trajectory followed by the droplet in this configuration.

Figure V.12(b) shows the relative increase in transit time inside the gelation solution with increasing number of successive deflectors, compared to a situation without deflectors. Each deflector is identical, with an angle of 45 • and a height of 5mm. When the number of steps increases, the transit time in the gelation solution increases linearly. Each added deflector extends the distance travelled and thus the transit times of the droplets in the gelation bath before reaching the tube bottom. Therefore, the droplets will have a longer polymerisation time which allows having gelled droplets (capsules) that do not stick to each other on the bottom of the tube at the end of the centrifugation.

In figure V.12(b), we notice that the configuration in figure V.12(a) is close to the ideal situation, where the insertion of each additional step produces an additional gain in transit time equal to the gain brought about by the first deflector.

On the other hand, as illustrated in figure V.12(c), we notice that the space left between successive steps should not be chosen too small. In that case, the droplet would not follow the entire surface offered by each deflector, and the total increase in transit time will not be optimal. Indeed, for the configuration in figure V.12(c), the relative increase in transit time is of around 20%, compared to roughly 28% when the deflectors are sufficiently distanced from one another. This corresponds roughly to the loss of the effect of one of the four deflectors.

Deflector position

In the case of multiple deflectors, we have seen that the position of each deflector should be chosen correctly in order to use the entire slowing-down surface. Even when using a single deflector, the position H y influences the transit time as shown in figure V. 13(a). The deeper the deflector is placed inside the tube, the more it loses efficiency, meaning that the sedimentation time is shorter. This is due to the fact that toward the bottom of the tube the centrifugal acceleration is higher, therefore the droplet will need less time to get around the deflector. A loss of 20% in efficiency can be noticed compared to the situation when the deflector is placed at a lower distance H y from the ejection tip.

Rotation velocity

At higher rotation velocities of the centrifuge, the efficiency of the deflectors is increased by up to 20% (cf. figure V.13(b)). However, it should be kept in mind that when the rotating velocity is higher, the total transit time in the gelation solution is reduced. This is why the step is more efficient in this case, when compared to the case without deflectors. Nevertheless, this result is interesting, because it supports the usage of deflectors in cases with high rotation frequencies, which are precisely the cases with high risk of aggregate formation. 

Avoiding coalescence or contact between successive droplets

Finally, since droplets can be produced at high frequency, one should try to find a compromise between droplet production frequency and droplet travel times. In other words, a certain droplet i should not be too much slowed down by the deflector, in order to avoid that the next droplet i + 1 comes in contact with it (risk of partial coalescence between successive droplets). One should therefore avoid that droplets remain stuck or too much slowed down on the surface of the deflector. Figure V.14 illustrates this particularity. On this figure, we can see that for an angle of 60 • , the slowest part of the droplet trajectory corresponds to the part when the droplet moves along the surface of the deflector. For an angle of 75 • , the droplet remains stuck on the deflector, due to the orientation of the centrifugal force 14 . The quantity ∆t D plotted in figure V.14 represents the time a droplet needs, at a given position on its trajectory, to travel a distance equal to its diameter. This quantity should be compared with the period of droplet production (T prod = 1/f prod ). If the period T prod is close to the values of ∆t D when the droplet is located at the deflector, there might be a risk of coalescence between two successive droplets. The case in figure V.14(a) seems to be most favourable from this point of view, since the slowing down of the droplet in the deflector is less pronounced than in other parts of its trajectory.

V.3.3 Experimental validation

A few experiments have been performed in this work in order to validate the concept of using deflectors to increase droplet sedimentation time. In figure V.15 we show example of results obtained In the experiment without deflectors, large three-dimensional aggregates of capsules were obtained at the end of the centrifugation and are clearly visible in microscope imaging analysis (figure V.15(a)). These aggregates count more than 50 capsules distributed in several layers in each spatial direction and are generally difficult to break, even by stirring the solution in the tube. When using the deflector, no large aggregates were found at the end of the centrifugation (figure V.15(b)), but only relatively small 2D or 3D aggregates with no more than 10 capsules. This indicates that the deflectors allow indeed an increase of the transit time of droplets and significantly reduce the formation of aggregates. It can be noticed in figure V.15(c) that the deflectors were not optimally placed in this experiment. Further optimisation of the experimental deflectors shapes and positioning could probably reduce even further the formation of capsule aggregates, but this is beyond the scope of this proof-of-concept study.

V.3.4 Conclusions on using deflectors

The formation of capsule aggregates on the bottom of the centrifuge tube during centrifugal microcapsule production is a problem in multiple applications. Finding a solution to this problem is not trivial due to the simultaneous constraints of (i) producing at high frequencies (which reduces the droplet transit time in the gelation bath) and (ii) using standard-size centrifuge tubes (which limits the maximum depth of gelation solution possible). This phenomenon occurs all the more in the case when using a soft landing layer (cf. section V.2), due to the reduced depth of the gelation bath.

We have proposed the usage of deflectors inside the gelation solution in order to extend the distance travelled by the droplet and thus the gelation time before it reaches the bottom of the tube. This technical modification to the system allows to reduce or avoid the formation of capsule aggregates on the bottom of the tube during centrifugal microcapsule production. The feasibility of this improvement has been investigated and validated theoretically using the point-mass droplet motion model. Some basic design rules could be derived from this theoretical study. Several proof-of-concept experiments using annular deflectors with right-angled triangular cross-section confirmed the ability of these deflectors to considerably reduce aggregate formation in relevant cases (high production frequency, standard centrifuge tubes, soft landing layer). This solution has been patented (patent request number DD22880 LP).

An optimisation of the disposition of the deflectors has been sketched and it is straightforward to apply it more broadly to find optimal number and disposition of deflectors with different geometries, for different rotation velocities and different capsule diameter. Further study could be done to investigate other deflector designs that might optimise the function of increasing sedimentation time, while reducing the risk of coalescence or contact of successive droplets at the deflector.

General conclusion and perspectives

Conclusions

This thesis was carried out in the context of a research effort at the micro-and nano-Technologies for Healthcare and Biology Department (DTBS) of CEA-LETI over the past 15 years on the topic of microencapsulation of cells and organoids for biomedical applications using highly viscous biopolymers. The starting point of the thesis was the emergence of a novel microencapsulation technique with high potential in the biomedical field, for example for cell therapy, 3D oragnoid culture and drug delivery applications. This technique, called centrifugal microencapsulation (CME), is based on the extrusion of (possibly very viscous) biopolymer through a capillary using the centrifugal force to form controlled droplets, that are subsequently cross-linked in a gelation solution. It presents several advantages with respect to standard microencapsulation methods or to the microfluidic techniques used previously in the department: high production frequency, fast set-up time and usage of conventional laboratory material. A proof-of-concept device had been developed and tested at DTBS prior to this thesis, validating the potential of the CME process for the areas of research and development in the medical programme of CEA-LETI. These validation experiments could only be obtained with a single parameter set. Were the parameters modified, the system was not generating capsules with satisfactory properties anymore. Too little understanding about the system was available in order to generalise this first working configuration, i.e. to be able to choose the adapted operating parameters for different application requirements (e.g. different biopolymer solutions, different required capsule sizes, or high throughput). The goals of the present thesis were to understand the physics of the CME process, to provide guidelines for the choice of optimal control parameters and to realise technical improvements from the basic device used previously at DTBS.

In chapter I, an extensive state-of-the art of the centrifugal microencapsulation technique was presented. It showed that considerable research has been directed over the past decade to the optimisation of centrifugal microencapsulation devices and to the demonstration of their potential for biomedical applications. At the same time, this bibliographic research allowed to identify some major gaps in the previous research on the CME process, that hamper its development and industrialisation: the absence of a global model for the process guiding the choice of the control parameters and the absence of a comprehensive physical modelling of the main stages of the CME process. Furthermore, the lack of standardisation of CME devices and of their components indicates that this technique is not yet sufficiently mature. This overview of previous research work on this technology, acquired through the bibliographic research, oriented the definition of the main objectives of this thesis: firstly to characterise and model the CME process and secondly, based on the understanding of the process physics, to perform technical improvements of the CME technique.

Chapter II presents the construction of a global model for the CME system using an extensive experimental parametric study. First, the experimental device and procedure were described in detail. Further, a dimensional analysis was used to identify the dominant control parameters of the system, which are: centrifuge rotation speed, encapsulating polymer viscosity, ejection nozzle diameter and distance between the nozzle and the gelation bath. This led to the definition of four independent and dimensionless control parameters representing the most relevant degrees of freedom of the system. After the production of capsules through around 200 experimental configurations corresponding to the mapping of the selected input parameters, the next step was to define a procedure to characterise quantitatively the properties of the produced capsules based on the experimental data, i.e. microscopic images of the microcapsules after production and hardening. After a first qualitative classification by hand, models were established to compute their volume and to automatically classify their shape, based on the geometric information extracted by image analysis. The three-dimensional character of the shapes has been analysed, allowing to obtain reliable data from two-dimensional images.

After the formalisation of both the input and the output parameters of the system, the experimental data from the parametric study was used to construct a global model of the process, allowing to predict capsule sizes and shapes based on the four dimensionless input parameters. The model consists of a correlation for capsule size prediction, coupled with a three-dimensional phase diagram for capsule shape prediction. Since it has been defined in dimensionless form, the model is valid for any other centrifugal microencapsulation system. It can be used both to predict capsule properties from chosen input parameters, and to select the input parameters based on the desired properties of capsules to be produced. This is the first definition in the literature of a global model for the CME process, including its four major control parameters.

However, even if this global model can precisely predict the capsule properties and is a tool to select input parameters, a more deeply comprehensive approach is needed since this model has two main weaknesses: (i) it does not help to fully understand or to explain the transformations that occur inside the process; (ii) it is accurate within certain validity limits that are not defined by the model itself, since they depend on intermediate process variables (for example in the dripping ejection regime the equations used to define these limits may not directly apply to different CME systems).

As a response to the shortcomings of the global model, in chapter III a complementary approach is used to model the CME system, namely a comprehensive description of the relevant physical phenomena at play in each of the stages of the microcapsule production process: capillary flow of biopolymer in the needle, ejection from the nozzle, fall through the air, impact on the gelation solution, sedimentation. First, a brief state-of-the-art of the knowledge on the physics of each stage is given. Then, based on the literature, on experimental data or on analytical developments, adapted sub-models are proposed for each of the transformations occurring in the different process stages. The sub-models are defined in dimensionless form, using variables that are representative of the physical processes at play in each stage. The velocity profile of the non-Newtonian biopolymer in the extrusion needle has been modelled analytically, as well as the trajectory of extruded droplets in air. The ejection, impact on the gelation bath and sedimentation have been described by performing a synthesis and extrapolation of available bibliography (and extrusion will be further modelled in the following chapter). They are then validated using experimental data from the previous parametric study or from specific experiments.

The resulting CME process model is actually a sequence of sub-models which are successively coupled: the input of each sub-model depends on the output of the sub-models upstream and of other global parameters. A convenient way to represent this model was to use a flow diagram. The sequential model is the first comprehensive physical description of the CME process. It provides detailed understanding of the CME system, that has been used in this thesis as a basis for the technical improvements and optimisation reported in chapter V.

Since the experimental data on which the sub-models in this chapter were validated was from experiments producing empty capsules (no encapsulated material), a series of validation experiments were realised in order to verify the generalisation of these models to biomedical microencapsulation applications. Experiments of cells and microspheres encapsulation (in common concentrations used in practice) were realised. The results confirm that the models constructed in this chapter are valid for the prediction of capsule properties in typical cell or micro-particles encapsulation applications.

The absence of direct visualisation of the process, due to the usage of a standard laboratory centrifuge with opaque housing (for safety reasons) and the rotation speed involved made the experimental visualization of the droplets formation very challenging. Therefore, several hypotheses had to be made for the definition of the different sub-models. As well, all the sub-models had to be validated using only data extracted at the end of the centrifugation. Therefore, in chapter IV, we attempt to consolidate the modelling from the previous chapter via a numerical simulation of the centrifugal extrusion (composed of the first three stages of the process: flow in the extrusion needle, extrusion and shape relaxation in air before gelation. Indeed, these stages are non-trivial due to the non-Newtonian nature of the polymer used, showing shearthinning). After a careful rheological characterization of the working fluid, a numerical solver (the open-source solver Gerris [START_REF] Popinet | Gerris: A tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF] ) was used to solve the flow equations for this problem, featuring a volume-of-fluid method to represent the two-phase flow.

The numerical model was thoroughly validated with analytical solutions and experimental data and then used to simulate different ejection regimes. The results were in excellent agreement with the experiments and showed the ability of the numerical model to correctly describe the centrifugal extrusion problem in different operating regimes. Several hypotheses from chapter III were validated by the "numerical flow visualisation". Various cases were simulated where capsules with different shapes had been obtained experimentally. The numerical results allowed to understand the mechanisms of formation of these different shapes and to validate the hypotheses made in the previous chapter. Moreover, a detailed understanding on the formation of different combinations of centrifugation products (capsules, fibres, filaments, satellite capsules) was acquired.

Finally, chapter V pursues the objective of improvement of the CME system. Based on the previous modelling and understanding of the process, several ideas of improvement were formulated and tested in order to increase the versatility of the CME process and its productivity. The first improvement tackles the problem of co-production of satellite droplets, which are unwanted in applications, when operating the CME system at high production frequencies. Using the trajectory of droplets in the centrifugal force field which depends on their size through the drag force, satellite capsules can be separated from main capsules during the sedimentation phase, by placing different collectors at different lateral positions inside the gelation solution. These positions can be determined by numerical computation of the droplet trajectory. This development allows to produce capsules at higher frequencies, purified from satellite droplets without the need for additional filtration steps. This first improvement has been protected by a patent.

The second improvement of the process addresses the difficulty of producing at high frequency protuberance-free (spherical or ellipsoidal) capsules, which are often required in biomedical applications, when using highly viscous alginate solutions (which feature optimal mechanical properties and porosity). Since the main cause of protuberance on the capsules is an insufficient relaxation time after extrusion, a soft landing layer, consisting of an immiscible liquid layer placed above the gelation bath, is used to increase the droplet transit time before reaching the gelation solution. This allows a complete relaxation of the droplet shape by surface tension before its cross-linking in the gelation bath. Moreover, a screening was performed in order to identify potential liquids that could be used for the soft landing layer for medical applications. Using three of the best candidates (soybean oil, PDMS, n-Decane), an additional parametric study was carried out to explore the regions where protuberance-free capsules are produced. Besides regions of the parameter space leading to droplet coalescence or protuberance formation, regions of successful ellipsoidal capsule formation from highly viscous alginates were found with each of the candidate liquids, validating the soft landing layer method. This is the first time in the literature that protuberance-free capsules were produced from highly concentrated alginate solutions using the CME technique.

The third improvement of the process concerns the increase of the throughput of the CME system. It aims to correct the problem of capsule aggregation on the bottom of the centrifuge tube, which is an unwanted phenomenon that can reduce capsule quality and functionality. This problem occurs when a high extrusion frequency is used (be it due to increased centrifugation velocity, increased needle diameter, or lower biopolymer viscosity), especially when adding a soft landing layer, since in that case the depth of the gelation bath is reduced if tubes of the same length are used. As a solution, deflectors are placed inside the gelation solution in order to increase the length of the sedimentation trajectory of the droplets and thus provide more time for the gelation reaction to advance before the droplets reach the bottom of the tube. The efficiency of several shapes and configurations of deflectors were investigated by numerical calculation of droplet trajectories. The potential of this technique was validated experimentally by comparison between identical experiments with and without deflectors. This technical improvement has been protected by a patent.

Perspectives

This work presents multiple original advances in the understanding and modelling of the centrifugal microencapsulation process, as well as several major technical improvements of the system. Various perspectives for further technical and biological improvements of the CME systems, with further study of the physical phenomena involved, remain open.

Potential technical development of CME devices

Encapsulation experiments were performed with suspensions of cells and microspheres (with a diameter of ∼ 10 µm), at concentrations used in practice (i.e. up to a few % vol.). These experiments showed that in all common configurations the shape and size predictions obtained from the models are valid for capsules containing this type of cargo (e.g. cells). Various other types of cargo can be encountered in practice (e.g. encapsulation of pancreatic islets of ∼ 150 -200 µm in diameter, which is an important topic at CEA-LETI), which might modify the behaviour of the system. Future work could be aimed at investigating whether and how the system needs to be adapted for other types of cargo.

Other perspectives for the future development could focus on the automation of the sample loading and unloading steps before and after centrifugation. For example, a rapid and controlled mixing of the cargo with the highly viscous alginate solution before placing the suspension in the reservoir, would reduce cell residence time in the Na-alginate solution and could further increase cell viability.

An automated system for transferring capsules into a growth medium during or right after centrifugation would be also welcome. It would both reduce the cell residence time in the Calcium gelation bath (increasing thus the cell viabilities) and eliminate the manual pipetting step for the recovery of the capsules on the bottom of the centrifuge tube. But automating those steps will probably imply the use of custom-made systems, in opposition to the present device that only uses standard lab equipment (with the exception of the needle holder).

It would be very interesting to generate multilayer core shell microcapsules, where the different layers are optimised for a specific function: e.g. the core is suitable to cell viability, whereas the shell confers optimised protection [14] . Moreover, the definition of a procedure for parallelising the preand post-processing operations of the CME process would help to fully exploit the parallelisation potential of this technology for mass capsule production.

Extended biological and biomedical applications

This work focused on the characterisation and improvement of the capsule production process from a technical point of view. Biological aspects, e.g. viability, functionality, multiplication, etc. of the encapsulated cells were not directly studied. Future studies could focus on further biological validation of the different optimal operating regimes and/or technical improvements presented in this work.

For example, it would be interesting to evaluate whether the production of microcapsules at high frequency does not affect cell viability due to shear inside the capillary or impact on the gelation solution. This aspect was previously studied for other encapsulation techniques, but on different cell types than those commonly used in CEA-LETI/DTBS applications [START_REF] Blaeser | Controlling Shear Stress in 3D Bioprinting is a Key Factor to Balance Printing Resolution and Stem Cell Integrity[END_REF][START_REF] Ning | Characterization of Cell Damage and Proliferative Ability during and after Bioprinting[END_REF] .

Similarly, for the soft landing layer, several candidate liquids have been identified and tested, but only with respect to the shape and integrity of the capsules produced. So, future work could incorporate biological criteria into the selection of the soft landing layer, including assessing the viability and functionality of the encapsulated cells as a function of the soft landing layer liquid and the transit time of the droplets in this liquid.

Finally, in this thesis, alginate was used as the encapsulating biopolymer due to its common use. But extending this study to different biopolymers like matrigel, extracellular matrix or collagen, which have different rheological and curing properties, opens up a whole field of possibilities on both technical and biological aspects.

Understanding and describing the physical phenomena involved

The major technical and biological improvements presented in this thesis were supported by a continuous and appropriate physical exploration of the various phenomena that occur in the CME process. The models obtained can still be useful for all the future technical and biological improvements that have been presented above. But for more certainty, it seems desirable that new experimental and theoretical approaches be carried out.

In this way, it would be very interesting to undertake an experimental visualisation of the different stages of the capsule formation. This may involve an apparatus for high-resolution visualisation We notice in all three cases that a terminal regime is quickly attained (centrifugal force is equal to the sum of drag and Archimedes forces), in which the droplet falls at terminal velcity. However, since the centrifugal force on the droplet increases with the distance (the depth reached by the droplet in the tube), the terminal velocity also increases with the time. That is why a quasistatic regime is observed on the right side of the plot. The increase in centrifugal force increases also the buoyant force. As the droplet slighlty increases velocity, the drag force also increases. However, since equilibrium is attained very fast, this represents a quasistatic sedimentation regime. 
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  Fig. A -Preliminary proof-of-concept encapsulation experiments at CEA-LETI-DTBS, using the centrifugal microencapsulation technique. (a) Preliminary CME device used in the proof-of-concept experiments. (b) and (c) Production of empty alginate microcapsules. (d) and (e) Encapsulation of porcine (pMSC) and human (hMSC) stem cells and the respective viabilities before encapsulation and at D+1 and D+5 after encapsulation.(f ) and (g) Encapsulation of human pancreatic islets and their viability (J here stands for the day when the encapsulation was performed; J+1 is the following day, and so on).
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 12 Fig. I.1 -Principle of cell encapsulation for cell therapy applications[14] .
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 12 Fig. I.2 -(a) Chemical structure of alginate monomers: L-guluronic acid and D-mannuronic acid.(reused from[START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (b) Formation of the egg-box structure during the ionic gelation of sodium alginate. (reused from[START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (c) Possible sequences of L-guluronic acid (G) and D-mannuronic acid (M) residues in an alginate polymer. (reused from[START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] ) (d) Alginate gel structure in presence of calcium ions: the "egg-box" model. (reused from[START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF] ) (e) Effect of calcium on the MG, MM and GG alginate units. (reused from[START_REF] Bennacef | Advances on alginate use for spherification to encapsulate biomolecules[END_REF] )
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 3 Fig. I.3 -Schematic illustration of pancreatic islet encapsulation. (reused from[START_REF] Dimitrioglou | Paving the way for successful islet encapsulation[END_REF] ) (a) Nanoencapsulation and microencapsulation of an islet. (b) Macroencapsulation devices house a large mass of islets. Encaptra© is a planar device containing a semi-permeable barrier, whereas βAir© is a device with ports for recharging oxygen. (c) Immunosuppression using TheraCyte T M , a thin biocompatible membrane-bound polymeric chamber. (d) Shortly after the transplantation a host response occurs. Over time, a vascular network forms providing the supply of oxygen and nutrients for the encapsulated islets.
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 1194 Fig. I.4 -Mechanism of internal gelation for bead formation: (a) dispersion of alginate droplet in oil, (b) addition of acid to dissolve the calcium salt, and (c) localized gelation of droplet. (reused from[START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] )
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 5 Fig. I.5 -Mechanism of external gelation for bead formation: (a) alginate droplet in contact with calcium solution, (b) inward diffusion of calcium ions, (c) inward gelation of droplet, and (d) completed gelation. (reused from[START_REF] Jun | Advances in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems[END_REF] )
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 1 Fig. I.6 -Alginate macrogel formation by a simple gravitational dripping (extrusion) set-up. (reused from[START_REF] Su | Alginate gel particles-A review of production techniques and physical properties[END_REF] )
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 7 Fig. I.7 -Illustration of different techniques of assisted dripping for encapsulation. (reused from[START_REF] Prüsse | Comparison of different technologies for alginate beads production[END_REF] )
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 8 Fig. I.8 -Description of the centrifugal encapsulation device, featuring a 50 ml centrifuge tube, filled with gelation solution and equipped with a needle holder at the top. The device is placed in a swing bucket centrifuge.
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 1 Fig. II.1 -Schematic representation of role of the global model for the centrifugal microencapsulation process, providing a prediction of capsule production (shape, size and frequency) solely based on the input parameters.
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 2 Fig. II.2 -Initial proof-of-concept centrifugal microencapsulation device developed at CEA-LETI/DTBS prior to the beginning of this thesis.
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 3 Fig. II.3 -(a) Illustration of the centrifugal encapsulation device during operation (rotation). The 50 ml tubes contain gelation solution up to a desired level. The reservoir above the ejection needle contains the Na-alginate solution for the encapsulation. The centrifugal force drives the alginate solution in the needle and leads to the ejection of droplets, which fall into the gelation bath. Crosslinking of the alginate with Ca ions takes place as the capsules sediment towards the bottom of the tube. (b)-(c) Image of the centrifuge used in the experimental campaign. (b) Overview image of the centrifuge (source: Eppendorf[START_REF]Centrifuge 5810 / 5810 R -centrifugeuse de paillasse -Eppendorf France[END_REF] ). (c) Close view of the rotor and swing buckets used in this thesis. Only the 2 orange swing buckets were used, which are suitable for 50ml centrifuge tubes.
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 5 Fig. II.5 -Summary of external parameters and intermediate variables of the centrifugal microencapsulation process.
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 6 Fig. II.6 -Viscosity measurement curves for the 8 different alginate (Alg. C) solutions used in the experiments.

  (a) Spherical. (b) Ellipsoidal (egg-shaped). (c) Tear-shaped. (d) Pear-shaped. (e) Deformed. (f) Deformed and damaged.
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 7 Fig. II.7 -(a) to (i) Examples of possible capsule shapes obtained by centrifugal encapsulation.

  fibre (a) Thick fibre and size-polydisperse ellipsoidal capsules. (b) Thin fibre.(c) Fibre connecting consecutive capsules (beads-on-a-string).

  Pear-shaped capsules with filament.(g) Size-polydisperse tear-shaped capsules with filament.
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 8 Fig. II.8 -Centrifugation regimes where capsules with filament or fibres are formed.

deformed()

  Flattened hatshaped capsules.

( a )

 a Damaged ellipsoidal capsules. (b) Broken capsules. tear-shaped (c) Tear-shaped capsules with narrowangle tip and small tail.

  (d) Tear-shaped capsules with wide-angle tip and rounded ellipsoidal body. (e) Tear-shaped capsules with small tail and nearly spherical body. (f) Pear-shaped capsules. ellipsoidal (g) Spherical capsules. (h) Ellipsoidal capsules.(i) Elongated ellipsoidal capsules.
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 9 Fig. II.9 -Examples of capsules obtained by centrifugation, categorised in 3 shape families.
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 10 Fig. II.10 -Prolate ellipsoidal capsule in the "standing" (left) and "lying" (right) positions on the bottom of the Petri dish.
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 11 Fig. II.11 -Example of oblate capsules standing in different positions on the bottom of the Petri dish.
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 12 Fig. II.12 -Tear-shaped capsule in "standing" (left) and "lying" (right) positions. The prolate assumption is correct for tear-shaped capsules.
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 13 Fig. II.13 -Example of a "standing" tear-shaped capsule when it is slightly attached to its neighbouring capsules.

Fig. II. 14 -

 14 Fig. II.14 -Example of deformed capsules (left). The three images to the right show one single capsule produced in the same regime as the capsules in the first image. The capsule is turned manually on different sides under the microscope and photos are taken with the different views of the capsule.It can be seen that the capsule has a complex three-dimensional shape, with a flattening in one direction and an oval-like shape in the plane perpendicular to the flattened direction.
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  Fig. II.15 -Example of object detection performed with the image analysis software. The red circles in image to the right show the 2D objects detected by the software in the microscope image on the left. The background in image (b) corresponds to the original background in image (a), where only the grayscale transformation was applied.
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 16 Fig. II.16 -Schematic definition of the minimal and maximal Feret diameters and of the major and minor axes of the equivalent ellipse in the analysis of the 2D capsule images.
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 17 Fig. II.17 -Examples of values of the shape indicators for different capsule shapes.
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 18 Fig. II.18 -Left: ratio between the diameter calculated with the 3D model and the diameter calculated with the standard 2D model versus the variation coefficient of the capsule diameters per operating point. We notice that the error between the 3D and the 2D models is in the vast majority of cases less than 5%, and exceeds 5% only in cases where deformed capsules (blue), polydisperse tear-shaped capsules (orange) or capsules which are polydisperse in size (experiment 82, with a CV larger than 10% in the capsule diameters), are produced. In these cases, the 3D calculation is not valid, because the assumption of monodispersity is not respected. Right: 3D indicator of capsule sphericity versus 2D indicator of capsule sphericity, per operating point. The dotted line shows an interpolation line through the plotted experimental points, excluding the regimes where deformed capsules are produced (blue markers). Except for regimes where capsules present a high polydispersity in size (like experiment 82), the two indicators of sphericity seem to be quite well correlated.
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 1922110 Fig. II.19 -Example of a regime where polydisperse-sized capsules are produced (here image from experiment 82).
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 21 Fig. II.21 -Examples of 2 regimes where polydisperse tear-shaped capsules are produced (left column), compared to two other regimes, where tear-shaped capsules are produced (right column).

  Size of the alginate capsules as a function of the ejection needle diameter and the centrifugal acceleration at needle tip. The sizes are averaged over the capsules obtained with various alginate concentrations, for each given centrifugal acceleration and needle diameter. The error bars represent the standard deviation for each of these capsule populations. The dotted lines are theoretical predictions using equations (II.42) and (II.44).

Fig. II. 22 -

 22 Fig. II.22 -Size of the gelled Ca-alginate capsules obtained in the centrifugation experiments.

Fig. II. 23 -

 23 Fig. II.23 -Capsule shapes in the Re-Oh plane.The dotted line represents the region defined in[START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] where spherical capsules (SF < 0.05) are produced using the gravitational dripping technique. As expected, this two-dimensional chart is not suitable to discriminate different regimes in the centrifugation system.

  20 : u = -0.698 lg(Re) + 0.716 lg(Oh) v = 0.467 lg(Re) + 0.455 lg(Oh) + 0.758 lg(F r) n = -0.543 lg(Re) -0.529 lg(Oh) + 0.653 lg(F r) (II.49)

Fig

  Fig. II.24 -3D representation of the capsule shape families in the logarithmic Re -Oh -F r control parameter space. The 3 figures represent views from 3 different angles of the same three-dimensional scatter plot. The grey plane is an interpolation plane through all the experimental points, that give separated capsules.

  Fig. II.25 -3D representation of the capsule shape families using concave hulls to connect the point clouds (green: ellipsoidal, red: tear-shaped, blue: deformed, orange: polydisperse tear-shaped). The regimes of filament and fibre production are not represented. The figure is drawn in a reference (u, v, n) aligned with the interpolation plane containing the data. The base vectors of this reference system are given in equations (II.49). This change of coordinates in the Re -Oh -F r space allows for a better visualisation of the data.

  (b), with the associated projection on the F r -Oh plane in figure II.26(a), indicating the locations of the cutting planes. In order to better visualise the distribution of the 3D regions where the 4 shape families are formed, we will draw the convex hull around each of the 4 point clouds and colour it accordingly. In both figures II.26(a) and II.26(b), the convex hulls of the 4 point clouds are shown. In figure II.26(b), the intense colours represent the cross sections of the 4 convex hulls in each of the cutting planes. The light colours represent regions where a certain type of shape is expected to be produced. The unexplored spaces close to the border between 2 regimes were left white. The regions of filament and (fragmented) fibre formation, separated by planes as defined in equation (II.51), are represented in grey, purple and plum colours.

  deformed (a) Projection of the experimental points and the corresponding convex hulls (coloured according to the capsule shape families) on the F r -Oh plane, indicating the locations of the cutting planes presented in figure II.26(b). The projection of the 3D point clouds on a plane generates the impression of wide zones of intersection between the volumes of each shape family. In reality, these volumes are separated in 3D, as it can be seen in figure II.26(b).

Fr = 13

 13 tear-shaped (expected) polydisperse tear-shaped polydisperse tear-shaped (expected) deformed deformed (expected)

Fig. II. 27 -

 27 Fig. II.27 -Coloured map of the mean sphericity factor of the capsules produced in the ellipsoidal regime. Projection on the F r -Oh plane.

Fig. III. 1 -

 1 Fig. III.1 -(a) Schematic description of the centrifugal encapsulation device. (b) Stages of the centrifugal capsule production process: 1. Capillary flow; 2. Droplet ejection; 3. Droplet fall in air; 4. Droplet impact on gelation bath; 5. Droplet gelation and sedimentation.

Fig. III. 3 -

 3 Fig. III.3 -Rheology of the three alginate (Alg. A) solutions used in the flow rate measurement experiments. (a): shear viscosity versus shear rate. (b): shear stress versus shear rate. The black curves represent the fitted Carreau model for each of the 3 experimental curves. The legend of each figure gives the concentration (w/v) of the respective alginate solution.

Fig. III. 4 -

 4 Fig. III.4 -Example of flow rate measurement. The difference in mass of the ejection needle and reservoir before and after centrifugation, which is attributed to the mass of extruded alginate solution, is measured for different centrifugation times. The slope of the interpolation line gives the mass flow rate.
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Fig. III. 5 -

 5 Fig. III.5 -(a) Schematic representation of the droplet reservoir and capillary system in the flow rate measurement experiments. p 0 , p 1 , and p 2 represent the pressure in the liquid. (b) Predicted flow rates normalised by the experimental flow rates, with the Newtonian and the Carreau-Yasuda viscosity models. The light blue zone represents the region of ±10% around unity. (c) Computed velocity profiles with the Carreau-Yasuda model and the Newtonian fluid model. The grey dashed curve is meant for visual reference and shows a Newtonian profile of a flow which has an equal flow rate as the computed Carreau-Yasuda fluid flow. These profiles correspond to the experiment no. 4 reported in table III.4. (d) Correlation between the experimental Reynolds number and the predicted Galilei number with the geometrical factor α. The viscosity η alg used in both dimensionless numbers is the alginate viscosity (using the fitted Carreau-Yasuda model) corresponding to the maximum shear stress in the capillary (at the wall).

Fig. III. 6 -

 6 Fig. III.6 -Examples of secondary centrifugation products (fibres, filaments, satellites) which can be used to identify a jetting ejection regime in the centrifugation process.

Fig. III. 7 -

 7 Fig. III.7 -Variation of secondary centrifugation products with increasing collecting distance. All other centrifugation parameters are kept constant.

Fig. III. 8 -

 8 Fig. III.8 -(a) and (b) Centrifugal ejection regimes: (a) formation of secondary products (satellites, filaments, fibres); (b) Variation coefficient of the capsule diameters. The dashed line is represented by the equation Recap • Oh 1.60 cap = 0.034; (c) Formation of secondary products (satellites, filaments, fibres) as a function of the composed dimensionless number Kcap. (d) Size of droplets in dimensionless form, depending on the Bond number. The dashed line is described by the equation D * = (6/Bo tip ) 1/3 .

Fig. III. 9 -

 9 Fig. III.9 -Examples of results obtained in experiments where the droplets impact the tube wall before falling in the gelation solution. The alginate droplets impact the wall and leak down the wall until they enter the gelation solution. Given the viscosity of the alginate solution, a continuous filament of liquid is left on the wall behind each droplet, until another droplet impacts the wall.As the leaking droplets and liquid filament enter the gelation solution, the alginate cross-links and "freezes" this structure. This is probably the explanation of the observed long fiber with beads that can be seen in the figures.

Fig

  Fig. III.10 -Schematic representation of the droplet trajectory and impact on the tube wall in the absence of the gelation solution.

( a )

 a With a 15mL centrifuge tube, rotating velocity 1220 RPM. (b) With a 50mL centrifuge tube and different rotation velocities.

Fig

  Fig. III.11 -(a) to (b) Comparison between experimentally measured and numerically computed impact positions of the droplet on the centrifuge tube.

35 )

 35 Before we analyse the order of magnitude of the coefficients in the different terms, let us first turn our attention to the drag term, with the (variable) coefficient (3/2)C D ρ r |v * |/α. It is the only term in equations (III.35) that depends on the droplet size (via the dimensionless parameter α and the drag coefficient C D ) and of the rotating velocity ω (via the dimensionless velocity |v * | and the drag coefficient C D ). All other coefficients in the other terms depend only on geometrical parameters and the densities of the fluids.

Fig. III. 12 -

 12 Fig. III.12 -Evaluation of the drag term coefficient in the equation of motion for different rotating velocities and droplet diameters. The black x-symbols show the values used in the experimental work behind this study.

10 - 1 10 -2 10 - 1

 1011 Gap height (m)h 10 -2 10 -2 10 -2 10 -3Tube radius (m) D tube /2 10 -2 10 -2 10 -2 10 -2Drop density (kg/m 3 )

Fig

  Fig. III.13 -(a) Maximum fall height h (in mm) in order to prevent droplet impacting the wall, as a function of the needle tip position with respect to the rotation axis (x tip , y tip ). Two contour plots are shown for two standard tube diameters, D tube ≈ 28 mm corresponding to a 50mL centrifuge tube, and D tube ≈ 15 mm corresponding to a 15mL centrifuge tube. The values plotted correspond to the fall height for which droplets impact the solution at a distance of 0.95 R tube from the axis. (b) Droplet trajectory in air and in the gelation solution for different droplet sizes. The computation was performed for a representative operating point in our system: y tip = 81 mm, x tip = -24 mm, D tube = 28 mm and ω = 128 rad/s. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force. (adapted from[17] )

W e air = ρ air v 2 Fig. III. 14 -

 214 Fig. III.14 -Values of the W e air and Oh drop numbers in our experiments.

= 215 Fig. III. 15 -

 21515 Fig. III.15 -Threshold of capsule damage at impact, expressed with the K imp factor. The onset of capsule surface damage is attributed to the apparition of a splashing impact regime when K imp > K imp,limit ≈ 215. The empirical deformation limit found by Chan et al. for gravitational dripping[START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] is plotted with the dashed magenta line.

Fig. III. 16 -

 16 Fig. III.16 -Droplet elongation at impact. (a) Capsules obtained in successive centrifugation experiments with identical configurations but different collecting distances: (from left to right) 2.5 mm, 5 mm, 11 mm, 17 mm, 23 mm and 29 mm, respectively. Alginate concentration ∼ 2%, ejection needle diameter 0.330 mm, rotating velocity 1220 RP M . (b) and (c) Elongation of high viscosity droplets at high F r imp : (b) Sphericity factor versus Froude number; (c) Tip factor versus Froude number.

Fig. III. 18 -

 18 Fig. III.18 -Variation of capsule shape indicators (solidity SL, sphericity factor SF, tip factor TF) with the Calcium concentration in the gelation solution, for three different series of experiments, representative for three different capsule shape types.

  (a) Ellipsoid, 10mM CaCl2. (b) Tear, 10mM CaCl2. (c) Ellipsoid, 1000mM CaCl2.

Fig. III. 19 -

 19 Fig. III.19 -Examples of capsule shapes obtained for very low or very high Calcium concentrations in the gelation solution.

Fig. III. 20 -

 20 Fig. III.20 -Examples of experiments where the capsules agglomerate on the bottom of the centrifuge tube and remain sticking together in aggregates.

Fig. III. 21 -

 21 Fig. III.21 -(a) Theoretical correlation between the St drop and Bo tip numbers, compared with the experimental data. (b) Estimated capsule production frequencies in the Kcap-K imp diagram. The points marked with "X" represent experiments where thin filaments or long fibres are formed.

Fig. III. 22 -

 22 Fig. III.22 -Presence of capsule protuberance depending on F r imp and De f all numbers. The dashed red line is described by the equation De f all = 1 the orange colour gradient region by the limits 2 < F r imp < 3.5.The point marked with a star "*" corresponds to experiment number 223. The capsules formed there have the same morphology as the polydisperse tear-shaped capsules, but they are not polydisperse in shape. Although this experimental point was classified as tear-shaped by the automated classification algorithm, based on the statistical criteria, the generated capsules resemble morphologically very much to the polydisperse tear-shaped capsules.

  In the case of the protuberance formation mechanism given by the insufficient relaxation of the protuberance formed at droplet detachment (examples in figure III.23), with increasing De f all (and keeping F r imp > 3.5), first we notice the occurrence of a small tip (figure III.23(c)). With increasing De f all , the generated capsules feature a larger protuberance. The transition is well described by a threshold at a value of De f all ≈ 1. • In the case of the protuberance formation mechanism given by the attachment to the interface upon impact with the gelation bath (examples figure III.24), with decreasing F r imp (and (a) De f all 0.22, F rimp 7.70. Protuberance 0%. (b) De f all 0.88, F rimp 9.03. Protuberance 0%. (c) De f all 1.01, F rimp 8.42. Protuberance 100%. (d) De f all 1.22, F rimp 7.66. Protuberance 100%. (e) De f all 10.4, F rimp 8.45. Protuberance 100%. (f) De f all 17.01, F rimp 8.32.Protuberance 100%.

Fig. III. 23 -

 23 Fig. III.23 -(a) to (f ) Qualitative example of the transition from ellipsoidal to tear-shaped capsules with increasing De f all , at nearly constant F r imp > 3.5. The values of De f all and F r imp are indicated in the captions. The percentages given are the ratio of capsules featuring a protuberance to the total number of capsules observed in that experiment. The counting was performed manually, by visual observation of the images.

( a )

 a De f all 0.43, F rimp 3.45. Protuberance 0%. (b) De f all 0.42, F rimp 3.22. Protuberance 10%. (c) De f all 0.32, F rimp 2.44. Protuberance 15%. (d) De f all 0.34, F rimp 2.32. Protuberance 45%. (e) De f all 0.32, F rimp 2.08. Protuberance 80%. (f) De f all 0.28, F rimp 1.77. Protuberance 100%.

Fig. III. 24 -

 24 Fig. III.24 -(a) to (f ) Qualitative example of the transition from ellipsoidal to polydisperse tearshaped capsules with decreasing F r imp , at nearly constant De f all < 1. The values of De f all and F r imp are indicated in the captions. The percentages given are the approximate ratio of capsules featuring a protuberance to the total number of capsules observed in that experiment.

2 <

 2 Fr imp < 3.5

Fig. III. 25 -

 25 Fig. III.25 -Minimal fall height reported by Chan et al. for a gravitational dripping application in order to avoid tear-shaped capsules formation. Comparison with the 2 criteria defined here De f all = 1 and 2 < F r imp < 3.5 as limits for capsule protuberance formation, applied to the data in the original article by Chan et al.
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 26 Fig. III.26 -Phase diagram in K cap and K imp coordinates, separating damaged and undamaged capsules from filaments. This diagram is mostly controlled by the ejection and impact stages.

Fig. III. 27 -

 27 Fig. III.27 -Phase diagram in De f all and F r imp coordinates, showing regions where capsules exhibit a spherical or elongated shape, due to the presence of a protuberance or not. This diagram is mostly controlled by the fall and impact stages.
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 28 Fig. III.28 -Experiment 1, deformed (damaged) capsules.

(a)

  Cells. (b) Microspheres.(c) No cargo.

Fig. III. 29 -

 29 Fig. III.29 -Experiment 2, fibre formation.

Fig. III. 30 -

 30 Fig. III.30 -Experiment 3, deformed (damaged) capsules.

  (a) Cells. (b) No cargo.

Fig. III. 31 -

 31 Fig. III.31 -Experiment 4, ellipsoidal capsules with tiny tip.

(a)

  Cells. (b) Microspheres.(c) No cargo.

Fig. III. 32 -

 32 Fig. III.32 -Experiment 5, ellipsoidal capsules with satellites or filaments.

  (a) Cells. (b) Microspheres. (c) No cargo.

Fig. III. 34 -

 34 Fig. III.34 -Experiment 7, tear-shaped capsules.

(a)

  Cells. (b) Microspheres.(c) No cargo.

Fig. III. 35 -

 35 Fig. III.35 -Experiment 8, elongated tear-shaped capsules.

  (a) Cells. (b) Microspheres. (c) No cargo.

Fig. III. 36 -

 36 Fig. III.36 -Experiment 9, tear-shaped capsules.

  (a) Cells. (b) Microspheres. (c) No cargo.

Fig. III. 37 -

 37 Fig. III.37 -Experiment 10, polydisperse tear-shaped capsules.

(a)

  Microspheres. (b) No cargo.

Fig. III. 38 -

 38 Fig. III.38 -Experiment 11, ellipsoidal capsules.

  (a) Cells. (b) Microspheres. (c) No cargo.

Fig. III. 39 -

 39 Fig. III.39 -Experiment 12, ellipsoidal capsules.

  (a) Cells. (b) No cargo.

Fig. III. 40 -

 40 Fig. III.40 -Experiment 13, ellipsoidal capsules.

  Kcap -Kimp phase diagram.

  cargo Different shape with cargo (b) F rimp -De f all phase diagram.

Fig. III. 41 -

 41 Fig. III.41 -(a) and (b): Approximate positioning of the validation experiments in the two phase diagrams presented in section III.3.3. Light green circles indicate that qualitatively the same capsule shapes are obtained with and without encapsulated cargo. Red circles indicate experiments where the presence of the cargo produces a difference in the capsule shape.

Fig

  Fig. IV.1 -(a) Domain of the centrifugal extrusion problem (red dashed line) in the CME system. (b) Photo of actual needle, with a longitudinal cross-cut through the reservoir. (c) Technical drawing (longitudinal cross-section) of the ejection nozzle (source: Nordson EFD). The dimesions of the different needles used in this work are given in table IV.1.

  For the other two solutions, only the TriPAV rheometer allows measurement 166 CHAPTER IV. NUMERICAL INVESTIGATION OF THE CENTRIFUGAL BIOPOLYMER EXTRUSION

Fig. IV. 3 -

 3 Fig. IV.3 -Results of the rotational and TriPAV rheology measurements for the three Alg. B solutions (concentrations 1%, 2% and 4%): measurement of storage modulus G (circles) and of shear modulus G (triangles) versus oscillation frequency. The two lines show the slope values 1 and 2 that are used for extrapolation and finding the crossover point between the G and G curves for each solution.

Fig. IV. 4 -

 4 Fig. IV.4 -Results of the extensional rheology measurements with the CaBER rheometer for the three Alg. B solutions (concentrations 1%, 2% and 4%). (a) Evolution of the minimum filament radius R min with the time. (b) Zoom in the elasto-capillary thinning regime (R min < R ec ). The lines show the fit of an Oldroyd-B model on the elastocapillary thinning section of the curves. The relaxation time λ el can be determined from the slope of these lines as described in the text.

Fig. IV. 5 -

 5 Fig. IV.5 -Parameters of the centrifugal extrusion problem.

Fig. IV. 6 -

 6 Fig. IV.6 -Example of quadtree discretisation and corresponding tree representation. (reused from[START_REF] Popinet | Gerris: A tree-based adaptive solver for the incompressible euler equations in complex geometries[END_REF] )

Fig

  Fig. IV.7 -(a) Simulation domain of the centrifugal extrusion problem in GERRIS. The green box represents the full model including the reservoir, whereas the violet box represents the simplified model without the reservoir. (b) Zoom in simulation domain at the tip of the ejection needle, i.e. the region marked with a black dashed-line frame in figure (a). (c) Geometry and parametrisation of the extrusion system used in Gerris. The numerical model is axisymmetric, therefore only half of the model presented in this figure is defined in Gerris. Here we show a full cross-section of the model for better visualisation of the geometry.

Further

  validation of the numerical centrifugal extrusion model is performed by comparison with results of capsule production experiments. Here we describe briefly the different series of validation experiments realised in this study.

182 CHAPTERFig. IV. 9 -

 1829 Fig. IV.9 -Results of the validation computations with GERRIS. (a) Flow rates in centrifugal extrusion with a Newtonian fluid. Comparison with experimental values. (b) Droplet volumes and time evolution of flowrate in centrifugal extrusion with a Newtonian fluid. Comparison with analytical estimations. (c)-(d) Flow rates and droplet volumes in centrifugal ejection with a non-Newtonian fluid. Comparison with experimental values.

Fig. IV. 10 -

 10 Fig. IV.10 -(a)-(c) Numerical results of the mesh convergence study: detachment of second droplet from the capillary in case NN1 with the three mesh refinements (a) L8, (b) L9 and (c) L10. (d) Experimental results of case NN1 (products observed in the gelation solution at the end of the process and hardening time).

Fig. IV. 11 -Fig. IV. 12 -

 1112 Fig. IV.11 -Results for the ER1 case. (a)-(c) Experimental. The fibre in (a) is the predominant product, whereas a few polydisperse and irregular capsules ((b) and (c)) are found along with the fibre in the gelation solution. (d)-(e) Numerical resultsshowing the interface between the polymer solution and air at different times (starting from the beginning of the stationary condition g tip (t) = g tip ), with a full reservoir (d) and an empty reservoir (e). The gelation bath is not part of the simulation and was drawn during post-processing for purpose of comparison with the experimental results.

Fig. IV. 13 -

 13 Fig. IV.13 -Results for the ER9 case. (a)-(c) Experimental.The fibre in (a) is the predominant product, but some capsules with filament, fibre fragments, polydisperse smaller droplets and satellites are also found along with the fibre in the gelation solution (b). The fibre presents variations of thickness along the chord (c). Numerical results showing the interface between the polymer solution and air at different times (starting from the beginning of the stationary condition g tip (t) = g tip ), with a full reservoir (d) and an empty reservoir (e). The gelation bath is not part of the simulation and was drawn during post-processing for purpose of comparison with the experimental results.

Fig. IV. 14 -

 14 Fig. IV.14 -Results for the ER10 case. (a)-(b) Experimental. Abundant capsules with filament are observed in the gelation solution. The length of the filaments varies randomly, but the overall aspect of the capsules is relatively uniform. Some filament fragments or satellites are also noticed in the gelation solution. (c)-(d) Numerical resultsshowing the interface between the polymer solution and air at different times (starting from the beginning of the stationary condition g tip (t) = g tip ), with a full reservoir (c) and an empty reservoir (d). The gelation bath is not part of the simulation and was drawn during post-processing for purpose of comparison with experimental results.

  2 • ζ values lower than those of fibre or filament formation (figure IV.19)). IV.6. NUMERICAL DETERMINATION OF THE PHASE DIAGRAM: EJECTION REGIMES 193

Fig. IV. 15 -

 15 Fig. IV.15 -Results for the ER3, ER7 and ER11 cases. (a)-(c) Experimental. In all three cases, monodisperse capsules accompanied by satellite droplets are observed in the gelation solution. In all three cases, the number of satellites observed is comparable with the number of main capsules. (d)-(e) Numerical results for case ER3 with a full reservoir (d) and an empty reservoir (e). (f )-(g) Numerical results for case ER7 with a full reservoir (f ) and an empty reservoir (g). (h)-(i)Numerical results for case ER11 with a full reservoir (h) and an empty reservoir (i).

IV. 6 .Fig. IV. 17 -

 617 Fig. IV.17 -Results for the ER6 case. (a)-(c) Experimental. Along with the long fibre in (a), relatively abundant capsules with filament are observed in the gelation solution, along with some satellite droplets ((b) and (c)). The sizes of the capsules with filament vary, but remain roughly in the same order of magnitude. (d)-(e) Numerical resultsshowing the interface between the polymer solution and air at different times (starting from the beginning of the stationary condition g tip (t) = g tip ), with a full reservoir (d) and an empty reservoir (e). The gelation bath is not part of the simulation and was drawn during post-processing for purpose of comparison with experimental results.

Fig. IV. 18 -

 18 Fig. IV.18 -Results for the ER2 case. (a)-(c) Experimental. Along with the long fibre in (a), relatively abundant polydisperse capsules are observed in the gelation solution, along with some satellite droplets ((b) and (c)). (d)-(e) Numerical resultsshowing the interface between the polymer solution and air at different times (starting from the beginning of the stationary condition g tip (t) = g tip ), with a full reservoir (d) and an empty reservoir (e). The gelation bath is not part of the simulation and was drawn during post-processing for purpose of comparison with experimental results.

Fig. IV. 19 -

 19 Fig. IV.19 -Positioning of the cases ER1-12 in the Re th -Oh space. The coloured regions correspond to the convex hulls of the experimental results from cases ER1-29. The triangle symbols represent the simulations for the twelve cases. In the cases where both simulations with a full reservoir (higher Re th and with an empty reservoir (lower Re th ) were conducted, two distinct symbols are used to represent both simulations. Both the experimental and numerical results use the same colour code.

  After comparing in detail the formation of each type of centrifugation products, the previous results can be summarised on a diagram based on the dimensionless numbers introduced in section CHAPTER IV. NUMERICAL INVESTIGATION OF THE CENTRIFUGAL BIOPOLYMER EXTRUSION IV.3. Figure IV.19 shows the positions of the examined centrifugal extrusion cases in the Re th -Oh diagram.

Fig. IV. 20 -Fig. IV. 21 -

 2021 Fig. IV.20 -Experimental and numerical results for cases where tear-shaped (case NN8) and polydisperse tear-shaped (case S24) are formed. (a)-(c) Case NN8, where tear-shaped capsules are produced: (a)-(b) experimental results; (c) numerical simulation with full reservoir. (d)-(f ) Case S24, where polydisperse tear-shaped capsules are produced: (d)-(e) experimental results; (f ) numerical simulation with full reservoir.

Fig. IV. 22 - 203 IV. 7 . 3

 2220373 Fig. IV.22 -Experimental and numerical results for cases where different capsule shapes are generated. (a)-(c) Case ER29, where elongated tear-shaped capsules are produced: (a)-(b) experimental results; (c) numerical simulation with full reservoir; (d)-(f ) Case ER26, where oblate ellipsoidal capsules are produced: (d)-(e) experimental results; (f ) numerical simulation with full reservoir.

V. 1

 1 Fig. V.1 -Calculated trajectories for droplets of different sizes in air and gelation solution.

208 CHAPTERFig. V. 2 -

 2082 Fig. V.2 -Description of the centrifugal encapsulation device. (a),(b) Schematic side and top cross section views of the capsule formation process during centrifugation, featuring tube (a) with and tube (b) without a capsule sorting collector. The inset in (b) shows a cross-section of the 50ml tube with the shape and sizes of the sorting collector opening. (c) Photo of the real device used for capsule generation and sorting. (d) Photo of the laboratory centrifuge used in the experiments.

Fig. V. 3 -

 3 Fig. V.3 -Results of the sorting experiment showing a reduction of 90% of the satellite droplets in the sorting collector and no main capsules on the 50ml tube bottom.

Fig

  Fig. V.4 -(a) Phase diagram from chapter III, showing the generation of capsules protuberance in the centrifugal encapsulation technique when using high viscosity alginate solutions, due to resulting Deborah numbers higher than unity. (b) and (c) Examples of tear-shaped capsules both with an encapsulated cargo (THP-1 cells, (b)) and without cargo (c).

Fig. V. 5 -

 5 Fig. V.5 -Schematic representation of the CME device improved with a soft landing layer.

(a)

  Spherical. (b) Ellipsoidal. (c) Coalescence. (d) MPTP. (e) PBLP. (f) Both MPTP and PBLP. (g) Coalescence and PBLP. (h) Aggregate formation.

Fig. V. 7 -

 7 Fig. V.7 -Examples of capsules obtained in the parameteric study.

Figure V. 7

 7 Figure V.7(e) shows examples of polydisperse tear-shaped capsules, which are different from the tear-shaped capsules introduced above by the following features: (i) the protuberances are polydisperse in size and shape; (ii) some circular lines are present at the basis of the protuberance;(iii) the protuberance is often rounded at the tip (it has the aspect of a bump) and does not feature a pointed tip that could be identified as a remnant of a broken ligament; (iv) if the capsule body has an ellipsoidal shape, the protuberance is often not aligned with the longitudinal axis of the capsule body. These characteristics are distinctive for another mechanism of protuberance formation, namely the attachment of the droplet to the interface between the two fluids during gelation (cf. chapter III). In the case of an interface between air and gelation solution, this phenomenon occurs very rarely, when droplets impact the solution with very low velocities[START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF][START_REF] Haldar | Effect of liquid pool concentration on chemically reactive drop impact gelation process[END_REF] . However, in the case of an interface between the gelation solution and an overlying immiscible liquid, this phenomenon has been reported in multiple studies in the literature[START_REF] Capretto | Effect of the gelation process on the production of alginate microbeads by microfluidic chip technology[END_REF][START_REF] Wang | Alginate droplets pre-crosslinked in microchannels to prepare monodispersed spherical microgels[END_REF][START_REF] Dang | Preparation of tadpole-shaped calcium alginate microparticles with sphericity control[END_REF][START_REF] Sheng | Microfluidic synthesis of tail-shaped alginate microparticles using slow sedimentation[END_REF][START_REF] Hu | Shape controllable microgel particles prepared by microfluidic combining external ionic crosslinking[END_REF] . These studies showed that this phenomenon is very limiting for ellipsoidal capsule production, and requires special treatments with pre-gelation steps when gravity with no centrifugation is used to sediment the droplets. Regarding the nomenclature that will be used to describe this kind of shapes, while characteristic (i) is universal for this type of protuberance and is present in all the cited studies, the other characteristics (iiiv) have been noticed mostly in centrifugation experiments with and without a soft landing layer (chapter II and the present experimental parametric study). This is why for capsules featuring these shape characteristics the term "polydisperse bump-like protuberance" (PBLP) will be used here specifically, whereas the term polydisperse protuberance would be more largely applicable to all the similar cases in the literature.Additionally, figures V.7(f) and V.7(g) show combinations of the three latter cases above. The capsules in figure V.7(f) present two protuberances: the first protuberance is aligned with the capsule longitudinal axis and has a pointed tip; the second protuberance is located laterally from the capsule longitudinal axis, and it has the aspect of a bump, rounded and with no pointed tip. Given the distinctive characteristics of the two protuberance formation mechanisms mentioned above, we believe that the two protuberances observed on this type of capsules correspond to the

Fig. V. 8 -

 8 Fig. V.8 -Results of the parametric study for each of the three liquids used as soft landing layer.Green: ellipsoidal capsules; black: coalescence, capsules without protuberance; pink: coalescence, capsules with a PBLP; cyan: coalescence, capsules with both MPTP and PBLP; red: capsules with MPTP; blue: capsules with with PBLP; purple: capsules with both MPTP and PBLP.

Fig. V. 9 -

 9 Fig. V.9 -Formation of capsules with a protuberance due to insufficient relaxation as a function of the Deborah number and the height of the soft landing layer.

  Soybean oil, ω = 3153 RP M , H layer = 40mm, Hair = 10mm. (c) PDMS, ω = 3153 RP M , H layer = 40mm, Hair = 10mm. (d) No soft landing layer, ω = 2442 RP M , Hair = 10mm. (e) No soft landing layer, ω = 3153 RP M , Hair = 10mm.

Fig. V. 10 -

 10 Fig. V.10 -(a), (b) and (c): Examples of successful ellipsoidal monodisperse capsule production with each of the three candidate liquids. (d) and (e): Equivalent experiments without soft landing layer, showing the formation of capsules with protuberance.

Fig. V. 11 -

 11 Fig. V.11 -Deflector used to slow down droplet sedimentation in the gelation solution. (a) Example of annular deflector with triangular cross-section, studied here as proof-of-concept. (b) Characteristic dimensions of the cross-section of the annular deflector: deflector angle and deflector height. (c) Simulated trajectory T of a droplet in a CME device with a deflector. The deflector D is attached to the wall of the centrifuge tube C, inside the gelation bath B. H y defines the distance along the y axis between the deflector position and the tip of the ejection needle. The deflector extends the trajectory of the droplet inside the gelation solution and thus its gelation time before reaching the bottom of the centrifuge tube. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force. (d) Parametric study on the relative increase in sedimentation time (compared to the situation without deflectors) by a single deflector located at H y = 55 mm, as a function of the deflector angle and the deflector height.

Fig. V. 12 -

 12 Fig. V.12 -Usage of multiple detectors in series. (a) Simulated trajectory of a droplet in a system with 4 deflectors. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force. (b) Relative increase in sedimentation time as a function of the number of deflectors added, compared to the case without deflectors. (c) Simulated trajectory of a droplet in a system with 4 non-optimally distanced deflectors. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force.

Fig. V. 13 -

 13 Fig. V.13 -Sensitivity study of some of the parameters in the CME system with a single deflector. (a) Relative increase in sedimentation time as a function of the deflector position H y , compared to the case without deflectors. (b) Relative increase in sedimentation time as a function of the centrifuge rotation speed w, compared to the case without deflectors.

Fig. V. 14 -

 14 Fig. V.14 -Study of the risk of coalescence between successive droplets. In each of the three figures, the plot to the left is the computed trajectory of a droplet. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force. The plot to the right is the necessary time for a droplet to travel a distance equal to its diameter (named ∆t D ), calculated for each position along the droplet trajectory. The case of an unfavourable position of the centrifuge tube in the centrifuge bucket is simulated by imposing x tip = 24 mm. The rotation speed is 2442 RPM, the droplet size 400µm and the collecting distance 15 mm. Three different simulations were realised for three deflector angles. (a) Deflector of 45 • , height 5mm. (b) Deflector of 60 • , height 4mm. (c) Deflector of 75 • , height 2mm.

Fig. V. 15 -

 15 Fig. V.15 -Experimental validation of the usage of deflectors for increasing droplet sedimentation time. The two experiments are performed with a rotation speed of 2442 RPM, a capillary diameter of 200µm, an alginate concentration of 3%, a collecting distance H air = 15 mm and a depth of the soft landing layer (PDMS) of H layer = 19 mm. (a) Example of capsules obtained in the case without deflectors. A 3D aggregate of capsules is observable in the image. (b) Example of capsules obtained in the case with 2 deflectors. No large 3D aggregate of capsules was observed in the gelation solution. (c) Simulation of the droplet trajectory in the experiment with the deflectors. The droplet initial position is at the bottom of the figure (y = 81 mm) and it evolves upwards following the centrifugal force.

  RPM 1221. Transit time without soft landing layer tair = 7.15 ms. RPM 2442. Transit time without soft landing layer tair = 3.56 ms.

Fig. D. 1 -

 1 Fig. D.1 -Estimations of total transit times of a droplet of diameter D drop = 0.400 mm in a configuration with H air = 10 mm and H layer = 20 mm, for different values of viscosity and density of the soft landing layer. The corresponding transit times for the cases without soft landing layer (H air = 30 mm and H layer = 0 mm) are given in the respective captions.

Fig. D. 2 -

 2 Fig. D.2 -Capsule shapes in the parametric study with n-Decane, for H layer = 19 mm.

Fig. D. 3 -

 3 Fig. D.3 -Trajectories of droplets in air and inside the soft landing layer for the three candidate liquids, in the four experimental series.

Fig. D. 4 -

 4 Fig. D.4 -Evolution of the forces acting on the droplet during its transit in the soft landing layer. The values of the droplet position and velocity are also given. The plots correspond to the experimental series 1 from the parametric study, with a depth of the soft landing layer of 40 mm.
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	2. Intermediate variables (left part of figure II.5), which describe specific parts of the process
	and depend on the external parameters and on the previous stages of the process.
	This list is not exhaustive, and more parameters could be defined depending on the level of detail
	one wishes to attain. In this chapter we aim to construct a global, "black-box"-like model, without

Table II .

 II 3 -Summary of the main operating parameters varied in this study, with ranges of variation.
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	parameter	minimum maximum
	η alg (P a.s)	0.078	18.556
	D cap (µm)	41	410
	ω (RP M )	315	2440
	h (mm)	2	25

  1 , Π 2 , Π 13 and Π 15 versus Re, Oh, F r and D * drop ) are equivalent and there exists a set of four equations
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				MICROENCAPSULATION PROCESS
	fibre filament ellipsoidal	tear-shaped polydisperse tear-shaped	deformed (Chan 2009) spherical beads region
	10 2			
	10 1			
	Oh			
	10 0			
	10 1	10 0	Re	10 1

  TableII.5 -Coefficients of the interpolation plane and of the separating planes in the logarithmic Re -Oh -F r space.

	coefficients	a	b	c	d
	interpolation plane	-0.543 -0.529	0.652	0.037
	plane separating filament -0.591 -0.553	0.749	0.080
	plane 1 separating fibre	0.395	0.385 -0.448 -0.111
	plane 2 separating fibre	0.324	0.149 -0.361 -0.083
	physical law of droplet detachment based on a balance of gravitational and capillary forces acting
	on an individual drop (equation (II.42)).				
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	III.3.4.3	
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Table III . 1 -

 III1 Control parameters of the centrifugal encapsulation technique with ranges explored in this study. Solution Extrusion Geometry Gelation Solution Centrifuge Operation Device Geometry ρ alg 997...1020 kg/m 3 Dcap 41...410 µm ρ bath 997 kg/m 3 ω 300...2500 RP M x tip -24...24 mm η alg 0.08...18.6 P a.s Lcap 12.7...19 mm η bath 1.0 mP a.s T amb 20 • C y tip 10...200 mm γ alg 56...72 mN/m Dres Ca 1.1...110 g/L D tube 15...28 mm h bath 15...80 mm Table III.2 -Relevant ambient conditions in centrifugal encapsulation.

					Dimensionless groups and correlations
					Ga cap =	ρ alg 2 g CF D cap 3 η alg 2	Re cap =	4 ρ alg Q V π D cap η alg	Q v	U cap =	4 Q V π D cap 2
					Bo tip =	2 ρ alg g tip D cap γ alg	(III.20) D drop *	=D drop / D cap	D drop
					Re cap Oh cap =	η alg √ρalg D cap γ alg	K cap	π D drop 6 Q v ejection regime 3 f drop =
				•	Fr		
				•			
	Alginate 4.03 mm		γ bath 72 mN/m	h	2...25 mm
	c alg	8...40 g/L	h 0	1...9 mm		c Ambient Conditions
							g E	9.81 m/s 2
							patm	101.3 kP a
							ρ air	1.225 kg/m 3
							η air	18.1 µP a.s

fall = √ 2 h y tip + h / 2 De fall = 19 η alg D drop ω 40 γ

alg Fr fall x 0 ; y 0 ; β droplet shape relaxation t flight ; v imp ; φ imp ; x imp ; y imp ; z imp no flow Q v > 0 ? T drop < 60 s ? drying T drop = 1 f drop ejection regime fiber filament wall impact We cap = ρ alg v imp 2 D drop γ alg Oh drop = η alg √ρalg D drop γ alg Fr imp = v imp √ g imp D drop K imp droplet deformation droplet damage broken capsules Capillary flow Process stage Fall Ejection Impact Global params Process output Sedimentation

  

	[ Alg ] [ Alg ] 0	;	[CaCl 2 ] [

CaCl 2 ] 0 De sed = D drop / 2 v gel t sed k SF = D caps / D drop aggregate formation aggregate formation aggregates Capsules droplet damage D caps

  Flow diagram summarising the transformations that occur in each stage of the capsule generation process and the dependencies between them. The groups of global parameters in the left column refer to the control parameters in table III.1 and the ambient conditions listed in table III.2. The major six dimensionless control parameters of the process are highlighted in yellow.

					Derived dimensional quantities
			•	(III.14)	•
	Alginate Solution		yes		no
			•		•
	Extrusion Geometry	• •	(III.17)	• •
						no
	Device	Geometry		dripping	yes	jetting
				(III.50)	•
	Gelation	Solution		x imp * ; y imp * ; z imp * gelation bath (III.36)	• impact position	tube wall
	Centrifuge Operation	• • •	(III.55)	• •
	Ambient Conditions	•	(III.60) no damage	•	damaged
			•		•
						yes
						no
	Fig. III.2 -			

  Table III.3 -Fitted parameters of the Carreau-Yasuda model for the three alginate (Alg. A) solutions used in the flow rate measurement experiments.
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	c alg (w/v)	η 0 (Pa.s)	λ	a	n
	Alg. A 1.0%	0.104	0.008 2.589 0.817
	Alg. A 2.0%	1.122	0.014 1.177 0.524
	Alg. A 4.0%	15.170	0.040 0.798 0.295

Table III .

 III 4 -Operating points for flow rate measurement.

	No.	C alg	RPM D needle,ref D needle,tech	h V init
		(g/L) (1/min)	mm	mm mm (µL)
	1	20	1220	0.33	0.36	15	80
	2	40	1220	0.33	0.36	15	80
	3	20	705	0.33	0.36	15	80
	4	20	1930	0.33	0.36	15	80
	5	20	1220	0.15	0.18	15	80
	6	20	1220	0.41	0.43	15	80
	7	40	1220	0.33	0.36	15	20
	8	40	2440	0.33	0.36	15	80
	9	10	705	0.33	0.36	15	80

  With these approximation, and introducing the expressions of A drop and V drop as a function of theCHAPTER III. SEQUENTIAL MODEL OF THE CENTRIFUGAL MICROENCAPSULATION PROCESSdroplet diameter D drop , the dimensionless equations of motion (III.30) can then be written as:C D ρ air |v * |(y tip + h/2) ρ alg D drop

	(y tip + h/2)D tube /2 2hx tip	ẍ * = 1 -	ρ air ρ alg	x * D tube /2 x tip	+ 1 +	2h(y tip + h/2) x tip	ẏ * -	4 3	x tip D tube /2	ẋ *
	y tip + h/2 2y tip	ÿ * = 1 -	ρ air ρ alg	y * h y tip	+ 1 -2	D tube /2 y tip	y tip + h/2 2h	ẋ * -	4 3	ρ alg D drop C D ρ air |v * |(y tip + h/2)	y tip h	ẏ *
		z * = -	3 2	C D ρ air |v * |h ρ alg D drop	ż * -2 1 -	ρ air ρ alg
													(III.33)
													31)
			t f all ≈	2h g avg	=	1 ω	2h y tip + h/2	(III.32)

144

  CHAPTER III. SEQUENTIAL MODEL OF THE CENTRIFUGAL MICROENCAPSULATION PROCESSTableIII.6 -Summary of the six main dimensionless parameters controlling the centrifugal encapsulation system, presented in this work.

	Dimensionless number Corresponding process stage Describes	Controlled output parameter
	Kcap	Ejection	Ejection regime	Final products (capsules/filaments)
	D * drop	Ejection	Droplet size	Capsule size
	De f all	Fall	Shape relaxation	Capsule shape
	F r imp	Impact	Post-impact energy	Capsule shape
	K imp	Impact	Droplet damage	Capsule quality (damage)
	k SF	Sedimentation	Shrinking by gelation Capsule size

Table III .

 III 7 -Summary of the parameters in the cell and microsphere encapsulation experiments. The index msph refers to microspheres, D drop is the predicted droplet diameter, N is the concentration of cells or microspheres expressed in number of particles per capsule.

	No.	Dcap	h	Lcap	c alg	[CaCl]	V init	g tip	D drop	c cells	N cells	c msph	N msph
		(mm)	(mm)	(mm)	(g/L)	(g/L)	(µL)	(g)	(mm)	(1/mL)	(1/caps)	(1/mL)	(1/caps)
	1	0.2	17.5	19	12.2	11.1	30	135	0.401	1.91e+07	650	1.97e+07	650
	2	0.41	4	19	12.2	11.1	60	675	0.298	1.91e+07	250	1.97e+07	250
	3	0.2	15	19	16.2	11.1	30	338	0.296	1.91e+07	250	1.97e+07	250
	4	0.2	15	19	21	11.1	20	540	0.253	1.93e+07	150	-	-
	5	0.41	5	19	16.2	11.1	30	135	0.51	1.91e+07	1350	1.97e+07	1350
	6	0.1	25	12.7	36.5	11.1	30	338	0.235	1.91e+07	150	1.97e+07	150
	7	0.2	17.5	19	36.5	11.1	30	135	0.401	1.91e+07	650	1.97e+07	650
	8	0.2	25	19	36.5	11.1	30	338	0.296	1.91e+07	250	1.97e+07	250
	9	0.41	5	19	36.5	11.1	30	135	0.51	1.91e+07	1350	1.97e+07	1350
	10	0.41	3	19	12.2	11.1	30	22.5	0.927	1.91e+07	7950	1.97e+07	8200
	11	0.1	25	12.7	16.2	11.1	30	45	0.46	-	-	1.97e+07	1000
	12	0.2	15	19	16.2	11.1	30	90	0.46	1.91e+07	950	1.97e+07	1000
	13	0.2	10	19	16.2	11.1	50	135	0.401	1.44e+07	500	-	-

(a) Cells. (b) Microspheres. (c) No cargo.
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  .3.Table IV.3 -Estimated values of the relaxation times for the three Alg. B solutions used in this work.

	Fluid	η 0	λ C	τ T riP AV	ω terminal	τ terminal	Rec	λ el	λ el /λ C
		(Pa.s)	(ms)	(ms)	(rad/s)	(ms)	(mm) (ms)	-
	Alg B 1%	0.129	7	0.206	∼ 300	3	0.356	17	2.4
	Alg B 2%	1.129	14	0.867	∼ 55	18	0.244	28	2.0
	Alg B 4%	13.777	33	7.38	∼ 12	83	0.092	54	1.6

Table IV .

 IV 5 -Summary of the input parameters in the centrifugal droplet ejection problem, with the common ranges of variation in our experiments.

		name	parameter	minimum maximum
		alginate density ρ alg (kg/m 3 )	1002	1020
		alginate viscosity	η alg (P a.s)	0.1	20.0
	alginate surface tension γ alg (mN/m)	56	72
		air density ρ air (kg/m 3 )	1.2	1.2
		air viscosity	η air (P a.s)	1.8 • 10 -5 1.8 • 10 -5
	capillary inner radius	R cap (µm)	50	310
	capillary outer radius	R out (µm)	120	460
		capillary length	L cap (mm)	12.6	19.0
		reservoir radius	R res (mm)	2.015	2.015
	liquid height in reservoir	h res (mm)	0	7.5
	capillary tip position	y tip (mm)	81	81
	centrifugal acceleration at tip	g tip (m/s 2 )	400	6000
	z	y		
	x			

ω 2⋅R res 2⋅R cap x tip h res L cap y tip p atm 2⋅R out

  

η alg , ρ alg , γ alg η air , ρ air g tip

Table IV .

 IV 6 -Dimensionless parameters governing the centrifugal droplet ejection problem.

	parameter	Ga		Oh	r	m	R * out	L * cap	R * res	h * res	y * tip
	expression	ρ alg g 0.5 tip R 1.5 cap η alg	√	η alg ρ alg γ alg Rcap	ρ alg ρair	η alg ηair	Rout Rcap	Lcap Rcap	Rres Rcap	hres Rcap	ytip Rcap

  Velocity profiles in a capillary with imposed pressure gradient, containing a non-Newtonian Carreau-Yasuda fluid with a=2.589, lambda=0.008, eta0=0.104 Pa.s, and different values of n (0.817, 0.85, 0.90, 0.95, 0.99, 1.0). Comparison with theoretical calculations.

	Gerris Alg B 1% Gerris Alg B 2% Gerris Alg B 4% Gerris Oil PSU2400	Gerris Water Analytical Alg B 1% Analytical Alg B 2%	Analytical Alg B 4% Analytical Oil PSU2400 Analytical Water
	1.0								
	0.8								
	0.6								
	r*								
	0.4								
	0.2								
	10 5 0.0	10 4	10 3	10 2	U*	10 1	10 0	10 1	10 2
	Fig. IV.8 -								

  TableIV.9 -Results of the grid convergence study on case NN1. V * drop : volume of the fourth ejected droplet; Q *

		drop	SF y5 ∆y f 5 (mm)
	L8	14.20 71.9e-3 197.8 0.094	1.52
	L9	11.84 69.3e-3 173.5 0.138	1.96
	L10	11.23 69.9e-3 161.4 0.121	1.81

Table IV .

 IV 10 -Summary of the cases ER01-ER12 for the study of centrifugal ejection regimes. h 0 is the initial height of the liquid column in the reservoir. h f all is the collecting distance in the experiments.

	Exp. series	Exp. no.	fluid	D cap,ref (mm) ω (RPM) h0 (mm) h f all (mm)
		1	Alg. B 1%	0.610	1221	6.7	5
		2	Alg. B 1%	0.410	1221	6.7	5
		3	Alg. B 1%	0.200	1221	6.7	5
		4	Alg. B 1%	0.100	1221	6.7	5
		5	Alg. B 2%	0.610	1931	6.7	5
	ejection regime (ER)	6 7	Alg. B 2% Alg. B 2%	0.410 0.200	1931 1931	6.7 6.7	5 5
		8	Alg. B 2%	0.100	1931	6.7	5
		9	Alg. B 4%	0.610	2730	6.7	5
		10	Alg. B 4%	0.410	2730	6.7	5
		11	Alg. B 4%	0.200	2730	6.7	5
		12	Alg. B 4%	0.100	2730	6.7	5

Table V .

 V 1 -Illustrative example for the feasibility of the soft landing approach in the centrifugal encapsulation system. c alg is the concentration of the alginate solution in the droplet. D cap is the inner diameter of the ejection capillary. Dcap (mm) ω (RPM) Hair (mm) H layer (mm) tair (ms) t layer (ms) τ rel (ms) De f all

	Case c alg (g/L) No soft landing 40	0.20	2442	30	0	3.6	0	25.3	7.03
	With soft landing	40	0.20	2442	10	20	1.96	508.2	25.3	0.05

Table V .

 V 2 -Properties of the liquids used as candidates for the soft landing layer and of the alginate solution.

	Category	Liquid	Density	Viscosity	Surface tension
			(g/cm 3 )	(mP a.s)	(mN/m)
	Synthetic oil	PDMS g	0.913 a	5.0 a	26.4 b
	Deep eutectic liquid	DLMA h	0.90 e	33.2 e	n.a.
	Solvent	n-Decane i	0.73 a	0.85 a	23.0 b
	Vegetable oil	Almond oil j	0.91 a	71 c	n.a.
	Vegetable oil	Soybean oil k	0.92 a	60 a	20.7 b
	Vegetable oil	Corn oil l	0.92 a	68 f	n.a.
	Mineral oil	Parffin oil m	0.83...0.89 a	110...230 a	n.a.
	Na-Alginate	Alg. A n 40g/L	1.02 p	15.2 • 10 3 p	72 p
	a Average reference values from manufacturer.			

Table V .

 V 3 -Parameters used in the screening experiments.

		H air (mm) H layer (mm) Dcap (mm) c alg (g/L) ω (RPM) [CaCl 2 ] (mM)
	Experiment 1	15	28	0.410	40	1221	100
	Experiment 2	15	28	0.410	40	1865	100
	Experiment 3	15	28	0.200	40	2442	100

Table V .

 V 4 -Parameters varied in the parametric study.

		Series 1	Series 2	Series 3	Series 4
	Liquid	nD, SO, PDMS nD, SO, PDMS nD, SO, PDMS nD, SO, PDMS
	H layer (mm)	5, 19, 33, 40	5, 19, 33, 40	5, 19, 33, 40	5, 19, 33, 40
	Dcap (mm)	0.410	0.200	0.200	0.100
	c alg (g/L)	40	40	40	40
	H air (mm)	10	10	10	10
	ω (RPM)	1865	2115	2442	3153

Table V .

 V 5 -Summary of the results of the parametric study: number of experiments in the parametric study (out of all experiments carried out with the respective candidate liquid) where a certain feature was observed.

	Liquid	Coalescence	MPTP	PBLP	Ellipsoidal	Total
					monodisperse	
	Soybean oil	13 (81%)	0 (0%)	9 (56%)	3 (19%)	16 (100%)
	PDMS	5 (31%)	4 (25%) 7 (44%)	5 (31%)	16 (100%)
	n-Decane	1 (6%)	7 (43%) 3 (19%)	9 (56%)	16 (100%)

Table V .

 V 6 -Computed droplet transit times for the three candidate liquids in the four experimental series. The cells marked in yellow indicate experiments where capsules with MPTP were formed.
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							Monodisperse pointed-tip protuberance No monodisperse pointed-tip protuberance			
						0.8									
						0.7									
					h layer	0.5 0.6									
						0.4									
						0.3									
						10 2		10 1	De fall	10 0				
		τ rel (ms)	t * air		Soybean oil			PDMS			n-Decane
	H layer (mm) Series			5	19 t * layer 33	40	5	19 t * layer 33	40	5	19 t * layer 33	40
	1	39.7	0.06	2.6	9.32	15.3	18.1	0.47	1.66	2.76	3.27	0.14	0.48	0.79	0.94
	2	28.7	0.08	5.18	18.6	30.6	36.1	0.76	2.73	4.54	5.38	0.21	0.71	1.18	1.4
	3	26.1	0.08	5.19	18.6	30.6	36.1	0.76	2.72	4.52	5.37	0.20	0.70	1.17	1.39
	4	17.5	0.09	10.2	36.5	60.1	70.9	1.3	4.6	7.6	9.01	0.3	1.06	1.76	2.09

Table V .

 V 7 -Computed mechanical work of the forces involved in the droplet motion, normalised by W Centrif ugal , which is practically equal for all soft landing fluids.

		∆E * k	W * Buoyancy	W * Drag	W * Gravity	Re
	Soybean oil	6.86 •10 -6	-0.902	-0.098	2.1 •10 -6	0.16
	PDMS	0.323 •10 -3	-0.895	-0.105	2.18 •10 -6	13.1
	n-Decane	5.12 •10 -3	-0.716	-0.279	2.29 •10 -6	245
	Dense Air	2.18 •10 -3	-0.902	-0.096	2.91 •10 -6	9430
	Viscous Air	0.781 •10 -3	-1.18 •10 -3	-0.998	2.1 •10 -6	2.23 •10 -3
	Air	0.917	-1.18 •10 -3	-0.082	3.15 •10 -6	306

Miniaturised and simplified version of an organ produced in vitro in three dimensions, that shows realistic microanatomy. They develop from stem cells or tissues, which can self-organise in a three-dimensional culture through self-renewal and differentiation.

Also called pancreatic islets.

More details about alginate in the following sections.

A hydrophobic character favours the adsorption and decay of proteins at the surface of the capsule and as a consequence the adhesion of immune cell systems on this surface.

The capacity of a material to reside for a long time in an organism with only weak levels of inflammatory reaction[START_REF] Mari | Advances in biocompatibility and physico-chemical characterization of microspheres for cell encapsulation[END_REF][START_REF] Hilborn | A new and evolving paradigm for biocompatibility[END_REF] .

Due to the variability in shape and size of cell islets, the IEq is used as the standard unit for the estimation of islet volumes. It represents the volume of a spherical islet with a diameter of 150µm.

For example by adding mesenchymal stem cells (MSCs), tripeptides arg-gly-asp (RGD), poly-ethylene-glycol (PEG), ketuprofen, etc.[START_REF] Laporte | Improved human islets viability and functionality with mesenchymal stem cells[END_REF][START_REF] Crouigneau | Nouvelles microcapsules fonctionnalisées et standardisées : Application à la thérapie cellulaire du diabète de type 1[END_REF]26] .

For example a zwitterionic polymer coating (cf. BIOCAPAN patent on capsule composition WO 20201127-A1). More details and recent trends in[26] .

In this thesis we will sometimes refer to this technique as the gravitational dripping, in order to highlight the difference between simple dripping and centrifugal extrusion. In the former, droplet formation and detachment is done by gravity, whereas in the latter by the centrifugal force.

The variation coefficient (or coefficient of variation) CV of a population is defined as CV = µ/σ, where µ is the mean and σ the standard deviation of the population.

The contents of this chapter have been published in[START_REF] Badalan | Three-dimensional phase diagram for the centrifugal calcium-alginate microcapsules production technology[END_REF] and[START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] .

In this work we used 50mL centrifuge tubes, but the same concept can be applied for tubes of other sizes.

The tubes are slightly conical, being a little narrower towards the tube bottom.

I.e. the temperature inside the centrifuge, which can be controlled by the user in certain types of machines.

N-2-Hydroxyethylpiperazine-N-2-Ethane Sulfonic Acid.

The presence of NaCl and HEPES buffer is important when encapsulating cells, in order to ensure buffering capacity and osmotic balance, and thus biocompatibility of the solutions[START_REF] Lora | Centrifugal Generation of Droplet-Based 3D Cell Cultures[END_REF] . Since the focus of this work is on bioencapsulation applications, the solutions were formulated keeping in mind the requirements specific to these applications.

This viscosity is called the zero-shear viscosity and will be noted η 0 in this work.

Also called collecting distance.

In few of the experiments, a microscope Olympus BX60 was used for analysis.

It is also sometimes called "tail" in the literature.

Depending on the imagination of the viewer, the shape of these capsules could resemble that of a hat or of a cat's head.

Even in[START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] , the authors describe the capsule sphericity by a dimensionless geometric factor and define a threshold between spherical and egg-shaped capsules based on a subjective value, according to human perception of these shapes.

The solidity of an object in a 2D image is defined as the proportion of the pixels in the convex hull of the object that are also in the object, i.e., ObjectArea/ConvexHullArea, so that a convex object has a solidity equal to unity, and a very irregularly-shaped object has a solidity possibly much smaller that unity[START_REF][END_REF] .

For the calculation of the roundness of an ellipse, we used the Euler approximation for the ellipse perimeter: P ellipse ≈ 2π (a 2 + b 2 )/2, with a and b the semi-axes of the ellipse.

Only the capsules with a good quality (no bursting or breaking) and in the regimes without formation of fibre or of filament, have been plotted, because in these regimes the size measurement is more reliable.

This shape of the experimentally explored region in the 3D parameter space does not hide any quasi-insensitivity to one of the parameters, but is simply due to the experimentally accessible intervals of values for the physical quantities.

Here, and in the rest of this thesis, the notation lg is used for log 10 .

(a) (b) (c)

One example that has been noticed in the experimental results is the formation of other products such as fibres or filaments.

fulfilled, the model remains valid for predictions. However, this cannot be guaranteed by a global model that is not based on the physical processes.Chapter III will address these lacks of the global model, by proposing a sequence of models based on the physics of each of the CME process stages.

The contents of this chapter have been published in[START_REF] Badalan | Physical Analysis of the Centrifugal Microencapsulation Process[END_REF] and presented at the 4th Annual Meeting of the European Organ-on-Chip Society, EUROoCs

[START_REF] Badalan | Low-cost Centrifugal Device for Rapid and Controlled Microencapsulation of Insulinsecreting Cells[END_REF] .

Usually sodium alginate.

Drop-by-drop, as opposed to jetting[9] .

Here, we used an adaptation of the MATLAB code available at[START_REF] Binous | BIBLIOGRAPHY[END_REF] .

The large error bars are caused mostly by the uncertainty in the capillary diameter value used for calculations (see appendix B.1 for details), to which is added the experimental uncertainty.

The average Laplace pressure γ alg /Rcap is below 5% of the total pressure gradient ∆ptot in all cases.

Called fibres in chapter II.

(a) (b) (c) (d) (e)

A linear support vector machine (SVM) model for classification was used on the experimental data to find the equation of the line separating the two point clouds of jetting and dripping regimes.

Experimental droplet sizes were obtained by measuring the diameter of gelled capsules and correcting it with a standard shrinking factor[START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] k SF = 0.88: D drop = Dcaps/k SF . More details in section III.2.5

The reference frame is shown in figure III.5(a).

A lower collecting distance would further reduce the magnitude of the drag term. Higher collecting distances are not very common, because they can bring about a damaging of the capsule at impact.

Patent number FR3117884.

It should be noted that in most of the configurations studied in the literature, the droplet and the liquid pool are constituted of the same liquid. Therefore, the values reported for the threshold K imp values between impact regimes might not be directly applicable to our system.

Called "deformed" capsules in chapter II.

A linear support vector machine (SVM) for classification.

This is visible by optical examination of the gelation bath with a backlight. The aggregates represent threedimensional blocks of capsules easily identifiable in the gelation bath at the end of the centrifugation experiment.

Also called tip or tail in the literature.

See chapter II for the procedure to ensure that those capsules do not have a tip that may be hidden in the images.

More details about the conversion of this data can be found in the appendix B.2.

Rotation velocity, capillary diameter, alginate viscosity and collecting distance (i.e. fall height).

Represented by the conditions applied after each stage in the flow diagram in figure III.2

In particular, the needle length was used in some systems to control the ejection regime[START_REF] Haeberle | Alginate bead fabrication and encapsulation of living cells under centrifugally induced artificial gravity conditions[END_REF] .

These concentrations are considerably higher than those used in some previous encapsulation experiments using centrifugation[START_REF] Maeda | Controlled synthesis of 3d multi-compartmental particles with centrifuge-based microdroplet formation from a multi-barrelled capillary[END_REF][START_REF] Morimoto | Mass production of cell-laden calcium alginate particles with centrifugal force[END_REF] .

(a) Cells. (b) Microspheres. (c) No cargo.

Of the order of 10 7 cells/mL, or of several hundreds of cells per droplet. Although these result in only a few percent volumetric ratio V cells /V drop , these concentrations are actually high for the biomedical field.

• Different hypotheses had to be made for the models defined in this chapter. Since no visualisation of the intermediate stages of the process was possible in our experiments, these hypotheses could not be verified directly. In chapter IV, we will use the CFD model of the first three stages to validate most of the hypotheses made in this chapter.

The contents of this chapter have been submitted for publication in Computers and Chemical Engineering[START_REF] Badalan | Numerical Window in a Centrifuge: Simulation of non-Newtonian Biopolymer Extrusion and Fall in the Centrifugal Microencapsulation Process[END_REF] .

We name the sum of these three stages the centrifugal extrusion problem.

Small Amplitude Oscillatory Shear.

Small-amplitude oscillatory shear.

The frequency-dependent viscosity function determined for a viscoelastic fluid by subjecting it to oscillatory shear stress[START_REF] Atkins | complex viscosity[END_REF] .

Stating that the shear-rate dependence of the steady-state viscosity equals the frequency dependence of the complex viscosity.

Its inverse gives the critical shear rate γc at which the transition from Newtonian to shear-thinning behaviour occurs.

The viscosity exponent indicates the strength of the shear-thinning effect.

Actually, only half of the model in figure IV.7(c) is represented in Gerris, but the full cross-section was drawn in the figure for better visualisation.

For simplicity, since the density varies very little among the alginate solutions in this work, we use a mean value of density of the alginate solutions (cf.[START_REF] Badalan | Effects of process parameters on capsule size and shape in the centrifugal encapsulation technology: Parametric study dataset[END_REF] ).

This value was found in chapter III to give more accurate predictions of flow rate than R cap,ref . However, the uncertainty on the exact value of the capillary inner radius induces a significant uncertainty on the flow rate calculation, since the radius is present at the power four in the flow rate equation (cf. chapter III).

The values in our experiments are typically of m > 5000, whereas a threshold of around 500 can been observed in the theoretical study in appendix C.1.

The letter "L" stands for "level".

NN stands for "non-Newtonian".

Droplets were not obtained in all the simulations because of the very long simulation time. Especially in the simulations with low g tip , high alginate viscosity and low capillary diameter Rcap, the simulation time needed until the formation of droplets is very long. For practical reasons, the simulations were stopped before the ejection of droplets.

The first droplets may be sensitive to the initialisation of the problem. We use the fourth droplet in order to make sure that we are in a periodic regime. In practice, in our simulations drop volumes are stable starting from the third generated droplet.

ER stands for "ejection regime".

If not mentioned otherwise, in all the numerical results reported here the droplet shown corresponds to a periodic extrusion regime starting two or more drops after the simulation initialisation, that can impact the first few generated drops.

Unlike in the cases presented in section IV.6.1, where few capsules are found along with the fibre in the gelation solution.

The detailed definitions and classifications of capsule shapes are given in chapter II.

A direct comparison of the SF drop value (before impact) with the SFcaps value (after impact and gelation) may not be fully relevant, since capsules observed under microscope after the encapsulation experiment have undergone further stages of transformation, including impact, gelation and sedimentation, as opposed to the numerically simulated droplet before impact. However, in chapter III it is suggested that high-viscosity alginate droplets (such as in the case of experiment NN8) deform very little upon impact, and thus comparison of shapes before and after impact and gelation might be possible in these cases.

(a) (b)

This technical improvement has been patented (Patent number FR3117884[START_REF] Bottausci | Système de tri par taille de particules expulsées par centrifugation et procédé de configuration d'un tel système[END_REF] ) and presented at the

25th International Conference on Miniaturized Systems for Chemistry and Life Sciences[17] .[START_REF][END_REF] We recall that in the case of cell therapy of type 1 diabetes, 10 000 IEQ/kg are needed per patient[START_REF] Soon-Shiong | Treatment of type I diabetes using encapsulated islets[END_REF] .3 This is due to an increased viscosity of the liquid (increasing the drag force) compared to air. The topic of droplet motion inside a liquid will be addressed in detail in section V.2.

Collector (i) W ≈

mm and L ≈ 10 mm; collector (ii) W ≈ 3 mm and L ≈

mm. 5 Position (A) H ≈ 20 mm; position (B) H ≈ 30 mm.

The contents of this section have been published in[START_REF] Badalan | A Soft Landing Approach for the Centrifugal Microgel Synthesis Process[END_REF] .

Detailed properties in section V.2.3.1

Other computations of total transit times depending on the properties of the soft landing layer are given in the appendix D.1.

This technical improvement has been patented (Patent application number FR2213515).

An unfavourable case was simulated, where the tube is placed in a position x tip = +24 mm in the centrifuge bucket, so that the horizontal x-component of the centrifugal force acts in positive x-direction. Cf. discussion on figure III.13(a) in chapter III).

Acknowledgements

droplet shape with increasing polymer viscosity. While in case ER3 the main droplet is perfectly spherical when reaching the gelation solution, in simulation ER7 the droplet is slightly elongated on the back side, and in simulation ER11 the droplet is clearly tear-shaped when reaching the interface of the gelation bath.

Chapter V The use and performances of these three liquids as soft landing layer will be analysed experimentally in section V.2.4.

Improvements of the centrifugal device

V.2.4 Experimental analysis of the three selected materials

Once two or three candidates for the immiscible liquid layer were identified after the screening experiments, a parametric study was carried out with the selected liquids, in order to identify regions of optimal operation of the centrifugal encapsulation device with the immiscible liquid layer, using highly viscous alginate solutions. The main two parameters that were varied are the rotation velocity and the depth of the soft landing layer, since they both control the transit times and velocities of the droplets in the soft landing layer:

• For the rotation velocity, four values were chosen corresponding to a medium-to-high range for this device. This range is relevant for applications, since a higher rotation velocity increases the production frequency of the capsules.

• Four different depths of the soft landing layer were tested, from a relatively small value (less than half of the fall height in air) to a relatively large value (four times the fall height in air). A soft landing layer with a thickness lower than 5 mm would not increase significantly the transit time of the droplet and might be more sensitive to the effect of its two bordering interfaces.

A thickness much higher than 40 mm is not reasonable in our device for two reasons: (i) enough gelation bath should be left below for an efficient gelation of the droplet and avoiding aggregate formation on the bottom of the tube (cf. chapter III); (ii) the droplet trajectory is not parallel to the tube axis and the droplet might reach the tube wall during transit in the soft landing layer, which might generate an undesired behaviour and deformation of the droplet.

CHAPTER V. IMPROVEMENTS OF THE CENTRIFUGAL DEVICE

of the process, using for example high-speed imaging or stroboscopic lightning, and a solution of visual access inside the centrifuge. Such a visualisation could provide validation data for the physico-chemical modelling of the latter process stages. The in-depth modelling of the last two steps of the CME process (impact and sedimentation) deserves an entire thesis because of the complexity of the physical phenomena involved. In particular, this complexity results from the simultaneous action of hydrodynamics (with evolving material properties as the droplet polymerises), mass transfer and chemical reaction, in the presence of three distinct phases. Careful modelling of these steps would be beneficial in providing a better understanding of the crucial phenomena that define the final shape of the capsule. It would also likely explain the origin of certain capsule shapes or characteristics that were only hypothesised in this work based on empirical post-centrifugation data.

Appendix A

Appendix to chapter II A.1 Details concerning the design of experiments

In the parametric study presented in chapter II, four main operating parameters are varied: the alginate viscosity η alg , the inner diameter of the ejection needle D cap , the centrifuge rotating speed ω and the quantity of gelation solution in the centrifuge tube, which controls the fall height of the droplets h. The first 108 experiments (distinct sets of the 4 parameters) were realised in triplicate. Other 92 supplementary operating points were realised in unicate.

For the 108 experiments performed in triplicate, the three samples were prepared using different tubes, supports and needles, and the solutions were handled using different pipettes, in order to avoid contamination. The 3 samples were centrifuged in the same run, by placing the three tubes in different positions in the centrifuge (see figure A.1). The tubes were numbered (1,2 or 3) and the 
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tube number was recorded along with the experimental data and the results. The capsule images are marked according to the tube number, so that exact information about the origin of each capsule can be found if needed. For the experiments performed in unicate, only position P1 was used. In the experiments performed in triplicate, tubes 1 and 3 were placed in positions P1 and P2 (figure A.1) of a swing bucket, whereas tube 2 and the tare tube were placed in the positions P1 and P2 of the opposite swing bucket.

The distance from the axis of the centrifuge tube to the y-z plane is marked in figure A.1 as x P 1 , x P 2 , x P 3 , x P 4 . The corresponding values are x P 1 = x P 4 = 24 mm; x P 2 = x P 3 = 11 mm. It is recommended to choose h smaller than 30 mm for tube positions P1 and P2 and choose h smaller than 15 mm for tube positions P3 and P4, in order to avoid droplets impacting the wall before entering the gelation bath.

For the series of 108 experiments realised in triplicate, an analysis has been carried out to assess the reproducibility of the results. This was done by evaluating the degree of agreement between the results obtained with the different tubes 1,2 and 3 (see figure A.2). For this, the statistical distributions of a size indicator (the equivalent diameter) and of a shape indicator (the form factor F F ) for each of the 3 tubes were compared. This comparison was repeated for all the 108 operating points. The mean values of these indicators obtained with the 3 tubes were found to lie within less than 34% (standard deviation) distance from one another. Moreover, no systematic errors between the 3 tubes have been observed. This good agreement in the results justified the usage of unicate samples for further experimental points.

A.2 Equivalence of the dimensionless groups describing the CME system

Four dimensionless groups describing the CME system were obtained from the direct application of the Vaschy-Buckingham theorem (section II.2):

Another set of four dimensionless groups were later proposed in section II.5, which have established forms and are more representative for the physics of the process.

with g tip = ω 2 y tip the centrifugal acceleration at the ejection needle tip, g imp = ω 2 (y tip + h) the centrifugal acceleration at the point of impact, v imp = ω 2h(y tip + h/2) the droplet impact velocity and D drop,th the theoretical diameter of the droplet.

Using algebraic manipulations, it can be seen that either set of dimensionless groups can be obtained from the other one, meaning that the sets are equivalent in defining the CME system. Below we give the equations to express D * drop , Re, Oh and F r as a function of Π 1 , Π 2 , Π 13 and Π 15 : 

Appendix to chapter III B.1 Uncertainty on the inner diameter of the ejection needle

The capillaries used for alginate extrusion in this thesis are standard dispensing needles from Nordson EFD. The geometric data published by the manufacturer includes the catalogue [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] , where "reference" values for the inner needle diameters are given, and the published CAD technical drawings [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] , where precise dimensions of the needle are given. Having an accurate value of the inner diameter D cap and of the manufacturing tolerances is important in this thesis, since the flow rate varies with the fourth power of D cap . However, for the dispensing needles used in this thesis, the manufacturing tolerances are not provided by the manufacturer. Various suppliers of steel capillaries mention tolerances ±10 µm or ±20 µm for diameters comparable to those used in this thesis.

In order to investigate the range of variation of these tolerances, we have measured under the microscope the inner diameters of 10 samples of ejection needles of gauge 23 (reference inner diameter D cap,ref = 0.33 mm). The values of these measurements vary between 0.344 and 0.352 µm (table B.1). The microscope measurement itself has an uncertainty of around 7 µm when visually detecting the inner edge of the needle. This analysis confirms that there exists a variability in the needle inner diameters and that the average diameter values lie between D cap,ref and D cap,tech . However, the high uncertainty in these simple measurements does not allow to clearly identify tolerance ranges.

In conclusion, having no detailed information about the ranges of variation of inner needle diameters due to manufacturing tolerances, we use D cap,tech as a basis for calculations in this thesis, and we will use the entire range D cap,ref -D cap,tech as a range of uncertainty in the calculations. [START_REF]Optimum® General Purpose Tips | Stainless Steel Dispense Tips | Nordson EFD[END_REF] , technical value D cap,tech from Nordson EFD technical drawings [START_REF]3D ContentCentral -Free 3D CAD Models, 2D Drawings, and Supplier Catalogs[END_REF] , and values measured in this work by microscope imaging D cap,measured . In order to compare the two criteria for capsule protuberance formation (insufficient relaxation during fall, characterised by De f all > 1, or attachment to the interface at impact, characterised by a transition zone of 2 < F r imp < 3.5, below which all of the capsules attach to the interface) with experimental results from Chan et al. in gravitational dripping [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] (figure 4 therein), the following procedure was used to define a De f all and a F r imp number for the results in Chan et al.:

1. The authors of [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] provide an empirical correlation for the minimum collecting distance needed to avoid the formation of tear-shaped droplets, depending on the droplet Ohnesorge number:

This correlation was defined for a range of values of Oh drop from about 10 -1 to 10 1 . Firstly, for each value of Oh drop in this range, we apply the correlation and calculate a minimal fall height h min,Chan .

2. For each Oh drop , we calculate a viscosity η alg , using a mean droplet diameter D drop = 3.1 mm and a surface tension of γ alg = 0.072 N/m. Using constant values of the diameter and surface tension is motivated by the fact that the range of variation of the viscosity is much higher (it varies over a few orders of magnitude) than that of these two quantities.

3. For each viscosity η alg , we can compute a characteristic droplet relaxation time τ rel = 19η alg D drop /40γ alg .

4. In order to find the limit of protuberance formation by insufficient relaxation, we set De f all = 1, which implies τ rel = t f all .

5. The authors provide a correlation for computing droplet velocity as a function of the fall height (equation ( 7) in [START_REF] Eng Seng Chan | Prediction models for shape and size of ca-alginate macrobeads produced through extrusion-dripping method[END_REF] ). Using the known fall time t f all and this correlation, the fall height h min,De can be computed numerically. Thus, for each value of Oh drop , we obtain the minimum fall height in order to avoid protuberance formation by insufficient relaxation. This is the De f all = 1 limit.

6. For the second mechanism of protuberance formation, we start from the definition of the impact Froude number F r imp = v imp / g imp D drop , with constant gravitational acceleration g imp = g E = 9.81 m/s 2 and a constant mean droplet diameter D drop = 3.1 mm. For the two values of F r imp characterising the transition to protuberance formation by attachment to the interface (F r imp = 2 and F r imp = 3.5), we can easily compute the corresponding impact velocity v imp .

7. From the impact velocities v imp , we compute the corresponding fall heights h min,F r , by using the inverse function of the correlation v = f (h) provided by the authors.

Thus, the values of h min,Chan , h min,De and the two values of h min,F r can be computed for each value of the Oh drop number and plotted.

Appendix to chapter IV C.1 Asymptotic limit of the two-phase problem in the viscosity ratio m

The centrifugal extrusion problem studied in chapter IV is a two-phase problem, with one liquid phase (alginate solution) and one gas phase (air). In [START_REF] Luciani | Interfacial tension coefficient from the retraction of ellipsoidal drops[END_REF][START_REF] Juza | Surface tension measurements of viscous materials by pendant drop method: Time needed to establish equilibrium shape[END_REF] , the following relation was given for the relaxation of an ellipsoidal drop toward a spherical shape:

where D is the dimensionless deformation of the ellipsoidal droplet defined using its major and minor axis A and B: D = (A -B)/(A + B); D 0 is the deformation at t = 0; m is the ratio between the viscosity of the droplet fluid η i and the viscosity of the surrounding fluid η o ; γ is the surface tension of the droplet fluid and D drop is the equivalent diameter of a spherical droplet with the same volume.

The characteristic relaxation time of this exponential function is:

In figure C.1 we plot the dependence of τ rel with the viscosity ratio m. We notice that τ rel tends toward an asymptotic value, and that for m values greater than m ≈ 500, there is no significant variation of τ rel with m.

C.2 Dimensionless groups governing the centrifugal extrusion problem

Droplet formation and detachment in gravity field is usually described by the three dimensionless parameters: the Weber number W e, the Bond number Bo and the Ohnesorge number Oh [START_REF] Bala Ambravaneswaran | Drop formation from a capillary tube: Comparison of one-dimensional and two-dimensional analyses and occurrence of satellite drops[END_REF]9] . Applied to our problem, these dimensionless numbers can be expressed as follows:
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Where ρ alg , η alg and γ alg are the density, viscosity and surface tension of the alginate solution, R cap is the inner radius of the capillary, U cap is the average flow velocity in the capillary (U cap = Q V /πR 2 cap , with the flow rate Q V ) and g tip is the centrifugal acceleration at the capillary tip (g tip = ω 2 y tip with ω the rotational velocity of the centrifuge and y tip the y-position of the capillary tip in the reference frame of the centrifuge.

In the study of the centrifugal extrusion problem in this thesis in chapter IV, we define the Galilei number:

We show here that in the case of the centrifugal extrusion problem, Bo and W e can both be expressed as a function of the Galilei number Ga, the Ohnesorge number Oh and the geometry of the extrusion system. For the Bond number Bo, it can be obtained in a straightforward manner by multiplication of Oh 2 and Ga 2 : These estimations can be useful to give an intuition on how the properties of the soft landing layer liquids change the transit times of the droplets before gelation.

D.2 Limit between ellipsoidal capsules and MPTP formation in the n-Decane parametric study

In the results of the parametric study with n-Decane in this work, the transition between MPTP and ellipsoidal capsules is not monotonic, as alternating MPTP and ellipsoidal cases are found for H layer = 19 mm with increasing rotating speed. Here we can have a closer look at the shape of the capsules formed in each of the corresponding four experiments (RPM 1865, 2115, 2442 and 3153).

In figure D.2 we present examples of capsules formed in each of the four experiments. When examining the shape of these capsules, we notice that the shapes are overall very similar. Capsules in figures SD.2(a) and SD.2(c) present a tiny tip, which is why these experimental points were classified as belonging to the region of MPTP formation. However, the extremely small dimensions of this tip (especially in figure SD.2(c)) indicate that these experiments are located very close to the transition limit between MPTP formation and ellipsoidal capsules. Therefore, these experimental points are very sensitive to the experimental uncertainty, and this can explain why some of these experiments fall into the category of MPTP formation and others in the ellipsoidal capsules category.

D.3 Trajectories of droplets in air and the soft landing layer

The trajectories of droplets in air and inside the soft landing layer, computed with the droplet motion model presented in chapter V, for the three candidate liquids in the four series of the parametric study, are given in figure D. 3