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Résumé

L'exploration du mécanisme de la récidive de la réparation de la hernie abdominale est un sujet complexe et vaste. Il reste cependant un défi majeur car à ce jour, aucune solution particulière n'existe pour diminuer le nombre de récidives. En dehors de cette dernière, d'autres aspects tels que la douleur et la prise en charge sont essentiels à améliorer. L'absence de consensus entre les cliniciens, le manque de données expérimentales sur la paroi abdominale, sa réparation, et la perfectibilité des modèles numériques restent à aborder.

Dans cette thèse, nous avons tenté de combler certaines de ces lacunes. Une attention particulière a été accordée à la modélisation de l'endommagement du champ de phase car nous pensons que la récidive est fortement liée à l'endommagement des différents composants de la paroi abdominale réparée. Le champ de phase a été choisi pour sa capacité à simuler à la fois l'initiation d'endommagement et la propagation des fissures. Une étude complète sur sa mise en oeuvre, ses paramètres et leur identification a été menée. Une étude animale ambitieuse a également été conçue et réalisée pour caractériser la paroi abdominale et les différentes techniques de réparation. Les composants de la paroi abdominale ont été caractérisés par différents tests mécaniques, à différents moments post-opératoires. Les données recueillies ont été comparées, mais surtout, utilisées pour identifier le comportement mécanique de chaque composant de la paroi abdominale réparée. Les paramètres mécaniques identifiés en élasticité et en endommagement ont été utilisés pour alimenter notre modèle numérique local. Peu de modèles numériques existent et bien que des progrès aient été réalisés, aucun d'entre eux n'est aussi complexe et exhaustif que celui développé au cours de la thèse : le modèle présente des géométries complexes et un grand nombre de composants de la paroi abdominale ont été modélisés. Les dommages du champ de phase ont été inclus ainsi que la contribution des textiles et les techniques de fermeture incisionnelle. Le modèle local permet de comparer plusieurs techniques de réparation et de fermeture, différents patients à différents moments post-opératoires pour différentes activités physiologiques. 12 scénarios différents ont finalement été simulés pour comparer les influences des paramètres et améliorer la compréhension du comportement de la hernie incisionnelle réparée.

En ce qui concerne le modèle numérique, l'approche paramétrée proposée a permis d'analyser différents cas cliniques et a ainsi fourni une meilleure compréhension du comportement mécanique de la réparation de la hernie abdominale. Elle a mis en évidence l'effet des différentes réparations sur les différents cas cliniques. Aucun des modèles n'a prédit la rupture, cependant la réparation avec un textile a montré une meilleure résistance qu'avec des sutures seules. La mise en oeuvre des dommages sur le terrain a mis en évidence les zones de faiblesse. Dans les cas avec sutures, l'endommagement est localisé au niveau des points de suture, alors que lorsqu'un textile est appliqué, l'endommagement est localisé autour du textile, ce qui correspond aux études cliniques rapportant des récidives autour de ce dernier.

Bien que ce ne soit pas le sujet principal de la thèse, une étude a été menée sur les dommages du champ de phase des tissus mous hyper-élastiques et semble prometteuse. Elle suggère la possibilité de pouvoir capturer avec précision l'endommagement de tissus complexes. Cependant, une étude complémentaire utilisant une formulation multicouches et une formulation anisotrope pourrait permettre de modéliser les hétérogénéités existant dans les matériaux biologiques.

Du travail reste à réaliser pour améliorer la prise en charge des patients sur la base de cette étude. Si elle améliore la compréhension de la réparation des hernies abdominales, elle mérite d'être poursuivie pour améliorer les techniques chirurgicales et aussi les prothèses. Bien évidemiv ment, une suite logique à ce travail serait de passer à une caractérisation expérimentale humaine pour alimenter le modèle. Cependant, les essais cliniques de réparation d'hernie abdominale impliquant des essais destructifs ne sont pas possibles, et la caractérisation ne fournirait pas les données nécessaires au modèle. En supposant que les données manquantes donnent une tendance similaire chez l'homme, des améliorations restent possibles pour le modèle local. Disposer de données similaires à cette étude animale, mais avec différents types de textiles implantés à différents endroits, permettrait d'améliorer la compréhension de la réparation des hernies abdominales et donc le choix de la technique opératoire. L'ajout de la gaine abdominale serait également bénéfique au modèle numérique et enfin, la différenciation des paramètres mécaniques entre le patient sain et le patient obèse améliorerait les différentes prédictions numériques.

En conclusion, bien que non finalisé en termes d'outils numériques dédiés aux cliniciens, ce travail de thèse comprend des développements expérimentaux et numériques avancés, combinés dans un modèle local capable de simuler l'endommagement et la rupture au sein d'un tissu complexe (non linéaire, anisotrope, hétérogène et composite) à différents temps de cicatrisation, pour différentes techniques de réparation et différentes conditions de chargement. Ce modèle présente évidemment des limites, mais il est prêt à être appliqué à des questions cliniques spécifiques concernant, par exemple, l'adaptation de la taille de textile à un patient particulier. Champ de déformation transversale and longitudinale d'une paroi abdominale intacte, réparée et suturée avec des valeurs de déformation allant jusqu'à 0.5, 0. Anterior and posterior layers of rectus sheath (RS) unite medially to form the linea alba (LA) . [START_REF] Netter | Atlas of Human Anatomy[END_REF] . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3 Abdominal wall (AW) below the arcuate line. Aponeurosis of internal oblique (IO) muscle does not split at this level but passes completely anterior to rectus abdominis (RA) muscle and is fused there with both aponeurosis of external oblique (EO) muscle and that of transverse abdominis (TR) muscle. Thus, posterior wall of rectus sheath (RS) is absent below arcuate line and RA muscle lies on transverseis fascia. [START_REF] Netter | Atlas of Human Anatomy[END_REF] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.4 Bone structures surrounding the abdominal cavity [START_REF] Netter | Atlas of Human Anatomy[END_REF] . . . . . . . . . 1.5 Muscular layers of the AW and its fiber orientations. [START_REF] Netter | Atlas of Human Anatomy[END_REF] 1.8 Anatomical model of collagen fiber architecture in the linea alba (LA) , from [Gräßel et al., 2005]. From ventral to dorsal, the fibers are oriented: (1) oblically, (2) transversely, and (3) irregularly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.9 Hernia formation and its repair with a mesh. . . . . . . . . . . . . . . . . . . . . 1.10 Different hernias and their location. . . . . . . . . . . . . . . . . . . . . . . . . 1.12 Microscopic aspect of a HERNIA-TEX 3DC prosthesis (Surgical Diffusion). Threedimensional knitted structure made of polyester and impregnated with collagen. Magnification x 45 [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF] . . . . . . . . . . . . . . . . . . . . . . 1.11 Mesh placements for hernia repair, extracted from [START_REF] Alimi | Mesh and plane selection: a summary of options and outcomes[END_REF]. Sublayintraperitoneal is commonly called "underlay" or "intra-peritoneal". Onlay is also called "overlay". . 1.19 Representation of usual mechanical tests performed on meshes, extracted from [Deeken et al., 2011]. A = Suture retention test. B = Tearing resistance test. C = Uniaxial tensile test. D = Bull burst test [Deeken et al., 2011] . . . . . . . . . . . 1.20 Experimental hernia model [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF]. Intraabdominal pressure (p) on the anchoring surface (pa) and the gap (pb). (A) The overlap area of the mesh is sufficiently large on both sides of the hernia. Friction resistance due to pressure on the fixation area (pa), is greater than the pressure on the gap (pb). Thus, the mesh is kept in position solely by the force of its friction against the environment. (B) Due to excessive flexure, the mesh has glided into the hernia, and the fixation area has become significantly smaller. Pressure on the gap (pb) now outbalances the pressure on the friction area (pa). Therefore, the mesh (m) will now slide into the gap and cause hernia recurrence. pe, peritoneum; m, mesh; t, abdominal wall 1.21 Device for determining the coefficient of mesh friction [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF].
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Preface

Biomechanics 1 , 2 is the exploration of the mechanical properties of living organisms and the analysis of the engineering principles that drive biological systems. Therefore, this science is at the interface of several disciplines such as physics, biology, mechanics, physiology, neurophysiology, medicine, engineering, robotics, imaging, rheology, computer science, etc. Biomechanics is interested in the relationships between biological structures and functions at all levels of life, from molecules, such as collagen or elastin, to tissues and organs.

It characterizes the spatio-temporal responses of biological materials, whether solid or fluid, to an imposed system of internal and external forces and constraints.

Leonardo da Vinci is often recognized as the first biomechanist, as he was the first to study anatomy in a mechanical context. Over the last decades, the computational biomechanics through finite elements (FE) method has become an established alternative to in vivo surgical assessment. Computational biomechanics is now an essential tool in surgical simulation, which is used for surgical planning, assistance and training. In this case, numerical models are used to compute, as fast as possible, the response of a system to particular boundary conditions. In this aim, the emergence of reduced models, artificial intelligence, neural network, etc., is becoming more and more present in the field.

However, every numerical model, whatever it is, needs mechanical experiments on living tissue to base model responses on. 

Motivations

The placement of textile implants for ventral reinforcement is a common technique for hernia repair or prophylaxis following abdominal operations and represents 300 000 repairs per year in Europe 1 and 348 000 in the United States with an estimated cost of 3.2 billion euros in the United States 2 . This empirical technique using an implant is widely adopted to avoid subsequent occurrence but still presents a high rate of complications : between 24% and 43% 4 depending of predisposing factors (body mass index, 5 6 7 , wound healing disorders 8 , etc.). Following the placement of the implant and the abdominal closure (by suturing the different layers of tissue), the remodeling process takes place in which scar tissue is formed in the incised areas and in the implant. This remodeling can be optimal and guarantee a satisfactory resistance to critical physiological efforts (muscular contraction, coughing, etc.) but it can be strongly degraded, leaving room for low-resistance neo-tissues, potentially leading to eventration.

Clinical observations highlight the important role of the mechanical interaction between the implant and the abdominal wall : complications are notably due to the movement of the textile 9 10 or near the fixation points 11 12 , or simply due to mechanical rupture of the scar tissue leading to eventration 13 . These phenomena appear in the short and medium term, and justify the need to understand the biomechanical origin of these failures and to quantify their conditions of occurrence.

This failure mode questions the state of remodeling of the new tissues and the integration of the implant, particularly around the incisional zone, with respect to their mechanical properties and the resistance that they must provide. Also, the influence of the surgical technique on the modes of failure is still poorly understood, resulting in a lack of consensus in the medical community on which techniques should be preferred 14 15 .

The hypothesis at the basis of this project is that these unfavorable mechanical conditions are present from the beginning of the post-surgical healing process, although their consequences are pathological later on.

In order to address this issue, it is necessary to mechanically characterize the tissue areas involved in healthy and post-operative states, as the data in the literature are very limited. The objective of this work is therefore to build a database of elastic and damage properties of healthy and scar tissues involved in a repaired abdominal wall. Using an ex vivo experimental campaign on porcine tissues, we thus propose to test and compare the mechanical behavior of the repaired wall to that of the healthy wall at three postoperative healing times. These experimental results will be analyzed and integrated via damage and rupture models into a numerical model of repaired wall in order to understand and detail the conditions of failure of an abdominal closure.

This model could allow the development of improved closure techniques and optimized implants, in particular in personalized versions, constituting a digital twin to anticipate and optimize practices.

This project involves two academic partners (Mines Saint-Etienne, Sainbiose laboratory and INSA Lyon, LaMCoS laboratory) and the company "Medtronic France" (in Trévoux), one of the market leaders of these implants under Aura Region research program "CarAbdo". La paroi abdominale est un système complexe soumis à la pression intra-abdominale, renformant la cavité abdominale qui comprend les structures digestives, urinaires et neurovasculaires. Cette thèse se concentre sur la partie antéro-latérale, comprenant des couches musculaires (muscles droit de l'abdomen, muscles transverse, obliques externe et obliques interne) et des tissus conjonctifs (fascias, ligne blanche, gaines abdominale). Après une chirurgie abdominale, environ 2-11 % d'entre elles conduisent à des hernies incisionnelles 2 . L'utilisation d'un textile est devenue courante en raison du taux élevé de récidive d'environ 50% sans son application 3 et conduisant à un taux de récidive réduit insatisfaisant entre 24% et 43% 4 . Pour l'instant, il n'existe pas de consensus sur la meilleure façon de réparer les hernies incisionnelles : sur l'approche chirurgicale (directe ou coelioscopique), sur le textile à utiliser, sur les fixations à appliquer, sur le positionnement du textile, etc. Différents tests mécaniques existent pour caractériser, en élastique et en endommagement, les constituants de la paroi abdominale. On trouve dans la littérature un nombre conséquent d'études concernant la caractérisation de la ligne blanche (où se trouvent la plupart des ouvertures abdominales) et moins sur les muscles de la paroi abdominale. De plus, presque toutes les études se sont concentrées sur la caractérisation élastique, manquant ainsi l'importance du comportement en endommagement. En effet, il n'existe donc à notre connaissance, que des modèles par éléments finis en élastique. L'implémentation du comportement d'endommagement caractérisant l'initiation de rupture et la propagation de la fissure dans les modèles numériques pourrait représenter une nouvelle étape pour la réparation des hernies abdominales étant donné l'importance de la compréhension du mécanisme de récidive.

Un modèle d'endommagement de champ de phase a été utilisé dans le but d'observer l'initiation de rupture ainsi que sa propagation dans un modèle numérique de paroi abdominale réparée. Une étude méthodologique pour identifier les paramètres d'endommagement des constituants de l'abdomen a été menée. Nous avons également étudié l'implémentation du champ de phase dans la plateforme opensource FEniCS car il est, à notre avis, plus pratique d'implémenter de cette manière des lois de comportement spécifiques telles que les comportements d'endommagement. En effet, nous avons montré à travers des exemples minimaux que l'implémentation peut être simple. Ensuite, pour comprendre et définir les paramètres d'endommagement dans le modèle numérique, une étude paramétrique a été réalisée, relevant une dépendance complexe entre les paramètres de champ de phase. Nous avons également démontré, comme plusieurs auteurs dans la littérature, la dépendance entre l c et la taille des éléments du maillage. Afin d'améliorer l'implémentation de champ de phase, une étude numérique sur l'application de champs hétérogènes de g c a été réalisée, avec des résultats prometteurs mais peu concluants. Enfin, pour compléter les études préliminaires à l'élaboration d'une méthodologie d'identification des paramètres d'endommagement, les différentes manières de les calibrer ont été décrites : en utilisant une solution homogène de la formulation de champ de phase, en fixant l c au maillage et en réalisant des essais mécaniques couplées à des calculs analytiques. Toutes ces méthodes ont donné de bons résultats avec leurs propres avantages et inconvénients. Grâce à toutes ces études et calibrations, la procédure d'identification inverse a été décrite et appliquée avec succès lors d'essais de traction uniaxiale et de pelage.

Dans le but de reproduire les réparations d'hernies ventrales dans des conditions aussi proches que possible des cas cliniques, une étude animale a été conçue.

La méthode la plus courante pour étudier le comportement mécanique des tissus mous consiste à tester des échantillons animaux, qui doivent être préparés le plus tôt possible après la mort pour éviter les effets de détérioration biologique tels que la rigidité cadavérique. La congélation et la cryo-conservation pourraient permettre de prolonger le délai entre le prélèvement et l'implantation. D'un point de vue mécanique, la préservation des tissus pourrait influencer les résultats des tests mécaniques. Une étude a donc été réalisé pour étudier l'influence de la cryopreservation sur le comportement mécanique des échantillons, notamment à la rupture; et ainsi adapter l'étude animale aux résultats trouvés. Deux tests ont été réalisés sur la paroi abdominale porcine : Un test de traction pour étudier le comportement élastique des échantillons et la résistance à la traction jusqu'à rupture ; Un test de pelage pour étudier plus finement la cohésion entre les fibres musculaires. Aucune différence statistique n'a pu être observée suite au test de traction. Cependant, les tests de pelage entre les échantillons cryo-conservés et les échantillons témoins ont montré une nette différence statistique avec une valeur p de 0, 0097 pour G p . En effet, le taux de libération d'énergie était plus élevé pour le groupe cryo-conservé que pour le groupe témoin avec G p = 0, 36 ± 0, 07 N/mm contre 0, 26 ± 0, 10 N/mm. Cette différence suggère que la caractérisation des énergies de rupture pour les tissus musculaires devrait être faite sans avoir congelé les échantillons, même avec un agent cryo-préservateur. Ces résultats pourraient également indiquer 2
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Résumé étendu que même si le mode de rupture est le même entre les tests mécaniques, une direction de rupture différente pourrait impliquer des préservations mécaniques différentes pour les tissus mous. Sur la base de ces résultats, nous avons décidé de ne pas cryo-conserver les échantillons pour l'étude animale décrite dans cette thèse. Concernant celle-ci, un groupe contrôle n'ayant subi aucune intervention chirurgicale a été utilisé comme témoin, un autre n'étant pas réparé a été utilisé pour évaluer le succès de la création d'hernie ventrale. Enfin, deux réparations différentes ont été comparées, l'une avec seulement des sutures et l'autre avec l'ajout d'un textile. La caractérisation mécanique a été effectuée 2 jours, 4 semaines et 12 semaines après l'intervention chirurgicale en effectuant des tests de traction, de pelage et de gonflement. Les quantités mécaniques ont été extraites et analysées entre les groupes afin de proposer des principaux résultats et des tendances. Les résultats expérimentaux ont souligné l'importance de l'utilisation des textiles dans la réparation des hernies ventrales. Ils ont montré un comportement plus approprié que lors de l'utilisation de sutures seules comme réparation. En effet, le comportement global observé lors des tests de gonflement était plus proche de la paroi abdominale témoin pour le groupe réparé et la résistance apportée était suffisante. Cependant, malgré le meilleur comportement et la résistance apportée par le tex-Baptiste Pillet tile, un comportement plus rigide par rapport à la paroi abdominale témoin a été observé dans la zone réparée. L'anisotropie n'a pas non plus été parfaitement reproduite et ces défauts peuvent contribuer à l'inconfort ressenti et rapporté par les patients. Les données mécaniques ont été utilisées pour développer et alimenter un modèle numérique qui vise à comprendre et prédire les récidives de hernies. Elles peuvent également être utilisées pour d'autres études et développements numériques futurs. Suite à l'étude animale, le comportement et la rupture des tissus abdominaux avec et sans réparation ont été caractérisés pour alimenter le modèle numérique. Nous avons choisi dans ce travail de nous concentrer sur une région localisée afin de décrire précisément les déformations et les endommagements dans la zone d'intérêt. Avec un modèle global servant de modèle de référence pour retrouver les tensions appliquées sur la ligne blanche, le modèle local visait à étudier les différences de réponses entre les techniques de réparation, le temps post-chirurgical et les activités physiologiques. En outre, l'implémentation de l'endommagement de champ de phase permet d'identifier les régions endommagées et les éventuelles initiations de fissures. Le modèle a été utilisé en deux étapes : fermeture des sutures (si des sutures étaient présentes) et application des tensions externes pour reproduire les activités physiologiques de respiration debout et de toux. Dans le but de reproduire le plus fidèlement possible des cas cliniques pour comprendre le mécanisme des récidives de réparation de hernie ventrale, le modèle local a été paramétré au maximum. Les tissus de la paroi abdominale ont été modélisés sur la base d'une géométrie réelle et ils ont tous été implémentés avec les lois des matériaux, les paramètres élastiques et d'endommagement trouvés pendant l'étude animale. L'implémentation de l'étape de fermeture des sutures a été vérifiée et ses paramètres ont été choisis en fonction de la littérature. Les simulations des 12 sous-modèles ont été présentées et comparées afin d'en extraire les principaux résultats de cette étude numérique. Nous nous sommes intéressés à la localisation des points faibles dans la zone incisionnelle, aux valeurs d'endommagement pour les activités physiologiques testées et aux réponses contrainte-déformation de la zone d'incision. Les patients sains réparés avec un textile ont eu un comportement proche de celui de leurs homologues intacts. En revanche, les patients assimilées à un état obèse présentaient un risque de récidive plus élevé que les patients sains. Ce résultat rappelle que l'obésité est en effet apparue comme un facteur de récidive dans la littérature. Ceci a été observé même lorsque la réparation était effectuée avec l'ajout d'un textile. En effet, pour ces patients, il a été constaté que les endommagements augmentaient en fonction des efforts physiologiques en raison de la différence de comportement mécanique entre le textile et la ligne blanche. De plus, la technique de suture avec un large intervalle a entraîné plus d'endommagement que celle à intervalle rapproché, ce qui confirme les études cliniques indiquant une plus grande récidive lors de l'utilisation des sutures plus écartées. De plus, la forme de l'endommagement trouvé autour des points de suture pendant les activités physiologiques était en accord avec le phénomène de queue de comète de la suture en raison de sa migration. Malgré tout, aucun des sous-modèles n'a indiqué une rupture pendant les activités physiologiques quotidiennes et nous avons constaté que le néo-tissu subissait moins de contrainte que la ligne blanche 4 semaines après l'intervention, ce qui indique que l'utilisation de sutures ou de textile a préservé la zone incisée.
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Résumé étendu

CHAPTER 1. STATE OF THE ART

Chapter summary

The abdominal wall is a complex system subjected to intra-abdominal pressure and confining the abdominal cavity, which consists of digestive, urinary, neurovascular structures. This thesis focuses on the anterolateral part, comprising muscles layers (rectus abdominis, transverse, external oblique and internal oblique muscles) and connective tissues (fascias, linea alba, rectus sheath). After an abdominal surgery, 2-11 % of thus lead to incisional hernias [START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. The use of a textile has become common practice due to the high recurrence rate (up to 50%) without its application [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF] and leading to an un-satisfied reduced recurrence rate of between 24% and 43% [START_REF] Burger | Long-term follow-up of a randomized controlled trial of suture versus mesh repair of incisional hernia[END_REF]. For now, no consensus exists on the best way to repair incisional hernias: on the surgical approach (direct or laparoscopic), on the mesh to use, on the fixations to apply, on the mesh positioning etc. Different mechanical tests exist to characterize, in elastic and in damage, the abdominal wall constituents. A consequent amount of studies can be found in the literature concerning the linea alba characterization (where most of abdominal opening are) and less on abdominal wall muscles. Also, almost all of studies focused on elastic characterization, hence missing the importance of damage mechanics. Indeed, there is therefore to our knowledge, only finite element models simulating the elastic behavior of the AW. Implementation of damage behavior characterizing the initiation of damage and the crack propagation in numerical models could represent a new step for ventral hernia repair as it is essential to understand the mechanism of failure.

Résumé du chapitre

La paroi abdominale est un système complexe soumis à la pression intra-abdominale, renformant la cavité abdominale qui comprend les structures digestives, urinaires et neurovasculaires. Cette thèse se concentre sur la partie antéro-latérale, comprenant des couches musculaires (muscles droit de l'abdomen, muscles transverse, obliques externe et obliques interne) et des tissus conjonctifs (fascias, ligne blanche, gaines abdominale). Après une chirurgie abdominale, environ 2-11 % d'entre elles conduisent à des hernies incisionnelles [START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. L'utilisation d'un textile est devenue courante en raison du taux élevé de récidive d'environ 50% sans son application [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF] et conduisant à un taux de récidive réduit insatisfaisant entre 24% et 43% [START_REF] Burger | Long-term follow-up of a randomized controlled trial of suture versus mesh repair of incisional hernia[END_REF]. Pour l'instant, il n'existe pas de consensus sur la meilleure façon de réparer les hernies incisionnelles : sur l'approche chirurgicale (directe ou coelioscopique), sur le textile à utiliser, sur les fixations à appliquer, sur le positionnement du textile, etc. Différents tests mécaniques existent pour caractériser, en élastique et en endommagement, les constituants de la paroi abdominale. On trouve dans la littérature un nombre conséquent d'études concernant la caractérisation de la ligne blanche (où se trouvent la plupart des ouvertures abdominales) et moins sur les muscles de la paroi abdominale. De plus, presque toutes les études se sont concentrées sur la caractérisation élastique, manquant ainsi l'importance du comportement en endommagement. En effet, il n'existe donc à notre connaissance, que des modèles par éléments finis en élastique. L'implémentation du comportement d'endommagement caractérisant l'initiation de rupture et la propagation de la fissure dans les modèles numériques pourrait représenter une nouvelle étape pour la réparation des hernies abdominales étant donné l'importance de la compréhension du mécanisme de récidive.
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Anatomy

To fully understand the subject and its problematic, this section attempts to briefly explain the different components of the biological scope of the thesis. First, the overall geometry of the AW and its characteristics are described, followed by its components.

Global geometry

The abdominal wall (AW) is a complex system confining the abdominal cavity, which consists of digestive, urinary, neurovascular structures. It extends from the pelvic cavity to the diaphragm. It can be decomposed at the front by the anterior wall, at the back by a posterior wall created by the vertebral and para-vertebral structures. Its cylindrical shape is transforming to a kind of dome shape during deep inspirations with radius being approximatively 201 mm in the transverse direction and 470 mm in the longitudinal one [Förstemann et al., 2011].

The AW is a composite structure made of skin, fat, connective tissues, peritoneum, and paired muscles such as external obliques (EO) , internal obliques (IO) , transverse muscles (TR) , rectus abdominis (RA) forming large overlapping layers (see Figure 1.2 and Figure 1.3). Their muscular fibers are obliquely oriented (see Figure 1.5) with respect to each other and stretch together through the connective tissue network (see Figure 1.6).

This thesis focuses on the anterolateral part formed by the abdominal musculature and delimited at the top by the xiphoid process and the ribs and at the bottom by the pelvic skeleton (iliac crests, iliac spines and pubis), see Figure 1 [START_REF] Netter | Atlas of Human Anatomy[END_REF] Figure 1.3: Abdominal wall (AW) below the arcuate line. Aponeurosis of internal oblique (IO) muscle does not split at this level but passes completely anterior to rectus abdominis (RA) muscle and is fused there with both aponeurosis of external oblique (EO) muscle and that of transverse abdominis (TR) muscle. Thus, posterior wall of rectus sheath (RS) is absent below arcuate line and RA muscle lies on transverseis fascia. [START_REF] Netter | Atlas of Human Anatomy[END_REF] 10
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Muscular tissues

These muscles and connective tissues contribute with their active behavior to the accomplishment of physiological tasks (breathing, coughing etc.) but also to the support of posture [START_REF] Brown | Constraining spine stability levels in an optimization model leads to the prediction of trunk muscle cocontraction and improved spine compression force estimates[END_REF], [START_REF] Brown | Effects of abdominal muscle coactivation on the externally preloaded trunk: Variations in motor control and its effect on spine stability[END_REF][START_REF] Cholewicki | Can increased intra-abdominal pressure in humans be decoupled from trunk muscle co-contraction during steady state isometric exertions[END_REF][START_REF] Cholewicki | Mechanical stability of the in vivo lumbar spine: Implications for injury and chronic low back pain[END_REF][START_REF] Gardner-Morse | The effects of abdominal muscle coactivation on lumbar spine stability[END_REF]], trunk movements [START_REF] Gatton | Modelling the line of action for the oblique abdominal muscles using an elliptical torso model[END_REF][START_REF] Marras | Muscle activities during asymmetric trunk angular accelerations[END_REF][START_REF] Mcgill | Kinetic potential of the lumbar trunk musculature about three orthogonal orthopaedic axes in extreme postures[END_REF][START_REF] Mcgill | A revised anatomical model of the abdominal musculature for torso flexion efforts[END_REF][START_REF] Pope | Electromyographic studies of the lumbar trunk musculature during the development of axial torques[END_REF][START_REF] Thelen | Quantitative interpretation of lumbar muscle myoelectric signals during rapid cyclic attempted trunk flexions and extensions[END_REF] and the regulation of the intra-abdominal pressure (IAP) (e.g. by stiffening the lumbar spine [START_REF] Cholewicki | Can increased intra-abdominal pressure in humans be decoupled from trunk muscle co-contraction during steady state isometric exertions[END_REF][START_REF] Cholewicki | Intra-abdominal pressure mechanism for stabilizing the lumbar spine[END_REF][START_REF] Cresswell | The role of the abdominal musculature in the elevation of the intra-abdominal pressure during specified tasks[END_REF][START_REF] Essendrop | Intra-abdominal pressure and activation of abdominal muscles in highly trained participants during sudden heavy trunk loadings[END_REF]).

Skeletal muscle is made up of a set of muscle bundles, which are themselves made up of a set of muscle fibers, and each muscle fiber contains hundreds of myofibers (see Figure 1.7). Layers of connective tissue help to maintain these different assemblies: the epimysium covers the entire muscle, the perimysium assembles the fibers into muscle bundles, and the endomysium surrounds each muscle fiber [START_REF] Edouard | Notions fondamentales sur la physiologie et la mécanique de la contraction musculaire[END_REF].
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1.1.2.1 External oblique (EO)
The EO is the outermost of the three anterolateral flat muscles of the abdomen with a thickness of about 7 mm [START_REF] Misuri | In vivo ultrasound assessment of respiratory function of abdominal muscles in normal subjects[END_REF]. It originates from the last 7 or 8 ribs and finishes to intertwines with the greater dorsal and the anterior serrated muscle. The fibers are oriented almost horizontally in the upper part and become oblique in the lower part where they fold over themselves to form the inguinal ligament [START_REF] Bendavid | Abdominal Wall Hernias: Principles and Management[END_REF].

1.1.2.2 Internal oblique (IO)
The IO, located under the EO, originates from the anterior two-thirds of the iliac crest and the lateral half of the inguinal ligament. Its fibers are oriented almost perpendicular to the fibers of the external oblique muscle [START_REF] Bendavid | Abdominal Wall Hernias: Principles and Management[END_REF].

Transverse abdominis (TR)

The TR, located under the IO, is a large and thin muscle (about 5 mm thick [START_REF] Misuri | In vivo ultrasound assessment of respiratory function of abdominal muscles in normal subjects[END_REF]).

It leans from the 7th to the 12th rib, on the lateral third of the inguinal ligament and on the iliac crest. It is composed of horizontal muscle fibers [START_REF] Ahluwalia | Anatomy of the anterior abdominal wall[END_REF]. 1.1.2.4 Rectus abdominis (RA)

RA are formed by a pair of muscles arranged symmetrically to the linea alba (LA) and are surrounded by a connective tissue called rectus sheath (RS) . Its fibers are oriented in the craniocaudal direction (see Figure 1.1). It is wider and thinner in the upper half (10-12 cm at the costal crest and 5-8 cm at the umbilicus [START_REF] Cocks | Abdominal Wall Hernias. Principles and Management[END_REF]). It ends in a fibrous tendon measuring 2-3 cm wide at the pubis. Its muscular body is interrupted by 3 to 5 transverse tendon intersections [START_REF] Bendavid | Abdominal Wall Hernias: Principles and Management[END_REF].

Connective tissues

Connective tissues such as the linea alba (LA) , rectus sheath, aponeurosis, join into a common denomination: fascias. They play an important role in the deformation of the AW. They transmit forces between muscles, thus taking an important part in the mechanical behavior of the abdomen [START_REF] Baptiste Pillet | Transmission of muscularly generated force and stiffness between layers of the rat abdominal wall[END_REF]. They also provide a passive supporting and protective action for abdominal organs [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF]. They are mainly composed of collagen fibers. It is a basic structural element for soft and hard tissues. It gives the human body its mechanical integrity and strength.

Aponeuroses

Aponeuroses are fibrous membranes enveloping the muscles. For each of them, their aponeurosis can be separated into an anterior and a posterior side, which can be observed in Figures 1.2 and 1.3. 1.1.3.2 Rectus sheath (RS) The rectus sheath (RS) is a particular aponeurosis, decomposing also into an anterior and a posterior side (see Figure 1.2 and 1.3). It is formed by the aponeuroses of the TR, the IO and the EO and it contains the RA. The composition of the rectus sheath (RS) is different between the part above and below the arcuate line (tendinous element located about 4-5 cm below the umbilicus), see Figure 1.2 and 1.3 [START_REF] Funk | Laparoscopic ventral hernia repair[END_REF]. Enclosing muscles with RS helps supporting forces and reducing friction between organs.
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The linea alba (LA) is formed by the union of aponeuroses of the anterolateral muscles (so called a raphe), from the xiphoid process to the pubis. It is interrupted by the umbilicus and is wider and thinner in its supra-umbilical portion than in its infra-umbilical portion [START_REF] Rath | The abdominal linea alba: An anatomo-radiologic and biomechanical study[END_REF].

Figure 1.8: Anatomical model of collagen fiber architecture in the linea alba (LA) , from [Gräßel et al., 2005]. From ventral to dorsal, the fibers are oriented: (1) oblically, (2) transversely, and (3) irregularly

Observations revealed that collagen fibers are oriented differently between the ventral surface and the dorsal surface [Acosta Santamaría et al., 2015;Gräßel et al., 2005]. In the supra-umbilical region of the LA, fibers extending from aponeuroses of oblique muscles are oriented obliquely while in the infraumbilical part fibers are mostly oriented transversely.

Due to the superior pressure produced by the pregnancy, a difference exist between males LA and females LA.

Fascia transverseis

The fascia transverseis is a thin fibrous membrane that covers the deep face of the anterolateral AW musculature. This membrane surrounds the abdominal cavity and continues into the pelvic cavity (see Figure 1.2 and 1.3). It is a dense connective tissue, very rich in collagen fibers.

Peritoneum

The peritoneum is a serous membrane (smooth, shiny, translucent and contains a thin layer of liquid) formed by a visceral layer and a parietal layer, thus delimiting the peritoneal cavity. The visceral layer lines the superficial face of the abdominal viscera and the parietal layer lines the inner face of the AW [START_REF] Podwojewski | Caractérisation biomécanique globale de la paroi abdominale saine, lésée et réparée : de l' ex vivo à l' in vivo[END_REF].

Terminologies

As different terms are used between medicine and physics and those can be confused, this subsection aims to clarify the terminologies used in this work. For example, at the AW level, longitudinal and transverse directions are equivalent to cranio-caudal and lateral directions respectively while at the muscle level, longitudinal and transverse could be used according to the muscular fibers orientations (i.e. fiber and cross-fiber directions), see the Figure 1.1 for the orientations commonly used. As muscular fiber orientation depends of each muscle, we prefer to use the terms "fiber and cross-fiber" directions to describe orientations locally. Conversely for the LA, the terms longitudinal and transverse are used to describe orientations globally as fibers are oriented differently between the supra-umbilical and the infra-umbilical regions. It means that, in the longitudinal direction of the infra-umbilical LA (global orientation), fibers are oriented perpendicularly (local orientation). To sum up we assume these terminologies :

• Global orientation 14 Baptiste Pillet

CHAPTER 1. STATE OF THE ART

→ longitudinal: Equivalent to the cranio-caudal direction.

→ transverse: Equivalent to the lateral direction.

• Local direction (to describe fiber orientation)

→ fiber: Parallel to fibers direction.

→ cross-fiber: Perpendicular to fibers direction.

• At the LA → supra: For supra-umbilical. Above the umbilical region, near the epigastric region.

→ infra: For infra-umbilical. Under the umbilical region, near the hypogastric region.
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Hernias

Now that the AW structure is introduced, the current section tries to highlight the occurrence of hernias, whether primary or incisional, in relation with intra-abdominal pressure (IAP) . Finally, its management and the evolution of surgical techniques will be explained in a non-exhaustive way. The AW is subject to intra-abdominal pressure (IAP) which depends on the variable volume of internal organs, breathing and muscle activation [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF]. It must therefore resist all forms of mechanical forces exerted by our physiological activities (being statics or dynamics), such as coughing, vomiting, obesity, pregnancy, etc., inducing different levels of IAP. Cobb et al. [Cobb et al., 2005] measured the IAP exerted by these physiological tasks (see Table 1.1) and some of them can exceed 10 kPa. Different pathologies can modify this IAP as well as the mechanical characteristics of the AW [Cobb et al., 2005]. Increasing IAP can have negative effects: decrease in cardiac output due to a decrease in venous return, decrease in renal blood flow, decrease in glomerular filtration rate and decrease in splanchnic and hepatic perfusion. Mostly the IAP has direct consequences, with other factors, in the formation and recurrence of abdominal hernias [Cobb et al., 2005].

Primary hernias

A hernia is the passage of an organ, most often the small intestine, through a natural orifice (see Figure 1.9). More than 20 millions of only one type of hernias (inguinal) are estimated per year around the world [START_REF] Pillet | Hernias: Inguinal and incisional[END_REF] CHAPTER 1. STATE OF THE ART These inguinal hernias sit just above the groin fold. It is a femoral hernia when it is located below the groin fold, umbilical hernia when located at the umbilicus. Finally, epigastric hernia is located between the abdominal muscles above the navel (see Figure 1.10). Generally, femoral hernias are more present in women and more complicated than inguinal hernias, which are more frequent in men. Umbilical hernias often form as a result of a poor closure of the umbilical orifice, and are therefore more frequent in children. Much more rarely, there are lateral hernias, also called "Spiegel's hernia", on the AW, located between the insertion of the abdominal muscles [Centre Lyonnais de chirurgie digestive; CHU [START_REF] Chu Libourne | Centre hospitalier universitaire libourne[END_REF].

There are factors favoring their appearance, but contrary to popular belief, muscular development does not prevent their occurrence. These promoting factors are essentially those that increase the IAP such as high Body Mass Index (BMI) , carrying repeated heavy loads, chronic constipation, difficulty urinating (prostate adenoma) and pregnancy for example [START_REF] Chu Libourne | Centre hospitalier universitaire libourne[END_REF].

Another pathology resembling hernias but not to be confused is diatasis of the rectus (or abdominal separation). This disorder is defined by the separation of the RA muscle between its left and right parts that are normally joined at the LA. Diatasis occurs mainly in newborns (the RA are not fully developed and may not be fused together on the midline, which itself may have a minor defect) but also in pregnant or post-partum women (the deformity being caused by the stretching of the abdominal muscle by the growing uterus) [START_REF] Chu Libourne | Centre hospitalier universitaire libourne[END_REF].

Incisional hernias

Epigastric hernia

Umbilical hernia

Spiegelʹs hernia

Inguinal hernia Femoral hernia The complex and dynamic interactions of forces in the abdomen can be disrupted following surgery: an incisional hernia or also called "eventrations" may occur, which is the most common complication after a laparotomy (incision of the abdomen) [START_REF] Dubay | Incisional herniation induces decreased abdominal wall compliance via oblique muscle atrophy and fibrosis[END_REF][START_REF] Duepree | Does means of access affect the incidence of small bowel obstruction and ventral hernia after bowel resection? Laparoscopy versus laparotomy[END_REF]. This common surgical act represents more than 14 millions procedures per year around the world [START_REF] Rizan | Environmental impact and life cycle financial cost of hybrid (reusable/single-use) instruments versus single-use equivalents in laparoscopic cholecystectomy[END_REF]] and 2-11 % of thus lead to incisional hernias [START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]]. An area of weakness during the post-operative time can appear and allow the peritoneum content to freely exit under the skin. They can be located throughout the entire AW and most often at the level of the LA [START_REF] Korenkov | Biomechanical and morphological types of the linea alba and its possible role in the pathogenesis of midline incisional hernia[END_REF].

Medical procedure

There is no spontaneous healing of hernias, the tendency is towards a more or less rapid increase in size and the occurrence of complications. Unfortunately, there are no clinical or radiological devices to predict their outcome. Initially there is discomfort, pain and sometimes the occurrence of a ball that comes out on exertion. The hernia or eventration may become after a certain time difficult to reduce or even irreducible. It is at this point that we speak of a strangulated hernia (or strangulation). The aggravation of the symptoms can lead to intestinal occlusion, if the intestine is stuck in the hernia. Signs are cessation of gas and material, sometimes associated with vomiting. Surgery is then urgently required. Because of the increased risk of surgery after these aggravations, it is often referred to as prophylaxis (procedure designed to prevent the appearance, spread or worsening of a disease) [Centre Lyonnais de chirurgie digestive].

Until the 1990s, adaptation and duplication of fascias were standard surgical procedures for incisional hernias. However, incisional hernias were often associated with re-openings, and the recurrence rate was between 30 and 54% [START_REF] Del Pozo | Three-dimensional mesh for ventral hernias: A new technique for an old problem[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Nowadays, the repair consists in reducing the hernia sac and in most cases strengthening the wall with the insertion of a prosthesis (mesh, textile), see Figure 1.9 [CHU Libourne, 2014]. Several techniques are available to repair the wall of the abdomen: by direct approach of the hernia by making an opening at its level (laparotomy) or by laparoscopic approach (using small incisions and a camera at distance). The laparoscopic transabdominal pre-peritoneal (TAPP) way is one of the most modern technique. It consists in making a small incision (about 12 mm) to insert a camera into the abdomen to observe the area to be repaired. Marks are then made on the abdomen and two incisions of less than 8 mm for the surgical tools are performed. After repair of the hernia by laparoscopic surgery, the textile is rolled up and passed through the port of 12 mm and is then placed and sutured with forceps through the same port. Approximately 23.3 % of procedures are performed laparoscopically in the UK [START_REF] Palser | Variation in outcomes and use of laparoscopy in elective inguinal hernia repair[END_REF]. For now, no consensus exists, except for recommendations, between the use of laparoscopy and direct open approach for hernia repair. According to Pawlak et al., many surgeons simply choose operating methods that better suit their skills. Moreover, as training is based on the principle of master and his follower, the successor will perpetuate the mistakes or the methods (without any critical appraisal) of his master. Unfortunately, it is an extremely difficult and tedious task for every practicing surgeon to search medical databases and review studies. Moreover, according to some clinical studies, Technical factors were responsible for nearly all early recurrences following the laparoscopic hernioplasty [START_REF] Phillips | Reasons for early recurrence following laparoscopic hernioplasty[END_REF]. Anyway, laparoscopy seems preferred when the access and implant positioning are more difficult to perform openly [START_REF] Pawlak | The management of abdominal wall hernias -In search of consensus[END_REF]. Some authors reported some adhesion risks after the surgery [START_REF] Wassenaar | Subsequent abdominal surgery after laparoscopic ventral and incisional hernia repair with an expanded polytetrafluoroethylene mesh: A single institution experience with 72 reoperations[END_REF], others like Loh et al. that open surgery could be superior for small ventral hernias because of the shorter operative duration, single incision, lower medical cost and no additional risk of port-site hernias [START_REF] Loh | Open versus laparoscopic intraperitoneal on-lay mesh repair: A comparison of outcomes in small ventral hernia[END_REF]. At the opposite, some authors reported low complication and no recurrence rate on a 4.7 years follow-up with the use of laparoscopy repair [START_REF] Zanoni | Laparoscopic transperitoneal hernia repair (TAPP) in emergency: long-term follow-up in a high volume centre[END_REF].

The use of a textile has become common due to the high rate of about 50% recurrence without its application [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. The development of stress free incisional hernia repairs using a prosthesis has been reported to have a reduced recurrence rate of between 24% and 43% [START_REF] Burger | Long-term follow-up of a randomized controlled trial of suture versus mesh repair of incisional hernia[END_REF]. More recently the defect is now closed in most cases. The use of textiles after an incision in the abdomen is a common operation that represents 350 000 repairs per year in the United States at a cost of 3.2 billion euros, making it the most common procedure of all general surgeries [START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF]. Despite this, the rate of recurrence is still insufficient. Approximately 348 000 AW hernia repairs are performed annually in the United States [START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF] and 300 000 in Europe [START_REF] Sauerland | Laparoscopic versus open surgical techniques for ventral hernia repair[END_REF]. In addition, estimated procedural costs range from $3,873 to $15,899 for outpatient and inpatient repairs, respectively. It is estimated that each 1% reduction in hernia recurrence would result in at least $32 million in annual savings in procedural costs alone [START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF].

The usual procedure for textile application once the hernia is repaired, consists of closing the fascia, placing the textile on the anterior fascia (also called "onlay" or "overlay" position), see Figure 1.11. In the "inlay" position, the textile is placed in the defect without closing the fascia, like a barrier. In the "sublay" method, the textile is placed in a pre-peritoneal position (or in a retromuscular one) and in the "underlay" method, the implantation of the textile is intra-peritoneal.

In the majority of laparoscopy repairs, the surgeon simply places the mesh using the TAPP approach technique, and additional mesh fixation is performed [START_REF] Ferzli | Prospective randomized study of stapled versus unstapled mesh in a laparoscopic preperitoneal inguinal hernia repair[END_REF]. Metal fixation devices are mainly used for textile fixation such as the hernia stapler with helical fasteners (e.g. Pro-tack®) which are the most common [START_REF] Leblanc | Comparison of adhesion formation associated with Pro-Tack (US surgical) vs a new 64 Baptiste Pillet CHAPTER 1. STATE OF THE ART mesh fixation device, salute ([END_REF]]. In the case of the helical staple, its good mesh fixation in the tissue is very advantageous [START_REF] Baptiste Pillet | Static calculations for mesh fixation by intraabdominal pressure in laparoscopic extraperitoneal herniorrhaphy[END_REF] but this fastener should not be used for peritoneal closure because of its potential risk of adhesion [START_REF] Withers | A spiral tack as a lead point for volvulus[END_REF]]. The other staples, which have a flexible figure-eight shape, are suitable for peritoneal closure and are preferred in the literature when using the TAPP technique [START_REF] Bittner | Laparoscopic transperitoneal procedure for routine repair of groin hernia[END_REF], however, clips can cause chronic pain due to tissue trauma or damage to the femoral branch of the genito-femoral nerve or the lateral femoral cutaneous nerve [Aasvang and Kehlet, 2005]. Other fixation methods with a low degree of tissue trauma have been developed. Fibrin

Reinforcement textiles

To go a little deeper into the understanding of the role of the reinforcement textile, this section aims to explain the origin of the mesh, the different possible positions inside the AW and its material characteristics. Then, from a more clinical point of view, we looked at the different information that the surgeon must take into account when choosing a textile and finally the factors of recurrence known from the literature.

History

The use of prostheses in parietal surgery has long been controversial, given the alleged risks to patients of inserting a foreign body. However, it has become more and more usual to use them with the poor results of repairs published in the literature. The market for parietal prostheses has exploded due to the very good results reported after a well-done prosthetic repair. Thus, if only two or three firms were present on the French market with a limited choice of material about twenty years ago, nowadays, more than 20 firms propose prostheses of different nature, shape and size. From now on, the insertion of a prosthesis is either a matter of principle (given the high rate of recurrence observed after a simple surgery), or of necessity when the parietal defect is too large to restore normal anatomy [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF].

Mesh positioning

Figure 1.12: Microscopic aspect of a HERNIA-TEX 3DC prosthesis (Surgical Diffusion). Threedimensional knitted structure made of polyester and impregnated with collagen. Magnification x 45 [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF] Onlay and underlay mesh placement are the most common locations [START_REF] Albino | Does mesh location matter in abdominal wall reconstruction? A systematic review of the literature and a summary of recommendations[END_REF]. Laparoscopy almost always implies the use of intra-peritoneal prosthesis (sublay position) [START_REF] Sauerland | Laparoscopic versus open surgical techniques for ventral hernia repair[END_REF].

Here also no clear consensus exists for choosing the mesh position. Zhong et al. and Albino and al. stated that onlay and inlay placements result in a higher rate of recurrence compared with sublay and underlay mesh placements [START_REF] Albino | Does mesh location matter in abdominal wall reconstruction? A systematic review of the literature and a summary of recommendations[END_REF][START_REF] Zhong | Outcomes after abdominal wall reconstruction using acellular dermal matrix: A systematic review[END_REF]. The same observation was made by Satterwhite et al. which reported a greater recurrence rate for the onlay mesh repair [START_REF] Satterwhite | Outcomes of complex abdominal herniorrhaphy: Experience with 106 cases[END_REF]. At the opposite, Vidovic et al. did not found any difference in recurrence rate between onlay and sublay placement [START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Also, Köckerling et al. find that in comparison with the onlay and underlay techniques, consistently lower recurrence rates have been identified for the sublay retrorectus technique [START_REF] Köckerling | What Is the Current Knowledge About Sublay/Retro-Rectus Repair of Incisional Hernias[END_REF]. Likewise, the surgical site infection rate is lower after sublay retro-rectus repair of incisional hernias than after the onlay technique. It is important to keep in mind that recurrences could also depend on other criterion such as patient factors (smoking, obesity, wound healing, age, etc.), mesh quality and repair complexity.

Design

Until the 1980s metallic textiles were used, then these prostheses were gradually abandoned despite their weak tissue reaction, but because of their rigidity responsible for painful consequences and their fragmentation. At the same time, synthetic materials have appeared which have rapidly supplanted other types of prosthesis [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF].
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Figure 1.11: Mesh placements for hernia repair, extracted from [START_REF] Alimi | Mesh and plane selection: a summary of options and outcomes[END_REF]. Sublay-intraperitoneal is commonly called "underlay" or "intra-peritoneal". Onlay is also called "overlay".

Currently, parietal prostheses initially manufactured in the form of a net have the structure of a textile mesh made of single or multi-stranded fibers woven, knitted or glued. 3 groups of textiles exist: synthetic non-resorbable implants made of polypropylene, low molecular weight saturated polyesters (Dacron), IPOM composites (mainly made of anti-adhesive polyvinylidene woven through polypropylene for intraperitoneal procedures) or for example expanded PTFE; implants derived from biological tissues are made from the dermis, pericardium, rumen or submucosa of the small intestine from human, porcine or bovine sources; and finally, synthetic resorbable tissues made for example with poly-4-hydroxybutyrate, polyglycolic acid or trimethylene carbonate [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. When operating in emergency the use of a absorbable prosthesis can be recommended due to the lower septic risk [START_REF] Bilsel | The search for ideal hernia repair; mesh materials and types[END_REF]. Beyond this, non-resorbable and resorbable meshes have a completely different mechanical integration in the surrounding tissue. An AW reinforced with a non-resorbable prosthesis is stronger than a normal AW. This maximum strength is already reached in the first month after surgery while absorbable prostheses only provide temporary strength and within two years all the material has disappeared.

These different textiles are often accompanied by a non-stick, anti-bacterial or reinforced fibre coating. The textile can form a single non-stick layer on one side and a tissue growth function on the other. Fiber additions are used to reinforce the textile and to allow the transfer of stresses gradually to the surrounding tissue. This is achieved by adding non-absorbable synthetic fibers to a textile derived from biological tissues and conversely, by adding resorbable fibers to a nonabsorbable synthetic textile [START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF]. Additions of non-stick coatings around the textile fibers form a composite which can be placed intra-peritoneally (see Figure 1.11). For example, a micro-porous side avoids adhesion to the viscera and a macro-porous side promotes tissue development [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF][START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF].

The mechanical characteristics of the prostheses are judged as for any textile by [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]:

• stretching or shrinking as a function of pressure and/or abdominal distension,

• burst tolerance,

• flexibility,

• isotropy (difference in deformation along several fiber directions),

• elasticity,

• resistance to stretching stress,

• memory (useful for the good spreading of the prostheses especially in laparoscopic surgery).
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We can also point out the geometrical characteristics related to the meshes such as:

• pore size (75 µm to over 1 mm) [START_REF] Bilsel | The search for ideal hernia repair; mesh materials and types[END_REF],

• weight (30-200 g cm -2 ) [START_REF] Klinge | Impact of polymer pore size on the interface scar formation in a rat model[END_REF][START_REF] Klosterhalfen | The lightweight and large porous mesh concept for hernia repair[END_REF],

• spatial distribution of filaments.

Meshes are usually distinguished between lightweight and heavyweight. The thickness, weight and pore size range define the category of the mesh, respectively as: <0.5 mm thick, <1 g) and 1.24-3.0 mm are values related to lightweight meshes and >0.5 mm thick, >1 g) and <1-2.0 mm for heavyweight ones [START_REF] Bringman | Hernia repair: The search for ideal meshes[END_REF].

Finally, the cost is highly variable, depending of the material type. It can vary from 49.70 to 1067.14 e [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF].

Choice of the prosthesis

Body reactions and healing

The insertion of a prosthesis into the body causes a foreign body reaction. The immediate response is inflammatory, with the occurrence of polynuclear cells and macrophages (cells involved in inflammatory responses). Around the 5 th day, the foreign body reaction occurs with the appearance of multinucleated giant cells (fusion of several cells when exposed to foreign-body). It is only at the end of the 2 nd week that the proliferation of fibroblasts starts (cell that synthesizes the extracellular matrix and collagen and also plays a critical role in an immune response to wound healing), precursors of the subsequent production of type III (can be found in skeletal muscles and in the production of blood cells) and then type I collagen fibers (common collagen fibers constituting bones, tissues, organs, etc.). This cascade of immune responses guarantees good healing. The tolerance of a prosthesis depends on the ratio of fibroblastic reaction to inflammatory reaction, a ratio that varies according to the different materials [START_REF] Adloff | Etude Experimentale De La Resistance Et De La Tolerance Biologique De Materiaux Prothetiques Utilises Dans La Reparation Des Pertes De Substance De La Paroi Abdominale[END_REF]].

Pore sizes

Macroporous prostheses contain larger pores than 75 µm [START_REF] Bilsel | The search for ideal hernia repair; mesh materials and types[END_REF] and have become the material of choice in hernia repair [START_REF] Afonso | Mechanical properties of polypropylene mesh used in pelvic floor repair[END_REF][START_REF] Bellón | Role of the new lightweight prostheses in improving hernia repair[END_REF][START_REF] Pascual | Early tissue incorporation and collagen deposition in lightweight polypropylene meshes: bioassay in an experimental model of ventral hernia[END_REF][START_REF] Usher | A New Technique for the Repair of Inguinal and Incisional Hernias[END_REF], including in the presence of an infection [START_REF] Alaedeen | The single-staged approach to the surgical management of abdominal wall hernias in contaminated fields[END_REF] unlike microporous prostheses. Indeed, macroporous textiles present a lower risk of fibrosis (fusion of plasma proteins that have not been absorbed with the connective tissue) than microporous textiles [START_REF] Schachtrupp | Individual inflammatory response of human blood monocytes to mesh biomaterials[END_REF]. Bacteria with an average size of one micron can easily colonize the prosthesis, but macrophages with a size of about 70 µm require macroporous material to come in contact with the pathogen. Thus, even contaminated, a macroporous prosthesis can be left in place after washing and antibiotic therapy, while a microporous prosthesis must be removed [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. Conversely, a microporous mesh creates little or no adhesions with the underlying organs and can therefore be placed intraperitoneally (see Figure 1.11) [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF], but never prefered to anti-adhesive composite meshes.

Integration

The integration of the prosthesis depends on the possibility of incorporating collagen fibers within the mesh of the prosthesis, which is at its maximum at the end of the 6 th week post-operation. Some have suggested accelerating this integration by coating the prosthesis with β-glucan [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. Prostheses with large pores allow their colonization by the body cells (macrophages, fibroblasts, blood vessels and collagen), which explains their integration and good long-term tolerance. The prosthetic structure becomes a true organic tissue, with the mesh structure serving as a framework for the collagen network. Conversely, microporous is never truly integrated and 22

Baptiste Pillet CHAPTER 1. STATE OF THE ART the subsequent strength of the parietal repair depends on the means of fixation of the prosthesis to the organic tissues [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. 1.3.4.4 Weight The first generation of polypropylene and polyester mesh contained too much foreign tissue and resulted in chronic pain and abdominal wall stiffness after implantation [START_REF] Klinge | Pathophysiology of the abdominal wall][END_REF].

Lightweight textiles are more elastic and have less inflammatory responses resulting in a better incorporation of tissue, greater complacency and less pain. Also, Klinge et al. [START_REF] Klinge | Pathophysiology of the abdominal wall][END_REF] showed a correlation between weight and flexion rigidity of the AW. Obviously, a lightweight mesh corresponds to fine filaments and large pores. On the opposite, an heavyweight mesh has thick filaments, small pores which induce a better resistance. First clinical studies with light meshes confirm their better biocompatibility, fewer inflammatory reactions to foreign bodies and less chronic pain. Moreover, one study showed that light meshes are associated with a higher rate of hernia recurrence [START_REF] O'dwyer | Randomized clinical trial assessing impact of a lightweight or heavyweight mesh on chronic pain after inguinal hernia repair[END_REF] and at the opposite, it was shown that there was no statistical difference on tissue incorporation, stress resistance and inflammatory response between light and heavy meshes, according to another study [START_REF] Bellón | Comparing the behavior of different polypropylene meshes (heavy and lightweight) in an experimental model of ventral hernia repair[END_REF].

Reported factors of recurrence

While the recurrence rate has been reduced with the use of reinforcing textiles to 14-44 % [START_REF] Burger | Long-term follow-up of a randomized controlled trial of suture versus mesh repair of incisional hernia[END_REF][START_REF] Temudom | Repair of complex giant or recurrent ventral hernias by using tension-free intraparietal prosthetic mesh (Stoppa technique): Lessons learned from our initial experience (fifty patients)[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF], the vast majority of recurrences occurs at the tissue/textile interface rather than within the implant itself [START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF]. Indeed, mesh itself is way more resistant than biological tissue [START_REF] Wang See | Hernia Mesh and Hernia Repair: A Review[END_REF]. Failure is therefore the consequence of a poor integration, which can be due to several factors listed below.

Shrinkage

Prostheses inserted in the body tend to retract within a few weeks [START_REF] Klosterhalfen | Influence of implantation interval on the long-term biocompatibility of surgical mesh[END_REF]. Amid et al. report a retraction of about 20 % of the size prostheses 10 months after implantation [Amid, 1997]. This was confirmed in the experimental study performed by Klinge et al. in dogs, where the size of a Prolene® prosthesis decreased by 25 % in four weeks, its surface area by 46 % and the pore size decreased from 2.5 mm to 1.8 mm [Klinge et al., 1998b]. It has been reported that micro-porous textiles exhibit less shrinkage [START_REF] O'dwyer | Randomized clinical trial assessing impact of a lightweight or heavyweight mesh on chronic pain after inguinal hernia repair[END_REF]. This shrinkage phenomenon must be taken into account when inserting a prosthesis, which should always be well above the size of the parietal defect. Indeed, failure due to shrinkage can probably explain some recurrences seen on the borderline of an overlay prosthetic repair [START_REF] Bouillot | How to choose a mesh for the treatment of incisional hernias?[END_REF]. Also, shrinkage can be due to dehydration of the soft tissue and later by maturation and cross-linking of collagen fibers [START_REF] Fang | Wound contraction following transplantation of microskin autografts with overlaid skin allograft in experimental animals[END_REF]. It seems that the more an inflammatory response is present due to a textile, the higher the degree of contraction [START_REF] Bilsel | The search for ideal hernia repair; mesh materials and types[END_REF][START_REF] Fang | Wound contraction following transplantation of microskin autografts with overlaid skin allograft in experimental animals[END_REF]].

Mesh size

When a small sized mesh is used, the defect may not be adequately covered because the overlap area is too small and the integration of the neo-tissue into the textile is insufficient [START_REF] Eklund | Recurrent inguinal hernia: Randomized multicenter trial comparing laparoscopic and Lichtenstein repair[END_REF][START_REF] Langer | Central mesh recurrence after incisional hernia repair with Marlex -Are the meshes strong enough?[END_REF][START_REF] Petro | Central failures of lightweight monofilament polyester mesh causing hernia recurrence: a cautionary note[END_REF][START_REF] Žuvela | Central rupture and bulging of low-weight polypropylene mesh following recurrent incisional sublay hernioplasty[END_REF]. This is why many authors recommend the use of a mesh measuring 15 × 10cm [START_REF] Eklund | Recurrent inguinal hernia: Randomized multicenter trial comparing laparoscopic and Lichtenstein repair[END_REF][START_REF] Kapiris | Laparoscopic transabdominal preperitoneal (TAPP) hernia repair: A 7-year two-center experience in 3017 patients[END_REF][START_REF] Totté | Surgical anatomy of the inguinal region: Implications during inguinal laparoscopic herniorrhaphy[END_REF]. However, the size of the mesh depends on the hernia defect. A recommended mesh overlap is between 4-5 cm [START_REF] Bittner | Guidelines for laparoscopic treatment of ventral and incisional abdominal wall hernias (International Endohernia Society [IEHS])-Part III[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Indeed, hernia recurrence is more likely when the surgeon chooses a mesh that is too small, or when the material is not sufficiently fixed in the tissue and the mesh slips into the hernia space [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF][START_REF] Kes | Protrusion of prosthetic meshes in repair of inguinal hernias[END_REF][START_REF] Knook | Optimal mesh size for endoscopic inguinal hernia repair: A study in a porcine model[END_REF][START_REF] Leibl | Recurrence after endoscopic transperitoneal hernia repair (TAPP): Causes, reparative techniques, and results of the reoperation[END_REF]. As tissue integration does not take place during the first few days after surgery, there is a risk that the mesh may slip during this early phase. Insufficient fixation of the mesh by the use of fastening elements (e.g. staples tacks or fibrin glue) or insufficient friction between the AW and the mesh can change its position and shape and according to some authors, damage the textile [START_REF] Lerdsirisopon | Biomechanical evaluation of potential damage to hernia repair materials due to fixation with helical titanium tacks[END_REF][START_REF] Petro | Central failures of lightweight monofilament polyester mesh causing hernia recurrence: a cautionary note[END_REF]. Excessive bending of an insufficiently fixed mesh can cause it to slide into the opening and thus lead to a recurrence of the hernia [START_REF] Kes | Protrusion of prosthetic meshes in repair of inguinal hernias[END_REF][START_REF] Knook | Optimal mesh size for endoscopic inguinal hernia repair: A study in a porcine model[END_REF]. This occurs when the friction load of the mesh on the anchoring surface cannot resist the pressure load on the opening [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF]. New devices emerged since 2009, defined as self-gripping nets with very small hooks on one side (ProGrip® for instance). The mesh is securely fixed in the tissue by these hooks without additional fastening (see Figure 1.14). The hooks are made of polylactic acid, protrude about 1 mm from the surface and have stick-like protrusions at their ends (see Figure 1.13). As polylactic acid is highly biodegradable, the hooks degrade once the integration of connective tissue and mesh has been achieved and the patient is not subjected to additional chronic stress due to a foreign body. The insertion of this ff-gripping mesh by laparoscopic technique can be performed with a 5 mm trocar, thus avoiding the 12 mm trocar required for the stapler (used to fix classical meshes). However, when using the TAPP approach technique, the placement of these meshes is a much more laborious procedure because the micro hooks adhere immediately with the tissue [START_REF] Hollinsky | Comparison of a New Self-Gripping Mesh with Other Fixation Methods for Laparoscopic Hernia Repair in a Rat Model[END_REF]. Still from the team of Hollinsky et al. [START_REF] Hollinsky | Comparison of a New Self-Gripping Mesh with Other Fixation Methods for Laparoscopic Hernia Repair in a Rat Model[END_REF], several mesh fixation techniques were compared by measuring shear strength. At 5 days, fibrin glue resulted in an integration strength as weak as the mesh with no fixation. This is due to the late absorption of the fibrin which is more likely to occur after 2-3 weeks. The Progrip® mesh and the hernia stapler was found to be significantly stronger integrated in the surrounding tissue than the two previous ones. At 2 months, all meshes were well integrated but Progrip® ones resulted in a significantly higher shear strength.

Mesh stiffness

In the aftermath of a laparoscopic ventral hernia repair, more than 17 % had chronic abdominal pain [START_REF] Liang | Patient Satisfaction, Chronic Pain, and Functional Status following Laparoscopic Ventral Hernia Repair[END_REF]. The objective of these reinforcing textiles is above all to strengthen the defect area. However, the perfect adaptation of the mesh to the surrounding environment is an increasingly important objective. Pain and discomfort after implant placement is the consequence of a poor adaptation of the textile to physiology and conditions which do not reproduce CHAPTER 1. STATE OF THE ART the anisotropic behavior of the wall [START_REF] Konerding | Maximum forces acting on the abdominal wall: Experimental validation of a theoretical modeling in a human cadaver study[END_REF]. Textiles are more rigid than physiological tissue and therefore decreases the overall AW flexibility. The other cause of discomfort is related to the method of fixation of the prosthesis, particularly in the case of stapling [START_REF] Costalat | Technique De Cure D'Enventration Par Prothese Parietale Fixee Par Agrafage Metallique. a Propos De Soixante-Dix Cas[END_REF]. In an attempt to reduce this post-operation parietal rigidity in relation to the excessive tissue reaction observed after the insertion of certain prostheses, it has been proposed to reduce the amount of material inserted without altering the strength of the repair [Klinge et al., 1998a]. 1.3.5.5 Predisposing factors

To evaluate the impact of different predisposing factors on the recurrence of hernias, several clinical studies investigated factors included in patient medical records.

Demographic factors (age and gender) are not significantly influencing recurrence, contrary to diabetes, heart disease and chronic lung disease according to Vidovic et al. [Vidović et al., 2006]. The same observation was made by van der Linden in a previous study [START_REF] Van Der Linden | Long-term results after surgical correction of incisional hernia[END_REF]. Also, BMI was found to be a risk factor as shown by several authors [Chan and Chan, 2005;[START_REF] Sauerland | Obesity is a risk factor for recurrence after incisional hernia repair[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Also, if the treated hernia is large then the risk factor for recurrence is significantly higher [START_REF] Luijendijk | Incisional hernia recurrence following 'vest-over-pants' or vertical mayo repair of primary hernias of the midline[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Prostate hyperplasia (excessive development of a tissue or organ) and ascites (accumulation of fluid in the peritoneal cavity) have been predisposing factors for the development of recurrence of incisional hernias, as well as wound healing disorders [START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. Seroma (a collection of lymphatic fluid that develops below the surface of the skin after surgery) is a relatively common complication, and resulted in the study of Vidovic et al. [Vidović et al., 2006] in a statistically significant risk factor, as are hematomas. Other researchers have identified post-operative wound infection as a particularly important risk factor for recurrent incisional hernias.

To date, it is very difficult to conclude on the most relevant procedure to repair abdominal hernia, as well as the reasons of high recurrence rate. Meshes do not seem to fully match the AW behavior and the surgery procedure should be adapted to patient predisposing factors and to each ventral hernia repair case. Experimental studies and numerical models are therefore promising tools to bring some clarifications.

Characterization of the abdominal wall (AW) and its repair

1.4.1 Mechanical testing 1.4.1.1 Elastic mechanical tests Several types of test can be carried out to investigate the characteristics of a material. The most common are described in Figure 1.15 and are specifically useful as they reproduce the in-vivo conditions of the AW and the mesh. Among those, the uniaxial tensile test is the most performed mechanical test.

Compression test allows to characterize the elasticity in the same way as using uniaxial tensile test and it can be suitable when the material exhibits a different behavior between tension and compression (e.g. with materials able to loose some liquid or brittle materials).

Although multiple uniaxial tensile tests can be performed in the different directions of fibers to characterize the response in each direction, a mechanical coupling exists between the different directions. Therefore, the biaxial tensile test is then essential to completely capture the response of a direction when another one is activated.

The shear lap test, by applying two opposite forces on two different laps in a plane section, allows to characterize the shear between these two laps. This test is complementary to uniaxial and biaxial tensile tests to completely characterize a constitutive law of a material (see Section 1.5.1). Other ways to perform shear tests are possible but will not be detailed here (four-point bending, Iosipescu, V-notched rail, etc.).

All those tests, combined with different speeds and loading/unloadings cycles, can be relevant to characterize linear and non-linear plasticity and viscosity.

Damage mechanical tests

To characterize damage, one can perform the mechanical tests described in the previous section until complete rupture (i.e. until the end of the rupture region, see Figure 1.16). Therefore, materials are characterized in elastic and damage behaviors. Some mechanical tests can also be specifically designed to characterize the damage behavior such as peeling tests (see Figure 1.15).

The peeling test allows to measure the adhesive forces between two layers characterizing the energy of rupture needed to separate them. Tensile tests apply a stress normal to the crack plane and correspond to an opening rupture mode. The shear lap test describes a sliding rupture mode by applying a shear stress parallel to the crack plane and perpendicular to the crack front. In peeling tests, the rupture mode depends on the type of peeling test (T-peel, adhesion peel with different angles, wedge peel) and can either reproduce a mode I opening or the mode III tearing (a shear stress acting parallel to the crack plane and parallel to the crack front), see Figure 1.17.

By definition elastic mechanical tests are not destructive and allow to re-use (under certain conditions) the samples, unlike damage mechanical tests. 1.4.1.3 Functional mechanical tests Some mechanical tests are specifically designed to recreate the closest conditions to reality. In the case of the AW, inflation tests (see Figure 1.15) allow to mimic the in-vivo homogeneous pressure applied to the internal surface. The inflation test is similar to the biaxial tensile test in a way that it also allows to characterize the anisotropic response of the material and the coupling between directions.

The bulge test (see Figure 1.15) is commonly used to recreate the pressure applied by internal organs after an hernia on meshes using a direct contact (the pressure is locally applied). 1.4.1.4 Sample's geometry The standardized tensile test sample shape is described in Figure 1.18. The dog-bone shape allows to have a "controlled" rupture in the gauge section. Grip sections are wider to have more area mounted in the tensile machine, hence experience less slippage. Shoulders present a radius to have a smooth transition between grip and gauge sections, hence avoiding localized stress.

Standards of the ASTM E8 indicate that specimens must have the same shape with the same aspect ratio, e.g. with this reference geometry: thickness of 6 mm, length of 25 mm and width of 0.6 mm for a flat specimen [START_REF] Davis | Tensile testing[END_REF]. Even under quasi-static load, specimens can exhibit a different response according to the length to width ratio [START_REF] Simms | The influence of physical dimension on apparent stress-strain behaviour of in vitro passive skeletal muscle samples[END_REF]. Moreover, on complex material like soft tissues, inherent weaknesses can be present, constituents like fibers can be differently oriented between samples. It means that, even for a same species, inherent variability exists. So samples need to be cut in the same way as much as possible and according to the standard ratio to avoid additional variability. However, depending of the material, cutting tools and the overall size of the harvested material, the recommended ratio may not be applicable. In our case for instance, soft tissues have a limited size, and can not be cut easily through their the thickness. Also, the time between death and testing needs to be accounted for as living tissues loose their mechanical behavior with time (see Chapter 3). That is why rencently, Zheng et al. summarized the guidelines [START_REF] Zheng | On the standards and practices for miniaturized tensile test -A review[END_REF] to prepare small samples:

• Small specimens should sufficiently represent the bulk properties of the tested materials.

This requires the specimen to contain at least 6-10 grains at the smallest dimension (thickness or diameter).

• The specimen should be able to provide testing results consistent with standard specimens. Therefore, small specimen geometries should meet requirements on aspect ratios, such as L 0 / √ A 0 and w 0 /t 0 ratios.

• The specimen design should minimize the data scattering. Small specimens usually suffer larger data scattering compared with standard specimens, hence, several specimens are required to test the same material, preferably 3-5 at least.

• Cost in manufacturing and ease in operation should be considered, e.g. flat specimens are mostly used, because the thin round specimens are relatively difficult to sample.

• Specimen geometries should fit into the testing equipment, especially the fixture and measurement devices. This often limits the lower bound of the specimen dimensions in practice.

28 Baptiste Pillet Usually the force exerted during a test is recorded with a load cell, the displacement of the specimen is deduced by the tensile machine according to clamps displacement. The strain is then computed, using the stretch ratio λ or the engineering strain ϵ as:

λ = L L 0 (1.1) ϵ = L -L 0 L 0 (1.2)
where L and L 0 are the current and initial distance between clamps respectively of the specimen gauge area. However, for biological soft tissues, large strain are expected and inherent weaknesses introduce heterogeneities over the area of interest. Moreover, if we are interested in rupture, the area next to it will be affected and then will deform differently. Finally when performing mechanical tests on soft tissues, if the force exerted is important, slippage can occur and modify the apparent deformation of the sample. To achieve a correct measure of the deformation and therefore taking into account heterogeneities, several optical methods exist to measure local displacement/deformation, like marker tracking or Digital Image Correlation (DIC) .

The marker tracking method consists of adding several dots (usually black to contrast with the sample) in the area of interest before the mechanical test starts. The dots will follow the local displacement as the sample deforms. Images are taken during the test and are then analyzed to track each marker displacement. Different tracking methods exist and are described in the appendix.

The DIC method allows to measure displacement not only on local points but on a whole area of interest. A speckle is applied to the sample before the test. It is usually made of a multitude of small black dots. They must remain distinct from each other and have slightly varying shapes and sizes. In the same way as marker tracking, images are taken during the mechanical test and then post-processed with a local or global method.

The local method is the most common method and is based on the decimation of the image into small subsets. Finding their correspondence between images using FFT-based or optimization techniques is at the core of the DIC process, and results in a displacement vector for each subset. This technique is well suited to discontinuous displacement fields, such as crack propagation for example.

The global method includes additional kinematic assumptions to constrain the correlation. The kinematic assumption is chosen by the user (e.g. continuity of the displacement, tension, flexion, etc.) and associated to specific shape functions adapted to the problem. The corresponding degrees of freedom are determined by error minimization. This error is the difference between the reference image and the deformed one corrected by the measured displacement. The displacement field is obtained by meshing images with finite elements. For example, a continuous displacement assumption can be adopted, hence linking each elements of images with its neighbors by the nodes.

During experiments, images are taken at different interval. Then, marker tracking and DIC are used as a post-processing. The deformation is computed from the displacement obtained by the optical method.

Abdominal wall (AW) characterization

Given the anatomical heterogeneity of the wall and its different constituents represented by layers of composite tissues varying according to their location, a very high number of mechanical tests is required to fully characterize the AW. As the LA is considered having a key role in the AW mechanical behavior, literature mainly focused on it. AW muscles were therefore poorly characterized and yet required to model an entire AW. Also, mechanical studies were rarely interested in damage behavior characterization. Deeken et al. has been gathering the various results existing in the literature about mechanical tests on the wall to characterize its components [START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF].

We can see that mechanical tests on connective tissue are over represented compared to muscular tissue. Among those on the LA, we can cite the followings.

In the work of Förstemann et al. [Förstemann et al., 2011] , uniaxial tensile tests were performed and 3D-contour of the abdominal wall was generated from magnetic resonance imaging (MRI) slices. The principal radii of curvature in the transverse and longitudinal direction of the abdominal wall were subsequently determined on living volunteers in deep inspiration with contracted abdominal wall.

If the abdominal wall is considered as membrane, tensions can be related to the IAP via Laplace formula:

∆P = T biax trans r trans + T biax long r long (1.3)
where r represents the radius and T the tension.

As it is impossible to compute biaxial stresses, those can be approximated using uniaxial magnitudes if the material is linear and elastic. See the relation between biaxial and uniaxial tear forces per width:

T biax trans = T uniax trans + νT uniax long 1 -ν 2 (1.4)
with the biaxial tensions in the longitudinal direction deducted by inverting longitudinal and transverse uniaxial magnitudes.

Elastic moduli E(σ σ σ) in both directions were computed under uniaxial and biaxial states at different IAP. Values are shown in Table 1 [Förstemann et al., 2011].

In order to develop an AW numerical model, Pachera et al. [START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF] identified the parameters of an anisotropic HGO constitutive law (considering the fibers dispersion κ null) coupled with a Neo-hookean isotropic formulation based on Förstemann et al. results. The parameters are shown in Table 1.3 Gräßel et al. [Gräßel et al., 2005] performed tensile tests on elderly cadavers by focusing on the direction, the gender and the distribution of fibers. The compliance (being the inverse of the Elastic modulus E) was computed and statistical tests revealed sex-dependence. The force divided by the width in the transverse direction was significantly smaller in women than in men. This corresponds well to the sex differences found also in the morphological fiber architecture of the LA. Indeed, it was observed that the female LA has more transverse fibers than the male one. Also, a statistical difference was observed between longitudinal and transverse directions in the [Gräßel et al., 2005].

Authors assumed that close to the ultimate state of loading, fibers are aligned and then linear response can be considered. Also, when undergoing small strain rates in tensile tests, the behavior can be considered as quasi elastic.

Hollinsky et al. performed tensile tests on elderly human cadavers too and focused notably on directions, locations and healed LA [Hollinsky and Sandberg, 2007]. It was found that the scar tissue lost approximately 30 % of its resistance in nearly all directions and persisted for several decades after surgery. The strength of the LA is 50 % lower in vertical direction than in the horizontal one. However, between epigastric and hypogastric (see terminologies in Figure 1.1), rupture stress was quite similar with a noticeably higher value in the epigastric region. Rupture stress values in the different regions and directions are reported in Table 1.5.

Interestingly, Cooney et al. performed uniaxial and biaxial tensile tests on human and porcine

LA following the longitudinal and the transverse direction [Cooney et al., 2016[Cooney et al., , 2015]]. Both in humans and pigs, results showed a strong anisotropy with greater stiffness in the transverse direction, correlated with the micro-structural alignment of the collagen fibers [Gräßel et al., 2005]. It was also reported in this direction a stress two times higher than in the longitudinal direction [Hollinsky and Sandberg, 2007].

Porcine tissue is anatomically similar to humans but it is not obvious that they share histological and mechanical similarities. Pigs have a significantly higher BMI than humans and obesity Table 1.5: Rupture stress values according to the direction and the location from [Hollinsky and Sandberg, 2007].

in humans is associated with an increase in IAP. Because pigs are quadripeds, their tissues are subject to an higher IAP and therefore are naturally more resistant than ours. These factors could result in a more rigid LA in pigs than in humans; in addition LA is wider in the infra-umbilical part than in the supra-umbilical part, contrary to humans. It should be also noted that humans have 12 pairs of ribs while pigs have 15. This means that muscle arrangement may be different, resulting in aponeuroses that cross LA with different angles [Cooney et al., 2015]. As a result, LA microstructure, that defines its anisotropy, may be slightly different in pigs and humans. This study showed in uniaxial tensile test a steeper stress-stretch slope in both the transverse and longitudinal directions in human (18 % and 14 % increase respectively), but no statistical difference with porcine data was observed. Similarly to porcine tissue, human LA experienced approximately zero strain in the transverse direction under equi-biaxial loading resulting. However, a significantly stiffer response was observed in human compared to porcine data. [Cooney et al., 2015], [Cooney et al., 2016]. Levillain et al. found also a strong anisotropy between longitudinal and transverse directions in infra-umbilical LA [Levillain et al., 2016]. In this study 4 porcine and 3 human LA were used and the stress was 2-3 times higher in the transverse direction than in the longitudinal direction for both porcine and human samples. Also porcine LA was approximately 1.5 times stiffer than human LA, in both directions.

In all studies described previously, the samples were wide enough to perform tensile tests in the transverse direction on tissue only composed by LA. Acosta Santamaria et al. proposed a planar tensile test in the transverse direction on samples including LA and RA muscles resulting in samples much wider than high [Acosta Santamaría et al., 2015]. This solution was used also to overcome the low width of the porcine LA in the supra-umbilical part. The muscle part is clamped in the tensile machine while the LA part is characterized. The height remained constant during the tensile test while 100% of the strain was transverse. If this solution allows to perform tensile test in the transverse direction with thin LA, the rupture was always at the interface between LA and RA muscle, hence limiting the result to the elastic part.

Very few studies focused on characterizing AW muscles. As we are interested in pigs and humans tissue characterization in the scope of this thesis, we will focused on those. In this way,
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Cardoso in her thesis tested uniaxially the different muscles of human AW in the direction of fibers leading to the results in Table 1.7 [Cardoso, 2012]. 1.7: Cauchy stress at the rupture and elastic modulus in the fiber direction of AW muscles, extracted from the thesis of Cardoso [Cardoso, 2012] However to our knowledge, no other authors investigated the whole AW following the fiber or cross-fiber directions in the purpose of hyper-elasticity or damage characterization. We can notice Calvo et al. in 2004 who investigated the visco-elastic mechanical properties of the AW in rabbits [START_REF] Calvo | Determination of passive viscoelastic response of the abdominal muscle and related constitutive modeling: Stress-relaxation behavior[END_REF] and Hernandez et al. in 2011 who characterized the in vitro passive mechanical behavior of the EO and RA under uniaxial tensile tests but also composite of muscles like EO-IO, EO-IO-TR and IO-TR.

Specimens σ c (MPa) E(σ σ σ) (MPa) EO 0.57 ± 0.
A non-exhaustive table regrouping mechanical studies on the other connective tissues of the AW is shown in appendix, page I.

Characterizing the whole AW, as a composite of the above-mentioned tissues, has been the focus of several interesting studies. For example, Junge et al. in 2001 tested 14 humans AW (without skin and fat) using an octagonal testing ring [START_REF] Junge | Elasticity of the anterior abdominal wall and impact for reparation of incisional hernias using mesh implants[END_REF]. The AWs were clamped and 4 main directions of traction were activated one after the other until 16 N. In the cranio-caudal direction (see terminologies in Figure 1.1), elongation was 23 ± 7% for male AWs and 32 ± 17% for female ones. In the transverse direction, elongation was 15 ± 5% and 17 ± 5% for male and female respectively.

Another study, in the continuity of Förstemann's one [Förstemann et al., 2011] described in page 30, tried to validate the prediction made using Laplace formula and uniaxial tensile tests to compute biaxial forces. Konerding et al. measured the transverse forces in 7 opened freshfrozen and thawed whole body cadavers with respect to different IAP [START_REF] Konerding | Maximum forces acting on the abdominal wall: Experimental validation of a theoretical modeling in a human cadaver study[END_REF]. A balloon was inserted in the abdominal cavity and inflated at a constant flow rate of 2 L/min. The LA was incised in the middle while the fat and subcutaneous tissue removed. The load values were recorded and divided by the length of the incision in order to obtain related forces in N/cm as customary in membrane theory. The results are shown in Table 1 [START_REF] Konerding | Maximum forces acting on the abdominal wall: Experimental validation of a theoretical modeling in a human cadaver study[END_REF] found a force of 45.9 N/cm at 200 mbar, very close to the transverse force computed by Förstemann [Förstemann et al., 2011] who found 40 N/cm using Laplace's law and uniaxial tensile tests.

Podwojewski in 2013 studied the response of an AW in three different states: intact, with a hernia defect, and repaired [Podwojewski et al., 2013]. Six female porcine AW with all layers (skin included) were subjected to an inflation test with two different loading forces: air pressure until 50 mmHg of pressure or by contact using a 12 cm rigid sphere of diameter until 35 mm of displacement. The strain of the internal and external surfaces were recorded using DIC. For incised AW, a 4 cm-long incision was made on the midline of the LA. For the repaired AWs, 8 × 12cm meshes (in order to let an overlap between defect and the mesh of at least 3 cm) were inserted and fixed with 16 tacks positioned at 1 cm of the implant edges and spaced 2 cm apart. The average strain in the central area of the external surface (13.7 ± 2.1%) was found almost 2.6 times higher than the average strain of the internal surface (5.3 ± 0.7%). The stiffness was also computed as the linear slope between 26-30 mm of displacement (for the contact loading mode). The stiffness of the incised cases was about 25 % lower than the stiffness of intact cases (p = 0.03). There was a smaller relative difference (with no significance) of stiffness between intact and repaired walls (p = 0.43). The defect increased the average strain of about 74% and 35% respectively for the pressure and contact loading. For both loading cases, significant differences of strains were found between incised and repaired states (p = 0.03). For the pressure loading case, significant differences of strains were found between intact and repaired states (p = 0.03) whereas no significant differences were found for the contact loading case (p = 0.81).

In 2014, the same author extended her work to humans AW [START_REF] Podwojewski | Mechanical response of human abdominal walls ex vivo: Effect of an incisional hernia and a mesh repair[END_REF]. The same methodology was applied for the three compared states : intact, incised and repaired. Under pressure, a concavity at the centre near the LA was observed for the intact state. The center was more flat or convex for incised AWs. With the increase of pressure the bump became larger. The repair with a mesh did not seem to reduce the bump. Strain fields appeared to be symmetrical with respect to the LA for the internal surfaces. The strains on the external surface were about two times higher than the corresponding strains on the internal surface (p < 0.05). The ratio (external/internal) was 1.971 and 2.271 for the longitudinal and transverse strains respectively.

For the two species, the average strain is similar on the internal surface but for the external surface the porcine AW exhibited a strain two times higher than the human one. For the incised state, a larger bump was observed at the defect for the porcine AW. Indeed, the mean strain was 74 % for the pig and 30 % for the human. For the repaired state, the repair allowed to reduce by 18 % the average strain for the porcine AW and 15 % for the human one. Some results are reported in the Table 1 1.9: Comparison of some porcine (P) and human (H) results. "L" and "T" stands for "longitudinal" and "transverse" respectively. Extracted from [Podwojewski et al., 2013] and [START_REF] Podwojewski | Mechanical response of human abdominal walls ex vivo: Effect of an incisional hernia and a mesh repair[END_REF].

The same year, Tran et al [START_REF] Tran | Contribution of the skin, rectus abdominis and their sheaths to the structural response of the abdominal wall ex vivo[END_REF] developed an experimental protocol to evaluate the contributions of the AW components to the structural response of the anterior part of the abdomen. The human cadaver specimens underwent 3 dissections: removal of skin and subcutaneous fat, anterior RS and RA muscles. After each dissection and in the intact state, AW were subjected to 0, 2 and 3 kPa of air pressure. Ultrasound images and associated elastographic maps were collected at each step of pressure for each states and strains on the internal surface were calculated using stereo-correlation. Longitudinal strains were found higher than transverse strains for both posterior RS and LA in all states. While not initially statistically different, strains between the posterior RS and the LA began to be significant after the dissection of the anterior RS. This could be explained by the fact that the latest is continuous with the LA [Axer et al., 2001]. After 34 Baptiste Pillet CHAPTER 1. STATE OF THE ART its dissection, the muscle is no longer maintained anteriorly and the posterior sheaths undergo more strain. This highlights the importance of the RS in the structural response of the anterior part of the AW ex-vivo.

The same author [START_REF] Baptiste Pillet Tran | Abdominal wall muscle elasticity and abdomen local stiffness on healthy volunteers during various physiological activities[END_REF], in 2016, characterized the in-vivo antero-lateral AW on 11 healthy volunteers during 4 activities: rest, pullback loading, abdominal breathing and the Valsalva maneuver. The elasticity of the abdominal muscles (RA, EO, IO and TR) was assessed using ultrasound shear wave elastography. In addition, the abdomen was subjected to a low external load using an ultrasound probe at three locations: on the LA, on the RA region and on lateral muscles region in order to evaluate the local stiffness of the abdomen, at rest and during Valsalva maneuver. The shear modulus significantly differed between the Valsalva maneuver and other less contractive activities (rest, pullback loading and abdominal breathing), either for the RA and the lateral muscles. This study also showed that the local stiffness of the abdomen was related to the activity. At rest, a significant difference has been observed between the anterior (0.5 N/mm) and the lateral abdomen locations (1 N/mm). Then, during the Valsalva maneuver, the local stiffness values were similar for all locations (1.6-2.2 N/mm). [START_REF] Deeken | A review of the composition, characteristics, and effectiveness of barrier mesh prostheses utilized for laparoscopic ventral hernia repair[END_REF][START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF]. A reproduction of the author's table is shown in appendix, page III.

Mesh characterization

Multiple mechanical tests were performed on meshes in the literature. As surgical nets are not living tissues, the mechanical tests are not affected by difficulties such as rigor mortis, inherent weaknesses, variability between samples, etc. Among these tests we can note (see also the Figure 1.19):

• Suture retention test: A extending force is applied at the suture, increasing until it breaks.

• Tear resistance test: A slit is cut from the center of the smaller edge of the specimen toward the center of the mesh to form two tabs. Each tab is clamped in the tensile machine grips and the slit is stretched apart until the specimen breaks.

• Unixial tensile test.

• Ball burst test: The mesh is cut in a circular shape and clamped between two rings. A deformation is applied in the middle of the mesh using a spherical head until the complete burst of the implant. This test is supposed to reproduce the effect of the IAP on the mesh.

• Biaxial test: The squared specimen is clamped and stretched at each edge.
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Figure 1.20: Experimental hernia model [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF]. Intraabdominal pressure (p) on the anchoring surface (pa) and the gap (pb). (A) The overlap area of the mesh is sufficiently large on both sides of the hernia. Friction resistance due to pressure on the fixation area (pa), is greater than the pressure on the gap (pb). Thus, the mesh is kept in position solely by the force of its friction against the environment. (B) Due to excessive flexure, the mesh has glided into the hernia, and the fixation area has become significantly smaller. Pressure on the gap (pb) now outbalances the pressure on the friction area (pa). Therefore, the mesh (m) will now slide into the gap and cause hernia recurrence. pe, peritoneum; m, mesh; t, abdominal wall In Hollinsky's study [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF], an experimental hernia model was developed (see Figure 1.20) by placing 15 × 10cm meshes on a slit that could vary be- tween 1.5, 3 and5 cm, according to Schumpelick's classification: size 1 (<1.5 cm), size 2 (1.5-3 cm) andsize 3 (>3 cm) [START_REF] Schumpelick | Classification of inguinal hernias[END_REF].

A homogeneous weight made of nylon wrapped metal balls was applied to the mesh, allowing two different series of tests to be performed, each repeated three times. In the first series of tests, each mesh was loaded with a total weight of 10 kg, resulting in a pressure of 6600 pascal (≈ 50 mmHg) to determine the flexural rigidity. In the second series of tests, the meshes were loaded with a weight of 50 mmHg at intervals of 1 min each. After complete unloading, the meshes were reloaded to determine the shear behavior of the meshes under repeated loading. All meshes were loaded 10 times until they slipped. In both series of tests, the visible deflection of the meshes was measured.

It was observed that the thickness and weight of the meshes were exponentially related to flexural collapse and mesh breakage from a slot size of 3 cm. The finer and lighter the mesh, the greater the flexural collapse and the more likely it was to slip through the opening. Since some studies have shown that lighter meshes cause less chronic pain than others, they appear to be particularly well suited for hernia sizes <3 cm [START_REF] Nienhuijs | Chronic pain after mesh repair of inguinal hernia: a systematic review[END_REF][START_REF] O'dwyer | Randomized clinical trial assessing impact of a lightweight or heavyweight mesh on chronic pain after inguinal hernia repair[END_REF]. But if one wishes to use lighter mesh for large hernias, the size of the mesh must be adapted to the size of the hernia. Tamme et al. [START_REF] Tamme | Totally extraperitoneal inguinal hernioplasty with titanium-coated lightweight polypropylene mesh: Early results[END_REF] were able to demonstrate that recurrence rates are not higher with a light mesh, provided that the technique and mesh size are adapted to the size of the hernia. Hernandez-Gascon et al. in 2011[START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF] conducted a mechanical study on 3 non absorbable textiles to see which one has the most adequate behavior: Surgipro®monofilament of 84 g m -1 in polypropylene with small pore size, Optilene® monofilament of 48 g m -1 in polypropylene with large pore size and Infinit® monofilament of 70 g m -1 in PTFE with large pore size.

The textile samples were 20 mm wide and 190 mm long, and then tested in both directions because the size and spatial arrangement of the pores and filaments can cause an anisotropic response of the mesh. They were previously immersed in a Hanks solution for 24 hours. A preload of 2 N and a displacement of 10 mm until breakage were applied. The thickness was considered not measurable due to the holes in the textile, hence they used an equivalent Cauchy Stress ("Equivalent Cauchy Stress") such as ECS = F (N ).λ Width (mm) .

The Surgipro® was the most rigid of the 3 and highly isotropic. Optilene® gave similar results but with a slightly more anisotropic behavior. The Infinit® mesh, on the contrary, was strongly anisotropic and much less rigid and with a much lower ECS than the two other.
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The fixation method of the mesh is of course an important criterion in AW repair and its recurrence rate. The effect of mesh fixation by staples, sutures or fibrin on the prevention of recurrence is controversial in the literature. While Lovisetto et al. [START_REF] Lovisetto | Use of human fibrin glue (Tissucol) versus staples for mesh fixation in laparoscopic transabdominal preperitoneal hernioplasty: A prospective, randomized study[END_REF] and [START_REF] Inaki | Experimental results of mesh fixation by a manual manipulator in a laparoscopic inguinal hernia repair model[END_REF] recommend additional mesh fixation, Ferzli et al [START_REF] Ferzli | Prospective randomized study of stapled versus unstapled mesh in a laparoscopic preperitoneal inguinal hernia repair[END_REF] and Totte et al. [START_REF] Totté | Surgical anatomy of the inguinal region: Implications during inguinal laparoscopic herniorrhaphy[END_REF] show that the meshes retain their position only due to their own friction properties, thus contradicting previous results. That is why the size of the mesh plays an important role. The more the mesh overlaps the herniated space, the larger the friction surface available for mesh immobilization [START_REF] Leibl | Recurrence after endoscopic transperitoneal hernia repair (TAPP): Causes, reparative techniques, and results of the reoperation[END_REF].

To study the effect of different fixation methods, Hollinsky et al. [START_REF] Hollinsky | Comparison of a New Self-Gripping Mesh with Other Fixation Methods for Laparoscopic Hernia Repair in a Rat Model[END_REF] conducted a new experimental study. In this study, 40 8-week-old male rats had their abdomen incised over a length of approximately 3 cm. The skin and subcutaneous tissue were dissected from the midline and the abdominal wall muscles were opened. A lightweight polypropylene mesh of 2 cm 2 (Parietene light®), with a pore size of 1.5 mm was placed on the abdominal wall muscles. Four groups were created based on mesh fixation methods: Hernia stapler (Endo Universal® 65 • 4.8 mm), fibrin sealant (Tissucol Duo Quick®), a control group that received unfixed mesh. The last group was repaired with a Progrip® reinforcement textile (see Figure 1.13). For the group with staples, each mesh was fixed with three staples. For the group with the glue, a dose of 0.25 mL is applied per mesh. The skin and subcutaneous tissue were then closed at the midline with sutures (Ethicon Corp.®).

The rats were sacrificed on the fifth day and after 2 months. The mesh was removed along with the AW musculature and was divided into three pieces. A piece of 2 × 1cm was used to determine the adhesion strength of the mesh in the tissue. The remaining part was cut into two pieces of 1 × 1cm, which were used for histology and scanning electron microscopy.

For the shear test with the overlapping pieces between the muscle (1 cm 2 ) and the mesh (1 cm 2 ), the traction speed was 10 mm/min until the mesh was detached from the muscle.

Figure 1.21: Device for determining the coefficient of mesh friction [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF]. Initially the peritoneum (pe) is fixed on cork (c). The textile (m) is placed on the peritoneum and then compressed by the abdominal muscles (t) with a uniform weight F N . The friction force F H is then determined. Extracted from [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF] At the beginning of the 5-day period, the self-gripping and stapled meshes were well incorporated into the fabrics due to their mechanical fasteners. Histologies showed that the Progrip ® microhooks were embedded in the tissue on 0.5 mm. On the other hand, fibrinfixed and unfixed meshes achieved a significantly lower degree of muscle retention. This is because the glue is absorbed much later, hindering tissue growth in the mesh in the first few days. The efficacy of fibrin, which has been reported in some studies [Aasvang and Kehlet, 2005;[START_REF] Birch | Octylcyanoacrylate tissue adhesive as an alternative to mechanical fixation of expanded polytetrafluoroethylene prosthesis[END_REF][START_REF] Olmi | Experimental comparison of type of Tissucol dilution and composite mesh (Parietex) for laparoscopic repair of groin and abdominal hernia: Observational study conducted in a university laboratory[END_REF][START_REF] Petter-Puchner | Fibrin sealing versus stapling of hernia meshes in an onlay model in the rat[END_REF], is more likely due to tissue integration after 2 to 3 weeks. All meshes were well incorporated into the fabrics after 2 months and showed significantly better mechanical adhesion compared to the data recorded after 5 days with significantly better adhesion for Progrip® fabric.

One year before, the same author was interested in the slippage of non integrated textiles [START_REF] Hollinsky | Biomechanical properties of lightweight versus heavyweight meshes for laparoscopic inguinal hernia repair and their impact on recurrence rates[END_REF]. Indeed, during the first post-operative days, when they are not yet integrated with the surrounding tissue or when the fixation is not adequate, it was observed that some textiles could slip in the herniated spaces due to the increase of the IAP (considered as maximum repetitive loads of 150 mmHg [Cobb et al., 2005]).

To determine the friction coefficient µ 0 of the meshes on soft tissues, the peritoneum and parts of the muscles of the anterior part of the AW were removed. The peritoneum was spread on a cork plate and the meshes, with a size of 15 × 10cm, according to the size recommendations in the literature [START_REF] Eklund | Recurrent inguinal hernia: Randomized multicenter trial comparing laparoscopic and Lichtenstein repair[END_REF][START_REF] Kapiris | Laparoscopic transabdominal preperitoneal (TAPP) hernia repair: A 7-year two-center experience in 3017 patients[END_REF][START_REF] Totté | Surgical anatomy of the inguinal region: Implications during inguinal laparoscopic herniorrhaphy[END_REF], were placed on top. The muscles of the AW were spread over the meshes and exposed to a uniform weight F N representing a IAP of 50 mmHg. Using a tensiometer, the meshes were subjected to a horizontal tensile load at a constant speed of 10 mm/min until they slipped (see Figure 1.21). The coefficient of friction µ 0 was determined by andwas 0.4 ± 0.08. Even if the mesh behavior is known and the type of fixation is carefully chosen, the textile is inserted in a complex system with complex loads. The implant mechanical behavior is likely to change with its integration in the surrounding tissues. Therefore, mechanical studies focusing the evolution of integrated meshes behavior is essential to understand the recurrence in hernia repair. Deeken et al. in 2003 [Deeken andMatthews, 2013] performed tests on textiles at different body integration times (0, 6, 12, 26 and 52 weeks). The authors also performed the same tests on unrepaired AW. The textile through time does not lose its burst strength but the difference between the burst strength of the AW alone and the one repaired with textile was significantly different (75 N vs 294 N respectively) as for the rigidity (5.8 N/mm vs 22.2 N/mm). et al. in 1998et al. in [Müller et al., 1998] observed the effect of implanted mesh on abdominal wall mobility using three-dimensional stereography in comparison with a healthy non-operated control group. A statistical decrease in maximum excursion (degree to which the ribcage expands and contracts as a person breathes) was observed due to increased textile stiffness and scarring. However, no statistical difference could be observed on the minimal excursions, which shows that wall repair with textile influences mobility more than the resting state.

|F H | = µ 0 .|F N |

Muller

Abdominal wall (AW) imaging

Over the past several years, the use of ultrasound imaging has become increasingly popular to evaluate AW muscle contractions, as muscle thickness is often interpreted as an indicator of muscle strength [START_REF] Brown | A comparison of ultrasound and electromyography measures of force and activation to examine the mechanics of abdominal wall contraction[END_REF]. According to the study by Pavan and his team [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF], in order to have a numerical model including all physiological parameters, it is necessary to understand and quantify the behavior of the abdominal wall at all scales. However, it will not replace experimental results from mechanical testing. By performing electromyogram (EMG) at known IAP values, we can identify the different levels of muscle activation. Also, by performing imaging studies to determine the muscle displacements and strain according to the IAP, we can then make the link between IAP, muscle activation and the resulting displacements and strain, thus increasing the accuracy of numerical models.

Indeed, with appropriate considerations, EMG amplitudes can be related to muscle contraction forces [START_REF] Brown | A comparison of ultrasound and electromyography measures of force and activation to examine the mechanics of abdominal wall contraction[END_REF]. However, this field has not yet been much studied. In 2010, [START_REF] Brown | A comparison of ultrasound and electromyography measures of force and activation to examine the mechanics of abdominal wall contraction[END_REF] found no clear relationship between muscle thickness change measured by electromyograph and muscle activation measured by EMG. Correlation are difficult to establish due to uncertainties in values, the small number of participants in the studies, and discrepancies between authors such as Hodges and McMeeken [Hodges et al., 2003;[START_REF] Mcmeeken | The relationship between EMG and change in thickness of transversus abdominis[END_REF]. The divergent results seem to support the idea that the mechanical interaction between abdominal muscle layers gives rise to complex deformation patterns that differ according to the relative action of each muscle. Indeed, since muscle fibers are superimposed like layers, when one contracts, the adjacent layers stretch by displacement continuity (see Figure 1.6). Through this interplay, muscle activation results in many complex deformations of the AW. Also, since muscles contract or expand depending on activation, the measured site will therefore move and may move out of the recording area. In order to avoid measurement errors, it is therefore necessary to favor a recording with a dynamic and not static position of the measurement probe.

In addition to muscle activation and muscle strength, imagery is also interesting to follow the mesh behavior inside the body. In the study of Klinge et al. [Klinge et al., 1998b], two differ-CHAPTER 1. STATE OF THE ART ent meshes were implanted in dogs: a monofilament polypropylene mesh (Marlex®, Bard), and a multifilament combination of a reduced amount of nonabsorbable polypropylene (27 %) and absorbable polyglactin 910 (Soft Hernia Mesh®, Ethicon). Both meshes had the same thickness, almost the same amount of pores but the monofilament one was heavier. They were implanted preperitoneally on the posterior sheet of the rectus fascia and fixed in place with single sutures of 2-0 polypropylene (2-0 represents a United States Pharmacopeia (USP) 's size of suture). Both the mesh and the adjacent soft tissue were marked with pairs of metallic clips. Mechanical tests were performed at different integration time after implantation but more interestingly the area size of meshes as measured on anteroposterior radiographs at days 0, 7, 14, 28, 56, 74 and 148. The length of the four sides and of the two diagonals were measured too. Analyses showed that the mesh area in the monofilament group presented a shortening of about 25 % in both horizontal and vertical directions, as well as a shrinking of the mesh area of 46 % after four weeks. The shrinking of the mesh with the reduced amount of polypropylene (multifilament) was smaller, having decreased by 12 % in the horizontal and 25% in the vertical plane, which means a 34 % reduction area. [START_REF] Kahan | Combined in vivo and ex vivo analysis of mesh mechanics in a porcine hernia model[END_REF] conducted an in vivo and ex vivo study on textile mechanics on a porcine hernia model. A hernia was created starting with a laparotomy, going to the deep peritoneum left intact. The fascia is left open but the subcutaneous tissues and skin are closed. The abdominal defect is left as is for 21 days to create a hernia. The previously closed layers are incised again, the posterior RS is closed again and the textile is then applied. A radio-opaque stainless steel grid is sutured onto the textile with 8 radio-opaque stitches to follow the strain in vivo. 8 fasteners are used to fix the textile and the fascia and skin are then closed. The results showed that the stitches contracted over time after surgical repair by an average of 17.65 % (for a known mismatch heavyweight mesh with native tissue) and 0.12 % (for a known matching heavyweight mesh with native tissue) compared to day 0. Both meshes appear to contract more in the cranio-caudal direction than in the transverse direction, and the contraction at the LA is greater than at the lateral edges. The results suggest that a mesh with better adapted stiffness could reduce the contraction of the mesh, which could alleviate the additional stresses at the edges of the textile.

Finite Elements modeling

Numerical models are an important and strategic tool to have better understanding of the hernia repair and its recurrence mechanism. The FE method is a popular method for numerically solving differential equations arising in engineering and mathematical modeling. To solve a problem in one, two or three dimensions, the FEM subdivides the system into smaller, simpler parts that are called FE. The FE method formulation of a boundary value problem finally results in a system of algebraic equations. The method approximates the unknown function over the domain. The simple equations that model these FE are then assembled into a larger system of equations that models the entire problem. The FE method then approximates a solution by minimizing an associated error function via the calculus of variations. Nonlinear deformation of an anisotropic solid, extracted from [Gültekin et al., 2018] As biological soft tissue are subjected to deformations large enough to invalidate assumptions inherent in infinitesimal strain theory, the finite strain theory is used. In this case, the undeformed and deformed configurations of the system are significantly different, requiring a clear distinction between them.

Finite strain and hyper-elastic theories

Let ⃗ x( ⃗ X) be the current position of a material point and ⃗ X the reference position of the same point in a Cartesian system (see Figure 1.22). The reference configuration and the deformed configuration are linked as:

⃗ x = ⃗ X + ⃗ u(⃗ x) (1.5)
with ⃗ u the displacement.

The deformation gradient F F F can be written:

F F F = ∂⃗ x ∂ ⃗ X (1.6)
As J the total volume change at the point:

J = det F F F = ρ 0 ρ (1.7)
with "det" the matrix determinant operator. For incompressible materials J = det F F F = 1 Right and left Cauchy-Green tensors can be written:

C C C = F F F T F F F B B B = F F FF F F T (1.8)
with F F F T the transpose operation of F F F . For a second order tensor, we can decompose it as the sum of two tensors so that one is spherical and the other is deviatoric. 

F F F = F F F vol F F F = J 1/3 F F F (1.9)
where the term J 1/3 is associated with volume-changing deformations, while F F F is associated with volume-preserving deformations.

In the same way:

C C C = J 2/3 C C C = J 1/3 F F F T J 1/3 F F F B B B = J 2/3 B B B = J 1/3 F F F J 1/3 F F F T (1.10)
with C C C and B B B the deviatoric (also called "modified") right and left Cauchy-Green strain tensor respectively. Such decoupling is commonly used in quasi-incompressible soft tissues.

In the case of transverse isotropy and fibers reinforced material, we introduce a unit vector ⃗ m 0 ( ⃗ X) in the initial configuration describing the local direction of fibers. When the material undergoes a deformation, the vector ⃗ m 0 ( ⃗ X) will deform itself with the system. After the deformation, the fiber direction will be ⃗

m(⃗ u( ⃗ X)) = ⃗ m(⃗ x).
Fibers stretch λ can be determined in terms of deformation gradient and fiber direction in the referenced configuration:

λ ⃗ m = F F F ⃗ m 0 (1.11)
As ⃗ m is a vector:

λ 2 ⃗ m. ⃗ m = λ 2 = ⃗ m 0 F F F T F F F ⃗ m 0 = ⃗ m 0 C C C ⃗ m 0 (1.12)
We can introduce strain invariants (of right Cauchy-Green tensor e.g):

I 1 = Tr C C C I 2 = 1 2 (Tr C C C) 2 -Tr C C C 2 I 3 = det C C C = J 2 (1.13) I 4 = ⃗ m 0 C C C ⃗ m 0 = Tr(C C CM M M ) = λ 2 I 5 = ⃗ m 0 C C C 2 ⃗ m 0 = Tr(C C C 2 M M M ) (1.14)
Invariants I 1 , I 2 , I 3 are relative to the isotropic behavior whereas invariants I 4 and I 5 result from anisotropy introduced by reinforcing fibers with

M M M = ⃗ m 0 ⊗ ⃗ m 0 and F F FM M M i = F F F ( ⃗ m i ⊗ ⃗ m i ) = M M M i for the i family of fibers.
With decoupled invariants:

I 1 = Tr C C C = J -2/3 I 1 I 2 = 1 2 Tr C C C 2 -Tr C C C 2 = J -4/3 I 2 I 3 = det C C C = J -2 I 3 = I I I (1.15) I 4 = ⃗ m 0 C C C ⃗ m 0 = Tr(C C CM M M ) = J -2/3 ⃗ m 0 C C C ⃗ m 0 = J -2/3 λ 2 = M M M (C C CM M M ) (1.16) I 5 = ⃗ m 0 C C C 2 ⃗ m 0 = Tr(C C C 2 M M M ) = M M M (C C CM M M ) (1.17)
For a hyper-elastic material, a scalar function is defined from which the stress can be derived at each point. It is the stored energy or called strain energy function (SEF) , coming from Helmholtz free energy written Ψ 0 (also written W or U ). The elastic response of the tissue is assumed to result from the fibers, the extra-cellular matrix and their interaction. The collagen fibers are assumed to be responsible for transverse isotropy and that the extracellular matrix is isotropic. Taking into account transverse isotropy and hyper-elasticity, the SEF can be written:

Ψ 0 = F 1 (I 1 , I 2 , I 3 ) + F 2 (I 4 , I 5 ) + F 3 (I 1 , I 2 , I 3 , I 4 , I 5 ) (1.18)
where the function F 1 represents the isotropic material response of the extracellular matrix, F 2 the contribution of collagen fibers and F 3 the contribution of the interaction between fibers and matrix. I 4 can be replaced by λ 2 , I 3 is dependent of J and I 5 can be omitted as many of the effects governed by I 5 can be introduced into the function through derivatives of the SEF with respect to I 4 . This relationship is the basis for the development of constitutive laws which can also be written as:

Ψ 0 (C C C, M M M ) = Ψ 0 vol (J) + Ψ 0 (C C C, M M M ) = Ψ 0 vol (J) + Ψ 0 (I 1 , I 2 , I 4 ) (1.19)
Hyper-elastic materials are subclasses of elastic materials. They have response functions that can be written in a physical form. From the Clausius-Planck as inequality we have the first stress tensor of PK1:

P P P = ∂Ψ 0 ∂F F F (1.20)
The Cauchy σ σ σ, the PK1 P P P and the PK2 S S S stress tensor are linked via the the push-forward operation as:

σ σ σ = 1 J P P PF F F T (1.21) σ σ σ = 1 J F F FS S SF F F T (1.22) P P P = F F FS S S (1.23)
The elasticity tensor in the material description may be written as:

C = 2 ∂S S S(C C C) ∂C C C (1.24)
More details about finite strain theory can be found in Holzapfel's book [START_REF] Holzapfel | Nonlinear solid mechanics: a continuum approach for engineering science[END_REF].

Constitutive laws

Numerous SEF exist in the literature to properly describe the behavior of different materials. However we focused here on soft biological tissue constitutive laws, in a non-exhaustive way.

Soft tissues models

For non-linear material, some simple isotropic SEF are commonly used, like Neo-hooke [START_REF] Treloar | The elasticity of a network of long-chain molecules -II[END_REF], Mooney-Rivlin [START_REF] Rivlin | Large elastic deformations of isotropic materials. III. Some simple problems in cyclindrical polar co-ordinates[END_REF], Yeoh [START_REF] Yeoh | Some forms of the strain energy function for rubber[END_REF], Ogden [START_REF] Ogden | Large deformation isotropic elasticity -on the correlation of theory and experiment for incompressible rubberlike solids[END_REF] and Demiray [START_REF] Demiray | A stress-strain relation for a rat abdominal aorta[END_REF] respectively as:

Ψ 0 = c 1 (I 1 -3) (1.25) Ψ 0 = c 1 (I 1 -3) + c 2 (I 2 -3) (1.26) Ψ 0 = n i=1 c i (I 1 -3) i (1.27) Ψ 0 = n i=1 = µ i α i (λ α i 1 + λ α i 2 + λ α i 3 -3) (1.28) Ψ 0 = c 1 c 2 e c 2 2 
(I 1 -3) -1 (1.29)
To model the anisotropic behavior of biological soft tissue, the HGO constitutive law was often used (specially in arterial tissue [START_REF] Fehervary | How to implement user-defined fiber-reinforced hyperelastic materials in finite element software[END_REF]] [Holzapfel et al., 2000]). It is decomposed into a volumetric part Ψ 0 vol (J) and a deviatoric part Ψ 0 , which is decomposed into a matrix material part Ψ iso 0 consisting of elastin and a collagen fibers part Ψ ani 0 running along preferred directions. It gives:

Ψ 0 = Ψ 0 + Ψ 0 vol (J) = Ψ iso 0 + Ψ ani 0 + Ψ 0 vol (J) (1.30)
Each part is defined as:

Ψ iso 0 = c 1 (I 1 -3) (1.31) Ψ ani 0 = k 1 2k 2 n i=4 e k 2 [κ(I 1 -3)+(1-3κ)(I i -1)] 2 -1 (1.32) Ψ 0 vol (J) = 1 D J 2 -1 2 -ln J (1.33) CHAPTER 1. STATE OF THE ART With c 1 , k 1 , k 2 ,
κ and D material constants. c 1 and k 1 are positive and correspond to the matrix and fiber stiffness respectively. k 2 is positive, dimensionless and corresponds to the non-linearity of the fibers. κ represents the dispersion of the fibers and varies between 0 (i.e. no dispersion) and 1/3 (i.e. fully dispersed or isotropic). D is a material parameter related to compressibility as D = 2/κ bulk . The isotropic part was chosen to be Neo-hookean and i represents the i th family of fibers. [START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF] The textile must have a similar behavior as surrounding tissues. Given the very low thickness of the textile, the normal stress is sometimes considered null, notably by Hernandez-Gascon et al. [START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF].

From the same author, a HGO formulation was used to model the behavior of meshes with the isotropic part being the SEF of Demiray et al. [START_REF] Demiray | A stress-strain relation for a rat abdominal aorta[END_REF].

The isochoric part of the SEF was defined as:

Ψ 0 iso + Ψ 0 ani = C 1 C 2 (e C 2 2 (I 1 -3) -1) + C 3 2C 4 (e C 4 (I 4 -1) 2 -1) (1.34)
where c 1 and k 1 are strictly positive constants (dimension of a stress) and c 2 , k 2 are strictly positive dimensionless constants with Ψ 0 ani = 0 if I 4 ⩽ 1. Table 1.10 shows the constitutive law parameters identified on several meshes. Other authors had developed in 2021 an anisotropic hypo-elastoplastic constitutive model specifically established for surgical knitted textile implants which reproduced anisotropy and permanent set [START_REF] Pierrat | Mechanical characterization and modeling of knitted textile implants with permanent set[END_REF].

If the elastic (or hyper-elastic) behavior can be now well defined, damage is not. Indeed, a damage part in governing equations is necessary to introduce the maximal stress admissible in the material. Then the damage evolution will weaken the failure zone and lead to its complete rupture following a decrease of the stress.

Damage process modeling

The field of rupture has been extensively studied since the milestone work of Griffith [START_REF] Griffits | The phenomena of rupture and flow in solids[END_REF] and Irwin [START_REF] Irwin | Analysis of Stresses and Strains Near the End of a Crack Traversing a Plate[END_REF]. Fracture is one of the most commonly encountered failure modes of engineering materials and structures. One can separate the term "Fracture" to the term "Damage" by defining the "Fracture mechanics" as a subbranch of solid mechanics in which the a priori presence of a crack is assumed [START_REF] Wu | Phase-field modeling of fracture[END_REF]]. Griffith's theory [START_REF] Griffits | The phenomena of rupture and flow in solids[END_REF] is a global energy approach and states that crack growth will occur when the energy stored in the bulk material is enough to generate new crack surfaces. While it does not allow to predict crack initiation in un-notched specimens, some methods overcome this issue, such as the Phase field damage/fracture (PF) , described later in Section 1.5.3.3. On the other hand, continuum damage mechanics, a discipline pioneered by Kachanov in 1958 [START_REF] Kachanov | Rupture time under creep conditions[END_REF], focuses on macroscopic cracks of finite length (like microcracks). However, this method suffers from drawbacks such as mesh dependency and lack of convergence.

Damage models can use either a discontinuous approach (or discrete approach) or a continuous one. In the former, the displacement field can be discontinuous (e.g. near fracture) whereas in the latter, the displacement is continuous everywhere and the stress is gradually reduced to model the degradation process.

Cohesive elements

Modeling the deformation and failure response in numerical models is one of the hardest topics in FE. A "trick" is to use cohesive elements or cohesive surface contact. The cohesive fracture was pioneered by Dugdale et al. [START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF] and [START_REF] Barenblatt | The Mathematical Theory of Equilibrium Cracks in Brittle Fracture[END_REF]. The essential difference between brittle and cohesive fracture is that for the latter the fracture energy is not released abruptly but rather, progressively, with respect to the displacement jump across the fracture surfaces.

The cohesive zone must be discretized with a single layer of cohesive elements through the thickness. If the cohesive zone represents an adhesive material with a finite thickness, the continuum macroscopic properties of this material can be used directly for modeling the constitutive response of the cohesive zone. Alternatively, if the cohesive zone represents an infinitesimally thin layer of adhesive at a bonded interface, it may be more relevant to define the response of the interface directly in terms of the traction at the interface versus the relative motion across the interface. The traction-separation-based formulation connects via nonlinear spring elements the relative displacements between two surfaces to a force per unit area. The behavior of the interface prior to initiation of damage is often described as linear elastic in terms of a penalty stiffness that degrades under tensile and/or shear loading but is unaffected by pure compression.

The modeling of adhesive joints involves situations where two bodies are connected together by a glue-like material. A continuum-based modeling of the adhesive is appropriate when the glue has a finite thickness. The macroscopic properties, such as stiffness and strength, of the adhesive material can be measured experimentally and used directly for modeling purposes. The adhesive material is generally more compliant than the surrounding material. When cohesive elements bond folds together, contact between the folds must be considered after cohesive elements fail and are deleted. This requires the use of an eroding type contact.

The cracks are restricted to propagate along the layer of cohesive elements and will not deflect into the surrounding material. Cohesive elements may be used where cracks are expected to develop. However, the model does not need any crack to initiate failure.

This method has been used in soft tissue by [START_REF] Rausch | Modeling Soft Tissue Damage and Failure Using a Combined Particle/Continuum Approach[END_REF] in uniaxial extension and in a peeling experiment of virtual soft tissue samples combined with Smoothed Particle Hydrodynamics to model damage; by Oldfield et al. [START_REF] Oldfield | Predicting failure in soft tissue phantoms via modeling of non-predetermined tear progression[END_REF] who developed an iterative procedure, making incremental additions to the failure path in a continuous finite element mesh of soft tissue phantoms; by Orozco et al. [START_REF] Orozco | Crack propagation in articular cartilage under cyclic loading using cohesive finite element modeling[END_REF] to estimate crack propagation in articular cartilage under cyclic loading with four different material models for cartilage (hyperelastic, poro-hyperelastic, poro-hyper-viscoelastic, and fibril-reinforced porohyperelastic with different collagen orientations); etc.

Extended finite element method (XFEM)

Extended finite element method (XFEM) is a numerical method, based on the Finite Element Method (FEM), that is especially designed for discontinuities. This method was developed to difficulties in solving problems with localized features that are not efficiently resolved by mesh refinement. One of the initial applications was the modeling of fracture.

The initial crack location is defined as damage initiation criteria and damage evolution parameters. In order to properly represent the crack, nodes which contain the crack tip are enriched with discontinuous functions. These functions typically consist of the near-tip asymptotic functions that capture the singularity around the crack tip and a discontinuous function that represents the jump in displacement across the crack surfaces.

A key advantage of XFEM is that the FE mesh does not need to be updated to track the crack path.

This method has been used in soft tissue by Schoch et al. [START_REF] Schoch | Simulation of Surgical Cutting of Soft Tissue using the X-FEM[END_REF]] on a 3D model for the simulation of surgical cutting in soft tissue with the incorporation of a corotation-based formulation; by Salem et al. [START_REF] Salem | Prediction of fracture initiation and propagation in pelvic bones[END_REF] in a model that is capable of predicting different types of fracture in the pelvic bone under various loading conditions; by Wan et al. [START_REF] Wan | On fatigue failure prediction of prosthetic devices through XFEM analysis[END_REF] in a numerical model of fatigue failure in some commonly-used osteofixation devices that are implanted to support various major bone defects/trauma and fractures; etc. 1.5.3.3 Phase field damage/fracture (PF) From now on, as the manuscript only focuses on the PF method to model rupture, the term "damage" and "fracture" will be mixed up.

The methods introduced in the previous sections are associated with some computational difficulties as initiating the crack without a pre-notch and solving its propagation without pre-defined path. It motivated other techniques in which the crack path is automatically determined as part of the solution. Indeed, the prediction of the starting point of cracks and their progression is a major problem in fracture mechanics. It is of great importance for practicing engineers and scientists. The PF emerged with Aranson et al. [Aranson et al., 2000] and Francfort et al. [START_REF] Francfort | Revisiting brittle fracture as an energy minimization problem[END_REF]]. It allows to determine when and where a crack initiates, how it grows and in which direction. The model is purely based on energy minimization and can handle topologically complex fractures such as intersecting and branching cracks. The formulation is also as easy to use in two dimensions as in three.

Numerical implementation of the variational approach to fracture was studied by Bourdin et al. [START_REF] Bourdin | Numerical experiments in revisited brittle fracture[END_REF]. The sharp crack topology was regularized by a diffuse damage thanks to a scalar phase-field that determines if the material is intact or broken. The length scale l c is introduced, characterizing the width of the local crack.

The concept of the PF diffusive crack topology can be introduced using a one directional bar with a cross-section Γ (see Figure 1.23) fully cracked at x = 0. The function d(x) describing the damage and representing the sharp crack, is equivalent to a Dirac delta function. The function is ranging from 0 (intact) to 1 (cracked). To represent the micro-cracks occurring before the rupture, damage d(x) is approximated by an exponential function, hence avoiding a discrete phenomenon, as:

d(x) = e -|x|/lc (1.35)
where l c is the length scale parameter. Of course, different and sharper geometrical functions for the diffusive crack can be adopted (see [START_REF] Wu | Phase-field modeling of fracture[END_REF]).

The fracture energy Ψ c is defined as:

Ψ c (γ) = g c Γ(d) = Ω g c γ(d(x), ∇d(x)).dA = Ω g c 1 2 d(x) 2 l c + l c ∇d(x) 2 (1.36)
where g c is the critical energy release rate or fracture toughness of the material, γ is the crack surface density function [Miehe et al., 2010], Γ(d) is the overall crack surface and l c is the length scale parameter characterizing the width of the diffuse crack. The term d(x) 2 lc represents the local part and l c ∇d(x) 2 denotes the non-local part that incorporates the length scale l c . This scalar is considered as a material parameter and for elastic specimens under uniaxial tension, some authors have shown that l c can be directly determined using experiments as l c = 27Egc 256σc 2 with σ c the critical stress at the rupture and E the elastic Young modulus [START_REF] Nguyen | On the choice of parameters in the phase field method for simulating crack initiation with experimental validation[END_REF].

The internal energy of the material Ψ int is made of the elastic strain energy Ψ 0 degraded by the function g as:

Ψ int = Ω g(d(x))Ψ 0 (ϵ ϵ ϵ(⃗ u))dV (1.37)
with the degradation function g = (1 -d(x)) 2 + k. A small positive scalar k ≈ 0 can be added to guarantee the well-conditioning of the system of equations (even tough it is not necessary).

The energetic degradation function g links the crack PF and the mechanical fields. It determines how the stored energy functional Ψ int responds to changes in the crack PF. Here again, different functions of g can be found in the literature, modifying the damage evolution [START_REF] Wu | Phase-field modeling of fracture[END_REF].

The external energy Ψ ext is made of body forces ⃗ b and traction forces ⃗ t as:

Ψ ext = Ω ⃗ b • ⃗ u dV + δΩ ⃗ t • ⃗ u dA (1.38)
The total energy functional L is given by the sum of all energies of the system:

L = Ψ c + Ψ int + Ψ ext (1.39)
from which minimizers, with appropriate boundary conditions, provide the displacement and phase-fields (⃗ u, d(x)). If the elastic system exhibits strain under load, the elastic energy Ψ int will increase. When this value reaches a critical value in a region, the energetic equilibrium of the system will decrease the elastic energy Ψ int by increasing the crack phase-field d(x) toward the value of 1. On the other hand, increasing the value of d(x) leads to an increase in the surface energy Ψ c . The model of PF fracture presented in the present work is an isotropic second-order one. The attribute "isotropic" indicates that the model does not distinguish between tensile and compressive fracture behavior and the modifier "second-order" refers to the second derivative of the PF in the governing equations (see (1.36) ).

The undamaged elastic strain energy Ψ 0 can be also decomposed into a positive (extension) Ψ + 0 and a negative (compression) Ψ - 0 part as

Ψ 0 = Ψ + 0 + Ψ - 0 .
It must be noted that only the tension part of the stored energy Ψ 0 is affected by the degradation function g. This formulation can improve the model if non-desired cracks are present in compressed regions.
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To model more ductile damage, some authors proposed a formulation to add plasticity [START_REF] Yalcinkaya | Deformation patterning driven by rate dependent non-convex strain gradient plasticity[END_REF] in the stored energy [START_REF] Ambati | Phase-field modeling of ductile fracture[END_REF][START_REF] Duda | A phase-field/gradient damage model for brittle fracture in elastic-plastic solids[END_REF]:

Ψ int = Ω [gΨ 0 (ϵ ϵ ϵ) + Ψ 0 (ϵ ϵ ϵ) p ] dV (1.40)
Applying the principle of maximum dissipation and energy minimization [START_REF] Francfort | Revisiting brittle fracture as an energy minimization problem[END_REF]] yields the set of coupled equations to be solved on the domain Ω associated with the structure, with surface boundary δΩ, Neumann boundary Γ N , Dirichlet boundary Γ D and outward normal ⃗ n. By taking the variation of both energies of the total energy functional (δL u = 0, δL d = 0), the corresponding Eulerian equations can be written (strong form) for the displacement (comprising balance equation on ⃗ u, Neumann boundary condition and Dirichlet boundary condition):

δL u = 0 ∀δu → div(σ σ σ) + ⃗ b in Ω σ σ σ.⃗ n = ⃗ t on Γ N ⃗ u = u on Γ D (1.41)
and phase-field problems (comprising balance equation on d(x) and Neumann-type boundary conditions):

δL d = 0 ∀δd → g c l c d(x) -l c 2 ∆d(x) -2 (1 -d(x)) H = 0 in Ω ∇d(x).⃗ n = 0 in δΩ (1.42)
In order to prevent cracks from healing when Ψ 0 decreases, Miehe et al. introduced a local history field H as [Miehe et al., 2010]:

H 0 = 0 (1.43) H n+1 = max Ψ + 0 H n (1.44)
This field weakly couples the displacement ⃗ u and phase-field d(x) and H n represents the maximum value ever reached. Furthermore it enforces damage irreversibility (δd(x) ≥ 0).

PF can be solved using two coupled Partial Differential Equations (PDE) , one for the vectorial displacement field ⃗ u and the other for the scalar PF d(x) (see its implementation in Section 2.1). PDE allows to no longer use derivatives functions, therefore, making no difficulties to deal with discontinuities. However, this method has high computational cost (the mesh has to be sufficiently refined in the damaged zone to accurately resolve the gradient term, and the alternating minimization solver is robust but the convergence rate is slow) [START_REF] Wu | Phase-field modeling of fracture[END_REF]. Moreover, PF parameters present some difficulties to be determine (see in Section 2.3).

Implementation of hyper-elasticity and damage mechanics in FE codes

In commercial finite elements (FE) software

Usually constitutive laws are implemented in FE models developed with commercial softwares like Abaqus, LS-Dyna, ANSYS, etc. The standard procedure to recreate a system in FE is to create the geometry of the different parts, then to assemble them, to apply some loads and boundary conditions, to model the mesh and finally to apply some pre-defined material behavior. A lot of common SEF are already implemented for soft tissues like the ones described in Section 1.5.2.1. Once the material behavior is chosen, the constants of the SEF need to be filled out. In Abaqus for example [ABAQUS], the material parameters can be identified by giving the experimental set of data. Then the software fits experimental data with the homogeneous solution of the SEF (the geometry is not taken into account).

However if the desired SEF is not implemented in the software, the user needs to program it. Under Abaqus for example, subroutines in Fortran are used to explicitly defined the material Baptiste Pillet behavior. For a standard material, UMAT subroutine requires the definition of the Cauchy stress tensor σ σ σ and its derivative i.e. the stiffness matrix C (or Jacobian matrix). The strain increments are defined by the symmetric part of the displacement increment gradient. User subroutine is called for each material point at each iteration of every increment and updates the stresses and the solution-dependent state variables to their values at the end of the increment. The accuracy with which the Jacobian matrix is defined will usually be a major determinant of the convergence rate of the solution and, therefore, will have a strong influence on computational efficiency.

Some more specific subroutines exist to simplify the coding. The UHYPER one for instance is specific to hyper-elastic materials and needs the SEF, its deviatoric part and its 3 orders derivatives relative to invariants I 1 , I 2 , I 3 and J.

If one wants to perform explicit analyses, the VUMAT (or VUHYPER) are available. User subroutine VUMAT is called for blocks of material points at each increment. When the subroutine is called, it is provided with the state at the start of the increment (stress, solution-dependent state variables). Alone with the stretches and rotations at the beginning and the end of the increment. The VUMAT user material interface passes a block of material points to the subroutine on each call, which allows vectorization of the material subroutine.

User subroutines in Abaqus are a very useful tool to implement some complex mechanical behaviors. However Fortran language, definition of the stress tensor, of the stiffness matrix can be burdensome. In addition, computation time and convergence can become complex. In the purpose of implementing PF in a FE model, a version was coded in Appendix VII inspired from the work of Molnar et al. [Molnár and Gravouil, 2017], but rapidly abandoned in favor of a more convenient software: FEniCS, hence avoiding the complex communication between the different subroutines, including the manual modification of nodes to connect the degrees of freedom of the different elements layers (see in Appendix VII).

In FEniCS

The project was initiated in 2003, and is developed in collaboration between researchers from a number of universities and research institutes around the world [Alnaes et al., 2015;[START_REF] Logg | Automated solution of differential equations by the finite element method[END_REF]Project, 2022].

The FEniCS Project is a collection of free and open-source software components:

• UFL (Unified Form Language): A domain-specific language embedded in Python for specifying finite element discretizations of differential equations in terms of finite element variational forms

• FIAT (FInite element Automatic Tabulator): The finite element backend of FEniCS, a Python module for generation of arbitrary order finite element basis functions on simplices

• FFC (FEniCS Form Compiler): A compiler for finite element variational forms taking UFL code as input and generating UFC output

• UFC (Unified Form-assembly Code): A C++ interface consisting of low-level functions for evaluating and assembling finite element variational forms

• Instant: A Python module for inlining C and C++ code in Python

• DOLFIN: A C++/Python library providing data structures and algorithms for finite element meshes, automated finite element assembly, and numerical linear algebra.

FEniCS components provide scientific computing tools for working with computational meshes, finite-element variational formulations of ordinary and partial differential equations, and numerical linear algebra.

DOLFIN is the main problem-solving environment with computational high-performance of FEniCS. It supports parallel computing on multi-core workstations through massively parallel supercomputers. It is designed such that users can perform parallel simulations using the same code that is used for serial computations. Two paradigms for parallel simulation are supported. The first paradigm is multithreading for shared memory machines. The second paradigm is fully distributed parallelization for distributed memory machines.

FEniCS, at the opposite of commercial softwares, requires programming all the different steps of the FE design: the geometry of the system, its mesh, the boundaries, the interactions and the different loadings. However, for the implementation of the material behavior, SEFs simply needs to be written as differential equations in variational form to be solved by energy minimization of the system. In this way, the solver automatically derives the consistent Jacobian and thus is easier to use and faster than Abaqus subroutines for instance.

In the literature, the open-source platform FEniCS was used for example by Elouneg et al. [START_REF] Elouneg | An open-source FEniCS-based framework for hyperelastic parameter estimation from noisy full-field data: Application to heterogeneous soft tissues[END_REF] to identify mechanical parameters of heterogeneous hyper-elastic materials from in silico generated full-field data. By means of a forward nonlinear FE model and an inverse solver, the model parameters are estimated through a constrained optimization function with no quadratic penalty term ; by Mazier et al. [START_REF] Mazier | Inverse deformation analysis: an experimental and numerical assessment using the FEn-iCS Project[END_REF] to solve direct and inverse deformation on experimental imaging data acquired from a soft silicone beam under gravity ; by Ban et al. [START_REF] Ban | Differential propensity of dissection along the aorta[END_REF] who implemented a PF FE model of the aortic wall dissection progress.

Phase field damage/fracture (PF) studies in the literature

Some authors focused on expanding the PF formulation for more specific uses. We can notably cite the contributions of Yalcinkaya et al. in [Nguyen et al., 2019]. The method was based on the mixing of bulk energy with the energy of null-thickness interface which is derived from the asymptotic analysis of the very thin interphase. This formulation can be relevant when investigating the complex interfaces with various properties.

In the soft tissue field, Gültekin et al. in 2016 simulated the fracture of an aortic aneurysmatic tissue specimen undergoing both uniaxial extension and simple shear loads and compared the results with experimental data [Gültekin et al., 2016]. Instead of an incremental formulation, the authors presented a continuous formulation of the variational principle for the multi-field problem manifested through the strain map and the crack PF at finite strain. The crack growth was driven by an energy-based anisotropic failure criterion (one for the ground matrix and the other for the collagen fibers) in accordance with the mechanics of arterial tissues. Authors extended this framework in 2018 to the local rate-dependency of the PF evolution [Gültekin et al., 2018]. They compared the energy-based criterion and a stress-based criterion (Tsai-Wu and Hill) together with the principal stress criterion. The results suggested that the energy-based criterion and the Tsai-Wu stress-based criterion, and the principal stress criterion, can reflect the onset of the crack where the expected failure surfaces attributed to the transverse isotropy were acquired. However, the tests on the propagation of the crack favored the energetic-based criterion to obtain a stable crack growth for the analyzed three-dimensional boundary-value problems blended with anisotropy at finite strains.

Also in soft biological tissues, Raina et al. in 2016 simulated fracture in human iliac arteries [Raina and Miehe, 2016]. The PF model is based on the derivation of the regularized crack surface functional, governed by a crack PF, which converged to sharp crack topology for vanishing length-scale parameter l c . A rate-dependent incremental variational framework for the evolution of crack PF was employed, which is driven by the maximum stress-based driving force from the deformation history. In addition, a general orthotropic failure criterion was developed and used to compute the driving forces for PF growth in soft biological tissues. The construction of constitutive relations allowed the degradation of full anisotropic energy storage function, which takes into account the contribution of collagen fibers embedded in a soft surrounding matrix, with evolving crack PF.

As PF damage modeling is a quite recent field and its development is increasing, it is important to understand perfectly its mechanisms. That is why [START_REF] Nguyen | On the choice of parameters in the phase field method for simulating crack initiation with experimental validation[END_REF] try to show that l c may be interpreted as a material parameter and should be deduced from experimental material parameters identification [START_REF] Nguyen | On the choice of parameters in the phase field method for simulating crack initiation with experimental validation[END_REF]. The authors compared simulations of crack initiation with experiments. The experimental data provided in Romani et al. [START_REF] Romani | Detection of crack onset in double cleavage drilled specimens of plaster under compression by digital image correlation -Theoretical predictions based on a coupled criterion[END_REF] have been used to provide reference solutions associated with onset of cracks in plaster structures containing drilled holes in compression or in three-point bending of a beam coupled with image correlation data from the same study. A thick plate containing one single cylindrical hole was loaded in compression Cracks were detected by high levels of local ϵ ϵ ϵ xx components, measured on a gage length defined by the mesh of correlation points which is the signature of the presence of displacement discontinuities between two points of the mesh. In the simulations, the crack length was computed as the distance between the last point for which d(x) = 1 and the hole boundary, assuming a straight crack. The PF model was able to predict quantitatively crack paths, crack propagation morphologies, and mechanical response with good agreement with experimental results. The regularization parameter l c describing the width of the smeared crack approximation was found to be linked to material parameters. The regularization length then could require experimental measures to be identified. Decreased load increments and element size were found to improve convergence.

More generally, Molnár et al. in 2020, improved the understanding of the elementary mechanism introduced by the PF damage [Molnár et al., 2020]. Authors made a comparison between the variational approach and the so-called coupled criterion and found similar quantitative and qualitative results for both the PF approach and the coupled criterion. Another analysis provided an insight to explain the effect of the length scale parameter l c on the mechanical behavior. A unique correlation between the internal length scale l c , maximum tensile strength σ c and the initiation length was found. This relationship could be described with a surface rather than a single curve as the stress state was found to have a significant effect on the results. The instantaneous initiation length increased linearly with l c , confirming that l c explicitly controls the size of the first crack advancement. Finally, a convergence study demonstrated that the standard PF approach converged to Griffith's solution. Otherwise, a gradual decrease was found in the critical stress σ c if the FE density was increased, or the elastic strain energy Ψ 0 increment was constrained.
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Numerical modeling of the abdominal wall (AW) hernia repair 1.6.1 Modeling the AW mechanical behavior

In the purpose of modeling the complex AW and its mechanical behavior, Pachera et al. in 2016 developed a numerical model based on the averages of tomographic images and then segmenting them using histo-morphometric data found in the literature [START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF]. The aim is to assess the global passive mechanical behavior of the healthy AW under the action of pressures that characterize different daily tasks and physiological functions. The evaluation of a normal range of IAP during activities of daily living is fundamental because pressure alterations can cause several adverse effects. It includes the LA, the RS, the aponeuroses and a structure comprising the IO and EO as well as the TR. Boundary conditions aim to reproduce the physiological ones in particular the muscle insertions onto the bones. Loading conditions are given by uniform pressure applied to the internal surface of the AW. The mechanical behavior of connective and muscular tissues is described by a fiber-reinforced and almost-incompressible hyperelastic constitutive model (HGO for the anisotropic part and Neo-hookean for the isotropic one). The identified parameters are shown in Table 1.3. The model reproduces 3 levels of internal pressure, 20 mmHg (representing the standing position), 81.4 mmHg (reproducing a cough) and 171 mmHg (representing a jump) knowing that the pressures evaluated during hernia formation are in the order of 170 mmHg. The displacements in the center of the abdomen are respectively 19.9, 41 and 51.9 mm. At the level of the appearance of epigastric hernias (on the LA) with the corresponding evaluated pressure (170 mmHg), the force measured is 14.26 N/cm in the cranio-caudal direction and 15.09 N/cm in the transverse direction. For the lateral hernia zone: 37.33 and 34.70 N/cm respectively.

Then [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF][START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF] developed a model based on Pachera's one. This time, the team focused on adding the active behavior (see the formulation in appendix, V). It includes all the components of the wall which is modeled by segmentation mean of tomographic images of [Ambardar et al., 2009;[START_REF] Lancerotto | Layers of the abdominal wall: Anatomical investigation of subcutaneous tissue and superficial fascia[END_REF][START_REF] Rankin | Abdominal muscle size and symmetry in normal subjects[END_REF][START_REF] Tahan | Measurement of superficial and deep abdominal muscle thickness: An ultrasonography study[END_REF]. Muscles are modeled with variable thickness in different regions of the abdomen. The rough surfaces of the muscle structures are then smoothed and the ultimate thickness is adapted to the anatomical data [Ambardar et al., 2009;[START_REF] Rankin | Abdominal muscle size and symmetry in normal subjects[END_REF][START_REF] Tahan | Measurement of superficial and deep abdominal muscle thickness: An ultrasonography study[END_REF]. Fascia structures that cannot be observed on tomographic images are reconstructed on the surfaces of the LA, fascia and muscles considering a constant thickness according to the fascia data [START_REF] Costa-Ferreira | Morphometric study (macroscopic and microscopic) of the lower abdominal wall[END_REF][START_REF] Lancerotto | Layers of the abdominal wall: Anatomical investigation of subcutaneous tissue and superficial fascia[END_REF]. The LA and muscle structures are discretized with tetrahedral linear elements with a hybrid formulation to avoid numerical instabilities due to the quasi-incompressible behavior of muscles and connective tissues. Fascia structures are modeled with 3 nodes membranous elements. Frictionless contacts are considered between fascias, muscles and LA. In order to account for the insertion of the abdomen on the xiphoid process, on the ribs and on the pelvis, the upper and lower sides of the overall abdominal wall are considered fixed. The edges of the lateral muscles are fixed to represent the connections with the iliac crest, thoracolumbar fascia and rib cartilage. Null displacements in the transverse direction are imposed on the nodes along the sagittal plane according to the symmetry of the loading conditions. Finally, a possible physiological slip between the aponeurotic tissues and the underlying solid region is allowed due to a frictionless contact condition. A uniform IAP is applied to the fascia transverseis which covers the inner surface of the AW. Numerical analyses are performed by applying a IAP of the order of 0-13.3 kPa (0-100 mmHg) which includes most of the physiological values corresponding to common daily tasks [Cobb et al., 2005]. Analyses are performed by simulating a pure passive condition, obtained only by applying internal pressure, and the active state in which internal pressure is simultaneously applied to muscle contraction. To compare the mechanical response of the AW in both cases, it is assumed that the same load law is applied with the pressure characterized by a non-linear function. The load distribution is chosen arbitrarily to allow the comparison even if it does not correspond to the physiological increase in IAP with muscle contraction. The loading conditions are applied in a time interval ranging from 1 s to 2 s. An implicit scheme is adopted to integrate over time with a time increment variable with the aim of obtaining a more accurate solution in particular in the transition between muscle fiber activation and deactivation. The minimum increment time allowed is 1 × 10 -6 s and the maximum is

1 × 10 -2 s.
The model gave a maximum displacement increased of 5 % in passive conditions with respects to the maximum in active behavior of muscles for 16.7 mmHg of IAP. For 100 mmHg, in the umbilical region along the transverse direction, the values were 3.1 N/cm in passive and 2.8 N/cm in active and following the cranio-caudal direction of 0.16 N/cm and 0.07 N/cm. Similarly, in the area of epigastric hernia (between the umbilicus and the sternum), the values were 0.88 N/cm in passive conditions and 0.68 N/cm in the case of muscular contraction along the transverse direction. In the longitudinal one, values were 0.13 N/cm and 0.01 N/cm according to passive and active conditions respectively.

The model showed a global stiffening of the AW corresponding to a low abdomen deformation. The membrane force on fascial structures was reduced by muscular contraction. Representing active muscular contraction leads to advanced findings, otherwise membrane force results overestimated considering a purely passive behavior for the AW.

Modeling hernia repair

Through these models, the behavior of the AW can be understood, however, other studies are needed to add the mesh and its integration and therefore have more insights on the hernia repair. A few models exist to reproduce hernia repair using a textile, such as Hernandez-Gascon's one [START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF] which simulated a partial hernia on a rabbit AW whose geometry has been approximated by an extruded ellipse with textile repair of 20 × 160mm. The problem is considered as a membrane due to the low textile thickness (assumed to be 1 mm). The dimensions of the ellipse were based on measurements of the abdomen of rabbits. Two lids were placed at the top and bottom of the abdomen to reproduce the abdominal cavity. For boundary conditions, the node displacements at the back of the abdomen were set to simulate the stresses imposed by the shoulders. Finally, an internal pressure of 60 mmHg (8 kPa) was applied to the inner AW surface to reproduce the abdominal load during the Valsalva maneuver in the standing position [Cobb et al., 2005]. The cranio-caudal direction of the rabbit was considered as the longitudinal direction and the direction perpendicular to it was considered as the transverse direction. The material parameters were taken from the study of [START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF] for the EO and the IO (c1 = 0.168 32 MPa, c2 = 0.6319 , c3 = 0.012 19 MPa, c4 = 5.68158, a = 87.8 • ) with α the angle of the direction of anisotropy of the muscle with the longitudinal direction. This direction of anisotropy is integrated in the FE model, composed of linear hexahedral elements, through a vector at each node.

To analyze the effects of the mesh on the AW just after implantation, a partial hernia is modeled at the front of the abdomen at mid-length, removing knots at the EO. Its dimensions are 40 × 40mm. The textile is modeled by linear membranous quadrilateral elements of thickness 1 mm. For all textiles, their axial direction coincides with the transverse direction of the abdomen corresponding to the perpendicular of the cranio-caudal direction. To model the sutures, the knots at the boundaries of the textile are coincident with the abdominal knots.

The FE model shows a stress concentration around the sutures due to the discontinuity with the textile, which could lead to recurrences. It also confirms the increase in stiffness due to isotropic textiles.

To study the influence of the repair technique, Guérin et al. assessed the combined influence of key parameters of the ventral/incisional hernia treatment on the global behavior of the repaired AW [Guérin and Turquier, 2013]. To achieve this, both physical and numerical models were developed and focused on the early postoperative time after intra-peritoneal (see Figure 1 A physical model was developed to mimic an AW constrained with a multiaxial force. The ventral hernia model consisted of two layers of synthetic media. The muscular layer was represented by a sheet of polyurethane with a 95 kPa stiffness and 1.27 cm thickness. In order to simulate the hernia defect in the damaged and repaired configurations, a centered 8 × 5.5cm elliptic hole was created. The peritoneum layer was modeled as a film of regenerated cellulose placed over the muscular layer to take into account a mobile peritoneum (E=800 kPa, 0.5 mm thick). This film had a very limited mechanical role compared to the muscular layer and did not cover the defect. The interface between the two layers was then lubricated to mimic the preperitoneal fat that exhibit a very low shear modulus. The defect was repaired with a polyethylene terephthalate (PET) mesh. It was fixed with titanium tacks on either the muscular layer or the peritoneum layer only. The dimensions of the mesh were chosen to get a 5 cm overlap. Tacks were placed at 1 cm from the mesh edges and at 2 cm apart in a single crown configuration. A vertical force simulating the abdominal content was applied using an 18 cm diameter impactor with displacements up to a 45 mm deflection, at a low speed to ensure quasi-static conditions.

Then both layers were modeled as isotropic linear elastic materials, while the mesh was modeled with the Mooney-Rivlin hyperelastic material law. A perfect sliding condition was assumed between the different layers. The impactor was modeled as a rigid body. Once the model was validated, a physiological load was then considered and used to conduct the parametric study. The influence of the three following key parameters as studied:

• The defect size: small (3.5 × 9.5cm elliptic defect) and large (8.25 × 12cm elliptic defect), with the same length/width ratio of 1.4.

• The overlap: 5 and 2 cm.

• The depth of the fixation: the fixation was either on the muscular layer or on the peritoneum layer. This last configuration could be adapted in the clinical field when the subperitoneal fat is too thick

The influence of these parameters was evaluated with the numerical model loaded with a uniform pressure. The parametric study included two designs of experiments in order to evaluate separately two activation states of the AW. The first one focused on the passive AW (E=95 kPa) loaded with a 22 mmHg uniform pressure, corresponding to standard activities such as standing.

The second model concerned an active AW (E=24 MPa) loaded up to 166 mmHg, corresponding to high activities such as coughing or jumping. The following criteria were investigated:

• Stress in test mesh (maximum von Mises).

• Bulging (mesh protrusion through the defect).

• Pull-out force at the fixation points (maximal normal force at the fixation points).

In the passive model, the variability analysis showed that the maximal stress in the mesh was not significantly influenced by any evaluated parameter. Regarding the bulging of the mesh, only the size of the defect was significant (p = 0.006). The ratio effect indicated that the bulging size variance increased by a factor of 3.97 when the defect changed from the small to the large size. For the active model, the stress in the mesh was significantly influenced by both the overlap (p = 0.011, ratio effects of 3.58), and the defect size (p = 0.012, ratio effects of 3.52). Both the bulging size (p = 0.083) and the pull-out force (p < 0.01) were only influenced by the defect size, with respective ratio effects of 2.38 and 5.86.

He et al. tried in 2020 to provide a reference standard for the mechanical properties of laparoscopic mesh for different abdominal hernias [START_REF] He | A numerical method for guiding the design of surgical meshes with suitable mechanical properties for specific abdominal hernias[END_REF]. A FE model was developed in which laparoscopic repairing with different surgical meshes and different hernia locations was simulated.

The model was build on segmented CT images of a healthy man. The skin and the fat were not considered since their stiffnesses are negligible compared to those of the muscles and aponeuroses. transverseis fascia (hardly distinguishable) that wraps the whole internal AW was created using membrane elements of 1 mm.

A circular hernia defect of 20 or 40 mm in diameter was introduced on LA or RA. A surgical mesh was modeled with a square shape (100 × 100 × 1mm) with a minimum overlap of 30 mm and fixed with suture points to the internal abdominal surface. Suture points were placed at 5 mm from the mesh edges and at 20 mm apart, based on common laparoscopic hernioplasty. Suture points were simulated by spot welding in ANSYS Geometry. The meshes were considered as isotropic elastic materials with Poisson's ratio of 0.45 (it was found that the change of this value had a very limited effect on the results). A fiber-reinforced hyperelastic constitutive model was used to model the mechanical behavior of the soft tissues as: [START_REF] Hernández-Gascón | Understanding the passive mechanical behavior of the human abdominal wall[END_REF] on Hernandez et al. [START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF] data.

Ψ 0 = Ψ 0 vol + Ψ iso 0 + Ψ ani 0 = 1 d (J -1) 2 + a I 1 -3 2 + c 1 2c 2 e c 2( I 4 -1) 2 -1 (1.45) with Ψ 0 vol = (1/D)(J -1)
straints were set in the upper and lower sides of the AW and the edges of the lateral muscles while other contact parts between mesh and tissues were set to be frictionless. A uniform pressure was applied on the internal surface of the AW and mesh to simulate the IAP. As the initial abdomen was not stress free due to the residual stresses of the living tissues and that CT images does not provide this information, initial stresses were unknown. However, according to the low value of IAP characterizing the supine position, the initial configuration of the model is considered stressfree. The pressure was uniformly increased to 170 mmHg to obtain the mechanical behavior of the AW and mesh under a high level of IAP in healthy and repaired abdomen models.

As expected, the central regions of the abdomen, LA and RA showed the maximum strain. The strain of the healthy abdominal was about 54.31 mm, and the strain of a 20 mm LA herniated, 40 mm LA herniated, 20 mm RA herniated and 40 mm RA herniated with the same mesh modulus of 5 MPa were 51.17 mm, 52.50 mm, 53.02 mm and 53.59 mm, respectively. Based on all results, the most suitable mesh modulus of the 20 mm LA herniated, 40 mm LA herniated, 20 mm RA herniated and 40 mm RA herniated were 1 MPa, 3 MPa, 2 MPa and 4 MPa, respectively. When the repaired condition was simulated, the most suitable mesh modulus (indicated just before) was applied and resulted in some stress concentration near the suture area due to the differences between mesh and tissues in thickness and material. In this area, the maximal principal stress on the meshes were 0.35 MPa, 0.89 MPa, 0.77 MPa and 1.43MPa for 20 mm LA herniated, 40 mm LA herniated, 20 mm RA herniated and 40 mm RA herniated case, respectively. Findings suggested that the repairs of different types of hernia require surgical meshes with different mechanical properties, according to the location and defect size.
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Problem analysis and objective of the thesis

The literature is vast concerning the understanding of the LA mechanical behavior [Acosta Santamaría et al., 2015;Cooney et al., 2016Cooney et al., , 2015;;Förstemann et al., 2011;Gräßel et al., 2005;Hollinsky and Sandberg, 2007;Levillain et al., 2016]. Indeed, several authors studied its behavior at different locations, directions and using various loading modes. Much less but still, its damage behavior has been studied, assessing the stress at rupture for instance [Hollinsky and Sandberg, 2007]. Although constitutive laws formulation fit well the hyper-elastic and anisotropic behavior of biological soft tissues, experimental data on AW muscles is missing. The importance of considering AW mechanical characteristics such as anisotropy is directly related to the in vivo behavior of the abdominal muscle tissue [START_REF] Hernández | Mechanical and histological characterization of the abdominal muscle. A previous step to modelling hernia surgery[END_REF]. Once the mesh is implanted, the overall behavior (tissue plus mesh) should resemble that of healthy tissue. However, the anisotropy required by the textile during implantation depends on its location in the AW because the different components do not have the same behavior. In order to address this issue, it is necessary to mechanically characterize the tissue areas involved in healthy and post-operative states, as the data in the literature are still very limited. Also, experimental data of integrated textiles are limited due to the complexity of mechanical in vitro and in vivo tests on human tissue, which also represents a difficulty in obtaining them. All the different models described in the previous section [Guérin and Turquier, 2013;[START_REF] He | A numerical method for guiding the design of surgical meshes with suitable mechanical properties for specific abdominal hernias[END_REF][START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF][START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF][START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF] are major advances in the hernia repair fields. While Pavan et al. [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF] developed a rich and responsive model of the AW, Hernandez-Gasscon et al. [START_REF] Hernández-Gascón | Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall[END_REF] tried to observe the difference in mechanical behavior according to different meshes. Finally, Guerin et al. [Guérin and Turquier, 2013] and He et al. [START_REF] He | A numerical method for guiding the design of surgical meshes with suitable mechanical properties for specific abdominal hernias[END_REF] explored the use of hernia repair models to improve the understanding and patient care during hernioplasty. Although these models constitute some milestones to decrease the recurrence rate of incisional hernias, to our knowledge no model including the effect of integration time exists. Indeed, the model observed the mechanical response of the AW repaired with a mesh, early after the procedure, without considering the degradation of mesh or the evolution of integration between the mesh and the surrounding tissue. In order to understand failures long time after the surgery (even several years after [START_REF] Burger | Long-term follow-up of a randomized controlled trial of suture versus mesh repair of incisional hernia[END_REF]), a model with different post-operative time data is needed to include mesh integration, tissue remodeling, degradation of the mesh etc.

However, in vivo investigations are complicated due to the complex geometry of the AW, the invasiveness of the tests, and the cost of clinical trials [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF]. In this purpose, clinical studies for ventral hernia repair on animals and more precisely on pigs due to their anatomically and physiologically similarities with human can be the key. The use of animal models has become a very common method for performing biomechanical testing. They allow tests to be carried out when these are not feasible on humans. But also, to have a better control on the different mechanical parameters (hernia condition, test performance, etc.) and biological parameters (age, weight, etc.) of the study allowing to have a better uniformity of results at a lower cost. Of course, even if tissues and organs are relatively close between certain species and humans, their use will always be a limitation to transfer the results to humans. However, a porcine model with different integration time state could remain essential. Values of stress and strain will be different than in humans (although authors find not so much mechanical behavior differences between pigs and humans [Cooney et al., 2016[Cooney et al., , 2015;;Levillain et al., 2016]) but the behavior and the cause of failures could be similar as the mechanism of mesh integration in muscle is the same.

Finally, a key point missing for now in numerical models of ventral hernia repair is the damage behavior, essential to understand the mechanism of failure. Indeed, observing an area of stress concentration will bring an information of a possible failure in a specific area. However, no information is known concerning the exact location of the opening and how it will propagate. Is it between the mesh and the muscular layers ? From sutures to sutures ? Therefore, implementation of damage behavior characterizing the initiation of damage and the crack propagation in numerical models could represent a new step for ventral hernia repair.

In that sense, we believe that designing a porcine study, characterizing the hernia repair at different time integration and feeding a novel numerical model implemented with phase field damage is very promising. Numerical models could allow surgeons to understand and developed future closure techniques, new procedures to choose the optimal textile and optimize practices. For manufacturers also, having a digital twin will help to optimize implants of the future, in particular in personalized versions. Last but not least, digital twins of animal hernia repair could drastically reduce the amount of clinical studies in animal. PHASE-FIELD METHOD -APPLICATION TO MUSCULAR TISSUE

Chapter summary

In this chapter we discuss the phase-field damage model used in more detail with the aim of developing a methodology to identify PF parameters of the AW constituents which can be used in a numerical model. We study the implementation of PF in the open-source plateform FEniCS as it, to our opinion, more convenient to implement user-specific material law such as damage behaviors in this way. Indeed, we have shown through minimal examples that the implementation can be straightforward. Then, to understand and define PF parameters in the numerical model, a parametric study was performed, leading to a complex dependence between PF parameters. We demonstrated also like several authors in the literature, the dependence between l c and mesh elements size. In order to improve the PF implementation, a numerical study on heterogeneous fields of g c application was carried out, with promising but not convincing results. Finally, to complete preliminary studies for elaborating a methodology to identify PF parameters, the different ways to calibrate them were described: using an homogeneous solution of the PF formulation, by fixing l c to the mesh and by performing mechanical experiments coupled with analytical computations. All of them gave proper results with their own advantages and drawbacks. With all these studies and calibrations, the inverse identification procedure was described and successfully applied under uniaxial tensile and peeling tests.

Résumé du chapitre

Dans ce chapitre, nous discutons plus en détail le modèle d'endommagement de champ de phase utilisé dans le but de développer une méthodologie pour identifier les paramètres d'endommagement des constituants de l'abdomen qui peuvent être implémentés dans un modèle numérique. Nous avons étudié l'implémentation du champ de phase dans la plateforme open-source FEniCS car il est, à notre avis, plus pratique d'implémenter de cette manière des lois de comportement spécifiques telles que les comportements d'endommagement. En effet, nous avons montré à travers des exemples minimaux que l'implémentation peut être simple. Ensuite, pour comprendre et définir les paramètres d'endommagement dans le modèle numérique, une étude paramétrique a été réalisée, relevant une dépendance complexe entre les paramètres de champ de phase. Nous avons également démontré, comme plusieurs auteurs dans la littérature, la dépendance entre l c et la taille des éléments du maillage. Afin d'améliorer l'implémentation de champ de phase, une étude numérique sur l'application de champs hétérogènes de g c a été réalisée, avec des résultats prometteurs mais peu concluants. Enfin, pour compléter les études préliminaires à l'élaboration d'une méthodologie d'identification des paramètres d'endommagement, les différentes manières de les calibrer ont été décrites : en utilisant une solution homogène de la formulation de champ de phase, en fixant l c au maillage et en réalisant des essais mécaniques couplées à des calculs analytiques. Toutes ces méthodes ont donné de bons résultats avec leurs propres avantages et inconvénients. Grâce à toutes ces études et calibrations, la procédure d'identification inverse a été décrite et appliquée avec succès lors d'essais de traction uniaxiale et de pelage.
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To consider damage behavior in the numerical model (described in Chapter 6), we implement Phase field damage/fracture (PF) formulation in the open-source plateform FEniCS [Alnaes et al., 2015]. Then, to understand and define PF parameters (g c the critical energy release rate and l c the length scale parameter) in the numerical model, a parametric study was performed followed by a calibration study with the aim to perform inverse identification of PF parameters. Its procedure is described and applied for uniaxial tensile and peeling tests. Finally but not least, a numerical study on heterogeneous fields of g c application was carried out to improve failure progression within the tissue.

Implementation of Phase field damage/fracture (PF) damage in FEniCS

As mentioned in Section 1.5.4.2, the open-source plateform FEniCS is used in this work and convenient to implement user-specific material law such as damage behaviors, hence introducing coupling between displacement variable ⃗ u and damage d(x).

As not to impinge the discussion of Chapter 6, we present here only the implementation of PF damage in FEniCS, and illustrate it through simple cases.

Formulation in variational form

To solve the partial differential equation of the PF problem coupled with the balance equilibrium of the system, we need to define the weak form of each equation to solve in FEniCS.

From the boundary conditions described in Equations (1.41) and (1.42) , governing the problem, we can define trial (U u , V u ) and test (U d , V d ) spaces under Ω u and Ω d domains as:

U u = u|u(x) = ⃗ u ∀x ∈ Ω u (2.1) U d = δu|δu(x) = 0 ∀x ∈ Ω u (2.
2)

V u = d|d ∈ [0, 1], d ≥ 0 ∀x ∈ Ω d (2.
3)

V d = δd|δd ≥ 0 ∀x ∈ Ω d (2.4)
with d(x) the damage variable.

Applying the standard Bubnov-Galerkin procedure, we obtain the following weak form by finding

u ∈ U u , d ∈ V u such that, for all δu ∈ U d , δd ∈ V d : a(u, δu) = Ω gσ(u) : ϵ(δu)δΩ (2.5) b(d, δd) = Ω g c /l c d + g ′ H δd + g c l c (∇(δd).∇(d)) δΩ (2.6)
with g the degradation function and H the history variable. The model of PF fracture presented here is an isotropic second-order one. The attribute "isotropic" indicates that the model does not distinguish between tensile and compressive fracture behavior and the modifier "second-order" refers to the second derivative of the PF in the governing equations.

The minimization of the total energy of system L (see Equation (1.39) ) is solved using a staggered iteration process [Molnár and Gravouil, 2017] where we solve the PF d(x) using the displacement field ⃗ u. In the current implementation, a(u, δu) is non linear and solved using a Newton algorithm, and b(d, δd) is linear and solved using a linear solver. Then, the updated PF d(x) is used to solve the displacement field ⃗ u. This staggered process is depicted in Figure 2.1. To achieve this, we provide FEniCS directly with the weak forms defined above, one for Baptiste Pillet PHASE-FIELD METHOD -APPLICATION TO MUSCULAR TISSUE displacement a(u, δu) and the other for damage b(d, δd). The FE discretization, the assembly and the solution of the resulting system of equations are computed automatically. This is performed thanks to automatic differentiation techniques, which prevent cumbersome derivations of tensor derivatives, which are error prone and can seriously compromise convergence if not propertly implemented. Domain Ω is partitioned into non-overlapping elements and the discrete trial and test spaces are defined by constructing FE shape functions over the union of all elements in Ω.

Minimal examples

In order to better understand how PF can be implemented in FEniCS, minimal examples of python scripts are commented below.

Application to a uniaxial tensile test

We consider here a 2D plate under plane stress hypothesis submitted to a displacement at the top while the bottom is fixed (see Figure 2.2a). The material is Neo-Hookean hyper-elastic and the damage PF is implemented too. Minimal example of PF implementation in FEniCS is provided in Appendix in page VIII.

Results can be exported in a .h5 file (.h5 format is one of the Hierarchical Data Formats (HDF) used to store large amount of data) and were then read with Paraview software and depicted in Figure 2.2. The displacement imposed on the upper side of the model is indeed 9 mm at the increment 0.9 on 1. The model can be wrapped by the displacement vector ⃗ u to observe the final 76 Baptiste Pillet
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(deformed) configuration of the model (see Figure 2.2c). We can see that the PK1 stress P P P is localized at the middle of the model in the same way as the damage d(x) (see Figure 2.2d). Damage d(x) = 0.27 at increment 0.9 on 1 and directly goes to 1 in the middle at the last increment 1 (see Figure 2.2e). The red line with d(x) = 1 symbolizes the crack. If we look at the deformed state (see Figure 2.2f) with visible elements, we can see that those where the crack is present exhibit no stiffness anymore and are therefore highly deformed (with no incidence on the stability).

To observe what could be the real effect of the crack on the sample, we can perform a threshold on the deformed state (see Figure 2.2g) to keep elements with d(x) ⩽ 0.99.

Application to a peeling test

We consider now a peeling test (see Figure 1.15) of two soft tissue strips. The mechanical test is reproduced as the upper strip is displaced vertically, while the lower one is fixed (see Figure 2.3a). The peeling test in term of rupture is fundamentally different from the uniaxial tensile one because the rupture here is stable. Indeed, as the peeling test presents a predefined crack to separate the two strips, the energy needed to initiate the crack is much lower than in a uniaxial tensile test and remains constant through time.

For a peel test, the mesh can be created with gmsh, see in Appendix page (7.7) .

Note that a custom mesh refinement is performed along the middle of the sample, where the crack is supposed to propagate. Also the mounted part of strips are not represented in the model.

For the implementation of the problem, the rest of the script is quite similar to the uniaxial tensile test one.

Results are depicted in Figure 2.3. We can see that the PK1 stress P P P and the damage d(x) are localized at the crack front (see Figures 2.3b 

Phase field damage/fracture (PF) parametric study

Now that PF damage formulation coupled with an hyper-elastic material is implemented in FEn-iCS, we can perform further analyses. Indeed, to understand the effect of PF parameters on the mechanical behavior of the sample, we performed parametric analyses on a geometry typical at uniaxial tensile tests (see Figure 1.18).

In the aim of directly applying formulations written in Section 2.1.1, a hyper-elastic uniaxial test was simulated (see Figure 2.4). The bottom was fixed, while a prescribed vertical displacement of 40 mm was applied on the top surface. The geometry was meshed with triangular elements using the gmsh python library.

A typical result with the damage crack is shown in Figure 2.5, right. We can see on the forcedisplacement curve (see Figure 2.5, left) that the damage part is very different from what can be observed on modt of soft biological tissue samples (see Figure 1.16, left): it is much more brutal on the numerical sample. Additionally, the parametric study aims at evaluating if parameters sets can lead to a more progressive rupture and therefore, a more reliable simulation of biological tissue rupture. 

Phase field damage/fracture (PF) parameters influence of a tensile test sample

To study the influence of PF parameters on the mechanical behavior, l c and g c were tested alternately for several values (0.1, 0.5, 1 mm or N/mm) with other parameters (hyper-elastic ones and element size) kept constant to understand their contribution to the damage mechanism.

Figure 2.6 presents the influence of PF parameters on the force-displacement response. It can be seen that the higher l c , the sooner rupture occurs. The opposite observation can be made for the critical energy release rate: the lower g c , the sooner the rupture occurs. It is therefore difficult to conclude on the individual influence of g c and l c as they appear dependent (see also [Molnár et al., 2020a]).

Additionally, l c also governs the spreading of the crack, as evidenced by Figure 2.9.

80 Baptiste Pillet It is difficult to conclude on the individual influence of g c and l c as they appear dependent. Before discretizing a geometry to apply the FE method, it is important to evaluate the mesh size influence on the model behavior. Here element size h c refers to a refinement which (as much as possible) equals to maximal length of the element edges (see Figure 2.7).
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Element size influence

The mesh element size h c was tested for several values (0.33, 0.4, 0.7, 0.93, 1.82 mm) while l c and g c were fixed. Figure 2.8 shows the effect of h c on the force-displacement response. When h c > l c , rupture occurs sooner when h c ↗ while no difference appeared when h c < l c . Therefore the size of mesh element h c can influence the damage behavior if h c > l c . This is in accordance with the literature [Miehe et al., 2010;Molnár et al., 2020a;Nguyen et al., 2019]. Besides, it also means that in addition to its coupling with g c , l c is also related to h c .
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The size of mesh element h c can influence the damage behavior if h c > l c . 
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Towards a stable crack propagation: heterogeneous distribution of g c

This study was based on a typical dog-bone tensile test sample with PF parameters l c = 1 mm and g c = 1 N/mm. We can see in Figure 2.5 on the force-displacement curve that the damage part is very different from a soft experimental one (see Figure 1.16, left) due to a brutal rupture of the numerical sample. This instantaneous failure is represented by the horizontal crack on the modeling result (see Figure 2.5,right). This is in accordance with literature [Gültekin et al., 2016[Gültekin et al., , 2018;;[START_REF] Miehe | Phase field modeling of fracture in rubbery polymers. Part I: Finite elasticity coupled with brittle failure[END_REF]Molnár et al., 2020b;Nguyen et al., 2019;Raina and Miehe, 2016]. Once the damage variable d(x) reached 1, the rupture started and the crack instantly reached the other side of the sample, therefore completely separating the sample. As a result, the PF as it is under uniaxial tensile test could not reproduce the gradual decrease in resistance and the slow propagation of the fracture observed experimentally. Instead, after the crack initiation, the model resulted in an unstable propagation. By definition, g c is considered constant in the PF formulation, hence inducing a homogeneous distribution within the specimen. In tensile loading, muscular fibers are known to tear apart at different locations (see Figure 2.12). Cracks can occur simultaneously, in different planes and propagate following different paths. That is why it makes this material difficult to model, especially in damage. In an attempt to recreate a soft damage for soft tissue-like materials, heterogeneities were added in the model. This hypothesis relies on that crack initiation occurs at heterogeneities, where the sample presents weaknesses. Therefore a spatial distribution of the critical energy release rate g c was implemented. In this way, initiation of rupture is not only dependent on the geometry but also on local weaknesses. Crack propagation, instead of instantly separating the sample in two, could propagate in a more chaotic way, where lower values of g c are present. Considering these changes and the fact that a longer crack path implies a higher dissipated energy, damage could be slower and softer.

Two kind of fields were assigned to the numerical tensile test model: a sinusoidal function of g c in the perpendicular direction of fibers allowing to mimic them (see Figure 2.10 A); and a random distribution of g c within the sample (see Figure 2.11 A).

Sinusoidal distribution of g c

The sinusoidal function was defined with an amplitude ranging from g cmin to g cmax and a period of 2f w with f w being the width of fibers bundle (ranging from 2 to 5 mm [Mueller- [START_REF] Mueller-Wohlfahrt | Terminology and classification of muscle injuries in sport: The Munich consensus statement[END_REF]). g cmin and g cmax were set to 0.5 N/mm and 0.001 N/mm respectively while l c was fixed to 1 mm. 3 different values for f w were chosen: 0.9, 2 and 3 mm. The sinusoidal function was applied in such a way that fibers were represented in the longitudinal direction of the traction to represent samples tested in the fiber direction.

Figure 2.10 presents the influence of fibers bundles width f w on the rupture. It can be observed that the crack path drastically changed according to f w . The corresponding forcedisplacement curves naturally evolves depending to the crack path. However, none of these curves reproduced a soft damage.

Results using a sinusoidal function shape to recreate fibers bundle with values of g c were not satisfying. Indeed, when fibers bundles are too thin, the model developed enough energy to go through all fibers bundles. It resulted in a force-displacement curve similar to a homogeneous field of g c . However, when fibers bundles were large enough (e.g. f w = 3 mm), they prevented the crack from instantly going through the entire width of the sample. Instead, the crack propagated 84
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vertically while the stored energy increased enough to go through the remaining fibers bundle. It resulted in a drop in the force-displacement curve, then a plateau and finally the final drop until the complete rupture.

Randomized distribution of g c

A random field of g c was generated using a Gaussian covariance model [START_REF] Blöschl | Geostatistics for Environmental Scientists[END_REF] as:

γ(x) = σ 2   1 -e -s x l 2   + n (2.7) with s = √ π 2
the standard rescale factor, x the position within the model, l the anisotropic length scales with defined rotation angles (hence allowing adding anisotropy in the field), n an offset (set to 0) and σ the variance. A seed can be specified to create reproducible fields between samples. g cmax and g cmin were set to the same values as for the sinusoidal distribution (i.e. 0.5 N/mm and 0.001 N/mm respectively) while l c was also fixed to 1 mm. 3 different random shapes were tested: 2 isotropic with length scales l x and l y being 0.2 and 1 mm and one anisotropic with l y = 2 mm in the longitudinal direction of traction and l x = 0.4mm in the perpendicular one. Figure 2.11 presents the influence of the g c distribution on the rupture. No matter if the random function shape is dots-like or fibers-like, numerical results and corresponding forcedisplacement curves gave the same result. This one is similar to the one with a homogeneous distribution of g c (see Figure 2.5). In addition, the size of heterogeneous dots did not have any influence.

Despite the relevant way to use a covariance model [START_REF] Blöschl | Geostatistics for Environmental Scientists[END_REF] to recreate realistic heterogeneities within the model, none of then promoted a stable crack propagation.

Sinusoidal distribution of hyper-elastic parameters

Another way to introduce heterogeneities is to use the sinusoïdal function to apply a field of hyperelastic parameters instead of a g c , considered fixed. It means that heterogeneities are considered not via weaknesses (g c variations) but via different rigidities instead (hyper-elastic parameters variations).

Applying a sinusoidal distribution on the hyperelastic parameters instead of g c produced an equivalent response (see Figure 2.14) to the homogeneous distribution of g c and hyper-elastic parameters (see Figure 2.5). Force-displacement curves and crack propagation were the same for any 2f w period.

Inclusions

Finally, instead of a variable field of g c representing heterogeneities, those can be interpreted as inclusions. This was already done in the literature by Nguyen et al. [Nguyen et al., 2019] in a different purpose. This configuration was also tested in this work.

Results of heterogeneities considered as inclusions are shown in Figure 2.14. If the number of small isotropic inclusions was too important, the complete rupture did not occur as only small holes appeared. At the opposite, if the number of inclusions was to small, the sample broke immediately as for the homogeneous distribution of g c (not presented here). If a moderate amount of anisotropic inclusions (fiber bundles like) are included, rupture propagated in lower g c areas. This was similar to applying a sinusoidal distribution of a g c field with a high 2f w period (see Figure 2.10). 
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On the identifiability of the Phase field damage/fracture (PF)

One of the aim of this work is to identify a hyper-elastic damage model, involving PF formulation for soft tissues constituting the AW. Identification is an inverse problem in which the initial guess on the identified parameters can be crucial. This section presents preliminary investigations to improve the parameters identification, especially the PF ones. We assume that the hyper-elastic parameters have been identified first, considering only the damage part of the curve. To improve the inverse identification of PF parameters, it can be useful to have a good estimation of the initial guess. Indeed, in addition to have to a faster optimization, it could help the solver to find the solution as most of them are based on local optimization.

After having identified the elastic parameters, we proposed a calibration which consists of taking the PF homogeneous solution by neglecting the gradient of the damage variable d(x) within the sample [Molnár et al., 2020a;Pillet et al., 2021]. This leads to the analytical solution of the damage d(x):

d(x) = 2Ψ 0 (g c /l c + 2Ψ 0 ) (2.8)
The g c /l c ratio was therefore considered as a single variable and determined by comparing either; the experimental 1st PK1 stress at failure P c exp with the homogeneous analytical solution of the damaged stress gP P P num as P c exp = max(gP P P num ); and the experimental stretch at failure λ c exp (at P P P exp = P c exp ) with the homogeneous analytical solution of the damaged stretch PHASE-FIELD METHOD -APPLICATION TO MUSCULAR TISSUE λ c num (at P P P num = max(gP P P num )) as λ c exp (at P P P exp = P c exp ) = λ c num (at P P P num = max(gP P P num )). The elastic energy Ψ 0 was based on a Yeoh hyper-elastic law 1.25, leading to the analytical PK1 stress P P P num = 2(λ -1/λ 2 ) c 1 + 2c 2 (I 1 -3) + 3c 3 (I 1 -3) 2 . These comparisons resulted in two g c /l c ratios: g c /l c = 0.449 N/mm by considering the same PK1 stress at the rupture between experimental data and analytical solution; and g c /l c = 0.142 N/mm by considering in the same manner the λ at the rupture. Analytical PK1 stress-stretch curves damaged for these two g c /l c ratio values are described with A. and B. in Figure 2.15, respectively computed for the same rupture stress and stretch.

Results in Figure 2.15 showed that determining the g c /l c ratio by fitting the same rupture stress (A. in Figure 2.15) gave a closer result to the experimental one than fitting the same rupture stretch (B. in Figure 2.15). However, the elastic part of the curve is poorly fitted, especially when g c /l c is computed for the same rupture stretch. A readjustment of the elastic parameters was therefore performed to improve the result between the experimental stress-stretch curve and the analytical damaged one. Indeed, as PF parameters also alter the elastic behavior by introducing diffuse damage within the tissue (see Equation (1.37) ), a new elastic fit optimization can be performed, after having determined g c /l c , to increase the material stiffness (see A.1. in Figure 2.15). The elastic readjustment resulted in a reduction of the rupture stress to get closer to the rupture stretch.

Another option for readjustment was to define an elastic threshold by modifying the damage variable d(x) [Molnár et al., 2020b] as:

d(x) = 2H (g c /l c + 2H )
(2.9)

H = max 0 Ψ 0 - g c 2l c
(2.10)

This time, the curve with a g c /l c ratio determined for the same rupture stretch resulted closer to the experimental data than a ratio determined for the same rupture stress (see A.2. and B.1. in Figure 2.15). We can see that the elastic part is now properly fitted due to the threshold. Also, the difference between determining the g c /l c ratio by fitting the same rupture stress or the same rupture stretch is clearly visible. Indeed, the curve A.2. in Figure 2.15 has a rupture stress equal to the experimental one. At the opposite, the B.1. curve has a very different rupture stress but a matching rupture stretch with the experimental data.

Considering an analytical homogeneous solution means that the geometry is homogeneous too: no variation in the section is therefore considered. This assumption is in general far from reality, as tensile test samples exhibit a variable section. However it allows to compute rapidly an analytical solution for the g c /l c ratio, that can be used as an initial guess for a further numerical inverse identification.

Fixing the length scale parameter l c

As we know from the previous subsection, l c is coupled with mesh size. That is why most of authors fix the length scale parameter according to the element size [Gültekin et al., 2018;Raina and Miehe, 2016]. We now know that l c needs to be larger than h c to have no effect of the mesh on the mechanical behavior. However, in situations where l c is very high, the numerical forcedisplacement curve (see Figure 2.9, left) gives a soft damage but with a very diffusive damage within the model (see Figure 2.9, right). Although soft damage is what we are looking for, a very high value of l c would not be realistic, as it is supposed to correspond to the crack width. Besides, there is no criterion to fix the upper limit of l c . In this work, we decided to fix l c = 2h c .

Fixing l c as one of the two PF parameters, allows to decouple g c and l c and therefore identify g c , following the calibration of the g c /l c ratio. Of course, while fixing l c simplifies the inverse identification approach, we can question the use in numerical models of this l c value fixed according to a non-mechanical aspect.
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Estimating Phase field damage/fracture (PF) parameters experimentally

As fixing l c based on the mesh size can appear as a strong simplification, we investigate now another way to identify both l c and g c parameters.

To try decoupling l c and g c , specific experimental tests to estimate each parameter could be performed: a uniaxial tensile test with a pre-notch and another one without pre-notch. The latter will store strain energy Ψ 0 during the sample stretch. When the energy reaches the critical energy release rate g c , the crack appears. It requires a hourglass shaped sample with a section small enough to have a quick separation. In this way, g c has more influence than l c in the damage behavior, hence can be characterized and used as initial guess for further identification. For the pre-notched sample, the aim is to characterize l c by studying the propagation of the crack. Thanks to the notch, the sample is considered already in damage state, hence with less influence of g c . The hourglass shaped sample needs to be large enough to follow the crack over time. Also, to avoid the elastic behavior, the sample has to be in pre-tension to propagate the crack from the beginning of the test.

With these 2 tensile tests, an estimation of l c and g c based on experimental tests can be done for the material. Indeed, as experimental measurement such as the crack propagation are needed, we can question the accuracy of PF parameters estimation. As each specimen can exhibit a different damage behavior, the estimation of the PF initial guess has to been performed according to each direction, material, type of loading. etc. Figure 2.17: Measure of the crack at different time of the uniaxial tensile test using "ImageJ" software.

As l c has a difficult interpretation as a physical parameter, we focused on an experimental study to determine g c through mechanical tests. To our knowledge, no study exist to experimentally measure this value within a phase-field approach.

We performed several uniaxial tensile tests, with different crack length ranging from 1 to 3 mm (see Figure 2.16). The study was directed on muscular soft tissue and more precisely on a freshfrozen porcine abdominal muscle coming from VetAgro (Lyon, France). The sample almost twice larger than long (9.8 × 18mm) was fixed at the bottom and stretched at the top. Clamps velocity was about 0.2 mm/sec while the force and the displacement were recorded by the tensile machine (Instron 3343) every 0.1 mm. The width of the sample was chosen much more important than the height in order to control the crack propagation. Indeed, to measure the crack propagation, this one needs stability. A camera was used to take photos every second hence allowing to measure and follow the length crack. The measurement was made using the open-source software "ImageJ" [of Health and Services] after mechanical tests. The crack was measured manually with segments at 9 time steps (see Figure 2.17). To simplify the analytical computation of the internal energy Ψ int , it was considered linear and therefore the material was supposed not hyper-elastic.

From the energies of the system (see Equation (1.39) ), we can compute each energy analytically:

Ψ ext = F.du (2.11) Ψ int = F.u 2 
(2.12)

Ψ c = Ψ ext -Ψ int (2.13)
with u the displacement in the tensile direction and F the force (see Figure 2.18 for the energies computation representation).

As the crack was measured on current images, it means that calculations are in the Eulerian description. Therefore results need to be transformed into the Lagrangian description as all of our experimental and numerical works are made in this one (see in next Chapters). The section opened by the crack in the current state can be written as:

S Eulerian crack = l crack h 0 λ z (2.14)
which becomes in the initial one:

S Lagrangian crack = l crack h 0 λ x (2.15)
with h 0 being the thickness in the initial state and λ y the stretch in the imposed displacement direction:

λ y = u y + L 0 L 0 = 1 λ 2 x = 1 λ 2 z (2.16)
with L 0 the original length of the sample (distance between clamps). The relation between stretches, comes from the hypothesis of incompressibility (as muscular soft tissue is considered as quasiincompressible) and transverse isotropy.

Finally the energy release rate can be computed as:

G = ∇Ψ c ∇S crack (2.17)
The results of the 3 different energies of the system (see Equation (2.11) ) and of the energy release rate G (in Eulerian and Lagrangian descriptions) are presented in the Figure 2.19. We can see from the different energies of the system that when the internal energy Ψ int (or strain energy) decreases because of the damage, the rupture energy Ψ c (or dissipated energy) increases. We can 90 Baptiste Pillet
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see, as a result of the linear assumption for the internal energy Ψ int , that the rupture energy is slightly negative between 10 and 15 mm. Apart from this little deviation, the energy contribution is consistent. Still from the same Figure 2.19, the second graphic shows the energy release rate in the Eulerian description. At the beginning of the curve, the crack surface goes from 15 to 10 mm 2 . This comes from the elastic deformation and the non-damaged state. Indeed, after the incision of the sample and the test beginning, the sample deforms with λ y increasing while, by the incompressibility assumption, λ x is decreasing hence decreasing also the crack length l crack and the crack surface S crack . In the last graphic of Figure 2.19, the final result is presented as the energy release rate G in the Lagrangian description. As this one considers computation in the initial state, the observation made at the beginning of the curve is not present anymore. We can see that G increases until the point at approximately S 0 = 45 mm 2 , then the energy release rate seems to be constant. This variable can be interpreted as an energy stored by the sample as it exhibits stress and strain. When this stored energy reaches the value of the critical energy release rate g c , the sample releases the exceeded energy as dissipated energy (or rupture energy) which increases while the energy release rate G remains constant (near the value of g c ). The image where the crack starts to propagate was noted and corresponds to the Lagrangian crack surface of 45 mm 2 . It means that at this value, the energy release rate G reached the value of g c and that the rupture energy Ψ c starts to increase. In the Figure 2.19, the value of G 0 at 45 mm 2 is symbolized by the horizontal dashed line and correspond to 1.38 N/mm which is therefore the identified value g c . We can see that after S 0 = 45 mm 2 , the value of G 0 varies around g c . Of course due to possible crack length measurement inaccuracy, the determination of g c could vary between samples. For instance, the value of g c = 1.38 N/mm was for a 3 mm pre-notch sample and a value of g c = 1.24 N/mm was found for another 3.5 mm pre-notch one (which are still close values). 
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Inverse identification of a hyper-elastic damage model

Now that we have investigated various methods to evaluate the PF parameters from experiments, we can generalize to the full identification of a hyper-elastic damage model formulated with PF. While direct identification methods use the analytical definition of the problem to find parameters from an analytical/experimental comparison, the inverse ones use a numerical/experimental comparison to retrieve parameters. The latter is particulary suitable when analytical inversion of the behavior is limited or complex. To extract material parameters from experimental results and numerical predictions, gradient-based quasi-Newton minimization strategies are often used [START_REF] Martins | A comparative study of several material models for prediction of hyperelastic properties: Application to silicone-rubber and soft tissues[END_REF][START_REF] Simón-Allué | Towards the mechanical characterization of abdominal wall by inverse analysis[END_REF][START_REF] Vorp | Effect of aneurysm on the tensile strength and biomechanical behavior of the ascending thoracic aorta[END_REF]; ?].

To develop an inverse identification process to identify PF parameters, we used experimental data from the animal study (see Chapter 3). The tissue was EO muscular soft tissue from the AW and was mechanically tested within 5 H after sacrifice. 3 samples in the fiber direction and 3 other tested in the cross-fiber direction are considered here. To evaluate the inverse identification method, we considered in this work two mechanical tests: a uniaxial tensile test and a peeling test. Given that, both mechanical tests were assumed to have xOy as a symmetry plane, we decided to work under plane stress hypothesis (σ σ σ zz ≈ 0). Upper and lower grip sections mounted in the tensile machine were not numerically represented. The bottom surface was pinned (⃗ u x = ⃗ u y = 0) and the upper one was driven by displacement (⃗ u x = 0, ⃗ u y = ⃗ u y ). The geometry of the sample was reproduced and discretized by the FE method using the gmsh python library.

As we know from previous studies [Molnár et al., 2020a;Pillet et al., 2021], l c and g c influence the end of the elastic behavior by reducing the rigidity and so the tangent stiffness (see Section 2.3). A natural method would be to identify PF parameters simultaneously with hyperelastic ones to balance effects of phase field damage on the elastic part. However, it will result in an inverse identification with more parameters, with PF parameters having a dependence between them and an influence on the other parameters, hence implying convergence issues. That is why we chose to identify hyper-elastic parameters first and damage parameters next.

Inverse identification of hyper-elastic parameters on the elastic part of the behavior

2.4.1.1 What-You-Prescribe-Is-What-You-Get (WYPiWYG) formulation
To model an anisotropic behavior, adapted SEF have been developped like the Holzapfel-Gasser-Ogden (HGO) model (see Equation (1.31) ). They consider the contribution of collagen fibers embedded in an extracellular matrix. Most of anistropic SEF consider the fiber direction to be the most rigid one, which is not the case for muscular fascicles soft tissues [Cooney et al., 2016[Cooney et al., , 2015;;Takaza et al., 2013]. A solution could be to use the HGO model (see Equation (1.31) ) with two family of fibers, one more rigid in the fiber direction and one other in the cross-fiber direction. We decided in this study to use a What-You-Prescribe-Is-What-You-Get (WYPiWYG) formulation [Latorre et al., 2018;[START_REF] Sussman | A model of incompressible isotropic hyperelastic material behavior using spline interpolations of tension-compression test data[END_REF] which overcomes this issue by directly defining functions to characterize the material in its preferred directions. We define axis 1 as the fiber direction and axis 2 the cross-fiber direction. We define R R R as the matrix rotating from the global to the local (relative to the fiber direction) coordinate system. We can compute E E E = 1/2(C C C -I I I) the Green-Lagrangian strain tensor with I I I the identity matrix, C C C = F F F T .F F F the right Cauchy-Green tensor, F F F = I I I + ∇⃗ u the deformation gradient tensor and ⃗ u the displacement vector. To obtain the Green-Lagrangian strain tensor in the local configuration, we can use the rotation matrix as: ϵ ϵ ϵ = R R R.E E E.R R R T . The behavior is defined according the local strain ϵ 11 , ϵ 22 , ϵ 33 , ϵ 12 and ϵ 13 . We can then define the material with a single isochoric strain energy function:

Ψ 0 (ϵ the shear strain invariant, axes 2 and 3 defining the isotropic plane and ω ii the functions to define material behaviors according to the local directions.

To fit the non linear curves obtained experimentally, we defined the following hyperelastic function:

ω ii (ϵ jj ) = k 1 ii 2k 2 ii e k 2 ii (ϵ 2 jj +2ϵ jj ) 2 -1 (2.19)
with ω ii (ϵ jj ), i = {1, 2}, j = {1, 2, 3} and

ω 12 (ϵ * 12 ) = k 1 12 2k 2 12 e k 2 12 (ϵ * 12 2 +2ϵ * 12 ) 2 -1 (2.20) = k 1 12 2k 2 12 e k 2 12 [ϵ 2 12 +2ϵ 2 13 ] 2 +2[ϵ 2 12 +ϵ 2 13 ] 2 -1 (2.21)
This exponential-type function is equivalent to the HGO SEF (see Equation (1.31) ) considering 2 families of fibers and no fiber dispersion (κ i = 0), hence allowing a transverse direction more rigid than the longitudinal one. We can also include tension/compression asymmetry effects [Latorre et al., 2018]:

ω ii (ϵ jj ) =        k c 1 ii 2k c 2 ii e k c 2 ii (ϵ 2 jj +2ϵ jj ) 2 -1 if ϵ jj < 0 k t 1 ii 2k t 2 ii e k t 2 ii (ϵ 2 jj +2ϵ jj ) 2 -1 if ϵ jj ≥ 0 (2.22)
which gives a total of 10 constants. However, in the case of a uniaxial tensile test, compression and shear behavior can be considered neglected, therefore a simple quadratic function as ω i i = k 1ii ϵ 2 jj is used to characterize these behaviors. The shear function becomes ω 12 (ϵ * 12 ) = k s ϵ 12 * 2 and Equation (2.22) :

ω ii (ϵ jj ) =    k c 1 ii ϵ 2 jj if ϵ jj < 0 k t 1 ii 2k t 2 ii e k t 2 ii (ϵ 2 jj +2ϵ jj ) 2 -1 if ϵ jj ≥ 0 (2.23)
It results in 7 parameters to identify. Piola-Kirshoff 2 (PK2) stress tensor can be written using: 

S S S 11 = S f = dΨ 0 dϵ 11 = dΨ 0 dϵ f (2.
S S S = R R R T S f S cf S cf S s R R R -pC C C -1 (2.28)
To work with an oriented area vector in the reference configuration, the PK1 stress tensor is computed as: P P P = F F F .S S S.
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Inverse identification process from tensile tests

First, geometric dimensions of all experimental tensile samples are merged to extract an average dog-bone shape (see Figure 1.18) sample in the fiber and in the cross-fiber direction. The simplest way would be to model the exact geometry of each experimental sample and to fit each of experimental curves. Then the obtained hyperelastic parameters can be averaged. However, this method would not guarantee a resulting hyperelastic behavior adapted to all experimental curves. Besides, it would be computationally more costly. This is why we decided to model only one geometry per direction and minimized the loss of accuracy by performing the optimization on stress-strain curves (these variables are defined by normalization with respect to geometry).

The initial guess of HGO parameters were set randomly and bounds as 0

< k c 1f , k t 1f , k c 1cf , k t 1cf , k t 2f , k t 2cf , k s .
An identification routine of hyper-elastic parameters in the fiber direction was performed followed by an other one in the cross-fiber direction (see flowchart in Figure 2.20). The output was the PK1 stress-strain behavior of the numerical response in each direction. For each one, the numerical result was compared with all experimental PK1 stress-strain data as the difference between curves:

n j=0 |P num -P exp j | (2.29)
with n the number of experimental data in the direction. To do so, all numerical and experimental data were compared up to the initiation of rupture. The maximal strain used for the comparison is the lowest initial point of rupture between all of the experimental curves (see Point B in Figure 1.16). As each direction is characterized by independent parameters, no weight between directions is introduced. Also, we ensured that numerical and experimental curves share the same discretization of approximatively 150 points. Then the objective function to be minimized was defined as the sum of the differences between simulated curve and all the experimental ones for each direction:

1 2 m f -1 i=0   n j=0 |P i num -P i exp j | f   + 1 2 m cf -1 i=0   n j=0 |P i num -P i exp j | cf   2 (2.30)
with m the number of experimental curves relative to each direction f and cf Parameters are then iteratively optimized using a Trust Region Reflective algorithm. Termination criterion was defined by the change of the objective function with tolerance of 1e -2 .

Result for the inverse identification of the 7 uniaxial tensile test parameters is depicted in Figure 2.21. The Holzapfel-like function gave a good fit of longitudinal and transverse curves. Parameters in MPa

k c 1f = 1, k t 1f = 0.0011, k c 1cf = 1, k t 1cf = 0.011, k t 2f = 0.019, k t 2cf = 4
.029, k s = 0.0014 were found in 48 minutes.

Sensitivity analysis

Figure 2.22 presents the relative deviation of the cost function according to a deviation ranging from -20 % to 20 % of the 7 hyperelastic parameters. We can see that for a uniaxial tensile test, the model is only sensitive to the parameters related to traction, namely k t 1f = 0.0011, k t 1cf = 0.011, k t 2f = 0.019, k t 2cf = 4.029. Cost function for compression and shear parameters deviation only oscillates between 0 and 1 %.

The influence of parameters was studied by testing alternatively each of them for several values with other parameters fixed. Uncertainties were computed as:

diag(Σ) = diag 0.5 m-1 i=0 (F num i -F exp i ) 2 m -n x Hess -1 (2.31)
with Σ the covariance matrix, m the number of points of the numerical result, n x the number of parameters identified and Hess the hessian matrix computed by difference approximation of the Baptiste Pillet PHASE-FIELD METHOD -APPLICATION TO MUSCULAR TISSUE objective function. Corresponding to the parameters k t 1f , k t 1cf , k t 2f , k t 2cf , k s uncertainties were: 1%, 2%, 0%, 2%, 0%.

The proposed WYPiWYG formulation and associated inverse identification method resulted in a good characterization of the muscular tissue in the direction of fibers and in the transverse direction of fibers (see Figure 2.21). In addition, uncertainties and parameters influences (see Figure 2.22) demonstrated that the influential hyperelastic parameters were correctly optimized, namely the ones involved in uniaxial tension.

Despite the fact that only few parameters were identifiable due to the uniaxial tensile test scope, this method is adapted to any kind of loading as every components of the stress tensor can be described. Due to the user-defined functions in every local direction of fibers, reproducing the HGO SEF, parameters have physical meanings. Indeed, user-defined function are based on the SEF proposed by Holzapfel et al. [Holzapfel et al., 2000] with 2 family of fibers and no fibers dispersion, hence allowing to identify materials with physical parameters. Computational time (with a 3.50 Ghz Intel Xeon W-2014 CPU and 32 Go of RAM) of less than 1 hour is reasonable knowing that no parallelization was performed. In addition, the optimization is not dependent on the number of experimental curves to fit.
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Identification of PF parameters from the tensile tests

Contrary to the inverse identification of hyper-elastic parameters, the identification of PF ones was performed independently for each experimental sample. Indeed, identifying damage parameters on an average curve or on several rupture tests (with therefore a consequent variability) makes no sense. In this sense, the numerical geometry was meshed using the specific dimensions of each sample.

The hyper-elastic parameters identified in the previous Section characterized the averaged mechanical behavior of muscular soft tissue; so they can slightly deviate from individual experimental result. Consequently, the method used here consists in finding a refined set of hyper-elastic parameters adapted to the specific geometry of the experimental sample as initial guess; this step is called resetting. Comparison between numerical and experimental results was based on the force-displacement curve up to the middle of the elastic part (see point A in Figure 1.16) to ensure that only the elastic behavior is characterized. Once hyper-elastic parameters are obtained for each sample, they are supposed fixed for the inverse identification of PF parameters. Concerning damage parameters initial guess, l c was chosen randomly and g c was set low enough, based on preliminary results, to initiate the rupture (e.g. 0.01 N/mm). Indeed, if the initial g c was too high, the sample did not break and this induced difficulties in the optimization. g c was set to be positive (0 < g c ) while a minimum bound for l c was set to 2h c to ensure that the mesh is fine enough: 2h c < l c 0 (see the parametric study in Section 2.2.2).

The implementation of the PF damage and its staggered scheme is the same as the one described in Section 2.1.1. It results a numerical force-displacement behavior compared with the experimental one. As only individuals samples are identified, the PK1 stressstrain curve is not needed to normalize the geometry and raw force-displacement curve is therefore more convenient. Comparison between numerical and experimental results is this time based on force-displacement curve up to the force peak (also known as ultimate strength). Indeed, as we can see in Figure 2.5, the damage part is very steep while biological soft tissues exhibit a more smoothed transition between elastic and complete rupture states. We therefore focused here on the rupture initiation only, which means thant only the curve until the peak is accounted for the identification process. Section 2.2.3 will discuss this point.

The objective function used for PF damage parameters was the classical sum of squared residuals 0.5 m-1 i=0 (F num i -F exp i ) 2 . However two weights were added on the uniaxial tensile test inverse identification. One was used to ensure that the initiation of rupture was well fitted:

1 + |max(F num ) -max(F exp )| (2.32)
Another weight was added in case the tested PF parameter did not induce rupture: 

1 + F num (u m-1 ) (2.33)
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which leads to the final objective function to be minimized:

0.5 m-1 i=0 ([F num i -F exp i ] [1 + |max(F num ) -max(F exp )|] [1 + F num (u m-1 )]) 2 
(2.34)

The termination criterion was the same as for the inverse identification of hyper-elastic parameters: 1e -2 .

The flowchart of the whole inverse identification procedure of PF parameters is shown in Figure 2.23.

For the uniaxial tensile test, the resetting of the Holzapfel-like parameters is shown in Figure 2.24. The resetting optimization took approximately 10 minutes in our study. We can see that taking the middle of the linear slope (point A in Figure 1.16) instead of the complete hyper-elastic part as the maximum stretch for the fit, enforced a slightly more rigid fit than experimental curve. Then, damage parameters identification took 48 minutes and provided the following values: l c = 0.96 mm, g c = 1.14 N/mm. We can see in Figure 2.24 that the elastic rigidity was altered by PF damage.

Note that the value found for g c = 1.14 N/mm is close to the one found experimentally (see Section 2.3.3) which is very promising for our method to estimate the critical energy release rate of material. Figure 2.25 presents the relative deviation of the cost function according to a deviation ranging from -20 % to 20 % of the two damage parameters. We can see that in uniaxial tensile test, l c and g c have a huge influence on the characterization, even with small deviations. As l c was close to the lower bound, no deviation exist under 0 %. For g c no deviation exist over 0 % because the rupture did not occur. Uncertainties were both close to 0 %.

Identification of PF parameters from the peeling tests

One sample of LA from the same pig as for uniaxial tensile tests was selected as a typical example for the peeling test. We decided in this case to use a simple isotropic formulation (Yeoh SEF, see Equation (1.25) ) for the hyper-elastic behavior, as the scope here is the damage behavior. The sample and its geometry were meshed with the Python gmsh library. Mesh was refined at the middle of the sample, along the pre-supposed crack path.

PK1 stress was computed from a Yeoh hyper-elastic law Ψ 0 (see Section 1.25) as: Once the hyper-elastic parameters are identified, the remaining procedure to identify PF parameters is the same as for the uniaxial tensile test (see previous Section). Regarding the peeling test on the LA, hyper-elastic parameters (C 10 = 0.009 MPa, C 20 = 0.0022 MPa, C 30 = 1.58e -8 M P a) were directly fitted in less than 10 minutes on the experimental force-displacement elastic part. PF parameters were then identified in 250 minutes with l c = 0.72 mm, g c = 2.73 N/mm and the result is presented in Figure 2.26. We can see that after the beginning of delamination (at the numerical force peak), the force decreased and then remained constant (with small oscillations). This numerical force plateau fitted well the experimental force plateau, characterizing hence the rupture process in peeling. The numerical model (also in Figure 2.26) demonstrates that rupture (in red) correctly followed the initial notch and propagated horizontally.

P P P = F F F 2 dΨ 0 dI 1 dI 1 dC C C + p + S vol ( 
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Discussion

The purpose of this study was to develop a methodology to completely identify soft tissue behavior in damage using the FE model updating (FEMU) procedure. A parametric study was performed to understand the influence of PF parameters on the numerical response (supposing that rupture of soft tissues is dependent on inherent weaknesses, heterogeneous distributions of g c were tested).

Inverse identification methods successfully characterized elastic and damage parameters. These can be used in numerical model for future simulations. PF inverse procedures allows to predict the initiation of rupture under uniaxial tensile and peeling tests. It also allows to predict its propagation in peeling test thanks to the stable crack propagation after a pre-notch. However, the complex and soft damage behavior of muscular-like tissues could not be fully characterized in uniaxial tensile test as the rupture always occurred instantly. Due to the dependence between l c and g c , identification of these two parameters could remain difficult. Computational time of PF parameters identification was more important than hyper-elastic one but parallelization can be performed easily.

Due to the lack of stability return during crack propagation, the identification was therefore focused on the initiation of rupture instead of the whole damage behavior. To properly identify the initiation of rupture, the experimental force was considered null after the experimental ultimate strength, as the numerical curve will fall to 0 N after the initiation of damage. It results in a good identification of PF parameters (see Figure 2.24) until the experimental ultimate strength. Even if uncertainties were close to 0 % and that Figure 2.25 shows a good optimization of PF parameters, l c and g c need to be decoupled to properly identify them. Indeed, as l c was initially set close to the lower bound, its influence with a deviation lower than 0 % could not be performed. In the same way, as deviation over 0 % for g c could not allow the occurrence of rupture, its influence over 0 % of deviation could not be estimated.

The use of these identified parameters in a muscular-like soft tissue model implemented with PF induces that numerical simulation can properly recreate damage progress and rupture initiation (including its location) but not the rupture propagation. Indeed, if the crack propagation path is mostly dependent on the geometry, its velocity and energy dissipation depend on the identified PF parameters. However, for most of known materials (metallic, aorta, etc.), rupture is steeper and could therefore be fully characterized using the metavec hod presented in this work, as it was possible for Raina et al. [Raina and Miehe, 2016].

Peeling tests are often used to characterize the cohesion within a material. For instance, to reproduce aortic dissection, experimental studies were done with peeling test [START_REF] Brunet | A combined experimental-numerical lamellar-scale approach of tensile rupture in arterial medial tissue using X-ray tomography[END_REF][START_REF] Leng | Experimental and numerical studies of two arterial wall delamination modes[END_REF][START_REF] Sommer | Dissection properties of the human aortic media: An experimental study[END_REF][START_REF] Tong | Dissection properties and mechanical strength of tissue components in human carotid bifurcations[END_REF][START_REF] Witzenburg | Failure of the porcine ascending aorta: Multidirectional experiments and a unifying microstructural model[END_REF]. As numerical crack propagation is a main interest in aortic dissection, PF became a strong tool in those models [Gültekin et al., 2016[Gültekin et al., , 2018]]. The optimization of l c and g c from random initial values showed a good characterization of the typical force plateau during delamination. The nature of the peeling test allows to naturally propagate the crack with consecutive returns to stability. This has already been observed by Raina et al [Raina and Miehe, 2016]. Hyperelastic parameters were identified until the middle of the elastic part. It resulted in a more rigid behavior than the experimental one, which compensates the effect of PF parameters on the elastic behavior. Therefore, after fitting the damage behavior, the elastic part remained well characterized (see Figure 2.26). Computational time was quite important and significantly higher than for elastic parameters identification. Indeed, staggered iterations between displacement problem and damage problem can extend the computational time of each inverse identification iterations. Also, the numerous transitions between stable and unstable states during crack propagation can require to reduce displacement increments. However, identify PF parameters is a main interest and could improve significantly damage prediction models.

As already mentioned, Nguyen et al. [Nguyen et al., 2019] used inclusions to study interfacial Baptiste Pillet 103
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damage. Instead, our aim was to slow down the crack propagation by deviating its path. Having a longer path, the crack would dissipate more energy and then return to a stable state. Small inclusions and fibers-like inclusions were created using a random field. Several tests were performed with high values of the critical energy release rate g c and/or a high material stiffness in these inclusions. If inclusions were too small, no rupture occurred even when the damage variable d(x) exceeded 1. At the opposite, if inclusions were large enough, the crack initiated, resulting in a drop of the force (see Figure 2.14). However, adding inclusions resulted also in an increase of the force during damage while it is supposed to decrease.

Another study close to our, performed uniaxial tensile tests on porcine small intestine wall samples in order to quantify their nonlinear hyper-elastic anisotropic and damage behaviors [START_REF] Nagaraja | On a phase-field approach to model fracture of small intestine walls[END_REF]. Fracture was addressed with the PF approach, featuring two-fold anisotropy in the fracture toughness and calibrated on experimental data.

To identify PF parameters, a two-step analysis methodology was used: First, the calibration of elastic constitutive parameters was performed using the overall experimental stress-stretch data before the onset of fracture, as in our inverse identification process, while the value of g c was estimated simultaneously. In the second step, using the calibrated elastic constitutive parameters and the approximate estimate for PF as initial values, the authors calibrated PF parameters model using the experimentally obtained peak stresses in an analogous minimization procedure as in the previous step. This calibration procedure was carried out individually using anisotropic PF models. Here also, authors decided to identify g c individually and by matching the peak stress.

The length-scale parameter l c was assumed as a purely numerical quantity that controls the width of the PF crack and has no physical meaning associated to it. It was hence pre-determined and set to a constant value. 

CHAPTER 3. EFFECTS OF CRYO-PRESERVATION ON THE MECHANICAL BEHAVIOR OF SKELETAL MUSCLE UNDER TENSILE AND PEEL TESTS UP TO RUPTURE [?]

Chapter summary

The most common method to study the mechanical behavior of soft tissue is to test animal specimens, which should be prepared as soon as possible after the death to avoid biological deterioration effects such as rigor mortis. Freezing and cryo-preservation could allow extending the time between procurement and implantation. From a mechanical perspective, tissue preservation could influence mechanical testing results. Therefore, this study focused on the influence of cryo-preserved samples on their mechanical behavior, especially at the rupture. In order to analyze this aspect, two tests were performed on porcine abdominal wall: a tensile test to study the elastic behavior of samples and the tensile strength until rupture; a peeling test to more finely investigate the cohesion between muscle fibers. No statistical difference could be observed following tensile test. However, peeling tests between cryo-preserved and control samples showed a clear statistical difference with a p-value of 0.0097 for G p . Indeed, energy release rate was higher for the Cryo-preserve group than the Control group with G p = 0.36 ± 0.07 N/mm vs 0.26 ± 0.10 N/mm. This difference suggests that the characterization of rupture energies for muscular tissue should be done without having frozen the samples, even with a cryopreservative agent. These results could also indicate that even if the rupture mode is the same between mechanical tests, a different rupture direction could imply different mechanical preservations for soft tissues. Based on these results, we decided to not cryo-preserved samples for the animal study described in the next Chapter.

Résumé du chapitre

La méthode la plus courante pour étudier le comportement mécanique des tissus mous consiste à tester des échantillons animaux, qui doivent être préparés le plus tôt possible après la mort pour éviter les effets de détérioration biologique tels que la rigidité cadavérique. La congélation et la cryo-conservation pourraient permettre de prolonger le délai entre le prélèvement et l'implantation. D'un point de vue mécanique, la préservation des tissus pourrait influencer les résultats des tests mécaniques. Cette étude s'est donc intéressée à l'influence des échantillons cryo-conservés sur leur comportement mécanique, notamment à la rupture. Afin d'analyser cet aspect, deux tests ont été réalisés sur la paroi abdominale porcine : Un test de traction pour étudier le comportement élastique des échantillons et la résistance à la traction jusqu'à rupture ; Un test de pelage pour étudier plus finement la cohésion entre les fibres musculaires. Aucune différence statistique n'a pu être observée suite au test de traction. Cependant, les tests de pelage entre les échantillons cryo-conservés et les échantillons témoins ont montré une nette différence statistique avec une valeur p de 0, 0097 pour G p . En effet, le taux de libération d'énergie était plus élevé pour le groupe cryo-conservé que pour le groupe témoin avec G p = 0, 36 ± 0, 07 N/mm contre 0, 26 ± 0, 10 N/mm. Cette différence suggère que la caractérisation des énergies de rupture pour les tissus musculaires devrait être faite sans avoir congelé les échantillons, même avec un agent cryo-préservateur. Ces résultats pourraient également indiquer que même si le mode de rupture est le même entre les tests mécaniques, une direction de rupture différente pourrait impliquer des préservations mécaniques différentes pour les tissus mous. Sur la base de ces résultats, nous avons décidé de ne pas cryo-conserver les échantillons pour l'étude animale décrite dans le chapitre suivant.
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The aim of this study was to investigate the possibility to freeze samples without degrading their mechanical properties. The animal campaign was then based on these preliminary study results. This chapter is a paper published in (Journal of the Mechanical Behavior of Biomedical Materials) in 2022 [Pillet et al., 2022].

Introduction

Biological tissue preservation at sub-freezing temperatures is a much-debated subject within the biomechanics community. The most common method to study the mechanical behavior of soft tissue is to test animal specimens, which should be prepared as soon as possible after the death to avoid biological deterioration effects such as rigor mortis [START_REF] Krompecher | Experimental evaluation of rigor mortis V. Effect of various temperatures on the evolution of rigor mortis[END_REF][START_REF] Krompecher | Experimental evaluation of rigor mortis. VI. Effect of various causes of death on the evolution of rigor mortis[END_REF][START_REF] Van Ee | The effect of postmortem time and freezer storage on the mechanical properties of skeletal muscle[END_REF][START_REF] Van Loocke | A validated model of passive muscle in compression[END_REF][START_REF] Wheatley | How does tissue preparation affect skeletal muscle transverse isotropy?[END_REF]. It corresponds to a progressive stiffening of muscle tissues caused by irreversible biochemical transformations during the post-mortem phase. When the decrease of adenosine triphosphate (ATP) level falls to a specific level, the actin and myosin filaments combine irreversibly, and rigor mortis onsets [START_REF] Kobayashi | Reconsideration of the sequence of rigor mortis through postmortem changes in adenosine nucleotides and lactic acid in different rat muscles[END_REF]. This stage can appear between 9 and 18 hours post-mortem [START_REF] Van Ee | The effect of postmortem time and freezer storage on the mechanical properties of skeletal muscle[END_REF][START_REF] Van Loocke | A validated model of passive muscle in compression[END_REF]. Then stiffness decreases to enter in a flaccidity phase between 36 and 72 hours post-mortem.

Considering the need to perform mechanical tests quickly after the animal's death to avoid tissue degradation, freezing can be a solution for sample harvesting. Indeed, the time to retrieve, harvest and test biological tissues is rarely compressible. The only way to limit the elapsed time after the death is to reduce the number of samples. Whether it is possible to freeze or cryo-preserve samples without altering their condition (structural and mechanical) is also a highly observed issue in the transplant community. It could allow extending the time between procurement and implantation. This is why most of the literature dealing with the effects of freezing has been done on arteries [START_REF] Castier | Cryopreserved arterial allograft reconstruction for peripheral graft infection[END_REF][START_REF] Cheema | Effects of intravascular cryotherapy on vessel wall repair in a balloon-injured rabbit iliac artery model[END_REF][START_REF] Cox | Comparison of mechanical and chemical properties of extra-and intralobar canine pulmonary arteries[END_REF][START_REF] Cox | Comparison of arterial wall mechanics using ring and cylindrical segments[END_REF][START_REF] Desgranges | Cryopreserved arterial allografts used for the treatment of infected vascular grafts[END_REF]].

From a mechanical perspective, tissue preservation could influence mechanical testing results. Therefore, the identified material properties could deviate even further (with the intrinsic variations of the specimen and measurement inaccuracies) from the in-vivo representation of the mechanical behavior. Indeed, if material parameters can be used as comparative values (e.g. with other studies, materials, conditions, etc.), they are also widely used as parameters in numerical models. The very principle of these numerical models being to simulate and reproduce the real conditions of the study, the identification of these parameters must be as faithful as possible.

However, some authors don't detail all of their sample preservation protocol (freezing, thawing, presevation solution, time between death and tests) which could influence their results [Acosta Santamaría et al., 2015;Cooney et al., 2015;Hollinsky and Sandberg, 2007;[START_REF] Martins | Mechanical characterization and constitutive modelling of the damage process in rectus sheath[END_REF][START_REF] Morrow | Transversely isotropic tensile material properties of skeletal muscle tissue[END_REF]. Also, freezing techniques used in mechanical studies are different from each other, making comparison between identified mechanical parameters difficult if methods yield to different preservation resuts.

From a mechanical perspective, tissue preservation could influence mechanical testing results. Therefore, the identified material properties could deviate even further (with the intrinsic variations of the specimen and measurement inaccuracies) from the in-vivo representation of the mechanical behavior. Indeed, if material parameters can be used as comparative values (e.g. with other studies, materials, conditions, etc.), they are also widely used as parameters in numerical model. The very principle of these numerical models being to simulate and reproduce the real conditions of the study, the identification of these parameters must be as faithful as possible.

However, some authors don't detail all of their sample preservation protocol (freezing, thaw-Baptiste Pillet 111
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ing, presevation solution, time between death and tests) which could influence their results [Acosta Santamaría et al., 2015;Cooney et al., 2015;Hollinsky and Sandberg, 2007;[START_REF] Martins | Mechanical characterization and constitutive modelling of the damage process in rectus sheath[END_REF][START_REF] Morrow | Transversely isotropic tensile material properties of skeletal muscle tissue[END_REF]. Also, freezing techniques used in mechanical studies are different from each other, making comparison between identified mechanical parameters difficult if methods yield to different preservation results. Many procedures and solutions exist to preserve samples from freezing degradation. A non-exhaustive comparative table describes some freezing/thawing studies (see Table 3.4).

If literature did not rule on the best procedure of mechanical preservation, some studies indicate that cryo-preservation (-80 • C) is a better solution than freezing (-20 • C) and a easier method than vitrification [START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF]. However, very few studies dealing with the mechanical aspects of preservation and even less on skeletal muscle [START_REF] Hohmann | The mechanical properties of fresh versus fresh/frozen and preserved (Thiel and Formalin) long head of biceps tendons: A cadaveric investigation[END_REF][START_REF] Kammoun | The Effect of Freezing Time on Muscle Fiber Mechanical Properties[END_REF][START_REF] Leitschuh | Effects of postmortem freezing on tensile failure properties of rabbit extensor digitorum longus muscle tendon complex[END_REF][START_REF] Leonard | Effects of freezing and short-term fixation on muscle mass, volume, and density[END_REF]. Therefore, to our knowledge, no study exists on the freezing effect on the rupture behavior of skeletal muscle.

The objective of this study was to assess the influence of cryo-preserved samples on their mechanical behavior, especially at the rupture. To perform tests until failure, it is necessary to ensure that the mechanical behavior after freezing (or any other method) is preserved both in elasticity and in damage. Moreover, if the sample has not fully preserved its capabilities, it is highly expected that its behavior will degrade more and more as the sample deforms. In order to analyze this aspect, two tests were performed on the porcine AW to try to answer this question. The first one was a tensile test to study the elastic behavior of samples and the tensile strength until rupture. The other one was a peeling test to more finely investigate the cohesion between muscle fibers. Both tensile and peeling tests allow studying the rupture in mode I (rupture opening) but on different planes. The method used was the cryo-preservation because of its promising structural and mechanical preservation [START_REF] Adham | Mechanical characteristics of fresh and frozen human descending thoracic aorta[END_REF][START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF][START_REF] Pacholewicz | Evaluation of cyropreserved internal thoracic artery as an alternative coronary graft: Evidence for preserved functional, metabolic and structural integrity[END_REF][START_REF] Pukacki | The mechanical properties of fresh and cryopreserved arterial homografts[END_REF][START_REF] Stemper | Mechanics of Fresh, Refrigerated, and Frozen Arterial Tissue[END_REF][START_REF] Venkatasubramanian | Effects of freezing and cryopreservation on the mechanical properties of arteries[END_REF][START_REF] Virues Delgadillo | Effect of freezing on the passive mechanical properties of arterial samples[END_REF][START_REF] Worrell | Factors Associated with Hamstring Injuries: An Approach to Treatment and Preventative Measures[END_REF]. For each test, one group was cryo-preserved and the other one was tested as quickly as possible after harvesting. This control group corresponds to usual practices to characterize constitutive models in the field of soft tissue biomechanics when samples are not frozen (see [START_REF] Babu | Biomechanical Properties of Human Ascending Thoracic Aortic Dissections[END_REF] as an example). Statistical comparisons were made to assess the influence of cryo-preservation.

Material and methods

Specimen preparation

2 porcine AW were obtained from a slaughterhouse. The animals were slaughtered and preserved in cold room during approximately 12H before the samples harvesting at ambient temperature. AW were dissected in order to separate the transverse muscle (TR) from the rest of it by ensuring that the maximum of connective tissue was removed. Finally, samples were cut for testing (see Table 3.1) as already presented in a previous study [Pillet et al., 2020[Pillet et al., , 2021]]. Tensile samples are cut in a dog-bone shape in the fibre direction and peeling ones in a rectangular shape, incised in the thickness to initiate the delamination. Dimensions were approximately 40 × 6.5 × 6mm (overall length, gage width, thickness) for tensile samples and 50 × 15 × 6mm (original rectangular shape) for peeling.

After preparation, samples were then immediately preserved with PBS solution at 2 • C. After the preparation was finished, samples were rinsed with PBS and randomly separated into two groups. In the first one called "Control", fresh samples were preserved at 2 • C with PBS and tested at ambient temperature within 24 H. In the second group, called "Cryo", samples were placed in tubes with a cryo-preservation solution (15 % Dimethyl sulfoxide (DMSO) , 85 % PBS), sealed in a polystyrene box at -20 • C during approximately 15 H. The box allowed a progressive decrease sen after preliminary tests to ensure enough delamination in the force-displacement curve and enough delaminated surface). The last cycle was not considered as the unloading could not be achieved due to complete separation. For both tests, the end is declared when the sample was completely separated. Before the test start and at each end of load, the crack front was marked with printer toner to separate each delaminated area per cycle (see Figure 3.4).

Data analysis

For tensile tests the Cauchy stress σ σ σ and stretch λ in the tensile direction were calculated, assuming the current section S i = S 0 /λ.

The rupture analysis of the experimental curves required separating the elastic and damage parts. To achieve this, a program in Python was made in the interest of automatically find the damage initiation without arbitrary instructions. First, data were smoothed with a zero-phase Butterworth filter and then derivated twice :

σ σ σ" = ∇    ∇ σ σ σ smoothed λ smoothed λ smoothed    (3.1)
We assumed that the damage initiation is located in the concave part of the stress-stretch curve, between the end of the elastic slope and the ultimate strength (see Figure 1.16). Therefore, it corresponds to the minimum of the second derivative. The beginning of the elastic slope is defined by the convex part of the stress-stretch curve, corresponding to the maximum of the second derivative. An example of the automatic computation of these two points is shown in Figure 3.3.

Knowing the damage initiation, the stretch λ c and the stress σ c at this point can be computed. Also a 1-term Ogdel hyper-elastic model was fitted to calculate material constants (µ in MPa and α) with least squares minimization (see (1.25) ).

Elastic modulus E was calculated as the linear regression between the convexity point and the concavity point. The energy release rate G, representing the energy required per unit surface to open the tissue, is also calculated as G = W/S 0 , with W the fracture energy calculated by integration of the damage part of the force-displacement curve as follow :

W = umax u ini F (u)du (3.2)
with F the force and u the displacement. u ini is the displacement at the initiation of damage and u max the final displacement at separation. For peeling tests, the analysis consisted in the calculation of the energy release rate for each peeling cycle. The fracture energy released during the n t h cycle (∆E n ) was calculated by integration of the force-displacement curve over the whole peeling cycle (see Figure 3.4). Indeed, a typical peeling test curve is composed by an elastic load, a constant force to delaminate the sample in two, and finally an elastic unload. Therefore, integrating the whole is nearly equivalent to directly subtracting elastic energy and then compute the fracture energy:
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∆E n = n th cycle F (u)du (3.3)
where n t h cycle is the displacement of the cycle. The newly exposed area during the n t h cycle, ∆S n , could be measured from a picture of the sample at the end of the test to calculate the energy release rate G th p , characterizing the energy required to extend the crack of the tissue in cross-fibre direction in peeling for the n t h cycle (calculated differently as for tensile tests):

G th p = ∆E n ∆S n (3.4)
The energy release rate of the entire sample (as one cycle) G p is then calculated.

Statistical analysis

Statistical analyses were performed in order to test the following null hypothesis on the identified mechanical properties:

• Influence of cryo-preservation for tensile tests on the elastic behavior: the mean of λ c , σ c , E is the same for Cryo and Control groups.

• Influence of cryo-preservation for tensile tests on the rupture behavior: the mean of G is the same for Cryo and Control groups.

• Influence of cryo-preservation for peeling tests on the rupture behavior: the mean of G P is the same for Cryo and Control groups.

All comparisons were tested with a non-parametric Wilcoxon -Mann Whitney method. A p-value below 0.05 was declared significant. 
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Results

73 tests were performed with 58 being successful. The samples that failed in the clamps during tensile tests were discarded, as well as those with less than 2 complete delamination cycles for peeling tests. Specific results of each test are presented in the following.

Figure 3.5 presents the comparison of average tensile test curves and the mean and standard deviation of the stress-stretch between Cryo and Control group for TR muscle samples. Table 3.3 regroups all average results between cryo-preserve and control groups. No statistical difference could be observed for the stretch at the initiation of damage (λ c = 2.05 ± 0.37 vs 1.96 ± 0.20), nor for the stress (σ c = 0.39 ± 0.14 MPa vs 0.36 ± 0.10 MPa). Therefore, statistical comparisons didn't show any statistical difference (see Table 3.

2).

Peeling tests between cryo-preserve and control samples showed a clear statistical difference with a p-value of 0.0097 for G p (see Table 3.2). Indeed, energy release rate (see Table 3.3) was higher for the Cryo than the Control group with G p = 0.36 ± 0.07 N/mm vs 0.26 ± 0.10 N/mm. Figure 3.6 presents the energy release rate for all samples separated by group. 
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Conclusion

This study presented original experimental results to assess the effect of cryo-preservation on the mechanical response of skeletal muscle under two different loading tests. The main finding was that results of tensile tests are very close for the elastic part and less for the rupture part but no statistical difference was observed. On the opposite, for peeling tests a clear statistical difference was noticed for the rupture behavior.

It's well known that refrigeration does not maintain tissue integrity after few days. Also, Böl et al. showed that a mechanical behavior difference can appears after 8 H hours post-mortem on skeletal muscle preserved in saline solution at 1 • C [START_REF] Böl | Long-term mechanical behaviour of skeletal muscle tissue in semi-confined compression experiments[END_REF] and that this difference is drastically increased after 80H. However cryo-preservation using a Cryo-pretective agent (CPA) was the only method that maintained viable cells [START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF][START_REF] Brockbank | Effects of storage temperature on viable bioprosthetic heart valves[END_REF][START_REF] Lupinetti | Procollagen production in fresh and cryopreserved aortic valve grafts[END_REF][START_REF] O'brien | A comparison of aortic valve replacement with viable cryopreserved and fresh allograft valves, with a note on chromosomal studies[END_REF][START_REF] Wassenaar | Effects of cryopreservation on contractile properties of porcine isolated aortic valve leaflets and aortic wall[END_REF].

Like muscle cells, elastin and collagen fibers contribute to muscle samples mechanical behavior, therefore damage caused by ice formation and fragmentation of extracellular matrix fibers during cryo-preservation might affect its mechanical and biological properties. This is why the effect of cryo-preservation with a CPA has been investigated in the literature with respect to cell viability [START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF][START_REF] Devireddy | Cryopreservation of Collagen-Based Tissue Equivalents. I. Effect of Freezing in the Absence of Cryoprotective Agents[END_REF][START_REF] Neidert | Cryopreservation of Collagen-Based Tissue Equivalents. II. Improved Freezing in the Presence of Cryoprotective Agents[END_REF] and histological changes [START_REF] Cui | Cryopreservation and microsurgical implantation of rabbit carotid arteries[END_REF][START_REF] Hunt | Fractures in cryopreserved arteries[END_REF][START_REF] Pacholewicz | Evaluation of cyropreserved internal thoracic artery as an alternative coronary graft: Evidence for preserved functional, metabolic and structural integrity[END_REF][START_REF] Song | Cryopreservation of the Common Carotid Artery of the Rabbit[END_REF][START_REF] Wusteman | Differences in the requirements for cryopreservation of porcine aortic smooth muscle and endothelial cells[END_REF]. No difference between cryo-preserve and fresh samples were observed by Aidulis et al. [START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF]. Pacholewicz et al. showed a good functional and structural integrity [14], as Venkatasubramanian et al. [START_REF] Venkatasubramanian | Effects of freezing and cryopreservation on the mechanical properties of arteries[END_REF]. However, if Neidert and Devireddy observed a good cell integrity too [START_REF] Devireddy | Cryopreservation of Collagen-Based Tissue Equivalents. I. Effect of Freezing in the Absence of Cryoprotective Agents[END_REF][START_REF] Neidert | Cryopreservation of Collagen-Based Tissue Equivalents. II. Improved Freezing in the Presence of Cryoprotective Agents[END_REF], they also noticed a loss in mechanical behavior of artificial tissues termed tissue equivalents. Wang et al. [START_REF] Wang | The structural and cellular viability in cryopreserved rabbit carotid arteries[END_REF] found the same result for cellular viability and mechanical response on arteries. On the opposite, most of authors observed no statistical difference in elastic behavior [START_REF] Aidulis | Processing of ovine cardiac valve allografts: 1. Effects of preservation method on structure and mechanical properties[END_REF][START_REF] Pukacki | The mechanical properties of fresh and cryopreserved arterial homografts[END_REF][START_REF] Stemper | Mechanics of Fresh, Refrigerated, and Frozen Arterial Tissue[END_REF][START_REF] Venkatasubramanian | Effects of freezing and cryopreservation on the mechanical properties of arteries[END_REF][START_REF] Virues Delgadillo | Effect of freezing on the passive mechanical properties of arterial samples[END_REF] and in rupture behavior [START_REF] Adham | Mechanical characteristics of fresh and frozen human descending thoracic aorta[END_REF][START_REF] Stemper | Mechanics of Fresh, Refrigerated, and Frozen Arterial Tissue[END_REF] on arteries and on muscles.

If the literature seems to be leaning towards no difference between cryo-preserve and fresh samples, to our knowledge, no study exists about the effect of cryo-preservation on skeletal muscle mechanical properties, except one. Gottsauner-Wolf's and his team found a clear statistical difference on elasticity and on the rupture energy after cryo-preserving samples at -60 • C in saline solution [START_REF] Gottsauner-Wolf | Effects of freeze/thaw conditioning on the tensile properties and failure mode of bonemuscle-bone units: A biomechanical and histological study in dogs[END_REF]. If it's well known that saline solution protects less than CPA [START_REF] Neidert | Cryopreservation of Collagen-Based Tissue Equivalents. II. Improved Freezing in the Presence of Cryoprotective Agents[END_REF][START_REF] Venkatasubramanian | Effects of freezing and cryopreservation on the mechanical properties of arteries[END_REF][START_REF] Virues Delgadillo | Effect of freezing on the passive mechanical properties of arterial samples[END_REF] from -80 • C, the author explains this unsatisfied preservation by the fact that all other studies worked with aortas or other skeletal muscles like tendons, ligaments, which are composed by more collagen. Still from the same study, these collagen fibers resist well to the process of autolysis and explain therefore their better tensile integrity after cryo-preservation. Also, Rosset et al. saw a change in the response of cryo-preserved human common carotid artery after freezing, but did not see a change in cryo-preserved superficial femoral artery [START_REF] Rosset | Effects of cryopreservation on the viscoelastic properties of human arteries[END_REF] with the same preservation method. This could teach us that results could depend on the subject. Hohmann et al. found a difference in ultimate load to failure and elastic modulus between fresh and fresh frozen tendons [START_REF] Hohmann | The mechanical properties of fresh versus fresh/frozen and preserved (Thiel and Formalin) long head of biceps tendons: A cadaveric investigation[END_REF] and Leitschuh et al. in load to failure, energy absorbed to failure and strain at failure for rabbit muscle tendon complexes [START_REF] Leitschuh | Effects of postmortem freezing on tensile failure properties of rabbit extensor digitorum longus muscle tendon complex[END_REF].

In our study, no significant difference could be shown regarding elastic behavior and the measure damage properties, although there seems to be an effect on the post-damage part of the curve (Figure 3.5). This is at the opposite of the rupture behavior through peeling tests with a clear statistical difference in energy release rate. This indicates that cryo-preserved samples have a higher
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fracture toughness and then, showed a higher resistance to crack propagation. This difference suggests that the characterization of rupture energies for muscular tissue should be done without having frozen the samples, even with a cryopreservative agent. To our knowledge, no other study exists on this loading comparison in preservation purpose and no histological study focused on muscle fibers rupture after freezing exist to understand this difference of preservation between tensile and peeling test.

Given that samples were tested (for the control group and cryo-preserved for the "Cryo" group) between 28 H to 35 H after the death, they were surely slightly mechanically degraded compared to tissues just harvested. However the authors based the comparison on the fact that each sample from the "Cryo" group has its negative control in the "Control" group, hence making the inter-individual variation negligible. Also, each group was treated (tested for the "Control" group and cryo-preserved for the "Cryo" group) in the same period of time after death. It allowed comparing the mechanical effect of the cryo-preservation method on the muscular tissue rather than the conservation of the tissue itself. Also, the range of testing times (of approximately 7 H) is considered negligible due to the randomized attribution of samples between the cryo-preserved and the control group.

Knowing that freezing skeletal muscle could influence the mechanics of rupture, especially in peeling, we decided to design the animal study in a way to mechanically test samples from the AW as fast as it can be possible after the animal's death. et al., 1995] Table 3.4: A non-exhaustive comparison between different freezing methods with their results. With σ c the stress at the rupture, HSM the High Strain Modulus computed as HSM = F/(S.ϵ) at the rupture and E the elastic modulus.
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Chapter summary

In the interest of reproducing ventral hernia repairs in conditions as close as possible to clinical cases, an animal study was designed. These different aspects were described, such as the surgical procedure and the groups tested. A control group not subjected to any surgery was used as native, a group not being repaired was used to evaluate the success of the ventral hernia design. Finally, 2 different repairs were compared, one with only sutures and the other one with the addition of mesh. Mechanical characterization was performed 2 days, 4 weeks and 12 weeks after the surgery following tensile, peeling and inflation tests. Mechanical quantities were extracted and analyzed between groups to propose main results and tendencies. Experimental results highlighted the importance of using prophylactic meshes to prevent the development of incisional hernias. They showed a more appropriate behavior than when using only sutures as repair. Indeed, the global behavior observed during inflation tests was closer to the original abdominal wall for the repaired group and the resistance brought was sufficient. However, despite the better behavior and strength provided by the mesh, a stiffer behavior compared to the original abdominal wall was observed in the repaired area. In addition, the anisotropy was not found to be perfectly reproduced and these shortcomings may contribute to the discomfort felt and reported by the patients. Mechanical data was used to develop and feed a numerical model which aims to understand and predict hernia recurrences. They can also be used for further studies and numerical developments.

Résumé du chapitre

Dans le but de reproduire les réparations d'hernies ventrales dans des conditions aussi proches que possible des cas cliniques, une étude animale a été conçue. Un groupe control n'ayant subi au-In the interest of reproducing ventral hernia repairs in conditions as close as possible to human biological environment, an animal study was designed to; (1) gather data on the mechanical behavior of the tissues involved in a repaired abdominal wall; and (2) identify associated constitutive laws and rupture models at various healing times. It also allowed us to vary some clinical parameters that can lead to hernia recurrence and to study their effects.

Material and methods

Ventral hernia repair options

Many of the clinical features of hernia in patients (e.g. advanced age, presence of comorbidities, chronic nature of hernias, associated infection) are impossible to reproduce in animal models. Also, as porcine subjects are rather young than old, injuries are more easily healed than in human patients [START_REF] Silverman | Ventral hernia repair using allogenic acellular dermal matrix in a swine model[END_REF][START_REF] Monteiro | Porcine incisional hernia model: Evaluation of biologically derived intact extracellular matrix repairs[END_REF]. Therefore, developing an animal model for hernia development and repair is of great importance to verify that the un-repaired induced hernia does not heal spontaneously but rather goes on to form a persistent hernia. It is also of a major interest to evaluate the mesh contribution and to characterize the mechanics of the herniated AW.

The porcine animal model used is inspired by the article of Sahoo et al. [START_REF] Sahoo | Development of a critical-sized ventral hernia model in the pig[END_REF]] which described the development and the investigation of 3 different ventral hernia models (see Figure 4.1).

• Model 1 -retrorectus incisional defect: a 12 cm midline skin incision was made, and 1 cm wide skin flaps were raised bilaterally. The anterior RS was exposed, and 10 cm incisions were made bilaterally on the anterior RS along the medial edge of the RA muscles to enter the retrorectus space. A 12 × 12cm retrorectus space was developed by dissecting bilaterally to the lateral edge of the RA muscles and extending the incisions medially to connect the two spaces across the midline. The posterior RS and underlying layers were not compromised. The resulting incisional defect was almond-shaped and approximately 10 × 5cm.

• Model 2 -preperitoneal incisional defect: a 15 cm midline incision was made through the skin, subcutaneous fat, aponeurotic layers, and the visceral peritoneum. A 12 × 12cm preperitoneal space was developed by dissecting the visceral peritoneum away from the preperitoneal tissues. The peritoneum was closed across the midline using 2-0 Vicryl suture. The resulting incisional defect was almond-shaped and approximately 15 × 7.5cm

• Model 3 -preperitoneal excisional defect: a 10 cm midline incision was made through the skin, subcutaneous fat, and aponeurotic layers, and 5 cm wide skin flaps were raised bilaterally. An 8 × 8cm region was marked on the RA fascial surface. An 8 cm midline incision was made through the LA without violating the parietal peritoneum, and 4 × 8cm sections of RA muscles were resected bilaterally using electrocautery. The resulting excisional defect was rectangular and approximately 11×10cm in the cranio-caudal and transverse directions respectively.

The hernia created by model 2 has seen its defect reduced over 5 weeks while models 1 and 3 formed a persistent hernia. The hernias in model 3 were more pronounced and consistent when postoperative seroma was mitigated using drains and elastic abdominal binders.

The authors found that simply increasing the severity of hernia injury in terms of size and extent (partial-to full-thickness, incisional to excisional) did not necessarily correlate with poorer repair outcomes. They suspect that the full-thickness injury involving incision/repair of the peritoneum in model 2 defects may have actually stimulated a scenario of hyperacute wound healing. Hence, they finally suggest to avoid peritoneum incision, to use binders to support the hernia Baptiste Pillet defect and drains to prevent seroma in the early post-operative period. These procedures may avoid robust scar formation and spontaneous healing in the pig hernia model.

Animal study design

A first campaign was conducted to evaluate the geometry of the hernia developed by macroscopic visual observation and using medical imaging technique Computed Tomography (CT) scan at 2 timepoints (4 weeks and 12 weeks following the surgery). Mechanical testing was also performed with uniaxial, peel and inflation tests at these 2 timepoints.

Once the pilot campaign validated the preclinical model design and the experimental devices, a second one was carried out to evaluate the AW repair using CT scans and mechanical testing at 3 timepoints (2 days, 4 weeks and 12 weeks following the surgery).

Husbandry procedure

Spanish large white pigs were chosen for the animal study as its abdomen anatomy is similar to the human one. Animals selected for this study were as uniform in age and weight as possible. Only females pigs weighing between 43-47 kg, as measured within three days of the experimental phase onset, were included in the study.

An acclimatization period of at least one week was allowed before the start of the experimental procedure. Each animal was given a detailed physical examination before being randomized into treatment groups using a simple randomization scheme.

To carry out this study it was necessary to use the animal housing facilities of the Jesus Usón Minimally Invasive Surgery Centre in Cáceres, Spain, to keep animals in rooms under environmental controlled conditions over the study. The animals were housed individually and all clinical and maintenance activities were conducted following a biosafety protocol to maintain the homogeneous microbiological and sanitary status of the study group. The feeding and care of the animals were carried out in accordance with current legislation on animal welfare. They were fed standard maintenance diet for swine and osmotized water were provided by automatic drink system.

Surgical procedure

As pre-operative procedures, pigs were fasted overnight prior to surgery.

On the day of surgery, they were weighed and pre-medicated with an intramuscular injection of 0.2 mg/kg of Diazepam (Valium®, Roche Farma S.A.) and 20 mg/kg of ketamine (Ketami-dor®, Richter Pharma). Anesthesia was induced by an intravenous injection of propofol (Propo-fol®, Sandoz) and maintained by inhalation of O2-isoflurane (1-4% mixture, Isoflo®, Zoetis Spain). Pigs have also receive analgesic ketorolac (Ketoroloaco Tromotemol, Normon, IV) and 130
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tramadol (Tramadol Normon, Normon, IV), prior to surgery. Cefazolin (20 mg/kg) was used as an intra-operative antibiotic, whose posology was extended orally during the five days following surgery with Cefadroxilo (20 mg/kg/24hours PO).

To prepare the surgical site, the skin around the abdomen was clipped free of hair and prepped for aseptic surgical procedures. The surgical site were draped for sterile surgical procedure using a self-adhesive drape. 2 % lidocaine solution (Lidocaina, B. Braun -5 mg/kg) was administered subcutaneously, on both side of the midline for local anesthesia, before the midline skin incision is performed.

Following Sahoo et al. results and recommendations described before [START_REF] Sahoo | Development of a critical-sized ventral hernia model in the pig[END_REF], the ventral hernia model used is based on the model 2 -preperitoneal incisional defect: a 15 cm midline incision was performed through the skin, subcutaneous fat, aponeurotic layers. Then, a 12 × 12cm pre-peritoneal space was developed by dissecting the visceral peritoneum away from the pre-peritoneal tissues. It should be noted that the peritoneum was not dissected to avoid fibrosis tissue formation and therefore acute healing.

A group of pigs did not undergo surgery to constitute a control group (called "Intact") while a group called "Herniated" underwent hernia development with no repair thus serving as a negative control. This allowed to highlight the success of hernia creation. For the "Sutured" group only, the midline was repaired using only absorbable sutures (closure modality of 8 × 8mm, ensuring 4:1 ratio between the length of the suture and the wound length) while the "Repaired" group had in addition a 23 × 8cm (length x width) prophylactic resorbable mesh. This one was placed using a onlay open approach with an overlap of 4 cm along both longitudinal and transverse directions.

The closed suction drain was connected to a plastic tubing system which links the lateral skin to the surgical skin incision (see Figures 4.2 and 4.3). The tubing system was connecting to a bulb which was attached to an abdominal bandage. Once completed, the midline surgical skin incision was closed in 3 layers: the deep subcutaneous layer was closed with braided absorbable suture (Polysorb® 2-0, Medtronic), the subcutaneous/intra-dermal layer with monofilament absorbable suture (Biosyn® 3-0, Medtronic) and the skin with surgical staples (Medtronic). Finally, an abdominal bandage was placed with cohesive bandages to protect the skin.

To reproduce ventral hernia , a 15 cm midline incision was performed through the skin, subcutaneous fat, aponeurotic layers without dissecting the peritoneum. Then, a 12 × 12cm pre-peritoneal space was developed by dissecting the visceral peritoneum away from the pre-peritoneal tissues.

Surgery follow-up

Antimicrobial therapy was used for 5 days (Cefadroxilo 20 mg/kg/24hours PO). An injection of buprenorphine (Bupaq, Richter Pharma) was administered at the end of the surgery day, then twice a day for 5 days after the surgery. An analgesic treatment (Meloxydyl®, CEVA Santé Animale, France, intramuscular) was administered once a day for 3 days following surgery. The draining bulb of suction drain was replaced without losing the negative pressure. Unless there is a large amount of collected draining fluids, the negative pressure drain was removed 4-5 days postoperation. An aseptic compressive gauze was applied in the drain hole as well as a bandage. The abdominal bandage was changed as necessary. 2 weeks following the surgery, abdominal bandage, drain, skin staples were removed. Surgical skin staples were removed under povidone iodine solution (Betadine®, Meda Pharma, SAU) application when the wound was completely healed. An abdominal girdle (Size 1. Orliman) was finally applied until the end of hernia induction.

Abnormal food consumption and any changes in the amount/aspect of the feces was recorded daily and rectal temperature recording was done in this case. The following clinical signs were assessed once the abdominal bandage was removed and at bandage renewal: swelling (solid or Baptiste Pillet For the pilot campaign, 10 pigs were considered (see Table 4.1) with 2 of them not subjected to any surgery and evaluated as native AW (Control group). 8 pigs were operated with 4 being reinforced with a resorbable prophylactic mesh (Repaired group) and 4 not being repaired (Herniated group). Mechanical comparisons and evaluations were performed at 2 timepoints: 4 weeks and 12 weeks.

Evaluations included CT scan imaging for each group and clinical evaluation of induced ventral hernia and of the repair respectively for the Herniated and Repaired groups.
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For the comparative campaign, 23 pigs were considered (see Table 4.1) with 5 of them not subjected to any surgery and evaluated as native AW (Control group). 27 pigs were operated with 9 being repaired with Polysorb®2-0, Medtronic absorbable sutures only (Sutured group) and 9 being reinforced with a resorbable prophylactic mesh (Repaired group). Mechanical comparisons and evaluations were performed at 3 timepoints: 2 days, 4 weeks and 12 weeks. Some pigs were not subjected to any surgery and evaluated as native AW while the others were operated and repaired with absorbable sutures only or with the addition of prosthetic mesh.

Biological evaluation

Hernia characterization and evaluation

During the pilot campaign, the main objective was to confirm the methodology to induce and maintain an hernia. The success was evaluated through macroscopic visual observation and CT imaging.

Macroscopic observations with palpation of the AW were performed by noticing any presence of hernia, its size and if any external abnormalities (swelling, etc.) are present. The hernia defect (through the skin) was measured in the pigs using a ruler.

The surgical site was imaged using CT for the pigs of Herniated and Repaired groups used for the timepoint at 12 weeks post-operation. The AW soft tissue was imaged just after the surgery, at 1, 2, 4, 8 and 12 weeks post-operation. Hernia defect measurement and characterization were performed with CT scan analysis, by measuring also the AW thickness on both sides of the defect and by observing any abnormalities (hematoma, seroma, etc.).

Repair characterization and evaluation

As for the hernia evaluation, macroscopic visual observations, palpation and CT imaging were performed to evaluate the hernia repair (with mesh and sutures or only sutures). Any hernia presence was noticed as well as its size and any external abnormalities (swelling, abscess, etc.).

The surgical site was imaged using CT according to the same procedure as for hernia evaluation. Hernia repair was characterized with CT scan analysis, by measuring the hernia defect if present, the AW thickness of the repair area and by observing any abnormalities (hematoma, seroma, etc.).

After dissection of the AW, another macroscopic observation was performed as the surgical site was exposed. Any hernia presence was noticed, as its size but also the tissue integration (according to a score, see Table 4.2) and any abnormalities (capsule, seroma, etc.).

Score

Tissue integration 0 0 % of the total mesh edges area is integrated 1 1 % < 25 % of the total mesh edges area is integrated 2 26 % < 50 % of the total mesh edges area is integrated 3 51 % < 75 % of the total mesh edges area is integrated 4 76 % < 100 % of the total mesh edges area is integrated 

Mechanical characterization

According to Table 4.1, the pigs were euthanized at 4 weeks and 12 weeks post-operation during the pilot study and at 2 days, 4 weeks and 12 weeks for the comparative study. Animals were premedicated with an intramuscular injection of 0.2 mg/kg of Diazepam (Valium®, Roche Farma S.A.) and 20 mg/kg of ketamine (Ketamidor®, Richter Pharma). Then, the pigs were euthanized by an injection of potassium chloride overdose (2 mEq/kg) (Potassium chloride, B. Braun) to proceed to the AW dissection. After euthanasia, the AW was extracted in approximately 15 minutes, followed by removing the skin, subcutaneous tissue in approximately 45 minutes (see Figure 4.5).

Non-destructive inflation test

Inflation test on the AW allows assessing the passive global strain of the abdomen under a common pressure (breathing, etc.). Using DIC, the displacement field can be measured, which then allows to compute the strain field. Stereo-DIC is a non-contact optical technique capable of performing shape and 3D surface strain measurements. A series of image pairs captured from two different views of the object are used to locate and track a given set of surface points during motion and/or strain. To correlate the two stereo-views, DIC requires the object surface to be covered with a random speckle pattern of dark and light features. This allows finding the best match between corresponding points in the two images by comparing the local grey scale distribution of square pixel subsets on the basis of the normalized cross correlation coefficient [START_REF] Genovese | Stereo-Digital Image Correlation (DIC) measurements with a single camera using a biprism[END_REF].

The objective of this test was to assess the AW global strain for all testing groups under a common pressure (breathing, coughing, etc.). This test can also be used as a validation for the numerical model by comparison of the displacement field at the same pressure value.
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tan(θ/2) = d/2 D (4.1)
with the distance D between the middle point of the two cameras and the sample to observe, θ the angle formed by the cameras and the sample, and finally d, the distance between cameras (see Figure 4.11). This relationship describes the need to have camera axes coinciding on a point of the object and that the cameras observe the entire scene. Calibrations of stereo cameras were performed. They are needed to calculate the 3D world coordinates of a point viewed by both cameras thanks to extrinsic parameters of cameras (position and orientation) and intrinsic parameters (focal length, optical center, pixel size and potential distortion parameters). This was done by moving and tilting a grid pattern of dots located where the sample will be placed later during the test. Movements need to be as much various as possible, i.e. rotations and displacements over each axis. After taking 20-40 photos in every position possible, a calibration is performed under VIC-3D software. After removing outliers, it results in a calibration error, which is the mean reprojection error in pixel unit for all calibration targets.

Two LED projectors were used to have homogeneous illumination of the surface of the sample. The cameras were adjusted as follows. First, the field of view and orientation were adjusted to get a similar field of view covering the whole sample. Then, the aperture was fully opened and the focus was adjusted at the center of the sample. The aperture was then slightly closed to get a larger depth of field. This is important to get right, as the AW inflated and get closer to the cameras during the test. Finally, circular polarizing filters mounted on the light sources and the cameras were adjusted to cut all reflections.

To perform the non-destructive test, the sample was placed in the homemade inflation setup (see Figure 4.6) and maintained between a rigid plate and a deformable rubber plate, which aims at compensating the thickness variations of the sample edges. Fixation clamps, supports and screws allow adjusting the pressure manually depending of the thickness variations. Fixation clamps were manually tightened using black screws to exert a pressure depending of the local AW thickness. This operation was always performed by the same operator during the pilot and the comparative campaigns to reduce variability. The inflation device was derived from the work of Podwojewski [Podwojewski et al., 2013[START_REF] Podwojewski | Mechanical response of human abdominal walls ex vivo: Effect of an incisional hernia and a mesh repair[END_REF]. 
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Then, a random speckle pattern made of small dots of black paint was sprayed out on the white layer under an inflation pressure of 0.7 kPa. This internal pressure allows having the AW external surface tighten, hence avoiding folds than can alter speckle dots. The speckle pattern should be dense enough to cover all locations of the sample with a mean gray intensity of ≈ 50 %, and exhibit some randomness to ensure the uniqueness of each correlation window. This directly impacts correlation quality, which also depends on speckle quality, cameras setting and object strain.

After that, a preconditioning of 3 pressure cycles until 1 kPa was performed. Inflation pressure was measured using a differential air pressure sensor (PHIDGETS 1126 ± 25 kPa) controlled by a homemade Python program. Pressure is applied slowly and continuously to ensure a quasistatic experiment and avoid visco-elastic effects.

The initial configuration was set when the AW was ready for testing with an internal pressure of 0.5 kPa. This pressure allows to counterbalance the weight of the AW, to slightly inflate it to try inducing a pre-tension and therefore reproducing the one present in-vivo (no stress free).

After preconditioning, the pressure was decreased to reach the initial configuration (0.5 kPa) for the inflation test start. As it can be difficult to maintain the same pressure levels for each tests, inducing therefore difficulties in results comparisons, we quickly moved to a continuous acquisition of data. Moreover, it was easier for the correlation software as it has less gaps between images (see Figure 4.12). So a constant low flow rate (un-measurable) was applied on the AW internal surface while images were taken and pressure was recorded with a same acquisition rate of 1 Hz. The test ending was declared when the maximum pressure reached target value or could not be increased any more because of slippage. AW were tested approximately 45 minutes after the death of the animal. Paint application and mechanical test performance took approximately 30 minutes.

Images of the speckled AW during the inflation test were analyzed using VIC-3D software (Correlated solutions®). Several regions were defined to observe locally field values (on the LA, on lateral muscles, on RA muscles, etc.). Displacement and strain fields were then computed according to the regions shown in Figure 4.13 and synchronized with pressure values. For now, mean longitudinal and transverse trains in the S0 and S1 regions were extraced (see Figure 4.13), and compared between groups and post-operative times.  The AW was then removed from the inflation device and cleaned from excessive paint and blood using saline solution. The peritoneum was dissected, followed by lateral muscles. Then individual samples were harvested from the different tissues according to the test group and the campaign (see Figure 4.14). Due to the inherent variability among animals, AW geometries could be different and therefore the number of samples dedicated for each test to change.

Sampling was done according to the different mechanical tests to perform but also to the different testing groups of the animal study. The Figure 4.14 present the mapping of the whole animal study according to the 3 testing groups.

For the pilot study, the Herniated group aimed to evaluate the hernia occurrence and not necessarily to characterize the herniated tissue. The other groups were used to perform the different tests described in this Section, leading to improvements for the comparative campaign. Nevertheless, in all groups, lateral and RA muscles were characterized during the pilot study as testing devices on muscular tissue were already mastered in previous studies [Pillet et al., 2021; ?].

Uniaxial tensile test

As described in Chapter 1, there is a lack of mechanical data up to rupture for the AW components. To feed the numerical model with mechanical data coming from the same specie for all the different constituents, tensile tests in the RA, the EO, the IO, TR intact muscles were perform in the fiber and in the cross-fiber directions (see Figure 4.14). We remind the reader that for muscle tissue, "fibers" represent the muscle fascicles.

To properly perform uniaxial tensile test, we needed to ensure that the sample had a proper geometry (see Section 1.4.1.4), was well attached to the machine clamps and that all the variables were correctly monitored.

To do so, homemade clamps in ABS plastic were 3D printed in order to fully maintain the tissue without damage (see Figure 4.17). Indeed, air pressure in original tensile machine pneumatic clamps was too difficult to control. Pressure exerted on the soft tissue was essential for the success of the mechanical test. If pressure was too low, the sample slipped while at the opposite it was damaged by over-pressure caused by the clamps. With the screws on the homemade clamps, the pressure could be controlled according to the tissue and the thickness. Another version was made in metal for tissues with high stiffness and resistance, such as LA and mesh (see Figure 4.19).

Before attaching the sample in the tensile machine, the geometry had to be controlled as much as possible (length to width ratio > 4 to avoid shear and non-uniform strain fields, see Section 1.4.1.4). We therefore developed a dog-bone shape punch (see Figures 4.9 and 4.10), 3D printed also in ABS, where razor blades could be introduced into slits [START_REF] Nelson | Print-A-Punch: A 3D printed device to cut dumbbell-shaped specimens from soft tissue for tensile testing[END_REF]. Then by screwing, razor blades deformed and took the shape of a dog-bone. This design allowed to change worn blades easily and also to 3D print different shapes and sizes for various uses.

To record forces, several load cells were used, one of 20 N and an other one of 500 N to adapt the measurements accuracy to the tissue. The camera used to follow the displacement of the area of interest was the "ELP SONY IMX179 5-50mm 8MP". To monitor these inputs, a Python program was developed to synchronize the load cell and the camera at a variable acquisition rates.

A verification of the 500 N load cell accuracy for samples exhibiting low forces was done and is available in Appendix, page XVI. Once everything was set up, the dimensions of the sample were measured using a caliper, making sure that the latter is in contact with the sample. Markers were applied with a surgical pen (see Figure 4.18) in order to properly measure the strain to avoid inaccuracies due to clamp sliding (see Section 1.4.1.5). The markers were tracked with a "CSRT" object tracker using a homemade Python program. RA, EO, IO and TR samples were cut using the dog-bone shaped punch (see Figures 4.9 and 4.10). The thickness was usually the one of the whole muscle but was limited to approximately 6 mm maximum while the load cell was the 20 N one. Figure 4.15 describes the dimensions in mm of samples.

For the intact group of the comparative campaign, the LA was characterized using the 500 N load cell in the longitudinal and transverse direction. As the LA seems to have a different behavior between supra and infra-umbilical [Gräßel et al., 2005;Hollinsky and Sandberg, 2007], samples were separated according to their location. Samples were cut in rectangular shape as the dog-bone shaped cutting tool is not efficient on the LA (see Figure 4.15 for samples dimensions). Moreover, the area near the umbilical was not used for the sampling to avoid any influence of this stiffer region in the mechanical behavior.

In the Sutured group, transverse rectangular samples were cut including two sutures, its wire, the incised LA and some muscle (see Figure 4.15 for samples dimensions) to understand the healing of the midline over time. Rectangular samples were uniaxially tested in the transverse direction to characterize the sutured area.

For half of the samples, the suture wire was cut to remove the mechanical contribution of the suture and therefore only characterize the neo-tissue using the 20 N load cell (500 N load cell for samples with suture wires). This was relevant 2 days after the surgery but not for the other post-operative times as absorbable sutures were too degraded. Indeed its strength was reported to be reduced by 70 % after 3 weeks [START_REF] Freudenberg | Biodegradation of Absorbable Sutures in Body Fluids and pH Buffers[END_REF] while its half life was reported to be about 20 days [START_REF] Freudenberg | Biodegradation of Absorbable Sutures in Body Fluids and pH Buffers[END_REF]. Therefore, at 4 and 12 weeks the suture contribution was not considered. This allowed to characterize (using the 500 N load cell) the repair of the midline (i.e. the scar tissue) in the transverse direction and to compare it with the original LA behavior. Data on the neo-tissue (so samples without suture wires contribution at 2 days after surgery) were also used to feed the numerical model.

Finally, the repaired group represents most of mechanical tests during the comparative study as its main objective is to characterize the repair. Therefore, every samples in this group were cut with mesh. Tensile samples in the longitudinal and transverse direction were cut in the mesh with the RA muscle and other samples with the LA, resulting in composites. As the LA, the dog-bone shaped cutting tool was not efficient on the mesh, so samples were cut in rectangular shape (see Figure 4.15 for samples dimensions). Using the 500 N load cell, samples with mesh integrated in RA muscles and with the mesh integrated in the LA were tested to understand the AW repair over time. This mechanical data allowed to compare the behavior of the original LA and the one incised and repaired with a mesh. The comparison was also made with the LA repaired with sutures only to observe and quantify the contribution of the mesh in the AW repair. Some samples were also immerged in collagenase for approximately 1 day to remove collagen residuals, in order to characterize the degradation of the mesh over time (see Figure 4.15 for samples dimensions). They were tested in also both directions using the 500 N load cell.

Prior to testing, all samples were immerged in saline solution at ambient temperature (between 1H and 5H approximately) during the sampling step.

For every sample, mechanical tests were performed in the Instron 5965 dual column uniaxial tensile machine. Samples were clamped with homemade clamps allowing to adjust the clamping CHAPTER 4. CHARACTERIZATION OF AW COMPONENTS MECHANICAL BEHAVIOR THROUGH AN ANIMAL STUDY pressure (see Figure 4.19). Then dots were applied on samples surface using surgical pens to perform mark tracking later. Samples were slightly put in tension to avoid any slack and then a pre-conditioning of 5 cycles up to 2 mm and back to 0 N was performed. Finally, all tensile test were conducted until complete rupture.

The machine displacement velocity was about 0.4 mm/s for tensile tests to stay under quasistatic assumptions. A camera took photos every 0.5 sec to follow the markers and force was recorded with an acquisition rate of 2 Hz for the 20 N load cell and 50 Hz for the 500 N one.

Peeling test

This test is used to determine mode I fracture energy, which can be directly estimated from the area opened during the delamination process and the force.

The setup and the way to monitor data is pretty much the same as for the uniaxial tensile test. However, concerning the way to measure the area delaminated during the test, we developed a process which was successfully used in previous studies [Pillet et al., 2020[Pillet et al., , 2021;;?].

Peeling test can be performed on composite-like samples in order to separate the different layers. But it can also be performed within the same tissue, between fibers for instance. However, for biological tissues with fibers organized in a complex way and therefore no weak interface, delamination can not stay stable and does not successfully propagate. The right success of the peeling test can be verified with the force-displacement curve of the response (see Figure 4.21). A plateau represents the stable propagation of delamination (related to the energy release rate G).

We decided to performed peeling tests with the mesh integrated in RA muscles and in the LA to characterize the cohesive behavior and the integration strength of the mesh over time in these different tissues.

Samples were first cut into a rectangular shape and then incised in the middle of the thickness to initiate the separation in two strips (see Figure 4.15 for samples dimensions). Sample strips separated in two were mounted in the clamps. Once the sample was mounted, the crack front was marked with a surgical pen and then strips were loaded until a significant area was delaminated, the test was manually ended and the crack front was again marked. We finally measured the area between the two painted lines to note the area opened for the whole test (see Figure 4.20).

Mechanical tests were performed using the same tensile machine, homemade clamps, preconditioning method, displacement velocity and preservation prior to testing. As only the delaminated area was taken in photo, no camera was needed during the test. The 500 N load cell was used to measure the reaction force with an acquisition rate of 50 Hz.

Shear tests were also considered to investigate the slippage between AW muscles by shearing one muscle on another. Despite this interesting and novel experiment relative to AW muscles, this test was actually not performed during the animal study (see page XVII in Appendix). In the same way, out of plane uniaxial tensile tests were originally considered and actually not performed for several reasons. See page XIX in Appendix. The displacement was computed from the marker tracking home-made program for all the tensile samples except those with a mesh. Indeed, when the mesh is integrated in RA muscles or LA, the strain was different according to the side (i.e. soft tissue or mesh). When the mesh is alone, the knitting came apart in a too complex way to track only some specific fiber location. Instead, the displacement was based on the tensile machine clamps.

For every tensile test, the PK1 stress and the stretch were respectively computed as:

P = F S 0 λ = u y + L 0 L 0 (4.2)
with F the force, S 0 the initial cross-sectional area, u y the displacement in the tensile direction and L 0 the initial gauge length.

Even if the section is not measured at any time during mechanical tests, the Cauchy stress could be computed, assuming volume preservation:

σ = P λ (4.3)
Then, data was smoothed with a zero-phase low-pass Butterworth analog filter before the computation of the rupture energy (see Section 3.2.3). The stress was derivated twice to find the beginning and the end of the elastic slope. We assumed that the damage initiation is located in the concave part of the stress-stretch curve, between the end of the elastic slope and the ultimate strength (see Figure 1.16). Therefore, it corresponds to the minimum of the second derivative. The beginning of the elastic slope is defined by the convex part of the stress-stretch curve, corresponding to the maximum of the second derivative. An example of the automatic computation of these two points is shown in Figure 3.3. A manual check was perform to check and correct the automated result if necessary.

As collagenous biological tissues do not have a linear slope in the stress-stretch curve (see Figure 1.16), we decided to consider two linear slopes: one in the "toe region" and another one in the "linear region" described in Figure 1.16. Corresponding tangent moduli E 0 , E t were computed as the linear regression in the two mentioned regions using stress-stretch curves. Both regions are considered separated by the maximum of the second derivative, corresponding to the convex part of the stress-stretch curve.

The energy release rate G, representing the energy required per unit surface to open the tissue, was also calculated in the undeformed state as:

G = W/S 0 (4.4)
with W the fracture energy calculated by integration of the damage part of the force-displacement curve as follow:

W = umax u ini F (u)du (4.5)
with F the force and u the displacement. u ini is the displacement at the initiation of damage and u max the final displacement at separation.

Composite samples (muscle or LA with mesh) had several layers and therefore several thicknesses (which could vary between samples) inducing the overall behavior. As a consequence, intensive quantities such as stresses or fracture energies do not make sense for these multi-layer materials. We decided to use lineic quantities instead, by dividing by the width only. In the following, for a given variable X:

X t 0 = X * t 0 (4.6) X t = X * t (4.7)
For tensile tests, stretch at the rupture, PK1 and Cauchy stress at the rupture were extracted from experimental data as elastic moduli and the energy release rate. Displacement of peeling samples was based on the tensile machine clamps displacement as marker tracking is not relevant in this setup. Force-displacement data were then smoothed in the same way as tensile data before definition of the initiation of delamination. Numerically, this is symbolized by a decrease of the force, after the elastic part (see Figure 4.22). The analysis of the peeling tests consisted in the calculation of the energy release rate G and the mean rupture stress P mean . The fracture energy released W was calculated by integration of the force-displacement curve on the rupture part. The newly exposed area ∆S measured from the sample picture at the end of the test, allows to compute the energy release rate G, characterizing crack opening of the tissue in peeling:

G = W ∆S (4.8)
The mean rupture stress P mean is computed as:

P mean = F ∆S (4.9)
where F is the mean force computed during delamination.
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For peeling tests, mean rupture stress and the energy release rate were extracted from experimental data.

Parameter identification

To feed the AW numerical model in elastic and in damage, mechanical parameters need to be identified from experiments. Based on inverse identification processes described in Chapter 2, the different AW constituent behaviors were characterized, per state (intact, repaired and sutured) and post-operative time (2 days, 4 and 12 weeks). Inverse identification was only performed on parameters needed to feed the numerical model, i.e.:

• First, hyper-elastic parameters of the constitutive law were identified to be used as initial guess for the inverse identification of damage parameters.

Sample dimensions of each group were merged to model an average sample in each testing direction for each group.

The neo-tissue and the LA sutured were assumed as isotropic. Therefore, they were tested in only one direction and a Yeoh hyper-elastic isotropic formulation was used while for the other tissues a HGO hyper-elastic anisotropic formulation was used. Initial guesses were chosen randomly, then an identification routine of hyper-elastic parameters in a first direction was performed in parallel with an other one in the second direction with no particular bounds (see flowchart in Figure 2.20). The numerical PK1 stress-strain output in each direction was compared with all experimental PK1 stress-strain data as described in Chapter 2.

As in-vivo strain are not as extreme as the one exerted by experimental samples, a maximal strain for numerical/experimental comparison was used, based on Förstemann's work [Förstemann et al., 2011]. Authors found experimentally the strain magnitude of the LA upon damage and found ϵ ϵ ϵ = 12 % and ϵ ϵ ϵ = 15 % in transverse and longitudinal directions respectively. With additional margins, maximal strains were chosen to be λ = 1.18 in both directions.

Parameters were then iteratively optimized using a Trust Region Reflective algorithm until the change of the least squares function was less than 1e -2 .

Damage parameters

Once hyper-elastic parameters were identified on each group, the identification of PF parameters was then performed on each sample. Indeed, the geometry of each sample with its dimensions was discretized to find specific mechanical parameters. For each sample, the routine started with an hyper-elastic readjustment to perfectly fit this specific specimen. Then hyper-elastic parameters and PF ones were identified together. Indeed, as PF parameters alter the elastic part, we decided to add elastic parameters in the identification to keep en elastic part well fitted. The length scale Baptiste Pillet parameter was set to l c = 2h c (see Chapter 2) to make g c free from any other dependency. Parameters to find were then composed of 3 or 7 elastic constants (depending of the constitutive law) plus g c . Elastic parameters found per group were used as initial guesses and g c was initially set to 0.1. No particular bounds were applied and no distinction was made between longitudinal and transverse directions as PF was implemented as isotropic in our numerical model.

The cost function used for PF damage parameters was an improved sum of squared residuals as described in (2.34) . Parameters were iteratively optimized using the same algorithm as for the inverse identification of hyper-elastic parameters, in the same way with the termination criterion: 1e -3 .

Statistical analyses

Statistical comparisons were performed using a Mann-Whitney-Wilcoxon test and corrected for multiple comparisons with a Bonferroni correction. The stretch at the rupture λ c , the PK1 stress at the rupture P c (or P c t 0 ), the Cauchy stress at the rupture σ c (or σ c t ), the tangent modulus in the toe region E 0 (or E 0 t 0 ), the tangent in the linear region E t (or E t t 0 ) and the energy release rate G (or G t 0 ) were investigated on the following evaluations:

• The anisotropy of AW muscles.

• The anisotropy of the LA.

• The difference of behavior between the neo-tissue, the healed LA with sutures and the intact LA to study the repair with only sutures.

• The anisotropy and the behavior through integration time of the mesh integrated in the muscular tissue.

• The difference in behavior between the mesh integrated in the muscular tissue, the muscular tissue itself and the mesh extracted from the AW through time to study the repair in the muscular region.

• The anisotropy and the behavior through integration time of the mesh integrated in the LA.

• The difference in behavior between the mesh integrated in the LA, the LA itself and the mesh extracted from the AW through time to study the repair in the muscular region.

• The mesh degradation extracted from the AW through integration time.

• The evolution of mesh integration in the LA over time.

• The evolution of mesh integration in RA muscles over time.

Statistical differences were declared if the p-value (corrected with Bonferroni method) was less than 0.5. For the sake of clarity, only quantities exhibiting statistical differences are displayed on Figures. Statistical differences annotations are described as: 

• *: 1e -2 < p ≤ 5e -2 • **: 1e -3 < p ≤ 1e -2 • ***: 1e -4 < p ≤ 1e -3 • ****: p ≤ 1e -4 150 Baptiste Pillet

Synthesis

To summarize, freezing muscular soft tissues, could have affected mechanical properties, especially at rupture under peeling tests. Therefore, the animal study needed to test biological samples as soon as possible to reduce rigor mortis effects. In this idea to reduce as much as possible uncertainties and variability coming from study methodology, husbandry, surgery and follow-up procedures were rigorously respected and controlled.

Concerning experimental devices, the mechanical tests kept for the animal study are described in Table 4.3, grouping the tests performed according to the tissue tested and the aim of the measure. We performed inflation test on the whole AW, tensile test on muscles, LA, neo-tissue, LA repaired with sutures, LA repaired with sutures and mesh and on mesh integrated in RA muscle. Finally, peeling tests were performed between mesh integrated and RA muscle and between mesh integrated and LA. The whole procedure timeline is described on Figure 4.23. 

Results

Observations during the animal study

The model used to induce hernias led to satisfying results. The 15 cm midline incision through the skin, subcutaneous fat, aponeurotic layers followed by the 12 × 12cm pre-peritoneal space developed by dissecting the visceral peritoneum away from the pre-peritoneal tissues without dissecting the peritoneum induced everytime hernia in pigs. The hernia size was sufficient regarding to clinical cases in humans (see Figure 4.24) and no infection due to the hernia were observed. 12 weeks after the surgery, pigs weighted approximately 57-62 kg leading to extracted AWs without fat and skin of about 0.55 kg. However, to avoid any air leaking during the inflation test, the AW was extracted as big a possible to cover the inflation chamber. For the Herniated group, the hernia was represented by an oval opening of about 150-200 mm long by 110-120 mm wide. The tissue covering the defect was very thin, weak and soft (see Figure 4.25). Due to its heterogeneity, some holes were present which complicated the skin and fat removal step.

For the repaired group, the mesh was well integrated 4 weeks after the surgery. Surprisingly, there was already a slight integration after 2 days (see Figure 4.26). After 4 weeks, neo-tissue had colonized textile pores, especially near the incisional area. The mesh was therefore surrounded by a very stiff neo-tissue. After 4 and 12 weeks some mesh edges were folded, creating at these locations, a very thick and stiff composite. The mesh was also found to be shrunken longitudinally and transversely (not measured to date). This shrinkage behavior was also observed by numerous authors [START_REF] Anjum | Comparative efficacy of Prolene and Prolene-Vicryl composite mesh for experimental ventral hernia repair in dogs[END_REF][START_REF] Chatzimavroudis | Evaluation of four mesh fixation methods in an experimental model of ventral hernia repair[END_REF][START_REF] Baptiste Pillet Harrell | Prospective evaluation of adhesion formation and shrinkage of intra-abdominal prosthetics in a rabbit model[END_REF][START_REF] Hernández-Gascón | Long-term anisotropic mechanical response of surgical meshes used to repair abdominal wall defects[END_REF]Klinge et al., 1998;[START_REF] Kuehnert | In vivo MRI visualization of mesh shrinkage using surgical implants loaded with superparamagnetic iron oxides[END_REF]. According to Brown et al., shrinkage occurs due to contraction of the scar tissue formed around the mesh and small pores of heavyweight meshes lead to more shrinkage due to the formation of a scar plate [START_REF] Brown | Which mesh for hernia repair?[END_REF]. Greater shrinkage was also associated with greater pain [START_REF] Anjum | Comparative efficacy of Prolene and Prolene-Vicryl composite mesh for experimental ventral hernia repair in dogs[END_REF]. 
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Finally, for the sutured group, the incisional area was not remodeled with neo-tissue. However, some extra tissue was present meaning that wound remodeling had started. After 4 weeks, the wound was closed with a tissue visually similar to a LA at 12 weeks. Only some cavities were visible where sutures were present (see Figure 4.27). During inflation test, Pig 23 and Pig 31 were found to have a little hole allowing air to pass through. These holes could come from the skin and fat removal step or by a suture defect. Figure 4.28 presents the transverse strain of the different AWs according to testing groups and post-operative time. Results of transverse strain evolution according to pressure near the center region of intact AWs are quite reproducible. Due to the non-linear (stiffening) response of the AW tissues, ϵ(p) curves follow a logarithm response with a strain approximately constant and equals to -20 % (see Figure 4.28) from 20 mmHg (equivalent to the pressure exerted during the standing physiological activity). The transverse strain was also compared between infra and supra-umbilical for the intact group.

Inflation test results

AWs repaired with a mesh were found to have a more linear response with a behavior becoming closer and closer to the intact behavior over time. Interestingly, AWs repaired with a mesh were found to be stiffer at low pressure and get very similar at higher pressure. Anyway, AWs repaired with a mesh resulted in an overall similar response with intact AWs.

For the group repaired with sutures only, ϵ(p) curves followed also a logarithm response but with a positive transverse strain instead of a negative one. Results were quite reproducible too and no difference was observable between the different post-operative time.

2 herniated AWs were also analyzed, resulted in a very high transverse strain. Indeed, under 158 Baptiste Pillet pressure the hernia deformed a lot extremely rapidly as it can be seen in Figure 4.30.

Transverse strains resulted therefore in a behavior close to herniated AWs. The similar transverse strain between repaired and intact groups is depicted also in Figure 4.31 with an homogeneous field in the central region. At the opposite, sutured group presented a positive transverse strain in the incisional area.

For the longitudinal strain in the central area, no difference appeared between the different testing groups (see Figure 4.29). They were mostly characterized by a positive linear ϵ(p) behavior. However, AWs repaired with a mesh were found to have a more reproducible response. We can see in Figure 4.31 that longitudinal strain fields in every testing groups is quite heterogeneous leading to no difference between them.

Destructive tests results

The destructive tests campaign resulted in a very high amount of data. We propose here an overview of the main results and tendencies. All curves and statistical analyses not shown here are available in Appendix XX. The LA was not large enough in the supra-umbilical region to perform transverse tensile tests. As no statistical difference was observed between infra-umbilical and supra-umbilical longitudinal results, we grouped LA data to strengthen the number of samples per group with no location dependency, only its tensile direction.

In the transverse direction, the stretch at rupture was found statistically lower than in the longitudinal one (1.4 ± 0.22 vs 2.3 ± 0.58), the PK1 stress was found statistically higher (3.0 ± 1.8 vs 1.8 ± 1.0 MPa), resulting in a higher initial modulus E 0 (7.3 ± 4.6 vs 0.67 ± 0.54 MPa) and a higher tangent modulus E t (6.5 ± 5.4 vs 3.1 ± 2.8 MPa).

Neo-tissue

Figure 4.34 presents Mann-Whitney-Wilcoxon statistical comparisons on the neo-tissue at 2 days post-operation compared to the intact LA and to the sutured LA. Neo-tissue samples were cut in the same way as sutured LA 2 days after the surgery but suture wires were cut to only characterize the behavior of the LA scar.

The neo-tissue was found statistically less resistant than its counterpart with suture wires (0.045 ± 0.018 vs 1.5 ± 1.2 MPa for the PK1 stress). 4.2.3.4 RA muscles repaired with a mesh Figure 4.35 presents the lineic PK1 stress-stretch responses of RA muscles repaired with a mesh over time compared to the intact RA muscle.

In the longitudinal direction, the mesh/RA composite was found to be equivalent between 2 days and 4 weeks post-operation times but with a stiffer and more resistant (with no statistically significance) behavior at 12 weeks post-operation. Along the transverse direction, the same stiffer response at 12 weeks was present but the highest resistance was found early, at 2 days.

Of course, the composite was found stronger and stiffer (with significant differences) than the original RA muscle. The addition of mesh however, reduced the anisotropic behavior of the muscle, leading to an isotropic area. 4.2.3.5 LA repair Figure 4.36 and 4.37 present the lineic PK1 stress-stretch responses of the LA repaired with sutures and with a mesh in the transverse direction compared to the intact one.

In the longitudinal direction, the mesh integrated in the LA was stiffer 12 weeks than early after the surgery (with no statistical significance) while its resistance was equivalent over time. Compared to the original LA, the composite was found statistically stiffer and more resistant.

For the transverse direction, the intact LA, the one repaired with suture and mesh and the one repaired only with sutures were compared. Suture repair resulted with an equivalent stiffness over time which was found to be lower than the original tissue as for its resistance (with no statistical significance). Mesh repair however, was found to be as stiff as the LA 4 weeks after the surgery and even more resistant. Surprisingly the stiffness decreased at 12 weeks post-operation as for the resistance (in the same way as for the mesh integrated in the RA muscle). Between mesh repair and suture repair, addition of a mesh resulted in more resistance at every time step.

If the original anisotropy of the LA was respected 4 weeks after the surgery when using the mesh, the trend reverses at 12 weeks. The transverse direction was found to be significantly stiffer and more resistant than the longitudinal one 2 days after the surgery while no difference was visible 4 and 12 weeks post-operation.

Mesh degradation

The rupture behavior of the mesh was found drastically different between the longitudinal direction and the transverse one. Indeed, along the warp direction (oriented in the longitudinal direction) mesh yarns were gradually dislocated at the pores level allowing the yarns to grow and resist longer, while in the weft direction, yarns broke in a less progressive manner. For the delamination of the mesh in the LA, the energy release rate G was found to be statistically higher at 12 weeks post-operation than at 4 and 12 weeks as the mean rupture stress P mean .

For the delamination of the mesh in RA muscles, the energy release rate was found to be statistically lower at 2 days post-operation than at 4 and 12 weeks as the mean rupture stress with a constant evolution over time. An example of the identification of elastic parameters for an anisotropic material is shown in Figure 4.40 and the parameters identified are reported in Table 4.5 

HGO anisotropic materials Tissue

Post-operative time 4.5: Elastic parameters identified for the different tissues needed in the numerical model. "L" stands for "longitudinal" which is the fiber direction for the RA and the cross-fiber one for the LA. Inversely with "T" which stands for "transverse".

C 10 (MPa) k L 1 (MPa) k T 1 (MPa) k L 2 k T 2 κ L κ T LA Intact 3.537e -2
The identification of all elastic parameters took 133 minutes (approximately 1 min per Yeoh set of parameters and 15 min for HGO ones) with a 3.50 Ghz Intel Xeon W-2014 CPU and 32 Go of RAM.

Discussions

The animal study was designed to understand the mechanical effects of the AW hernia, its repair and healing on tissues rigidity and their resistance to rupture. In this purpose, we performed several mechanical tests on AW tissues at different time after the surgery. This allowed to generate a large amount of mechanical data which we will try here to extract its main results.

Inflation tests

The more linear behavior of AWs repaired with a mesh can be explained by the change of mechanical behavior brought by the prophylactic mesh. The mesh induced less compliance than the original AW under low pressure which could explain the pain experienced by some patients. If the mesh did not achieve to perfectly mimic the original AW behavior, it was the only type of repair which successfully reproduced the original transverse strain under internal pressure. Results were closed to the native AW for the mean transverse strain and for the longitudinal one, hence favoring the use of mesh for ventral hernia repair. Its placement however could not be discussed as only the pre-peritoneal approach was performed.

When the AW is repaired with sutures only, the same logarithmic response in the transverse direction as for the intact AW was found. At the opposite of the AW repaired with a mesh, this could be explained by the fact that sutures cover a smaller area than the mesh, which result in a less stiff AW overall. However, if the original behavior demonstrated a compression in the central area in the transverse direction, the opposite behavior was found for the AW repaired with sutures. Indeed, the sutured area is less stiff than the healthy LA, resulting in higher transverse strains. This can be easily observed in strain field (see Figure 4.31). These elongations could stretch the neo-tissue, inducing more stress to finally create an eventration.

Obviously, the un-repaired herniated group deformed in an extremely abnormal way under pressure, resulting in large strain values in the central area along the transverse direction. This clearly indicates that an un-repaired hernia has a high chance of recurrence. As a proof, these tested AWs could not undergo as much pressure as the others because small holes were formed in the scar area. Eventually, these holes would develop due to the pressure of the organs, resulting in an eventration.

Along the longitudinal direction, the different testing groups behaved rather similarly. This can be explained by a greater compliance [Förstemann et al., 2011] inducing more homogeneity.

The poor natural repair demonstrated by the Herniated group was also highlighted by Podwojewski et al. [Podwojewski et al., 2013]. They performed bulge tests in pigs with a probe on Intact, Herniated and Repaired groups and demonstrated the lower stiffness of non-repaired AW. However, they found that, strain measurement were different according to the internal or the external surface, hence suggesting that estimating internal strains based on external ones could come with some uncertainties. The same author did the same experiment in human by inflating AWs with air pressure [START_REF] Podwojewski | Mechanical response of human abdominal walls ex vivo: Effect of an incisional hernia and a mesh repair[END_REF]. They found also higher elongations in the longitudinal direction than in the transverse one. They found also again differences between external and internal strain fields with a more homogeneous pattern on the external surface, as we found in our study, compared to pattern more related to underlying tissues on the internal surface. Moreover, strains were found statistically higher on the external surface.

We only discussed our central area results, but analyzing strain fields in the other regions could also be interesting to highlight some differences between LA and lateral muscles.

These results confirmed the importance of using meshes in ventral hernia repairs and could be used for validation purpose of a finite element model of the AW.

AW muscles

As it was demonstrated for skeletal muscles in the past, the cross-fiber direction exhibits a stiffer response than the fiber one [START_REF] Mohammadkhah | The in vitro passive elastic response of chicken pectoralis muscle to applied tensile and compressive deformation[END_REF]Takaza et al., 2013]. The same result was obtained in our study concerning IO, EO, TR and RA muscles. Moreover, the tangent modulus E t and the initial modulus E 0 were found to be 1.65 and 4.26 times higher in the cross-fiber direction in average by taking into account all different muscles.

The only study to our knowledge focusing on human AW muscles characterization was the thesis of Cardoso [Cardoso, 2012]. She tested frozen human AW muscles in the fiber direction and results were reported in the Table 4 [Cardoso, 2012].

Results demonstrated the AW muscles anisotropy, with their particular stiffer behavior along the cross-fiber direction.

LA

The strong LA anisotropy found in the literature in human cadavers [Cooney et al., 2016;Förstemann et al., 2011;Gräßel et al., 2005;Levillain et al., 2016] and in porcine tissue [Acosta Santamaría et al., 2015;Cooney et al., 2015;Levillain et al., 2016] revealed a stiffer response in the transverse direction. The same result was obtained in our study with significant differences (see Figure 7.17 in Appendix). Cauchy stress-strain curves comparison with some authors cited above is shown in Figure 4.42. We can see that our LA response in the transverse direction is similar to different authors one with a rather softer behavior and that in the longitudinal one, our result is softer than every authors result. This can be explained by the fact that all authors frozen their samples, making them more rigid. [START_REF] Astruc | Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues[END_REF] computed also initial E 0 and tangent moduli E t in both directions as in our study. The tissue tested was however coming from human cadavers but the same trend was found with higher moduli values in the transverse direction. This stiffer response in the transverse direction could be correlated to the quantity of fibers oriented in this direction as suggested by Gräßel et al. [Gräßel et al., 2005]. The more fibers oriented in a specific direction were correlated with a lower compliance. The strong LA anisotropy found in the literature was confirmed in our study, with its stiffer behavior along the transverse direction (towards which most LA fibers are oriented). We found also no significant differences between supra-umbilical and infra-umbilical results.

Neo-tissue

Obviously the neo-tissue was found to be less resistant than its counterpart including suture wires and than the original LA. Its PK1 rupture stress 2 days after the surgery was about 0.045 ± 0.018 MPa. This poor resistance induces a very high risk of re-opening which will decrease with healing. However, without specific repair of the incisional region the quality of healing remains questionable. Hollinsky et al. performed tensile tests in fresh human LA which some of them presented anterior laparotomy [Hollinsky and Sandberg, 2007]. The scar tissue healed from several years was found to be approximately 30 % less resistant than the intact LA in every direction.

The neo-tissue resistance was found very weak and the incisional area needs repair to avoid any recurrence.

RA muscles repaired with a mesh

Of course, RA muscles do not need any repair, as it is not the area that has been incised. However, being in direct contact with the LA, it remains interesting to see the changes in behavior following the addition of a textile in the area.

The stiffer behavior of the mesh integrated in muscle after 12 weeks is in agreement with the work of Doucede et al. who found stiffness changes after 8 weeks in rat [G. Doucède et al., 2019]. As the textile integrates and shrinks, it is normal to find that the area becomes more and more rigid. However, if the repair became stronger after 12 weeks in the longitudinal direction, it was surprising to observe a decrease in resistance in the transverse direction. This could be due to the cyclic loads exerted by the IAP, resulting in tension in this direction.It could result in a limited, or possibly degraded, resistance.

However, if this direction presented limited resistance over time, the mesh integrated in RA muscle was found statistically stronger than the original muscle. Still, the composite was also found statistically stiffer than its intact control, which reduced the original anisotropic behavior and could therefore induce pain in large AW deformations.

The mesh integrated in the RA muscle was found statistically stronger than the original muscle. However, it was also found statistically stiffer, which reduced the original anisotropic behavior and could therefore induce discomfort in large AW deformations.

LA repair

As for the mesh integrated in RA muscles, the composite became stiffer and stiffer with time. The mesh integrates and therefore limits the compliance of the surrounding tissue. Regarding the stiffness decreasing 12 weeks post-operation, no explanation to our knowledge can justify this result. However, as for the mesh integrated in RA muscle along the transverse direction, the resistance decreased also at the time step resulting in a limited and lower resistance compared to the original LA.

The use of prosthetic mesh to repair hernia was found to be a better solution than only suturing the incisional area. Compared to the original LA, mesh repair was satisfying in the longitudinal direction while 12 weeks after the surgery it became less resistant in the transverse direction. Only suturing the LA however was found to decrease the strength of the original tissue.

Concerning its compliance, addition of a mesh does not reproduce the LA behavior. While the composite is stiffer in the longitudinal direction, it was found to be more compliant in the transverse direction. The original anisotropy was respected 4 weeks after the surgery and reversed at 12 weeks.

To our knowledge it is the first study comparing repair technique behavior over time on the LA area.

If ventral hernia repair using a mesh was found to be a better solution than only suturing the incisional area, improvements are still needed to improve its mechanical behavior and therefore better mimic the original AW. The global anisotropy of the LA was not respected and the resistance seems to decrease after 12 weeks along the transverse direction.

Mesh degradation

The very different rupture behavior according to directions is explained by the anisotropy of the knitting pattern, with different yarn configurations in the warp and weft directions. This knitting pattern allows creating different behavior to try reproducing the AW anisotropy.

The mechanical behavior found to be more and more homogeneous over time can be explained by the mesh integration in the surrounding tissue, which will degrade it and make it uniform. Loads over time can also induce fatigue which can be a reason to mechanical properties evolution of the mesh. This was also observed by Pascual et al. in rabbits with mesh extracted including host tissues [START_REF] Pascual | The long-term behavior of lightweight and heavyweight meshes used to repair abdominal wall defects is determined by the host tissue repair process provoked by the mesh[END_REF]. Conversely, 2 days after the surgery, the mesh was still in good condition, although already a little integrated, and therefore preserved its behavior. However, the mesh used in our study was originally more resistant and stiffer in the warp direction (oriented longitudinally) than in the weft one which was found to be the opposite after 2 days. This could be explained by the fact that the natural behavior of the AW (which we found to be more rigid and resistant in the transverse direction), deforms the textile when it is not too integrated yet to be adapted to its surrounding physiological conditions. This very interesting result and the corresponding hypothesis were not reported yet in the literature. They need therefore to be investigated in further studies.

The mesh extracted from the AW and cleaned from collagen residues was found to be more and more homogeneous mechanically between directions. Conversely, very early after the repair the mesh was found to have an opposite mechanical behavior compared to its original state.

Peeling tests

Our study [START_REF] Lake | Pore size and pore shape -but not mesh density -alter the mechanical strength of tissue ingrowth and host tissue response to synthetic mesh materials in a porcine model of ventral hernia repair[END_REF] et al., 2015] on muscle. As they tested 5 different meshes, the range between all of them was reported. All results were analyzed 12 weeks post-operation.

As evidenced by the peeling tests (see Figure 4.4), the mesh was more strongly integrated to the RA muscles and LA between post-operative time with no significant difference between 4 and 12 weeks post-operation.

A similar study was performed by Lake et al. in pigs also [START_REF] Lake | Pore size and pore shape -but not mesh density -alter the mechanical strength of tissue ingrowth and host tissue response to synthetic mesh materials in a porcine model of ventral hernia repair[END_REF]. They evaluated 5 different meshes focusing on mesh density, pore size and pore shape. The prototype meshes were implanted in the pre-peritoneal retro-rectus space and tissue ingrowth characteristics were evaluated after 12 weeks as well. The same T-peel test on mesh integrated in muscle was performed and we compare here the mean critical force and the fracture energy in Table 4.8. Our mean critical force is of the same order of magnitude and our fracture energy is exactly included in their range of values. Pore shape and pore size were found to significantly alter tissue in-growth and host-site integration, while mesh density had no effect [START_REF] Lake | Pore size and pore shape -but not mesh density -alter the mechanical strength of tissue ingrowth and host tissue response to synthetic mesh materials in a porcine model of ventral hernia repair[END_REF].

The mesh was more strongly integrated to the RA muscles and LA between post-operative time with no significant difference between 4 and 12 weeks post-operation.

Conclusion

The animal study was a very ambitious project for which many experimental challenges had to be overcome. First, the large number and type of mechanical tests required a thorough methodology and organization. Second, robust post-processing techniques had to be developed to assess reliable and reproducible mechanical quantities from these tests. Finally, results had to be statistically evaluated depending on the different repair techniques, time points, tissue of interest, and mechanical quantities. To our knowledge, this is the most ambitious experimental campaign ever carried out on the mechanical properties of the AW, resulting in 529 tests in total, and many qualitative observations. It resulted in interesting and new results of importance. They were used to develop and feed a numerical model which aims to understand and predict hernia recurrences. They can also be used for further studies and numerical developments.

Concerning the hernia model used without dissecting the peritoneum, it worked remarkably well. The addition of the 23 × 8cm (length x width) prophylactic resorbable mesh, placed using a pre-peritoneal open approach with an overlap of 4 cm along both directions, resulted in a well integrated behavior. Experimental results highlighted the importance of using meshes in ventral hernia repair. They showed a more appropriate behavior than when using only sutures as repair. Indeed, the global behavior observed during inflation tests was closer to the original AW for the repaired group and the resistance brought was sufficient. However, despite the better behavior and strength provided by the mesh, a stiffer behavior compared to the original AW was observed in the repaired area. The anisotropy was also not perfectly reproduced and these shortcomings may contribute to the discomfort felt and reported by the patients.

Following the animal study, the behavior and rupture of abdominal wall tissues with and without repair were characterized to feed the numerical model. We chose in this work to focus on a localized region to precisely describe strains and damage in the area of interest. With a global model serving as a reference model to retrieve tensions applied on the linea alba, the local model aimed to investigate differences in responses between repair techniques, post-surgical time and physiological activities. In addition, the implementation of phase-field damage, allows identifying damage regions and possible crack initiations. The model was used in two steps: suture closing (if sutures were present) and external tension to reproduce standing breathing and cough physiological activities. In the aim of reproducing as accurately as possible clinical cases to understand the mechanism of ventral hernia repair recurrences, the local model was parameterized as much as possible. Abdominal wall tissues were modeled based on a real abdominal wall geometry and they were all implemented with material laws, elastic and damage parameters found during the animal study. The implementation of the sutures closure step was verified and its parameters were chosen based on the literature. Simulations of the 12 sub-models were presented and compared in order to extract the main results of this numerical study. We were interested in the location of weak points in the abdominal wall area, on the damage values for the physiological activities tested and on the PK1 stress-strain responses of the incisional area. Healthy patients repaired with a mesh resulted in a close behavior with their intact counterparts. On the other hand, worstcase (assimilated to obese) patients presented higher risk of recurrence than healthy ones; obesity was indeed found to be a factor of recurrence in literature. This was observed even when repair was performed with the addition of a mesh. In fact, for those patients, damage was found to increase according to physiological efforts due to the mechanical behavior difference between the mesh and the linea alba. Also, the large-bites suture technique resulted in more damage than the small-bites one, confirming clinical studies indicating more recurrence when using the large-bite sutures. Also, damage shape found around suture stitches during physiological activities were in agreement with the comet's tail phenomenon of suture due to its migration. Still, none of the sub-models indicated a rupture during daily physiological activities. The neo-tissue was found to undergo less stress than the linea alba 4 weeks after the surgery, indicating that the use of sutures or mesh preserved the incisional area.

Résumé du chapitre

Suite à l'étude animale, le comportement et la rupture des tissus abdominaux avec et sans réparation ont été caractérisés pour alimenter le modèle numérique. Nous avons choisi dans ce travail de nous concentrer sur une région localisée afin de décrire précisément les déformations et les endommagements dans la zone d'intérêt. Avec un modèle global servant de modèle de référence pour retrouver les tensions appliquées sur la ligne blanche, le modèle local visait à étudier les différences de réponses entre les techniques de réparation, le temps post-chirurgical et les activités physiologiques. En outre, l'implémentation de l'endommagement de champ de phase permet d'identifier les régions endommagées et les éventuelles initiations de fissures. Le modèle a été utilisé en deux étapes : fermeture des sutures (si des sutures étaient présentes) et application des tensions externes pour reproduire les activités physiologiques de respiration debout et de toux. Dans le but de reproduire le plus fidèlement possible des cas cliniques pour comprendre le mécanisme des récidives de réparation de hernie ventrale, le modèle local a été paramétré au maximum. Les tissus de la paroi abdominale ont été modélisés sur la base d'une géométrie réelle et ils ont tous été implémentés avec les lois des matériaux, les paramètres élastiques et d'endommagement trouvés pendant l'étude animale. L'implémentation de l'étape de fermeture des sutures a été vérifiée et ses paramètres ont été choisis en fonction de la littérature. Les simulations des 12 sous-modèles ont été présentées et comparées afin d'en extraire les principaux résultats de cette étude numérique. Nous nous sommes intéressés à la localisation des points faibles dans la zone incisionnelle, aux valeurs d'endommagement pour les activités physiologiques 180 Baptiste Pillet
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testées et aux réponses contrainte-déformation de la zone d'incision. Les patients sains réparés avec un textile ont eu un comportement proche de celui de leurs homologues intacts. En revanche, les patients assimilées à un état obèse présentaient un risque de récidive plus élevé que les patients sains. Ce résultat rappelle que l'obésité est en effet apparue comme un facteur de récidive dans la littérature. Ceci a été observé même lorsque la réparation était effectuée avec l'ajout d'un textile. En effet, pour ces patients, il a été constaté que les endommagements augmentaient en fonction des efforts physiologiques en raison de la différence de comportement mécanique entre le textile et la ligne blanche. De plus, la technique de suture avec un large intervalle a entraîné plus d'endommagement que celle à intervalle rapproché, ce qui confirme les études cliniques indiquant une plus grande récidive lors de l'utilisation des sutures plus écartées. De plus, la forme de l'endommagement trouvé autour des points de suture pendant les activités physiologiques était en accord avec le phénomène de queue de comète de la suture en raison de sa migration. Malgré tout, aucun des sous-modèles n'a indiqué une rupture pendant les activités physiologiques quotidiennes et nous avons constaté que le néo-tissu subissait moins de contrainte que la ligne blanche 4 semaines après l'intervention, ce qui indique que l'utilisation de sutures ou de textile a préservé la zone incisée. PHYSIOLOGICAL CONDITIONS The objective of the numerical model is to give insights of what can happen in the AW after a ventral hernia repair. For example it could allows assessing damage initiation based on surgical practices and patient-specific data to guide ventral hernia repair as an assistance tool.

Following the animal study, the behavior and rupture of AW tissues with and without repair were characterized to feed the numerical model. We chose in this work to focus on a localized region to precisely describe strains and damage in the area of interest.

Forces acting through physiological activities on the LA are retrieved from a global numerical model developed in a previous study. We describe here how the global model was developed and how these forces are used in the local model. Development of the latest, its implementation and verification are described afterwards.

Finally, in the interest of understanding AW hernia repair recurrences, clinical applications are simulated to illustrate how the local numerical model could be useful for clinicians. [START_REF] Pierrat | Investigation of the mechanical use conditions of implants in abdominal wall hernia repair[END_REF] to create a "virtual patient" and therefore observe the global elastic strain of the human AW. The model could simulate different BMI (normal or obese)), healthy or repaired AW (using two common techniques, i.e. Retro Rectus or Transversus Abdominis Muscle Release), and different physiological activities depending on muscle activation and IAP.

Global model

In the purpose of developing the local numerical model, only the healthy case was used and discussed here. Indeed, as sutures and mesh contribution were implemented in the local model, we assumed that we could retrieve the intact in-vivo action of the AW on the LA in the local model.

The geometry of this model was built from measurements on cadaver tissues. It was made fully parametric, but is also rather idealized. In this sense, it is very useful to model the global behavior of the AW, but lacks realism to investigate local phenomena where a detailed representation of where α is the activation parameter (0-1), σ max the maximum active stress and F the normalized tension corresponding to the current sarcomere length L ini λ 11 , where L ini is the initial sarcomere length and λ 11 = √ 2ϵ 11 + 1 is the current fiber stretch. The shape of the F function (force-length relationship of a sarcomere) was taken from [START_REF] Baptiste Pillet Gollapudi | Experimental determination of sarcomere force-length relationship in type-I human skeletal muscle fibers[END_REF]. The maximum active stress was set to 300 kPa [START_REF] Blemker | A 3D model of muscle reveals the causes of nonuniform strains in the biceps brachii[END_REF]. The initial sarcomere lengths were taken from Brown et al. [Brown et al., 2010].

The volumetric strain energy function is:

Ψ 0 vol = K J 2 2 -log(J) (5.5)
where K is a bulk modulus chosen to enforce quasi-incompressibility.

For material parameters, the rectus sheath was considered as a 0.4 mm thick skin membrane with E = 7 MPa [START_REF] Tran | Comportement biomécanique de la paroi abdominale et de ses composants musculaires : du spécimen isolé au patient[END_REF]. The LA was considered as isotropic and characterized by a Neo-Hookean formulation: E = 5.4 MPa, ν = 0.49 [START_REF] Tran | Comportement biomécanique de la paroi abdominale et de ses composants musculaires : du spécimen isolé au patient[END_REF]. RA and lateral muscles were characterized with the active-passive behavior described above with µ t ll = 70.2 kPa, µ c ll = -50.6 kPa, µ t tt = 104 kPa, µ c tt = -40.4 kPa and µ lt = 0.648 kPa [Latorre et al., 2018]. A very rigid behavior was set for dorsal muscles (E = 20 MPa) while bony structures were completely rigid.

The material was implemented in an Abaqus subroutine. Simple tests were performed on a single element to test the passive response alone, and gave the expected responses.

Two types of loading scenarios could be simulated: either the IAP was directly imposed as a loading boundary condition, in order to simulate passive activities (e.g. breathing) or the volume was fixed and muscle contraction activated to simulate active scenarios such as the Valsalva maneuver or coughing. For the latter scenario, muscle contraction was increased until the IAP reached a pre-defined value obtained from experimental measurements [Cobb et al., 2005].

The global model was executed for supine passive state (IAP=6.5 mmHg), standing passive state (IAP=20 mmHg) and cough passive state (IAP=108 mmHg) physiological activities. This was done for an healthy patient but also for an obese one, leading to the corresponding pressures: IAP=16.2 mmHg, IAP=35 mmHg and IAP=180 mmHg (extrapolated from [Deeken et al., 2011]). Longitudinal and transverse tensions applied on the LA were then extracted by recovering the longitudinal and transverse reaction forces at the symmetry plane (middle of the LA). The values were then summed along the thickness to obtain a force per mm and then averaged to obtain a single tension value for the longitudinal direction and another for the transverse direction. These values are reported in Table 5 Knowing the tensions at the LA level, a more refined and localized model can be developed with theses loadings as input. The global numerical model is relevant to study the global elastic deformation of the abdomen as every component was modeled. Moreover, the active behavior of muscles is an important feature as it leads to radically different resulting tensions on the LA (see Table 5.1). However, muscles and LA geometries were slightly simplified and the behavior of the LA was only modeled as isotropic.

Local model

With the global model serving as a reference model to retrieve tensions applied on the LA, the local model aims to investigate differences in responses between repair techniques, post-surgical time and physiological activities. In addition, the implementation of PF damage, allows identifying damage regions and possible crack initiations. The model was used in two steps: suture closing (if sutures were present) and external tension to reproduce standing breathing and cough physiological activities.

Unlike the 3D global model, the local model was designed in 2D under plane stress assumption to simplify and reduce the number of element. This leads to the following assumptions, which will be later discussed:

• the local model represents a thin membrane with no bending stiffness, no through-thickness shear

• as a consequence, due to Laplace's law, tension boundary conditions can be applied to the external boundaries of the model to reproduce the stress field resulting from the IAP • all out-of-plane displacements, such as buckling effects during suture closure, are neglected Human cadaver slices from the Visible Human Project [U.S. National Library of Medicine] were used to model the LA geometry. Indeed, unlike CT or MRI images, the outline of the LA is clearly visible due to the high resolution of the images (pixel size = 0.33 mm). Consequently, the geometry of the LA, including its thickness, were obtained with high accuracy compared to models from the literature. We decided to model a human local model as the global one came also from human images. 19 stacks of 10 mm separated slices were imported in Rhino software [START_REF] Mcneel | Rhinoceros 3d, version 6[END_REF] (see Figure 5.3) to serve as template for AW constituents segmentation.

Segmentation of the Visible Human Project

LA and others AW were segmented on each slice by drawing splines on each constituent contour (see Figure 5.4). Each closed spline intersects neighboring ones in order to have no space between parts. This was done on every slice by updating closed splines control points for the previous slice. Then polysurfaces were created by interpolating closed splines of each part on every 186 Baptiste Pillet
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slice, e.g. every 10 mm high (see Figure 5.5). As a last operation, Boolean differences were performed between polysurfaces to remove intersections and leading therefore to perfectly matching contact surfaces.

As the local model focused on the LA, only the LA was exported to a 3D .ipt part to retrieve mesh points and more especially those on left and right boundaries as the model was developed only in 2D. The local thickness was also exported to include it in the local model as a thickness map.

With the global model serving as a reference model to retrieve tensions applied on the LA, the local model focused on the LA aims to investigate differences in responses between repair techniques, post-surgical time and physiological activities. LA geometry was modeled using human cadaver slices from the Visible Human Project. After every possible sub-models were defined, we needed to define all tissue geometry. The intact state was composed of the intact LA with intact AW muscle.

The repaired state was based on the intact group with the addition of an incision inside the LA and a mesh around the incision area. The incision and its sutures were only present 2 days after the surgery while only the mesh represented the repair after 4 weeks as we found sutures to be degraded at this post-operation time in the animal study.

The suture state was also based on the intact group with the addition of an incision and its sutures. After 4 weeks post-operation, the incision was still modeled but not the sutures.

Figure 5.7 summarized the different sub-models and their constituents.

LA

Left and right mesh points obtained from the Visible Human Project images were used to draw the outline of the LA. The thickness was based on the LA thickness map. For the worst-case LA, the width was increased by a factor of 1.50 based on morphometric data [START_REF] Jourdan | Abdominal wall morphometric variability based on computed tomography: Influence of age, gender, and body mass index[END_REF] and the thickness was decreased by a factor of 0.8 to simulate a worst-case scenario based on reported LA thicknesses [Axer et al., 2001;[START_REF] Nahabedian | Management Strategies for Diastasis Recti[END_REF]. The thickness ratio was not based on BMIdependent morphological data, as to our knowledge no such study exist in the literature, but on a morphological range. Figure 5.8 shows the difference in geometry between an healthy and a worst-case LA.

As for our numerical studies to identify elastic and damage parameters, we used the python library "Gmsh" to generate the different elements [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF] according to the geometric parameters described above and reported in Table 5.2.

First, mesh points of the 2D outline of the LA were loaded to create splines. If the patient was defined as "worst-case", as obese, LA geometry was transversely stretched by 1.5. Top and bottom were closed with horizontal lines.

Muscle

After generating the LA geometry, a 180 mm width margin of muscle was added laterally to the LA. It resulted a perfectly rectangular numerical model comprising only muscles and the LA for the Intact case. The muscle (see Figure 5.7), could be related to the RA muscle, but was mainly thought to represent a buffer zone between the boundary conditions and the LA. To avoid that transverse forces create inadequate over-stressed areas, the width of the muscle was increased to have at least 180 mm distance between the LA and the boundary conditions. Also, the final geometry of the numerical model resulted in a rectangle, simplifying the application of boundary conditions. The thickness was based on RA muscle morphological data [START_REF] Jourdan | Abdominal wall morphometric variability based on computed tomography: Influence of age, gender, and body mass index[END_REF] leading to 10.8 mm for a healthy patient and 8.4 mm for a worst-case one.

Incision

The incision was manually designed with a length of 45 mm and a width of 0.45 mm, and was the same for healthy and worst-case. Its shape followed the LA midline. The incision strip was then closed at its extremities with semicircles.

The incision was not left empty, but filled with so-called neo-tissue. Its thickness was the same as the LA one.

Sutures

Suture holes were set according to the LA position. The small bites suture case was set to a 5x5 closure when the large bites was set to 10x10. This leads to bite depths and separations of 5 or 10 mm (see Figures 5.9 and 5.10). The diameter of suture wire was set to 0.5 mm; it can vary between 0.03 mm and 0.7 mm [START_REF] Byrne | The Surgical Suture[END_REF].

To reproduce the variations in suture position during closure by the surgeon, a standard deviation σ = 0.3 mm based on a normal distribution was added on bite separation and depth.

Suture holes were centered according to the incision midpoint. They were positioned horizontally and vertically using bite separation and bite depth parameters more or less the standard deviation. The number of holes was dependent on the incision length. Once bites positions was computed, holes were created by a circle. Incision and sutures were also modeled for the "Repaired" case at 2 days post-operation (see Figure 5.6).

When the incisional area and its sutures were modeled, suture wires were also added. Suture hole coordinates were collected and used to model horizontal rectangles between bite pairs and oblique ones to reproduce the lace sutures (see Figure 5.7). Their width (and thickness) was based on the suture hole diameter (see Figure 5.9). 
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Mesh

The mesh area was defined as a rectangle centered on the incision, with an overlap of 50 mm as used in our animal study or reported in the literature [Guérin and Turquier, 2013]. The textile therefore overlapped the LA and the RA, hence creating a Mesh/LA composite and another Mesh/RA one. Its thickness was defined according to measurements made during the animal study: 0.65 mm.

The mesh rectangle was defined by the suture size and the overlap, leading to a width of 2 × overlap and a length of 2 × overlap + incision length. It was separated from the LA and the muscle area. That is why the mesh is separated into 3 different areas in Figure 5.7. This allowed to define the mechanical behavior in each area (in our case, between the Mesh/LA composite and the Mesh/RA one). This assumes that there can be no sliding between the mesh and the underlying tissues, which was supported by observations in the animal study showing that the mesh was already slightly integrated after 48H post-operation.

The Mesh/LA composite thickness was the sum of the mesh thickness (0.65 mm) and the LA one. Similarly, mesh/RA composite thickness was the sum of the mesh thickness (0.65 mm) and the RA one (10.8 mm or 8.4 mm).

All geometrical parameters are summarized in Table 5.2.

Meshing

All the different elements were meshed in 2D according to element size parameters reported in Table 5.2. Element sizes went from coarse mesh on muscle boundaries to more refined in the LA and its incision: from 10 mm on muscle edges to 1 mm on the LA edges to finally 0.2 mm on incision edges. Each component was labeled in order to be loaded and used in FEniCS. Note that the parametrization of the geometry and meshing was fully scripted in Python, allowing automatic generation of sub-models without manual processing.

The mesh of the suture wires overlap with underlying tissues. However, unlike the mesh/LA and mesh/RA composite for which the same mesh was used, new elements were created for the wires, which only share nodes with the LA at the suture holes. This enables the wires to freely move over the tissue (assuming friction-less contact), while connecting the holes together. This also assumes that there is no sliding of the wire through the holes.

Constitutive models

Once meshed, the sub-model was loaded into FEniCS in order to collect subdomains, boundaries and their labels. Then all different parameters reported in Table 5.2 were set in the script to be used later. The mechanical behavior of the local model followed the constitutive laws chosen and identified in the previous Chapter. Therefore, the LA, the muscle, the mesh, Mesh/LA composite and Mesh/RA composite were modeled with an HGO constitutive law while the neo-tissue was modeled by a Yeoh isotropic law. Material parameters are reported in Table 4.5. All along this work, we assumed that mechanical constitutive models and properties are similar between pig and human tissues (this was discussed in the Chapter 4 and in the conclusion).

For all subdomains depending on the study case (Intact, Repaired, Sutured), weak forms of Baptiste Pillet 195
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displacements and second-order isotropic PF damages were summed:

L u = i Ω i (gP P P i (u) : ϵ(δu)) h i δΩ i (5.6) L d = i Ω i g c i /l c d + g ′ H i δd + g c i l c (∇(δd).∇(d)) δΩ i (5.7)
with g the degradation function, H the history variable, h i the subdomain thickness, index i representing each subdomain and P the PK1 stress. l c was related to the mesh elements as l c = h c * 2 with h c the maximal length of mesh elements (see Section 2.2.2). The area of interest being around LA and its repair, we decided to choose h c as the element size of the incision, hence leading to l c ≈ 0.4 mm.

For the critical energy release rate, each subdomain was defined with values found from the animal study and reported in Table 4.6. For the neo-tissue 2 days after the surgery, g c was set to 1e 10 to avoid any rupture which could disrupt the stability of the model. The tissue was found to be very weak during the animal study as the healing process had just begun and so we were not interested in its rupture. Defining its elastic behavior prevented the model from having elements collapsing during the suture closing step.

Each subdomain stress was computed by automatic differentiation of the strain energy as: We recall that numerical simulations were carried out in 3 steps: the first one consisted in closing the sutures, the second one in applying external displacements to reproduce IAP effects of physiological activities and the last one in applying external displacements until rupture. Suture closing was reproduced by gradually changing the reference length of each suture loop in order to reach a target tension value (see Figures 5.11 and 5.12), which was measured experimentally for laparotomies in the literature. This assumes that the surgeon pulls on sutures such as there is a uniform tension throughout the loops after closure. For every suture wire, its main direction ⃗ e 1 was computed according to its two attachment points. Then the rotation matrix R R R and the local left Cauchy-Green tensor E E E loc were deduced according to the longitudinal L and transverse T directions of the wire as:

E loc = R.E.R T = R. 1 2 (C -I).R T .
PK2 tensor was then computed as:

S 11 E * E E E 12 E * E E E 12 E * E E E 22 (5.8)
with the Young modulus E E E of suture wires being equal to 398 MPa [START_REF] Naleway | Mechanical properties of suture materials in general and cutaneous surgery[END_REF] and the PK2 stress S 11 equals to S 11 = T wire /h 2 wire * t in order to gradually apply the target tension T wire during the closure step. h wire the diameter of suture wires was set to 0.5 mm (see Table 5.2) and T wire the tension applied in sutures was set to 2.64 N for the small bites technique and 4.18 N for the large bites one (see Table 5.2). Those values were found in the literature, where the smallest value corresponded to an adequate suture closure tension while the highest one corresponded to a high suture closure tension by surgeons [START_REF] Höer | Miniaturized sensors registering the long-term course of suture tension in vivo under varying intra-abdominal pressure[END_REF].

The mechanical behavior of suture wires was then assumed as linear elastic with zero Poisson's ratio. The compression was applied incrementally with t the increment ranging from 0 to 1. The PK2 stress tensor was finally converted to a PK1 stress tensor in the global referential as:

P P P = F F F * R R R.T * S S S * R R R.
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Once the suture closing step finished, tensions in suture wires were set with the PK2 stress tensor obtained as:

E * (E E E 11 -E E E 11 closure ) E * E E E 12 E * E E E 12 E * E E E 22 (5.9)
where the S 11 value depends on the strain at the end of the suture closure step E E E 11 closure = T wire /h 2 wire E . A simple analogy to this constitutive law is a thermal contraction due to decreasing temperature of the material until it reaches a pre-defined longitudinal stress, after which the temperature is kept constant during the rest of the simulation.

The different tissues of the local model were modeled with hyper-elastic laws and phase field damage.

Boundary conditions

Concerning boundary conditions, preliminary simulations exhibited a poor convergence, which was shown to be caused by instabilities due to the Newmann boundary conditions (applied tensions on the edges of the model). Much better convergence was achieved using Dirichlet boundary conditions. As a consequence, biaxial loading was applied to the model using displacement boundary conditions on the left-right and top-bottom sides. However, this introduces two problems: first, we need to make sure that the resulting stresses in the LA are not affected by changing the type of boundary condition. This dictates the need for the buffer muscle, which homogeneously distributes tensions on the LA. Second, we aim at imposing specific tensions in the longitudinal and transverse directions (see Table 5.2). For this purpose, a staggered scheme was implemented: longitudinal and transverse displacements were gradually imposed, while reaction forces were computed. These two displacement values were adjusted step by step until reaction forces reach the target longitudinal and transverse tensions. This step was performed for the standing and coughing scenarios.

Biaxial loading was applied to the model using displacement boundary conditions on the left-right and top-bottom sides.

FEniCS implementation

To compare the resistance to rupture of each clinical case, the third and last step increased the pressure until damage occurred. To do so, longitudinal and transverse imposed displacements were incrementally increased, proportionally to those imposed for the cough IAP of the second step. Longitudinal and transverse reaction forces were recorded after each successful increment until the solver diverged, i.e. when the damage suddenly propagated.

The non-linear solver was the Scalable Nonlinear Equations Solvers (SNES) with absolute and relative tolerances of 1e -6 . For the linear solver, a Conjugate Gradient (CG) was used with same tolerances as for the non-linear solver. A solution typically took between 7 and 12 minutes to complete. 

Verification of the suture wire closure implementation

On a simple 2D bar, we implemented the suture stress condition as described before (S 11 = T wire /h 2 wire * t) with time ranging also from 0 to 1. The first test was with the bar fixed and oriented in the same direction, the second one was tested obliquely and the last one was fixed in one side and displaced at the other side in the direction perpendicular to the bar. These tests allow verifying that the PK2 stress in every suture wire is well imposed, no matter the orientation and the displacement of the suture wire. The theoretical imposed PK2 stress was S 11 = T wire /h 2 wire * t = 1.04/0.5 = 4.16 MPa and was perfectly retrieved for the 3 verification models (see Figure 5.13).

For the third and last model, the length was set to almost infinite to avoid any shear effects near the end points while for the first test, the suture stress condition was maintained for t > 1.

In the aim of reproducing as accurately as possible clinical cases to understand the mechanism of ventral hernia repair recurrences, the local model was parameterized as much as possible. AW tissues were modeled based on a real AW geometry and they were all implemented with material laws, elastic and damage parameters found during the animal study. The implementation of the sutures closure step was verified and its parameters were chosen based on the literature.
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Clinical application results

The 12 sub-models described in Figure 5.7 were simulated for the two different steps: suture closure and external displacements to reproduce the standing breathing forces followed by the coughing forces. Simulations were presented and compared here in order to extract the main results of this numerical study. We were interested in the location of weak points in the AW area, on the damage values for the physiological activities tested and on the PK1 stress-strain responses of the incisional area.

Location of weak points

Observing the region where damage is more important can give indications of areas of weakness.

In this sense, simulation results were analyzed to find the differences between sub-models and their characteristic damage field.

For every sub-model including sutures, i.e. those at 2 days after the surgery, damage was located around suture holes, along suture wire directions (see Figure 5.14). This was observed for any physiological activity, any patient type (healthy or worst-case) and for any kind of repair ( just sutured or with the addition of a mesh). The damage field of sutures matched the strain field that caused the incisional area to close. Indeed, the suture stitches were attracted to the opposite ones thanks to the S 11 PK2 stress application directed along sutures wires.

For all cases of the sutured group, the neo-tissue was always preserved from damage thanks to the LA transverse stiffness no matter was the suture technique (small and large bites). 
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with a lower stress than the sutured group. As for the LA in the transverse direction, large-bites suture technique and early post-operative results (2 days) for the sutured group exhibited again a compression due to the suture closure step but this time the PK1 stress evolved to get closer to a tensile behavior. However, in the longitudinal direction, sub-models having given this compression behavior were close to repaired group results. The latter were found again to exhibit more reproducible behavior over post-operative time with a lower stress than the sutured group. This more reproducible behavior found for the repaired group with a mesh was due to the fact that the mechanical behavior in the incisional zone is directed by that of the textile.
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Discussion and conclusion

The simulation was divided into two steps. A model already existing in the team was used as an initial condition to recover the tensions at the level of the linea alba according to the intraabdominal pressure resulting from different physiological activities. These tensions and a large number of parameters were used as inputs for the local model. The term local comes from the fact that we decided to focus only on the incisional area repair as recurrences were found to occur in this area. This makes it possible to use a 2D model, reduces the number of elements in the model and improves its convergence. Numerical sub-models took between 7 and 12 minutes to simulate all the different steps described above for meshes comprising between 25 000 and 179 000 elements with a 3.50 Ghz Intel Xeon W-2014 CPU and 32 Go of RAM. This speed of calculation makes it possible to be used almost in real time for clinicians. However, to allow surgeons to study the most suitable surgical technique for each patient, the numerical model should be able to compare the different possible positions and the different types of mesh. Computation of stresses using automatic differentiation was a powerful tool provided by the open-source platform FEniCS. It was a major interest as many studies are dedicated to strain energy derivatives, stiffness matrix. Calculate and implement them in our local numerical model would have represented a significant amount of work.

Healthy patients repaired with a mesh resulted in a close behavior with their intact counterparts. On the other hand, worst-case (assimilated to obese) patients presented higher risk of recurrence than healthy ones; obesity was indeed found to be a factor of recurrence in literature [Chan and Chan, 2005;[START_REF] Sauerland | Obesity is a risk factor for recurrence after incisional hernia repair[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF]. This was observed even when repair was performed with the addition of a mesh. In fact, for those patients, damage was found to increase according to physiological efforts due to the mechanical behavior difference between the mesh and the LA. This lack of mechanical mimicry was also found in our animal study and could cause pain as tissue deforms in a non-uniform way. Also, the large-bites suture technique resulted in more damage than the small-bites one, confirming clinical studies indicating more recurrence when using the large-bite sutures [START_REF] Harlaar | Small stitches with small suture distances increase laparotomy closure strength[END_REF][START_REF] Israelsson | Suture length to wound length ratio and healing of midline laparotomy incisions[END_REF][START_REF] Liang | Ventral Hernia Management[END_REF]. Damage shape found around suture stitches during physiological activities were in agreement with the comet's tail phenomenon of suture due to its migration [START_REF] Höer | Miniaturized sensors registering the long-term course of suture tension in vivo under varying intra-abdominal pressure[END_REF]. Still, none of the sub-models indicated a rupture during daily physiological activities. The neo-tissue was found to undergo less stress than the LA 4 weeks after the surgery, indicating that the use of sutures or mesh preserved the incisional area.

The large number of parameters of the local model allowed to analyze various clinical cases and thus gave a better understanding of the mechanical behavior of the ventral hernia repair. With the use of PF, damage during physiological activities was quantified and the region locating weaknesses were observed. None of the models predicted rupture, however the repair with a textile showed a better resistance than with sutures only.

Although different mechanical laws were used between the global model and the local model, the mechanical properties were of secondary importance with respect to tensions extraction at the LA. Indeed, the tensions were mainly impacted by the muscle contraction or the IAP.

As already mentioned, this final numerical model was segmented on human geometry based on the fact that the global model also depicted a human geometry. This ensures a better transition of tension values on the LA from the global model to the local one. We can see our model as a working proof to potentially move to a completely human study in the future (with its own limitations, e.g. degraded mechanical parameters coming from cadavers rigor mortis). Still, the local model is built from fresh porcine data which represent a good estimation of the human LA behavior as it was found to be similar (in a global mechanical behavior, not in numerical values) between porcine and human samples [Cooney et al., 2016[Cooney et al., , 2015]]. Moreover, no difference was made on material parameters between worst-case (similar to obese) and healthy patients. Taking these differences into account could increase the behavior difference of the sutured group with 

General conclusion

Understanding the mechanisms of ventral hernia repair recurrence is a complex and vast subject. However, it remains a major challenge as to date, no particular solution exists to decrease the level of recurrence rate. Besides, other aspects such as pain and laparoscopic surgical procedures are essential to improve. The lack of consensus among clinicians indicated a need for further developments. When we first analyzed the subject, we thought that recurrences depended mainly on the mechanical conditions present in the early post-surgical period, at the beginning of the healing process. This led us to study the repair of the abdominal wall only 2 days after the operation and to follow the state over the following months. The lack of experimental data on the mechanical behavior of the repaired abdominal wall has also been raised. Coupled with the perfectibility of numerical models (more detailed geometry, consideration of the active behavior of muscles, of damage, etc. ), an ambitious animal study has been developed. The data allows to fill the literature but also to feed a numerical model developed in this work. This one bridges the gap by implementing phase field damage. Given the high natural resistance of reinforcement textiles, the choice of using the phase field damage was relevant to understand the more complex and still not understood mechanism of rupture.

To fill some understanding gaps of ventral hernia repair recurrences, particular attention was paid to the modeling of phase field damage because we believe that recurrence is strongly related to damage within the different components of the repaired AW. Phase field was chosen for its ability to simulate both damage initiation and crack propagation. A comprehensive study on its implementation, its parameters and their identification was conducted. An ambitious animal study was also designed and carried out to characterize the abdominal wall and various repairs techniques. Abdominal wall components were characterized through different mechanical tests, at different post-operative times. The data collected were compared, but above all, used to identify the mechanical behavior of each component of the repaired abdominal wall. The mechanical parameters identified in elasticity and damage were used to feed our local numerical model. Few numerical models exist and although progress has been made, none of them are as complex and exhaustive as the one developed during the thesis: the model presents complex geometries and a large number of components of the abdominal wall were modeled. Phase field damage was included as well as textile contribution and incisional closure techniques. The local model allows comparing several repair and closure techniques, different patients at different post-operative times for different physiological activities. 12 different scenarios were finally simulated to compare the influences of parameters and to improve the understanding of the repaired incisional hernia behavior.

The experimental animal study allowed to collect a large amount of data and to highlight interesting results. Textile repair showed much better results in terms of resistance and replication of the original state than suture repair alone. Inflation tests revealed similarities between the mesh and the intact linea alba. The mechanical behavior of muscles and the linea alba were consistent with the literature, thus reinforcing the quality of the results. The use of textile also demonstrated an increase in stiffness in the incisional area, which certainly limits the damage but may also increase the discomfort and pain reported by patients. The addition of mesh showed a satisfactory CHAPTER 6. GENERAL CONCLUSION repair, but mesh design could still be improved to more accurately mimic the mechanical behavior of the intact abdominal wall. Mesh integration over time was also observed and quantified. Its natural degradation was characterized through tests on textile extracted from the abdominal wall over time.

Studies on the application of phase fields on soft hyper-elastic materials have highlighted the difficulties encountered in the literature: failure to reproduce the characteristic progressive rupture of soft biological tissues and the identification of its parameters. The first one can be solved by introducing a crack allowing the release of fracture energy with a pre-existing initiation. However, we believe that this makes the phase field damage method less interesting and that the solution can be found by working on a multi-layer formulation or with heterogeneities. Indeed, during mechanical tests, failures occur regularly out of plane and on weaker areas.

Concerning the numerical model, the proposed parameterized approach allowed to analyze various clinical cases and thus provided a better understanding of the mechanical behavior of the ventral hernia repair. It highlighted the effect of the different repairs on the different clinical cases. None of the models predicted rupture, however the repair with a textile showed a better resistance than with sutures only. The implementation of field damage emphasized areas of weakness. In the cases with sutures, the damage is located at the stitches, while when a mesh is applied, the damage is located around the mesh, consistent with clinical studies reporting recurrences around the mesh.

Obviously, some elements of this thesis could be improved. Firstly, shear tests during the animal study to investigate the sliding between the muscles would have brought important information that could have been integrated in the global numerical model including all the lateral muscles. Shear tests coupled with biaxial tests could also have improved the characterization of the material laws by not being restricted to uniaxial tensile tests. Also concerning the animal experimental study, CT scans were taken at different postoperative times and only served as verification for the hernia creation model. Further analysis could be performed on these data to derive additional information. Histological studies would have been interesting to observe the evolution of mesh integration over time as well as the remodeling state of the neo-tissue. These observations could have been compared with the experimental results to deduce remodelling evolution laws. In addition, for the numerical model, intra-abdominal pressure values corresponding to different activities for obese patients were extrapolated from a supine value due to the lack of literature. As a result, the values of tensions found at the linea alba on the global model may lack accuracy.

Work remains to be done to improve patient management based on the present study. If it improves the understanding of ventral hernia repair, it deserves to be pursued to improve surgical techniques and also prostheses. We could see that even if meshes exhibit better performances than sutures, the difference between the resulting incisional zone behavior and the original one can bring discomfort and pain. Inflammatory areas could appear and increase the risk of infection or recurrence. The difference of the textile behavior between its intact state and its extracted state 2 days after the operation is counter-intuitive and could be one of the reasons why, at present, textiles do not perfectly reproduce the general mechanical behavior of the abdominal wall. An in-depth study of the mesh and its integration shortly after the operation would therefore be very interesting to conduct. A similar animal study with different textiles would also be interesting to cross-check the results and verify if the trends obtained on the positive and negative points of ventral hernia repair are common or not. Obviously a logical follow-up to this work would be to move to a human experimental characterization to feed the model. However, clinical trials of ventral hernia repair involving destructive tests are not possible, and the characterization would not provide the data necessary for the model. Assuming that the missing data yields a similar trend in humans, improvements remain possible for the local model. Having similar data to this animal study but with different types of textiles implanted at different locations would enhance the understanding of ventral hernia repair and therefore the choice of operative technique. The addition of the rectus sheath would also benefit to the numerical model and finally, differentiating the mechanical parameters between the healthy and obese patient would improve the different numerical predictions. As the inflation tests are very interesting and indicative of the general behavior of the wall following the different repair possibilities, additional analyses would be necessary and could validate the local model by comparing the strain fields. Although not the main subject of the thesis, a new study has been carried out on the phase field damage of hyper-elastic soft tissues and seems promising. It suggests opportunities to accurately capture the damage of complex tissues. An additional study using multi-layers and anisotropic formulation could allow modeling heterogeneities existing in biological materials. A diffusive approach to cohesive phase field fracture could also smooth the damage evolution.

The complex numerical model developed in the present study represents a kind of numerical twin. Given its high parameterization, it could be used as a training tool for artificial intelligence in order to optimize surgical procedure. Indeed, using machine learning and pre-operative optimization may improve outcomes by choosing the more adapted prosthesis and surgical technique according to patient specific data. This perspective is already being studied by other authors and may develop in the future , . Finally, the final objective of the local model being also to be used by clinicians in quasi real time for decision support, the development of the AI or a reduced model would be the logical extension. The development of a digital twin with more varied considerations (more tissues, dynamic modeling of the healing process rather than information at particular points in time) could be a key first step.

To conclude, while not finalized in terms of numerical tools dedicated to clinicians, this PhD work includes advanced experimental and numerical developments, combined in a local model able to simulate damage and rupture within a complex tissue (non-linear, anisotropic, heterogeneous and composite) at various healing times, for various repair techniques and various loading conditions. It obviously comes with limits but is ready for applications to specific clinical questions regarding, for instance, the adaptation of the mesh size to a particular patient. [START_REF] Deeken | A review of the composition, characteristics, and effectiveness of barrier mesh prostheses utilized for laparoscopic ventral hernia repair[END_REF] Table 7.2: "L" and "T" stands for "longitudinal" and "transversal". Extract from [START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF] IV Baptiste Pillet A formulation has been proposed by [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF] allowing taking into account of muscle activations. All the parameters of this constitutive law described below are resumed in the Table 7.2. The SEF is written : The model is defined by two branches. One composed by a contractile element (EC) in series with a non-linear elastic element (ES). The other branch (EP) is defined by a non-linear elastic element. The deformation of the fiber λ f , of EC λ m and of ES λ s are related by the relation :

Ψ 0 = Ψ 0m + Ψ 0f = µ f 2 (I 1 -3) + k f v 2 (J 2 -1 -2 ln J) + α f 1 2α f 2 e α f 2
(1 + k)λ f = λ m + kλ s (7.2)
with k = 0.3 according to [START_REF] ↑ii | Derivation of a finite-element model of lingual deformation during swallowing from the mechanics of mesoscale myofiber tracts obtained by MRI[END_REF], a constant taking into account the initial lengths of the EC and ES elements. The deformation of the fiber is written as :

λ f = J -2/3 C C C : ( ⃗ m 0 ⊗ ⃗ m 0 ) (7.3) Baptiste Pillet V CHAPTER 7. APPENDIX
The PK1 stress response of muscle tissue is defined as the sum of the isotropic P P P iso and anisotropic P P P ani terms. The isotropic part is obtained by derivation of the SEF : Ψ iso 0 = α m1 e α m2 (I 1 -3) + k mv 2 (J 2 -1 -2 ln J) (7.4) The anisotropic part is composed of a passive term P P P ani p and an active term P P P ani a , giving P P P ani = (P P P ani p + P P P ani a )F F F ⃗ m 0 ⊗ ⃗ m 0 where the passive term (relative to the EP element) is defined by P P P ani p = k p ⟨λ f -1⟩ 2 . The active term (relative to the EC element) is given by P P P ani a = f a (t)f t (λ m )f v ( λ m )P 0 . The scalar P 0 represents the maximum isometric constraint being assumed to be equal to 0.267 MPa [START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF]. The active response is modulated by the activation function f a , the force-length function f t and the force-velocity function f v . t being the time and λ m the time derivative of λ m (see Figures 7.1). The activation function is defined by :

f a (t) =    b 0 t ⩽ t 0 b 0 + (b 1 -b 0 )h t (t, t 0 ) t 0 ⩽ t ⩽ t 1 b 0 + (b 1 -b 0 )h t (t 1 , t 0 ) [1 -h t (t, t 1 )]
t 1 < t (7.5) t 0 and t 1 are the initial and final activation time instants. b 0 and b 1 have been set to 0 and 1 respectively [START_REF] Johansson | A finite-element model for the mechanical analysis of skeletal muscles[END_REF]. The function h t is assumed to be h t (t, t i ) = 1 -e -s(t-t i ) with the time constant s = 4 s -1 . The force-length function is defined as : In Hill's model, the active constraint P P P ani a is always in equilibrium with the constraint of the ES element which is assumed as [Ehret et al., 2011] : P SE = β 0 e β 1 (λs-1) (7.8) where β 0 , β 1 are set at 0.1 MPa and 2.85 respectively. The model gave good result however the active behavior validation is not possible given the lack of experimental data linking IAP, muscle contraction and abdominal deformation.

f t (λ m ) =

Damage modeling [Simo, 1987]

A damage model proposed by [START_REF] ↑ii | On a fully three-dimensional finite-strain viscoelastic damage model: Formulation and computational aspects[END_REF] can be added to constituve laws, as an factor function. Indeed, to resume, when the admissible maximum stress in the material is reached, the scalable function will decrease the stress value to simulate the rupture process.

The damage phenomenon is assumed to affect only the isochoretic elastic part of the deformation. The SEF becomes :

Ψ int = Ψ 0 vol + (1 -D m )Ψ 0 m + (1 -D f )Ψ 0 f (7.9)
where Ψ 0 m and Ψ 0 f are the deviatoric parts of the SEF, describing respectively the elastic response of the matrix and collagen fibers. Let Ξ m t and Ξ f t be the maximum values of Ξ m s and Ξ f s over the past time up to the current time t, as : A deformation damage criterion is defined by the condition that at any time t ∈ R + of the loading process, the following expression is ensured : (7.13) When the condition Φ k (C C C(t), Ξ k t ) = 0 is insured, the damage increases and k = m, f . The damage evolution functions in equation ( 7.9) for matrix and collagen fibers correspond to the expressions proposed by [START_REF] Molnár | An open-source Abaqus implementation of the phase-field method to study the effect of plasticity on the instantaneous fracture toughness in dynamic crack propagation[END_REF] in 2008 : 7.14) where ξ = Ξ k t -Ξ 0 k min Ξ 0 k max is a dimensionless variable and Ξ 0 k min are the variables associated with strain energies at damage initiation for the matrix and collagen fibers. Ξ 0 k max are the variables associated with the strain energy at total damage for the matrix and collagen fibers and β k are exponential parameters of the model. To maintain a monotonic augmentation function of D k with Ξ kt , it is required that β k ∈ [-1 .1] [Calvo et al., 2009], [Peña et al., 2009], [Peña, 2011]. Note that equations (7.9) to (7.14) If we consider a tensile test in the longitudinal direction of the collagen fibers with a 0 = z, then λ z = λ, λ x = λ y = λ -1/2 and I 4 = λ 2 . The Cauchy stress tensor σ σ σ then becomes diagonal with σ σ σ zz = σ σ σ, σ σ σ xx = σ σ σ yy = 0.

Ξ m t = max
Φ k (C C C(t), Ξ k t ) = 2Ψ 0 k 0 (C C C(t)) -Ξ k t ≤ 0 
D k (Ξ kt ) =        0 if Ξ k t < Ξ 0 k min ξ 2 1 -β k (ξ 2 -1) if Ξ 0 k min ≤ Ξ k t ≤ Ξ 0 k max 1 if Ξ k t > Ξ 0 k max (

Implementation of PF damage in Abaqus

To implement the solution in Abaqus two element types are used in a layered manner [Molnár et al., 2020]. Each layer connects to the same nodes, but contributes to the stiffness of different degrees of freedom (DOF). A schematic illustration is depicted in Figure 7.3. The first element type solves the displacement problems, hence it has 2 or 3 translational DOFs. While the second element determines the fracture topology and has only one DOF, the phase-field.

In 2D both four-node isoparametric and three-node triangular elements are implemented. Similarly in 3D we considered eight-node brick and the four-node tetrahedral formulations. 
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Implementation of PF damage in FEniCS applied to a uniaxial tensile test

First we call libraries: A convenient way is to use gmsh generator [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF] via the software or directly using the Python library. For a 2D plate, we can write: As the gmsh library creates a .msh2 file, we need to convert it into .xml for FEniCS. We can use the dedicated command: os . system ( " mv " + workdir + " / test . msh2 " + workdir + " / mesh . msh " ) os . system ( " dolfin -convert " + workdir + " / mesh . msh " + workdir + " / mesh . xml " )

X

Baptiste Pillet (4 , 5 , 3) gmsh . model . geo . addBSpline ([5 , 6 , 7] , 4) gmsh . model . geo . addBSpline ([7 , 8 , 9] , 5) gmsh . model . geo . addLine (9 , 10 , 6) gmsh . model . geo . addBSpline ([10 , 11 , 12] , 7) gmsh . model . geo . addLine (12 , 13 , 8) gmsh . model . geo . addLine (13 , 14 , 9) gmsh . model . geo . addLine (14 , 1 , 10)

# ## Surface cl = gmsh . model . geo . addCurveLoop ([1 ,2 ,3 ,4 ,5 ,6 ,7 ,8 ,9 ,10] # ## save it to disk gmsh . write ( " ./ res / " + simuname + " / mesh . msh2 " )

# ## This should be called when done using the Gmsh Python API gmsh . finalize ()

Load cell verification

During a same uniaxial tensile test, the force was recorded using the 20 N and the 500 N load cell.

The responses were compared in the Figure 7.4. We can see that there is no difference in the XVI Baptiste Pillet CHAPTER 7. APPENDIX measurement but there is a square wave for the 500 N load cell which is due to poorer resolution of this sensor. This small difference can be overcome by smoothing the curve. 

Animal study shear test

Shear tests were also considered to investigate the slippage between AW muscles by shearing one muscle on another. A large area was considered to avoid any loose in cohesive resistance. The load cell was assembled with a plate including spikes, which allows to grip the muscle without slippage (see Figure 7.6). Each corner of the plate is painted with small dots in order to compute the displacement using optical tracking tools. The muscle under the plate is cut to its size to avoid any additional resistance between the two muscles. A camera is placed above the device to track the 4 markers. Finally, with the plate well gripped into the muscle, movements are made to go back and forth hence measuring the force vs relative displacement between the two muscles. Movements need to be parallel to the muscle surface without compressing it. By performing marker tracking on the 4 dots, force-displacement curve can be extracted. Then, knowing the surface of contact and the weight applied on the upper muscle, stress and stretch can be computed to then fit an exponential-like law. Parameters of this law can be used to define the sliding properties between muscles. An exemple of load acquisition is presented in Figure 7.5. The drawback of this setup is the need to use the whole muscle to limit the differences with the in-vivo conditions.

Despite this interesting and novel experiment relative to AW muscles, this test was actually not performed during the animal study. The use of a whole pair of muscles, inducing a low amount of results, the duration of test and set up and the slightly less crucial importance of this test led us to prefer tensile and peeling tests. 
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Animal study out of plane uniaxial tensile test

The out of plane uniaxial tensile test is of interest when the sample is composed of several layers, such as a composite. This is the case when the mesh is integrated in the AW, thus allows to determine the stress at rupture between these different layers. While the two first ones are quite common, the last one is more challenging. It aims to evaluate the failure stress in mode I between layers.

The first version of the test (see Figure 7.7) was made of a sample cut in a disk shape. The upper part was glued to the upper clamp of the tensile machine and vice-versa. The issue was that the sample detached from clamps during the test. If too much glue was applied, the mechanical response of the sample could be altered.

A second version was designed (see Figure 7.9) where the sample was cut in a rectangular shape instead. The two third at the extremities were incised in order to separate the upper from the lower part. The third of the sample length, at the middle, was compressed between cylinder supports while the separated laps where maintained with fixation clips. An example of this setup is shown in Figure 7.8 with its corresponding force-displacement curve in Figure 7.10. The issue with its setup, despite the promising results, is the long and time to set up meticulously the sample. XXXIV Baptiste Pillet
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 2 Figure 2: Les différentes couches musculaires de la paroi abdominale et ses orientations de fibre musculaire. 1 Netter, F.H. Atlas of Human Anatomy Masson, 2003.

Figure 3 :

 3 Figure 3: Formation d'hernie et sa réparation avec un textile de renfort.

Figure 4 :

 4 Figure 4: Champ de déformation transversale and longitudinale d'une paroi abdominale intacte, réparée et suturée avec des valeurs de déformation allant jusqu'à 0.5, 0.4 and 0.3 respectivement.

Figure 5 :

 5 Figure 5: Champ d'endommagement de la zone incisionnelle réaparée à A : 2 jours, B : 4 semaines et C : 12 semaines après l'intervention chirurgicale.

Figure 6 :

 6 Figure 6: Champ de déformation enregistré à la fin du scénario de reproduction de toux pour A : la ligne blanche intacte obèse, B : la zone incisionnelle obèse et C : la zone incisionnelle obèse avec l'ajout d'un textile de renfort.
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Figure 1 . 1 :

 11 Figure 1.1: Medical terminologies for directions and orientations.

Figure 1 . 2 :

 12 Figure 1.2: Abdominal wall (AW) above the arcuate line (see Figure 1.5). Aponeurosis of internal oblique (IO) muscle splits to form anterior and posterior layers of rectus sheath (RS) . Aponeurosis of external oblique (EO) muscle joins anterior layer of sheath. Aponeurosis of transverse abdominis (TR) muscle joins posterior layer. Anterior and posterior layers of rectus sheath (RS) unite medially to form the linea alba (LA) .[START_REF] Netter | Atlas of Human Anatomy[END_REF] 
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 141516 Figure 1.4: Bone structures surrounding the abdominal cavity[START_REF] Netter | Atlas of Human Anatomy[END_REF] 

Figure 1 . 9 :

 19 Figure 1.9: Hernia formation and its repair with a mesh.

Figure 1 . 10 :

 110 Figure 1.10: Different hernias and their location.

Figure 1 . 13 :

 113 Figure 1.13: Microscopic view of Pro-Grip® textile[START_REF] Hollinsky | Comparison of a New Self-Gripping Mesh with Other Fixation Methods for Laparoscopic Hernia Repair in a Rat Model[END_REF] Figure1.14: Histology of the ProGrip® textile integrated in the muscle tissue after 2 months thanks to the hooks (black arrows)[START_REF] Hollinsky | Comparison of a New Self-Gripping Mesh with Other Fixation Methods for Laparoscopic Hernia Repair in a Rat Model[END_REF] 

Figure 1 .

 1 Figure 1.15: Common mechanical tests. Checkerboard pattern symbolizes where the specimen is gripped whereas arrow shows the applied force direction.

Figure 1 .

 1 Figure 1.16: Definition of the different regions of a biological non-linear stress-stretch curve.

Figure 1 .

 1 Figure 1.17: Definition of the different rupture modes.

Figure 1 .

 1 Figure 1.18: Standard tensile sample with a dog-bone shape.

Figure 1 .

 1 Figure 1.19: Representation of usual mechanical tests performed on meshes, extracted from [Deeken et al., 2011]. A = Suture retention test. B = Tearing resistance test. C = Uniaxial tensile test. D = Bull burst test [Deeken et al., 2011] Deeken et al. has been gathering various results existing in the literature concerning mechanical tests on textiles[START_REF] Deeken | A review of the composition, characteristics, and effectiveness of barrier mesh prostheses utilized for laparoscopic ventral hernia repair[END_REF][START_REF] Deeken | Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair[END_REF]. A reproduction of the author's table is shown in appendix, page III.Multiple mechanical tests were performed on meshes in the literature. As surgical nets are not living tissues, the mechanical tests are not affected by difficulties such as rigor mortis, inherent weaknesses, variability between samples, etc. Among these tests we can note (see also the Figure1.19):

Figure 1

 1 Figure 1.22:Nonlinear deformation of an anisotropic solid, extracted from[Gültekin et al., 2018] 

□CHAPTER 1 .

 1 Deviatoric or modified tensor containing the volume-changing and the volume-preserving part of the original tensor ⃗ □ Vector □ □ □ Tensor □ Scalar ⟨ * ⟩ Operator represents the ramp function defined by ⟨-⟩ = [(-) + | -|]/2 dev [-] Operator defined by [-] STATE OF THE ART It is therefore possible to decouple the deformation gradient with the volume change eliminated:

Figure 1 .

 1 Figure 1.23: Extract from [Molnár and Gravouil, 2017]. (a) 1D bar with a crack at the middle with the cross section Γ. (b) Phase-field for sharp crack at x = 0. (c) Diffuse crack at x = 0 modeled with d(x) = e -|x|/lc and length scale parameter l c

Figure 2 . 1 :

 21 Figure 2.1: Flowchart of the Phase field damage/fracture (PF) implementation.

  and 2.3c), where the two strips are joined. As for the tensile test, elements with d(x) = 1 present no resistance and are therefore stretched to open the tissue (see Figure2.3d). Again, we can add a threshold to keep only elements with d(x) ⩽ 0.99 (see Figure2.3e). The crack is propagating and therefore the strips are torn apart.

  Displacement ⃗ u at 9 mm. (c) P P P yy plotted at 9 mm. (d) Damage d(x) at 9 mm. (e) Damage d(x) at 10 mm plotted on the initial configuration. A crack appeared at the middle. (f) Damage d(x) at 10 mm plotted on the deformed configuration. (g) Damage d(x) at 10 mm with a threshold of d(x) ⩽ 0.99.

Figure 2 . 2 :

 22 Figure 2.2: Result of the tensile test minimal example with implementation of Neo-Hookean material and phase-field damage under FEniCS.

Figure 2 . 3 :

 23 Figure 2.3: Result at the final state of the peeling test minimal example with implementation of Neo-Hookean material and phase-field damage under FEniCS.

Figure 2 . 4 :

 24 Figure 2.4: Mesh used for the parametric study.Figure 2.5: Typical phase-field result with the force-displacement curve on the left and the corresponding damage field in the undeformed configuration on the right. l c = 1mm, g c = 1N/mm.

Figure 2 . 5 :

 25 Figure 2.4: Mesh used for the parametric study.Figure 2.5: Typical phase-field result with the force-displacement curve on the left and the corresponding damage field in the undeformed configuration on the right. l c = 1mm, g c = 1N/mm.

Figure 2 . 6 :

 26 Figure 2.6: Influence of l c and g c on the forcedisplacement response.

Figure 2 . 7 :

 27 Figure 2.7: Definition of the element size h c according to the mesh.

Figure 2 . 8 :

 28 Figure 2.8: Influence of the elements size h c . The figure focused on the rupture part of the forcedisplacement curve. Damage parameters were set to g c = 0.5N/mm and l c = 0.5mm.

Figure 2 . 9 :

 29 Figure 2.9: Phase-field damage with a very high value of l c = 10.

Figure 2 . 10 :

 210 Figure 2.10: Influence of the fibers bundles width f w on the rupture using a sinusoidal function shape. The field of g c is depicted on the top row with its corresponding damage distribution on the middle row; the corresponding force-displacement curves are presented in the last row. Damage parameters were set to g cmax = 0.5 N/mm, g cmin = 0.001 N/mm, l c = 1 mm.

Figure 2 . 11 :

 211 Figure 2.11: Influence of anisotropic length scales in the random distribution of g c on the rupture. The field of g c is depicted on the top row according to l x and l y with its corresponding damage distribution on the middle row; corresponding force-displacement curves are presented on the last row. Damage parameters were set to g cmax = 0.5 N/mm, g cmin = 0.001 N/mm, l c = 1 mm.

Figure 2 .

 2 Figure 2.12: Example of a tensile test on muscular soft tissue.

Figure 2 . 13 :

 213 Figure 2.13: Numerical result of phase-field damage with a homogeneous g c = 0.5 N/mm and a sinusoidal distribution of hyper-elastic parameters (only one is shown here as an example).

Figure 2 .

 2 Figure 2.14: Phase-field damage results with inclusions within the model. Figures A and B represents respectively the dots-like field of g c inclusions and the damage d(x) with its corresponding force-displacement response in the graphic E. Similarly, figures C, D and F represents the result with anisotropic inclusions.

2. 3 . 1

 31 Figure 2.15: Comparison of homogeneous solutions for the PK1 damaged stress P P P computed between different calibration methods.

Figure 2 .

 2 Figure 2.16: Uniaxial tensile test of a muscle tissue sample with 2 mm (left) and 3 mm (right) pre-notches.

Figure 2 .

 2 Figure 2.18: Representation of the internal, external and damaged energies equilibrium in our study. As a linear assumption was made, the damaged energy is not zero (figure at the top). Once damage is present, the internal energy decreases while the damaged one increases.

Figure 2 .

 2 Figure 2.19: Analytical results of energy contributions and energy release rates computed from mechanical experiments.

Figure 2 .

 2 Figure 2.21: PK1 stress-strain curves after the hyper-elastic parameters identification.

Figure 2 .

 2 Figure 2.22: Relative deviation of the cost function according to hyperelastic parameters deviation.

Figure 2 .

 2 Figure 2.24: Force-displacement curve obtained after hyper-elastic parameters reset (top) and after phase-field parameters identification (bottom).

Figure 2 .

 2 Figure 2.23: Flowchart of the inverse identification process of phase-field parameters.

Figure 2 .

 2 Figure 2.25: Relative deviation of the cost function according to phase field parameters deviation.

  33 and the volumetric part S vol = C C C -1 .

Figure 2 .

 2 Figure 2.26: Identification of the elastic part on the top left and of the phase-field parameters on the top right. The numerical result at the bottom shows the crack propagation in red.
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Figure 3 . 2 :

 32 Figure 3.2: Picture of a tensile test at the left with the 2 markers. Delamination areas of peeling test per loading/unloading cycles delimited using printer toner lines at the right.

Figure 3 . 4 :

 34 Figure 3.4: (Top) Automatic detection of the elastic slope's beginning and damage initiation for tensile tests. (Bottom) Computation of each fracture energy released for each cycles at the bottom for peeling tests.

3 :

 3 Results for tensile and peeling tests with G the energy release rate, µ and α the material constants obtained with the Ogden optimization and E the elastic modulus. G P represents the energy release rate for the delamination of each sample cycles and G p T OT the energy release rate for the delamination of the entire sample.

Figure 3 . 5 :

 35 Figure 3.5: Tensile tests between "Cryo" and "Control" groups. Shadows show the standard deviation and lines represent the mean of stretch-stress curves of each group.

Figure 4 . 1 :

 41 Figure 4.1: Ventral hernia models of Sahoo et al. [Sahoo et al., 2017]: model 1 -retrorectus incisional defect, model 2 -preperitoneal incisional defect, model 3 -preperitoneal excisional defect.

Figure 4 . 2 :

 42 Figure 4.2: Suction drain into the surgical skin site.Figure 4.3: Closed suction drain between the lateral skin and the surgical skin incision. The tubing system is connected to a bulb which is attached to an abdominal bandage.

Figure 4 . 3 :

 43 Figure 4.2: Suction drain into the surgical skin site.Figure 4.3: Closed suction drain between the lateral skin and the surgical skin incision. The tubing system is connected to a bulb which is attached to an abdominal bandage.

Figure 4 . 4 :

 44 Figure 4.4: CT scans of the different testing groups during the Pilot study. The EO, IO, TR and RA muscle are represented respectively in yellow, blue, red and green. In pigs the EO goes on the RA above the umbilical region. We can see in herniated pigs, that the EO and the RA are pushed outward to create the hernia. The mesh is represented in purple in the repaired group.
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Figure 4 . 5 :

 45 Figure 4.5: Skin and subcutaneous tissue removal.

Figure 4 . 7 :

 47 Figure 4.7: Application of the white acrylic paint on the abdominal wall external surface.

Figure 4 . 8 :

 48 Figure 4.8: Application of the speckle pattern.

Figure 4 . 9 :

 49 Figure 4.9: Dog-bone shaped punch with razor blades.Figure 4.10: Print made by the homemade dog-bone shaped punch.

Figure 4 . 10 :

 410 Figure 4.9: Dog-bone shaped punch with razor blades.Figure 4.10: Print made by the homemade dog-bone shaped punch.

Figure 4 . 11 :

 411 Figure 4.11: Overview of cameras positionning.Figure 4.12: Example of stereo-correlation result for an inflating sutured AW showing the transverse strain ranging from -0.1 to 0.3 at 2 kPa of pressure applied on the internal surface. White lines reprensent principal strain direction.

Figure 4 . 12 :

 412 Figure 4.11: Overview of cameras positionning.Figure 4.12: Example of stereo-correlation result for an inflating sutured AW showing the transverse strain ranging from -0.1 to 0.3 at 2 kPa of pressure applied on the internal surface. White lines reprensent principal strain direction.
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 413 Figure 4.13: Regions were defined in VIC-3D software. They were chosen to collect longitudinal and transverse strains in regions of interest.

Figure 4 .

 4 Figure 4.14: Pilot and comparative campaign mapping.

Figure 4 .

 4 Figure 4.15: Mean dimensions in mm of the different samples made for the animal study.

Figure 4 .

 4 Figure 4.16: Uniaxial testing device assembly.

Figure 4 .

 4 Figure 4.17: Printed clamps designed for biological soft tissue uses (half-cut view).

Figure 4 .

 4 Figure 4.18: Markers applied to follow the area of interest displacement to track the displacement over the central area in order to estimate longitudinal strain.

Figure 4 .

 4 Figure 4.19: Second version of clamps in metal.

Figure 4 .

 4 Figure 4.20: Example of a sample at the end of the peeling test. The delamination here was between muscular tissue and integrated mesh.

Figure 4 .

 4 Figure 4.21: Force-displacement curve of a typical peeling test.

Figure 4 .

 4 Figure 4.22: Typical force-displacement data of a peeling test. The energy release rate and the mean rupture stress are computed at the delamination beginning symbolized by the orange vertical line. The black line represents the mean stress rupture.

  The intact LA • The intact RA muscle • The neo-tissue at 2 days post-operation • The LA repaired with sutures only at 4 and 12 weeks post-operation • The mesh extracted from the AW at 2 days post-operation • The composite mesh integrated in the LA at 4 and 12 weeks post-operation • The composite mesh integrated in the RA muscle at 4 and 12 weeks post-operation 4.1.5.2.1 Hyper-elastic parameters
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Figure 4 .

 4 Figure 4.23: Time tracking of abdominal walls per day.

Figure 4 .

 4 Figure 4.24: Herniated pig from the Herniated group during the Pilot study.

Figure 4 .

 4 Figure 4.25: Hernias present in Herniated group AWs.

Figure 4 .

 4 Figure 4.26: Repaired AW with its visible mesh during inflation test. Caudal direction is upward and cranial is downward.

Figure 4 .

 4 Figure 4.27: Sutured LA 12 weeks after the suture repair with circled cavities showing absorbable sutures result after their degradation.

Figure 4 .

 4 Figure 4.30: Herniated AW with its hernia inflated. Caudal direction is upward and cranial is downward.
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Figure 4 .

 4 Figure 4.31: Transverse and longitudinal strain field of an intact, repaired and sutured AW with strains up to 0.5, 0.4 and 0.3 respectively.

Figure 4 .

 4 Figure 4.32: PK1-stretch response of the RA.

Figure 4 .

 4 Figure 4.33: PK1-stretch response of the LA.

Figure 4 .

 4 Figure 4.34: Mann-Whitney-Wilcoxon statistical comparisons on the neo-tissue at 2 days post-operation compared to the intact LA and to the LA repaired with sutures over time. Box plots represent the median, first and third quartiles.

Figure 4 .

 4 Figure 4.38 presents Mann-Whitney-Wilcoxon statistical comparisons of the mesh extracted from the AW over time and directions.The transverse direction was found to be significantly stiffer and more resistant than the longitudinal one 2 days after the surgery while no difference was visible 4 and 12 weeks post-operation.The rupture behavior of the mesh was found drastically different between the longitudinal direction and the transverse one. Indeed, along the warp direction (oriented in the longitudinal direction) mesh yarns were gradually dislocated at the pores level allowing the yarns to grow and resist longer, while in the weft direction, yarns broke in a less progressive manner.

Figure 4 .

 4 Figure 4.35: P t0 -stretch response of the RA repaired with a mesh compared to the intact RA in the longitudinal direction.

Figure 4 .

 4 Figure 4.36: P t0 -stretch response of the LA repaired with sutures compared to the intact LA.

Figure 4 .Figure 4 .

 44 Figure 4.37: P t0 -stretch response of the LA repaired with a mesh compared to the intact LA and to the LA repaired with sutures only in the transverse direction over time.

Figure 4 .

 4 Figure 4.39: Mann-Whitney-Wilcoxon statistical comparison on the mesh integration evolution over time. Box plots represent the median, first and third quartiles.

Figure 4 .

 4 Figure 4.40: Identification of HGO parameters for meshes extracted from the AW 2 days after the surgery.
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 4 Figure 4.42: Comparison of human (top) and porcine (bottom) LA results in the literature.
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 51 Figure 5.1: Displacement magnitude at full muscle activation of the global numerical model. The global numerical model depicted in Figure 5.1 was developed by Pierrat et al. in a previous study[START_REF] Pierrat | Investigation of the mechanical use conditions of implants in abdominal wall hernia repair[END_REF] to create a "virtual patient" and therefore observe the global elastic strain of the human AW. The model could simulate different BMI (normal or obese)), healthy or repaired AW (using two common techniques, i.e. Retro Rectus or Transversus Abdominis Muscle Release), and different physiological activities depending on muscle activation and IAP.In the purpose of developing the local numerical model, only the healthy case was used and discussed here. Indeed, as sutures and mesh contribution were implemented in the local model, we assumed that we could retrieve the intact in-vivo action of the AW on the LA in the local model.
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 53 Figure 5.3: Stack of 10 mm separated slices imported in Rhino software [McNeel et al., 2010].

Figure 5 . 4 :

 54 Figure 5.4: Closed splines for all AW constituents intersecting neighboring ones. Green, blue, black, red and yellow closed splines represent respectively the LA, RA muscles, EO, IO and TR muscles.
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 555657 Figure 5.5: Parts modeled by creating polysurfaces. Green, blue and grey surfaces represent respectively the LA, RA muscles and EO.
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 59 Figure 5.9: Measures for the suture bite design.

Figure 5 . 10 :

 510 Figure 5.10: Difference between small (black dots) and large bites (cyan dots).

  def stress ( displacement_vector , subdomain , mat erial_pa rameter s ) : I = Identity ( len ( displaceme nt_vector ) ) F = I + grad ( u ) # Deformation gradient F = variable ( F ) # Define it as a variable P = diff ( psi (F , material_para meters ) , F ) # Compute the PK1 stress as the derivation of the strain energy relatively to the deformation gradient return P

Figure 5 . 11 :

 511 Figure 5.11: Flowchart of the staggered scheme to solve the displacement field u and the damage d.

Figure 5 . 12 :

 512 Figure 5.12: Flowchart of the suture closure step.
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 5513 Figure 5.13: Verification models for the suture closure condition. A: The bar is fixed and oriented in the same direction. B: Same as A but in an oblique direction. C: A displacement was imposed at one side. The theoretical PK2 stress of 4.16 MPa was found every time.

Figure 5 .

 5 Figure 5.14: Damage shape around suture stitches 2 days after the surgery during a cough.

Figure 5 .

 5 Figure 5.16: Strain field acquired at the end of coughing scenario for A: an intact worst-case LA, a worst-case incisional area B: repaired with sutures only and C: with the addition of a mesh.

  Howard R,Thompson M, Fan Z, et al. Costs Associated With Modifiable Risk Factors in Ventral and Incisional Hernia Repair. JAMA Netw Open, 2:e1916330, 2019 Hassan AM, Lu S-C, Asaad M, et al. Novel Machine Learning Approach for the Prediction of Hernia Recurrence, Surgical Complication, and 30-Day Readmission after Abdominal Wall Reconstruction. J Am CollSurg,
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 7172 Figure 7.1: Activation functions used by Pavan et al. for the active behavior [Pavan et al., 2019] Figure 7.2: Parameters used for constitutive models by Pavan et al.[START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF] 

  ⟨I 4 -1⟩ 2 -1 (7.1) with Ψ 0m the extra-cellular matrix, Ψ 0f the fiber matrix. The ⟨-⟩ operator represents the ramp function defined by ⟨ * ⟩ = [(-) + | -|]/2.

  λ min λ opt -λ min e (2λ min -λ m -λ opt )(λ m -λ opt ) 2(λ min -λ opt ) 2 λ m > λ min 0 otherwise(7.6)with λ min = 0.402 and λ opt = 0.915[Ehret et al., 2011].Finally the force-velocity function is written :f v ( λ m ) = δ 1 δ 2 + δ 3 e-δ 4 λ m (7.7)with δ 1 = 7.973, δ 2 = 5.113, δ 3 = 4.045 and δ 4 = 2.706 s[START_REF] Pavan | The effects of the muscular contraction on the abdominal biomechanics: a numerical investigation[END_REF].

  (1 -D f ) and (1 -D m ) are the reduction factors, where the internal variables D m ∈ [0.1] and D f ∈ [0.1] are normalized scalars referring respectively to the matrix and fiber damage variables. S vol = pJC C C -1 .The evolutions of the damage parameters D m and D f are characterized by the following irreversible evolution equation : C(s) is the right Cauchy-Green tensor modified at the time s.

0 m 0 + ( 1 -

 001 are phenomenological. The damage parameters estimated by the damage model cannot be interpreted since the model lacks physical meanings. The elastic parameters are determined from the elastic part of the curves, bounded by Ξ min k while the damage parameters are approximated from the plastic part of the curves bounded by Ξ min k and Ξ max k . The tissue being incompressible, I 3 = J 2 = 1 and thus Īi = I i with i = 1, 2, 4, 6 and Ψ = (1 -D m )Ψ D f )Ψ 0 f 0 .

Figure 7 . 3 :

 73 Figure 7.3: 2D representation of three layered finite element structure in Abaqus. All nodes have three (or in 3D four) degrees of freedom (DOF).The first element contributes to the stiffness of the displacement DOFs, the second element to the damage DOF. For post processing purposes a third layer is included made as a UMAT model, which allows to display state dependent variables (SDVs), extracted from[Molnár et al., 2020].

  ([[0 , 0] ,[0 , 0]]) p = -dWdI1 * dI1dC33 * C33 Svol = inv ( C ) PK2 = 2*( Siso + Sani + p * Svol ) Function used to restore fields from previous timestep def reinit_fields(u , uprev , d , dprev , hprev , ubckp , dbckp , hbckp ) : mesh into FEniCS, the file needs to be in the .xml format and written like : < dolfin xmlns : dolfin = " http :// www . fenicsproject . org " > < mesh celltype = " triangle " dim = " 2 " > < vertices size = " n " > < vertex index = " 0 " x = " ... " y = " ... " z = " ... " / > < vertex index = " 1 " x = " ... " y = " ... " z = " ... " / > < vertex index = " n " x = " ... " y = " ... " z = " ... " / > </ vertices > < cells size = " m " > < triangle index = " 0 " v0 = " ... " v1 = " ... " v2 = " ... " / > < triangle index = " 1 " v0 = " ... " v1 = " ... " v2 = " ... " / > < triangle index = " m " v0 = " ... " v1 = " ... " v2 = " ... "

length = 10 #

 10 Height of the plate width = 2 # Wisth of the plate meshsize = width /10 # To define the mesh refinement . Almost equal to the length of triangles edges workdir = " ./ res /

4 #

 4 Length mounted in the tensile machine R = ( opened -mounted ) *4/3.14 # Radius of between strips and the remaining

Figure 7 . 4 :

 74 Figure 7.4: Comparison between the 500 N tensile machine load cell in blue and the 20 N load cell in red.

Figure 7 . 5 :

 75 Figure 7.5: Cyclic form of the test on the top. Force and displacement recording through time on the bottom.

Figure 7 . 6 :

 76 Figure 7.6: Second setup to perform shear lap test between muscles.

Figure 7 . 7 :

 77 Figure 7.7: First verion of the out of plane uniaxial tensile test.

Figure 7 . 8 :

 78 Figure 7.8: Uniaxial tensile test in the out of plane direction using the second version of setup.

Figure 7 . 9 :

 79 Figure 7.9: Second version of the out of plane uniaxial tensile test.

Figure 7 .

 7 Figure 7.10: Force-displacement curve of a typical out of plane test.

Figure 7 Figure 7 . 12 :

 7712 Figure 7.11: PK1-stretch response of the EO.

Figure 7 .Figure 7 .

 77 Figure 7.13: PK1-stretch response of the TR.

Figure 7 .Figure 7 .

 77 Figure 7.15: PK1-stretch response of the different AW muscles in the cross-fiber direction.

  G (N/mm)

Figure 7 .

 7 Figure 7.17: Mann-Whitney-Wilcoxon statistical comparisons on the LA anisotropy. Box plots represent the median, first and third quartiles.

Figure 7 .Figure 7 .Figure 7 .Figure 7 .

 7777 Figure 7.18: P t0 -stretch response of the RA repaired with a mesh compared to the intact RA in the transversal direction.

Figure 7 .Figure 7 .Figure 7 .Figure 7 .

 7777 Figure 7.22: P t0 -stretch response of the LA repaired with a mesh compared to the intact LA in the longitudinal direction over time.

Figure 7 .

 7 Figure 7.26: P t0 -stretch response of the mesh extracted from the AW over time.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.6 Elastic moduli of human and porcine LA from Cooney et al. studies

1.2.1 Intra-abdominal pressure (IAP)

  

	Maneuver	Minimum Maximum (mmHg) (mmHg)	Mean (mmHg)	SD
	Supine	-1	6	1.8	2.2
	Standing	15	27	20.0	3.8
	Sitting	10	21	16.7	2.9
	Stairs	40	110	68.9	17.4
	Abdominal crunch	7	47	26.7	10.7
	Bend at waist	6	30	14.4	5.6
	Bend at knees	14	30	20.6	4.4
	Cough	40	127	81.4	25.6
	Standing cough	64	141	107.6	23.0
	Valsalva	20	64	39.7	11.0
	Standing Valsalva	32	116	64.9	22.0
	Jumping	43	252	171.0	48.4
	Bench press	2	34	7.4	7.3
	Arm curl	17	37	25.5	6.0

Table 1 .

 1 

	Peritoneum	Peritoneum
	Muscle	Muscle
	Skin	Skin
	Hernial sac	Mesh
	Intestine	Intestine

1: Range of maximum pressures generated for different physiological activities among 20 subjects. Extracted from

[Cobb et al., 2005] 

Table 1 .

 1 3: Parameters identified by[START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF] on Förstemann et al. results[Förstemann et al., 2011].supra-umbilical part but not in the infra-umbilical part (no matter the gender). Force values are grouped inTable 1.4. 

				c 1 (MPa) k 1 (MPa)	k 2
		Linea alba (LA)	0.560	0.450	45.680
		Rectus sheath (RS)	0.040	0.310	7.710
		Rectus abdominis (RA)	0.102	0.308	7.708
		Internal oblique (IO)	0.014	0.007	0.127
		External oblique (EO)	0.008	0.012	0.000
		Transverse abdominis (TR)	0.006	0.003	0.000
	Gender	Location	Direction	F/width(N/cm) Distribution of fibers
			longitudinal	0.78	0 %
		supra-umbilical	oblique	1.42	25.5-29.6 %
	Male		transverse longitudinal	1.49 0.93	44.9 % 0 %
		infra-umbilical	oblique	1.28	31.6-30.9 %
			transverse	1.36	37.5 %
			longitudinal	0.70	0 %
		supra-umbilical	oblique	1.36	22.9-29.5 %
	Female		transverse longitudinal	2.00 0.87	47.6 % 0 %
		infra-umbilical	oblique	1.16	16.7-22.9 %
			transverse	1.81	60.4 %

Table 1 .

 1 

4: Stiffnesses computed from compliance values of

Table 1

 1 

	Directions	transverse Longitudinal transverse Longitudinal
	Uniaxial tensile test	78 MPa	8 MPa	61 MPa	7 MPa
	Equibiaxial tensile test 335 MPa	23 MPa	240 MPa	23 MPa

.6 synthesizes the main outcomes of both Cooney et al. studies.

Human E(σ σ σ)

Porcine E(σ σ σ)

Table 1 .

 1 

6: Elastic moduli of human and porcine LA from

Cooney et al. studies 

  32 1.00 ± 0.67 IO 0.39 ± 0.19 0.65 ± 0.29 RA 0.23 ± 0.14 0.52 ± 0.26 TR 0.73 ± 0.58 1.03 ± 0.74

	Table

Table 1 .

 1 .8. Konerding et al. 8: Mean of transverse forces exerted by the AWs according to the IAP, from

	Intra-abdominal pressure (mbar) 25	50	75	100	125	150	175	200
	Forces/incision length (N/cm)							

≈ 3 ≈ 8 ≈ 15 ≈ 18 ≈ 25 ≈ 31 ≈ 35 ≈ 42

Table

  .9.

	AIR PRESSURE	P	Intact H	Incised P H	Repaired P H
	Strain in %	L	9.2 6.6 17.1 7.9 15.9 6.8
	at 50 mmHg	T	8.5	5	15.3	7	15.3 5.9
	CONTACT PRESSURE	P	Intact H	Incised P H	Repaired P H
	Stiffness in N/mm at 35 mm 19 23.1	14	30.6	18	32.7

Table 1 .

 1 

	1.5.2.2 Constitutive laws for meshes			
		c 1 (MPa)	c 2	k 1 (MPa)	k 2
	Surgipro®	2.10	1.17	-	-
	Optilene®	1.25	1.5	0.28	0.03
	Infinit®	0.25	2.5	0.08	5.49

10: Parameters used for the constitutive law in equation (1.34) , extracted from

  2011 on plastic slips addition, Miehe et al. in 2014 on rate-independent crack propagation, Ambati et al. the year after on ductile fracture formulation and Freddi et al. in 2017 on a cohesive formulation.

Interestingly, Nguyen et al. in 2019 worked on modeling the interfacial damage in heterogeneous media

Table 1 .

 1 2 . SEF parameters were those of Hernandez-Gascon et al. (identified using a Demiray isotropic SEF coupled with an HGO anisotropic one, see Table1.11) and Pachera et al. (see Table1.3)[START_REF] Hernández-Gascón | Understanding the passive mechanical behavior of the human abdominal wall[END_REF][START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF]. Fixed con-

		c 1 (MPa)	c 2	k 1 (MPa)	k 2
	IO, EO, TR	0.168	0.632	0.012	5.682
	RA	0.104	6.861	0.001	0.005

11: Parameters of Demiray and HGO (with no fibers dispersion) constitutive laws identified by Hernandez-Gascon et al.

  Automatic computation of the elastic slope's beginning and the damage initiation.

		second derivative smoothed				
	0.2329	Index of rupture					
	0.1864	Transition between toe and elastic region			
	0.0000 0.0466 0.0932 0.1398 93.8 117.2 Cauchy Stress (MPa)	Experimental data smoothed Experimental data				
	70.3						
	46.9						
	23.4						
	0.0						
	1.0	1.1	1.2	1.3 Stretch	1.4	1.5	1.6
	Figure 3.3:					

  Cryo samples 2.05 ± 0.37 0.39 ± 0.14 0.51 ± 0.19 0.67 ± 0.36 0.05 ± 0.06 3.59 ± 1.21 Fresh samples 1.96 ± 0.20 0.36 ± 0.10 0.53 ± 0.19 0.59 ± 0.42 0.06 ± 0.09 4.28 ± 2.08

			TENSILE TESTS		
			Factor	λ c	σ c (MPa) G (N/mm)	
		Freezing effect 0.32	0.80	0.50	
			PEELING TESTS		
			Factor		G p (N/mm)	
		Freezing effect		0.0097	
	Table 3.2: P-values calculated with a Wilcoxon -Mann Whitney method for tensile and peeling tests
	between cryo-preserve and fresh samples.				
			TENSILE TESTS		
	Samples	λ c	σ c (MPa)		E (MPa)	G (N/mm)	µ MPa	α
			PEELING TESTS		
	Samples				G		

p (N/mm) Cryo samples 0.36 ± 0.07 Fresh samples 0.26 ± 0.10

Table 3 .

 3 

  OF SKELETAL MUSCLE UNDER TENSILE AND PEEL TESTS UPTO RUPTURE [?] 

	Tissue	Preservation methods	Results	Authors
	Human aorta	4 • C in EuroCollins during 4, 7, 21, and 31 days with antibiotics In cryo-preservation bags with 15 % DMSO at -135 • C during 2 and	No difference radially and circumferentially for σ c and HSM	[Adham et al., 1996]
		4 months		
			No difference on confocal microscopy,	
		-150 • C with 10% Me2SO + 90%	neutral red uptake, electron	
		Hanks solution	microscopy, E, extensibility and	
			relaxation time	
	Sheep cardiac valve	85% glycerol + 15% PBS at 4 • C	Difference on confocal microscopy, electron microscopy, E and T1 relaxation time. No difference on neutral red uptake and T2 relaxation	[Aidulis et al., 2002]
			time	
		Immersed in liquid nitrogen with		
		2,3-butanediol (35-55% w/w), in the presence or absence of polyethylene	No result, fracture appeared	
		glycol + PBS		
		4 • C with Ringer's solution during 1, 2	Difference for σ c and E. No	
	Porcine aorta	days -20 • C with Ringer's solution during 3 months -80 • C with Ringer's solution during	difference on rupture strain No difference for σ c , E and rupture strain No difference for σ c , E and rupture	[Stemper et al., 2007]
		3 months	strain	
	Porcine aorta	-20 • C during 20 min with PBS at -80 • C with 15% DMSO + Dulbecco's Modified Eagle Medium (DMEM) + 2.5% chondroitin sulfate at -80 • C with PBS	Cell injury. Difference in geometry, E and toe elastic region No cell injury. No difference in geometry and E but difference in toe elastic region Cell injury. Difference in geometry, E and toe elastic region	[Venka-tasubr-amanian et al. 2006]
		at -80 • C with bovine serum	Cell injury. No difference in geometry, E and toe elastic region	
	Porcine aorta	with isotonic saline solution at -20 • C and -80 • C during 2 months with Krebs-Henseleit solution + 1.8 M DMSO at -20 • C and -80 • C during 2 months dipped in liquid nitrogen and then in tube without solution at -20 • C and	No difference in elastic part No difference in elastic part Difference mechanically and cell death	[Virues Del-gadillo et al., 2010]
		-80 • C during 2 months		
			Cell destruction. No difference in	
		In antibiotics solution for 24 H at • C4	geometry, fracture tension, strain at	
	Porcine aorta	Rinsed with Ringer solution, 1 week at -40 • C with 10% bovine serum 10%	fracture, E and phase angle of the dynamic modulus. Difference in	[Courtman
		DMSO	magnitude of dynamic modulus at	
			10 Hz	

Table 4 .

 4 1: Subject distribution between groups and post-operative time.

	4.1.2.4 Testing groups				
		Group	2 days 4 weeks 12 weeks
		Control		2	
	Pilot campaign	Herniated		2	2
		Repaired		2	2
		Control		3	
	Comparative campaign	Sutured	3	3	3
		Repaired	3	3	3

Table 4 .

 4 

2: Scoring table for the tissue integration evaluation.

Table 4 .

 4 Assessing the global strain of the AW under a common pressure (breathing, couching, etc.).•Validating the numerical model by comparison of the displacement field at the same pressure value. •Evaluating the effect of different repair modalities (suture, mesh, ...) vs the intact AW. Identifying parameters for the Neo-Hookean isotropic hyper-elastic law and for the PF damage model.•Observing if the repair only with suture is weaker or not compared with the one with mesh. •Evaluating the effect of different repair modalities (suture, mesh, ...) vs the LA repaired with sutures. 3: Tests performed according to the tissue tested and the aim of the measure. E 0 is the initial modulus, E t the tangent modulus, G the energy release rate, λ c the stretch at the rupture, P c the PK1 stress at the rupture, σ c the Cauchy stress at the rupture and P mean the mean rupture stress.

	Tissue	Mechanical test	Quantity measured	Quantity computed	Aim of the test
	The whole AW •RA, IO, Inflation test Displacement field on the outer surface, pressure applied on the internal surface in kPa Strain field •Identifying parameters for the HGO anisotropic hyper-elastic •Characterizing muscles for the numerical model. EO, TR law and for the PF damage model. muscles •Confirming the anisotropy of muscular soft tissue.
					•Characterizing the LA for the numerical model.
					•Identifying parameters for the HGO anisotropic hyper-elastic
					law and for the PF damage model.
	LA				•Confirming the LA anisotropy and observing if it depends of the
					location (infra-supra-umbilical).
	Tensile tests •Mesh/RA •Evaluating the effect of different repair modalities (suture, mesh, Force in N, ...) vs the intact LA. marker dots position •Characterizing the neo-tissue for the numerical model. E 0 in MPa, Et in MPa, G in N/mm, λc, Pc •Identifying parameters for the Neo-Hookean isotropic Neo-hyper-elastic law and for the PF damage model. tissue •Evaluating the effect of different repair modalities (suture, mesh, in MPa, σc in ...) vs the neo-tissue. MPa, E 0 t 0 in •Characterizing the LA repaired with sutured for the numerical N/mm, Et t 0 model. in N/mm, G t 0 in N, Pc t 0 in N/mm, σc t 0 in N/mm LA repaired with sutures •Identifying parameters for the HGO anisotropic hyper-elastic law and for the PF damage model. •Observing its behavior evolution over time and if the repair compos-ite mimics the intact behavior. Force in N , •Evaluating the effect of different repair modalities (suture, mesh, tensile machine ...) vs the RA repaired with mesh. displacement in •Identifying parameters for the HGO anisotropic hyper-elastic mm law and for the PF damage model. Mesh/LA •Observing its behavior evolution over time and if the repair compos-mimics the intact behavior. ite •Evaluating the effect of different repair modalities (suture, mesh,
					...) vs the LA repaired with mesh.
	Mesh/RA				
	compos-ite	Peeling tests	Force in N, delamination	G in N/mm, Pmean in MPa	•Observing the mesh integration evolution over time.
	Mesh/LA		area in mm2		
	compos-				
	ite				

  Figure 4.39 presents Mann-Whitney-Wilcoxon statistical comparison on the mesh integration (in RA muscles and in the LA) over time while Table4.4 presents mean and standard deviation of peeling tests.

	CHAPTER 4. CHARACTERIZATION OF AW COMPONENTS MECHANICAL BEHAVIOR
	THROUGH AN ANIMAL STUDY	
	4.2.3.7 Peeling tests	
	164	Baptiste Pillet

Table 4 .

 4 4: Mean and standard deviation of peeling tests on RA muscles with mesh and on the LA with mesh integrated over time.

	Composite Post-operative time G (N/mm)	P mean (MPa)
		2 days	0.13 ± 0.077 0.0068 ± 0.0041
	Mesh/LA	4 weeks	1.0 ± 0.2	0.11 ± 0.048
		12 weeks	1.0 ± 0.53	0.085 ± 0.045
		2 days	0.16 ± 0.092 0.004 ± 0.0014
	Mesh/RA	4 weeks	1.5 ± 0.74	0.072 ± 0.04
		12 weeks	1.7 ± 0.68	0.13 ± 0.038

  .7. The same anisotropy trend was found with obviously different values due to the different tissue.

	Tissue	E 0 (MPa)	E t (MPa)	λ c	σ c (MPa)	References
	EO	0.084 ± 0.051 0.33 ± 0.16	0.42 ± 0.52 1.00 ± 0.67	2.8 ± 0.59 1.98 ± 0.34 0.48 ± 0.28 [Cardoso, 2012] 1.0 ± 0.5 Present work
	RA	0.061 ± 0.03 0.33 ± 0.16	0.27 ± 0.31 0.52 ± 0.26	2.8 ± 0.61 0.65 ± 0.23 1.60 ± 0.18 0.20 ± 0.14 [Cardoso, 2012] Present work
	IO	0.1 ± 0.12 0.26 ± 0.13	0.096 ± 0.086 2.8 ± 0.74 0.65 ± 0.29 1.94 ± 0.37 0.34 ± 0.18 [Cardoso, 2012] 0.34 ± 0.3 Present work
	TR	0.055 ± 0.038 0.31 ± 0.19	0.15 ± 0.1 1.03 ± 0.74	3.2 ± 0.91 0.64 ± 0.14 2.19 ± 0.44 0.63 ± 0.54 [Cardoso, 2012] Present work

Table 4 .

 4 7: Comparison of our results on AW muscles in tensile with those of

Table 4 .

 4 8: Comparison of our mesh integration results on RA muscle and LA with those of Lake et al.[Lake 

  .1.

			Healthy			Obese	
		Supine	Standing	Cough	Supine	Standing	Cough
	IAP (mmHg)	6.5	20	108	16.2	35	180
	Longi tension (N/mm)	0.04	0.13	1.9	0.17	0.38	4.8
	Trans tension (N/mm)	0.13	0.35	1.9	0.38	0.83	3.2

Table 5 .

 5 1: Tensions applied on the LA for the different cases and pressures of the global numerical model.

  This last limitation could be an improvement to make in the future based on human (healthy and obese) mechanical data in the literature.

	CHAPTER 5. NUMERICAL MODELING OF A REPAIRED ABDOMINAL WALL IN
			PHYSIOLOGICAL CONDITIONS
	the intact group. 210 Chapter 6	Baptiste Pillet Baptiste Pillet	209

  minimalexample " # We can add a path to save the mesh os . system ( " mkdir " + workdir ) gmsh . initialize () # Always initiate the process gmsh . model . add ( " test " ) # Add a name to the project # ## Create the points gmsh . model . geo . addPoint (0 , 0 , 0 , meshsize , 0) # (x ,y ,z , meshsize , label of the point ) gmsh . model . geo . addPoint ( width , 0 , 0 , meshsize , 1) gmsh . model . geo . addPoint ( width , length , 0 , meshsize , 2) gmsh . model . geo . addPoint (0 , length , 0 , meshsize , 3) # ## Connect points with lines gmsh . model . geo . addLine (0 ,1 ,1) # ( point label 1 , point label 2 , label of the line ) gmsh . model . geo . addLine (1 ,2 ,2) gmsh . model . geo . addLine (2 ,3 ,3) gmsh . model . geo . addLine (3 ,0 ,4) cl = gmsh . model . geo . addCurveLoop ([1 , 2 , 3 , 4]) # Close the surface as " cl " entity # ## Create a label for the domain of the model ps = gmsh . model . geo . addPlaneSurface ([ cl ]) # Create the surface " ps " of the close entity " cl " pgs = gmsh . model . addPhysicalGroup (2 , [ ps ]) # Create a group for the surface " ps ".

	gmsh . model . setPhysicalName (2 , pgs , " domain " ) # Label it as " domain ". 2 refers
	to the dimension
	# ## Create a label for the boudaries
	pgtop = gmsh . model . addPhysicalGroup (1 , [2]) # Define a group for the line
	labeled "2"
	gmsh . model . setPhysicalName (1 , pgright , " right " ) # Label it " right ". 1 refers
	to the dimension
	pgright = gmsh . model . addPhysicalGroup (1 , [4])
	gmsh . model . setPhysicalName (1 , pgleft , " left " )
	pgbottom = gmsh . model . addPhysicalGroup (1 , [1])
	gmsh . model . setPhysicalName (1 , pgbottom , " bottom " )
	pgleft = gmsh . model . addPhysicalGroup (1 , [3])
	gmsh . model . setPhysicalName (1 , pgtop , " top " )
	gmsh . model . geo . synchronize () # Mandatory
	gmsh . model . mesh . generate (2) # Generate a 2 D mesh
	gmsh . write ( workdir + " / test . msh2 " ) # Save it
	gmsh . finalize () # Close the process

Peeling sample meshing using gmsh

  

	if st ag ger ed _conv e rg ence :
	tprev = t
	# ## Update backup fields
	ubckp . assign ( u )
	dbckp . assign ( d )
	hbckp . assign ( hprev )
	# ## Write results to file
	file_results . write (u , t )
	file_results . write (d , t )
	local_project (S , Vstress , sig )
	file_results . write ( sig , t )
	local_project (E , Vstrain , egl )
	file_results . write ( egl , t )
	if deltat < mint :
	print ( ' >> ERROR : aborting due to displacement increment lower than minimum
	acceptable value ')
	tprev = t
	break
	7.7

  # ## Points gmsh . model . geo . addPoint(0 , 0 , 0 , high , 1) gmsh . model . geo . addPoint ( base , 0 , 0 , high , 2) gmsh . model . geo . addPoint ( base +R , 0 , 0 , high , 3) gmsh . model . geo . addPoint ( base +R , -R , 0 , high , 4) gmsh . model . geo . addPoint ( base + R + Tupper , -R , 0 , high , 5) gmsh . model . geo . addPoint ( base + R + Tupper , Tupper , 0 , high , 6) gmsh .model . geo . addPoint ( base , Tupper ,[START_REF] Mcneel | [END_REF] high ,[START_REF] Chan | A review of incisional hernia repairs: Preoperative weight loss and selective use of the mesh repair[END_REF] gmsh . model . geo . addPoint ( base + R + Tlower , Tupper , 0 , high , 8) gmsh . model . geo . addPoint ( base + R + Tlower , R + Tlower + Tupper , 0 , high , 9) gmsh . model . geo . addPoint ( base +R , R + Tlower + Tupper ,0 , high , 10) 

		CHAPTER 7. APPENDIX
	Baptiste Pillet	XV

gmsh . model . geo . addPoint ( base +R , Tupper + Tlower ,[START_REF] Mcneel | [END_REF] high , 11) gmsh . model . geo . addPoint ( base , Tupper + Tlower ,[START_REF] Mcneel | [END_REF] high ,[START_REF] Lerdsirisopon | Biomechanical evaluation of potential damage to hernia repair materials due to fixation with helical titanium tacks[END_REF] 

gmsh . model . geo . addPoint

[START_REF] Mcneel | [END_REF] Tupper + Tlower ,[START_REF] Mcneel | [END_REF] high ,[START_REF] Hollinsky | Measurement of the tensile strength of the ventral abdominal wall in comparison with scar tissue[END_REF] 

gmsh . model . geo . addPoint

[START_REF] Mcneel | [END_REF] Tupper ,[START_REF] Mcneel | [END_REF] high , 14) 

# ## Lines gmsh . model . geo . addLine

(1 , 2 , 1) 

gmsh . model . geo . addBSpline

([2 , 3 , 4] 

, 2) gmsh . model . geo . addLine

Table 7 .

 7 3: Mean and standard deviation of tensile tests on intact AW muscles.

	Baptiste Pillet	XIX

Table 7 .

 7 Position Direction E 0 (MPa) E t (MPa) G (N/mm) λ c P c (MPa) σ c (MPa) infra longi 0.67 ± 0.54 3.1 ± 2.8 8.5 ± 6.2 2.3 ± 0.58 1.8 ± 1.0 4.1 ± 2.6 4: Mean and standard deviation of tensile tests on the intact LA.
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7.13 Neo-tissue experimental results

  ± 0.11 0.25 ± 0.18 0.14 ± 0.076 1.2 ± 0.086 0.045 ± 0.018 0.056 ± 0.024

	Tissue	E0 (MPa)	Et (MPa)	G (N/mm)	λc	Pc (MPa)	σc (MPa)
	Neo-tissue 0.15 Neo-tissue with suture 3.5 ± 2.8 wires contribution	5.2 ± 2.4	81.0 ± 66.0	1.3 ± 0.15	1.5 ± 1.2	2.0 ± 1.9

Table 7 .

 7 5: Mean and standard deviation of tensile tests on the neo-tissue at 2 days post-operative compared to the same tissue but with suture wires.

7.

14 Mesh/RA experimental results

  

	Position	Direction	Post-operative time	E 0	t 0 (N/mm)	E t	t 0 (N/mm)	G t 0 (N)	λc	Pc t 0 (N/mm)	σc t 0 (N/mm)
	RA	longi trans	/ /	0.43 ± 0.2 1.2 ± 0.68	1.8 ± 1.9 0.99 ± 0.93	130.0 ± 88.0 9.1 ± 3.3	2.8 ± 0.61 1.2 ± 0.099	1.7 ± 0.44 0.36 ± 0.11	4.6 ± 1.2 0.44 ± 0.16
		longi									
	Mesh/RA										

Table 7 .

 7 6: Mean and standard deviation of tensile tests on the mesh integrated in RA muscles over time compared to intact RA muscles.Mesh integrated vs mesh alone vs RA alone in the trans direction
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7.15 LA repair

  Table7.7: Mean and standard deviation of tensile tests on the intact LA compared with its repair with sutures only over time and with addition of a textile over time.

	Position	Direction	Post-operative time	E 0	t 0 (N/mm)	E t	t 0 (N/mm)	G t 0 (N)	λc	Pc t 0 (N/mm)	σc t 0 (N/mm)
	LA	longi trans	/ /	2.0 ± 2.0 14.0 ± 8.6	5.7 ± 6.9 13.0 ± 13.0	93.0 ± 69.0 93.0 ± 51.0	2.1 ± 0.59 1.5 ± 0.4	3.0 ± 2.0 6.0 ± 2.2	6.1 ± 3.6 8.9 ± 3.8
			2 days	3.2 ± 3.1	5.9 ± 7.5	380.0 ± 380.0	2.4 ± 0.44	6.3 ± 3.5	14.0 ± 5.8
		longi	4 weeks	3.0 ± 0.99	4.4 ± 2.7	210.0 ± 95.0	2.6 ± 0.96	5.4 ± 1.2	14.0 ± 5.6
	Mesh/LA		12 weeks 2 days	7.0 ± 3.6 4.2 ± 3.6	11.0 ± 5.4 3.3 ± 1.8	140.0 ± 110.0 60.0 ± 50.0	1.6 ± 0.24 2.2 ± 0.35	6.9 ± 3.8 4.5 ± 2.2	12.0 ± 7.4 9.4 ± 3.5
		trans	4 weeks	14.0 ± 5.4	9.6 ± 5.2	190.0 ± 99.0	1.7 ± 0.23	7.7 ± 1.0	13.0 ± 1.2
			12 weeks	6.6 ± 4.8	3.5 ± 1.7	120.0 ± 89.0	2.0 ± 0.67	4.4 ± 1.2	8.6 ± 3.5
			2 days	3.5 ± 2.8	5.2 ± 2.4	81.0 ± 66.0	1.3 ± 0.15	1.5 ± 1.2	2.0 ± 1.9
	LA sutured	trans	4 weeks	5.4 ± 4.9	14.0 ± 13.0	110.0 ± 50.0	1.9 ± 0.48	6.2 ± 2.7	12.0 ± 5.8
			12 weeks	3.6 ± 2.8	7.3 ± 3.8	65.0 ± 22.0	1.4 ± 0.17	2.6 ± 1.5	3.9 ± 2.7

7.16 Mesh degradation experimental results

  

	Direction	Post-operative time	E 0 t 0 (N/mm)	Et t 0 (N/mm)	G t 0 (N)	λc	Pc t 0 (N/mm)	σc t 0 (N/mm)
		2 days	0.31 ± 0.32	1.2 ± 1.0	45.0 ± 83.0	2.6 ± 1.1	1.5 ± 1.9	4.8 ± 6.1
	longi	4 weeks	0.95 ± 0.66	2.0 ± 0.77	69.0 ± 71.0	1.8 ± 0.33	1.3 ± 0.88	2.5 ± 1.9
		12 weeks	0.63 ± 0.29	2.7 ± 0.94	20.0 ± 12.0	1.5 ± 0.15	1.1 ± 0.67	1.7 ± 1.2
		2 days	1.5 ± 0.22	6.9 ± 0.84	52.0 ± 25.0	2.2 ± 0.2	6.0 ± 1.1	13.0 ± 3.6
	trans	4 weeks	1.1 ± 0.87	2.1 ± 1.7	29.0 ± 24.0	1.8 ± 0.47	2.0 ± 1.9	4.4 ± 4.2
		12 weeks	1.7 ± 1.7	4.2 ± 2.9	28.0 ± 30.0	1.6 ± 0.25	1.8 ± 0.87	2.9 ± 1.5

Table 7 .

 7 8: Mean and standard deviation of tensile tests on the mesh extracted from the AW over time.
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Figure 2.20: Flowchart of the inverse identification process of hyper-elastic parameters.

Figure 3.6: Energy release rate of peeling tests for Control and Cryo-preserve group. Thick bars represent the total energy release rate of the whole sample and black lines the standard deviation between cycles of the sample.
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cune intervention chirurgicale a été utilisé comme témoin, un autre n'étant pas réparé a été utilisé pour évaluer le succès de la création d'hernie ventrale. Enfin, deux réparations différentes ont été comparées, l'une avec seulement des sutures et l'autre avec l'ajout d'un textile. La caractérisation mécanique a été effectuée 2 jours, 4 semaines et 12 semaines après l'intervention chirurgicale en effectuant des tests de traction, de pelage et de gonflement. Les quantités mécaniques ont été extraites et analysées entre les groupes afin de proposer des principaux résultats et des tendances. Les résultats expérimentaux ont souligné l'importance de l'utilisation des textiles dans la prévention des hernies ventrales. Ils ont montré un comportement plus approprié que lors de l'utilisation de sutures seules comme réparation. En effet, le comportement global observé lors des tests de gonflement était plus proche de la paroi abdominale témoin pour le groupe réparé et la résistance apportée était suffisante. Cependant, malgré le meilleur comportement et la résistance apportée par le textile, un comportement plus rigide par rapport à la paroi abdominale témoin a été observé dans la zone réparée. L'anisotropie n'a pas non plus été parfaitement reproduite et ces défauts peuvent contribuer à l'inconfort ressenti et rapporté par les patients. Les données mécaniques ont été utilisées pour développer et alimenter un modèle numérique qui vise à comprendre et prédire les récidives de hernies. Elles peuvent également être utilisées pour d'autres études et développements numériques futurs.128Baptiste Pillet

Once the sample is clamped, a white acrylic paint was applied on the AW external surface to harmonize the sample color.136Baptiste Pillet

Figure 4.6: Inflation testing device assembly with an abdominal wall installed and fixed before testing.Baptiste Pillet
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Figure 4.28: Transverse strain of the different AWs computed along the line "L1" (see Figure 4.13) between testing groups and post-operative time.

Figure 4.29: Longitudinal strain of the different AWs computed following the line "L0" (see Figure 4.13) between testing groups and post-operative time.

Figure 4.41: From top to bottom: Result of the global identification of elastic parameters for this specific specimen. Reset of elastic parameters was first performed. Followed by the identification of g c with elastic parameters to keep a well-fitted elastic part.168Baptiste Pillet

The local model was developed from a realistic LA geometry, with an anisotropic behavior coupled with PF damage. Also, the repair contribution characterized through the animal study (see Chapter 4) was implemented to account for mesh integration and suture closing.Baptiste Pillet

Figure 5.8: Thickness difference between the healthy and the worst-case LA.

Figure 5.17: The histogram chart shows the damage recorded after standing breathing and coughing according to the different clinical cases.206Baptiste Pillet

Figure 5.18: Longitudinal and transverse stress-strain curves over simulation time between sub-models for the LA.

Figure 5.19: Longitudinal and transverse stress-strain curves over simulation time between sub-models for the neo-tissue.208Baptiste Pillet

Remerciements

CHAPTER 3. EFFECTS OF CRYO-PRESERVATION ON THE MECHANICAL BEHAVIOR OF SKELETAL MUSCLE UNDER TENSILE AND PEEL TESTS UP TO RUPTURE [?]

Nb

Tensile tests

Control 20 (17) Cryo 19 [START_REF] Hollinsky | Measurement of the tensile strength of the ventral abdominal wall in comparison with scar tissue[END_REF] Peeling tests Control 20 (16) Cryo 16 [START_REF] Lerdsirisopon | Biomechanical evaluation of potential damage to hernia repair materials due to fixation with helical titanium tacks[END_REF] of the temperature and the DMSO was used to preserve tissue integrity, as already made by some authors [START_REF] Adham | Mechanical characteristics of fresh and frozen human descending thoracic aorta[END_REF][START_REF] L'italien | The preservation of the mechanical properties of venous allografts by freezing[END_REF][START_REF] Pukacki | The mechanical properties of fresh and cryopreserved arterial homografts[END_REF][START_REF] Venkatasubramanian | Effects of freezing and cryopreservation on the mechanical properties of arteries[END_REF][START_REF] Virues Delgadillo | Effect of freezing on the passive mechanical properties of arterial samples[END_REF][START_REF] Weber | Viable vein graft preservation[END_REF]. Samples, still in their box, were then frozen at -80 • C during 6 days. They were then thawed slowly, starting within 24 H at 2 • C still in the box, followed by a 37 • C bath during approximately 1 H, in tubes only. Samples were rinsed with PBS and kept in tubes at 2 • C until testing at ambient temperature. Chronology of sample temperature is shown in Figure 3.1.

Mechanical testing

All tests were performed with an Instron 3343 tensile testing machine mounted with a 20 N load cell following the same method as in a previous study [Pillet et al., 2021]. During tests, samples were kept hydrated with a humidifier to prevent drying. The velocity of head displacement was 0.02 mm/sec for tensile tests and 0.04 mm/sec for peeling tests ensuring a quasi-static strain rate. Force values were recorded with a 4 Hz acquisition rate coupled with a marker tracking acquisition at a rate of 0.5 Hz. These dot markers were made with printer toner and applied using a pencil (see Figure 3.2). No pre-stretch was performed as the whole loading curve with force data over 0.1 N are considered. For peeling tests, rectangular samples are separated in two strips following a 20 mm scalpel incision (see Figure 3.2). The lower one is maintained fixed while the upper one is loaded until 20 mm of displacement and then unloaded to 0 N for the first cycle. For subsequent cycles, strips were loaded with incremental displacement steps of 20 mm (value cho- The identification of the new elastic set and of damage parameters took approximately 21 minutes per sample with a 3.50 Ghz Intel Xeon W-2014 CPU and 32 Go of RAM.
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Chapter 5

Numerical modeling of a repaired abdominal wall in physiological conditions CHAPTER 

NUMERICAL MODELING OF A REPAIRED ABDOMINAL WALL IN PHYSIOLOGICAL CONDITIONS

anatomical features is needed (such as the LA thickness variation for example). RA, EO, IO, TR and dorsal muscles were modeled as for the LA, the rib cage, the spine and the pelvic.

All contact surfaces each other were tied together using tie constraints. The spine was fixed and symmetry conditions were applied to the surfaces corresponding to the symmetry plane of the half-model. A pelvic floor and a diaphragm were added to close the abdominal cavity. Also, a hydro-static element was added inside the cavity to control its expansion using volume change. The parts were meshed with the Abaqus mesher with linear 3D hexahedral elements. The seed size on edges was chosen to be 5 mm. Rigid parts were meshed with triangular and quadrilateral elements. The skin (representing the RA sheath) was not defined as a 3D part but as a 1 mm shell using the "skin reinforcement" tool in Abaqus. The total number of nodes was 31267 with 23923 elements composed by 12586 linear hexahedral elements of type C3D8R, 5212 linear quadrilateral elements of type S4R, 5965 linear quadrilateral elements of type R3D4 and finally 160 linear triangular elements of type R3D3.

The constitutive model for muscle tissue is a combination of an active contribution (in the fiber direction), a transversely isotropic passive contribution and a volumetric contribution. The model is based on Latorre's et al. one [Latorre et al., 2018] as:

where the local strains are defined as:

3)

The five deviatoric moduli (material constants) µ t ll , µ c ll , µ t tt , µ c tt and µ lt characterize the bi-linear strain-stress response.

The active strain energy was defined so that the generated Cauchy stress is:

Parametrizing the local model

Now that the LA geometry has been built, we aim to develop several versions of our model to simulate various repair scenarios.

Clinical cases

Based on the real geometry of the human LA segmented from the Visible Human Project, the different groups tested during the animal study were modeled and meshed with the "gmsh" python library [START_REF] Geuzaine | Gmsh: A 3-D finite element mesh generator with built-in pre-and post-processing facilities[END_REF].

The different sub-models were those of the animal study, i.e.: Intact, Repaired with a mesh,

Sutured.

Additionally, the type of suture repair was also studied as it is of major interest for surgeons: several authors indeed reported complications or recurrence in clinical trials depending on the suture length-wound length ratio. When this ratio is below 4, the stitches are called "large bites" and when the interval between bites is smaller (suture length-wound length ratio > 4) they are called "small bites". The latter was mostly found to induce less complications of wound repair [START_REF] Harlaar | Small stitches with small suture distances increase laparotomy closure strength[END_REF][START_REF] Israelsson | Suture length to wound length ratio and healing of midline laparotomy incisions[END_REF][START_REF] Liang | Ventral Hernia Management[END_REF], but some authors still find no difference between suture methods [START_REF] Deerenberg | Small bites versus large bites for closure of abdominal midline incisions (STITCH): a double-blind, multicentre, randomised controlled trial[END_REF]. In this sense, we decided to add a large bites/small bites option when the sub-model includes sutures.

Most importantly, we know from clinical studies that BMI is a major risk factor [Chan and Chan, 2005;[START_REF] Sauerland | Obesity is a risk factor for recurrence after incisional hernia repair[END_REF][START_REF] Vidović | Factors affecting recurrence after incisional hernia repair[END_REF], therefore we included an option for all sub-models in order to choose between a healthy LA geometry and a worst-case one. The worst-case was based to represent obese patient with a higher BMI (33.5 kg/m 2 ) while for an healthy one, the BMI was based on 22.5 kg/m 2 [Ambardar et al., 2009]. The LA was set wider and thinner and was subjected to higher IAP.

As described in Chapter 4, mechanical parameters were identified at different post-operative times so sub-models were defined at a specific time after the ventral hernia repair: 2 days, 4 weeks and 12 weeks.

Finally, all these possible cases need to simulate real conditions, i.e. common physiological activities leading to different IAP levels. We chose to model 2 possible IAP, ranging from the lowest to highest corresponding value: Standing position and Cough.

Combining all the different options leaded to a consequent amount of sub-models, but some cases were discarded, representing no interest. For example, the Intact case was not treated according to the suture technique and the post-operative time. Similarly, the Repaired and Sutures cases did not distinguish the suture technique at 4 weeks and 12 weeks. Indeed, as demonstrated in Chapter 4, suture wires were found to be mostly degraded from the 4 th week. Concerning the geometry of sub-models and their mesh, no AW geometrical difference was observed following the post-operative time and the IAP. A flowchart summarizing the 12 different designed sub-models is shown in Figure 5 Interestingly, for the repaired group, the damage field was very different from the intact group. This was due to the addition of a mesh which significantly preserved the tissue under it. We can see in Figure 5.15, that damage was reduced in the textile area. Over time, the incisional area repaired itself, leaving even less damage.

On the other hand, the LA above and below the mesh area was damaged due to the difference of strain between the textile and its surrounding areas (see Figure 5.16/C). The transition between the mesh and the surrounding LA, resulted in over-stressed regions near LA edges. This mechanical behavior difference between the mesh and the LA was also found in our animal study and could cause pain as AW regions deform in a non-uniform way. The more natural way to repair the hernia using only sutures resulted in a similar strain field as the intact AW (see Figure 5.16/A&B).

Damage resulting from the different physiological activities

Damage values found after applying displacements to retrieve tensions recorded longitudinally and transversely to the LA during standing breathing and coughing represent important information. Numerical sub-models being simulated at different post-operative times allowed to extract a trend of the overall strength of the repair and its improvement over time.

Damage values found in the different sub-models and physiological activities are shown in Figure 5.17.

For the intact group, damage was higher for the worst-case patient, with a surprisingly high value when coughing.

When the incision was repaired with only sutures, damage was important 2 days after the surgery, no matter the physiological activity. After several weeks, the incisional area healed resulting in very low damage for healthy patients. For worst-case ones, the damage decreased but was still high when coughing. Generally for these patients, values were found again higher than for healthy ones. Moreover, the large bites suture technique resulted in more damage than the small-bites one, confirming clinical studies recommending using the latter [START_REF] Harlaar | Small stitches with small suture distances increase laparotomy closure strength[END_REF][START_REF] Israelsson | Suture length to wound length ratio and healing of midline laparotomy incisions[END_REF][START_REF] Liang | Ventral Hernia Management[END_REF].

Concerning the group repaired with the addition of mesh, healthy patients were again found to experiment less damage and the large-bites technique was found to decrease the repair resistance compared to the small-bites one. At any post-operative time, healthy patients repaired with a mesh resulted in low damage, no matter the physiological activity. At the opposite, if results obtained at early post-operative time (2 days) showed a good resistance for worst-case patients, damage for physiological activities was found to increase after several weeks. This was due to the mechanical behavior difference between the mesh and its surrounding intact LA which is aggravated by geometric differences of the worst-case LA.

Evolution of stress over time

Mean stress and mean strain evolution over simulation time was extracted in different areas of the ventral hernia repair for every sub-models. They were compared to deduce main trends between the different groups.

In the LA, the longitudinal behavior was found quite similar between sub-models; curves of the repaired group were found closer to the intact ones compared to those of the sutured group, at the exception to worst-case patients repaired with large-bite sutures (see Figure 5.18). Largebites suture technique and early post-operative results (2 days) for the sutured group exhibited a compression behavior instead of a tensile one due to suture closure but the PK1 stress remained negative all along the simulation.

In the neo-tissue, PK1 stress was found much lower than in the LA. Moreover, in the transverse direction, repaired group resulted in a more reproducible behavior over post-operative time 
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Note that "dolfin-convert" does not read needs a .msh format so we just modified the extension of the file first. After this command, 3 files come: "mesh.xml" (the mesh file), "mesh_facet_region.xml" (a file with the boundaries) and "mesh_physical_region.xml" (a file with the different domains created). Now, the mesh can be read by FEniCS: mesh = Mesh ( workdir + " / mesh . xml " )

We can also get the different labels created with gmsh to use it later: The mesh and its different geometrical components are ready to use. Before going further, we can define some flags relative to FEniCS and its solvers: Let's start the variational implementation of the 2D plate with Neo-Hooke hyper-elastic and PF. We first define the function spaces for each variables: Vu = Vecto rFunctionSpace ( mesh , " CG " , 1) # Continuous gradient for the displacement Vd = FunctionSpace ( mesh , " CG " , 1) # For the damage Vh = FunctionSpace ( mesh , " DG " , 0) # Discontinuous gradient for the history variable Vstress = Tenso rFunctionSpace ( mesh , " DG " , 0) # For the stress Vstrain = Tenso rFunctionSpace ( mesh , " DG " , 0) # For the strain

The functions defined in these function spaces can be written: The test and trial functions for the weak form are added:

We initialize the variables: Before solving the model, we can write the initial states in the output file: The staggared scheme comes: