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ANATOMY OF THE ABDOMINAL WALL Linea alba

Abdominal wall sheathing tissues are commonly involved in hernia formation. However, there is very limited work studying mechanics of all tissues from the same donor which prevents a complete understanding of the abdominal wall behavior and the differences in these tissues. The aim of this study was to investigate the differences between the mechanical properties of the linea alba and the anterior and posterior rectus sheaths from a macroscopic point of view. Eight full-thickness human anterior abdominal walls of both genders were collected and longitudinal and transverse samples were harvested from the three sheathing connective tissues. The total of 398 uniaxial tensile tests was conducted and the mechanical characteristics of the behavior (tangent rigidities for small and large deformations) were determined. Statistical comparisons highlighted heterogeneity and nonlinearity in behavior of the three tissues under both small and large deformations. High anisotropy was observed under small and large deformations with higher stress in the transverse direction. Variabilities in the mechanical properties of the linea alba according to the gender and location were also identified. Finally, data dispersion correlated with microstructure revealed that macroscopic characterization is not sufficient to fully describe behavior. Microstructure consideration is needed. These results provide a better understanding of the mechanical behavior of the abdominal wall sheathing tissues as well as the directions for microstructure-based constitutive model.

General introduction

Tout ouurier eft tenu fauoir le lieu & nature du subiect auquel il cuure : autrement il erre. Veu doc que le subiect de Chirurgie eft le corps humain, il eft requis au Chirurgien conoiftre la nature des parties d'iceluy : tant pour garder la fanté, que pour les prefages & curation des maladies. Ce que n'eft poffible, fans la connoiffance de l'Anatomie. 1 Pierre [START_REF] Franco | Traité des hernies : contenant une ample déclaration de toutes leurs espèces, & autres excellentes parties de la chirurgie, assavoir de la pierre, des cataractes des yeux, & autres maladies[END_REF], French surgeon, pioneer in hernia surgical treatment.

Since Ancient History, surgeons are well aware that only a thorough knowledge and understanding of anatomy can help preserving health and improving care solutions. From the early dissections of this era (at least in our European countries) to the 21 st century, current numerical models, research and development in the medical field all aim towards one ultimate goal: patient-specific care. Medical care enriched over the years with the development of combined transversal researches and techniques: biology, imaging, mechanics. . . Biomechanics is an interdisciplinary science, lying at the interface of biology and mechanics. Mechanics offers a new approach to understanding complex biological systems at different scales.

Considerable progress has been made especially in medicine. Numerical models allow virtual testing of prototypes of medical devices and prostheses. Anatomically and mechanically accurate learning dummies are also developed to facilitate the training of physicians. The modernization of these techniques allows the addition of complex scenarios and the simulation of inter-individual variability.

The development of personalized numerical models of the human body is a simple extension of this fundamental principle: the knowledge of patient-specific anatomy and mechanical characteristics.

Patient-specific models have become a major interest in biomechanical research to improve therapeutic treatments and to predict pathologies in many different fields, from medical to sports as well as road safety and so on.

From in vivo imaging coupled with mechanical measurements, patient-specific organs or body parts can be reconstructed and constitute significant assets in prevention, diagnostic assistance and impact of surgeries.

1 Every worker is required to know the place and nature of the subject to whom he is caring: otherwise he wanders. Since the subject of Surgery is the human body, it is required of the Surgeon to know the nature of the parts of it: for the sake of health as well as for the prevention and treatment of diseases. This is only possible in the knowledge of Anatomy (Personal translation from Old French).

GENERAL INTRODUCTION

Imaging also provides a multi-scale description of tissues, from the microscopic to the macroscopic scale, which highlights previously invisible mechanisms. With transposition schemes such as homogenization, macroscopic laws of mechanical behavior and constitutive models can then be deduced from microscopic observations. The scope of the present study is to improve the treatment of abdominal hernias. A hernia is an abnormal protrusion of the abdominal wall in which the internal organs can be entrapped. If the hernia appears benign at the first glance, it can lead, when untreated, to severe complications.

Organs trapped in the hernial bag can become obstructed and then infected. The pathology is accompanied by various symptoms (pain, difficulties of breathing, . . . ) affecting the patient's professional or social quality of life.

The only treatment is surgical with the removal of the hernial bag. It can be combined with the placement of a prosthetic implant to support the failing abdominal tissues. Hernia repair is one of the most prevalent operations in the world, but still shows a very high percentage of recurrence.

The implantation of prostheses to strengthen the abdominal wall seems to bring a real benefit in the relapse rate, but the rate remains too high despite considerable progress. Hernia operations are therefore a major public health problem, with high economic and social stakes.

Progress in the treatment of hernias can be achieved by improving prostheses, rendering them physiologically more compatible with human tissues. Numerical modeling appears to be a key step for such developments. Several therapeutic solutions could be simulated through numerical modeling of the abdominal wall. The impact of size, shape, fastening methods or woven materials could be tested beforehand to enable individualized and specific treatment for each patient.

In this context, a collaboration has been initiated between Medtronic, an international company specialized, among others, in the design of implants for the abdominal wall, BIOmechanics of soft TIssue Modeling (BioTiM) research group of the LaMcube (Laboratoire de mécanique multiphysique multiéchelle) in Lille (France) and Ingénierie et Vieillissement des Tissus Vivants (IVTV) research group of the LTDS (Laboratoire de Tribologie et Dynamique des Systèmes) in Lyon (France), combining BioTiM expertise in mechanical behavior characterization and modeling of soft tissues and IVTV expertise in microscopic imaging. Medtronic, through previous researches, has studied the overall mechanical behavior of the whole abdominal wall in vivo. It appears that a thorough knowledge of the fibrous microstructure is necessary to obtain a bio-faith numerical model. IVTV research group has extensive experience in microstructure observations, particularly in the organization of collagen and elastin fibers, which are the main components of connective tissues. Finally, BioTim research group worked on the development of constitutive models based on an histological description of the biological tissues, such as pelvic tissues.

GENERAL INTRODUCTION

The objectives of the present study are therefore to propose an anisotropic constitutive model of the sheathing tissues of the abdominal wall, based on a description of the three-dimensional microstructure.

Chapter 1 will first introduce the useful techniques and tools for understanding this work. The anatomy of the abdominal wall and the fibrous architecture of the tissues constituting it will be presented, from a macroscopic to a microscopic scale. These tissues will then be placed in the context of the study with regard to the physiopathology of the abdominal wall. The economic and social stakes will be presented as well as the interest of patient-specific modeling. Then, a synthesis of the state of the art of microstructure observation techniques, including confocal multiphotonic microscopy, will be given. Finally, the principles of highly deformable materials in the framework of hyperelasticity will be recalled.

Chapter 2 will present a complete mechanical characterization of the connective tissues of the abdominal wall from a macroscopic point of view. The protocols for sampling, sample preparation and mechanical testing will be described. A database on mechanical properties will then be produced, highlighting the heterogeneity and inter-and intra-individual variations of tissues as well as the non-linear and anisotropic character of the mechanical behavior of connective tissues. Finally macroscopic characterization will emphasize the need to take a closer look to the tissues in order to link mechanical properties to fiber architecture. Chapter 3 will describe the three-dimensional image analysis tools developed as a part of this study.

We will first present the needed topological parameters for the parameterization of the anisotropy of fibrous tissues texture, and then introduce algorithms to analyze large 3D images. A simplified hybrid method will be presented to describe the orientations and disorientations of the fibers. The tools will be tested on controlled synthetic images and then on images from tissue observations with a biphotonic confocal microscope, to validate effectiveness and quality of the method. Chapter 4 will introduce the experimental protocol of tests correlating biphotonic confocal microscopic observations and mechanical tests with image analysis tools described in Chapter 3. To establish the link between mechanical behavior and tissue architecture, the connective tissues of the abdominal wall will be observed during uni-axial mechanical loading. This coupling will enable the identification of the mechanical properties and the topological parameters of the connective tissues.

Chapter 5 will be devoted to the construction of a constitutive model to describe the anisotropic behavior of the fibrous tissues, based on their histological description. The model will be designed by decoupling the parameters related to the constituent fibers from those related to the architecture. The comparison between modeling, prediction and experimental testing will allow us to conclude on the validity of the model.

Finally, the conclusions will outline the main findings of this research, while highlighting the limitations of our study. To enrich this work, we will suggest further perspectives to be explored.

Chapter 1

Context of the study

In this chapter, we highlight the precise micro-structural investigation of abdominal wall connective tissues behavior under mechanical stimulation requirement. The first section is dedicated to the anatomy of the abdominal wall, its constitutive soft tissues and their organization, from a macroscopic perspective to a microscopic view, focused on main components, collagen and elastin.

The second part exposes the stakes of the study of the abdominal wall with regard to physiopathology. Finally a state of the art is also drawn up on soft tissue fiber testing, associated microscopic imaging techniques and relevant constitutive modeling framework. 

Anatomy of the abdominal wall

The connective tissues of the abdominal wall are mainly the rectus sheath and the linea alba.

This section points them in the abdominal wall anatomy, which is one of the elements defining the abdominal cavity that contains most digestive organs [START_REF] Drake | Gray's Anatomy for Students[END_REF]. A more in-depth macroscopic study is then devoted to them, followed by a microscopic study that will focus on the fibers elements constituting them, collagen and elastin.

Abdominal wall and cavity

The abdomen is a cylindrical cavity extending from the lower margin of the thorax to the upper margin of the pubis (Fig. 1.1-A). This cavity is separated from the chest cavity at the lower chest opening by the diaphragm and separated from the pelvic cavity by a virtual plane passing through the upper edge of the pubis and the joint between the fifth lumbar vertebra and the sacrum at the upper pelvic opening. The cavity is enclosed by the abdominal wall (Fig. 1.1-B), containing and protecting abdominal viscera:

-most of the elements of the gastroinstestinal system: the caudal end of the esophagus, the stomach, the small and large intestines, the liver, the pancreas and the gallbladder, -the spleen, -the kidneys and ureters from the urinary system.

Figure 1.1: Abdominal wall with skeletal-(A) and muscular-(B) elements [START_REF] Drake | Gray's Anatomy for Students[END_REF].

The abdominal wall is composed of muscles, aponeurosis and fascias inserted on bone elements, the five lumbar vertebrae and their intervertebral discs, the upper pelvic inlet and lower chest elements, the margins of ribs XI and XII and the xyphoid process (Fig. 1.1-A). The posterior part of the wall is reinforced by the iliac muscles, the quadratus lumborum and the psoas major ( The combination of these muscles is essential for many physiological functions. While maintaining and protecting the viscera from external injury, the abdominal wall muscles help regulate exhalation, especially during coughing and vomiting. Its action is also central to any action which tends to increase intra-abdominal pressure, such as childbirth, defecation or urination.

The stability and cohesion of the muscles are ensured by several layers of tendinous structures and thick fascias (Fig. 1.3). From the body surface, the first layers are skin and Camper's fascia (containing mainly fat). The next layer is the superficialis fascia, a very thin and lax membrane.

The rectus abdominis muscle is then enclosed by the rectus sheath. The anterior part of the rectus sheath is composed by the interweaving of the aponeurosis of the external and internal oblique muscles. The posterior part is composed mainly by the aponeurosis of the transversus abdominis muscle. The two parts of the rectus sheath meet between the two leaves of the rectus abdominis to form the linea alba, from the xiphoid process to the pubic symphysis. The next layer is the transversalis fascia, which covers the posterior surface of the transversus abdominis and the posterior rectus sheath.

Finally, peritoneum forms the last layer, covering the entire abdominal wall, creating protection for the organs. It is a thin and serous membrane, with low stiffness.

The main sheathing structures are therefore the aponeurosis clusters, i.e. the anterior and posterior rectus sheaths and the linea alba, which are fibrous connective tissues.

Connective tissues

The elements ensuring the stability of the abdominal wall are the anterior and posterior rectus sheaths and the linea alba. The muscles of the abdominal wall constitute a relatively fragile whole, the fibrous connective tissues thus ensure the integrity of the whole by preventing the disintegration of the muscles. The particularity of these tissues lies in the combination of the different aponeurosis of the three flat muscles whose muscle and aponeurosis fibers are oriented differently (Fig. 1.2).

The external oblique muscle is the most superficial of the three flat muscles. Its fibers are oriented in an inferomedial1 direction. Fibres of the internal oblique muscle, deep to the external muscle, are oriented in a superomedial2 direction. The last of the three flat muscles, deep to the internal oblique muscle, the transversus abdominis muscle, have transverse fibers. As a result, the appearance and structure are very fibrous, with different fibers orientations. The following paragraphs attempt to describe the architecture of the two constituent elements, macroscopically and microscopically.

Anterior and posterior rectus sheaths

The rectus sheath of the abdominal wall is composed of the reunion of three aponeurotic leaves with decussating3 fibers, from the external and internal oblique muscles and the transversus abdominis muscle, enclosing the rectus abdominis muscle. The external oblique aponeurosis form the anterior part and the transversus abdominis aponeurosis form the posterior part, while the internal oblique aponeurosis separates to join the anterior part on one hand and to form the posterior part on the other hand (Fig. 1. 3-A). The lower one quarter of the rectus abdominis muscle is free of posterior sheath (Fig. 1.3-B), directly in contact with the transversalis fascia. This disappearance is noted from the fetal phase [START_REF] Yang | Development of the Rectus Abdominis and Its Sheath in the Human Fetus[END_REF]. The delimitation is called the arcuate line, assimilated to the umbilical line [START_REF] Mcvay | Composition of the Rectus Sheath[END_REF]. The fibrous structure has been described several times from a macroscopic point of view (Askar, 1977;Rizk, 1980;[START_REF] Monkhouse | Variations in the composition of the human rectus sheath: a study of the anterior abdominal wall[END_REF].

It is also interesting to investigate the microscopic structure of this tissue (Axer et al., 2001b;Ozdogan et al., 2006). Using confocal laser scanning microscopy, the three-dimensional structure of the sheaths has been described by Axer et al. (2001b), confirming the observations of Askar (1977). The anterior sheath consists essentially of several layers interweaving bundles of oblique collagen fibers (Fig. 1.4-A)

while the posterior sheath consists of transverse fibers bundles (Fig. 1.4-B), with respect to the cranio-caudal axis. Elastin fibers are also present. However, no study has yet examined its organization in the rectus sheaths. Only the ratio between healthy and damaged walls during hernia formation has been studied (Ozdogan et al., 2006;Fachinelli et al., 2011). (Axer et al., 2001b).

Linea alba

The linea is more extensively studied in literature (Askar, 1977;Rath et al., 1996Rath et al., , 1997;;Axer et al., 2001a,b;Korenkov et al., 2001;Gräßel et al., 2005;Pulei et al., 2015;Levillain et al., 2016), because it is more commonly the site of pathologies (Section 1.2.1). This tissue is the combination of the anterior and posterior rectus sheaths (Fig. 1.3). This fibrous structure is located on the midline of the abdomen, from the xiphoid process to the pubic symphysis (Fig. 1.2). Its shape varies along its length: in epigastric1 regions, the linea alba is wider and thinner, while in hypogastric2 regions, it is narrower and thicker (Axer et al., 2001a). Unlike the rectus sheath, morphological differences appear according to gender, especially in the hypogastric region (Gräßel et al., 2005).

These differences can only be detected by using microscopic observation methods.

The linea alba is composed of a set of layers of collagen and elastin fibers, oriented transversely and obliquely. Three zones can be distinguished according to the orientation of the collagen fibers (Fig. 1.5): the most superficial is composed of very intertwined oblique fibers, the intermediate zone is composed of transverse fibers, whose shape reminds one of the anterior rectus sheath, and the deepest zone is composed of very irregular fibers. This last layer is sometimes missing (Axer et al., 2001a,b). Gender differences are involved in the proportion of transverse fibers. In epigastric regions, women have almost twice as many transverse fibers as men (Gräßel et al., 2005). (Axer et al., 2001a).

Elastin fibers architecture in the linea alba is described by Pulei et al. (2015) and confirmed by Levillain et al. (2016). Elastin fibers are present mainly in the first layer, followed by the third and finally almost absent in the intermediate layer. Density increases along the downward cranio-caudal axis.

Collagen and elastin fibers

The mechanical behavior of a tissue is intrinsically linked to its architecture (Korenkov et al., 2001;Pulei et al., 2015). Its composition varies according to its dedicated functions. The connective tissues of the abdominal wall ensure the stability of the abdominal wall, during its normal functioning such as breathing or more important efforts such as a sporting activity. Two functions must be guaranteed: sheathing the muscles by stiffening them and allowing deformability and return to their initial state.

Collagen fibers ensure the rigidity of the tissue, due to their length and large diameter. Thanks to the three-dimensional network of collagen fibers, the tissues resist high loads and remain stable.

Elastin fibers form an elastic network, interposed between the collagen fibers, which ensures the elasticity of the material and the return to its initial state after deformation [START_REF] Czirok | Elastic fiber macro-assembly is a hierarchical, cell motion-mediated process[END_REF]Weisbecker et al., 2013).

The collaboration of these two woven network fibers is responsible for the well-known non-linear behavior of biological materials in uniaxial tension, displayed in Fig. 1.6 (Holzapfel, 2001). Usually we observe three distinct zones, which correspond to different mechanisms of fiber solicitation. In zone I, the response is linear and the stress, limited. This stage region is called the toe region.

The intertwined fibers are not yet aligned with the loading direction and are not yet recruited during loading. In zone II, the response is non-linear with a strong change in stiffness. This is an intermediate zone during which the fibers reorganize as they are recruited. Once all the fibers are aligned in the direction of loading, zone III appears with a high stiffening of the response. All fibers are recruited and contribute to the load resistance. The influence of elastin is not shown in the diagram. Elastin fibers are particularly important when the load ceases. Elastin network limits the softening of the material and thus its damage (Weisbecker et al., 2013).
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Figure 1.6: Stress-strain response of a connective tissue to a uniaxial loading case.

Collagen

The main structuring protein in animals is collagen. The collagen family, consisting of at least 28 different types (Kadler et al., 2007) is the basic brick of human body tissues and represents about 30% of its total mass. Collagen is the tensile element. Thanks to its particular architecture and distribution according to the tissue, it determines the mechanical properties of the tissue it constitutes [START_REF] Parry | The molecular fibrillar structure of collagen and its relationship to the mechanical properties of connective tissue[END_REF][START_REF] Roeder | Tensile Mechanical Properties of Three-Dimensional Type I Collagen Extracellular Matrices With Varied Microstructure[END_REF].

In the connective tissues of the abdominal wall, collagen is mainly type I, and to a lesser extent type III [START_REF] Pans | Biochemical study of collagen in adult groin hernias[END_REF]. In the form of fibrils (as opposed to other forms of collagen such as networks), it is responsible for the sheathing properties of tissues, by structuring itself in a very specific form.

From three amino acid chains, called α-chain, a triple helix is formed and called tropocollagen.

The tropocollagen of type I collagen is composed of two α 1 -chains and one α 2 -chain [START_REF] Rossert | Chapter 12 -Type I Collagen: Structure, Synthesis, and Regulation[END_REF] while the tropocollagen of type III collagen is only composed of three α 1chains [START_REF] Nielsen | Chapter 3 -Type III Collagen[END_REF]. The α i -chains are proteins composed of periodically arranged amino acid sequences: the α 1 -chain is characterized by a high regularity whereas the α 2 -chain is less clearly structured [START_REF] Hofmann | Comparative analysis of the sequences of the three collagen chains α1(I), α2 and α1(III): Functional and genetic aspects[END_REF]. The tropocollagen molecules then assemble to form long fibrils. Fibrils have diameters ranging from 12nm to 500nm and lengths up to several millimeters. The fibrils then assemble into fibers, themselves grouping together to form bundles that will constitute the tissues. Fibers diameter varies to 2 to 10 µm. Depending on the function of the tissue, the arrangement of the bundles can take two forms (Fig. 1.7). The fibers are all aligned in the same axis in order to give the tissue a high resistance to axial loads. This form is present in ligaments or tendons. During multi-axial loading, as with membrane structures, the arrangement of fibers is different and presents a weave with intertwining of the bundles. The latter arrangement corresponds to that of the connective tissues of the abdominal wall.

Many studies [START_REF] Yang | Mechanical properties of collagen firbils and elastic fibers explored by AFM[END_REF][START_REF] Graham | Structural changes in human type I collagen fibrils investigated by force spectroscopy[END_REF]Sherman et al., 2015) have investigated the structure and mechanical properties of collagen, using X-rays, electronic microscopy (EM) and atomic force microscopy (AFM). EM observation revealed a characteristic structure of tropocollagen molecules organized in fibrils: an alternation of white and black bands. The periodic structure, with a period D= 67nm, is due to the regular spacing of collagen molecules in triple helices, by a covalent bond between lysine residue (Sherman et al., 2015). It leads to the appearance of gaps and overlapping zones, leading to characteristic black and white bands. The particular structure of the fibril has an impact on its mechanical behavior. Many studies, summarized in Sherman et al.

(2015) study, have characterized collagen at several hierarchical scales: molecules, fibrils, fibers and tissues. A modulus of elasticity is determined for each level.

Figure 1.7: Structural organization of fibrillar collagen from collagen α-chain to tropocollagen, to fibril, to fiber and finally to tissue-specific microstructure, with corresponding scale [START_REF] Lynch | Multiscale biomechanics of skin : experimental investigation of the role of the collagen microstructure Barbara Lynch Sujet de th ' Multiscale biomechanics of skin : experimental investigation of the role of the collagen microstructure[END_REF].

Despite a significant dispersion due to the technical difficulty of isolating each component, the orders of magnitude are very different: the molecule is stiffer (GPa) than the fiber (MPa). Sasaki and Odajima (1996), based on the same findings, concluded that the fibers were not only stretched during loading, the constitutive macromolecules are as well reorganized, resulting in a decrease in apparent stiffness.

Elastin

In connective tissues, elastic fibers, composed mainly of elastin, confer elasticity and flexibility to the tissues [START_REF] Oxlund | The role of elastin in the mechanical properties of skin[END_REF][START_REF] Kielty | Elastic fibres[END_REF], in collaboration with collagen fibers which ensure stiffness. Elastic fibers, abusively called elastin fibers, are mainly composed of an amorphous elastin core surrounded by a mantle of fibrillin-rich microfibrils.

In the same way as collagen, the unitary element of elastin fiber is tropoelastin, which consists of a single chain of amino acids. Tropoelastin molecules group into fibrils about 10nm in diameter, using cross-links between lysine residue [START_REF] Sandberg | Elastin Structure, Biosynthesis, and Relation to Disease States[END_REF]. Microfibrils serve as a scaffold for the deposition of tropoelastin. The fibrils then form fibers of about 0.1-0.8µm. Depending on the function of the tissue, elastin fibers are grouped into a loosely woven network (Green et al., 2014) or a sheet (Ushiki, 2002).

Elastin is particularly studied because it contributes mainly to the ageing of tissues. Its synthesis is slowed down or even stopped after puberty, elastin fibers disappear in favor of more rigid collagen fibers. The tissues, like the skin, are then relaxed, with an increase in their rigidity and no longer return to their original state (Fachinelli et al., 2011;Green et al., 2014).

Elastin fibers operate in conjunction with collagen fibers but are not involved in the same processes. Elastin network intervenes under small deformations [START_REF] Roach | The reason for the shape of the distensibility curves of arteries[END_REF] and during tissue relaxation, to preserve the initial shape of the tissue (Weisbecker et al., 2013). In terms of mechanical properties, elastin fibers are about 1000 times softer than collagen fibers and can stretch 10 times more [START_REF] Gosline | Elastic proteins: biological roles and mechanical properties[END_REF].

Problematic

Abdominal hernia

The most common pathologies of the abdominal wall are hernias and eventrations (incisional hernias), also called ventral hernias. Inguinal and femoral hernias are excluded. These pathologies consist in a protrusion under the skin of a hernial sac formed by the peritoneum through a defect or a weakness in the abdominal wall. The hernia is formed from a natural orifice (umbilicus)

or from point of weakness whereas the eventration is formed from an acquired orifice such as a post-surgical operation scar. The natural overpressure of the abdominal cavity pushes the tissues progressively through the orifice towards the subcutaneous adipose tissues. The peritoneum then forms a bag in which parts of the small intestine and colon can settle (Fig. 1.8). Without complications, the hernia is painless and reducible. With a simple manual pressure, the bag can reintegrate the abdominal cavity. When standing and during effort (cough, physical exercise), the volume of the bag increases. It then decreases when sitting or lying down. However, once installed, the hernia can worsen. The particular arrangement of the bag and the viscera can be maintained by adhesions, which will facilitate the increase of volume and will prevent the reintegration of the bag in the cavity, it will then become irreducible or even strangled.

Abdominal viscera

Intestine

Large hernias are very painful and can cause ulcers, bowel obstructions and breathing problems.

Strangulation of the hernial sac can also cause obstruction of the blood flow, which leads to tissue necrosis. If the sac contains viscera, necrosis of the intestinal tissues can lead to severe complications, such as infection and sepsis.

To obtain reliable prevalence and incidence figures, it is necessary to establish classifications for hernias, in terms of size, location, antecedents and recurrences [START_REF] Chevrel | Classification of incisional hernias of the abdominal wall[END_REF][START_REF] Korenkov | Classification and surgical treatment of incisional hernia: Results of an experts' meeting[END_REF][START_REF] Kingsnorth | Hernias: Inguinal and incisional[END_REF][START_REF] Dietz | An alternative classification of incisional hernias enlisting morphology, body type and risk factors in the assessment of prognosis and tailoring of surgical technique[END_REF][START_REF] Muysoms | Classification of primary and incisional abdominal wall hernias[END_REF].

The purpose of classification systems is to standardize technical approaches, assess preoperative risks and compare different studies and their results. Primary hernias and incisional hernias are classified separately because they differ in terms of post-operative complications and patient characteristics, as demonstrated by [START_REF] Kroese | Primary and incisional ventral hernias are different in terms of patient characteristics and postoperative complications -A prospective cohort study of 4,565 patients[END_REF]. Primary hernias are classified according to two criteria: their location and size. Hernias can be small (hole diameter less than 2cm), medium (diameter between 2 and 4cm) and large (diameter greater than 4cm). Four distinct localizations are identified for the appearance of primary hernias: two midline (epigastric and umbilical) and two lateral (Spighelian and lumbar) (Fig. 1.9). 2009), adopted by the European Hernia Society. For midline (M) hernias, 5 areas are defined, between the xiphoid process, the pubic bone and the lateral margins of the rectus sheath. The borders of lateral (L) hernias area are defined as the costal margins to the inguinal region and the lateral margins of the rectus sheath to the lumbar region. 4 zones are defined on each side (Fig. 1.9). Size (length and width) is taken into account as well as recurrence. 3 sizes are used for classification: width less than 4 cm, less than 10 cm and equal or more than 10 cm.

M1

Several factors come into play when forming a primary or incisional hernia. For primary hernias, the genetic factor is predominant [START_REF] Kroese | Primary and incisional ventral hernias are different in terms of patient characteristics and postoperative complications -A prospective cohort study of 4,565 patients[END_REF] while incisional hernias appear to be related to a wound healing disorder. This healing defect may be related to the surgical technique (incision, material, type of suture) or to the patient himself. Aggravating factors have been identified: age, gender, the presence of concomitant pathologies (obesity, anaemia, diameter, connective tissue disorder) and the intake of exogenous toxins such as tobacco [START_REF] Knaapen | Abdominal wall defects: pathogenesis, prevention and repair[END_REF].

Hernia repairs

Surgery is the only solution to remove the hernia and close the created hole. The treatment can be performed either by closing the hernial hole with sutures or by placing a prosthesis or implant by laparatomy1 or laparoscopy2 . Surgical repair of ventral hernias, including both incisional and primary, represents a major challenge in many hospitals worldwide. Around 300 000 hernia repairs are performed annually in USA [START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF] and 100 000 in UK [START_REF] Kingsnorth | Hernias: Inguinal and incisional[END_REF], 75% for primary ventral hernias and 25% for incisional hernias [START_REF] Nguyen | Comparison of outcomes of synthetic mesh vs suture repair of elective primary ventral herniorrhaphy : A systematic review and meta-analysis[END_REF]. In recent years, it has been interesting to see the number of ventral hernias is increasing [START_REF] Dabbas | Frequency of abdominal wall hernias: is classical teaching out of date?[END_REF]. In the 1980s, ventral hernias accounted for 13% of every hernia repairs (including groin hernias). This number currently stands at 30%. [START_REF] Fink | Incisional hernia rate 3 years after midline laparotomy[END_REF] reported almost 22% of patients after midline laparatomy with an incisional hernia in the 3 following years, incisional hernia being the most common long-term complication after visceral surgery.

These values differ depending on the used repair method. The recurrence rate is estimated between 31 and 54% by Luijendijk et al. (2000) during a repair with sutures but decreases between 10 and 23% during the use of implants or meshes. This drastic decrease (Cassar and Munro, 2002) has favored the use of prosthetic meshes that strengthen the abdominal wall and minimize the risk of a return of a hernia or eventration that occurs during a fragile abdominal wall. In 1987, 34.2% of repairs were done with nets. In 1999, this rate jumped to 65.5% [START_REF] Flum | Have outcomes of incisional hernia repair improved with time? A population-based analysis[END_REF].

PROBLEMATIC

The prosthetic implant can be implanted at different levels of the abdominal wall (Fig. 1.10), the choice being most often dictated by the type of prosthesis and the surgeon's technicality. With the implementation of prostheses by laparatomy, the recurrence rate has decreased. However, this technique led to an increase in seroma1 formation and wound infections [START_REF] Nguyen | Comparison of outcomes of synthetic mesh vs suture repair of elective primary ventral herniorrhaphy : A systematic review and meta-analysis[END_REF].

Indeed laparatomy involves larger incisions and tissue dissections for implant placement. Due to these inconveniences, now surgeons tend to turn to laparascopic operations. Cassar and Munro (2002) shows that placing an implant by laparoscopy reduces the recurrence rate to about 9%.

Compared to an open mesh operation (or lararotomy), the pain is less severe because the operation does not require a wide opening leading to potential complications such as infections, which have an incidence of 12% [START_REF] Misra | Comparison of laparoscopic and open repair of incisional and primary ventral hernia: Results of a prospective randomized study[END_REF]. In addition, without extensive tissue dissection, hospital stays are reduced.

Figure 1.10: Nomenclature of the implantation of the mesh on the ventral abdominal wall [START_REF] Winkler | Übersicht Und Aktuelle Trends in Der Narbenhernienchirurgie[END_REF].

Three types of implants are currently being made: permanent synthetic implants, resorbable synthetic implants and biological implants (Deeken and Lake, 2017). The first type of implant historically, the synthetic implant, is woven from polypropylene, polyester or polytetrafluoroethylene.

After healing, they bond themselves to the abdominal wall and prevent the reopening of the hernial hole by distributing the tension over its entire surface. However, [START_REF] Klinge | Modified mesh for hernia repair that is adapted to the physiology of the abdominal wall[END_REF] has shown a stiffness that causes an inflammatory response, due to synthetic permanent mesh. Implants, which still guarantee sufficient integration, have therefore evolved to be better tolerated by the body, to become thinner or partially resorbable. Ideally, in order to guarantee a perfect implantation, it is recommended to build implants physiologically and mechanically equivalent to the abdominal wall, in order to be adapted to the stresses on the abdomen. With this in view, biological implants, based on animal tissue, are beginning to be used for hernia repairs.

Interests and challenges

The high prevalence of abdominal hernias, with its high recurrence rate, has a significant societal impact. The operations lead to considerable social costs and impairments [START_REF] Poulose | Epidemiology and cost of ventral hernia repair: Making the case for hernia research[END_REF]Gillion et al., 2016) and represent an important part of the activity of general surgeons. Despite numerous studies, no consensus could be found for the ideal method [START_REF] Nguyen | Comparison of outcomes of synthetic mesh vs suture repair of elective primary ventral herniorrhaphy : A systematic review and meta-analysis[END_REF][START_REF] Liang | Ventral hernia management: Expert consensus guided by systematic review[END_REF]. The methods vary from one surgeon to another and the consequences differ from one patient to another. These variations highlight the growing need for numerical bio-faith models of human organs and tissues, in order to develop more personalized care solutions, depending on the patient and/or surgeon. The numerical model for the patient could be used to select one method over another, depending on potential complications and the development of customized surgical tools.

One of the major challenges in the design of new implants for hernia repair is perfect biomimicry, for better integration into the human body. A thorough understanding of the mechanical behavior of the components of the abdominal wall and in particular the sheathing tissues as well as the connective tissues, is therefore necessary. The mechanical behavior of these structures is intrinsically linked to its microstructure. However, microstructural observations are very often realized from fixed materials (Axer et al., 2001a) or macroscopic observations. Three-dimensional knowledge correlated with mechanical tests is fundamental to understanding how fibers interact with each other.

Imaging connective tissues

To describe a tissue, a thorough knowledge of its structure or micro-structure is essential. The observation of its architecture is an important element in the diagnosis of pathologies and for its characterization. This section will briefly describe several techniques for observing biological tissues, from microscopic fiber to macroscopic tissue. Some imaging techniques allow in-vivo observation, while others require ex-vivo sampling. Some of the methods presented are also destructive while others are not. Particular attention will be paid to the biphotonic confocal microscope, which allows three-dimensional observation of tissues during mechanical loading.

Imaging techniques from fiber to tissue

Atomic force microscopy (AFM) is used to visualize the topography of the surface of a very small scale sample, in the order of the nanometer.
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This imaging technique has led to the direct characterization of collagen fibers [START_REF] Asgari | In vitro fibrillogenesis of tropocollagen type III in collagen type I affects its relative fibrillar topology and mechanics[END_REF] and elastin [START_REF] Yang | Mechanical properties of collagen firbils and elastic fibers explored by AFM[END_REF], in terms of morphological and mechanical properties (Fig. 1.11-A).

However, the characterization requires the isolation of the fibers and therefore does not allow to observe how the fibers interact with each other in the tissues.

To observe the tissue on a larger scale with a very high resolution, electron microscopy is regularly used, in particular transmission electronic microscopy (TEM) (Fig. 1.11-E) and scanning electronic microscopy (SEM) (Fig. 1.11-B). These observation techniques require special sample preparation, resisting to vacuum and electron beams. Samples are then fixed with formaldehyde solution and stained for observation [START_REF] Cohen | Comparison of collagen in the intact linea alba with that in midline abdominal scars: An electron microscopic study[END_REF]Wells et al., 2015). The colored fixation prevents the joint observation of several types of fibers. In addition, the tissues can no longer be tested mechanically a posteriori. [START_REF] Asgari | In vitro fibrillogenesis of tropocollagen type III in collagen type I affects its relative fibrillar topology and mechanics[END_REF], (B)-SEM of human linea alba showing moderate "waviness" of collagen bundles [START_REF] Cohen | Comparison of collagen in the intact linea alba with that in midline abdominal scars: An electron microscopic study[END_REF], (C)-T2-weighted DTI images of engineered cardiovascular tissues with colored fibers based on their orientations (red (x direction), green (y direction) and blue (z direction)) [START_REF] Ghazanfari | The evolution of collagen fiber orientation in engineered cardiovascular tissues visualized by diffusion tensor imaging[END_REF], (D)-Macroscopic observation of collagen fibers in a sample of anterior rectus sheath (Martins et al., 2012), (E)-TEM of strained bovine pericardium (Wells et al., 2015), (F)-Collagen (red) and elastin (green) fibers of human linea alba with biphotonic confocal microscopy (Levillain et al., 2016), (G)-SAXS patterns of native bovine pericardium for a 30% strip strain of a 25x25mm sample [START_REF] Liao | Molecular orientation of collagen in intact planar connective tissues under biaxial stretch[END_REF], (H)-Ultrasonographic transverse scan of the linea alba and the rectus muscles [START_REF] Beer | The normal width of the linea alba in nulliparous women[END_REF].

The biphotonic confocal microscope solves these issues. Its dual technology allows a three-dimensional observation of tissues with a separated display of collagen and elastin fibers (Fig. 1.11-F), without destructive damage to the sample. The sample is then imaged and mechanically tested. The fiber architecture at its microscopic level is therefore accessible (Levillain et al., 2016).

The orientation of the fibers in the connective tissue is an important element in the knowledge of the architecture of the tissue (Korenkov et al., 2001). Diffusion Tensor Imaging (DTI) is an imaging technique providing information on the directional anisotropy of water diffusion, using magnetic fields. Water diffusion is faster along the fibers than accross them [START_REF] Ghazanfari | The evolution of collagen fiber orientation in engineered cardiovascular tissues visualized by diffusion tensor imaging[END_REF]. The method therefore provides an evaluation of the orientation of the observed tissue fibers (Fig. 1.11-C). X-ray diffraction techniques [START_REF] Liao | Molecular orientation of collagen in intact planar connective tissues under biaxial stretch[END_REF], such as Small-Angle X-ray Scattering (SAXS)

provides the same type of information, on collagen orientations. From SAXS, the reorientation of collagen fibers during a stress can be observed (Fig. 1.11-G). These techniques are non-invasive but do not differentiate fibers. The resolution imaging ranges between 0.1 and 0.5 mm.

Finally, the biological tissue is observed in its entirety. Classically, macroscopic fibers are observed with the naked eye (Martins et al., 2012). However, elements of the tissue are not observable at this scale, such as elastin fibers (Fig. 1.11-D). The tissue can also be observed in-vivo on a larger scale, for example by ultrasound (Fig. 1.11-H) or MRI. These imaging techniques do not allow fiber differentiation but allow dynamic visualization (Tran et al., 2014), without necessary destruction or sampling of the tissue [START_REF] Beer | The normal width of the linea alba in nulliparous women[END_REF].

There are numerous methods of observing tissues and they are used according to the information required by the user. Depending on the technique, only the fiber or the entire tissue can be observed.

Some techniques allow in-vivo visualization while others allow the sample to be mechanically characterized. Literature therefore reports numerous mechanical tests coupled with microstructural observation, where the behavior of fibers is carefully studied for various tissues [START_REF] Jayyosi | Characterizing liver capsule microstructure via in situ bulge test coupled with multiphoton imaging[END_REF].

However, for abdominal wall connective tissues, only one study was performed on the linea alba, coupling mechanical characterization and microscopic observation (Levillain et al., 2016).

Confocal microscopy remains the most commonly used optical imaging method to image biological tissues, especially connective tissues. Elastin and collagen fibers can be observed without sample preparation and with a very good resolution, in a three-dimensional way.

Biphotonic confocal microscopy

The connective tissues of the abdominal wall are mostly made of collagen and elastin fibers. To achieve their three-dimensional arrangement and correlate it with mechanical behavior, only the biphotonic confocal microscope can be used.
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This type of microscope is frequently used because of its many advantages, detailed hereafter, using two types of excitation modes, excitation fluorescence and second harmonic generation.

Two-photon excitation

The principle of the multi-(bi)photonic microscope is based on the quasi-simultaneous emission of several-(two) photons of equivalent wavelength that will interact at the same time, thanks to a pulsed laser. Since the energy is inversely proportional to the wavelength, the combination of the energy of n photons of a given wavelength results in an effective excitation mimicking the absorption of a single photon of wavelength divided by n. For example, the absorption of two photons from a 900nm infrared laser mimics a 450nm excitation, corresponding to photon wavelengths in visible light. This phenomenon will result in a better penetration of the laser beam into the tissues than with a conventional confocal microscope. Infrared is less diffused by biological tissues, therefore thicker tissues can be imaged.

In addition, multiphotonic excitation induces better spatial resolution. The probability of absorption of two photons is very low. To increase the probability, the focal volume is confined to a very limited space thanks to the focusing of the pulsed laser. Statistically, the absorption of two photons can only be performed in the sample at the focal point, where the emitted photon density is at its highest. The probability of absorption of two photons and the resulting emission is very low outside this area, as observed in Fig. 1.12. This greatly limits the noise, coming from the excitation of the material out of focus, and significantly improves spatial resolution.

Single-photon Two-photons The focusing of the laser pulses is also responsible for the microscope's ability to provide threedimensional information. Just by moving the focal point within the depth of the sample, images are obtained at different depths and assembled into a three-dimensional image. However the depth of penetration is tissue-dependent.

Depending on the scattering properties of the considered tissue, the depths will not be the same: about 1mm for a lowly scattering tissue such as the cornea, about 100µm for a highly absorbent tissue such as the kidney [START_REF] Bancelin | Imagerie quantitative du collagène par génération de seconde harmonique[END_REF].

The restriction of the focal volume also drastically reduces tissue damage (photo-bleaching, phototoxicity, etc.). The emission is limited to the focal volume only, so tissue degradation is limited to this volume. Finally, since the stress imposed on the tissue is limited, the duration of image acquisition can be increased.

Fluorescence

Confocal microscopes are first based on fluorescence: a molecule absorbs one or more photons from electromagnetic radiation in its excitation spectrum and reaches an excited state, then emits a photon that gives the fluorescence signal to return to its initial energy level.

Fluorescence comes from chemical substances present in molecules called fluorophores [START_REF] Svoboda | Principles of Two-Photon Excitation Microscopy and Its Applications to Neuroscience[END_REF]. Collagen [START_REF] Fujimoto | Isolation and characterization of a fluorescent material in bovine achilles tendon collagen[END_REF] and elastin [START_REF] Deyl | Studies on the chemical nature of elastin fluorescence[END_REF] To differentiate the fibrillar components in connective tissues, the excitation wavelength is chosen as high as possible in order to detect mainly elastin signal, and collagen is marked with exogenous fluorophores, whose emission spectra differ from the previous ones. Type I collagen can also be detected by second harmonic generation, described in the next paragraph.
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Second harmonic generation

Second Harmonic Generation (SHG) imaging is a non-linear imaging technique: the signal results from the combination of two photons of the same wavelength into a photon of halved wavelength.

This phenomenon appears in parallel to fluorescence generation from photons absorption. The wavelength of the emitted photon is exactly half that of the incident photons. It is therefore possible to choose a wavelength, clearly distinct from the fluorophores emission spectra, in order to distinguish the components.

SHG is a coherent effect, which means that the spatial organization of molecules that can generate an SHG signal must be asymmetric. In case of symmetry, the harmonic waves generated by the molecules interfere negatively and annihilate the signal (Fig. 1.14). Signal can only be seen in sufficiently organized structures, such as collagen fibers [START_REF] Bancelin | Imagerie quantitative du collagène par génération de seconde harmonique[END_REF]. The signal is particularly significant for fibrillar collagen, as type I collagen, due to its molecular organization in triple helix.

Incident wave (ω) Emitted wave (2ω) Intensity With SHG signal, collagen can therefore be totally isolated, observable at a wavelength at exactly half the excitation wavelength. Collagen and elastin fibers are therefore totally differentiated in this way and are observable separately.

The use of the biphotonic confocal microscope, in addition to its many advantages such as threedimensional observation, is perfectly justified when trying to understand the micro-structural organization of fibrous elements in connective tissue. Furthermore, no prior preparation is necessary when the components to be observed are elastin and collagen. With a single sample, the three-dimensional structure of collagen and elastin can be analyzed. In addition, the biphotonic technology does not degrade the sample, which can be subjected to additional tests.

Continuum mechanical framework

Connective tissues, called soft tissues, are generally highly deformable and have a non-linear mechanical response (Chagnon et al., 2015). The characterization of such materials is carried out within the framework of hyperelasticity. Some recalls about the study of materials in the context of hyperelasticity and specific behavioral laws developed to model the mechanical behavior of connective tissues are presented afterward.

Kinematics of large deformations

Let Ω 0 be the fixed reference configuration of a continuous body of interest M, assumed to be stress-free, in Euclidean space E. Let Ω t be the current configuration at the time t of M.

The material point M of the material body M has the coordinates X = (X 1 , X 2 , X 3 ) in the reference configuration and x = (x 1 , x 2 , x 3 ) in the current configuration. Reference coordinates are called Lagrangian coordinates and current coordinates, Eulerian coordinates. The function Φ t : Ω 0 → R 3 describes, at t, the transformation of Ω 0 into Ω t under the action of a mechanical load (Fig. 1.15).

Ω 0 Ω t M 0 M X 1 X 2 X 3 x 1 x 2 x 3 Φ t e 1 e 2 e 3 E Figure 1.15: Transformation Φ t of Ω 0 into Ω t .
To characterize the mechanical actions of the transformation from Ω 0 into Ω t , the deformation gradient tensor F is introduced as:

F = ∂Φ t ∂X F ij = ∂Φ i t ∂X j = ∂x i ∂X j for i, j = [1, 2, 3] (1.1)
If dx is the infinitesimal displacement vector at material point M and dX at M 0 , then the transformation of the vector dx is expressed as:

dx = F dX (1.2)
Let u be the displacement vector from the reference configuration to the deformed one: u = M 0 M .
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The components of M are then defined, using the displacement vector as:

x i = X i + u i (1.3) Which brings to: ∂x i ∂X j = ∂X i ∂X j + ∂u i ∂X j (1.4)
The deformation gradient tensor F can then also be defined as:

F = I + ∇ X u (1.5)
with I, the unit tensor and ∇ X the gradient operator, with respect to X the Lagrangian coordinates.

The strain is given by the right Cauchy-Green deformations tensor C, as C = F T F ( T denotes transposition).

Behavior laws

The stresses are expressed with the Cauchy tensor σ, purely Eulerian, which is defined at the point M as:

σ(M ).n = f dS (1.6)
with f , the external surface force applied to an infinitesimal surface dS of normal n.

While external forces applied on the material are easily measurable, the infinitesimal cross-sectional element is much less quantifiable. The first Piola-Kirchhoff tensor τ is then introduced as:

τ (M 0 ).n 0 = f dS 0 (1.7)
with dS 0 an infinitesimal surface of the reference configuration of normal n 0 (Fig. 1.16).

Ω 0 Ω t Φ t dS 0 n 0 f 0 dS n f f Figure 1.16: Stresses measures.
Symmetrically, the second Piola-Kirchhoff tensor S, purely Lagrangian, can also be defined as:

S(M 0 ).n 0 = f 0 dS 0 (1.8)
with f 0 , the external surface force in the reference configuration applied to dS 0 .

The second principle of thermodynamics leads to Clausius-Duhem's inequality. In the case of a reversible isothermal adiabatic transformation, in a non-dissipative context, this inequality implies, in Lagrangian configuration, verifying the behavior law defined by the following equalities:

τ = ∂W ∂F (1.9)
with W, the strain energy density, also called hyper-elastic potential.

The Cauchy stress tensor and the second Piola-Kirchhoff tensor are expressed as:

σ = 1 det(F ) ∂W ∂F F T S = 2 ∂W ∂C (1.10)
with det(F ), the determinant of the tensor F .

Hyperelastic potentials

The literature offers many hyperelastic potentials to model the mechanical response of soft tissues (Chagnon et al., 2015;Wex et al., 2015). The forms and fields of application of these strain energy densities are very broad. The choice will be motivated by the material studied, the working hypotheses, the characterization test, etc. The most commonly used family of potentials is the family of invariant-based potentials.

The invariant-based potential was first defined for isotropic materials. For an initially isotropic material, the energy W is a function of the first three invariants of C (Rivlin, 1948):

I 1 = tr(C) I 2 = 1 2 I 2 1 -tr(C 2 ) I 3 = det(C) (1.11)
with tr(C), the trace of the tensor C. The first Piola-Kirchhoff tensor τ becomes:

τ = ∂W (I 1 , I 2 , I 3 )) ∂F (1.12)
After decomposition, τ is expressed as:

τ = 2 ∂W ∂I 1 F + ∂W ∂I 2 (I 1 F -F .C) + ∂W ∂I 3 I 3 F -T (1.13) 1.4. CONTINUUM MECHANICAL FRAMEWORK
The third invariant I 3 expresses the ratio of volumes between Eulerian and Lagrangian configurations. In the case of incompressible materials, there is no variation in volume: I 3 = 1. Then a Lagrangian multiplier p is introduced, assimilated to a hydrostatic pressure, such as:

τ = 2 ∂W ∂I 1 F + ∂W ∂I 2 (I 1 F -F .C) -pF -T (1.14)
Among the densities conventionally used for isotropic materials, are mentioned:

• a polynomial law (Yeoh, 1993):

W(I 1 ) = C 1 (I 1 -3) + C 2 (I 1 ) 2
• an exponential law [START_REF] Demiray | A note on the elasticity of soft biological tissues[END_REF]:

W(I 1 ) = C 1 C 2   exp C 2 2 (I1-3) -1  
Connective tissues, particularly those of the abdominal wall, exhibit an anisotropic behavior due to their fibrous architecture. The formalism of these invariants has therefore been extended for the modeling of anisotropic tissues (Holzapfel et al., 2000;Gasser et al., 2006;[START_REF] Yousefi | A new model of passive muscle tissue integrating Collagen Fibers: Consequences for muscle behavior analysis[END_REF].

The strain energy density is divided into two parts: an isotropic part to model the extracellular matrix (ECM) behavior and an anisotropic part related to oriented fibers families:

W = W iso + i W i aniso for i fibers directions (1.15)
Anisotropic density is dependent on the microstructure through directional invariants linked to the structure. Holzapfel et al. (2000) model is the most commonly used model to characterize anisotropic behavior:

W aniso = k 1 2k 2 i=4,6 exp c2(Ii-1) 2 -1 (1.16)
The microstructure is included through two new invariants, I 4 = tr(C.M ) and

I 6 = tr(C 2 .M ),
with M , the structure tensor built from the angle of one collagen fibers family. To take into account several orientations, it is sufficient to add several energy densities. This model includes families of fibers perfectly oriented in one direction, without taking into account dispersion. The models later developed [START_REF] Li | Modeling fibrous biological tissues with a general invariant that excludes compressed fibers[END_REF] integrated dispersion via orientation density factors (ODF).

In each direction of the three-dimensional space, the elementary stresses, deriving from the strain energy densities, are penalized according to the ODF, built from I 4 .

These models require a prior knowledge of the anisotropy of the material. The energy densities are built according to the determined anisotropy (for example, arteries). Parameters related to materials and architecture are then interdependent. Moreover, anisotropy is carried out under the stresses, so the non-linearity introduced by the model does not affect anisotropy, but only the isotropic deformation before penalization.

Aim of the thesis

Surgical repair of abdominal hernias is a major societal issue, due to its high occurrence and recurrence. It is therefore important to understand how to improve care solutions to reduce the recurrence rate. The connective tissues of the abdominal wall, the anterior and posterior rectus sheaths and the linea alba, are mainly involved in the sheathing of the aforementioned wall and are therefore involved in the formation of abdominal hernias. Consisting of an intertwining of collagen and elastin fibers, abdominal wall connective tissues have a relatively poorly studied microscopic structure and have never been fully mechanically characterized.

The literature review highlighted the very strong link between mechanical behavior and microstructure. The aim of this thesis is to study the correlation between the microscopic architecture of the constituent fibers and the macroscopic behavior of the connective tissues. Multi-scale tissue biomechanics will be studied by combining mechanical tests with three-dimensional microscopic observations obtained from a biphotonic confocal microscope and modeled using a histologically based constitutive behavior model.

Chapter 2

Macroscopic characterization

In this chapter, we investigate, from a macroscopic point of view, the differences between the mechanical properties of the linea alba and the anterior or posterior rectus sheaths. In the first part of the chapter, the protocols for sampling and testing are described. Mechanical properties of the abdominal wall connective tissues are then presented. Statistical analysis are performed to study the potential differences according to the gender, the location and the type of behavior.

Most of the results of this chapter have been published and can be found in the following reference: 

Introduction

Chapter 1 showed the importance and the role of the sheathing tissues of the abdominal wall. They provide stability for the muscles that perform essential physiological functions such as breathing and protecting the viscera from external injuries. However, they are in the front row during the formation of hernias. Fachinelli et al. (2011) raised the idea that they would be responsible for hernia because of the evolution of their modified collagen-elastin ratio. Moreover, despite their preponderant role in hernia occurrence, only few studies, reported in Table 2.1, have been published

on the mechanical behavior of the soft tissues constituting the abdominal wall (Rath et al., 1996;Gräßel et al., 2005;Förstemann et al., 2011;Martins et al., 2012;Ben Abdelounis et al., 2013;Cooney et al., 2016;Levillain et al., 2016) and most are limited to determining the ultimate stress and stretch (Rath et al., 1997;Korenkov et al., 2001;Hollinsky and Sandberg, 2007). For comparison purposes, it appears necessary to create a database of the mechanical properties of these tissues, to characterize their mechanical behavior, using the same protocol. In this chapter, the mechanical properties will be studied from a macroscopic point of view, without a priori on the anisotropy or the microscopic composition of tissues.

Tissues will be classified according to anatomical landmarks of the human body after sampling (Fig. 2.1): left and right with respect to the linea alba, epigastric and hypogastric with respect to the arcuate line.

First tissues will be studied in uniaxial tension following two directions, longitudinal and transverse, respectively aligned and perpendicular to the cranio-caudal axis. With statistical comparisons, heterogeneity, non-linearity and anisotropy will be demonstrated. Inter-and intra-individuals variations will be studied. In a second part, a third direction of sampling, diagonal according to the cranio-caudal axis, will be studied to more accurately identify the anisotropic nature of the tissues. The first part of this chapter has been published under the reference (Astruc et al., 2018) and is reproduced in full hereafter as Section 2.2.

Characterization of the anisotropic mechanical behavior of human abdominal wall connective tissues 1 Introduction

Abdominal wall hernia repair is one of the most common and frequent surgical operations performed in the world (Rutkow, 1997). Abdominal hernia is an abnormal protrusion of the abdominal cavity contents and/or pre-peritoneal fat through a defect or weakness in the abdominal wall. Treatment is commonly performed with sutures or prosthetic meshes. Unfortunately, a weakness of the incised wall can still be observed: incisional hernia recurrence rate after mesh repair surgery is close to 11% (Cassar and Munro, 2002) and the reoperative rate after the second repair goes up to 35% [START_REF] Flum | Have outcomes of incisional hernia repair improved with time? A population-based analysis[END_REF].
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To reduce complications associated with surgical mesh implants for abdominal hernia cure, research is moving towards the design of meshes mimicking the mechanical physiological behavior of healthy abdominal wall (Hernández-Gascón et al., 2011;Podwojewski et al., 2013). A thorough knowledge of the mechanical behavior of the soft connective tissues constituting abdominal wall is essential. The sheathing parts are the linea alba and the rectus sheaths, which are surrounding the rectus abdominis muscles, ensuring the stability of this system from the mechanical point of view (Axer et al., 2001b;Gräßel et al., 2005).

Despite their preponderant role in hernia occurrence (Cooney et al., 2016), only few studies have been published on the mechanical behavior of soft tissues constituting the abdominal wall and most are limited to determining the ultimate stress and stretch (Rath et al., 1997;Korenkov et al., 2001;Hollinsky and Sandberg, 2007). Linea alba is the most investigated tissue (Rath et al., 1996;Gräßel et al., 2005;Förstemann et al., 2011;Cooney et al., 2015Cooney et al., , 2016[START_REF] Cooney | The suture pullout characteristics of human and porcine linea alba[END_REF]Levillain et al., 2016). Authors

show an anisotropic and non-linear behavior. Rath et al. (1996) Regardless of the number of studies, there is very limited data reported on all abdominal wall sheathing parts from the same individual donor which prevents good understanding of the differences between these soft connective tissues.
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The aim of the proposed study was to investigate the inter and intra-individual differences between the mechanical properties of the linea alba and the anterior and posterior rectus sheaths from a macroscopic point of view, without assumption on microstructure. Full thickness anterior abdominal wall of eight cadavers of both genders were collected and studied. For every collected tissue, behavior and anisotropy was investigated. Heterogeneity and impact of location were questioned. A statistical analysis was performed to provide a better understanding of the mechanical behavior of the abdominal wall and the disparity of the sheathing tissues properties.

2 Materials and methods

Population studied

Eight cadavers were studied: 6 men and 2 women. Average age of male donors was 78 years old (SD: 8.3) and average body mass index (BMI) was 23 (SD: 3.0). Female donors were 83 and 94 years old with BMIs 25 and 22, respectively. Considering both male and female donors, average age was 80 (SD:

9.1) and average BMI 23 (SD: 2.7). Bodies were chosen carefully discarding those with abdominal or pelvic surgery or BMI lower than 19. They were embalmed with a solution of water (40%), methanol (40%), glycerin (14%) and phenol (6%). An internal study between fresh and embalmed cadavers, using protocol described in the present article, shown that glycerin does not alter mechanical properties of connective tissues, after a washing procedure with saline, as reported by [START_REF] Richters | Morphology of glycerol-preserved human cadaver skin[END_REF] and [START_REF] Steinke | Deformation behavior of the iliotibial tract under different states of fixation[END_REF]. The cadavers were dissected and studied at the Anatomical Laboratory of Lille CHRU. Each patient had consented prior to death to his cadaver being used for scientific and/or educational purposes according to the legislation in force.

Tissue collection and preparation of samples

Complete linea alba and anterior and posterior rectus sheaths were collected. Linea alba and anterior rectus sheath were carefully trimmed and larger bits of skin, fat and superficialis fascia were removed (Fig. 1-A). After removal of rectus abdominis muscle, posterior rectus sheaths were cleared from peritoneum and transversalis fascia and collected entirely above the arcuate line (Fig. 1-B). The structure below the arcuate line is not considered as sheathing tissue (Hollinsky and Sandberg, 2007), it is transversalis fascia (Wolloscheck et al., 2004). These tissues were divided into anatomical segments for inter-individual and intra-individual comparison. Four areas were defined: above and below the umbilical line (treated as the arcuate line) and the left and right hand-sides of the linea alba (Fig. 2).

Samples were frozen for conservation in saline at -20 Tissues were thawed nine hours before the tests in saline at room temperature. In this study, we focused on macroscopic behavior. For each defined area, several specimens were punched in two orientations: longitudinal and transverse according to cranio-caudal axis (Fig. 2), in agreement with literature (Rath et al., 1996(Rath et al., , 1997;;Gräßel et al., 2005;Hollinsky and Sandberg, 2007;Förstemann et al., 2011;Cooney et al., 2015Cooney et al., , 2016;;Levillain et al., 2016). Dog-bone shaped specimens were avoided because of the low availability of intact tissue and in order to not damage sample fibers (Cooney et al., 2016). In order to circumvent the classical expected shape and sample size limit, the representative size of the sample was determined with an iterating process developed in [START_REF] Morch | Experimental study of the mechanical behavior of an explanted mesh: The influence of healing[END_REF]. Dimensions of connective tissue were downsized until a change in mechanical properties was detected. During downsizing, mechanical properties appeared to be constant (Fig. 3), except for extremes dimensions. properties (E 0 tangent modulus for small deformations and E tangent modulus for large deformations) with statistical significant difference (p-value).

We opted for a specimen, with the widest possible region of interest, measuring 10 mm in width and 30 mm in length, with 15 mm between grids (Fig. 4-C).
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Despite the expected anisotropy of materials, Digital Image Correlation analysis revealed homogeneous displacement fields relevant for uniaxial loading.

Mean thickness for anterior rectus sheath was 0.73 mm (SD: 0.24), for posterior rectus sheath, 0.58 mm (SD: 0.18) and for linea alba, 1.97 (SD: 0.86). 

Mechanical testing and characterization

Uniaxial tensile tests were conducted on a transportable mechanical testing machine, Biotens (Fig. 4-A), developed for biological tissue characterization. Load was measured with a 100N load-cell and displacement was recorded with an internal sensor from the motor. For every specimen, the thickness was measured with a dial indicator, between two glass sides (Fig. 4-B) and the others dimensions were verified with a steel ruler. The specimens were placed with an initial distance between the jaws of 15 mm, in grips equipped with grids limiting slippage (Fig. 4-C).

Grids impact was compared to that of sutures (Levillain et al., 2016): 3 specimens of anterior rectus sheath were tested with grips with grids and 3 specimens sutured in grips with 3 stitches. During this grips evaluation, camera was used for a multiple spots tracking test to estimate sliding.

Sliding was revealed as negligible with grids as observed on stress-stretch responses on Fig. 5.

Quasi-static tensile tests were performed at constant speed of 5 mm.min -1 . Stretch, λ = l/l 0 , l being the current length and l 0 the initial one, and nominal stress, σ = F/S 0 (MPa), F being the measured force (N) and S 0 the initial cross section (mm 2 ), were computed. Nominal stress versus Stretch response was plotted and post-processed (Fig. 6). To limit any gripping effect on tissue (Cooney et al., 2015), a pre-stress of 0.02 MPa was applied, removing any potential slack and ensuring flatness and tautness.

The curve was no longer considered as soon as any damage was manifested as drop in stress. Connective tissues usually exhibit a non-linear hyper-elastic stress-strain response and abdominal tissues are assumed anisotropic according to literature (Gräßel et al., 2005;Hollinsky and Sandberg, 2007;Förstemann et al., 2011;Cooney et al., 2015). Biologic tissues are well modeled with a Yeoh-type second order potential (Yeoh, 1993;Jean-Charles et al., 2010) as:

W(F ) = C 1 (I 1 -3) + C 2 (I 1 -3) 2
with I 1 first invariant of transformation gradient F . However without knowledge of the structural nature of the anisotropy, a preconceived anisotropic model may lead to wrong conclusions. To describe the mechanical behavior without an a-priori based on a selected constitutive model taking into account the hyper-elasticity, behavior at small and large deformations were respectively studied with the tangent modulus E 0 at the origin and the tangent modulus E at ultimate stretch. Moreover, this behavior description is consistent with current literature, where tangent modulus is widely used (Rath et al., 1996;Gräßel et al., 2005;Ben Abdelounis et al., 2013;Deeken and Lake, 2017).
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Statistical analysis

For statistical comparisons, data were analyzed for significant differences using Python statistical functions from Scipy library. Kruskal-Wallis test followed by post hoc Mann-Whitney U test were performed, with a threshold of 5%. Kruskal-Wallis test is used for comparing two or more independent samples. In case of significant difference between populations, the groups were pairwise compared with Mann-Whitney U test. With a p-value lower than 0.05, groups were considered as significantly different. Median and interquartile ranges were determined to deal with non-normal distribution of results.

Results

Total of 398 mechanical tests were performed on eight chosen individuals. For each donor, samples from linea alba, anterior and posterior rectus sheaths in the two directions, longitudinal and transverse according to cranio-caudal axis, were selected.

Investigated tissue N

Behavior parameters The six groups were compared with Kruskal-Wallis test, for small and large deformations. High significant differences were found between behavior parameters at both small (p << 0.05) and large deformations (p << 0.05). Tissues need to be treated in smaller groups.

E 0 (MPa) E (MPa) C 1 (MPa) C 2 (MPa)
(E 0 , E , C 1 , C 2 )
Each group was then compared according to the gender (male or female). Except for the transverse linea alba for small (p = 0.008) and large deformations (p = 0.003), no statistically significant difference was noticed between male and female specimens. For transverse linea alba, female specimens were twice stiffer than male specimens.

Before constituting the 3 groups, linea alba, anterior and posterior rectus sheaths, regional variability needs to be controlled. Samples were separated according to 4 areas: epigastric and hypogastric samples and on the left and right hand-sides of the linea alba. Statistical comparisons depending on the location were performed on the behavior parameters for each orientation and each tissue. Samples from epigastric and hypogastric linea alba are not significantly different. Regarding the epigastric and hypogastric anterior rectus sheath, there is no significant difference for the transverse direction while there is significant difference in longitudinal direction (p << 0.05), with stiffer epigastric samples. Left and right hand-sides samples of the anterior and posterior rectus sheath are not statistically different except for transverse posterior RS samples for small deformations (p << 0.05) and transverse anterior RS samples for large deformations (p = 0.003), with left samples stiffer.

The statistical study, dealing with regional variability, leads us to consider that the 3 groups can be constituted and thus compared in statistical terms. Results are reported Table 2. For each direction of loading, longitudinal and transverse, the 3 tissues are compared with a Kruskal-Wallis test then confronted pairwise with a Mann-Whitney test.

Except for longitudinal samples of linea alba and posterior rectus sheath for small deformations, there are significant differences between each tissue. Linea alba, anterior et posterior rectus sheaths are significantly different from the statistical point of view.

Published in J Mech Behav Biomed Mater In literature (Förstemann et al., 2011;Ben Abdelounis et al., 2013;Cooney et al., 2016), abdominal connective tissues are reported to exhibit non-linear behavior. To verify non-linearity, the tangent modulus at small (E 0 ) and large deformations (E ) need to be confronted. In the case of linearity, the coefficients E 0 and E would be close. Comparative analysis, reported on the 3: Statistical comparison between the behavior parameters at small (E0) and large deformations (E) for linea alba, anterior and posterior rectus sheaths (RS) with two directions of loading (longitudinal and transverse).

To verify the anisotropic behavior hypothesis partially reported in the literature (Axer et al., 2001a;Gräßel et al., 2005;Hollinsky and Sandberg, 2007), the identified parameters, E 0 and E , of each direction of loading were tested from the statistical point of view. In the case of isotropy, the tangent modulus would be the same for each direction of loading.

Results in Table 4 showed significant differences between the studied directions. Transverse and longitudinal directions have tangent modulus, at small and large strain, significantly different from the statistical point of view, with a higher stiffness for the transverse direction. For linea alba samples, transverse direction is almost three times stiffer for small strains and four times stiffer for large strains, than longitudinal direction. For anterior rectus sheath samples, for small and large strains, transverse direction is five times stiffer.

For posterior rectus sheath samples, transverse direction is almost eleven times stiffer for small strains and nineteen times stiffer for large strains, than longitudinal direction.

Discussion

To our knowledge, this is the first time that behavior from every soft connective tissue of the abdominal wall, linea alba, anterior and posterior rectus sheaths, was characterized at the same time with the same testing conditions and protocol.

The first statistical comparisons showed differences between the six groups, defined according to the tissue and the loading directions, resulting in the need to divide and refine these groups.

Overall, there was no significant difference between male and female samples, except for transverse linea alba samples. This independence on the gender is consistent with the results of Rath et al. (1996Rath et al. ( , 1997) ) Hollinsky and Sandberg (2007) and Martins et al. (2012) who found no significant correlation for the rectus sheaths and linea alba. The exception reported about the transverse linea alba correlates with Axer et al. (2001a) and Gräßel et al. (2005), who found sex-dependent differences in the architecture of the linea alba, especially in the transverse direction. The female hypogastric linea alba had almost twice more transverse fibers than the male one. However, it is necessary to be cautious about these results given the limited number of specimens (6 men and 2 women). More experiments are needed with a higher number of individuals, to carry out more robust statistical comparisons about the genderdependency.

Four location areas were defined in order to compare regional variations: epigastric and hypogastric related to the umbilical line, left and right with respect to the linea alba.

Overall, there was no significant difference according to the location, with a few exceptions: epigastric and hypogastric samples of longitudinal anterior rectus sheath are statistically different, as well as right and left hand-sides samples of transverse anterior and posterior rectus sheaths. Regional variation of the mechanical properties is subject to conflicts in the literature.
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According to Hollinsky and Sandberg (2007), there is conservation of the rupture properties whatever is the location of the sample, while Rath et al. (1996) and Gräßel et al. (2005) attest the opposite for linea alba behavior parameters. Conservation of anterior and posterior rectus sheaths behavior parameters has never been studied. The noted exceptions are likely due to the experimental conditions. Cutting the sample with strictly the same orientation is challenging. Another bias is added due to the posterior rectus sheath. During the sampling, this layer is reached after the removal of the linea alba and the rectus abdominis muscle, suppressing all visual references like the vertical axis (the linea alba) and the horizontal axis (the umbilical line).

Despite the large dispersion of data, there are significant differences between each tissue, supported by the difference between median results: linea alba, anterior et posterior rectus sheaths can be considered heterogeneous and treated separately as three independent tissues. The behavior law will be tissuespecific.

For linea alba, previous experimental setups (Gräßel et al., 2005;Förstemann et al., 2011;Levillain et al., 2016;Cooney et al., 2016) results with an elastic modulus for small deformation between 0.33 and 0.75 MPa for longitudinal samples and between 0.72 and 2.93 MPa for transverse samples. Hence, our results for linea alba seem consistent with literature. Regarding the anterior rectus sheath, most of the studies (Martins et al., 2012;Ben Abdelounis et al., 2013) were performed according to the fibers direction, while individuals and location were varying. Therefore, results are difficult to compare. Moreover, only the hypogastric part was tested, the epigastric anterior rectus sheath behavior has never been characterized. The posterior rectus sheath behavior has also never been characterized.

The identified tangent modulus, E 0 and E, corresponding to the modulus in small and large deforma- Tensile tests in the 2 directions of loading highlight a highly anisotropic behavior, confirmed by statistical comparison between each orientation of loading. Longitudinal and transverse samples have a very different behavior for the linea alba, the anterior and the posterior rectus sheaths. This anisotropy is consistent with others studies (Gräßel et al., 2005;Hollinsky and Sandberg, 2007;Förstemann et al., 2011;Martins et al., 2012;Cooney et al., 2016;Levillain et al., 2016) highlighting a higher stiffness for the transverse direction compared to the longitudinal.

Moreover, this high level of anisotropy can explain the wide data spread and the reported regional variations: even a low deviation from the intended orientation during the sampling is very much manifested.

Depending on the tissues, especially for the linea alba, the number of samples was limited due to the limited size of the tissue. The statistical study therefore focused on all the data without distinction of donor. However, the independence of the samples can be questioned, just as the non-weighting of the number of tests according to the donor. A statistical study was therefore performed in parallel, with a median value for each donor. The same conclusions were drawn about gender dependence, regional variation, heterogeneity, non-linearity and anisotropy.

Finally we have characterized the entire abdominal wall sheathing tissues (linea alba, anterior and posterior rectus sheaths) and we have now access to all the mechanical properties (behavior and rupture), with the same testing conditions. Nevertheless this macroscopic study has highlighted large data dispersion. However, variabilities in the mechanical properties were shown according to the gender, the location, the tissue and the loading direction. By referring to morphological studies (Axer et al., 2001a;Gräßel et al., 2005), these same variations are found at the microscopic level. The stiffest tissue is posterior rectus sheath during transverse loading and microscopically, it is the tissue with the largest density of transverse fibers. Male linea alba mechanical behavior is not statistically different between epigastric and hypogastric samples. Microscopically, fibers distribution seems to correlate. Female linea alba mechanical behavior is significantly different between epigastric and hypogastric samples, as much as fibers distribution. Korenkov et al. (2001) already has linked fibers density and mechanical behavior and Levillain et al. (2016) demonstrated the relationships between microstructure and behavior of the linea alba. Therefore, it is necessary to add fibers orientation of each sheathing tissue to minimize data dispersion. It would be interesting to observe microscopically the microstructure in order to link it to local mechanical behavior. A microscopic observation will also contribute to a better control of the sampling.
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Conclusion

All the sheathing connective tissues of the human abdominal wall, linea alba, and the anterior and posterior rectus sheaths, mechanical responses were characterized in this study with the same protocol, under uniaxial stretching. Six male and 2 female bodies were studied. The gender-dependency was not fully confirmed; a greater number of individuals need to be tested in order to be conclusive. Samples were randomly selected in different location or direction of loading, to highlight the variation of the mechanical properties. Our results confirm the 3 tissues are heterogeneous and non-linear under small and large deformations. The high anisotropy was demonstrated for the 3 tissues under small and large deformations.

However, this study also points out shortcomings, especially the wide data dispersion. These results provide a better understanding of the mechanical behavior of all abdominal wall sheathing tissues as well as the directions for future research. Relationship between fibers orientation and mechanical behavior will be investigated in order to develop a histologically-based anisotropic constitutive model. Podwojewski, F., Otténio, M., Beillas, P., Guérin, G., Turquier, F., Mitton, D., 2013. Mechanical response of animal abdominal walls in vitro: Evaluation of the influence of a hernia defect and a repair with a mesh implanted intraperitoneally. Journal of Biomechanics 46 (3), 561-566.

Rath, A. M., Attali, P., Dumas, J. L., Goldlust, D., Zhang, J., Chevrel, J. P., 1996. The abdominal linea alba: an anatomo-radiologic and biomechanical study. Surgical and radiologic anatomy : SRA 18 (4), 281-288.

Rath, A. M., Zhang, J., Chevrel, J. P., 1997. The sheath of the rectus abdominis muscle: an anatomical and biomechanical study. Hernia 1 (3), 139-142. 

Additional results

Oblique samples and anisotropy

Usually, to study the anisotropic behavior of materials, particularly composites materials, three loadings directions are chosen to highlight the stiffness. A third direction of loading, oblique, i.e.

45

• related to the linea alba, was therefore studied in order to complete the study previously carried out.

From the 8 corps previously studied, 187 uniaxial tensile tests were performed under the same conditions and post-treated. The results are shown on Table 2.2. The anterior sheath appears to be the stiffest tissue, under small and large deformations.

Investigated tissue N

Behavior parameters (1993) parameters for oblique samples.

E 0 (MPa) E (MPa) C 1 (MPa) C 2 (MPa)
The most interesting results are the interquartile range, showing the dispersion of the results. The data dispersion highly increases during this experimental phase. We have previously highlighted the difficulty of accurately cutting samples, which could lead to significant variations of the mechanical properties.

In addition to the difficulties of sampling, dispersion could also be attributed to other factors. It is quite unexpected to see that between two individuals, samples taken in the same anatomical region in three directions can show different stiffness distribution. Fig. 2.2 shows two such different distributions of stress-stretch responses: for the first individual, the response to loading at 0 • is the stiffest while for the second individual, the response to loading at 45 • is the stiffest. Moreover, the maximum of stress in every direction is also completely different. Samples were collected from the same anatomical site, yet the profile of the responses to loading is not equivalent. To understand such difference, observation of the microstructures must be performed to see if it might be at the origin of such differences. 

The need of microscopic considerations

The huge variation of the mechanical properties (more than 250% for the anterior sheath in large deformations for oblique samples) suggests a variation of the microscopic characteristics. The fibers of the anterior sheath are mostly oblique (Axer et al., 2001b). However, a simple variation in fibers orientation can lead to a very different mechanical behavior.

Assuming that the mechanical behavior is entirely driven by the fibers architecture (Korenkov et al., 2001;Gräßel et al., 2005), a load in the fibers direction would give a stiffest response than a load in a different direction. Without a priori on the form of the model, fictitious load responses can be illustrated, as in Fig. 2.3 (for further details, cf. Chapter 5). To obtain the stiffest load in 45 • direction, the fibers must be close to 45 • orientation. A priori if their orientation are lower than 22.5 • fibers will much contribute to the 0 • response make it being stiffer than 45 • .

It therefore appears necessary to know precisely the main orientation of the fibers in order to correlate them with mechanical results.

Conclusion

This macroscopic study has highlighted large data dispersion. Variations of the mechanical properties were shown according to the gender, the location, the tissue and the loading direction. When referring to morphological studies (Axer et al., 2001a;Gräßel et al., 2005), these same variations are found at the microscopic level.

From the macroscopic point of view, the posterior rectus sheath is the stiffest during loading. In addition, from a microscopic point of view, it has the largest density of transverse fibers (Axer et al., 2001a). Male linea alba mechanical behavior is not statistically different between epigastric and hypogastric samples. Microscopically, fibers distribution seems to correlate. Female linea alba mechanical behavior is significantly different between epigastric and hypogastric samples, as well as the fibers distributions at these locations (Gräßel et al., 2005). Korenkov et al. (2001) has already linked fibers density and mechanical behavior. Furthermore Levillain et al. (2016) demonstrated the relationships between the microstructure and the mechanical behavior of the linea alba. Therefore, fibers orientation of each sheathing tissue should be studied to understand data dispersion. It would be interesting to observe the microstructure of the tissues to link it to their local mechanical behavior.

An efficient method for determining the multi-scale anisotropy of a three-dimensional image

Introduction

In order to satisfy a growing demand for patient-specific care, patient-specific constitutive models are more and more required. The challenge is to build mechanical behavior models incorporating patient-specific tissue properties that might be identified by imaging, inducing a growth of mechanics and imaging dependency. Such micro-structural or histologically based models will then lead to a prediction of the mechanical behavior specific to the observed tissue and may lead to a more complete diagnosis and to the choice of the most appropriate therapeutic solution.

Submitted in Med Image Anal CHAPTER 3. METHOD FOR THE ANALYSIS OF THE ANISOTROPY Many imaging instruments are used to quantify the properties of human tissues: elastography to quantify the properties of muscle fibers [START_REF] Bensamoun | Determination of thigh muscle stiffness using magnetic resonance elastography[END_REF] non-invasively [START_REF] Manduca | Magnetic resonance elastography: Non-invasive mapping of tissue elasticity[END_REF], ultrasound waves to determine the elastic properties of bones [START_REF] Pithioux | An alternative ultrasonic method for measuring the elastic properties of cortical bone[END_REF] or cardiac left ventricle [START_REF] Bonnet | Noninvasive evaluation of left ventricular elastance according to pressure-volume curves modeling in arterial hypertension[END_REF], optical coherency tomography (OCT) to characterize human skin in vivo in a non-destructive way [START_REF] Welzel | Optical coherence tomography of the human skin[END_REF], magnetic resonance imaging (MRI) to identify the mechanical properties of internal tissues [START_REF] Xi | The estimation of patient-specific cardiac diastolic functions from clinical measurements[END_REF][START_REF] Mîra | A biomechanical breast model evaluated with respect to MRI data collected in three different positions[END_REF][START_REF] Mayeur | Patient-Specific Simulation: Non-Destructive Identification Method for Soft Tissue Under Large Strain: Application to Pelvic System[END_REF], synchrotron Small-Angle X-ray Scattering (SAXS) to determine collagen fibrils characteristics (Wells et al., 2015) and biphotonic confocal microscope which allows very fine observation of tissues and differentiation of constituent fibers (Levillain et al., 2016).

Particular attention is paid to connective or collageneous tissues, which are major components of the soft sheathing structures of the human body (Kadler et al., 2007). These tissues have a very specific and often anisotropic architecture, which can be directly related to their mechanical behavior (Korenkov et al., 2001). Image analysis therefore provides a mean of determining this architecture and tissue histological parameters that can feed microstructurally based anisotropic models. From image analysis, the volume fraction of the components such as the ratio of elastin and collagen is accessible. It has been done on pelvic tissues (de Landsheere et al., 2016). The orientation of the fibers, in anisotropic case, can also be determined and applied directly to fibers models (Holzapfel et al., 2000). However, the orientation of the fibers is not sufficient to characterize the anisotropic mechanical behavior: two tissues with the same dominant orientation do not necessarily have the same mechanical properties.

Fiber dispersion, also called fiber disorientation rate or concentration parameter (Alastrué et al., 2010), is also required to determine the complete histological composition of soft tissue. This parameter is directly related to the anisotropy of the tissue. In the case of isotropic tissue, the fibers orientation is dispersed and no predominant orientation can be detected. On the contrary, for anisotropic tissue, fibers are rather orientated along a preferred direction.

Anisotropy, if detected and analyzed, will lead to introduce two topological parameters, the predominant orientation and the dispersion rate (Rao and Schunck, 1991). Two main families of mechanical constitutive models use these parameters: generalized structure tensor (GST) models and micro-sphere models. In the first case [START_REF] Holzapfel | On Fiber Dispersion Models: Exclusion of Compressed Fibers and Spurious Model Comparisons[END_REF], a concentration parameter is calculated from a structure tensor determined by image analysis and applied to an invariant based model. In the second case [START_REF] Lanir | Constitutive equations for fibrous connective tissues[END_REF]Sáez et al., 2016), a directional approach is used. In each direction of the unit sphere representing the material, an orientation density factor (ODF) is provided (Rathi et al., 2009). ODF is materialized by an exponential function describing the anisotropy of the material and applied to the sphere. In both cases, the topological parameters determined by image analysis are linked to the models via parameterized functions.

The anisotropy topological parameters can be determined from the texture analysis of the studied material (Witz et al., 2008;[START_REF] Depeursinge | Three-dimensional solid texture analysis in biomedical imaging: Review and opportunities[END_REF] to link texture and mechanical behavior.

Submitted in Med Image Anal

INTRODUCTION

Currently, two main groups of local structure analysis algorithms are applied: gradient-based methods [START_REF] Conclusion Kaas | Analysing oriented patters[END_REF] and structure tensor methods (Knutsson, 1989). Other methods, based on the spectral analysis of Fourier transforms [START_REF] Sivaguru | Quantitative analysis of collagen fiber organization in injured tendons using Fourier transformsecond harmonic generation imaging[END_REF] or morphological transformations to identify basic forms of known orientations [START_REF] Ni Annaidh | Automated Estimation of Collagen Fibre Dispersion in the Dermis and its Contribution to the Anisotropic Behaviour of Skin[END_REF] are also found. However, the latter will not be discussed here in view of the strong influence of unanimously recognized methods, based on derivatives of image gradients. Usable in 3D, but more often in 2D [START_REF] Rezakhaniha | Experimental investigation of collagen waviness and orientation in the arterial adventitia using confocal laser scanning microscopy[END_REF][START_REF] Boudaoud | FibrilTool , an ImageJ plug-in to quantify fibrillar structures in raw microscopy images[END_REF] for computational time reasons, the gradient-based and structure tensor-based methods allow to study the structures of textured materials like composite materials (Bergonnier et al., 2005;[START_REF] Pinter | Comparison and error estimation of 3D fibre orientation analysis of computed tomography image data for fibre reinforced composites[END_REF] and biological materials, such as skin [START_REF] Ni Annaidh | Automated Estimation of Collagen Fibre Dispersion in the Dermis and its Contribution to the Anisotropic Behaviour of Skin[END_REF][START_REF] Wieclaw | Gradient based fingerprint orientation field estimation[END_REF] or internal connective tissues [START_REF] Daniels | Quantification of Collagen Orientation in 3D Engineered Tissue[END_REF][START_REF] Bancelin | Determination of collagen fiber orientation in histological slides using Mueller microscopy and validation by second harmonic generation imaging[END_REF][START_REF] Moreno | Gradient-based enhancement of tubular structures in medical images[END_REF].

Both gradient and structure tensor methods are based on convolutions applied to the grayscale gradients of 2D and/or 3D images, that perform filter operations for several purposes: noise-free images, selecting characteristic lengths [START_REF] Boukerroui | On the selection of band-pass quadrature filters[END_REF] and averaging local results to obtain more global characteristics. Several algorithms have then been improved with the use of an anisotropic Gaussian filter [START_REF] Wirjadi | Applications of anisotropic image filters for computing 2D and 3D-fiber orientations[END_REF] or higher order derivative tensors [START_REF] Daniels | Quantification of Collagen Orientation in 3D Engineered Tissue[END_REF]. At each point of the image (a pixel for 2D image and a voxel for 3D image), algorithms estimate the local orientation and its organization, by means of convolutions and, in the case of tensor-based methods, diagonalizations. These operations are very time-and memory-consuming and require powerful computing machines. It could be helpful to simplify these operations and accelerate the analysis without lowering or losing information to make those methods as relevant and accessible as possible for 3D

images analyses.

This paper aims at proposing an improved structure tensor method, with reduced time of computation, for 3D image analysis. In a first part of the proposed study, existing algorithms for determining orientations and disorientations will be presented as well as a method to reduce the time of computation without degrading the quality of the information. In a second part, the algorithms will be applied as a step of validation to synthetic images to compare accuracy and efficiency of the methods and then applied to real images, obtained during observations of connective tissue of rectus abdominal sheath with a confocal microscope. Finally, conclusions will complete this paper.

Algorithms for the analysis of the local anisotropy structure

To determine the local orientation and the disorientation rate, three methods are compared: the gradient method with numerical derivatives, the widely used structure tensor method and the proposed simplified method. In the first part, the methods for determining the orientations are presented, followed by the method to estimate the anisotropy amplitude, i.e. the fibers disorientation rate.
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In the last part, a method for visualizing the spatial orientations correlated to anisotropy is presented.

Orientation

The instantaneous spatial variation of a function is obtained by directional derivatives of the considered function. This concept is directly applied to image analysis and in particular to the quantification of orientations. In a 3D image I, defined in a reference frame ( -→ x , -→ y , -→ z ), each voxel is characterized with a gray-scale level, as a function of the spatial variables, x, y and z. Partial derivatives, I x , I y and I z , are then the directional change in the intensity in I, represented by a vector pointing in the direction of largest intensity increase for the three spatial directions ( -→ x , -→ y , -→ z ). Local spatial orientations are determined as an orthogonal vector to gradient vector with coordinates (I x , I y , I z ). The orientations in the plan ( -→ x , -→ y ) are expressed with θ and the non-planar orientations with ϕ (Fig. 1) as:

θ = π 2 -tan -1 I y I x ϕ = π 2 -tan -1   I z I x 2 + I y 2   (1) y → → x → z θ φ
Figure 1: Representation of the axes -→ x , -→ y and -→ z and the orientations θ and ϕ for a 3D image I.

Gradient method

Orientations are determined numerically from the image gradients. Gradients are computed using second order accurate central differences method [START_REF] Abramowitz | Numerical interpolation, differentiation and integration[END_REF], implemented in the Numpy Python library [START_REF] Oliphant | NumPy: A guide to NumPy[END_REF]. This method illustrates the noise sensitivity of analytical images and the impact of filter operations applied in the following methods. At each point of the image, the spatial orientations (θ,ϕ) are obtained from the numerical gradients of the image with Eq. (1).

Structure tensor method

To estimate the local spatial orientation of an image, the method using the structure tensor is widely recognized (Krause et al., 2010;Knutsson et al., 2011). This method is used in this study for qualitative and quantitative comparisons.

Submitted in Med Image Anal

ALGORITHMS FOR THE ANALYSIS OT THE LOCAL ANISOTROPY STRUCTURE

At each pixel or voxel of a 2D or 3D image, a matrix S describing the local orientation is obtained by the outer product of the local grayscale gradients of the image I convoluted with a window function w (Weisstein, 1999a) such as:

S w (I) =      w(I 2 x ) w(I x I y ) w(I x I z ) w(I x I y ) w(I 2 y ) w(I y I z ) w(I x I z ) w(I y I z ) w(I 2 z )      ( - → x , - → y , - → z ) (2) 
Conventionally, the chosen window function w is a Gaussian function G(σ) with σ, the standard deviation [START_REF] Weisstein | Gaussian Function. From MathWorld-A Wolfram Web Resource[END_REF], chosen by the user according to the desired observation scale.

Real images are often noisy and discretized: images are discontinuous grayscale functions. Partial derivatives of I with respect to the spatial variables, I x , I y and I z , are therefore discontinuous. In addition, to obtain information on a dominant orientation, it is necessary to carry out an average over a neighborhood, to provide consistency and continuity in the gradients.

Convolution with a Gaussian function allows both actions to be performed. It is regularly used in image processing for noise reduction and produces a weighted average of a neighborhood defined by σ, the Gaussian function standard deviation, around the considered voxel (ou pixel). This filter operation is called a Gaussian filtering.

The eigenvalues and vectors are obtained by diagonalizing the tensor S w and provide an estimation of the grayscale variations (λ 1 , λ 2 , λ 3 ) in the three directions of the base ( -→ v 1 , -→ v 2 , -→ v 3 ) for the considered voxel (or pixel) at the neighborhood center (Fig. 2):

S w (I) = diag(λ 1 , λ 2 , λ 3 ) ( - → v1, - → v2, - → v3) 
(3) The diagonalization step is realized with Numpy Python library [START_REF] Oliphant | NumPy: A guide to NumPy[END_REF]. In case of equality of the eigenvalues, the neighborhood is considered isotropic, the variations in grey levels are similar in every directions.

λ 3 V 3 x y z φ λ 2 V 1 λ 1 θ V 2
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In case of differences, the neighborhood is anisotropic, with a dominant orientation, expressed with (θ, ϕ), orthogonal to the vector -

→ v i = v ix , v iy , v iz ( - → x , - → y , - → z ) associated with the highest eigenvalue λ i : θ = π 2 -tan -1 v iy v ix ϕ = π 2 -tan -1 v iz v ix 2 + v iy 2
(4)

2.1.3 Simplified proposed approach: structure tensor-based method

In the previous method, the most time-consuming step in the calculation is the diagonalization of the tensor for each voxel. Due to its shape after the convolution with the function w, the tensor is diagonalized with three independent eigenvalues, whose expressions are not analytically reachable. The larger the image size, the heaviest this step is and the most difficult it becomes to perform on standard computers. The aim of the simplification is to speed up the process without losing the quantitative and qualitative outcomes.

Distributivity To maintain particularity in the matrix while performing convolution operations for averaging and smoothing purposes, the convolution step is performed directly on the gradients and not on the terms of the gradients outer product. An approximation is made on the distributivity of the window function w:

w(I α I β ) ∼ w(I α )w(I β ) for α, β = [x, y, z] (5) 
The structure tensor S w becomes:

S w (I) =      (w(I x )) 2 w(I x )w(I y ) w(I x )w(I z ) w(I x )w(I y ) (w(I y )) 2 w(I y )w(I z ) w(I x )w(I z ) w(I y )w(I z ) (w(I z )) 2      ( - → x , - → y , - → z ) (6) 
With this approximation, S w remains particular and the diagonalization is directly analytically achieved as a double a double eigenvalue being null and an eigenvalue λ. The non-zero eigenvalue, λ, is carried by the vector -→ v :

λ = w(I x ) 2 + w(I y ) 2 + w(I z ) 2 - → v = 1 √ λ (w(I x ), w(I y ), w(I z )) ( - → x , - → y , - → z ) (7)
The spatial orientation is determined in terms of spherical angles, in the same way as previously with partial derivatives, as:

θ = π 2 -tan -1 w(I y ) w(I x ) ϕ = π 2 -tan -1 w(I z ) w(I x ) 2 + w(I y ) 2 (8)
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The diagonalization of the tensor, which was for the classical approach the most time-consuming step, is suppressed and only 3 convolutions are required to determine the orientations.

Filters The convolutions with the window function have two objectives: first to select the desired characteristic length and second to remove noise in order to smooth the resulting orientations on a specified ROI. This double action, operated by the same type of function, here the Gaussian function G(σ), presents some limitations: the upstream use of a reduced window to select small characteristic lengths combined with the selection of a larger window on image derivatives might cause distortion of the image structures. In addition, depending on the noise present in the image, other filters are more efficient: the Median filter is particularly effective on impulse (salt&pepper) noise for example. The images on which this study is based are subject to impulse noise, due to the over-or under-saturation of pixels. We will therefore use a Median kernel M (σ) with a bandwidth σ.

Gaussian and Median filtering will help separately to achieve the two objectives of the convolutions.

The Gaussian filter is used to initially select the characteristic lengths in the raw image, using differences of Gaussians (DoG) [START_REF] Marr | Theory of edge detection[END_REF]. The DoG acts as a bandpass filter to sift through interesting lengths. The Median kernel is then convoluted with the gradients of the image, to reduce noise and take into account the neighborhood around the considered point.

Thereafter, convolution will be performed independently with a Gaussian filter and a Median filter on images, to quantify the effect of the filters. The proposed simplified method is light enough to allow comparisons with several filters.

Disorientation

The disorientation rate is a fundamental data for analyzing and discriminating situations. The dominant orientation alone cannot be used. An isotropic region has no particular orientation. So, in this case, the orientation analysis defines an orientation that will not be relevant. In contrast the orientation of a very thin fiber, from an anisotropic region will have a significant impact. It is therefore necessary to quantify the degree of anisotropy in the image to highlight anisotropic regions.

Thanks to the work performed in diffusion imaging [START_REF] Westin | Processing and visualization for diffusion tensor MRI[END_REF][START_REF] Basser | Microstructural and physiological features of tissues elucidated by quantitative-diffusion-tensor MRI[END_REF], a structural invariant is constructed from the eigenvalues λ i , obtained by diagonalizing the structure tensor S w , defined in Eq. ( 2). The eigenvalues and associated eigenvectors -→ v i can be represented by an oriented ellipsoid whose eccentricity can be determined. This invariant, based on the determination of the eccentricity of the ellipsoid normalizes the values of the eigenvalues, while eliminating any influence due to variations in brightness in the grayscale of the image.
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This ratio, called fractional anisotropy F A, is defined by:

F A = 1 2 (λ 1 -λ 2 ) 2 + (λ 2 -λ 3 ) 2 + (λ 3 -λ 1 ) 2 λ 2 1 + λ 2 2 + λ 2 3 = 1 2 3 - tr(S w ) 2 tr(S w 2 ) (9)
A value close to zero corresponds to an isotropic material, with fully disoriented fibers, while a value close to one corresponds to an anisotropic material, with fully oriented fibers. Graphically, the orientations and the disorientation rate can be represented by a spheroid or revolution ellipsoid, whose large radius is equal to 1 and whose small radius is equal to 1 -F A. An isotropic material corresponds to the unit sphere and a very anisotropic material to a very thin ellipsoid (Fig. 3). The diagonalization step is not necessary here, F A is an invariant and can therefore be determined on the initial matrix, before diagonalization. Six convolutions are therefore required for the calculation of the two traces.

V 3 x y z V 1 V 2 1-FA 1 1-FA Figure 3
: Spatial representation of the anisotropic revolution ellipsoid, oriented along the eigenvector carrying the largest eigenvalue, with its major axis equal to 1 and its minor axis equal to the disorientation rate, 1 -F A.

This invariant is not significant with our proposed method and more generally for gradients methods.

By construction the FA would always be equal to 1 because: tr(S w ) 2 = tr(S w 2 ).

A hybrid method is therefore used, involving the simplified method to determine the orientations and the structure tensor method for determining the fractional anisotropy (or disorientations rate).

Afterwards, the results of this hybrid method will be compared with the results of the traditional structure tensor method, in terms of efficiency, accuracy and time saving.

Anisotropy is characterized by a spatial orientation (θ,ϕ) and an anisotropy amplitude (or fractional anisotropy), F A, between 0 and 1, indicating the disorientation rate of the fibers, such as 1 -F A.

For each voxel (or pixel) of the image, structural information is available in the form of an oriented revolution ellipsoid.

Representation of spatial orientation and disorientation

Two topological parameters are determined for each voxel of the image: the spatial orientation (θ,ϕ)

and the anisotropy rate F A, called fractional anisotropy.
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To obtain a representation of the structure, a 2D histogram is built from the angle distributions. For each pair of angles, the anisotropy amplitudes F A are added. The main spatial orientations, which correspond to a high anisotropy rate (close to 1) are apparent, as observed in Fig. 4. A transversely isotropic material whose axis of symmetry is -→ z is represented by a bar.

If the axis of symmetry is in the plane ( -→ x , -→ y ), the anisotropy displays a circle. This map can be assimilated to the previously mentioned ODFs. For each spatial orientation, the orientation density is given. In addition to the graphical representation, statistical values over the entire image can be derived from the anisotropy map. The main orientation is the orientation with the highest amplitude. Concerning the rate of disorientation, it corresponds to the dispersion around the main orientation and can be determined according to the dispersion of the resulting image. It is not a straightforward matter to choose a single value to describe the image. In this study, we chose arbitrarily the 75 th percentile P 75 to describe the amplitude anisotropy such as: F A = 1 -P 75.

Evaluation of the methods

In this section, we will study the relevance and the accuracy of the methods introduced in the previous section, first on controlled synthetic images and then on real images from microscopic observations of human anterior rectus sheath samples.
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Application on synthetic images

Production of synthetic images

To estimate the effectiveness of local structure analysis algorithms, two synthetic images are created as combinations of sinusoidal functions.

The knowledge of the function at each point of the image provides, with Eq. ( 1), an analytical expressions of the orientations of the image.

A B The first image presents slightly wavy striations (Fig. 5-A). The image is designed to highlight two orientations in the plane (x,y) of different ranges and two orientations in the thickness. It is built as:

I 1 = 5 2 cos 50 √ 3 2 X + 1 2 Y + cos 50 1 2 X + √ 3 2 Y with X = x(1 + Z) and Y = y(1 + Z) and Z = 1 + 3z 10π for x ∈ [0, π] , y ∈ [0, π] , z ∈ [0, π] (10) 
Different noises are added to the images in order to be more representative of real images and to study the noise impact on the analyses. The most commonly observed noises are white noise (also called Gaussian noise) and impulse noise (also called salt&pepper noise) as illustrated on 2D images in Fig. 6. 

EVALUATION OF THE METHODS

The second image is a sum of three sinusoidal functions of different frequencies (Fig. 5-B). Similar to real images, three reading scales are possible with three different orientations. The frequency selection was dictated by the requirement to reflect the characteristic frequencies or lengths observable on the studied real images.

It is built as is:

I 2 = cos (2 (x + 2y 
)) + cos 25 4π 9

x + π 18 y + cos (50 (2x + y)) The image is therefore composed of three different orientations (Fig. 7). Depending on the operator's choice, each frequency must be reachable in order to determine its local structure.

for x ∈ [0, π] , y ∈ [0, π] , z ∈ [0, π] (11) 

Synthetic images analysis

Each image is analyzed using the methods previously described:

-gradient method, -structure tensor (ST) method, -simplified method -with a Gaussian kernel, equivalent to a Gaussian filter (GF),

-with a Median kernel, equivalent to a Median filter (MF).

For convenience, anisotropy maps are not displayed. Instead, 1D histograms are built in the same way for planar orientation θ and non-planar orientation ϕ.

Submitted in Med Image Anal CHAPTER 3. METHOD FOR THE ANALYSIS OF THE ANISOTROPY For each method using a window function w(σ), tests are performed with a large range of bandwidth (σ ∈ [0.01, 10]). Only the best occurrence is reported on the article.

Spatial orientations

Orientation determination methods are tested on the first synthetic image, without noise (Fig. 6-A).

Analytically four directions are mainly identified: θ = (12.5 • , 38 • ) and ϕ = (84 • , 95 • ). The results of the methods compared to the analytical orientations are displayed in Fig. 8.

Theta Phi

Figure 8: 1D histograms of the planar (θ) and non-planar (ϕ) orientations identified from the first image with the four methods: gradient, structure tensor (ST), simplified method with Gaussian filter (GF) and simplified method with Median filter (MF) and compared to the analytical orientations distribution.

Best results are obtained with the numerical gradient methods, for planar and non-planar orientations.

A very slight difference is observed for θ while for ϕ the correspondence is total. The structure tensor method (σ = 1), which is the historically used method because of its objectivity, gives results far from analytical ones. Parts of the information are missing: only one of the orientation of ϕ is detected and the detection of θ is truncated. The main orientation is detected correctly, the second one is however shifted to about 17 • . The simplified method with a Gaussian kernel (σ = 1) shows very satisfactory results. Slight differences, around 1 • magnitude, appear on the 1D histograms. The simplified method with a Median kernel (σ = 3) shows correct results. The main orientation information corresponds to the analytical information. The amplitude of the second peak is not the same but the information matches. The method provides qualitative information.

White noise impact To simulate more realistic conditions, white (or Gaussian) noise had been added to the first image (Fig. 6-B). The methods (numerical gradients, structure tensor, Gaussian filter, Median filter) are applied and the resulting orientations are compared to the analytical results of the first image without noise, as shown in Fig. 9, to quantify the effect of the filters on the orientations detection.

The best results are obtained with the simplified method using a Gaussian filter (σ = 1).
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Theta

Phi

Figure 9: 1D histograms of the planar (θ) and non-planar (ϕ) orientations identified from the first image with white noise with the four methods: gradient, structure tensor (ST), simplified method with Gaussian filter (GF) and simplified method with Median filter (MF) and compared to the analytical orientations distribution.

The estimated orientations are coincident with the theoretical angles and the amplitudes are close.

The method using the Median filter (σ = 3) provides qualitative but non quantitative results: the peaks are set correctly but the amplitude of the first peak is far from the theoretical one.

Numerical gradients and structure tensors give very different results from the analytical ones. The structure tensor method, compared with the previous results, does not seem to be impacted by noise but still truncates some of the information. The numerical gradients, in contrast, are highly impacted by white noise: the 1D histogram appears to be smoothed. With this last result, the regularization method with a Median or Gaussian filter is legitimized.

Impulse noise impact Impulse (or salt&pepper) noise had been added to the first image (Fig. 6-C)

to mimic another case encountered in real images. The results of the methods are displayed in Fig. 10 and compared to the analytical orientations from the noiseless image.

Phi Theta

Figure 10: 1D histograms of the planar (θ) and non-planar (ϕ) orientations identified from the first image with impulse noise with the four methods: gradient, structure tensor (ST), simplified method with Gaussian filter (GF) and simplified method with Median filter (MF) and compared to the analytical orientations distribution.

Submitted in Med Image Anal CHAPTER 3. METHOD FOR THE ANALYSIS OF THE ANISOTROPY Due to the nature of the noise, the gradients determined by finite differences give noisy results but close to the analytical results on the anisotropy map. However, in the 1D histogram of θ, the second orientation is not very apparent.

The structure tensor method is still very far from the analytical results, again obscuring some of the information. The method giving the most consistent results is the simplified method with a Median filter. The two structures are more separate, illustrating the reduction in the impact of noise. This decrease is consistent with the nature of the impulse noise. In Fig. 11-A, the three DoG are shown with their respective standard deviations. With the first two DoGs, we can perfectly find the theoretical images (Fig. 7-B-C). However, the high frequency image has not been completely isolated, the original image is not perfectly restored (Fig. 7-D). The Fig. 11-B shows the effectiveness of the three methods (tensor structure, Gaussian filter method and Median filter method) with respect to the expected analytical orientations. For the first two DoG, all three methods detect peaks perfectly. The results are accurate in both qualitative and quantitative terms.

Multiple frequencies orientations

The last DoG highlights very high frequencies.
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Methods involving Gaussian filters, including the structure tensor method, do not detect the peak despite a large scanning of the standard deviation values. Only the method with the Median filter detects the peak with a window of σ = 7. The histogram is noisy but the main peak is unequivocally superimposed on the analytical one.

Time estimation

One of the major challenges was to propose a method to simplify the calculation and therefore to process large 3D images on a standard computer. Currently, without a high-performance computing machine, determining orientation and disorientation is challenging, requiring a significant amount of computing time and memory. In order to estimate the cost and the most consuming phases, all steps are timed with 3D images of different sizes.

The structure tensor method requires six convolutions and for each voxel, a second-order tensor diagonalization. All processes are performed with the Numpy Python library [START_REF] Oliphant | NumPy: A guide to NumPy[END_REF]. The total time as a function of the size of the 3D image varies exponentially, as showed in Fig. 12.

Figure 12: Time estimation and comparison for the complete analysis of a 3D image with varying image size using the structure tensor and the simplified methods. For easy reading, time scale is logarithmic.

The simplified method is compared with the same size images. The disorientation identification with the estimation of the fractional anisotropy is not modified. This step does not require the tensor to be diagonalized. The F A is obtained by calculating the tensor invariants in Eq. ( 2), with the evaluation at each voxel of the image of the two tensor traces. For this step, six convolutions remain necessary.

The determination of the orientation requires only three convolutions. In brief, to determine the orientations and anisotropy factors, nine convolutions are performed at each voxel of the image and two second-order tensor traces are evaluated. The results are displayed in Fig. 12.
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Removing the diagonalization step significantly speeds up the calculations without degradation of the quantitative and qualitative outcomes, enabling 3D images processing on a standard computer.

Analysis summary

In addition to significant computational time savings, the hybrid method has shown its ability to consistently detect the spatial orientations of an image.

Surprisingly, the method has even proved to be more accurate in the analysis of synthetic multi-oriented and multi-scale images, compared to the results obtained with the classical method of structure tensor.

Application on microscopic observations

The algorithms associated with the hybrid method have proven their effectiveness on synthetic images in the previous section. However, it is necessary to apply these methods to real images to assess their performances. Tests are performed on 3D images from observations of abdominal rectus sheath samples (Astruc et al., 2018) under a biphotonic confocal microscope (Levillain et al., 2016).

Biphotonic confocal microscopic observations of connective tissue

The abdominal rectus sheath is a connective tissue, composed of highly oriented collagen and elastin fibers. Biphotonic confocal microscope provides a 3D display of collagen and elastin fibers, in two independent channels. Second harmonic light is generated from collagen while elastin emits autofluorescence, which leads to a separation in the visualization of the fibers. By focusing the photons beam to one plane, 2D images at various thicknesses are produced and then assembled to form a 3D image.

The main orientation and the disorientation rate, the two topological parameters mentioned above, are necessary in order to characterize the observed samples. 

EVALUATION OF THE METHODS

In Fig. 13, three samples of anterior sheath collagen are presented: the main orientation cannot be the only parameter to discriminate different cases. Fig. 13-A shows very disoriented fibers, with no main orientation. Fig. 13-B-C shows samples with similar main orientations. However, the organization of the fibers is not equivalent: in one case the fibers are more disoriented while in the other case the fibers are very organized. The disorientation rate, derived from the fractional anisotropy F A, is therefore essential to characterize the fiber architecture of the examined tissue.

Microscopic observations analysis

Three 3D images are studied: two images of collagen fibers and one image of elastin fibers. A 2D-extract is shown in Fig. 14. These images are chosen because of their different anisotropic nature. Collagen fibers can be straight and strongly aligned around a preferred direction, as observed in Fig. 14-A.

Collagen fibers can also be slightly wavy, as in Fig. 14-B. Fig. 14-C shows a sample with an observation surface area that is not completely flat according to the direction of observation. Elastin fibers are also studied due to their very different structure: the fibers are unitary and highly dispersed, in a more isotropic way. The images obtained from the biphotonic confocal microscope are very large: 1024 × 1024px for the plane ( -→ x , -→ y ) and between 100 -300px according to -→ z . For each image, only the simplified method with a Median filter will be applied and the best result will be presented.

Qualitative analysis A visual analysis, despite strongly depending on the observer's experience, is first carried out in order to estimate images orientations and disorientations.

In Fig. 15-A, collagen fibers bundles are visible, with unit fibers all aligned and tightened around the fiber bundle. In general, collagen fibers are arranged in fibrils, themselves structured in bundles, which are intertwined to form connective tissue (Kadler et al., 2007). The disorientation rate is then low, the tissue is highly anisotropic. The main spatial orientation seems to be around -45 • in the plane In Fig. 15-C, elastin fibers have a very different nature from collagen fibers. Fibers are very thin and form loose networks (Green et al., 2014). The fibers are arranged in a more disoriented way than before, without preferential orientation in the plane ( -→ x , -→ y ). The plane ( -→ y , -→ z ) presents vertically aligned fibers. It should be noted that the fibers appear to be wrapped in a milky cloud. This cloud is due to the auto-fluorescence of the collagen. This auto-fluorescence is low compared to the elastin one but may appear in the images and distort the analysis results.

( - → x , - → 
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Quantitative analysis

The decision in this study was to use the simplified method with a Median filter whose window is σ = 3 on every raw or DoG-filtered images. The DoGs allow to select the desired characteristic lengths: for a collagen image, the high frequencies will isolate the fibers while with low frequencies, the wider structures will be selected. The DoGs used in the previous section will be applied: DoG 1 (0.5,0.1), DoG 2 (3,2) and DoG 3 (9,8). The DoG(σ 1 ,σ 2 ) purpose is to obtain the difference between images filtered with Gaussian filters, of respective windows σ 1 and σ 2 .

First the analysis with the hybrid Median method is performed on the three raw 3D images. The results are displayed as anisotropy maps in Fig. 16.

A B C

Figure 16: Simplified method with a Median filter (σ = 3) applied to the raw 3D images. Results are displayed on the anisotropy map, correlating the angles, θ and ϕ expressed in degrees, to the anisotropy amplitude F A. The bandpass filter is defined on a larger scale, which results in the isolation of larger elements. In the images, the selected element is the fibers group rather than the unit fiber, with the application of DoG 2 . Similarly, the third DoG, whose Gaussian parameters are σ 1 = 9 and σ 2 = 8, enables the selection of wider areas, corresponding to low frequencies. In the images, the larger structures are selected, with the application of DoG 3 .

The anisotropy maps from the analysis of the first image after filtering with the 3 DoGs are displayed in Fig. 18-A-B-C. The main orientation does not seem to have been changed by the application of the different DoGs. Regardless of the scale of observation, the fibers are oriented in the same direction.

Only the amplitude of anisotropy varies: the more the observation scale increases, the more the rate of disorientation of the fibers decreases.

At the smallest scale, unit fibers are slightly disoriented while at a larger scale, when fibers bundles are isolated, the orientations are the same, resulting in a high anisotropy rate. Interestingly the anisotropy map in Fig. 18-B is almost identical to the anisotropy map of the raw image (Fig. 16-A).

Submitted in Med Image Anal The analysis results relative to the third image are displayed in Fig. 20-A-B-C. The DoG 1 in Fig. 20-A removes the cloud assigned to the collagen: only unit elastin fibers are detected. The amplitude of anisotropy is therefore reduced, with a bar-shaped disorientation rate. Given the shape of the anisotropy map, the anisotropy of these components is defined as transversely isotropic with -→ x and -→ y , the isotropy axes, when the observation scale is the fiber scale. In the same way as previously, the DoG 2 anisotropy map in Fig. 20-B is close to the anisotropy map of the raw image (Fig. 16-C). This orientation is only detectable when the chosen scale is larger enough to consider the sample rather than the fibers.

The selection of low frequencies in

Discussion

We introduced a hybrid method to determine the orientations and disorientations of a 3D image on a standard computer. This method, combined with upstream image filters such as DoG, and used with different types of filters such as Median filters, allows to determine the multi-scale architecture.

In order to test the quality and robustness, this tool was compared to existing methods: the structure tensor and the gradient methods.

First, the tools were tested on controlled images with analytically known orientations. Synthetic images are designed to be ideal for gradient methods because of their sinusoidal shape. In addition, at each point, the anisotropy amplitude is 1. However they are perfect in order to test the different algorithms because they highlight the strengths and weaknesses of each method. Moreover, the particularity of these images lies in their ability to display multi-scale orientations, comparable to those of real images.

Due to the design of the images, the numerical gradient method is the most efficient method on the non-noisy image. When a white noise, called Gaussian noise, is added, the simplified method using a Gaussian filter is the most effective. This is consistent since the nature of the filter and the noise are the same. The impulse noise, also known as salt&pepper noise, is better managed by the simplified method using the Median filter. The Median filter is regularly used to correct noisy images in this way.

The results are therefore consistent, given the nature of the noise. Depending on the noise considered, one or the other method is more effective, in accordance with what is usually seen in image filtering.

The combination of Gaussian filters upstream, using DoG to select the desired frequencies, and then

Median filters in the algorithm, also enables the determination of the multi-scale orientations of a synthetic image. By selecting three types of frequencies, or characteristic lengths, the three initial orientations were found by image analysis methods.
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DISCUSSION

We have seen that the structure tensor method is not at all suitable. Only one orientation in the thickness is detected whereas analytically, there are two orientations. In addition, the detected peaks are regularly shifted by several degrees. For this type of synthetic images, the structure tensor method cannot be used.

The analytical images were not designed to obtain different anisotropy amplitudes. At each point, the amplitude of anisotropy is equal to 1. On real images, obtained from microscopic observations, the amplitude of anisotropy varies at each point. This topological data is fundamental to be able to characterize the structure of a fibrous tissue. The dominant orientation alone is not a sufficient information. In Fig. 21-A In order to access information on fibers disorientation, the hybrid method has been developed: the orientations are determined by the simplified method with a Median filter and the anisotropy amplitude is determined by the structure tensor method. Hybridization eliminates an intensive time-and memoryconsuming step. By eliminating the diagonalization step, the time required to analyze an image decreases by about 80%, regardless of its size.
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The hybrid method was then successfully applied to three real images from 3D microscopic observations. The interest of these images lies in the fact that they are not a discrete network of fibers, such as electrospun networks [START_REF] Stylianopoulos | Volume-averaging theory for the study of the mechanics of collagen networks[END_REF][START_REF] Zündel | A 2.5D approach to the mechanics of electrospun fibres mats[END_REF] but constitute a multi-scale continuum. Depending on the scale of observation, the nature of the structure can be completely different. It is therefore interesting to determine the multi-scale orientation. The selection of the different scales was made by the application of DoGs for high, medium and low frequencies.

The results of the analyses carried out on the first image representing collagen fibers all oriented in one direction, were similar for every scale of observation: the unit collagen fibers had the same orientation as the bundles. The structure, for this image, was therefore scale-invariant.

The results were significantly different for the second image of collagen fibers. The unit fibers were corrugated along the bundles. Depending on the scale of observation, the anisotropy amplitude and the spatial orientations were different: the structure was not scale-invariant. With this image compared to the previous one, the notion of multi-scale anisotropy makes perfect sense.

The last image relative to elastin content, enabled to highlight the nature of specific anisotropy.

The DoGs have isolated the relevant structures and the image analysis showed an invariance of the orientation according to the plane ( -→ x , -→ y ), which corresponds to transverse isotropy.

The application of the hybrid method on the raw image provided uncontrolled results. Indeed, the images were multi-scale and yet only one feature of the image was detected.

This element was found in a controlled way when the hybrid method was applied after the DoG 2 filter and other characteristics have emerged after the DoG 1 and DoG 3 filters. The use of DoG upstream provided the opportunity to control the selection of the scales and as a result, the determination of the multiscale orientations. The previously analyzed images showed that their orientation and disorientation varied according to scale, microscopic or mesoscopic. The selection of characteristic length is therefore a fundamental information for the knowledge of the structure of a tissue.

During the development of the hybrid method, a method for visualizing anisotropy and orientation was developed. For each pair of spatial angles (θ, ϕ), the anisotropy amplitude is obtained, as a global measurement over the entire sample. This anisotropy map could therefore be used directly as an ODF.

ODFs require complex parameterization to be integrated into a model. In this study, the map is determined automatically from the image analysis and can be implemented as is into a model, such as microsphere models [START_REF] Sacks | Incorporation of Experimentally-Derived Fiber Orientation into a Structural Constitutive Model for Planar Collagenous Tissues[END_REF]Sáez et al., 2016).

The anisotropy map gives a global measurement based on the orientations and disorientations information determined in each voxel of the image. The topological parameters can be directly used, without global average, for example, in a finite element code. So, informations on the structure can be provided at each mesh point representing the element, at the heterogeneities scale.
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Conclusion

In this study, we developed a method to accelerate the determination of orientations and disorientation rate of a 3D image by hybridizing two methods without loss of information. It is now possible to process 3D images easily.

The separation of the filters also highlighted the importance of selecting the characteristic length:

Gaussian filters are used upstream and Median filters, in the algorithm. The texture of an image is full of information. In both synthetic and real image applications, the choice of scale was predominant, and finally, the results were very different according to the selected scale. With the hybrid method, it is therefore possible to obtain information on the structure for every scales: microscopic, mesoscopic and macroscopic. In brief, the required level of expertise to extract physical information from images is reduced by automating the analysis of the different scales.

During the validation phase, we have generated analytical images to test the methods. In this way, it was possible to quantify the efficiency of the different methods. In addition, the creation of multifrequency images reflecting the real images enabled the choice of the filtration methods for the real images. In the long term, it would be interesting to generate synthetic images from real multi-scale images in order to set up the appropriate image analysis parameters automatically.

Currently, mechanical models are developed considering a single observation scale, the choice being often dictated by the dominant observable orientation.

The images of biological tissues are yet multi-scale. In addition, macroscopic mechanical properties are identified from microscopic textures that are rarely a representative volume element of the overall structure. The transport of the nature of the microscopically observed structure to a larger scale would be possible with the inclusion of all available scales in the image, by enhancing the representativeness of the observed element.

For this purpose it would be interesting to use the multi-scale orientation, through the adaptation of the Scale-Invariant Feature Transform (SIFT) principle [START_REF] Burger | Scale-Invariant Feature Transform (SIFT)[END_REF]. SIFTs provide a representation of the texture of an image at different scales, by identifying structures unaffected by scale changes. In order to have a global measurement, the anisotropy map could describe several scales: a 3D anisotropy map could be designed with a third direction of different characteristic lengths selected by the DoGs. In this way, all observation scales would be considered and implemented into mechanical models for a multiscale representation of the tissues.

Chapter 4

Microscopic characterization

In this chapter, we investigate the impact of connective tissue architecture on its mechanical properties, with an experimental set-up combining imaging and mechanical testing. Fibers microstructure is observed with a biphotonic confocal microscope during uniaxial tensile tests for three directions of loading. In the first part of the chapter protocols of sampling and experimental testing are described. Results are then presented with a description of the microscopic architecture and connected to the identified mechanical properties. Finally, contributions of collagen and elastin are clarified in order to prepare constitutive model design.

All results of this chapter have been submitted and will be found in the following reference, in case of acceptance: 

Introduction

The abdominal wall is a complex and heterogeneous structure, composed of skin, fat, muscles and fascia. Its main functions include maintaining the body, assisting breathing and protecting internal organs. Because of innate weaknesses or fragilities due to surgical operations, it is regularly subject to hernias: an abnormal protrusion under the skin in which the internal organs can be externalized from the abdominal cavity. The only therapeutic option is surgical by removing the herniated bag and closing with sutures. In order to reinforce the weakened wall, prosthetic implants are increasingly used [START_REF] Basile | Surgical approach to abdominal wall defects: History and new trends[END_REF]. Hernia repairs constitute the most common class of surgical operations in the world [START_REF] Rutkow | Demographic, classificatory, and socioeconomic aspects of hernia repair in the United States[END_REF].

Submitted in J Mech Behav Biomed Mater CHAPTER 4. MICROSCOPIC CHARACTERIZATION Despite the high prevalence and the considerable progress made in the development of textile prostheses, the recurrence rate remains very high. Luijendijk et al. (2000) shows that when a suture repair is performed, the recurrence rate varies between 31 and 54% whereas with a mesh implant, this rate drops between 10 and 23%. In addition, patients may experience problems with limited abdominal mobility or pain.

Improvements in hernia care solutions have therefore become a major challenge, from a societal and economical point of view (Gillion et al., 2016). To design better integrated and body-tolerated implants, bio-faith numerical models of the abdominal wall need to be developed (Guérin and Turquier, 2013;[START_REF] Conclusion Hernández-Gascón | Mechanical response of the herniated human abdomen to the placement of different prostheses[END_REF]. For this purpose, an in-depth knowledge of the constituent tissues is required. Several studies (Tran et al., 2014;[START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF][START_REF] Simón-Allué | Towards the mechanical characterization of abdominal wall by inverse analysis[END_REF] have focused on the overall in-vivo mechanical behavior of the abdominal wall. Due to the complexity of the structure of the abdominal wall, the tissues are also examined individually (Deeken and Lake, 2017) and especially the connective tissues that sheath the structure.

In the abdominal wall, the sheathing connective tissues are the anterior and posterior rectus sheaths that surround the rectus abdominis muscles and the linea alba that connects the structures in the median line of the abdominal wall. Composed mainly of the combination of muscles aponeurosis, connective tissues have a characteristic structure, i.e. an intermingled network of collagen and elastin fibers. However, despite their proven involvement in the formation of hernias (Cooney et al., 2015), these tissues are poorly studied from both a microstructural and mechanical behavioral angle.

The structure of connective tissue at a macroscopic scale was described by Askar (1977) and Rizk (1980), then enriched at a microscopic scale by Axer et al. (2001a) and Axer et al. (2001b), which focused on the organization of the collagen fibers. The distinctive collageneous organization of the linea alba has been correlated to the mechanical behavior by Korenkov et al. (2001) who established the link between fiber density and stiffness and by Gräßel et al. (2005) who linked fibers orientations to mechanical behavior. The organization of elastin fibers has been rarely studied, emphasizing the differences between healthy and herniated tissues (Ozdogan et al., 2006;Fachinelli et al., 2011) Regarding the anterior rectus sheath, Ben Abdelounis et al. ( 2013) has highlighted the non-linear nature of the mechanical behavior and the anisotropy was shown by Hollinsky and Sandberg (2007) in terms of rupture and by Martins et al. (2012) in terms of behavior. Hollinsky and Sandberg (2007) and Rath et al. (1997) have pointed out the non-dependence on location, gender and BMI. The linea alba has been more explored.
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INTRODUCTION

The anisotropic and non-linear nature of the mechanical response to loading was demonstrated by Rath et al. (1996), Hollinsky andSandberg (2007), Förstemann et al. (2011), Cooney et al. (2016) and Levillain et al. (2016), with a high variability between males and females (Gräßel et al., 2005).

In a previous study (Astruc et al., 2018), we characterized the mechanical behavior of all sheathing connective tissues in order to corroborate these informations and obtain a database with an unique experimental protocol. We then found that the three tissues, anterior rectus sheath, posterior rectus sheath and linea alba, are heterogeneous, anisotropic and have a non-linear response, in accordance with literature. We also found a gender dependence for the linea alba that we were able to correlate with the microscopic observations of Gräßel et al. (2005). However, the dispersion in the results raised some interesting questions. The mechanical response of soft tissues is mainly governed by the organization of collagen and elastin fibers (Holzapfel, 2001). The dispersion in the mechanical properties identified in the study could then be due to variations in the organization of the fibers. Microstructural observations are therefore required in order to observe the elastin and collagen fibers architecture and identify their potential influence on the mechanical properties

The aim of this study is to investigate the relationship between the mechanical properties of the connective tissues and the organization of collagen and elastin fibers. For this purpose, mechanical and microstructural properties were simultaneously assessed during uniaxial tensile tests under a biphotonic confocal microscope. First the sampling, the experimental set-up ant the image analysis protocols are introduced. The second part is dedicated to the results of the combined experimental testing on the anterior rectus sheath and the linea alba. Finally the influence of the microstructure on the mechanical behavior is highlighted, with a thorough description of the fibers architecture.

2 Materials and methods

Connective tissue sampling

Samples of linea alba (LA) and anterior rectus sheath (ARS) were collected from ten human cadavers (Fig. 1), six women and four men. Bodies with any evidence of abdominal or pelvic surgery and pathologies as well as those with a BMI lower than 18 were excluded from this study. Average age of female donors was 75 ± 18 years old and average body mass index (BMI) was 21 ± 3. Concerning male donors, average age was 88 ± 2 and average BMI was 25 ± 1. Considering both female and male donors, average age was 80 ± 14 and average BMI was 22 ± 3. They were embalmed with a solution of water (40%), methanol (40%), glycerin (14%) and phenol (6%). An internal study, corroborated by [START_REF] Richters | Morphology of glycerol-preserved human cadaver skin[END_REF] and [START_REF] Steinke | Deformation behavior of the iliotibial tract under different states of fixation[END_REF], showed that after a saline washing procedure, mechanical properties and microscopic structures of the tissues are not affected by the embalming protocol described in the present article.
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Each sample was rid of any apparent trace of fat or muscle, very cautiously to avoid damaging the structures. On each body, three samples of LA and three samples of ARS were randomly collected above the umbilical line (treated as the arcuate line), the epigastric zone, and above the umbilical line, the hypogastric zone. Samples were marked to preserve their orientation and position according to their location in the body and then frozen for conservation in saline solution at -20 • C according to the protocol developed by [START_REF] Rubod | Biomechanical Properties of Vaginal Tissue. Part 1: New Experimental Protocol[END_REF].

Tissues samples were thawed nine hours before the tests in saline solution at room temperature.

This study focuses on the link between the microscopic architecture and the macroscopic mechanical properties. To consider that their microstructures are equivalent, specimens were thus punched very close to each other for ARS (Fig. 2). This procedure was impossible for the LA, due to its geometry.

Samples were therefore randomly retrieved in epigastric and hypogastric regions.

Specimen were punched in three orientations to study the anisotropic behavior: longitudinal, transverse and diagonal according to cranio-caudal axis, in agreement with literature (Gräßel et al., 2005;Martins et al., 2012;Cooney et al., 2016).
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Dog-bone shaped specimens were avoided in order not damage sample fibers (Cooney et al., 2016).

In order to circumvent the classical expected shape and sample size limit, the representative size of the sample was determined with an iterating process developed in [START_REF] Morch | Experimental study of the mechanical behavior of an explanted mesh: The influence of healing[END_REF] and applied in Astruc et al. (2018). We opted for a specimen measuring 10 mm in width and 30 mm in length with 15 mm between jaws. Mean thickness was 1.21 ± 0.44 mm for ARS samples and 2.31 ± 0.49 mm for LA samples. 

Image acquisition

A two-photon excitation microscope (NIKON, A1R MP PLUS ) from the IVTV (Ingénierie et Vieillissement des Tissus Vivants ANR-10-EQPX-06-01) platform was used to observe the microstructure of each sample, using an excitation wavelength of 870 nm for ARS samples and 900 nm for LA samples. The wavelengths have been chosen during preliminary tests to reduce as much as possible exciting the auto-fluorescence of the collagen, in order to prevent interference with the elastin. Second harmonic generated light from collagen and auto-fluorescent light from elastin were collected on two separated channels with specific band-pass filters of 400-490 and 500-550 nm. Image field of view was 512 µm×512 µm with a resolution of 0.5 µm per pixel. Tissues thickness was scanned with a step size of 0.5 µm and a scanning speed of 0.25 frame/sec for a depth between 50 µm and 200 µm. Finally, the whole 2D images stacks for each channel were considered and processed as 3D images, with the same resolution in each spatial direction.

Image analysis

The biphotonic confocal technology of the microscope produced 3D images of collagen and elastin fibers in two separate channels. Two parameters were extracted: the volume fraction of elastin and the main orientations of collagen. In order to collect representative information, it is required to carry out a significant amount of experiments. Due to the large amount of collected data, 3D image analysis algorithms have been developed to automate processing, with Python library Scipy (Jones et al., 2001).
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Elastin volume fraction

It is assumed that elastin and collagen cannot coexist in the same voxel. To determine the volume fraction, the components were therefore considered through a mixture law:

φ T OT = φ Col + φ Ela = 1 (1)
Despite the choice of a wavelength limiting collagen auto-fluorescence, redundant elements appeared in both channels. However the distinction between elastin and collagen was facilitated by the higher intensity level of elastin. Elements appearing in both channel were removed with linear combination to reveal only the unique elements (Fig. 3). Finally, the thresholded elements of elastin were removed by subtraction from the binarized image of collagen, in agreement with Eq. ( 1), to obtain a clear image of collagen I ColCT . The volume fraction was determined as the sum of the non-zero elements of the binarized images divided by the sum of the total elements:

φ I = I[px = 1] I[px = 1] + I[px = 0] (2)
These steps were applied to the three-dimensional stacks to obtain an average value of the elastin and the collagen fractions.
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In literature (de Landsheere et al., 2016;[START_REF] Czekalla | Body regions have an impact on the collagen/elastin index of the skin measured by non-invasive in vivo vertical two-photon microscopy[END_REF], the elastin-collagen ratio is regularly studied, it has been therefore determined as the ratio between the elastin fraction and the collagen fraction, in percent, such as: φ = φ Ela φ Col .

Collagen main orientations

Spatial orientations were determined directly on the three-dimensional stacks, using the structure tensor method (Knutsson, 1989;Rao and Schunck, 1991;Krause et al., 2010).

The image I is a function of the spatial variables, x, y and z. The directional derivatives, I x , I y and I z , in each voxel provide the rates of variation of the image gray-scale levels. In the reference frame

( - → x , - → y , - → z )
, the spatial orientations of the grey levels were determined, with θ, the orientation in the plane ( -→ x , -→ y ) and ϕ, the non-planar orientation according to -→ z (Fig. 4), such as: Only the orientations in the plan were reported in this study. A preliminary study, corroborated by morphological and modeling studies (Axer et al., 2001a;Martins et al., 2012;[START_REF] Pachera | A numerical investigation of the healthy abdominal wall structures[END_REF], revealed non relevant non-planar orientations. The connective tissues of the abdominal wall were then assumed as transversely isotropic.

θ = π 2 -tan -1 I y I x ϕ = π 2 -tan -1   I z I x 2 + I y 2   ( 
However, analyses on the 3D images were carried out to avoid any false positives. Extracting a 2D

image or projecting the 3D image onto a plane can lead to errors in orientation detection. The fibers whose undulations are in the thickness show shadows perpendicular to their spatial orientation (Fig. 5-A). When detecting on 2D images, the main orientation is perpendicular to the real orientation, corresponding to the orientation of shadows and reliefs with significant grey levels variations. In 3D, shadows are no longer considered and only fibers orientations are detected (Fig. 5-B For each sample, six images were acquired on the external and internal faces of the three specimens.

The orientations of each image were recorded and an average value was considered for each bundle, as shown in Fig. 6. The inclusion of all the orientations with this representation has been reduced potential sampling errors. When cutting samples, visual cues such as bones are used but shrinkage and swelling can occurred due to the loss of the in-vivo stress state [START_REF] Fung | Biorheology of soft tissues[END_REF]. In order to characterize this intertwined structure (Axer et al., 2001b), gap and bisector between the bundles were determined (Fig. 6), giving an average orientation and a representation of the dispersion of the collagen fibers.

25°- 23°x y y x 7°4 8°2 8°Δ ≈40° A B 1°Δ ≈50°
Figure 6: Determination of the average orientation of the fiber bundles and their gap from the confocal images: (A)-for two bundles with an approximate 50 • spacing, oriented along the horizontal axis and (B)-for two bundles with an approximate 40 • spacing, oriented at 28 • to the horizontal axis.

Mechanical testing

During the microscopic observations, uni-axial tensile tests were carried out in a in situ micro-tensile test machine (DEBEN, UK), with a specific couple of jaws used to maintain and rotate samples.

Through the rotation of the jaws, both sides of the sample were imaged. Machine and associated protocol with anti-slipping system are described in the study of Levillain et al. (2016). Hydration was ensured by applying an hydraulic gel, used for ultrasound exams, on each side of the sample. Samples were placed with an initial distance between the jaws of 15 mm and pre-loaded with an effort of 0.1 N to limit any gripping effect (Cooney et al., 2015), removing any potential slack and ensuring flatness and tautness. Cross section was measured at this stage with caliper and steel ruler. Submitted in J Mech Behav Biomed Mater
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Samples were then stretched with an imposed speed of 5 mm.min -1 , in 0.1 stretch increments between 1 and 1.3, with a delay time to acquire an image of the structure. For this study, only the image in its initial state was used. Force F (N) and displacement l (mm) were recorded to compute the stretch, λ = l/l 0 , l 0 (mm) being the initial length, after pre-load, and the nominal stress, σ = F/S 0 (MPa), S 0 being the initial cross section (mm 2 ). Connective tissues as LA and ARS exhibit a nonlinear hyper-elastic stress-stretch response as observed in Astruc et al. (2018). However, incremental tensile tests induce relaxation making the usual identification with hyperelastic models such as Yeoh (1993) meaningless. The mechanical behavior was therefore simply identified by the tangent modulus, E (MPa) to the stress-stretch curve between 1.1 and 1.2 of stretch (Fig. 7), through a least squares method. 

E T E D E L

Results

60 mechanical tests were performed on ten chosen individuals. For each donor, three samples from linea alba (LA) and three samples from anterior rectus sheath (ARS) in the three directions, longitudinal, transverse and diagonal according to the cranio-caudal axis were selected.

Anterior rectus sheath results

Table 1 summarizes the results of the analysis of the microscopic images, collagen orientations (θ Col )

and elastin volume fraction (φ Ela ), and the behavior parameters, E, identified from the mechanical tests, for ARS samples. For collagen orientations, two fiber bundles were detected for each sample.

An average orientation and the gap between these two bundles were determined to characterize the architecture.
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The specificities of the sample, donor gender (male or female) and location (epigastric or hypogastric) are specified for comparison purposes. To check the consistency of the results of the behavior parameters, the tangent moduli, E were compared to those of the previous study, performed at a larger scale (Astruc et al., 2018). The testing methods and means used in the previous study were different, it is thus necessary to verify the correlation between the results. Table 2: Correlation between the macroscopic study (Astruc et al., 2018) and the current study With a Mann-Whitney U statistical test, gender dependency was checked. The male and female samples were not statistically significantly different, regarding collagen orientation, elastin volume fraction and tangent modulus. In the same way, regional variability was also tested. No significant differences were found for elastin volume fraction and tangent modulus between samples above (epigastric) and below (hypogastric) the umbilical line. However, regarding the orientations of collagen, significant differences were found between the epigastric and hypogastric regions. Overall, the fibers were more transverse in the sub-umbilical region, while in the supra-umbilical region, the fibers were more oblique.

Individual Gender Location θ

Col ( • ) φ Ela (%) E L (MPa) E D (MPa) E T (MPa) 2 M Hypo 9 • -∆ ≈ 50 • 9.2 ± 2
The gap between the fibers did not exceed 90 • . This specific layout has an impact on the mechanical behavior.

Morphologically, observations could be made on the organization of elastin and collagen fibers. First, regarding elastic fibers, whether for epigastric or hypogastric sheath samples, the amount of elastin was small, less than 10% as observed in Table 1. Moreover, elastin fibers seemed to be randomly arranged, almost isotropic, as shown in Fig. 8.
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RESULTS

No morphological differences were found between the male and female samples, nor between the hypoand epigastric regions. As observed on the Fig. 8, the diameter of the fibers was less than a micrometer. The same observation can be made as previously: overall the fibers located in the hypogastric region, have an orientation closer to the horizontal axis than the fibers in the hypogastric region.

Linea alba results

A similar study was conducted on the linea alba. However, the results were very difficult to use due to the quality of the samples. Unlike the rectus sheath, the linea alba is covered on its inner side with an irregular fiber layer, called lamina fibrae irregularium (Axer et al., 2001a), and on its outer side with an oblique fiber layer, lamina fibrae obliquae. The outer layer is covered with fascia, particularly in the hypo-gastric area, as observed in Fig. 12. The fascia, combined with the fat layer, could not be completely removed without damaging the subcutaneous tissues. The biphotonic confocal microscope regularly images the indistinguishable and the irregular layer instead of reaching the mechanically interesting layers of the linea alba.

However, some images could be extracted to confirm the collageneous architectural observations described in literature (Axer et al., 2001a,b;Gräßel et al., 2005). Three fibers layers are defined by Axer et al. (2001a): a layer of oblique fibers on the surface, then a layer of transverse fibers and finally an irregular fiber layer. The first layer is visible in Fig. 13-A-B. The second layer, composed of transverse fibers, is visible in Fig. 13-B-C. The last layer, composed of irregular fibers, is visible in Fig. 13-C.

An observation can also be made regarding the elastin composition. The two outermost layers have a high elastin volume fraction. Elastin fibers surround the collagen bundles, as observed in Levillain et al. (2016). On the other hand, the inner layer of the linea alba, composed of transverse fibers, has a structure very similar to the rectus sheath, with a very low or even no elastin fraction.
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Discussion

In this study, mechanical tests on the connective tissues of the abdominal wall, rectus anterior sheath and linea alba, were correlated to the microscopic observations performed with a biphotonic confocal microscope. The three-dimensional structure of these multilayer tissues has been studied and related to mechanical parameters. A previous study (Astruc et al., 2018) studying the mechanical properties of connective tissue from a macroscopic point of view showed a huge dispersion in the results. The mechanical tests were carried out without neither considerations of the fibrous structure, not a priori arrangement of the collagen bundles. This study provided a link between the architecture of the multi-layered tissue and its mechanical behavior. Correlating decreased the dispersion of the results.

The rectus sheath samples were thin and easily imageable with a confocal microscope. For each sample, three loading directions were applied and images were acquired.
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For each loading direction, a tangent modulus could be identified and for each sample, with the associated acquired images, the volume fraction of the collagen and the main orientations of the collagen were determined.

To validate the consistency and validity of the conducted mechanical tests, statistical tests were performed to corroborate the previous and current studies. Despite different test methods, the studies do not statistically show significant differences. The same conclusions could be drawn, namely that the behavior is non-linear and anisotropic. There does not seem to be any dependence on location or gender.

No studies to our knowledge have investigated the fraction of elastin in the healthy rectus sheath. It is therefore not possible to corroborate our results with literature. However, the structure of elastin in meshwork corresponds to the one described by Ushiki (2002). This network appears almost isotropic.

The elastin fraction is small in the anterior rectus sheath, less than 10%. This low value can be explained at first sight by the high age of the subjects tested. Many studies (Fachinelli et al., 2011;Pailler-Mattei et al., 2013) have shown that elastin decreases with age.

It would therefore be interesting to verify the elastin content of younger subjects (under 40 years of age) in order to confirm whether it is a disappearance of elastin or merely an absence. However, it is important to note that elastin does not appear to play a major role in the elastic response of connective tissue. Literature suggests that elastin is involved in the elastic return and the maintain of the initial shape of tissues (Weisbecker et al., 2013).

The rectus sheath is mainly composed of collagen fibers. In literature (Askar, 1977;Rath et al., 1997;Axer et al., 2001a), the anterior rectus sheath is separated in two distinct parts. The superior part, above the arcuate line, is formed of the aponeurosis of the external oblique muscle and the anterior part of the aponeurosis of the internal oblique muscle. Below the arcuate line, the previously mentioned layers are joined by the posterior part of the aponeurosis of the internal oblique muscle and the aponeurosis of the transversus abdominis muscle. In terms of mechanical behavior, no significant differences are found, as confirmed by our study and Rath et al. (1997), Hollinsky and Sandberg (2007) and Astruc et al. (2018). Microscopically, each sample under analysis has two main oblique fiber bundles. This configuration, for epigastric and hypogastric samples, explains the similarity in mechanical behavior. The only difference is in the orientation of the bundles. The fibers are more oriented towards the horizontal axis in the hypogastric part. Macroscopically, this characteristic is observable in Fig. 12.

The mechanical results show a high dispersion. This disparity is explained by the inter-and intraindividual variabilities observed in the previous figures. With microscopic observations, we can notice that the orientations are patient-specific and even location-specific. We also observe an anisotropy that varies according to the samples, in Table 1.
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DISCUSSION

For individuals 13 and 14, the diagonal loading direction is the most rigid, for individual 17, the diagonal and transverse directions are equivalent, while for the other individuals, the transverse direction is the most rigid. Similarly, we observe that the bisector of the bundles is close to the horizontal axis when the transverse loading direction is the most rigid. On the other hand, the bisector moves away from it when the diagonal loading direction is the most rigid. The combination of the two bundles therefore controls the mechanical behavior. This assertion is perfectly verified for sample 13. The diagonal loading direction (45 • ) is the most rigid and the fiber bundles are oriented at 28 • . This configuration predicts that the diagonal direction is the most rigid and the longitudinal direction (90 • ), the softest, as observed in the experimental tests. In the previous macroscopic study, significant variations in the profile of the curves had appeared. Depending on the sample considered, the stiffest loading direction was either transverse or diagonal. At the macroscopic level, this situation was inexplicable, while at the microscopic level, a simple variation in the orientation of the collagen fibers gives it its full meaning.

Samples from individual 6 deny this affirmation. The transverse direction is the most rigid, followed by the longitudinal direction. This configuration tends to predict a fiber organization such that the fibers are oriented between -22.5 • and -45 • . However, the bundles are oriented around the horizontal axis.

The sample under mechanical test is a 10 × 15 mm rectangle. The observed area is 0.5 × 0.5 mm and is therefore not a representative elementary volume. Macroscopically, there are significant variations in fibers orientations. It is therefore probable that the local observed area does not correspond exactly to the overall sample. To observe the sample more widely, images of the anterior rectus sheath were obtained by transparency (Fig. 14). Variations in the orientation are observed, as expected. Intensity variations in images are also observed. The intensity corresponds to the density of the fibers. On Fig. 14-A, the density is relatively homogeneous, but in Fig. 14-B In accordance with literature (Axer et al., 2001a), three areas are distinguished. The first layer, the most superficial, is composed of oblique and scattered collagen fibers with a significant amount of elastin. The third layer, the deepest, is similar to the first with irregular collagen fibers intermingled with a high amount of elastin. The intermediate layer has exactly the same structure as the rectus sheath: almost transverse bundles of the same size intersect and the elastin fraction is low.

The linea alba is the gathering of the anterior and posterior sheaths. According to literature (Askar, 1977;Rizk, 1980;Axer et al., 2001a,b;Gräßel et al., 2005) and in agreement with the previous statements, the anterior sheath is composed of two intersecting oblique bundles while the posterior sheath is composed of a single layer of transverse fibers. When the fibers are joined, three layers intersect:

an oblique bundle from the right anterior sheath, an oblique bundle from the left anterior sheath and a transverse bundle from the dorsal sheath. It is then obvious that this combination constitutes the inner layer of the linea alba. The low proportion of elastin detected in this layer is also a corroborating evidence. In the anterior rectus sheath, collagen bundles appear to dominate the mechanical response of the tissue to loading. Since the linea alba presents the same organized structure, it is not unreasonable to consider that this layer is the main driver of the mechanical response.

The upper and lower layers are therefore additional phases, which would contribute to a lesser extent to the mechanical response. The elastin fraction is significant in these regions.

According to several studies (Weisbecker et al., 2013;Levillain et al., 2016), elastin does not contribute to the mechanical response, but is predominant in the elastic recoil after deformation. Elastin fibers, observed in Fig. 13-D, suggests a spring-like shape. These layers would therefore have a role in adjusting the incompatibilities of deformations of the surrounding structures as suggested by Pulei et al. (2015).

The linea alba is the thickest structure of the abdominal wall between the skin and the viscera, the other structures, fascias or fat, being thin or without stiffness. In addition, the structure is the junction between the two parts of the rectus abdominis muscle. This aponeurosis is therefore directly stimulated during each physiological deformation of the abdominal cavity. The inner layer ensures the strength of the structure while the outer layers ensure flexibility, as anti-vibration pads.

This study highlighted the link between fiber architecture and mechanical behavior. First the study corroborated the macroscopic mechanical results achieved previously (Astruc et al., 2018) and the resulting conclusions. Macroscopically, the mechanical behavior has no statistically significant variations in terms of gender or location. However, microscopically, there are large intra-and inter-individual differences, particularly in the orientation of collagen fibers. Connective tissues are mainly composed of combined oblique bundles forming a structure that controls the mechanical behavior. The elastin phase appears to be small and rather isotropic. In addition, elastin contributes only slightly to the mechanical response. At first glance, this phase is therefore considered negligible in the connective tissues mechanical behavior.
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DISCUSSION

Despite the unrepresentative size of the area observed with the confocal microscope in relation to the total sample size, the mechanical behavior could be described by the fiber organization. However disparities in the results leave an additional parameter to be studied: local fiber density.

Conclusion

This study combined imaging and mechanical testing to explore the impact of connective tissue architecture on its mechanical properties. ARS and LA samples from human abdominal wall were mechanically tested in uniaxial tension along three macroscopic directions. The collagen and elastin fibers were imaged, during the test, with a biphotonic confocal microscope.

The 3D structure of the tissues has been described with a good correlation between the fibers orientations and the rigidities under macroscopic directions. ARS was composed of crossing collagen bundles with a low proportion of almost isotropically arranged elastin. It has been shown that collagen fibers largely controlled mechanical behavior. The stiffest load direction varied according to the resulting orientation of the intertwined bundles. Due to the difficulties of observation related to tissue sampling, only the LA structure has been described. LA was composed of three layers. The internal structure is similar to ARS while the other layers are richer in elastin and contain less ordered collagen fibers.

The mechanical behavior would therefore be controlled by the internal structure, as for ARS, while the upper layers would have an accommodating role for deformations.

These empirical observations proved the relation between the microscopic architecture of the constituents tissues and its macroscopic mechanical behavior. Mechanical modeling should be able, with an adequate homogenization scheme, to predict the mechanical behavior of connective tissue. This would require a thorough knowledge of the microstructure, i.e. the orientations and the anisotropy ratio of the collagen fibers. To go further in this approach, it would be interesting to investigate whether the fibers displacement is affine [START_REF] Ehret | Non-affine strain measures for continuum models of network materials[END_REF][START_REF] Jayyosi | Affine kinematics in planar fibrous connective tissues: an experimental investigation[END_REF] during mechanical loading to sharpen the description of strain measurements in future constitutive models. The elastic recoil due to elastin fibers could also be confirmed with in situ relaxation tests in order to propose hypothesis on relevant mechanisms of deformation [START_REF] Mauri | Time-dependent mechanical behavior of human amnion: Macroscopic and microscopic characterization[END_REF].

Chapter 5

Histologically-based anisotropic modeling

In this chapter, we propose a constitutive anisotropic model based on a microscopic description of the material to describe the macroscopic mechanical behavior. This model is based on directional (or micro-sphere) strain energy density, linking fiber contribution to the global elasticity. The first part is dedicated to the theoretical model and the introduction of a new integration method over an ellipsoidal surface. In the second part, the model is tested for relevance on numerical materials and then on experimental data obtained from anterior rectus sheath sample. Subsequently, a sensitivity study is conducted to estimate the influence of the parameters. Finally a compressible formulation is presented for further finite elements implementation.

Most of the results of this chapter have been submitted and will be found in the following reference, in case of acceptance:

Laure Astruc, Annie Morch, Jean-François Witz, Vít Nováček, Frédéric Turquier, Thierry Hoc, Mathias Brieu, under review. An anisotropic micro-ellipsoid constitutive model based on a microstructural description of fibrous soft tissues, Journal of the Mechanics and Physics of Solids. 

Introduction

This study focused on the link between the fibers architecture of the abdominal wall connective tissues and their mechanical behavior. In Chapter 2, the study of the mechanical properties, identified using conventional methods, highlighted the need to study fibers architecture at a microscopic scale. The characterization of the mechanical behavior at a macroscopic scale was not sufficient and revealed a wide dispersion in the results, resulting from intra-and inter-individual variations.

Chapter 4 confirmed the hypothesis of tissue variability. The study of the microscopic images, acquired with a confocal microscope, using the image analysis methods developed in Chapter 3, showed that the orientation of the fibers, specific to a location and to an individual, is controlling the mechanical behavior.

The last step is therefore the design of a model including the specific architecture of the considered tissues. Current models (Gasser et al., 2006;Alastrué et al., 2009;[START_REF] Weickenmeier | A physically motivated constitutive model for 3D numerical simulation of skeletal muscles[END_REF][START_REF] Li | Modeling fibrous biological tissues with a general invariant that excludes compressed fibers[END_REF] take into account the structure by prior knowledge of anisotropy. The model is then constructed considering the orientations of the fibers. Intra-and inter-individual variations do not allow an a priori knowledge of the anisotropy. The proposed model must be able to integrate the structure a posteriori.

In this chapter, we will detail the construction of a model that addresses this problem, by decoupling the material parameters from the structural ones. The material-related parameters are intrinsic to the model and related to the nature of the fibers. These parameters will not be affected by anisotropy. The structure-related parameters are extrinsic to the model and will be modified according to the type of anisotropy. First, the theoretical model will be presented and then confronted with numerical materials. After the validation of its robustness, it will be used to identify the intrinsic material parameters of the anterior sheath from experimental tests and then, knowing its extrinsic structural parameters, it will also predict the mechanical behavior of others samples harvested from another individual. Finally, model sensitivity to parameters will be studied and a decoupled form to address finite elements issues will be presented.

The first part of this chapter has been submitted and is reproduced in full hereafter as Section 5.2.

An anisotropic micro-ellipsoid constitutive model based on a microstructural description of fibrous soft tissues 

Abstract

The aim of this paper is to propose a multi-scale anisotropic constitutive model based on a microscopic description of a soft fibrous tissue. The proposed model is based on directional (or micro-sphere) strain energy density, linking the contribution of fibers to macroscopic elasticity. The link between the microscopic fiber and the macroscopic response is obtained by homogenization involving numerical integration on the surface of the homogenized volume. Directly from the texture analysis of microscopic observations, anisotropy is accounted for an ellipsoid, used as the basis for integration. In each spatial direction of the summation, the initial length of the fibers is penalized according to the geodesic of the anisotropic ellipsoid. Unlike conventional models, anisotropy is taken into account for strains, which allows the mechanical properties of the fibers to be maintained throughout the elementary volume. A new specific integration scheme on an ellipsoidal surface was then developed to facilitate numerical implementation. This model, with the new integration method, has been tested for its relevance on numerical tissues. The objectivity and invariance of rotation were then proven. Finally experimental data obtained on human abdominal wall connective tissues were used to verify the accuracy of the results and the predictive capabilities of the model.

Introduction

Controlling the behaviour of biological tissues has become a major challenge. Thanks to numerical simulation, behaviour under physiological or pathological loading is understood and predicted, offering benefits in many areas: improvement of surgical techniques (Guérin and Turquier, 2013) or medical devices [START_REF] Lister | Development of in vivo constitutive models for liver: Application to surgical simulation[END_REF] or risk prediction for patients [START_REF] Mayeur | Evaluation of strains on levator ani muscle: damage induced during delivery for a prediction of patient risks[END_REF], allowing specific accessible treatment. For example, for a patient, the predictive numerical model will be used to choose one surgical method over another, with a customized surgical device, depending on the potential complications.
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To achieve patient-specific simulation and improve medical treatments, it is necessary to characterize and model the mechanical behaviour of the tissues involved in the treatment. Classically, the macroscopic mechanical behaviour of biological soft tissues is characterized by several hyperelastic models [START_REF] Mooney | A theory of large elastic deformation[END_REF]Rivlin, 1948;[START_REF] Ogden | Nearly isochoric elastic deformations: Application to rubberlike solids[END_REF]Yeoh, 1993). However, these models derive from purely phenomenological functions of strain energy, considered isotropic (Chagnon et al., 2015;Wex et al., 2015): they are used as a first approach and because of their ease of implementation. [START_REF] Hostettler | Bulk modulus and volume variation measurement of the liver and the kidneys in vivo using abdominal kinetics during free breathing[END_REF], [START_REF] Abraham | Hyperelastic properties of human meniscal attachments[END_REF] and [START_REF] Silva | Computer Methods in Biomechanics and Biomedical Engineering Biomechanical properties of the pelvic floor muscles of continent and incontinent women using an inverse finite element analysis[END_REF] used a Mooney-Rivlin or a Yeoh model to characterize the mechanical properties of the liver, the pelvic floor and the meniscal attachment while a Ogden model was used to characterize the skin [START_REF] Lapeer | Simulating plastic surgery: From human skin tensile tests, through hyperelastic finite element models to real-time haptics[END_REF], the brain [START_REF] Kaster | Measurement of the hyperelastic properties of ex vivo brain tissue slices[END_REF], the liver [START_REF] Lister | Development of in vivo constitutive models for liver: Application to surgical simulation[END_REF] and the bladder and rectum [START_REF] Boubaker | Predictive model of the prostate motion in the context of radiotherapy: A biomechanical approach relying on urodynamic data and mechanical testing[END_REF]. Human connective tissues are heterogeneous, composed of an intertwining of collagen and elastin fibers. This entanglement leads to highly anisotropic hyper-elastic non-linear behaviour (Korenkov et al., 2001;Astruc et al., 2018).

In recent years, this constitutive phenomenological modeling has incorporated a microstructure-based approach to include some parameters with a more physical meaning [START_REF] Holzapfel | Modelling non-symmetric collagen fibre dispersion in arterial walls[END_REF][START_REF] Polzer | Structurebased constitutive model can accurately predict planar biaxial properties of aortic wall tissue[END_REF][START_REF] Brieu | A nonlinearelastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF]. The most commonly used model is the generalized structure tensor (GST) model, which includes a scalar structure parameter representing the fiber distribution (Gasser et al., 2006;[START_REF] Li | Modeling fibrous biological tissues with a general invariant that excludes compressed fibers[END_REF]. Such models therefore assume a predetermination of anisotropy with a priori preferential directions and introduce many material and geometric parameters leading to difficult experimental identification and numerical implementation. In case of anisotropic biological tissues such as the abdominal connective tissues, anisotropy predetermination is not possible because of its patient-dependency and its variation according to location (Gräßel et al., 2005;Astruc et al., 2018). A model where the directions of anisotropy are directly identifiable variables is lacking. The second commonly used class of model is the directional approach (also called micro-sphere), based on a spatial arrangement of weighted fiber bundles homogenized by integration on the surface of the unit sphere, either isotropic [START_REF] Miehe | A micro-macro approach to rubber-like materials -Part I: The non-affine micro-sphere model of rubber elasticity[END_REF] or anisotropic (Alastrué et al., 2009a). In this approach structural information is included assuming a fiber orientation distribution function (ODF). Bergonnier et al. (2005) then Witz et al. (2008) found a clear link between image texture and linear elastic behaviour. For textured material as crimped glass wool, elastic properties were identified directly from quantitative images analysis of the heterogeneous texture of the sample. In this study, we propose to extend this approach to non-linear 3D hyper-elastic behavior. Images of tissues at the fiber scale were obtained using multiphotonic microscopy. Then texture analysis of the whole image gives access to the main orientation and the disorientation rate, i.e. the anisotropy rate. By applying the structure tensor method developed by Rao and Schunck (1991), the 3D texture gives an image of the anisotropy of the tissue in the form of an ellipsoid, oriented along the main direction and whose minor axes correspond to the rate of disorientation of the fibers in space.

Submitted in J Mech Phys Solids CHAPTER 5. HISTOLOGICALLY-BASED ANISOTROPIC MODELING Biological tissues, composed of polymeric fibers, can be assimilated to hyperelastic macromolecular network [START_REF] Brieu | A nonlinearelastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF]. It is then possible to use formulations developed for long-chain macromolecular network [START_REF] Wang | Statistical theory of networks of non-gaussian flexible chains[END_REF][START_REF] Arruda | A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials[END_REF][START_REF] Kuhl | Remodeling of biological tissue: Mechanically induced reorientation of a transversely isotropic chain network[END_REF]. Each type of fiber is described by physically-based parameters related to its macromolecular properties, i.e. its material properties. Based on the formalism of [START_REF] Brieu | A nonlinearelastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF] for the isotropic directional model, the microstructure can be taken into account by integrating on the surface of the ellipsoid representing the anisotropy. With such an approach, material and microstructural parameters are independent and uncorrelated. Material (intrinsic) parameters can be determined while microstructural (extrinsic) parameters can be identified from the texture analysis according to the location of the tissue and the patient. Anisotropy is accounted by changing the fibers initial length according to the ellipsoid geodesic, which means that anisotropy only impacts the structure of the tissue and not its intrinsic properties. The studied tissue is considered as composed of similar unit elements, i.e. the fiber, with the same intrinsic properties, only the spatial arrangement of the unit elements confers the extrinsic properties to the entire tissue. Moreover, unlike the micro-sphere model, working in deformation rather than stress avoids an increase in the number of integration points in the event of very significant anisotropy (Alastrué et al., 2009b;[START_REF] Verron | Questioning numerical integration methods for microsphere (and microplane) constitutive equations[END_REF], allowing implementation in finite element code with reasonable calculation times.

The purpose of this paper is to propose a multi-scale anisotropic constitutive model based on a directional strain energy density, using a microscopic description of the tissue to predict its macroscopic behaviour. One of the main interests lies in the limited number of parameters. The intrinsic parameters, linked to the material, are set common to all individuals and the extrinsic parameters, linked to the microstructure, are the only variable information. The first part describes the modeling framework and in particular the strain energy density integrated on the surface of a volume directly coinciding with the anisotropy of the tissue. A new method of integrating over a revolution ellipsoid surface is then proposed. The second part deals with the validation of the model, with several cases of anisotropy.

The third part focuses on its application to experimental tests on human abdominal rectus sheath and the demonstration of the model's ability to identify the microstructure by setting constant material parameters.

2 Theoretical study

Constitutive equations

Biological fibrous soft tissues have an anisotropic hyper-elastic response (Martins et al., 2012;Astruc et al., 2018). To model the hyper-elastic behavior under large strains, a strain energy density W is introduced to formulate constitutive equations. The deformation gradient tensor F allows to describe the transformation from an initial configuration to a deformed one. Submitted in J Mech Phys Solids
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Stresses may be expressed with the second Piola-Kirchhoff stress tensor, S, as:

S = ∂W ∂E -pC -1 (1) 
with C = F T .F , the right Cauchy-Green strain tensor and E = 1 2 (C -I), the Green-Lagrange strain tensor. p is a Lagrange multiplier, treated as a hydrostatic pressure resulting from the incompressibility assumption of the tissue. Incompressibility also implies:

det(C) = 1 (2) 
A biological tissue is a polymer constituted of fibers (Gräßel et al., 2005), considered as a spatial network of fibers, spread in every directions of space. [START_REF] Treloar | A Non-Gaussian Theory for Rubber in Biaxial Strain[END_REF] proposed a full network model assuming that each spatial direction u contributes to the global elasticity of the material. The strain-energy function, W, is obtained by a summation over all directions, u, on the spatial material layout S of the elementary strain energy densities, w, related to the contribution of fiber aligned with u:

W(C) = 1 S S w(λ(C, u))dS (3) 
where λ is the stretch measure seen by the direction u [START_REF] Arruda | A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials[END_REF][START_REF] Diani | Directional model for isotropic and anisotropic hyperelastic rubber-like materials[END_REF]:

λ = u.C.u (4) 
In order to obtain a microstructurally-based modeling of the behavior, the model is based on a physical description of the fibers. A form of w was introduced by [START_REF] Kuhn | Beziehungen zwischen elastischen Konstanten und Dehnungsdoppelbrechung hochelastischer Stoffe[END_REF], with a single-chain probability density function:

w(λ, C, N ) = CN β(λ) λ √ N + ln β(λ) sinh(β(λ)) with β(λ) = L -1 λ √ N (5) 
which, after derivation, brings to:

∂w(λ, C, N ) ∂λ = C √ N L -1 λ √ N (6) 
where C = nκ B T , κ B is Boltzmann's constant, T the absolute temperature and n the macromolecules density in the chain. C is homogeneous to a stress and is therefore treated as the rigidity of the chain.

N is the average length of the macromolecules, with √ N the limit of extension of the chains and the function L -1 is the inverse of the Langevin's function: L(x) = coth(x) -1/x, generally approximated by Padé approximant [START_REF] Cohen | A Padé approximant to the inverse Langevin function[END_REF][START_REF] Jedynak | Approximation of the inverse Langevin function revisited[END_REF] or a Taylor serie, chosen as long as λ is not to close to the limit of extension [START_REF] Gillibert | Anisotropy of direction-based constitutive models for rubberlike materials[END_REF].
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The elastic energy density partial derivative from Eq. ( 3) with (1) comes as:

∂W ∂C = 2 S S ∂w(λ) ∂λ ∂λ ∂C dS (7) 
By substitution of Eq. ( 6) in ( 7), the expression of the second Piola-Kirchhoff stress tensor becomes:

S = S -pC -1 (8) 
with :

S = 1 S S C √ N λ L -1 λ √ N (u ⊗ u) dS (9) 
However a problem occurs with this formulation in its initial state, for F = I. The directional invariant does not allow a state free of stress, the addition of a prestress is therefore required to ensure an unloaded state [START_REF] Diani | Directional model for isotropic and anisotropic hyperelastic rubber-like materials[END_REF][START_REF] Kuhl | Remodeling of biological tissue: Mechanically induced reorientation of a transversely isotropic chain network[END_REF]. In literature, few studies [START_REF] Criscione | Constitutive framework optimized for myocardium and other high-strain, laminar materials with one fiber family[END_REF][START_REF] Ciarletta | Stiffening by fiber reinforcement in soft materials: A hyperelastic theory at large strains and its application[END_REF] have examined the development of structural invariants ensuring a stress free initial state while others (Chagnon et al., 2015) have used higher-order functions involving structural invariants. Similarly, the structural invariant used in this study, directional elongation, can be modified to ensure a stress free state without pretension. In order to maintain the use of the Langevin inverse function as extensibility function, the new structural invariant becomes:

ν(E, u) = (u.E.u) 2 + 1 (10)
as a function of E, derived from the directional stretch and adapted to ensure an unloaded state in the initial configuration, for the stress tensor part S in Eq. ( 8) expressed by:

S = 2 S S C √ N √ ν -1 L -1 ν √ N (u ⊗ u) dS (11) 
This form of the stress tensor depends on only two material (intrinsic) parameters, C and N and equals zero at zero deformation by definition. Moreover, considering a higher order deformation function allows us to achieve the same objectives as in worm-like chain models [START_REF] Kuhl | Remodeling of biological tissue: Mechanically induced reorientation of a transversely isotropic chain network[END_REF]: the unitary element is not loaded in the same way as the global tissue. During uniaxial traction, not all fibers are directly recruited: the fiber does not deform as quickly as the overall tissue and is recruited in a more non-linear way. The deformation measurement thus modified therefore makes it possible to take this phenomenon into account, without the addition of parameters.

Thereafter, we will work with the first Piola-Kirchhoff stress tensor τ , also called the nominal stress tensor, expressing the experimentally measurable stress, as:

τ = F S = 2F S S C √ N √ ν -1 L -1 ν √ N (u ⊗ u) dS -pF -T (12) 
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Analytical solution

In order to conduct analytical solutions, we consider a uni-axial tensile test performed according a given loading direction on an anisotropic soft tissue sample with arbitrary material properties, C and N . The tissue sample is defined in the reference (e 1 ,e 2 ,e 3 ), involved material-specific directions.

For an anisotropic sample, the deformation gradient tensor F defined in the principal deformations reference (e FI , e FII , e FIII ), is of the form:

F = diag (F I , F II , F III ) (eF I ,eF II ,eF III ) (13) 
and the first Piola-Kirchoff stress tensor τ defined in the principal stresses reference (e τI , e τII , e τIII ) (i.e. the solicitation reference) is:

τ = diag (τ I , τ II = 0, τ III = 0) (eτ I ,eτ II ,eτ III ) (14) 
where τ I is to be determined.

Because of anisotropy, the principal stresses reference and the principal deformations reference are not necessarily coincident. They coincide only in case of isotropy or when solicitation direction is coincident with anisotropy main orientation. Otherwise, the deformation gradient tensor F can be expressed in the principal stresses reference as:

F =      F 11 F 12 F 13 F 21 F 22 F 23 F 31 F 32 F 33      (eτ I ,eτ II ,eτ III ) (15) 
where F 11 is known as the elongation sustained by the material in the loading direction. The others 8

F ij components of the tensor are unknown and the management of incompressibility is achieved by the introduction of p, additional unknown. Finally, the system presents 10 unknowns. With Eq. ( 12), we obtain 9 equations, from the tensor components, binding F ij and τ I . The incompressibility equation Eq. ( 2), linking the F components, provides the additional equation, rendering the problem solvable.

For any solicitation in a given direction, we can assess the mechanical stress exerted on the material and the related deformation gradient tensor.

Material anisotropy

Directional models (or micro-sphere models) were previously developed on isotropic [START_REF] Miehe | A micro-macro approach to rubber-like materials -Part I: The non-affine micro-sphere model of rubber elasticity[END_REF][START_REF] Brieu | A nonlinearelastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF] or Mullins softening induced anisotropic [START_REF] Göktepe | A micro-macro approach to rubber-like materials. Part III: The microsphere model of anisotropic Mullins-type damage[END_REF][START_REF] Merckel | Constitutive modeling of the anisotropic behavior of Mullins softened filled rubbers[END_REF] materials. Such materials are organized in a three-dimensional network of long chains.

Submitted in J Mech Phys Solids CHAPTER 5. HISTOLOGICALLY-BASED ANISOTROPIC MODELING Each chain is described with an elementary strain energy density with the same mechanical properties, C and N that contributes equally to the material, constituting an isotropic three-dimensional lattice.

The global strain energy density is obtained by integration over the unit sphere according to Eq. (3).

For computational time aspects, discrete distributions with a finite number of directions are introduced [START_REF] Wang | Statistical theory of networks of non-gaussian flexible chains[END_REF][START_REF] Arruda | A three-dimensional constitutive model for the large stretch behavior of rubber elastic materials[END_REF]. [START_REF] Bažant | Efficient Numerical Integration on the Surface of a Sphere[END_REF] directional integration networks are traditionally used, in particular the 2x21 u i directions network, providing a good precision of the integral. In this study, the 2x66 network is chosen for its accuracy and efficiency [START_REF] Gillibert | Anisotropy of direction-based constitutive models for rubberlike materials[END_REF]. The discretized strain energy density is expressed as the summation of each elementary strain energy density w i of direction u i , weighted by the integration weights ω i :

W(E) = M i=1 ω i w(ν(E, u i )) (16) 
In case of an anisotropy resulting from Mulling effect, the same set of directions is chosen according to the initial isotropy and the integration weights of the loading direction is penalized with an anisotropic damage law [START_REF] Diani | A damage directional constitutive model for Mullins effect with permanent set and induced anisotropy[END_REF]. The network remains spherical but the penalty allows to induce the anisotropy. In case of anisotropic materials, anisotropy ought to be taken into account from the outset. Micro-sphere models (Alastrué et al., 2010) depict the dispersion of fibers with the Bingham [START_REF] Bingham | An Antipodally Symmetric Distribution on the Sphere[END_REF][START_REF] Spronck | A method for three-dimensional quantification of vascular smooth muscle orientation: application in viable murine carotid arteries[END_REF] or Von Mises ODF, assigning to each direction of the unit sphere an orientation concentration factor (Sáez et al., 2016).

The proposed model reflects the dispersion directly on the three-dimensional network. Texture analysis with the structure tensor method (Krause et al., 2010;Knutsson et al., 2011) establishes a distribution of the spatial orientations of the observed anisotropic sample (Fig. 1-A), from which an ellipsoid reflecting the anisotropy of the material is created (Fig. 1-B): the main direction of the ellipsoid coincides with the main directions of the fibers and the semi-minor axis coincides with the distribution width σ. The greater the anisotropy, the smaller the variance of the distribution, the thinner the integration ellipsoid becomes. Submitted in J Mech Phys Solids
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The ellipsoid is then used as an homogenization alternative to the unit sphere. Instead of considering an homogeneous network such as the unit sphere, the network is deformed according to the ellipsoid of revolution determined by image analysis. The vector materializing the direction u i is no longer a unit vector, but its norm is correlated to the geodesic of the ellipsoid: a vector oriented in the direction of the major axis of the ellipsoid has a unitary norm while a vector oriented in the orthogonal plane, containing the minor axis, has a norm equal to D (Fig. 1-B). Physically, this is equivalent to locally changing the initial length of the fibers when projecting deformations on the directions (Eq. ( 10)),

and not their stiffness as in conventional models with ODF. The ellipsoid maintains the mechanical properties of the fibers, the average length N and the density n, proportional to the stiffness C, and angularly varies the initial lengths of the fibers along the geodesic of the ellipsoid. With this deformation of the network, anisotropy does not impact the properties of the material but only its structure. In this study, only transverse isotropy is considered. In case of a different anisotropic nature, an ordinary ellipsoid would be considered with two different minor axes, correlated to the particular distribution of the spatial orientations.

Numerical integration

Previous works [START_REF] Bažant | Efficient Numerical Integration on the Surface of a Sphere[END_REF][START_REF] Heo | Constructing fully symmetric cubature formulae for the sphere[END_REF] used different schemes to evaluate integrals over the surface of a sphere providing accurate results. However, these methods cannot be used for ellipsoids. Pre-defined networks on the spheres cannot be deformed into ellipsoids. The distribution of integration points, homogeneous on the surface of a sphere (Fig. 2-A), is indeed no longer uniform once the sphere is deformed into an ellipsoid. A customized integration scheme has therefore been developed to evaluate integrals over a revolution ellipsoid, allowing to select privileged directions. The directions are then chosen arbitrarily or according to the material microstructure. Fig. 2-B shows a specific distribution on a sphere, which can be easily applied to discontinuous materials with specific directions such as textiles [START_REF] Morch | Modeling of anisotropic hyperelastic heterogeneous knitted fabric reinforced composites[END_REF].

Submitted in J Mech Phys Solids CHAPTER 5. HISTOLOGICALLY-BASED ANISOTROPIC MODELING For anisotropic material, the parameterization of the surface, by angular discretization provides uniform distribution of the integration points on the revolution ellipsoid surface (Fig. 2-C).

The customized method is used to evaluate the integral Q of a function q on the surface of a revolution ellipsoid, with semi-major axis a and semi-minor axis b. Directions are located on the surface by the set of spherical coordinates (u, v) (Fig. 3-A). By virtue of the first fundamental form in differential geometry (Weisstein, 1999), the infinitesimal ellipsoid surface element is defined as:

dS = a 2 -(a 2 -b 2 ) sin 2 u dudv. The integral Q then becomes: Q(u, v) = π u=0 2π v=0 q(u, v) a 2 -(a 2 -b 2 ) sin 2 u dudv ( 17 
)
Spheroid surface is discretized with a tiling using nine-nodes quadrangles (Fig. 3-B-C). The dis- cretization is used as the integration basis for the function q, approximated with quadratic Lagrange polynomials for each quadrangle.

I II x y z x y z u v (u 1 ,v 2 ) (u 2 ,v 2 ) (u 1 ,v 1 ) (u 2 ,v 1 ) (u 1 ,v 3 ) (u 3 ,v 3 ) (u 2 ,v 3 ) (u 3 ,v 1 ) (u 3 ,v 2 )
q(u, v) = 2 i,j=0 α ij u i v j (18) 
For each quadrangle I, q is evaluated on the nine nodes of I (Fig. 3-C) as q i (i = 1...9), with node coordinates, providing an analytical expression of the coefficients α ij of the Lagrange polynomials, only related to nodes and q i by reversing the following system:

                                             q 1 = 2 i,j=0 α ij u i 1 v j 1 q 2 = 2 i,j=0 α ij u i 3 v j 1 q 3 = 2 i,j=0 α ij u i 3 v j 3 q 4 = 2 i,j=0 α ij u i 1 v j 3 q 5 = 2 i,j=0 α ij u i 2 v j 1 q 6 = 2 i,j=0 α ij u i 3 v j 2 q 7 = 2 i,j=0 α ij u i 2 v j 3 q 8 = 2 i,j=0 α ij u i 1 v j 2 q 9 = 2 i,j=0 α ij u i 2 v j 2 (19)
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- [START_REF] Bažant | Efficient Numerical Integration on the Surface of a Sphere[END_REF]'s 122 directions network. The spherical network is deformed in ellipsoid and integration weights from the unit sphere are used.

- [START_REF] Bažant | Efficient Numerical Integration on the Surface of a Sphere[END_REF]'s 122 directions network. The spherical network is conserved and integration weights from the unit sphere are penalized according to ellipsoidal geodesic.

-a network of 112 directions with numerical integration, previously defined in the present paper.

-a network of 422 directions with numerical integration, previously defined in the present paper.

In the first Bazant case, the anisotropy is taken into account on the deformations, as in the approach developed in the present paper while in the second Bazant case, anisotropy is taken into account on stresses, as in the micro-sphere approach. The results are compared with numerical integration computed with Scipy python library, using Gauss-Kronrod quadrature formula [START_REF] Kronrod | Nodes and weights of quadrature formulas, sixteen-place tables: Authorized translation from the Russian[END_REF]. Numerical results, longer to assess (10 times longer than an unoptimized straightforward implementation of the presented method) and therefore not usable in optimization or finite element simulation codes, are considered accurate and used as a basis for comparison on Table 1 which provides the relative errors between the different methods.

S R=1 S R=0.5 S R=0.01

Bazant (directions penalization) 1.10 -6 % 4.8% 7.9% Bazant (weights penalization) 1.10 -6 % 5.2% 32% Proposed method (112 directions) 2.10 -3 % 2.10 -3 % 3.10 -3 % Proposed method (422 directions) 2.10 -4 % 3.10 -4 % 3.10 -4 % Table 1: Relative error for numerical integration over a sphere, an ellipsoid with an axis ratio of 0.5 and an ellipsoid with an axis ratio of 0.01 with four methods.

For the integration on the surface of a sphere, [START_REF] Bažant | Efficient Numerical Integration on the Surface of a Sphere[END_REF] method is the most efficient, with a relative error close to 10 -6 %. Penalization has no effect whatsoever. However, the error becomes very large, multiplied by several million, when integrating on the surface of an ellipsoid. For a very thin ellipsoid, the error is almost 8% when ellipsoid directions are considered and 32% when spherical integration weights are penalized. With the method described in the present paper, the error remains constant and weak whatever the shape of the surface to be integrated. Integration is thus objective. By increasing the number of directions, the relative error could be reduced. A compromise must therefore be chosen between computation time and precision. For the remainder of the study, the 422 directions network was chosen, considering the error insignificant.

With this numerical integration method, a random network of directions can be used or a specific network, coinciding with the structure of the material [START_REF] Morch | Modeling of anisotropic hyperelastic heterogeneous knitted fabric reinforced composites[END_REF] for specific integrations.

In addition, the surface element may be modified in a sufficiently direct way to achieve integration on any shape.

Submitted in J Mech Phys Solids Moreover, in the context of hyperelastic problems, the polyconvexity of the strain energy density is a sufficient condition for the existence of the solution [START_REF] Hill | New horizons in the mechanics of solids[END_REF][START_REF] Ball | Convexity Conditions and Existence Theorems in Nonlinear Elasticity[END_REF]. The values of the strain energy density with its first and second derivatives with respect to the stretch are always positive and increasing, as observed in Fig. 5, meaning that the proposed density is an increasing monotonic function and is polyconvex with respect to its argument. Thus, the strain energy density satisfies the polyconvexity condition and guarantees the existence of a single solution. The material stability of the proposed model is therefore established.

Submitted in J Mech Phys Solids In order to verify thermodynamic admissibility and convexity, the equivalent elasticity stiffness tensor C can be determined as:

C = ∂S ∂E = 4C S S β √ N 2 + (ν -1) β sinh (β) 2 sinh (β) 2 -β 2 ((u ⊗ u) ⊗ (u ⊗ u)) dS (24) with β = L -1 ν √ N .
The fourth-rank tensor may be written in 2-index Mandel notation as the matrix: 

C =               C 1111 C 1122 C 1133 √ 2C 1123 √ 2C 1131 √ 2C
              (25) 
Whatever the state of deformation applied and the type of sample, this matrix becomes:

C =               C 11 C 12 C 12 0 0 0 C 12 C 22 C 23 0 0 0 C 12 C 23 C 22 0 0 0 0 0 0 C 22 -C 23 0 0 0 0 0 0 2C 55 0 0 0 0 0 0 2C 55               (26)
The shape of C is consistent with the transverse isotropy hypothesis. To verify the polyconvexity hypothesis, it is sufficient that C is defined as positive regardless of the state of deformation applied.

The diagonalization of the matrix shows that the terms are always positive and increasing. Moreover, during the loading phase, the coefficients C ij exhibit a convex evolution.

Submitted in J Mech Phys Solids

AN ANISOTROPIC MICRO-ELLIPSOID CONSTITUTIVE MODEL

The thermodynamic admissibility hypothesis leads also to restrictions on the elastic coefficients of C.

Through the generalized Hooke's law, the Young moduli and Poisson ratios verify [START_REF] Lempriere | Poisson's ratio in orthotropic materials[END_REF] inequalities and thus ensure the existence and admissibility of the micro-ellipsoid model.

Theoretical results of the proposed model

In order to verify its relevance and consistency, the proposed model is applied to numerical uni-axial tensile tests performed in various directions of loadings on specimen from:

• Isotropic sample with evenly distributed fibers (Fig. 6-A)

• Anisotropic sample with a broad fibers distribution (moderate anisotropy) centered on θ (Fig. 6-B)

• Anisotropic sample with highly oriented fibers (huge anisotropy) at θ (Fig. 6-C)

It is assumed that samples are transversely isotropic. For an isotropic sample, the fibers distribution is homogeneous, so the ratio between major and minor ellipsoid axis, D, equals 1. The anisotropy thus can be defined as: A = 1 -D. When anisotropy is increasing (A > 0), ratio D is decreasing (D < 1). Five types of loading between 0 and π/2 (Fig. 7) are simulated on every sample and the main orientation θ of the anisotropy is chosen at π/8 from the sample basis ( -→ e 1 , -→ e 2 , -→ e 3 ). The material parameters, C

A = 0 A = 1 A = 0.5 A B C θ θ e 1
and N are arbitrarily fixed as: C = 5M P a and N = 5 (dimensionless), constant whatever the type of anisotropy and the direction u i . Stresses are assessed with the nominal stress tensor from the Eq. ( 8), ( 11), ( 16) and ( 23):

τ = C √ N M =422 i=0 ω i √ ν i -1 L -1 ν i √ N F (u i ⊗ u i ) -pF -T (27)

Isotropic case

The directional model is applied on numerical isotropic sample and five loading directions are simulated with a stretch of 1.5. Thank to the sample isotropy, fibers and therefore mechanical properties are evenly distributed over space, the integration is over a sphere with D = 1. The ellipsoid deforms the initial lengths of the fibers, so for a sphere the fibers are equivalent in every directions, with 

Moderately anisotropic case

The five loading directions are now simulated with the same stretch of 1.5 on a moderately anisotropic sample (Fig. 6-B).
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AN ANISOTROPIC MICRO-ELLIPSOID CONSTITUTIVE MODEL

Because of the sample anisotropy, fibers and therefore structural properties are not equal with directions. The ellipsoid deforms, according to its geodesic, the initial lengths of the fibers, then modifying the mechanical responses according to the direction of loading. Anisotropy A is evaluated to 0.5, minor axis D equals 1 -A = 0.5. The anisotropy main orientation is set to π/8. The model is then integrated on the surface of an ellipsoid with a minor axis D and oriented at π/8. Stress-stretch responses are shown in Fig. 9. Loadings at 0 and π/4 are therefore symmetrical, as illustrated on the figure: curves are superimposed, with a RE of 10 -8 %. This superposition of the responses is due to the symmetry of the load with respect to the main orientation of the anisotropy. The others loading directions are well ordered: the loading at π/8, corresponding to the main anisotropy direction, is the stiffest. The shape of the ellipsoid represents the spatial distribution of fibers. The direction at π/2 corresponds to the least dense loaded sample direction. At π/2, there are therefore fewer fibers than at π/8. Its response is consequently the least rigid. To characterize the anisotropy level, the anisotropy ratio (AR) between ultimate stresses (corresponding to a stretch of 1.5) for a loading at π/8 and a loading at (π/8 + π/2) is evaluated:

AR = σ(θ) σ(θ + π/2) λ=1.5
A loading in the main direction of anisotropy has a response 16 times stiffer than a loading in a perpendicular direction, corresponding to AR= 16. 

Highly anisotropic case

The simulation is performed on the highly anisotropic sample, in five loading directions and a stretch of 1.5. The anisotropy is set to 0.9 (an anisotropy set to 1 is ideal but unable to be simulated), which corresponds to an ellipsoid with a minor axis at 0.1. The model is then integrated on the surface of an ellipsoid with a minor axis equals to 0. Loadings at 0 and π 4 responses are superimposed, with a RE of 10 -9 % . Here, the AR is close to 8000, which would never corresponds to our biologic tissue behavior. The model can therefore be use in its operational range. The anisotropic constitutive model presented in this article is consistent and reflective of the anisotropic behaviour of the numerical tissues tested. However, it is interesting to evaluate this model against experimental results in order to test its validity.

This microstructure-based model is developed with the main assumptions that structural parameters and material parameters can be decoupled and that structural parameters play a significant role for classical range of material characteristics. To verify the validity of this hypothesis, model is applied to human abdominal wall connective tissue. Connective tissues are composites with an interweaving of collagen and elastin fibers, leading to highly anisotropic behavior due to their oriented microstructure (Korenkov et al., 2001;Gasser et al., 2006). The model is parameterized using a set of micro-structural parameters derived from fiber distribution (A,θ) and a set of mechanical parameters related to macromolecules (C,N ). First, structural parameters are imposed in order to identify the material parameters on one experimental data set. In a second step, the structural parameters are identified using the precedent identified material parameters and compared to real parameters. In the present paper, from two different individuals, three samples of epigastric anterior rectus sheath (Astruc et al., 2018) are tested under uni-axial tension along three directions of loading in situ in a multi-photon confocal microscope (Levillain et al., 2016). Samples are retrieved very close to each others to consider the fibers orientations are equivalent. Based on texture analysis (Rao and Schunck, 1991), fibers anisotropy is included through a coincident ellipsoid, oriented in the main direction, built from fibers orientations distribution (Fig. 1). Non-linearity and anisotropy are then tested.

Submitted in J Mech Phys Solids The optimization of the material parameters is obtained through the minimization of the error between the experimental and modeled curves along the three directions, using a Truncated-Newton algorithm [START_REF] Dembo | Truncated-newtono algorithms for large-scale unconstrained optimization[END_REF], available in Python library Scipy (Jones et al., 2001). The material parameters, C and N , for collagen fibers are given in Table 2:

Identified material parameters -3 , is also consistent with the density used in [START_REF] Kuhl | Modeling and Simulation of Remodeling in Soft Biological Tissues[END_REF] study for tendon collagen soft tissues, γ ch = 7e 21 m -3 . Elastic moduli of biological tissues are generally lower: in a previous study on connective tissues of the abdominal wall (Astruc et al., 2018), the moduli ranged from 0.39 MPa in small deformations to 15 MPa in large deformations. However, in this constitutive model, the C parameter does not correspond to the stiffness of the entire tissue, but to the stiffness of the unit element, the fiber. Sherman et al. (2015) conducted a literature review on collagen tissues at different scales. The rigidity of the collagen molecule is in the GPa range while the whole tissue has a modulus in the MPa range, or even kPa. Sasaki and Odajima (1996) explains this phenomenon by the organization of collagen fibers that are not directly recruited in traction. The apparent rigidity of the entire tissue therefore appears to be reduced. The parameter determined by the optimization is therefore consistent.

C (MPa) 23.1 N 11.3 Table 

Identification of structural parameters

For the second individual, the microscopic observations of collagen fibers using confocal microscopy are given in Fig. 12-A.

Submitted in J Mech Phys Solids As in the study by [START_REF] Brieu | A nonlinearelastic constitutive model for soft connective tissue based on a histologic description: Application to female pelvic soft tissue[END_REF] The numerical responses (solid lines) are close to the experimental data (dashed lines), as observed in Fig. 13. With the fixed material parameters and the identified pair of structural parameters, the three stress stretch responses are modeled, showing a good agreement between the numerical results and the experimental data. Identified structural parameters are then successfully compared to the microscopic observations (Fig. 12-A). The experimental main orientation is 12 • , close to the identified value, just as for the experimental ellipsoid minor axis, set at 0.13. These parameters are completely consistent with the identified values, validating the similarity hypothesis of macromolecular properties. With material parameters C and N set, the only needed information to predict behavior is structural. 

Conclusion

In this paper, based on the microstructural description of the tissues, we have proposed a constitutive model accounting the anisotropic and non-linear behavior of fibrous biological tissues, without prior knowledge of the nature of anisotropy.

Submitted in J Mech Phys Solids Non-linear anisotropic behavior can therefore be predicted with a microscopic description of tissues, considering that the parameters of the constitutive fibers are similar for every individuals. Extrinsic parameters, relative to the structure, and intrinsic parameters, relative to the material, are fully decoupled. Knowing the material parameters of the fibers, it is then sufficient to feed the model with microscopic observations to predict the behaviour of anisotropic fibrous tissues. This model will be implemented in further studies a in finite element code to describe more complex structures such as the abdominal wall. In the long term, the mechanical behaviour of tissues could then be fully understood and would lead to patient-specific simulations, to guide the improvement of medical treatments.

Additional results

Model sensibility

In the present model, only collagen is used in the input parameters. Chapter 4 highlighted the low proportion of elastin compared to collagen (approximately less than 10%). A higher proportion of elastin was observed in the lower and upper layers of the linea alba. However, the elements insuring the linea alba tightening are found in the intermediate layer which has the same characteristics as the anterior sheath. In the previous section on the confrontation with experimental results, we have come to the conclusion that collagen is responsible for the mechanical response and elastin is responsible for the elastic recoil after deformation (Levillain et al., 2016). As a first approach, we therefore decided to consider only the predominant phase in terms of stiffness, the collageneous phase.

To support the accuracy of this approximation, it remains necessary to study the influence of this elastin phase on load responses. With a simple mixing law, both phases are included in the model.

Homogenization is performed using the volume fractions Φ Col and Φ Ela :

W(E) = Φ Col W Col (E, C Col , N Col , A Col , θ Col ) + Φ Ela W Ela (E, C Ela , N Ela , A Ela , θ Ela ) with Φ Col + Φ Ela = 1 (5.1)
As previously done, the simulation is performed on numerical materials. Collagen phase is defined by arbitrary parameters and elastin parameters are determined according to known characteristics related to collagen. The elastin phase is considered isotropic as observed in Chapter 4. In Chapter 1, the characteristics of elastin were discussed, describing elastin fibers as being 1000 times softer than collagen fibers and able to stretch 10 times more. The C parameter is equivalent to the stiffness of the fiber and the N parameter expresses the elongation rate before fiber breakage. To avoid excessive differences between the two phases, the elastin parameters are chosen closer to those of collagen. Elastin volume fraction is overestimated to magnify elastin influence. The parameters of the phases are therefore estimated as follows:

Material parameters Structural parameters Volume fraction

C (MPa) N A θ ( • ) Φ (%) Collagen 5 5 0.5 0 80 Elastin 0.05 10 1 N/A 20 
Table 5.1: Elastin and collagen parameters.

To determine the influence of each parameter and in particular those related to elastin, the model responses to numerical loads are simulated, while varying each parameter in a coherent range.

Others parameters are fixed with the initial parameters presented in Table 5. [2.5, 20]. Others non-specified parameters are set in Table 5.1.

The model is written for purely incompressible materials, where incompressibility is managed by a stress penalization thanks to a Lagrange multiplier evolving with each deformation increment.

Implementation is thus complicated, because it requires the use of hybrid elements. A degree of freedom must be added to each element to evaluate the Lagrange multiplier.

To avoid the use of hybrid elements and to apply the model to biological tissues that are not necessarily incompressible, it is possible to switch to a decoupled form of the strain energy density

W: W = W( Ē, u) + U(J) (5.2)
where W is a purely isochoric (incompressible) contribution to the total strain energy density and U is a purely volumetric (compressible) contribution. Ē is the modified Green-Lagrange strain tensor as: 5.3) where F = J -1/3 F is the modified deformation gradient, incompressible by construction, with J = detF > 0 denoting the local volume ratio.

Ē = 1 2 F T . F -I ( 
The W function is the previously used expression, simply expressed as a function of Ē. The U function is associated with a hydrostatic pressure to ensure a stress-free state in the initial configuration. U must be strictly convex and null when J = 1. Conventionally, according to [START_REF] Sussman | A finite element formulation for nonlinear incompressible elastic and inelastic analysis[END_REF] work on hyperelastic rubber-like materials, the U function can be described with K an additional material constant representing the bulk modulus as:

U(J) = K 2 (J -1) 2 (5.4)
The expression of the total second Piola-Kirchhoff stress tensor becomes:

S = S + KJ(J -1)C -1 (5.5) with: S = S : J -2 3 I 4 - J -2 3 C ⊗ C 2 -tr(C)C + tr(C) 2 -tr(C 2 ) 2 I (5.6)
I 4 is the fourth order unit tensor and S , the previously defined function in Section 5.2.2, depending on Ē.

As previously, the nearly-incompressible model is tested on an anisotropic numerical material.

Here, the material is chosen moderately anisotropic, with a main direction of anisotropy oriented Load responses for the compressible and incompressible forms of the model are superimposed for each direction. The model can therefore be used indifferently in its coupled or decoupled form, with the same set of material and structure parameters. The decoupled form will be moreover easier implementable in a finite element code. In Chapter 4, we highlighted the huge intra-individual variation in collagen orientations. The observed area is therefore is therefore very unlikely a representative elementary volume. In Fig. 5.3, the variations in fibers orientation and density can be observed at different scales. The uniaxial tensile sample area shows strong variations in the orientation of the fibers at the macroscopic scale.

Limitations

Confocal microscopic observations performed in this area will then have a very different texture, even for neighboring regions. Elastin can only be observed at a microscopic scale, allowed by the biphotonic confocal microscope.

The use of this fine observation device at a microscopic scale was conditioned by the need to know the three-dimensional architecture of the fibers and in particular the structure of elastin fibers. A transparency observation protocol will therefore be implemented to observe collagen fibers at a mesoscopic scale during mechanical loading.

The entire sample, subjected to loading, can be analyzed from an architectural point of view (Fig. 5.4-A). Fibers topological parameters introduced in Chapter 3, the orientation and the disorientation, will be measured as well as the fibers density (described in Chapter 4). The density is proportional to the transparency rate of the sample.

To ensure a more physiological loading state, swelling tests, could also be carried to allow a multiaxial loading. Preliminary developments on an inflation device proved that the mesoscopic anisotropy and density of the fibers is also observable by transparency (Fig. 5.4-B).

Conclusion

This chapter make the link between the previous chapters: the macroscopic mechanical behavior can be predicted from their histological description of the tissues.

We proposed a constitutive model taking into account the non-linear and anisotropic behavior of fibrous tissues, without prior knowledge of the nature of anisotropy.

Depending on the anisotropy determined by image analysis, the initial state of the tissue is penalized. The initial length of the fibers is modified according to the geodesic of the ellipsoid corresponding to the anisotropy. The proposed model required the development of a new integration method on the surface of a revolution ellipsoid for this purpose. Considering anisotropy as a penalization of deformations rather than stresses reflects a total decorrelation between the intrinsic parameters related to the material and the extrinsic parameters of the structure.

The robustness, coherence and sensitivity of the model were tested before comparing the model first with numerical materials and then with experimental results. The model identified successfully the material parameters and then predicted the mechanical behavior based on the material parameter previously identified. Considering that the intrinsic parameters of fibers are similar for all individuals, the only information needed to predict the mechanical behavior is the nature of anisotropy.

The chosen observation method provided an insight into the three-dimensional architecture of collagen and especially elastin fibers, in the studied tissues. Due to the nature of the model, the low elastin ratio present in the tissues, its weak influence on the mechanical response, the elastin phase could be neglected. This omission will allow to change the means of observation, to obtain more representative information. Ultimately, through the coupling of larger-scale imaging techniques and simulation methods using the micro-ellipsoid model, it would be possible to identify vivo patient-specific mechanical properties [START_REF] Affagard | Development of an Inverse Approach for the Characterization of In Vivo Mechanical Properties of the Lower Limb Muscles[END_REF].

These methods, applied to collagen and elastin fibers images, have made it possible to highlight the characteristic layouts. The anterior sheath consists of two bundles of intermingled collagen fibers surrounded by a small proportion of isotropically arranged elastin. For the linea alba, an organization by layer of superposed fibers was highlighted. The internal structure is similar to the anterior rectus sheath. However, the upper layers have a particular structure, enriched with elastin. Elastin fibers in these layers were almost isotropic.

We then assumed that elastin was negligible in the loading phase of the mechanical response.

We wanted to study the mechanical behavior of the sheathing structures. Due to the position of the elastin fibers, absent in the inner layers, elastin would act as a damping pad, to ensure the flexibility of the abdominal wall while the maintaining of sheathing functions would be ensured by structures in the inner layers. For this reason we then developed a constitutive model that only integrates the collagen phase of the tissues.

To model the behavior of anisotropic hyperelastic fibrous soft tissues, a directional approach was chosen to represent the three-dimensional microstructure of the tissues. The specificity of this approach, called micro-ellipsoid, was to decorrelate the intrinsic parameters of the material from the extrinsic parameters of the structure. The anisotropy of the material was no longer integrated on the stresses but directly on the deformations, which means considering different initial lengths of fibers according to their orientation. A specific integration method has been developed for this purpose on the surface of a revolution ellipsoid.

By applying the anisotropy determined by image analysis to the deformations and considering similar material intrinsic parameters for every individual, the model showed promising results in terms of predicting mechanical behaviors whose anisotropy nature was different. Once the material parameters were known, it was sufficient to provide the structural information in the hypo-parameterized model in order to obtain a prediction of the mechanical anisotropic behavior.

Several more general perspectives can be drawn from this research. We have only been interested in the macroscopic mechanical behavior of each sheathing component in uniaxial tension, correlated to microscopic observation. However, the studied tissues are very heterogeneous. It would therefore be interesting to evaluate the mechanical and architectural properties on a mesoscopic scale, i.e.

on the heterogeneities scale.

For this purpose, thanks to the acquired insight into the three-dimensional architecture of the tissues, it would be possible to change the mean of observation to obtain a more global view of the samples. Thanks to the image analysis tools developed in this study, the heterogeneity scale would be reachable, enabling to identify the mechanical properties of the tissues by an inverse method in a finite element code. Macroscopic properties would then be directly accessible from the mesoscopic observations. Uniaxial tensile test is the most popular test performed during the characterization phase of mechanical behavior. When tissues are anisotropic, three loading directions are required for anisotropy characterization. It is highly unlikely that two and therefore three biological tissue samples would be equivalent, even if their location are very close. It would thus be interesting to carry out multiaxial loading such as swelling tests in order to highlight anisotropy with a single test. Through an inverse method fed by image analysis, macroscopic anisotropic behavior would therefore be accessible. In addition, this test would ensure a more physiological loading, similar to breathing for example.

Finally, it would also be valuable to perform tests on the whole abdominal wall in vivo. We focused on the connective tissues that provide the sheathing functions of the abdominal wall. The abdominal wall is a complex and heterogeneous structure, composed of different muscular and aponeurotic structures with different geometries, fibers orientations and mechanical properties. By combining inverse method and stereo-correlation (non-contact optical method for measuring non-planar displacement fields), we could try to identify the mechanical properties of each component. Diffusion

Tensor Imaging (DTI) based on magnetic resonance imaging (MRI) could also provide a local measurement of the orientations distribution of fibrous structures. In the long term, these complete models could be used to simulate medical devices or the impact of treatment methods, in particular for hernia repairs.

Introduction

Depuis les premières dissections décrites dans l'Antiquité jusqu'à nos jours, la recherche et le développement dans le domaine médical visent la même finalité : les soins spécifiques au patient.

Les soins médicaux se sont enrichis au fil des années grâce à la recherche et au développement Les objectifs de la présente étude sont donc de proposer un modèle constitutif anisotrope des tissus gainants de la paroi abdominale, basé sur une description de la microstructure tridimensionnelle.

Contexte de l'étude

L'objectif de la présente étude s'inscrit dans l'amélioration du traitement des hernies abdominales.

Une hernie est une saillie anormale de la paroi abdominale dans laquelle les organes internes peuvent être emprisonnés. Le seul traitement est chirurgical avec l'ablation du sac herniaire. La chirurgie peut être combinée avec la mise en place d'un implant prothétique pour soutenir les tissus abdominaux défaillants. La réparation d'une hernie est l'une des opérations les plus répandues dans le monde, mais elle présente toutefois un pourcentage très élevé de récidive malgré des progrès considérables. Elle constitue donc un problème majeur de santé publique, avec des enjeux économiques et sociaux importants.

Des progrès dans le traitement des hernies peuvent être réalisés en améliorant les prothèses et en les rendant physiologiquement plus compatibles avec les tissus humains. La modélisation numérique semble être une étape clé pour de tels développements. Plusieurs solutions thérapeutiques pourraient être simulées par modélisation numérique de la paroi abdominale. L'impact de la taille, de la forme, des méthodes de fixation ou des matériaux pourrait être testé au préalable pour permettre un traitement individualisé de chaque patient.

Les tissus responsables de la cohésion et de la stabilité de la paroi abdominale, impliqués par conséquent dans la formation de hernies abdominales, sont des tissus conjonctifs : la gaine rectusienne et la ligne blanche. La gaine rectusienne antérieure et postérieure est la réunion des aponévroses des muscles plats de l'abdomen, entourant le muscle grand droit de l'abdomen. La ligne blanche est la réunion des deux parties de la gaine rectusienne en région médiane de la paroi abdominale, reliant le processus xiphoïde à la symphyse pubienne.

Les tissus conjonctifs ont une architecture particulière ; ils sont composés d'un enchevêtrement de fibres de collagène et d'élastine, qui a un impact majeur sur le comportement mécanique. D'un point de vue macroscopique, les fibres de collagène sont apparentes, tandis que les fibres d'élastine ne sont observables qu'à une échelle microscopique. Les techniques d'observation doivent donc être adaptées en fonction de l'échelle souhaitée : dans cette étude, un microscope confocal biphotonique a été utilisé pour obtenir une vue tridimensionnelle des deux types de fibres.

Caractérisation macroscopique

Les tissus gainants ou tissus conjonctifs de la paroi abdominale sont souvent impliqués dans la formation des hernies. Cependant, l'étude des propriétés mécaniques de l'ensemble des tissus est peu développée, ce qui empêche une compréhension globale du comportement de la paroi Pour décrire plus finement l'anisotropie des tissus, 187 échantillons supplémentaires ont été prélevés selon une direction diagonale. De la même manière, les paramètres mécaniques ont été identifiés pour les trois tissus. Ces essais ont démontré la nécessité de la prise en compte de la microstructure.

En fonction des échantillons, la réponse au chargement la plus rigide peut être produite lors du chargement soit dans la direction diagonale soit dans la direction transversale. La variabilité des profils de réponses explique la dispersion importante obtenue lors de la campagne d'essais macroscopiques.

La dispersion des données, corrélée à la microstructure décrite dans la littérature, révèle donc que les données macroscopiques ne sont pas suffisantes pour décrire pleinement le comportement : la microstructure doit être prise en compte lors de l'identification des paramètres mécaniques afin de relier les propriétés mécaniques à l'architecture des fibres.

Méthodes d'analyse de l'anisotropie

L'étude des propriétés macroscopiques, sans connaissance préalable de l'architecture des fibres, a mis en évidence une grande dispersion dans les paramètres mécaniques identifiés et la néces- Les capacités prédictives du modèle ont été démontrées, encourageant l'implémentation future dans un code éléments-finis à des fins de simulation de la paroi abdominale.

Caractérisation et modélisation du comportement mécanique des tissus conjonctifs de la paroi abdominale humaine par approche histologiquement fondée

Les opérations de hernies abdominales sont l'une des chirurgies les plus répandues dans le monde. Pourtant, malgré des progrès considérables en particulier dans le développement des textiles prosthétiques pour consolider la paroi abdominale, le taux de récurrence reste très élevé. Il apparaît donc nécessaire de développer des modèles numériques patient-spécifiques de la paroi abdominale afin de mesurer puis améliorer l'impact des solutions de soins. Abdominal hernia operations are one of the most common surgeries in the world. However, despite considerable progress, particularly in the development of prosthetic textiles to strengthen the abdominal wall, the recurrence rate remains very high. It therefore appears necessary to develop patient-specific numerical models of the abdominal wall in order to measure and improve the impact of care solutions. The tissues that ensure the cohesion and stability of the abdominal wall are the anterior and posterior rectus sheaths and the linea alba, which are connective tissues. Their particular structure, composed of an intertwining of collagen and elastin fibers, is at the heart of this study. This thesis highlighted the relationship between microscopic architecture and macroscopic behaviour of fibrous tissues. Thanks to experimental campaigns combining mechanical tests and microscopic observations, the structure of tissues has been identified and correlated to mechanical parameters. Three-dimensional image analysis tools have been developed to automatically estimate the anisotropy of a texture. The collected information then led to the development of a hypo-parameterized anisotropic constitutive model. Based on a three-dimensional description of the fibrillary network, the model was written in such a way as to uncorrelate the parameters related to the structure and those related to the nature of the material. By considering similar material parameters for every individual, the model demonstrated its ability to predict mechanical behaviour based on textural information.

Key words: biomechanics, hyperelasticity, anisotropy, connective tissue, continuum mechanics, biphotonic confocal microscope, abdominal wall.
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  Fig. 1.1-B). The lateral parts are composed of three layers of flat muscles that overlap: the transversus abdominis, the internal oblique and the external oblique. The three flat muscles are replaced by their aponeurosis which meet on the anterior part. The anterior muscular part is composed by two vertical muscles (Fig. 1.2), the rectus abdominis and the pyramidalis (not shown on the figure, based on the pubis, anterior to the rectus abdominis).

Figure 1 . 2 :

 12 Figure 1.2: Aponeurosis of the three flat muscles with highlighting of the direction of orientation of the muscle and connective fibers (adapted from Drake et al. (2014)).

Figure 1 . 3 :

 13 Figure 1.3: Organization of the rectus sheath in a transverse section, above-(A) and below-(B) the arcuate line (adapted from Drake et al. (2014)).

Figure 1

 1 Figure 1.4: Three-dimensional reconstruction of fibers in the ventral rectus sheath-(A) and in the dorsal rectus sheath-(B) from confocal observations (Axer et al., 2001b).

Figure 1 . 5 :

 15 Figure 1.5: Model of the architecture of collagen fiber orientation in the linea alba with three distinct areas: (a) oblique fibers, (b) transverse fibers, (c) irregular fibers (Axer et al., 2001a).

Figure 1 . 8 :

 18 Figure 1.8: Example of hernia with viscera in herniated bag.

  Figure 1.9: Classification of midline (M) and lateral (L) abdominal wall hernias.

  Figure 1.11: Fibers observed via various imaging techniques with corresponding scale, adapted from Drake et al. (2014) and Lynch (2015): (A)-AFM image of one single collagen type I fibril[START_REF] Asgari | In vitro fibrillogenesis of tropocollagen type III in collagen type I affects its relative fibrillar topology and mechanics[END_REF], (B)-SEM of human linea alba showing moderate "waviness" of collagen bundles[START_REF] Cohen | Comparison of collagen in the intact linea alba with that in midline abdominal scars: An electron microscopic study[END_REF], (C)-T2-weighted DTI images of engineered cardiovascular tissues with colored fibers based on their orientations (red (x direction), green (y direction) and blue (z direction))[START_REF] Ghazanfari | The evolution of collagen fiber orientation in engineered cardiovascular tissues visualized by diffusion tensor imaging[END_REF], (D)-Macroscopic observation of collagen fibers in a sample of anterior rectus sheath(Martins et al., 2012), (E)-TEM of strained bovine pericardium(Wells et al., 2015), (F)-Collagen (red) and elastin (green) fibers of human linea alba with biphotonic confocal microscopy(Levillain et al., 2016), (G)-SAXS patterns of native bovine pericardium for a 30% strip strain of a 25x25mm sample[START_REF] Liao | Molecular orientation of collagen in intact planar connective tissues under biaxial stretch[END_REF], (H)-Ultrasonographic transverse scan of the linea alba and the rectus muscles[START_REF] Beer | The normal width of the linea alba in nulliparous women[END_REF].

Figure 1 . 12 :

 112 Figure 1.12: Spatial confinement of signal generation for single-photon (1P) and two-photon (2P) microscopy. For 1P, visible light (blue on the figure) is used for excitation whereas near-infrared (red on the figure) is used for 2P. Signal (green on the figure) is generated on a entire cone for 1P whereas signal production is localized to the vicinity of the focal spot, from Helmchen and Denk (2005).

  fibers have autofluorescence properties, which allows their observation without specific fluorescent marks. Present fluorophores, called endogenous, have overlapping emission spectra, as observed in Fig. 1.13 preventing the differentiation of the contributions of the two types of fibers (Richards-Kortum and Sevick-Muraca, 1996).

Figure 1 . 13 :

 113 Figure 1.13: Signature fluorescence emission spectra of elastin and collagen normalized to peak wavelength, from Sun et al. (2011).

Figure 1 . 14 :

 114 Figure 1.14: Conditions on microstructural organization for SHG observation: generation of SHG signal by parallel molecules leads to constructive interferences, while anti-parallel molecules produce destructive interferences, from Bancelin (2013).

Figure 2 . 1 :

 21 Figure 2.1: Dissection steps of the fibrous tissues, performed in the anatomy laboratory of the CHRU of Lille: (A)-clearance of the anterior rectus sheath of skin, fatty layer and superficialis fascia, (B)-release of the anterior sheath samples from the rectus abdominis muscle, (C)-dissociation of the posterior rectus sheath of the peritoneum and the transversalis fascia

Figure 1 :

 1 Figure 1: Identification of the tissues: anterior rectus sheath and linea alba, being skin and fat removed-(A); and posterior rectus sheath with rectus abdominis muscle removed-(B).

Figure 2 :

 2 Figure 2: Definition of the four anatomical areas, above and below the umbilical line (epigastric and hypogastric) and the left and right hand-sides of the linea alba, and random sampling of specimens.

Figure 3 :

 3 Figure 3: Influence of width and length between grids on anterior rectus sheath sample mechanicalproperties (E 0 tangent modulus for small deformations and E tangent modulus for large deformations) with statistical significant difference (p-value).

Figure 4 :

 4 Figure 4: Biotens, experimental set up-(A), thickness measurement-(B) and specimen in the grips, equipped with grids-(C).

Figure 5 :

 5 Figure 5: Stress-stretch responses of anterior rectus sheath sample with grids and sutures in grips.

Figure 6 :

 6 Figure 6: Example of stress-stretch curve response. Non-linear hyper-elastic behavior is apparent and fitting parameters indicated: E 0 for small deformation, E for large deformation and Yeoh-type modeling.

Figure 7 :

 7 Figure7: Representation of the median modulus (interquartile range) in small (E 0 ) and large strain (E ) for the studied groups.

  might be compared to ours except for the value of pre-stress or pre-loading.Gräßel et al. (2005) selected a value of pre-loading of 2 N, corresponding to an average stress of 0.15 MPa whileCooney et al. (2016) applied a pre-stress equal to 0.1 MPa. The value promoted inLevillain et al. (2016)'s study is closer to ours, with a load of 0.5 N, corresponding to an average stress of 0.04 MPa. In addition, experimental protocols are always different, rendering the comparisons even more complex. Despite different protocol and data treatment, our stress values are close to literature:Gräßel et al. (2005) described the behavior of the linea alba with an elastic modulus at 0.82 MPa for longitudinal samples and 1.67MPa for transverse samples, consistent with our modulus, E 0 the tangent modulus at small deformations.Levillain et al. (2016) confirmed these

  tions are very different. The behavior is thus different in small and large deformations, demonstrating non-linear behavior. Therefore the connective tissues behavior is considered elastic and nonlinear as mentioned by Ben Abdelounis et al. (2013) and Martins et al. (2012) about the hypogastric anterior rectus sheath and Levillain et al. (2016), Gräßel et al. (2005), Cooney et al. (2016) and Förstemann et al. (2011) about the linea alba. Published in J Mech Behav Biomed Mater CHAPTER 2. MACROSCOPIC CHARACTERIZATION The non-linearity is shown for the first time for the epigastric anterior rectus sheath and the posterior rectus sheath.

  Korenkov, M., Beckers, A., Koebke, J., Lefering, R., Tiling, T., Troidl, H., 2001. Biomechanical and morphological types of the linea alba and its possible role in the pathogenesis of midline incisional hernia. The European journal of surgery = Acta chirurgica 167 (12), 909-914. Levillain, A., Orhant, M., Turquier, F., Hoc, T., 2016. Contribution of collagen and elastin fibers to the mechanical behavior of an abdominal connective tissue. Journal of the Mechanical Behavior of Biomedical Materials 61, 308-317. Martins, P., Peña, E., Natal Jorge, R. M., Santos, A., Santos, L., Mascarenhas, T., Santos, A., Santos, L., Mascarenhas, T., Calvo, B., Jorge, N. R. M., Santos, A., Santos, L., Mascarenhas, T., Calvo, B., 2012. Mechanical characterization and constitutive modelling of the damage process in rectus sheath. Journal of the Mechanical Behavior of Biomedical Materials 8, 111-122. Morch, A., Pouseele, B., Doucède, G., Witz, J.-F., Lesaffre, F., Lecomte-Grosbras, P., Brieu, M., Cosson, M., Rubod, C., 2017. Experimental study of the mechanical behavior of an explanted mesh: The influence of healing. Journal of the Mechanical Behavior of Biomedical Materials 65, 190-199.

2 :

 2 Stress-stretch responses of epigastric anterior rectus sheath, with three directions of loadings (0 • (transverse), 45 • (oblique) and 90 • (longitudinal)) from two different individuals (C1 and C2).

  Simulation of stress-stretch responses with different fibers orientation, between 0 • and 45 • , for two loading directions, 0 • (transverse) and 45 • (oblique).

Figure 2 :

 2 Figure 2: Spatial representation of the three eigenvalues λ i and the three eigenvectors -→ v i .

Figure 4 :

 4 Figure 4: Example of a map representing the anisotropy of a biological tissue sample: θ is the orientation in the plane (X,Y) and ϕ is the orientation out of plane. The fibers on the example are mainly oriented in the plane ( -→ x , -→ y ) with an angle of θ = 65 • and have a low off-plane orientation with an angle of ϕ = -9 • . F A rate is estimated as F A = 1 -0.15 = 0.85, which indicates a strong anisotropy of the material. In addition, the area is nearly a circle, which corresponds to transverse isotropy.

Figure 5 :

 5 Figure 5: First-(A) and second-(B) 3D synthetic images.

Figure 6 :

 6 Figure 6: Extracts from the plane (x,y) of the first synthetic image, analytical-(A), with white noise-(B) and impulse noise-(C)

Figure 7 :

 7 Figure 7: Extracts from the plane (x,y) of the second synthetic image-(A), summation of three different frequencies sinusoidal functions, low frequencies-(B), medium frequencies-(C) and high frequencies-(D)

Figure 11 :

 11 Figure 11: (A)-Viewing of the second synthetic image after filtering with three DoG (σ 1 ,σ 2 ) and(B)-corresponding 1D-histogram after application of the analysis methods (structure tensor, simplified method with Gaussian filter and simplified method with Median filter), in dot lines. The analytical orientations are displayed on the histogram with continuous lines.

Figure 13 :

 13 Figure 13: 2D extracts of the collagen channel observed with confocal biphotonic microscope for three rectus anterior sheath samples: (A)-almost isotropic, (B)-with oblique orientation and medium disorientation and (C)-with oblique orientation and low disorientation

Figure 14 :

 14 Figure 14: Extracts from microscopic observations of three samples of anterior rectus sheath: display of collagen fibers of the first-(A) and second-(B) samples and display of elastin fibers of the third sample-(C).

Figure 15 :

 15 Figure 15: 2D extracts of the studied images. For each specimen (A-B-C), three extracts in the plane ( -→ x , -→ y ) are shown: the first, the middle and the last, as well as an extract in the plane ( -→ y , -→ z ).

Fig. 16 -Figure 17 :

 1617 Fig. 16-A, referring to the image of highly oriented collagen fibers, presents a spatial orientation such as (θ, ϕ) = (-53 • , 82 • ) and an anisotropy amplitude equal to F A = 0.91. These results are consistent with the observation. The fibers are all aligned around a direction, revealing a significant anisotropy and a low disorientation rate. The orientations are also completely in accordance with the observation. In the plane ( -→ y , -→ z ), fibers are almost aligned with -→ z axis and in the plane ( -→ x , -→ y ), the main orientation is properly detected.

Figure 18 :Figure 19 :

 1819 Figure 18: Anisotropy maps from the hybrid Median method applied to the first image after DoG 1 -(A), DoG 2 -(B) and DoG 3 -(C) filtering.

Figure 20 :

 20 Figure 20: Anisotropy maps from the hybrid Median method applied to the third image after DoG 1 -(A), DoG 2 -(B) and DoG 3 -(C) filtering.

Figure 21 :

 21 Figure 21: Comparison of (A)-the field of average orientations and (B)-the field of anisotropic ellipses, whose orientation corresponds to θ and the minor axis at 1 -F A, for areas of 32 × 32 pixels of a 2D image extracted from a 3D image of an anterior rectus sheath sample, observed with the biphotonic confocal microscope.

  , to expose the degradation of the fibers. Its organization was only outlined by the work of Pulei et al. (2015), supplemented by Levillain et al. (2016) with a description of the fibers reorganization during mechanical loading. Literature has mainly focused on the macroscopic mechanical behavior and rupture parameters.

Figure 1 :

 1 Figure 1: Identification of the tissues, anterior rectus sheath and linea alba, being skin and fat removed, and of the anatomical landmarks (epigastric, hypogastric, left and right with respect with the linea alba).

igure 2 :

 2 Anterior rectus sheath specimens with three directions of sampling, transverse (0 • ), diagonal (45 • ) and longitudinal (90 • ).

Figure 3 :

 3 Figure 3: Clearing-treatment of elastin I Ela and collagen I Col channels, with linear combination. The images are labeled according to the performed treatments: C for cleared, T for thresholded.

Figure 4 :

 4 Figure 4: Representation of the axes -→ x , -→ y and -→ z and the orientations θ and ϕ for a 3D image I.

Figure 5 :

 5 Figure 5: Highlighting of the added-value of the 3D analysis: (A)-2D extract of a confocal image of the anterior rectus sheath, whose real orientations are around -45 • and which presents undulations in the thickness and (B)-distribution of the orientations detected with 2D and 3D tools.

Figure 7 :

 7 Figure 7: Typical stress-stretch curve responses for three directions of loadings, with fitting tangent modules E.

Figure 8 :Figure 9 :Figure 10 :Figure 11 :

 891011 Figure 8: Collagen (in red) and elastin (in green) images from ARS samples microscopic observations, for epigastric specimen-(A-B) and hypogastric-(C-D) of different individuals.

Figure 12 :Figure 13 :

 1213 Figure 12: Global view of the abdominal wall with close-up images of the linea alba in the epi-and hypogastric regions. To avoid any damaging of the tissues, fascia and fat layer remnants were not fully trimmed.

Figure 14 :

 14 Fig.14-A, the density is relatively homogeneous, but in Fig.14-B-C-D, the variations are in such a way that the sample seems to have holes. It would then be interesting to couple these images to mechanical tests in order to verify the importance of the density in mechanical behavior. A B C D
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Figure 1 :

 1 Figure 1: (A)-Gaussian type distribution of the spatial orientations of a transverse isotropic samplefibers and (B)-its related revolution ellipsoid: the major axis of the ellipsoid is oriented in the direction of the most represented orientation (θ, ϕ) max and the minor axis length corresponds to the Gaussian variance σ.

Figure 2 :

 2 Figure 2: Comparison of the distribution of the integration directions over a sphere with the 122-directions set of Bazant-(A) and over a sphere-(B) and a revolution ellipsoid-(C) with the customized integration scheme with 112 directions.

Figure 3 :

 3 Figure 3: Numerical integration scheme: (A)-spherical angles defined in Cartesian basis, (B)-quadrangles tiling of the ellipsoid and (C)-representation of the nine-nodes quadrangle in the (u, v) space.
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 2 AN ANISOTROPIC MICRO-ELLIPSOID CONSTITUTIVE MODEL2.5 Model admissibility requirementsIn order to be able to use the model to identify mechanical parameters, it is necessary to verify the thermodynamically eligibility of the model. As an illustration, an arbitrary numerical sample is selected with moderate anisotropy oriented (if not specified) along x axis: D = 0.5, θ = 0 • , C = 5 MPa and N = 5.One of the main concerns in the constitutive modeling of materials is the validation of material frame indifference principle. Load responses must be unaffected by the rotation of the reference or material.To verify model objectivity, the example sample is rotated around z axis: the main orientation of the fibers varies accordingly. Loading is applied to the main direction of anisotropy, to the apex of the ellipsoid. Stress-stretch responses are shown in Fig.4-A. Curves are superimposed with a relative error (RE) of 10 -9 % and are considered therefore equal, confirming rotation invariance. The same sample, oriented along x axis is also charged with two symmetrical loads (+π/4 and -π/4). Stress-stretch responses are plotted on Fig. 4-B. Symmetrical responses are strictly equal with a RE of 10 -11 %, confirming model objectivity. Then, the constitutive laws do not depend on the external frame of reference used to describe them.

Figure 4 :

 4 Figure 4: Influence of material rotation, nominal stress τ 11 vs longitudinal stretch F 11 responses of :(A)-3 different anisotropic materials with loadings in the main anisotropy orientation and (B)-an anisotropic material with 3 loadings including 2 symmetrical loads with respect to the anisotropy axis, with 422 directions integration scheme.

CHAPTER 5 .Figure 5 :

 55 Figure5: Strain energy density and its first and second derivatives according to ν with respect to longitudinal stretch F 11 . For comparative purposes, the curves have been normalized, the shape remains unchanged.

Figure 6 :Figure 7 :

 67 Figure 6: Examples of numerical samples with three types of anisotropy and the associated ellipsoid of orientation distribution: (A)-isotropic with a spherical distribution, (B)-moderately anisotropic with a large ellipsoidal distribution and (C)-very anisotropic with a thin ellipsoidal distribution.

  strictly equal mechanical and structural properties. The first Piola-Kirchhoff stress tensor τ and the transformation gradient tensor F are evaluated in the principal stresses reference ( -→ e τI , --→ e τII , --→ e τIII ), the loading reference. Stretch-stress responses are shown on the Fig. 8. Nominal stresses (τ 11 = τ I ) for each loading are plotted with respect to the longitudinal strain (F 11 ). As expected for an isotropic sample, all curves are superimposed. Strain responses are equal whatever the loading direction. Toquantify the integration error, the relative error (RE) is calculated as the largest difference between curves for the ultimate stretch. Here, the RE is 0.18%, considered as insignificant. The model applied to an isotropic sample returns a perfectly isotropic response, regardless the load.

Figure 8 :

 8 Figure 8: Nominal stress τ 11 vs longitudinal stretch F 11 responses for an isotropic sample along 5 directions of loadings.

Figure 9 :

 9 Figure 9: Nominal stress τ 11 vs longitudinal stretch F 11 responses for an anisotropic sample with a moderate anisotropy along 5 directions of loadings.

  1 and oriented at π/8. Stress-stretch responses are shown in Fig. 10. The predominant direction, at π/8, is very far from the others, because of the very strong anisotropy of the sample. A very thin ellipsoid implies a near absence of fibers in the other directions, which gives near zero stress responses. Submitted in J Mech Phys Solids CHAPTER 5. HISTOLOGICALLY-BASED ANISOTROPIC MODELING

Figure 10 :

 10 Figure 10: Nominal stress τ 11 vs longitudinal stretch F 11 responses for an anisotropic sample with a huge anisotropy along 5 directions of loadings

5. 2 .

 2 AN ANISOTROPIC MICRO-ELLIPSOID CONSTITUTIVE MODEL4.1 Identification of material parametersThe first individual is used to obtain material parameters (C,N ). A classical multi-photon confocal image is given in Fig.11-Awhere collagen fibers are clearly visible in red. Texture image analysis provides micro-structural information about the anisotropy with a main orientation of the fibers, θ close to 31 • , and the minor axis of the anisotropy ellipsoid, D close to 0.20. Experimental stress-stretch curves obtained in the three loading directions (0 • , 45 • and 90 • ) are given on Fig. 11-B in dashed lines.

2 :

 2 Identified material parameters (intrinsic) for the first individual rectus sheath samples based on comparison between nominal stress-stretch curves in the three loading directions. The optimization of the directional model is close to the experimental data. With a single pair of identified parameters, the three stress-stretch responses are modeled, showing a good agreement of the numerical results (solid line) with the experimental data (Fig. 11-B). Moreover, the identified parameters are consistent with the results of Brieu et al. (2016) for collagen fibers, namely C C = 4.7MPa and N C = 21.1, with similar orders of magnitude. The chain density n, derived from the rigidity C = nκ B T , as n = 5.6e 21 m

Figure 11 :

 11 Figure 11: (A)-Microscopic observations of collagen fibers with the related anisotropy ellipsoid and (B)-comparison of experimental (dashed line) and modeled (continuous line) stress-stretch responses for three directions of loading for the first individual rectus sheath samples using the identified material parameters C = 23.1MPa and N = 11.3.

  , the mechanical parameters of the collagen fibers of the rectus sheath are considered similar for each non-pathological individual. The only varying information is the microstructure, described thorough the spatial arrangement of the fibers. The identified material parameters, C = 23.1MPa and N = 11.3, obtained from the first individual are then used as inputs for the second individual. Fig. 12-B gives the experimental (dashed line) of the stress-stretch curves for the second individuals rectus sheath samples and the results of numerical simulation (continuous line) with θ = 12 • , D = 0.13, C = 23.1MPA and N = 11.3 for the three loading directions. Numerical and experimental responses are close, validating the hypothesis that the properties of materials are not specific to individuals. Material properties are constant and independent of the individuals.

Figure 12 :

 12 Figure 12: (A)-Microscopic observations of collagen fibers with the related anisotropy ellipsoid and (B)-comparison of experimental (dashed line) and modeled (continuous line) stress-stretch responses for three directions of loading for the second individual rectus sheath samples using the fixed material parameters, C = 23.1MPa and N = 11.3.

  Comparison of experimental (dashed line) and modeled (continuous line) stress-stretch responses for three directions of loading for the second individual rectus sheath samples using the fixed material parameters C = 23.1MPa and N = 11.3 and the identified structural parameters θ = 10 • and D = 0.14.

CHAPTER 5 .

 5 HISTOLOGICALLY-BASED ANISOTROPIC MODELINGThe originality of this model lies in its consideration of anisotropy. Instead of penalizing rigidities as in conventional models, anisotropy is taken into account on the initial lengths of the fibers, thus impacting only the structural (or extrinsic) parameters of the fibers. The material (or intrinsic) parameters are then considered similar for any individual. The only variables are the structural parameters, related to the architecture of the tissue.The model was tested on three numerical examples. Its consistency and invariance have been proved.The model was then applied to several biological tissue tests. The intrinsic parameters could be determined based on the histological description of the first set of tests and applied to the second set of tests. The extrinsic parameters, corresponding to the anisotropy of the tissue could then be predicted, showing a good adequacy with the experimental tests.

Figure 5 . 1 :

 51 Figure 5.1: Responses to numerical simulations with varying parameters: (A)-volume fraction Φ ∈ [0, 1], (B)-fibers anisotropy A ∈ [0.1, 1], with a fixed orientation θ = 0 • , (C)-fibers main orientation θ ∈ [0, 90] • with a fixed anisotropy, A = 0.5, (D)-fibers rigidity C ∈ [0.5, 10] MPa and (E)-fibers length N ∈[2.5, 20]. Others non-specified parameters are set in Table5.1.

  along the horizontal axis. Material parameters are set at C = 5 MPa and N = 5. The bulk modulus K is arbitrarily set at K = 500 MPa. The results are compared to the responses obtained with the incompressible form of the model, defined in the previous section, inFig. 5.2. 

Figure 5 . 2 :

 52 Figure 5.2: Nominal stress τ 11 vs longitudinal stretch F 11 responses along 5 directions of loading with the coupled (continuous lines) and the decoupled form (dotted lines) of the model.

  The micro-ellipsoid model is based on a histological description of the tissues. It was successfully confronted with the experimental tests combining observations with a confocal microscope and uniaxial tensile tests, described in Chapter 4. One point remains questionable: to what extent are these microscopic observations representative of the whole mechanical sample. The useful part of the mechanical sample measures 15 × 10mm when the observed area does not exceed 0.5 × 0.5mm, i.e. 16.7% of the total area of the mechanical sample, as shown in Fig.5.3.

Figure 5 . 3 :Figure 5 . 4 :

 5354 Figure 5.3: Different observation scales: macroscopic, mesoscopic and microscopic from left to right. The macroscopic scale shows the abdominal wall, with the apparent anterior rectus sheath and linea alba. The mesoscopic scale is a close-up on the anterior rectus sheath. A mechanical sample size is represented to get an order of magnitude. An image obtained from the biphotonic confocal microscope presents the local structure of an anterior rectus sheath sample.

  de techniques transversales combinées : biologie, imagerie, mécanique... Des modèles numériques personnalisés, basés sur la connaissance précise de l'anatomie et des caractéristiques mécaniques spécifiques du patient, ont été développés pour améliorer les traitements thérapeutiques et prévenir les pathologies dans de nombreux domaines, allant de la médecine au sport en passant par la sécurité routière. L'imagerie, couplée à des mesures mécaniques, permet de reconstruire des organes ou parties du corps spécifiques au patient pour constituer un atout important pour la prévention, l'aide au diagnostic et la mesure de l'impact des chirurgies. Elle fournit également une description multi-échelle des tissus, mettant ainsi en évidence des mécanismes auparavant invisibles. Avec des schémas de transposition tels que l'homogénéisation, les lois macroscopiques du comportement mécanique et les modèles constitutifs peuvent alors être déduits des observations microscopiques. Dans un contexte d'amélioration du traitement chirurgical des hernies abdominales, une collaboration a été initiée entre Medtronic, une société internationale située à Trévoux (France), notamment spécialisée dans la conception d'implants pour la paroi abdominale, l'enjeu BIOmécanique des TIssus Mous (BioTiM) du LaMcube (Laboratoire de mécanique multiphysique multiphysique multiéchelle) à Lille (France) et la plateforme Ingénierie et Vieillissement des Tissus Vivants (IVTV) du LTDS (Laboratoire de tribologie et dynamique des Systèmes) à Lyon (France). Elle combine l'expertise de BioTiM en caractérisation et modélisation du comportement mécanique des tissus mous, l'expertise de IVTV en imagerie microscopique et l'expérience de Medtronic sur le comportement mécanique global de la paroi abdominale entière.

  abdominale et des différences entre ces tissus. Il est donc nécessaire de caractériser les trois tissus conjonctifs, d'un point de vue macroscopique lors d'une étude globale. Huit parois abdominales humaines entières des deux sexes ont été recueillies et des échantillons, longitudinaux et transversaux par rapport à l'axe cranio-caudal, ont été prélevés sur les trois tissus conjonctifs gainants : les gaines rectusiennes antérieure et postérieure et la ligne blanche. Sur un total de 398 essais de traction uniaxiale, les propriétés du comportement mécanique (rigidités pour les faibles et grandes déformations) ont été identifiées. Des comparaisons statistiques ont permis de mettre en évidence l'hétérogénéité et la variabilité inter-et intra-individuelle des trois tissus ainsi que la non-linéarité dans la réponse au chargement mécanique. Une forte anisotropie a été observée en petites et grandes déformations avec des contraintes plus élevées dans la direction transversale.

  sité d'observer plus finement les tissus conjonctifs. En cas de matériau anisotrope fibreux, deux paramètres topologiques sont nécessaires pour caractériser son architecture microscopique à partir de sa texture : l'orientation spatiale principale des fibres et l'amplitude de l'anisotropie, qui correspond au taux de désorientation des fibres.Les tissus conjonctifs sont constitués majoritairement de fibres de collagène et d'élastine. Les fibres d'élastine, d'un diamètre proche du micromètre, nécessitent des moyens d'observation microscopiques tels que le microscope confocal biphotonique. Le microscope confocal biphotonique, grâce à ses deux types d'excitation (auto-fluorescence et génération de seconde harmonique), a permis une visualisation tridimensionnelle des fibres de collagène et d'élastine dans deux canaux séparés. Il a ensuite été nécessaire de développer des outils d'analyses automatiques pour décrire l'architecture des tissus. Une méthode hybride, basée sur une version simplifiée de la méthode traditionnelle des tenseur de structure, a été développée pour analyser de manière efficace et sans perte d'informations de gros volumes tridimensionnels. En amont l'image est filtrée avec des différences de Gaussiennes afin de sélectionner les longueurs caractéristiques souhaitées. Agissant comme un filtre passe-bande, seules les structures correspondantes sont conservées et analysées. Les gradients de l'image sont ensuite calculés afin d'obtenir une estimation de l'orientation spatiale des variations de niveaux de gris de l'image. Pour lisser les irrégularités dans les gradients dues à la pixelisation de l'image et obtenir des résultats représentatifs d'une zone, un filtre médian est appliqué. Des images synthétiques avec des orientations analytiquement connues ont été créées afin de tester la validité de la méthode hybride et de la comparer à d'autres méthodes. Cette étape de validation a permis de créer des images multi-fréquences afin de simuler l'hétérogénéité multi-échelle du matériau, présentant des multi-orientations à différentes échelles représentatives des observations microscopiques d'échantillons biologiques. Par la suite, la méthode a également été appliquée aux images réelles issues d'observations réalisées avec le microscope confocal biphotonique. En plus d'une accélération du temps de processus des algorithmes, l'anisotropie multi-échelle a été détectée avec succès. En chaque point d'une image tridimensionnelle, les deux paramètres topologiques, l'orientation dominante et l'anisotropie, sont estimés. Caractérisation microscopique Grâce à la combinaison des travaux précédents afférents à la mise en évidence de l'importance de la microstructure et au développement d'algorithmes d'analyse d'images tridimensionnelles, un dispositif expérimental combinant imagerie et essais mécaniques a été mis au point. Pour établir le lien entre comportement mécanique et architecture des fibres, les tissus conjonctifs de la paroi abdominale de 10 individus ont été observés pendant un essai de traction uniaxiale selon trois directions de sollicitation sous microscopie confocal biphotonique. Ce couplage a permis d'identifier les propriétés mécaniques et les paramètres topologiques des tissus conjonctifs dans l'optique d'une exploration de l'impact de l'architecture du tissu conjonctif sur ses propriétés mécaniques. La structure tridimensionnelle des tissus a été décrite avec une bonne corrélation entre orientations microscopiques des fibres et rigidités sous des directions macroscopiques, avec une mise en exergue de la variabilité inter et intra-individuelle. La gaine rectusienne antérieure se compose de faisceaux de collagène qui se croisent, avec une faible proportion d'élastine disposée de façon presque isotrope. Il a été démontré que les fibres de collagène contrôlent largement le comportement mécanique: la direction de chargement la plus rigide varie en fonction de l'orientation résultante des faisceaux entrelacés. En raison des difficultés d'observation liées au prélèvement, seule la structure de la ligne blanche a été décrite, sans corrélation avec les essais mécaniques. La ligne blanche est composée de trois couches. La structure interne est similaire à celle de la gaine rectusienne antérieure tandis que les autres couches sont plus riches en élastine et contiennent des fibres de collagène moins ordonnées. Le comportement mécanique serait donc contrôlé par la structure interne, de la même manière que pour la gaine antérieure, tandis que les couches supérieures auraient un rôle accommodant pour les déformations. Ces observations empiriques ont prouvé la relation entre architecture microscopique des tissus constitutifs et comportement mécanique macroscopique. La modélisation mécanique devrait conduire, avec un schéma d'homogénéisation adéquat, à prédire le comportement mécanique du tissu conjonctif, à partir d'informations sur la microstructure, et en particulier sur l'anisotropie des fibres de collagène.Modélisation anisotrope histologiquement fondéeLa finalité de l'étude est le développement d'un modèle constitutif anisotrope basé sur la description histologique des tissus conjonctifs fibreux et destiné à être implémenté dans un code éléments-finis.Les précédentes sections ont mis en évidence que le comportement mécanique macroscopique peut être prédit à partir de la texture microscopique des tissus. Le modèle proposé est basé sur une densité d'énergie de déformation directionnelle, reliant la contribution des fibres à l'élasticité macroscopique globale. Le lien entre la fibre microscopique et la réponse macroscopique est obtenu par homogénéisation via intégration numérique à la surface du volume considéré. À partir de l'analyse de texture des observations microscopiques, l'anisotropie est représentée par une ellipsoïde utilisée directement comme base d'intégration. Pour chaque direction spatiale de la sommation, la longueur initiale des fibres est pénalisée selon la géodésique de l'ellipsoïde anisotrope. Contrairement aux modèles conventionnels, l'anisotropie est prise en compte directement sur les déformations, et non les contraintes, ce qui permet de conserver les mêmes propriétés mécaniques des fibres pour toutes les directions: le nombre de paramètres est par conséquent très limité. Considérer l'anisotropie comme une pénalisation des déformations au lieu des contraintes, reflète une décorrélation totale entre les paramètres intrinsèques liés au matériau et les paramètres extrinsèques de la structure. Un nouveau schéma d'intégration spécifique sur une surface ellipsoïdale a ensuite été développé pour faciliter la mise en oeuvre numérique. Ce modèle, avec la nouvelle méthode d'intégration, a été testé pour sa pertinence sur des tissus numériques. L'objectivité et l'invariance de la rotation ont ensuite été prouvées. Des données expérimentales obtenues à partir d'essais sur tissus conjonctifs couplant traction uniaxiale et imagerie, ont également été utilisés pour vérifier les capacités de modélisation et prédictives du modèle. En appliquant l'anisotropie déterminée par l'analyse d'images aux déformations et en considérant que les paramètres intrinsèques des fibres sont similaires pour chaque individu, le modèle a montré des résultats prometteurs en termes de prédiction de réponses mécaniques malgré une anisotropie de nature différente. Une fois les paramètres des matériaux connus, il suffit d'intégrer les informations structurelles dans le modèle hypo-paramétré pour obtenir une prédiction du comportement mécanique anisotrope. Une étude de sensibilité du modèle a complété l'étude et révélé la faible influence de l'élastine sur le modèle, corroborant de ce fait les observations microscopiques. En raison de la nature du modèle, du faible taux d'élastine présent dans les tissus et de sa faible influence sur la réponse mécanique, la phase élastine peut être négligée. Cette omission permettra de modifier les moyens d'observation afin d'obtenir des informations plus représentatives.ConclusionDans ce mémoire, nous avons présenté les résultats des travaux sur la mécanique multi-échelle des tissus conjonctifs de la paroi abdominale. L'objectif est de comprendre le lien entre la microstructure et les propriétés mécaniques macroscopiques afin de proposer un modèle constitutif basé sur une description histologique pertinente des tissus. Ce défi s'inscrit dans un processus de conception de modèles biomimétiques numériques du corps humain, dans la perspective de l'amélioration des solutions chirurgicales et thérapeutiques et de la prévention. Initié dans le cadre de la réparation des hernies abdominales par l'étude des tissus conjonctifs de la paroi abdominale humaine, ce travail peut être appliqué de façon plus générale aux tissus fibreux.Dans la première partie, nous avons souligné l'importance d'une connaissance approfondie de la microstructure des tissus conjonctifs. Grâce à la caractérisation du comportement mécanique d'un point de vue macroscopique, l'importance de la corrélation avec l'observation a été montrée, mettant en évidence des variations intra et inter-individuelles. Couplant imagerie microscopique et essais mécaniques, nous avons obtenu des informations sur l'organisation tridimensionnelle des fibres constitutives et sur leur paramètres mécaniques associés, à partir d'outils développés spécifiquement. Pour modéliser le comportement des tissus mous fibreux hyperélastiques anisotropes, une approche directionnelle a été choisie pour représenter la microstructure tridimensionnelle des tissus. La spécificité de l'approche micro-ellipsoïdale est de séparer les paramètres intrinsèques du matériau des paramètres extrinsèques de la structure: l'anisotropie du matériau est prise en compte directement sur les déformations, modifiant seulement les longueurs initiales des fibres en fonction de leur orientation.

  Mots clés : biomécanique, hyperélasticité, anisotropie, tissus conjonctifs, mécanique des milieux continus, microscope confocal biphotonique, paroi abdominale.Characterization and histologically-based modeling of the mechanical behavior of connective tissues constituting the human abdominal wall

  

  

Table 2

 2 

	.1: Summary table of bibliographical references studying only the damage (in italics) or
	the mechanical behavior of the sheathing tissues of the abdominal wall, above (Epigastric) and
	below the umbilicus (Hypogastric), in the longitudinal (L) and transverse (T) directions.

Table 1 :

 1 Median

	Linea alba					
	Longitudinal	32 0.42 (0.21) 1.2 (0.78) 0.12 (0.069) 0.26 (0.30)
	Transverse	37	1.2 (1.3)	4.8 (6.0)	0.32 (0.31)	1.3 (1.4)
	Anterior rectus sheath					
	Longitudinal	115 0.53 (0.28)	2.1 (1.7)	0.16 (0.10) 0.42 (0.47)
	Transverse	102	2.5 (2.3)	11. (7.0)	0.65 (0.68)	2.3 (2.2)
	Posterior rectus sheath					
	Longitudinal	57 0.39 (0.39) 0.82 (0.95) 0.10 (0.085) 0.18 (0.27)
	Transverse	55	4.2 (6.2)	15. (12.)	1.1 (1.1)	4.1 (10.)

value (interquartile range) of behavior parameters, E 0 , tangent modulus for small deformations, E , tangent modulus for large deformations, and C 1 and C 2 , Yeoh parameters. Table 1 summarizes the median results behavior paramaters

Table 2 :

 2 Statistical comparison of the behavior parameters between tissues: linea alba (LA), anterior (ARS) and posterior rectus sheath (PRS) for two directions of loading, longitudinal and transverse.

	Longitudinal			
	LA/ARS	32/115 p = 0.001 p << 0.05
	LA/PRS	32/57	p = 0.20	p = 0.02
	ARS/PRS 115/57 p << 0.05 p << 0.05
	Transverse			
	LA/ARS	37/102 p << 0.05 p << 0.05
	LA/ARS	37/55 p << 0.05 p << 0.05
	ARS/PRS 102/55 p << 0.05	p = 0.01

2.2. CHARACTERIZATION OF THE ANISOTROPIC MECHANICAL BEHAVIOR

N E 0 (MPa) E (MPa)

Table 3

 3 

, was carried out on the 3 tissues for each direction of load, leading to significant differences in every case. E 0 and E are significantly different from the statistical point of view. N E 0 /E Linea alba Longitudinal 32 p << 0.05 Transverse 37 p << 0.05 Anterior RS Longitudinal 115 p << 0.05 Transverse 102 p << 0.05 Posterior RS Longitudinal 57 p << 0.05 Transverse 55 p << 0.05 Table

Table 4 :

 4 Statistical comparison of the behavior parameters between directions of loading: longitudinal vs transverse for linea alba, anterior and posterior rectus sheaths (RS).

	Linea alba		
	Longi./Transv.	32/27	p << 0.05 p << 0.05
	Anterior RS		
	Longi./Transv. 115/102 p << 0.05 p << 0.05
	Posterior RS		
	Longi./Transv.	57/55	p << 0.05 p << 0.05
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  Deeken, C. R., Lake, S. P., 2017. Mechanical properties of the abdominal wall and biomaterials utilized for hernia repair. Journal of the Mechanical Behavior of Biomedical Materials 74 (April), 411-427. Flum, D. R., Horvath, K., Koepsell, T., 2003. Have outcomes of incisional hernia repair improved with time? A population-based analysis. Annals of surgery 237 (1), 129-135. Förstemann, T., Trzewik, J., Holste, J.-L., Batke, B., Konerding, M. A., Wolloscheck, T., Hartung, C., 2011. Forces and deformations of the abdominal wall-A mechanical and geometrical approach to the linea alba. Journal of Biomechanics 44 (4), 600-606. Gräßel, D., Prescher, A., Fitzek, S., von Keyserlingk, D. G., Axer, H., 2005. Anisotropy of human linea alba: A biomechanical study. Journal of Surgical Research 124 (1), 118-125. Hernández-Gascón, B., Peña, E., Melero, H., Pascual, G., Doblaré, M., Ginebra, M. P., Bellón, J. M., Calvo, B., 2011. Mechanical behaviour of synthetic surgical meshes: Finite element simulation of the herniated abdominal wall. Acta Biomaterialia 7 (11), 3905-3913. Hollinsky, C., Sandberg, S., 2007. Measurement of the tensile strength of the ventral abdominal wall in comparison with scar tissue. Clinical Biomechanics 22 (1), 88-92.

Jean-Charles, C.,

Rubod, C., Brieu, M., Boukerrou, M., Fasel, J., Cosson, M., 2010

. Biomechanical properties of prolapsed or non-prolapsed vaginal tissue: Impact on genital prolapse surgery. International Urogynecology Journal 21 (12), 1535-1538.

  Steinke, H., Lingslebe, U.,[START_REF] Steinke | Deformation behavior of the iliotibial tract under different states of fixation[END_REF] Deformation behavior of the iliotibial tract under different states of fixation. Medical Engineering and Physics 34 (9), 1221-1227.Wolloscheck, T., Gaumann, A., Terzic, A., Heintz, A., Junginger, T., Konerding, M. A., 2004. Inguinal hernia: measurement of the biomechanics of the lower abdominal wall and the inguinal canal. Hernia : the journal of hernias and abdominal wall surgery 8 (3), 233-241.
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Table 2 .

 2 

	Linea alba				
	Oblique	24 0.70 (0.56) 1.8 (2.4) 0.18 (0.16) 0.32 (0.82)
	Anterior rectus sheath				
	Oblique	108	1.9 (1.8)	6.2 (9.4) 0.41 (0.55)	2.1 (4.0)
	Posterior rectus sheath				
	Oblique	55	1.0 (1.7)	3.0 (8.6) 0.21 (0.35)	1.3 (3.1)

2: Median value (interquartile range) of mechanical behavior parameters, E 0 , tangent modulus in small deformations, E , tangent modulus in large deformations, and C 1 and C 2 , Yeoh
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Table 1 :

 1 Anterior rectus sheath samples, with body specificities, collagen orientations (θ Col ), elastin volume fraction (φ Ela ) and tangent modules (E) for each loading direction, Longitudinal, Diagonal and Transverse.

	.0	2.14	8.89	27.9

Table 2

 2 

	Tissue	Load	E macro (MPa) E current (MPa)
	Anterior rectus sheath	Longitudinal Transverse	2.1 ± 1.7 11. ± 7.0	1.9 ± 1.8 13. ± 7.6

compares the tangent moduli of the two studies, in both longitudinal and transverse directions. No significant differences were found after a pairwise statistical comparison with a Mann-Whitney U test. The anisotropic behavior and the large dispersions in the results, noticed in the previous study, are similarly present in this study.

  Laure Astruc 1 , Annie Morch 1 , Jean-François Witz 1 , Vít Nováček 2 , Frédéric Turquier 2 , Thierry Hoc 3 , Medtronic, Sofradim Production, 116 avenue du Formans, 01600 Trévoux, France 3 Université de Lyon, École Centrale de Lyon, 36 avenue Guy de Collongue, 69134 Écully Cedex, France

	Mathias Brieu 1
	1 Univ. Lille, CNRS, Centrale Lille, FRE 2016 -LaMcube -Laboratoire de mécanique multiphysique multiéchelle,
	F-59000, Lille, France

2

  Les tissus assurant la cohésion et la stabilité de la paroi abdominale sont les gaines rectusiennes antérieure et postérieure et la ligne blanche, qui sont des tissus conjonctifs. Leur structure particulière, composée d'un entremêlement de fibres de collagène et d'élastine sont au coeur de cette étude. Ce mémoire a permis de mettre en évidence la relation entre architecture microscopique et comportement macroscopique des tissus fibreux. Grâce à des campagnes expérimentales combinant essais mécaniques et observations microscopiques, la structure des tissus a pu être identifiée et corrélée aux paramètres mécaniques. Des outils d'analyse d'images tridimensionnelles ont été développés afin d'estimer automatiquement l'anisotropie d'une texture. Les informations recueillies ont alors menées au développement d'un modèle constitutif anisotrope hypo-paramétré. Basé sur une description tridimensionnelle du réseau fibrillaire, le modèle a été écrit de manière à décorréler les paramètres liés à la structure et ceux relatifs à la nature même du matériau. En considérant les paramètres matériau similaires pour tous les individus, le modèle a démontré sa capacité à prédire le comportement mécanique à partir d'informations texturales.

situated below and in the middle(Merriam-Webster, 1828) 

situated above and at or toward the midline(Merriam-Webster, 1828) 

arranged in pairs each at right angles to the next pair above or below(Merriam-Webster, 1828) 

lying upon or over the stomach(Merriam-Webster, 1828) 

of or relating to the lower median region of the abdomen(Merriam-Webster, 1828) 

surgical incision of the abdominal wall(Merriam-Webster, 1828) 

operation involving a fiber-optic instrument inserted through an incision in the abdominal wall and used to examine visually the interior of the peritoneal cavity(Merriam-Webster, 1828) 

a localized accumulation of clear fluid(Merriam-Webster, 1828) 
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Chapter 3

Method for the analysis of the anisotropy In this chapter, we present the three-dimensional image analysis tools developed in this study. In the first part, the required parameters for the characterization of the anisotropy of a material are introduced as well as the algorithms for determining these parameters. In the second part, the developed method is applied to synthetic images with controlled orientations and then to images from biphotonic confocal microscope observations. All results of this chapter have been submitted and will be found in the following reference, in case of acceptance: Laure Astruc, Jean-François Witz, Vít Nováček, Frédéric Turquier, Thierry Hoc, Mathias Brieu, Submitted. An efficient method for determining the multi-scale anisotropy of a three-dimensional image, Medical Image Analysis.

The article is reproduced in full hereafter as Chapter 3. Because of the size of the expressions, coefficients details are not shown. The coefficients α ij are then included into the expression of q (Eq. ( 18)), expressed only with nodes parameters q i (i = 1...9) and u j , v j (j = 1...3).

The function q is integrated on each basis element X of the ellipsoid to evaluate the integral Q X and the relative contributions of the element to the associated nodes (A...I) X . To determine a node contribution, we consider a function q equal to 1 on this node and 0 on all the other nodes of the element. For the first quadrangle I, the integral is expressed as:

with A I , B I , C I , D I , E I , F I , G I , H I et I I , only expressed with nodes coordinates u i and v i (i = 1...3).

For the second quadrangle II, the integral is expressed with nodes coordinates u i (i = 3...5) and v j (j = 1...3):

The integration weights of each node are obtained by assembling elements, in the context of finite elements. Node weight ω is the summation of the contributions of every element in which the node is implicated as: 

The integral Q can then be written, for a set of M directions u i , with M integration weights ω i :

In order to verify the relevance of numerical integration, a non-linear function, f (x) = e x , is integrated on the surface of different revolution ellipsoids, i) the unit sphere (S R=1 ), ii) an ellipsoid with an axis ratio equals to 0.5 (S R=0.5 ) and a degenerated ellipsoid with an axis ratio equals to 0.01 (S R=0.01 ), with four numerical integration schemes based on:
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CHAPTER 5. HISTOLOGICALLY-BASED ANISOTROPIC MODELING

The first tested parameter is the volume fraction of elastin relative to the collagen one. Φ Ela varies between 0 and 100% in Fig. 5.1-A, with Φ Col varies in 1 -Φ Ela , to respect the mixing law. The model responses are scaled regularly. Elastin variation does not affect the shape of the response but only its stiffness level as a gain change. Between 0% and 10% elastin, there is about a 10% decrease in stiffness.

The structural (extrinsic) parameters are then tested, the main orientation, θ, and the amplitude of anisotropy A. The response surfaces, in Fig. 5.1-B-C, highlight the non-linear impact of the structural parameters, due to the profile of the responses surfaces. However, the parameters related to elastin have no influence, despite an overestimation of the volume fraction (Φ Col = 20%). Only the structural parameters related to collagen rule the mechanical response.

Finally, the model is used with varying material (intrinsic) parameters, the fibers rigidity C and length N . The response surface with varying C, in Fig. 5.1-D, is perfectly linear, this parameter, treated as the fiber rigidity, adjusts the level of the curve. Regarding the parameter N , the response in Fig. 5.1-E is strongly non-linear when the parameters come close to the limit values. Given the surface shape, it appears clearly that collagen rather than elastin controls this non-linearity.

The greatest variation occurs when the volume fraction increases. Due to the homogenization scheme, increasing the elastin fraction decreases the collagen one. It is therefore consistent that the apparent rigidity decreases as a function of elastin fraction. The C parameter, affecting the stiffness level of the curve, is proportional to the density of the fibers. Hence the volume fraction influences this parameter. In conclusion, elastin parameters, even overestimated, have a low influence on the mechanical behavior, which is largely driven by collagen fibers. This state corresponds to the observations made in Chapter 4 and validates the negligibility of the elastin phase. However, this statement can only be valid for the present tissues in this study. It has been proven in the literature that elastin levels are a decreasing function of age (Pailler-Mattei et al., 2013). For younger individuals (under 40 years old), the elastin level in the connective tissues of the abdominal wall may be higher and have a more measurable influence on the mechanical behavior. In this case, the model should therefore incorporate an evolution law of the elastin rate as a function of age to magnify its influence.

Compressible formulation

The micro-ellipsoid model gives a representation of the anisotropic character of the studied tissues.

The holy grail of this study would be to implement this model in a finite element code for the simulation of the whole abdominal wall. Implementation in a finite element code would allow the simulation of pathologies for prediction and/or therapeutic solutions [START_REF] Luboz | Foot ulcer prevention using biomechanical modelling[END_REF][START_REF] Sanchez | Intracranial Aneurysmal Pulsatility as a New Individual Criterion for Rupture Risk Evaluation: Biomechanical and Numeric Approach (IRRAs Project)[END_REF].

General conclusion

In this dissertation, we have presented the results of our work on multiscale mechanics of the abdominal wall connective tissues. The aim of this project was to understand the link between microstructure and macroscopic mechanical properties in order to propose a constitutive model based on a relevant histological description of the tissues. This challenge is part of a process to design numerical bio-mimetic models of the human body, for the improvement of surgical and therapeutic solutions and prevention. Initiated in the context of hernia repair with the study of connective tissues of the human abdominal wall, this work can be applied to fibrous tissues in general.

In the first part we highlighted the importance of an in-depth knowledge of the microstructure of the connective tissues. The state of the art allowed us to understand the general structure of the tissues and its link to mechanics. Thanks to the characterization of the mechanical behavior from a macroscopic point of view, we pointed out the importance of the correlation with the observation.

The three tissues, the anterior and posterior sheaths and the linea alba, were fully mechanically characterized along three loading directions and classified according to anatomical landmarks. We have therefore highlighted intra-and inter-individual variations. At this stage, no knowledge of architecture was considered: the study of mechanical properties was limited to the macroscopic scale. The limitations raised during this study strongly emphasized the need to take the fibrous architecture into account.

Confocal biphotonic microscopy has solved this issue. With the combination of confocal and biphotonic technologies, the connective tissues were imaged in the thickness in order to obtain threedimensional information on the organization of the constituent fibers, with a separated display of collagen and elastin. To provide objective image analysis, specific tools for three-dimensional image processing have been developed. With hybridization of several methods whose temporal and qualitative efficiency have been demonstrated, the orientations and disorientations of the fibers can now be quantified.

Thank to the analysis of the images texture from the microscopic observations, it was therefore possible to estimate the main orientations and the dispersion rate of the fibers around them.