Bien Entendu 
  
Anaële Lefeuvre 
  
Camille Goudenhooft 
  
Laetitia Marrot 
  
Marianne Gibaud 
  
Morgane Tanguy 
  
Awa Doumbia 
  
Chloé Joly 
  
Clément Gourier 
  
David Siniscalco 
  
Guillaume Coroller 
  
Justin Mérotte 
  
Kevin Daniel 
  
Nicolas Martin 
  
Nicolas Renouard 
  
Samuel Réquilé 
  
Tancrède Alméras 
  
Olivier Arnould 
  
Rezak Pierre D'arras 
  
Nadia Ayad 
  
Jean Bahlouli 
  
Karim Bausset 
  
Hervé Behlouli 
  
Pierre Bonnefoy 
  
Peter Bono 
  
Arnaud Davies 
  
François Day 
  
Hom Delattre 
  
Davy Dhakal 
  
Thierry Duriatti 
  
Moussa Gaudry 
  
Denis Gomina 
  
Marie Lourdin 
  
Claudine Loyaux 
  
Gérard Morvan 
  
Bruno Mougin 
  
Edouard Moulia 
  
Vincent Philippe 
  
Daniel Placet 
  
Darshil Scida 
  
Jean-Paul Shah 
  
Jean-Marc Trouvé 
  
Veillé 
  
Tant D' 
  
Stéphane Bruzaud 
  
Mickaël Castro 
  
Nolwenn Le Cloarec 
  
Yves- Marie Corre 
  
Antoine Le Duigou 
  
Kevin Henry 
  
Antoine Kervoëlen 
  
Françoise Péresse 
  
Bastien Séantier 
  
Patrice Mélé 
  
Yves Grohens 
  
Christophe Baley 
  
Pierre-Yves Manach 
  
Nathalie Many 
  
Joël Leblanc-Fournier 
  
Luc Bréard 
  
Rigal 
  
Thank 
  
Victor Renvoizé 
  
Olivier Arnoult 
  
Hervé Bellegou 
  
Yves-Marie Corre 
  
Guillaume Vignaud 
  
  
  

For a long time, I did not imagine becoming a Researcher; My studies, my course, my choices, and simply life decided otherwise. But I arrived in Lorient in 2001 in a specific environment conducive to scientific fulfilment.

The handling of the nanoindentation, the confidence of Yves Grohens at that time and then the freedom of action I had were factors both triggering and determining. I therefore took the research game because it is really a game, too often we forget that, sometimes a game of roles, made of rules, codes, with colourful characters but in which the adventure is always present. Thus, after an instructive step in the electrical world of Smart Plastics with Jean-François Feller, I chose to explore the Biocomposites world trough the work of Christophe Baley. My initial training and my interest in the processing of materials allowed me to quickly develop complementary works, especially by making the link between process and plant cell walls properties. I was able to quickly find my place, to publish and to defend my PhD thesis, as an important step in 2011.

And then, the game continued, my activities took quite naturally, considering my status as Research Engineer, but also my own interests, a double aspect, on the one hand a research part but also an important activity of structuring and management of collaborative research projects. Of course, these two activities are strongly linked and I can't imagine my work today without one of these two aspects. Thanks to the confidence of Pierre-Yves Manach, I now have a great freedom and autonomy. Then, I was able to develop numerous national and international scientific collaborations, all very rich, and also dedicate a part of my time to structuring, coordinating and managing research projects, some of them very heavy, but always very rewarding by the richness of their human and scientific exchanges.

Je souhaite tout d'abord remercier les artisans de mon parcours professionnel qui, grâce à leur confiance et aux tâches qu'ils ont pu me confier, ont joué un rôle important dans ma carrière ; chacun de manière différente vous avez contribué à la réalisation de cette étape majeure qu'est la présentation de l'Habilitation à Diriger des Recherches. Je remercie donc sincèrement (par ordre d'apparition à l'écran) Patrice Mélé, Yves Grohens, Christophe Baley et Pierre-Yves Manach.

Un grand merci également à Nathalie Leblanc-Fournier, Joël Bréard et Luc Rigal ; pour avoir accepté de rapporter ce travail et d'apporter votre regard critique de spécialiste sur celui-ci ; j'espère que nos échanges ouvriront la voie à de futures collaborations. Je suis également très heureux et honoré de la présence dans mon jury de Tatyana Gorshkova, nos récents échanges à Kazan ont été très fructueux ; je suis certain que de nombreuses collaborations entre nos deux équipes vont suivre. Merci aussi à Patrick Perré, avec lequel, comme Joël, l'histoire est un peu plus ancienne puisque vous faisiez tous deux déjà partie de mon jury de thèse ; elle a déjà fait l'objet de travaux communs et je crois que nous sommes bien partis pour continuer grâce à la mise en place de nouveaux outils de caractérisation de l'architecture des parois végétales et des plantes. Enfin je n'oublie pas Johnny Beaugrand et Pierre Ouagne, merci de me faire l'amitié d'être ici, travailler et partager des moments avec vous est toujours un plaisir, je souhaite que notre collaboration, déjà bien installée se poursuive et se formalise dans les années à venir.

Avant propos vii

Avant propos

Longtemps, je n'ai pas imaginé exercer le métier de Chercheur ; mes études, mon parcours, mes choix, bref la vie tout simplement en avaient décidé autrement. Mais je suis arrivé à Lorient en 2001 au coeur d'un environnement propice à l'épanouissement scientifique.

La prise en main de la nanoindentation, la confiance d'Yves Grohens puis la liberté d'action dont je dispose ont été des facteurs à la fois déclenchants et déterminants. Je me suis donc pris au jeu de la recherche car c'est bien un jeu dont il s'agit, il ne faut pas l'oublier, parfois un jeu de rôles, fait de règles, de codes, peuplé de personnages mais dans lequel l'aventure est toujours présente. C'est ainsi qu'après une étape, riche en enseignements, dans l'univers électrique des Smart Plastiques de Jean-François Feller, j'ai choisi, en 2005, de m'intéresser aux travaux de Christophe Baley et aux biocomposites. Ma formation initiale et mon intérêt pour la mise en forme des matériaux m'ont permis de développer très vite des travaux complémentaires à ceux du reste de l'équipe en faisant le lien entre procédé et propriétés des parois végétales. J'ai ainsi pu assez vite trouver ma place, publier, puis est venu le temps de la thèse, étape importante, soutenue en 2011.

Et puis, le jeu a continué, mes activités ont pris assez naturellement, compte tenu de mon statut d'Ingénieur de Recherche, mais également de mes intérêts propres, un double aspect ; d'une part un volet recherche prononcé mais également une activité importante de mise en place et de pilotage de projets de recherche collaboratifs. Bien entendu, ces deux activités sont indissociables et je n'imagine pas aujourd'hui mon travail sans l'un de ces deux aspects. Grâce à la confiance de Pierre-Yves Manach, je dispose aujourd'hui d'une grande liberté et d'une autonomie importante. J'ai ainsi pu développer de nombreuses collaborations scientifiques nationales ou internationales, toutes très riches, et aussi consacrer une partie de mon temps à la structuration, à la coordination et au management de projets de recherche, pour certain très lourds, mais toujours très valorisants par la richesse des échanges humains et scientifiques qu'ils comportent. (2004-2014 data). These cost values come mainly from the FAO database [31] and are a 2004-2014 range. Price data for flax fibres were provided by Saneco [32] (evolution of scutched fibres market price between 2004 and 2014), [33], bamboo [34] kenaf [34] wood [35] and hemp [36] fibre prices were obtained from literature. In addition, these vegetal fibre cost were compared with e-glass fibre price [37]. ... 47 Figure 2-4 2013 plant fibre production (Kt) by country (excepted wood and cotton). This dataset was obtained from the Food and Agricultural Organization of the United Nations (FAO) [31,38] and Saneco for flax [39] [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF], hemp [START_REF] Lebrun | Tensile and impregnation behavior of unidirectional hemp/paper/epoxy and flax/paper/epoxy composites[END_REF] jute [START_REF] Biswas | Physical, Mechanical and Thermal Properties of Jute and Bamboo Fiber Reinforced Unidirectional Epoxy Composites[END_REF][START_REF] Gassan | Possibilities for improving the mechanical properties of jute/epoxy composites by alkali treatment of fibres[END_REF], kenaf [START_REF] Fiore | The effect of alkaline treatment on mechanical properties of kenaf fibers and their epoxy composites[END_REF] and coir [START_REF] Tran | Understanding the interfacial compatibility and adhesion of natural coir fibre thermoplastic composites[END_REF] [START_REF] Duc | Polypropylene/natural fibres composites: Analysis of fibre dimensions after compounding and observations of fibre rupture by rheo-optics[END_REF] and relationship between inter-defects distance and fibre elements length within a PA11-flax composite (B, C) [START_REF] Gourier | Influence of PA11 and PP thermoplastic polymers on recycling stability of unidirectional flax fibre reinforced biocomposites[END_REF] Table 2- 
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Introduction

Mankind has utilised plant fibres for at least over 40,000 years [1]. Understanding when, how and why ancient civilizations have used these natural materials can inform us of their development story. Animal wool and flax were used to develop the world's first textiles, according to the concerned geographical area. The first trace of linen comes from dating a grain of pollen of this plant, trapped in sediments in Iran 34,000 years ago. Flax has truly accompanied the history of man and the birth of agriculture in the Neolithic period (about 10,000 years BC) in Mesopotamia and throughout the Fertile Crescent [2]. Water-retted samples have been found in ancient lake dwellings in Switzerland and have been dated to about 8,000 years BC. This treatment with water facilitated the individualization of flax elementary fibres, arranged in bundles in the phloem of the stem, through removal of adjoining lamellae residues, making the fibres suitable for fine textile applications. It testifies to the advanced technology of these ancient civilizations that have developed water-retting, one of the oldest known biotechnology [3]. Other plant fibres, such as hemp, have a similar history. The oldest traces of this plant have been found in China and dated to about 8,000 BC. It accompanied the history of mankind for the quality of its fibres, but also for its seed-oils and medicinal properties [4,5].

Today, the continual and unsustainable rise in the global consumption of non-renewable resources, such as petroleum, as well as renewable resources, such as water, is an urgent matter of concern -at least to us climate alarmists [6,7]. Another problem under intense discussion is that of climate change due to human activities, mainly carbon dioxide emissions [8,9]. The growing needs of humankind, due largely to increasing rates of world population growth and adoption of modern life-styles, has meant a substantial increment in the consumption of synthetic materials. Not surprisingly, major importance is now attributed to the use of renewable materials in the manufacture of industrial components. Thus, environmental and economic concerns are stimulating research in the development of new materials for construction, consumer products, packaging and transportation industries [10][11][12]. Particularly attractive are materials derived from natural, renewable resources which prevent further stress on the environment, such as that caused by the depletion of already dwindling wood resources from forests. Examples of such raw material sources are annual-growth native crops, plants and fibres that are abundantly available in occidental or tropical regions [13][14][15]. These plants and fibres -such as flax, hemp, jute and sisal -have been used for thousands of years for many applications, including ropes, beds, and bags. If new uses of fast-growing native plants can be developed for high value applications, they could offer a tremendous potential for creating jobs in the rural sector.

Plants and their derivative products are also sources of inspiration for engineering designs, and there has been a strong interest for research on biomimetic in recent years [16,17]. Plant structures have outstanding mechanical performances, which are the result of a long evolutionary process of optimization, and the current socio-economic context of resource and energy conservation favours this approach. In plants, the role of fibres can be very diverse. In the stem (wood, flax, hemp), they generally act as supporting tissues for plant stability. They can also have a protective role and improve the impact resistance of fruit (coconut), enable sap conduction (wood) or allow the dissemination of seeds by wind (cotton). We can also find them within leaves (sisal for example). Thus, according to their location in the plant, function and morphology varies, and consequently so do their structural arrangement and mechanical properties [18].

The morphological and mechanical properties of the fibres from plants are key parameters for producing polymer composites. The mechanical properties are mainly influenced by the value of the ratio of cell wall thickness to fibre diameter, but also by the morphology and the structure of the fibres; we have to keep in mind that an elementary plant fibre is also an elementary cell, having all characteristics of this primary element. Plant fibres are described by endogenous parameters such as the fraction of cellulose and its crystallinity, the polysaccharide composition of the cell walls [19] and the MFA which represents the orientation of the cellulose fibrils relative to the axis of the fibre [20]. These parameters are influenced by the genetic determinism and pedoclimatic factors such as weather, culture line (inputs, seeding, crop rotation) or the nature of the soil [21,22]. Biotechnological methods used for the extraction of plant fibres also have significance in the final quality of the fibres. Retting conditions will directly affect the fibre morphology and mechanical properties and also dictate the adhesion mechanisms between plant cell walls and thermoplastic or thermoset matrices [23,24].

There is a tendency to refer to plant fibres generically, and consider even fibres from different origins to be 'similar', however, they can have very different properties which may suit different applications. This knowledge is of particular importance for the rational development of biocomposites. However, the determination of relevant mechanical and structural parameters, given the complexity of the cell walls and small scales of observation, is not trivial, and the characterization of the structure and performance demands precautions. In addition, scientists working on this topic have diverging views, with their background greatly influencing their understanding and interpolations of studied phenomena. By looking at the same live objects, biologists, physicists or engineers do not 'see' the same thing and also do not (usually) have the same panel of investigative techniques. In the case of plants, biologists are mainly interested in the regulation of metabolism and flows in the parietal cells and consecutive impacts on molecular composition. Physicists, on the other hand, wonder how forces and pressures are distributed and resisted in the cells and stem structure. These two ways of looking at things are complementary but can lead to different approaches and conclusions. in this manuscript we will focus on linking the properties, performance and main characteristics of plant fibres to future composite applications. The choice of the reinforcing fibres must be made by continuously taking into account the final application and the composite materials, which requires state-of-the-art, if not near-complete, knowledge of the fibres, but also of the processes for making the composites and the relationship between the fibre characteristics and the performance of the plant fibres composites. In this manuscript, plant fibres will be described and considered regarding their use in both short and long fibres composites, i.e. extruded, injected and also compressed or infused materials; indeed, the quality or the morphology of plant fibres can influence their final use. Through this manuscript, I propose to detail my career and experience, my research activities as well as my research project for the forthcoming years. 4 distinct parts will be considered. Chapter 1 presents a synthesis of my activities in the last few years, a specific focus will be done on my scientific activities and project management. Chapter 2, the main part of the manuscript, is a state of the art, widely illustrated by my various contributions. First, a classification of the different families of fibres belonging to different plants is proposed; we will focus on the differences in fibre properties, related to cell structure, arising from the location within the plant. Then, we will discuss the divergent views on plant fibre structures in literature, principally arising from the variety of investigative techniques and associated interpretations, suitable characterisation routes will be proposed. In the last section of this second part, we will review the impact of the type of fibres, their properties and major biotechnology implemented on the final quality of the produced biocomposites; a focus will also be done on biocomposites' recycling. Chapter 3 is dedicated to my research project for the forthcoming years; some main outputs and possible future works are presented. The last chapter is a detailed list of my scientific contributions.

For better readability, the author's contributions are referenced in bold in the whole manuscript.

Synthetic presentation of my experience and activities

The first section of the manuscript aims to present both my experience and my activities for about 15 years since my arrival in Lorient. After a presentation of the Dupuy de Lôme Research Institute, I will detail my research activities and especially whatever the developed topics, the management or co-management of students, the scientific collaborations or the key data enabling to summarise these activities.

1.1

History of the host structure, evolution and presentation . The ambition of IRDL is to play, in the short term, an even larger role at regional, national and international level in the resolution of current questions linked to material engineering and of the systems used in the industrial sectors related to the motor industry, energy, aeronautic, health and transport and more particularly all the domains dynamically interacting with the marine environment, such as shipbuilding and offshore, marine energy. The founding document of IRDL is a convention binding the 4 tutorship establishments: UBS, ENSTA Bretagne, UBO, ENIB and CNRS.

It defines the governance of IRDL, the terms of welcoming staff from one tutorship into another and the pooling of resources dedicated to research. 1.2 Research activities: main topics, student's supervision and key figures 

Nanoindentation

By becoming responsible for the nanoindenter equipment, I had the opportunity to develop specific measurement protocols, especially on plant cell walls. This work, mainly carried out during my PhD period, focused on the development of tests by adapting both the test parameters (velocities, forces, bearings ...) but also the geometries of the tips. Thus, even if the Berkovich tip remains the main use, conical, flat or cylindrical tips have been set up to characterise specific materials such as elastomers or nano composites. Due to the expertise I have been able to develop in the measurement of mechanical properties at the plant cell wall scale, but also to characterize areas of interfaces, bonding or measurements in sections of aged materials, I had the opportunity to develop numerous collaborations, particularly with IFREMER (Peter Davies), INRA (Denis Lourdin & Sofiane Guessasma) or the Ecole des Mines of Alès (Anne Bergeret), The University of Béjaïa (Mustapha Kaci) or the CIMAP laboratory (Alexandre Vivet).

These various works, often collaborative, have resulted in the publication of 17 articles in international journals.

Biocomposite processing

This research area, which I have been working on for about 13 years, has been the subject of numerous collaborative projects as well as several theses. These works will be described in detail later in the manuscript.

This experimental research topic covers the processing of thermoplastic biocomposites as well as their morphological and mechanical characterisation. It is part of a multi-scale, transversal approach based on an understanding of the phenomena involved in a process cycle, whether at the level of the composite, the fibre-matrix interface, the fibre or its plant cell wall. We especially study the specificities of these materials and reinforcing plant fibres when subjected to a thermal cycle and to mechanical shear stresses. Local mechanical properties or morphology are then specifically analysed, in relation to biochemistry evolutions.

I am developing this theme thanks to numerous national (Peter Davies (Ifremer Brest), Daniel Scida (LISM of Troyes) Johnny Beaugrand (INRA of Reims)) or international collaborations (Mustapha Kaci (Bejaia, Algeria), Hom Dhakal (Portsmouth, United Kingdom)).

29 of my articles focus on this research theme. These various works have resulted in the publication of 14 papers in international journals.

Plant cell walls characterisation

In addition to the nanoindentation characterisations of plant walls detailed above, the latest technological developments have enabled us to implement specific protocols by AFM using Peak Force Quantitative Nanomechanical Measurement (PF-QNM) technology. At the same time, our team has developed specific mechanical characterisation tests on the elementary fibre scale for more than 20 years. These two complementary scales of measurement make it possible to understand the mechanical behaviour of the plant fibres. They are part of a multidisciplinary and transversal approach; Indeed, the mechanical behavior of the plant cell walls must be associated with their ultrastructure and biochemical composition to understand all the ins and outs.

We also work at the stem scale by studying the stability of flax plants, the knowledge of their architecture and their lodging behaviour. In this work, we are interested in thygmomorphogenesis in order to better understand the reactions of a flax stem in case of rain and wind stress as well as the link between the structure of the stem and the stability of the plant. This very specific architecture stem gives the flax exceptional and unique performances and opens the way for the development of inspired composite materials. Currently, two PhDs of our team are working on this subject. This work is carried out in close collaboration with a flax breeder and scutching companies; They mainly focus on a detailed study of the architecture of plants as well as their mechanical behaviour in tensile or bending mode. Modelling studies are also being considered in order to better link the structuring or organisation of the stem tissues and the stability of the plants. Plant straightening is artificially studied by gravitropic tests using inclined pit cultures.

This research work is the subject of scientific exchanges with plant and wall scientists (Claudine Morvan (PBS), (Bruno Moulia (INRA, Clermont Ferrand), Olivier Arnould and Tancrède Alméras (LMGC, Montpelllier), Brigitte Chabbert, Bernard Kurek (INRA, Reims)), but also with specialists in the fine characterisation of the walls either by measuring their microfibrillary angles (Patrick Perré (Centrale Supelec, Paris), Vincent Placet (FEMTO, Besançon)), their degree of crystallinity (Alain Buléon (INRA, Nantes), Darshil Shah (Cambridge, UK)) or their biochemical structure by Raman (Olivier Sire, Vannes). A collaboration with the KIBB (Tatyana Gorshkova) Institute in Kazan is also in the process of structuring on this subject.

29 of my articles focus on this research topic.

Student's supervision

The following list shows the different students I have supervised since my arrival in Lorient in 2001: Regarding the main research topics previously described, we can notice that the nanoindentation thematic constituted an important part of my papers until 2012. In recent years this rate is strongly reduced and my main research topics are clearly the biocomposite process as well as the understanding of plant cell walls properties.

Post-doc students

To complete these statistical data, Figure 1-7 exhibits a synthesis of my scientific production classified by categories and a histogram of the number of papers by journal.

Scientific key data (July 2017, SCOPUS)

79 articles in international peer reviewed journals h-index = 24 1620 citations 19 articles as first author We are currently preparing the Phase II submission. It represents an overall budget of more than M€ 5, including K€ 970 for the IRDL.

Other activities

Teaching

Apart from my main functions, I also provide practical and theoretical teaching (courses, tutorials and practical work) on polymers and composites processing or computer aided design (CAD) to students of the University of South Brittany.

Even if the volume of these courses has been greatly reduced in recent years, due in particular to new administrative rules and my increasing involvement in the activities mentioned previously, I continue to be involved in the training courses, which allows me to maintain a connection with the students. Figure 1-9 shows the evolution of my involvement in teaching since the beginning of my career. 

Overall assessment

The following graph (Figure 1-10) summarizes my activities all along my career: The evolution of my activities is clearly evident on this figure with, in recent years, an obvious focus on my research activities and the management of collaborative projects. These various research activities, conducted for about 12 years in close collaboration with my colleagues in the Biocomposites team, have allowed me to be associated with numerous thesis frameworks. I also had the opportunity to lead many trainees, 2 post-doctoral students and some project engineers. I was also able to independently set up international or national research collaborations, concluded by publications I conducted. I am currently responsible for the scientific coordination of a national industrial research project; I am also coordinator of a European project which should be started in 2018, allowing me to quickly take the lead of a thesis and pursue my research activities autonomously at the head of a structured team.

Plant fibres for composite reinforcement: specificities and diversity

For the past 15 years, there has been tremendous and ever-increasing industrial and academic interest and technological material development concerning plant fibre reinforced composites. Plant fibres can be sourced from a multitude of natural agro-sources, with the preferred choice as a composite reinforcement material often being driven by abundance, geographical location, and historical use. While from a product designer's or engineer's point of view, all plant cell walls are 'similar', there is indeed substantial diversity in plant fibre cell walls. Indeed, a growing body of research demonstrates how cell wall mechanical behaviour is strongly linked to its structure, biochemical composition and the plant growing conditions. At the same time, significant progress has been realised on the knowledge of plant fibre cell wall reinforcement mechanisms in biocomposites. Here, we provide a holistic overview of the main types of plant cell walls used as reinforcements for polymer composites. By synthesising a large body of bibliographic and personal data, this chapter presents and discuss the useful diversity in cell walls, illustrated by original schematics for clear comparison. The link between their structures and main properties, in constant link with potential associated composite, is specifically discussed. We also show how a scientist's point of view on cell wall structure and associated experimental approach and use of characterisation techniques lead to distinct results; following a critical review, we make recommendations on appropriate characterisation techniques for a specific fibre. A final section concludes this chapter by highlighting the pertinent parameters that accurately define a composite reinforcement cell wall and by exploring possible recycling issues for these materials.

2.1

Plant cell walls : a significant variety of morphologies and properties 2.1.1 Overview of plant fibre diversity

Classification according to origin

Nature offers a large diversity of plant fibres which are generally classified according to their location within plants (Figure 2-1). As materials and reinforcements in composites, plant fibres are used in a number of applications and are of high technical and commercial importance [25][26][27]. Plant fibres display different classes of fibres such as bast, straw, seed, grass, leaf, and wood fibres. Due to their specific functions and location in plants, these fibres exhibit a large panel of structural properties, and consequently mechanical performances. For example, coconuts provide coir fibres which play the role of environmental and mechanical protection around the fruit, while hemp fibres are the supporting tissues of the stem, and cotton fibres are wrapped around the seeds in order to facilitate their spreading by the wind. The relationship between the role, the structure and the fibres properties will be discussed later. 

State of the uses; techno-economic data

It is not easy to obtain reliable cost data for plant fibres. Indeed, prices depend on the availability of the resource, raw material sales volumes, as well as the quality of the fibres (vis. length, visual properties, mechanical properties). Moreover, costs for fibre extraction, chemical treatment and transportation may vary considerably.

Classification of plant fibres presented in Figure 2-1 can also take the form of that shown in Figure 2-2 [29]. It supplements the usual classification by origin in the plant with whether the plants are grown specifically for their fibres (so called primary fibres [29]) or if the fibres are a by-product of some other primary use of the plant (so called secondary fibres [29]).

Figure 2-2 Distinction between primary and secondary plant fibres [29].

The classification into primary and secondary fibres is relevant as prices depend on the use of the plant. For example, in France the predominant market for fibres from annual plants (excluding textiles) is those of particleboards, accounting for about 85% of processed volume, far ahead of the concrete (10%), insulation (3%) and composites (2%) markets [30]. Figure 2-3 shows a comparison between the cost of vegetal and glass fibres. . These cost values come mainly from the FAO database [31] and are a 2004-2014 range. Price data for flax fibres were provided by Saneco [32] (evolution of scutched fibres market price between 2004 and 2014), [33], bamboo [34] kenaf [34] wood [35] and hemp [36] fibre prices were obtained from literature. In addition, these vegetal fibre cost were compared with e-glass fibre price [37].

As we can see from Figure 2-3, plant fibres cover a wide range of prices. Some, like alfa and bamboo, are available at very low prices and are very competitive compared to glass fibres. Others display significantly higher costs; this is generally the case of long fibres such as flax or hemp, and we shall return to this notion of length a little further. One can also note that coir fibres, considered as secondary fibres, also display a low cost. Even within the same species of plant, prices can show large differences; this is for example the case for cotton, hemp and sisal. These differences are justified by differences in fibre quality that are linked to their finesse, their surface state or to their mechanical strength. These price differences can also be caused by changes in supply and demand, as is the case for commodities in general. Due to the density and mechanical performance differences between plant and synthetic fibres, some authors have considered it more relevant to compare their cost per unit functionality (such as specific mechanical properties). However, as we argue later properties such as density and strength can sometimes be problematic to compare due to the very different fibre structures and morphology between species. Global fibre production is shown in the map below with data for each area of production and kind of fibre. Due to their high production quantities, cotton and wood fibres are presented in separate graphs (Figure 2345). Firstly, one can notice that natural fibres are produced in many countries but the main quantity comes from Asia, especially due to the high quantity of jute fibre produced in India and Bangladesh. In tropical countries, such as Brazil (sisal), Ecuador and Philippines (abaca), India (coir and jute), Pakistan and Bangladesh (jute and coir), China (ramie and hemp), there exist a large variety of plant fibres with different mechanical, physical and chemical characteristics. The list of fibres with composite reinforcement potential which are grown in those countries mainly includes sisal, jute, kapok, abaca, abaca, coir and ramie.

The world production of plant fibres

Figure 2-4 2013 plant fibre production (Kt) by country (excepted wood and cotton). This dataset was obtained from the Food and Agricultural Organization of the United Nations (FAO) [31,38] and Saneco for flax [39].

Thus, plant fibres are produced in some of the lowest-income areas of the world. The countries that produce the fibre include several that are classified as being Least Developed Countries (LDCs), where the average annual gross income per capita is below US$ 750 [38]. This is for example the case for sisal cultivation in Tanzania, where the rural populations of these areas are therefore particularly dependent on sisal, which represents one of the few sources of dependable cash income. In periods of pronounced drought, sisal offers the only hope of maintaining sufficient purchasing power and consequently provide some assurance of food security. This is the case not only in producing countries of the LDC category, but also in the world's largest sisal producer, Brazil. In this country, production of sisal is concentrated in the very low-income, arid areas of the north-eastern region, where alternatives for rural income generation are limited or non-existent. In these arid areas, sisal cultivation provides one of the few viable agricultural production alternatives to generate income and supplement on-farm food production. Outside these economic considerations, plant fibre cultivation contributes also to environmental progress; one can notice the replacement of asbestos in cement by sisal which is a particular aspect of the market for construction materials that has gained ground as the prohibition of asbestos has gained momentum, particularly in some highly populous countries such as Brazil. Due to their environmental advantages, plant fibres have also penetrated the transportation sector, especially the automotive industry, whatever the kind of fibre. In order to reach the maximum market potential and to plant factories all over the world, the major automobile manufacturers are looking for reliable local fibre availability. While specific tests have not yet been carried out exhaustively for certain fibres due to the difficulty in obtaining suitable production data, the results obtained with fibres produced in relatively higher-income countries such as flax and hemp indicate that the substitution of glass fibre leads to a significant reduction in non-renewable energy requirements during the production phase [40]. However, contrary to the general but widely stated notion, the environmental benefit in using plant fibres can be moderate.

Figure 2-5 shows the main areas and quantities of production for cotton [38] and wood fibres. Global production of wood fibre in 2014 amounted to 401 million tons [41]. The main producers were the USA, China, Japan, Brazil and Canada, and together, these countries produced 59% of the global total. The Asia-Pacific region is now the largest producer of wood fibre and Brazil, where fast-growing planted forests give the country a competitive advantage in the manufacturing of wood pulp will probably overtake Canada to become the fourth-biggest producer in the next few years. Cotton production is mainly governed by China and India, followed to a lesser extent by USA, Pakistan and Thailand. In the past few years, we have seen an important increase in China's cotton fibre stocks, leading to price increases. Nevertheless, consumption is currently decreasing in China due to the reduction of state support for its farmers. Thus, there is a slight evolution of the production towards low-yield countries in South-Asia and Sub-Saharan Africa.

In temperate climate countries such as Europe, flax and hemp are the most representative. They occupy only a marginal place in world production of natural fibres (respectively 2.4% and 0.3% of world production) largely dominated by cotton and wood. If we focus specifically on flax (Figure 23456), France is the largest producer with about 50% of production in 2014. Europe represents about two thirds of world production and flax is characterized by high yields of around 1.5 t / ha. China and Russia have relatively low production levels in view of the importance of cultivated areas; apparent yields being very low. A few anecdotal productions in terms of volume are present in Egypt and in the Baltics. 2.1.2 Plant fibres : a large range of reported properties

A large range of properties among the different plant cell walls

In literature, many authors have studied plant fibres and one can find a large amount of morphological, mechanical, structural and biochemical data concerning these fibres. For composite applications mechanical and morphological properties directly impact the quality of materials; composite mechanical performances are generally well-correlated with that of the reinforcement. Reinforcement aspect ratio (L/D) is also an important parameter for efficient stress transfer between fibre and matrix.

Table 2-1 amalgamates data available in literature concerning the morphology of the fibres. Length, diameter, the cellulose microfibril angle relative to the longitudinal axis of the fibre (MFA) and density are tabulated for common plant fibre reinforcements used in biocomposites. Values listed here relate to elementary fibres. One can see that some morphological characteristics are highly variable from one plant to another. If the densities or the diameters of the elementary cells do not vary much, it is not the case for the MFA. This latter varies substantially between plant types and, as we will see later, can lead to significant differences in terms of mechanical behavior. Moreover, the value of this angle is not fixed for a given species and may fluctuate among plant varieties of the same species. This is particularly the case for wood cell walls where the angle may have a value of about 5 ° in the gelatinous (G) layer of the tension wood, between 10 and 20 ° for normal wood or from 30 to 45 ° in the case of compression wood [42,43]. The difficulties in MFA measurements, inducing uncertainties, will be detailed in the second part of this manuscript. In terms of the morphology of the elementary fibres, we can also see significant variations regarding the length of the cells. These can be very short in the case of jute, bamboo, wood, kenaf or alfa but also much longer for plants such as ramie, flax or hemp. These differences in length can of course, as we shall see later in this document, impact the handling of fibres, as well as their extraction but also on experimental devices available for their characterisation. The concept of length becomes preponderant in the case of the mechanical characterisation of fibres. It is also a major point for composite materials, directly influencing the aspect ratio of reinforcements; indeed, for composites the quality of stress transfer between fibre and matrix is strongly linked to the individualisation of fibres and interfacial area which are directly influenced by reinforcement length/diameter ratio. As discussed in the second part of this manuscript, tensile mechanical properties are largely influenced by the nature of the fibre elements (elementary fibres or bundles). Thus in literature, characterised objects are not always elementary fibres, numerous works on bundles have been presented, often without the nature of the element (elementary fibre or bundle) being specified clearly. In Table 2-2, we have grouped results from tensile tests conducted on different species of plant fibres.

When data was available, we have reported the results of elementary fibres as they are more representative of the 'smallest' element. In some cases, because of small fibre lengths, only test results on bundles exist. Thus, the values that we can find in the literature are sometimes be difficult to compare, not only for the reasons just mentioned above but also because of the number of selected tests. For example, the data presented in Table 2-2 for alfa fibres concern 2 batches of fibre given the lack of studies in the literature; when in the case of flax, more than 60 lots are summarized in this table. This can generate more dispersion and disparity in the results. Moreover, as these experiments require an important know-how, the quality of the experimenter plays an important role on the results, as well as the machine used, the test conditions and the method of analysis.

If one focuses on the elementary fibres (Figure 234567) we see a clearly marked hierarchy between the elementary fibres in terms of strength and stiffness. We note on this graph the presence of two populations of fibres, shown by the two dotted trend lines. Within the first group of fibres, corresponding to the lowest black dotted regression line, flax fibres, are clearly distinguishable by its superiority from other varieties; although alfa fibres and ramie compete with them, data are only available for those species on few batches which does not allow to draw clear conclusions about the reproducibility of their performance. We can then note the weaker performance of hemp fibres (penalised by short secondary fibres) and even reduced for those of kenaf and kapok; we will see a little further that these latter fibres are penalised by their very specific morphology due to the thickness of their cell wall. Although these fibres possess relatively low stiffness, their high strength is explained by their elongation at break which is above that of the other elementary fibres, the average elongations of the fibres of the first group being between 0.8 and 4.5% and that of the second group between 3 and 10%. These differences in terms of elongation can be explained by substantially higher MFA values (Table 2-1) in the case of wood and cotton but also by a lower cellulose content for bamboo (see Table 2-3); these two parameters probably induce more slipping between cellulose microfibrils and a lower stiffness inducing an improvement of the elongation. Despite a reduced stiffness it allows to raise very interesting strength. Thus, as was the case for morphological properties of plant fibres, comparison of plant fibre mechanical properties highlight moderate to huge (more than 100% of the characteristic study) differences from one plant species to another. This highlights the difficulty to generalise a common typology for the entire panel of plant fibres, with each fibre having its own specificities and performances. As for the morphological and mechanical parameters, important differences in composition arise between plant fibre elements, both in the bundles including the middle lamella and on the cell walls of individual fibres. These characterisations, though reflecting all contents of cellulose, hemicellulose, pectins or lignin, have not always been carried out in the same way, and may be conducted on different stages of fibre extraction and processing (such as on retted or un-retted materials), which can modulate the biochemical composition widely. At the analytical level, the extraction time and solvent concentrations may be different, and comparison is therefore biased because most of these analyses were performed by the Tappi [143], van Soest [START_REF] Van Soest | Use of detergents in the analysis of fibrous feeds, II. A rapid method for the determination of fiber and lignin[END_REF] methods or by specific protocols derived from these [START_REF] Blumenkrantz | New method for quantitative determination of uronic acids[END_REF][START_REF] Dubois | Colorimetric method for determination of sugars and related substances[END_REF]. However, we can note that all these characterisations were performed on fibre bundles rather elementary fibres. Significant differences can be observed between the plant species as regards the contents of cellulose and lignin.

The lignin content can be governed by the genetic pool of the plant, but is also be controlled by cropping parameters as is the case for flax which is pulled out before its lignin content increases to facilitate the extraction of fibres from the plant. In terms of biochemistry, there exists a wide range of cell compositions which does not consider the different plant cell walls as equivalent. Some classifications nevertheless attempt to group them in large families; according to Mikshina [START_REF] Mikshina | Cellulosic Fibres: Role of Matrix Polysaccharides in Structure and Function[END_REF], plant fibres can be categorised into two broad types, the xylan-rich and the gelatinous ones. The xylan type are secondary cell walls characterised by helical orientation of cellulose microfibrils, with predominance of xylan in the non-cellulose matrix, and a high degree of lignification. This is for example the case of wood cells or bast fibres such as kenaf or jute. The second family type (gelatinous) is of thick secondary type cell wall present only in fibres with high content of cellulose (up to 90%) and of high degree of crystallinity; it concerns for example tension wood or flax fibres.

Classical representation of plant fibres

In the literature, the plant cell walls and fibres are generally defined by a primary wall, a secondary wall, and lumen. The secondary wall is usually described in the form of three sub layers S1, S2 and S3, the S2 being the predominant layer. The S2 layer is made of cellulose microfibrils embedded in a polysaccharide matrix and oriented along the axis of the fibre with a MFA having generally a fixed value. Thus, whatever the species of plant, the fibres are generally presented in this architecture and illustrated by a scheme, similar to Figure 2-8 [START_REF] Rong | The effect of fiber treatment on the mechanical properties of unidirectional sisal-reinforced epoxy composites[END_REF].

. This simplistic presentation allows to present in summary form the overall architecture of plant cell walls but does not reflect necessarily the reality. Indeed, whether by the number of layers, the orientation of microfibrils, the helix direction, the contents of cellulose, polysaccharides or the size of the lumen, the different plant fibres all have specific characteristics and it seems very difficult to want to assimilate them in an elementary ideal model structure.

As we will see in the next section, they all have very specific morphologies and ultimately have little in common. It is therefore necessary to clarify this to avoid generalisation that would overlook the specificities, advantages and disadvantages of each one.

Diversity and complexity of the plant cell walls

As we have seen previously, the various plant fibres have specific morphological attributes for each of them and it is not possible to consider them as one fully identical. This overview confirms the morphological variety of these fibres. The sizes of the fibres or bundles are hardly comparable and in some cases (i.e. coir) we can see that the individualisation of cells is very delicate, the bundles can be here considered as the basic unit. One can also note significant disparities in terms of surface. Indeed, some fibres such as cotton, linen or kapok having surfaces virtually free of impurities while alfa, coir, or hemp have rough surfaces and middle lamellae residues. This may be the result of a low level of retting, either due to a significant lignification or difficulty to extract the fibres, caused by unsuitable scutching or mechanical means poorly adapted to stem structure. These aspects of surfaces will of course affect the interfaces within composites. In special cases, we can also note the twisted forms of fibres (cotton) or the presence of pits that function as valves (wood); the offer potential resin flow paths for entry in and out of cell lumen during the processing of the composites.

Figure 2-10 shows the cross sections of these fibres. One can see some similarities between several plant fibres. For example, coir and abaca fibres are assembled into bundles in which there is a lacuna. In this case, we are dealing with short fibres that will be difficult to individualise. Bamboo also has a particular structure; it is an herbaceous monocot and fibres vessels are dispersed throughout the stem cross-section, albeit at locally higher densities towards the periphery. Thus, these fibres require significant energy to be extracted from the plant. Important differences in shapes may also be noted. Some fibres such as flax or jute have regular and homogeneous shapes, others being more elongated or more disparate shape; this is particularly the case of hemp or cotton. Finally, lumen sizes are very different between the fibres. They only represent a few percent of the fibre section for flax [58], hemp [21], ramie [59] or bamboo [50] but the size of the cavity may be 20 to 30% of the overall section for sisal [58], jute [58] and abaca [47,[START_REF] Cai | Influence of alkali treatment on internal microstructure and tensile properties of abaca fibers[END_REF] or 60 % and 90% for kenaf [START_REF] Ashori | Chemical and Morphological Characteristics of Malaysian Cultivated Kenaf (Hibiscus cannabinus) Fiber[END_REF] and kapok [START_REF] Fengel | Studies on Kapok 1. Electron Microscopic Observations[END_REF], respectively. Concerning wood, lumens may vary from 2 to about 70% [START_REF] Ruelle | Variations in physical and mechanical properties between tension and opposite wood from three tropical rainforest species[END_REF] depending on the nature of the cells and the types of woods.

Origin of the structural differences

In this section we will try to shed light on how the structural differences observed among the different species of plant fibres arise. For this, we will focus first on their function in the plant, secondly on the potential role of their environment during growth (thigmo-morphogenesis), and thirdly on crop parameters that may have a significant, and sometimes undesirable, influence on fibre properties. Finally, a brief focus will be done on the work of varietal selection and about its impact on plant architecture and fibres performances?

Importance of the fibre origin (stem, leaf, fruit, seed, wood) and role in the living plant

Let us initially focus on the specific function of the fibres. As we have briefly described previously, plant fibres can be in the stem, the leaves or surrounding fruits or seeds. The location has a direct effect on the morphology and properties of fibres due to their function in the plant. Take for example the case of coir fibres which are located in the mesocarp of the fruit and play a protective role in shock when the nut falls. As we have seen previously, these fibres are assembled in tube bundles of a few hundreds cohesive fibres [55,77], with extra lignified cell wall layers; they also have a large lumen [55] that allows them to show strong impact absorption capacity that results in high elongation at break, compare to other plant fibres. Thus, despite moderate tensile performance, coir fibres exhibit specific properties that allow them to fully perform their protective function in nature. This is also the case for seminal hairs such as cotton or kapok; they surround the seeds and are intended to promote their dissemination by wind; in contrast to other described fibres, they are not sclerenchyma cell types. Cotton fibres are elementary elongated cells formed from the seed coat protodermis (immature epidermis). Dozens of seeds are formed within a boll, each ovule producing between 10 000 to 20 000 fibres with a length of 10-60mm [160]. Due to their function, they do not need strong mechanical performance but must be thin, light and relatively long; cotton fibre can be characterized by its fineness, its high cellulose content and its specific helical shape conducive to entanglement of fibres that will allow the formation of a cocoon around the seed and facilitate its transportation. This twisted and original shape is due to the stress release occurring at maturation; at this step, the fruit capsule opens, and the cylindrical fibres dehydrate and collapse to ribbon-like, twisted structures [160]. In the case of kapok, the biochemical composition of the walls is very different with greater lignin content and the hollow morphology of the fibres gives them a very small bulk density which also promotes transport of the grains by the wind [START_REF] Fengel | Studies on Kapok 1. Electron Microscopic Observations[END_REF].

Other fibres such as abaca, alfa or sisal come from the leaves. They are characterised by relatively moderate mechanical properties and quite short lengths. They have no dedicated structural properties but still contribute to the mechanical strength of leaves and generally have relatively high elongation at break to allow to collect the stresses and strains caused by wind or rain. These fibres are assembled in cohesive and lignified bundles and play a transportation role of sugar produced by photosynthesis which means that they have developed lumens of sufficient size, lumen being the vestige of living cells' cellular metabolism.

Finally, the last category of fibres that we have chosen to detail here is the group belonging to supporting tissues located in the stem, those fibres strongly contribute to the stability of plant stems. Among these we can find species like 'wood', jute, ramie, hemp or flax. However, again, it is appropriate to make distinctions between group's members because these fibres will not show the same performance in particular due to the geometry of plants, but also of the fibres itself.

The plant geometry may be addressed by the slenderness factor of plants that characterizes the ratio between height and stem diameter. The work of Niklas [START_REF] Niklas | Influence of Tissue Density-specific Mechanical Properties on the Scaling of Plant Height[END_REF][START_REF] Niklas | Plant Height and the Properties of Some Herbaceous Stems[END_REF][START_REF] Niklas | Comparisons among biomass allocation and spatial distribution patterns for some vine, pteridophyte, and gymnosperm shoots[END_REF] has particularly helped represent these specific characteristics in the form of graphs. Figure 2-11 shows the relationship between the height and the diameter of a large number of grass and trees. It represents both experimental and modeled values by varying the equation parameters modeling the relationship between diameter and height. The red dot represents the case of flax and underlines the extraordinary slenderness factor of this plant. Thus, flax stems possess particularly slender stems whose stability can be considered to be close to or greater than the theoretical limit established by Niklas' work. This is caused by the specific structure of the stems, with a significant number of peripheral fibres [64,[START_REF] Gibaud | Understanding the lodging stability of green flax stems; the importance of morphology and fiber stiffness[END_REF] but also by the mechanical performance [166] of these walls and by their length [START_REF] Menoux | Résistance à la verse du lin textile: influence du milieu et critères de verse proposés[END_REF], substantially greater than most of the bast fibres. The latter is due to the ability of these cells to form a plurality of nuclei [START_REF] Mikshina | Cellulosic Fibres: Role of Matrix Polysaccharides in Structure and Function[END_REF] and therefore to be able to along very significantly during the intrusive fibre growth [66,[START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF]. Thus, among the bast fibres, some like hemp, ramie or flax possess this polynuclei character; this is not the case of jute which, for this reason, exhibits lower fibre lengths [59].

Thigmomorphogenesis

This domain embraces the growth responses of a living plant to external stimuli like mechanical forces. Variations in fibre mechanical properties could be explained by the structure of the fibre and the biochemical composition of its wall [20,[START_REF] Alix | Influence of pectin structure on the mechanical properties of flax fibres: a comparison between linseed-winter variety (Oliver) and a fibre-spring variety of flax[END_REF][START_REF] Roach | Development of Cellulosic Secondary Walls in Flax Fibers Requires β-Galactosidase[END_REF] and could be due to the varieties in the gene pool (e.g. of flax [START_REF] Brutch | Diversity of flax characters associated with fibre formation and environmental influence on their formation[END_REF]), but they could also be influenced by environmental stimuli mainly induced by rain or wind [START_REF] Menoux | Résistance à la verse du lin textile: influence du milieu et critères de verse proposés[END_REF]. The most common features of thigmomorphogenesis on plants are a decrease in vertical growth and an increase in radial expansion [START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF] but it also has an influence on the quantity and stiffness of strengthening tissues [START_REF] Biddington | The effects of mechanically-induced stress in plants -a review[END_REF][START_REF] Telewski | Wind Induced Physiological and Developmental Responses in Trees[END_REF]. Furthermore, the stimuli frequency has an impact on the plant acclimation as well as on their specific responses, particularly on the increase of the stem diameter [START_REF] Martin | Acclimation kinetics of physiological and molecular responses of plants to multiple mechanical loadings[END_REF]. If stress occurs at air level (reduction of illumination, leaf area reduction), the plant responds by developing its air system, and if the stress comes from the ground (water stress, nutrient deficiency), root development is preferred [START_REF] Van Noordwijk | Agricultural concepts of roots: from morphogenetic to functional equilibrium between root and shoot growth[END_REF][START_REF] Coutand | Mechanosensing and thigmomorphogenesis, a physiological and biomechanical point of view[END_REF].

Amongst other indicators, the involvement of calcium in the early events of exterior stimuli sensing and transduction was found [178,[START_REF] Knight | Transgenic plant aequorin reports the effects of touch and cold-shock and elicitors on cytoplasmic calcium[END_REF]. In the case of flax, Verdus et al. [START_REF] Verdus | Storage of environmental signals in flax. Their morphogenetic effect as enabled by a transient depletion of calcium[END_REF] evidenced that the number of meristems produced is strictly dependent on the intensity of the environmental stimuli received; the meristems production being governed by calcium depletion signals. On Arabidopsis, Braam et al. [START_REF] Braam | Plant responses to environmental stress: regulation and functions of the ArabidopsisTCH genes[END_REF] showed that the TCH gene regulation and expression is a response to environmental stimuli and could lead to an increase in xyloglucan crosslinks with cellulose microfibrils and hence cell wall reinforcement of non-growing cells stimulated by touch or wind. In wood cell walls, xyloglucans play a linking role, between the S2 and G layers [START_REF] Mellerowicz | Xyloglucan: The Molecular Muscle of Trees[END_REF]; in flax cell walls, xyloglucans are part of the non-cellulosic polymer matrix and are mainly present in the primary wall [START_REF] Morvan | Building flax fibres: more than one brick in the walls[END_REF].

During the flax growing period, environmental stimuli are mainly due to the sun, wind and rain, which can induce plant lodging. The boundary conditions, i.e., the anchorage quality and the soil behavior are also preponderant parameters for plant stability and the lodging is highly influenced by the stem stiffness, the environmental stimuli and especially the extra water weight. Consequently, the distribution of water drops on the plant increases its mass and, with windy conditions, the risk of instability becomes even more significant. The work of varietal selection aims to develop new varieties to increase the production of fibres or seeds but also concerns the behavior of lodging or disease resistance, which are primordial parameters in order to ensure a sufficient income for the farmers. One of our previous work [64] evidenced that the lodging stability of flax was correlated to the supporting tissues mechanical properties. The lodging stability criteria, which could be optimised by varietal selection, could be assimilated to an indicator of the flax fibre's mechanical performances. Furthermore, the varieties having a high lodging resistance generally exhibit a high fibre yield [64,[START_REF] Ilea | a new fibre flax cultivar[END_REF]. According to Menoux et al. [START_REF] Menoux | Résistance à la verse du lin textile: influence du milieu et critères de verse proposés[END_REF] the fibre aspect ratio (length divided by diameter) is also a good indicator of the plant's lodging tolerance, underlining the fibre's role as supporting tissue.

Cultural and climatic parameters

Due to the lack of literature data on the impact of cultural and meteorological parameters influencing the entire panel of plant fibres embraced in this manuscript, this section mainly focusses on flax and hemp for which data is available.

The stem and fibre morphology, and consequently the plant's stability are strongly linked to a cultural parameter: the seeding rate. Indeed, the number of ramifications, leaves, the quality of rooting, as well as the nutrients or water availability are key parameters for the stem's stability and development. For flax, in order to reduce the lodging risk and maximize the fibre yield, the recommended number of plants is approximately 1500/m2 [START_REF] Lin | Fibre: culture et transformation[END_REF]. In general, an increase in the seeding rate induces a decrease of the stem or fibre length [START_REF] Easson | The effect of time of sowing, seed rate and nitrogen level on the fibre yield and quality of flax (linum usitatissimum L.)[END_REF] and diameter, the number of ramifications [START_REF] Couture | Influence of Seeding Depth and Seedbed Preparation on Establishment, Growth and Yield of Fibre Flax (Linum usitatissimum L.) in Eastern Canada[END_REF][START_REF] Agegnehu | Effects of seeding rates and nitrogen fertilization on seed yield, seed quality and yield components of false flax (Camelina sativa Crtz.)[END_REF][START_REF] Gubbels | EFFECT OF SEEDING RATE ON PLANT AND SEED CHARACTERISTICS OF NEW FLAX CULTIVARS[END_REF][START_REF] Stevenson | Seeding rate and row spacing affect flax yields and weed interference[END_REF] or capsules [START_REF] Casa | Environmental effects on linseed (Linum usitatissimum L.) yield and growth of flax at different stand densities[END_REF] is reduced, whereas the straw yield increased [START_REF] Easson | The effect of time of sowing, seed rate and nitrogen level on the fibre yield and quality of flax (linum usitatissimum L.)[END_REF][START_REF] Couture | Influence of Seeding Depth and Seedbed Preparation on Establishment, Growth and Yield of Fibre Flax (Linum usitatissimum L.) in Eastern Canada[END_REF][START_REF] Stevenson | Seeding rate and row spacing affect flax yields and weed interference[END_REF]. The increase in the plant's density generally induces a yellowing and a decrease in the number of fibres, especially at the bottom of the stem. In this case, the risk of lodging is increased [START_REF] Easson | The effect of time of sowing, seed rate and nitrogen level on the fibre yield and quality of flax (linum usitatissimum L.)[END_REF][START_REF] Gubbels | EFFECT OF SEEDING RATE ON PLANT AND SEED CHARACTERISTICS OF NEW FLAX CULTIVARS[END_REF] due to the lower cell wall thickening and poor retting quality. Nevertheless, in the cases of poor or dry soil, a high seeding rate could be a solution to facilitate the plantlet emerging due to collateral help. Also agricultural management is well known for strongly influencing plant development and associated yields [START_REF] Amaducci | Influence of agronomic factors on yield and quality of hemp (Cannabis sativa L.) fibre and implication for an innovative production system[END_REF] as illustrated by the impact of the seeding rate on the chemical composition of bast fibres [START_REF] Cromack | The effect of cultivar and seed density on the production and fibre content of Cannabis sativa in southern England[END_REF].

High seeding rate helps promote competition between the stems that will stretch to win in sunshine and optimize the creation of support fibres. Studies on flax have found that for a density of 1600-2000 plants / m 2 , the average diameter of elementary fibres was between 14 and 15 microns when it was equal to about 18 microns in average for a density of 300 plants / m 2 [194]. In a previous work [22], also on flax, the Aramis variety was studied with 4 different seeding rates (1200, 1500, 1800 and 2500 seeds/m²). The results indicate the significant impact of the seeding rate on the stem's morphological parameters; its increase induces a progressive decrease of the scutched fibre length and of the stem diameter. At the same time, the higher seeding rates obtained improved the scutched fibre's yield (+11% between 1200 and 2500 seeds/m²) but, conversely, induced a drop in the elementary fibre's tensile properties (Figure 2-12) and in the flax stem's lodging stability, mainly due to the large decrease in the stem's diameter. Those data show that a compromise must be found to optimize the fibre yield, the mechanical performance and the plant's stability; it underlines the relevance of using a conventional seeding rate, close to 1700 seeds/m 2 . Depending on the climatic conditions, the degree of maturity could be different between the outer and inner fibres [START_REF] Gorshkova | The snap point: a transition point in Linum usitatissimum bast fiber development[END_REF]. In the same way, thickening differences could occur along the stem, due to climate variations between the first and the last thickened fibres [64]. Thus, according to the variety or the growing conditions, the cell wall development could create some plants with various architectures, fibre structures or mechanical fibre properties. Moreover, the thickening of the fibre areas could vary, inducing stems with highly contrasted mechanical performances [START_REF] Mérotte | Mechanical and acoustic behaviour of porosity controlled randomly dispersed flax/PP biocomposite[END_REF].

Meteorologically speaking, the culture of flax needs a wet environment with a regular alternation of rain and sun. Thus, a drought period or an excess of rain would stress plants, reducing the growth, increasing the stem diameter, and affecting the fibre formation [START_REF] Chemikosova | The effect of soil drought on the phloem fiber development in long-fiber flax[END_REF]. Flax does not grow below 5 °C and the growth is disrupted above 28 °C. Based on these observations, an equation (Equation 2-1) has been created in order to control the accumulated temperatures received by the plants during their growing:

!°# %&''(%)(* = ( !-./ 0 + !-23 0 2 5 067 -5) Equation 2-1 -Accumulated temperatures formula
It was established that the speed of development of flax fibre is proportional to the sum of cumulative temperatures by the plant; thus, accumulated temperatures are a monitoring indicator of the different stages of growth and are checked before harvesting as well as the germination rate [START_REF] Lin | Fibre: culture et transformation[END_REF]. The plant rising up and fibre maturity occurs generally around 50 and 1000 cumulated degrees, respectively. During the growing phase which occurs during approximatively 100 days [START_REF] Gorshkova | The snap point: a transition point in Linum usitatissimum bast fiber development[END_REF], the climate remains an unpredictable factor. Drought and excess water are climate scenarios to consider in order to know the impact they can have on the development of flax fibres. Both sufficient data describing a climate according to Kottek [START_REF] Kottek | World Map of the Köppen-Geiger climate classification updated[END_REF] are temperature and rainfall. Milthorpe studied in 1945 the influence of a lack of water on the development of flax stems and fibres [START_REF] Milthorpe | Fibre Development of Flax in Relation to Water Supply and Light Intensity[END_REF]. Under the effect of water stress, the plant responds by setting up several defense mechanisms. First, it was observed that drought reduced growth velocity resulting in a lower height of stem. Then, in order to limit the loss of water by transpiration, leaf size is also reduced. As regards impact on fibre development, drought reduced the percentage of fibres and reduces their average diameter. If the number of fibres per bundle varies depending on the position along the shaft as well as dry conditions, the number of bundles along the stem itself remains roughly constant. Furthermore, it has been observed that drought reduces the filling of the fibres. These observations were confirmed by Chemikosova et al. [START_REF] Chemikosova | The effect of soil drought on the phloem fiber development in long-fiber flax[END_REF] by studying two groups, a control group and a water-stressed by cessation of water supply for 2 days. The group suffering water stress had a lower elongation, exhibiting a 16% decrease in the number of fibres per section and a small reduction in the percentage of fibre in the stem. Moreover, a wide variation in the fibre length along different parts of the stem due to drought and delayed elongation during this period was shown. In addition, the study found that the drought impacts on the composition of the fibre walls. Indeed, the ratio of galactose / rhamnose decreases when the fibres have undergone drought. This ratio measures the length of branching chains of polysaccharide rhamnogalacturonan-I (RG-I) related to pectic acid polysaccharides, and comprises the matrix embedding the cellulose microfibrils. However, according to Chemikosova et al., [START_REF] Chemikosova | The effect of soil drought on the phloem fiber development in long-fiber flax[END_REF] it is possible that a change in the ramifications of this pectin makes changes in the interactions between the microfibrils through the matrix impacting the mechanical properties of the fibres. In another paper, Belyak et al. [START_REF] Belyak | Ecoproduction potential of intermediate flax[END_REF] conclude from their tests that drought has consequences for fibre yield while a surplus of water does not compromise fibre performance after harvest, as long as there is no lodging.

Temperature and sunshine are also important parameters. In 1945, Milthorpe took into account the influence of the shade and therefore a lack of sunshine on the development of flax and flax fibres [START_REF] Milthorpe | Fibre Development of Flax in Relation to Water Supply and Light Intensity[END_REF]. The lack of sunlight has been considered as a factor most limiting to plants that lack of water. The height of the plant, the fibre percentage, fibre size and speed of development of the plant were all diminished by the lack of sunshine. In 2013 and 2014, Lefeuvre et al.

[63] studied the tensile properties of 13 batches of flax fibres (Marylin variety) grown over 4 years under 4 different climatic conditions ; two of them were characterized by a rain deficit, one very rainy and the last considered as normal condition. Interestingly, it was found that tensile properties of elementary flax fibres were reproducible despite drought or an excess of water (Figure 2-13). In this case, fibres were extracted from the same part of the plant (middle of the stem)

Indeed, the mean values of Young's modulus and strength at rupture of elementary fibres ranged from 47 GPa to 66.2 GPa and from 853 MPa to 1183 MPa, respectively. The dispersion of the tensile parameters values was reduced compared to the values previously reported in the literature [166]. ANOVA statistical analysis showed that the average tensile properties of Marylin fibres were relatively constant despite the year of cultivation. Considering flax fibre as a composite per se, biochemical data highlighted a constancy of the cellulosic percentage (around 84%) and the preponderance of alkali (representing the coating interphase) over the acid (considered as the composite matrix) extracted-matters (ratio range 1-1.7). This ratio was in favor of the establishment of bridges between microfibrils, by neutral hemicelluloses, inducing performing mechanical properties. Some variability was observed in the content and composition of the alkali extract of the 2011 samples which underwent to the most drastic drought stress but within a tendency which would reinforce the tensile properties of the elementary fibres. In comparing four years with very different climates Casa et al. [START_REF] Casa | Environmental effects on linseed (Linum usitatissimum L.) yield and growth of flax at different stand densities[END_REF] studied the influence of climate in Italy. The year 1996 was dry, 1997 was wet and the years 1995 and 1998 were considered to be intermediate. The main factors considered were precipitation, temperature and the number of seeds planted per m 2 . It was found that relative to the two other factors, the temperature generates the greatest impact on the plant. Indeed, growth is slowed down if the temperature drops below 0 °C after emergence or if it is too high (> 28 °C) during the cycle. Zajac et al. [START_REF] Zajac | The estimation and productivity and yield of linseed (Linum usitatissimum L.) using the growth analysis[END_REF] studied eight varieties of flax over three years. They concluded also that the ambient average temperature has the greatest influence on the development of the plant, especially at the emergence period. The results of scientific experiments are consistent with the cultural practices of farmers since it is the temperature that is raised every day.

The influence of varietal selection over time

In this section, we focus on flax due to the important quantity of data and literature about this specie. The plant was originally harvested to extract fibers used to produce clothing or domestic textiles. New varieties have been developed and selected by breeders during the last century. For instance, in Eastern Europe, fibre flax breeding started in 1922 in Lithuania with two varieties, namely 'Dotnuvos pluotiniai' and 'Dotnuvos ilguneliai I' [203]. Mean-while, in Western Europe, the flax variety 'Concurrent' was selected in 1921 by one of the several Dutch agricultural experiment stations (Leeuwarden) [START_REF] Doré | Histoire et amélioration de cinquante plantes cultivées[END_REF]. 'Concurrent' was used as a reference until the 1950s [START_REF] Plonka | Les variétés de lin et leurs principales maladies cryptogamiques[END_REF], when a new selected variety was shown to be superior ; thus, various leading varieties have succeeded until today, the market is now dominated by varieties such as Aramis or Eden. The varietal selection, whatever its origin, has always been under-taken to increase the fiber production yield [203], the resistance against diseases [START_REF] Spielmeyer | Inheritance of resistance to flax wilt ( Fusarium oxysporum f . sp . lini Schlecht ) in a doubled haploid population of Linum usitatissimum L[END_REF] as well as the lodging stability [START_REF] Gibaud | Understanding the lodging stability of green flax stems; the importance of morphology and fiber stiffness[END_REF]. In this way, cultivated flax varieties have evolved over time and have been selected, among other purposes, with the aim of increasing the biomass and mostly the quantity of fibres. Goudenhooft et al. [207] compared flax stem transverse sections from four varieties selected from the 1940s to 2011. Strong anatomical changes over time were highlighted. The most important ones involve the gap between fibre bundles and the amount of fibres which can be improved with the selection (from 7.8% to 13.4% of the tissue area per section). This trend coincides with the increase in biomass production over time expected from the selection work. Figure 2-14 shows the evolution of fibres bundles along the time ; recent varieties give ticker bundles and the separation between two successive bundles is less pronounced. The bundles almost form a continuous ring of fibers for Eden and Aramis. Thanks to a mechanical analysis of single fibres properties, this study demonstrates that flax fibres preserve their good mechanical performances in spite of the anatomical differences. The mechanical properties of the four studied varieties belong to the same range than the literature data. Moreover, the recent varieties are quite similar regarding the performances and the scattering. Thus, the mechanical properties of the fibres are not impacted by the varietal selection: increasing the fiber yield does not reduce the performance of this natural material.

Fibres properties: the most influential endogenous parameters

In this section, keeping mind a final objective of composite reinforcement, we will focus on the link between cell wall parameters and morphological, biochemical and microstructural fibre properties. These schematic representations are made using CAD software (Solidworks©) and consequently, simplifications were done. For example, outer or inner edges are idealized; on real cell walls, these can be more complex and the fibre or lumen shape can vary with fibre length. One can see that major differences in morphology exist. Different patterns are presented, taking into account the real scale of the fibres according to the average diameter values encountered most frequently in the literature (Table 2-1). Only cell walls whose precise structures were available in the literature [83,[START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF][START_REF] Ruelle | Variations in physical and mechanical properties between tension and opposite wood from three tropical rainforest species[END_REF][START_REF] Osorio | Morphological aspects and mechanical properties of single bamboo fibers and flexural characterization of bamboo/ epoxy composites[END_REF][START_REF] Liese | Anatomy and properties of bamboo. Bamboos[END_REF][START_REF] Wardrop | Organisation of the Cell Walls of Tracheids and Wood Fibres[END_REF][START_REF] Thygesen | Properties of hemp fibre polymer composites -An optimisation of fibre properties using novel defibration methods and detailed fibre characterisation[END_REF][START_REF] Jeffries | Current ideas on the structure of cotton[END_REF] have been represented here. Firstly, one can notice that in terms of dimensions, very important differences exist between plant fibres; bamboo fibres have a mean diameter of about 10 to 12 microns while those of wood commonly reach sizes of 25 or 30 microns. Furthermore, the general structures of fibres are also very different; some have cylindrical geometries, e.g. kapok or bamboo, others hexagonal like flax or rectangular like wood or kenaf; for other species of plants such as hemp or cotton, the shape of the fibres can be likened to a slightly squashed ellipse.

Proposition of synthesis schemes

Apart from this general trend, the volume occupied by the lumen can also vary greatly from one fibre to another and greatly influence the mechanical properties, especially the breaking behaviour, or the fibres apparent density. Thus, the fibres that have the highest solid fraction are those that play a role in supporting tissue in the stems; this is the case of flax, hemp or cell wall tension wood. For these fibres the lumens occupy only a few percent of the fibre cross-section surface [21,[START_REF] Ruelle | Variations in physical and mechanical properties between tension and opposite wood from three tropical rainforest species[END_REF][START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF] while for the walls do not have a structural role as kapok or kenaf for example, the surface fractions occupied by the lumens can reach between 45 and 80% [START_REF] Fengel | Studies on Kapok 1. Electron Microscopic Observations[END_REF][START_REF] Ashori | Chemical and Morphological Characteristics of Malaysian Cultivated Kenaf (Hibiscus cannabinus) Fiber[END_REF]. As we see in this schematic summary, due to the major morphological differences between the presented fibres, it is not possible to consider them as simply possessing similar tubular shapes; whether by the shapes and sizes, they all have their specific characteristics that enable them to better fit to their functions in the plant. Over the next two sections, we will specifically focus on these structures and investigate the differences in terms of cell wall layers' organisation and biochemical structure and composition.

Focus on the number and structure of layers inside the fibre cell wall

As shown in Figure 2-15, the different plant fibres have a very significant diversity in terms of microstructure; if one is interested in layers of these walls it is not possible to assimilate them to a simple stack consisting of a primary wall and a secondary wall divided into layers S1, S2 and S3. While this conventional representation is generally valid and useful, the structures of each layer may differ from one plant to another; thus, the arrangement, their size or thickness can be extremely variable.

For example, it is possible to compare the secondary wall of a flax fibre, cotton, wood, bamboo; Figure 2-16 shows images taken in a scanning or transmission electron microscope for these fibres. One can note, for bamboo and wood, high visible boundaries between the 3 main layers S1, S2 and S3; in literature, anatomical descriptions of bamboo [START_REF] Osorio | Morphological aspects and mechanical properties of single bamboo fibers and flexural characterization of bamboo/ epoxy composites[END_REF][START_REF] Liese | Anatomy and properties of bamboo. Bamboos[END_REF] show an S2 wall split in different sub layers having varied micro fibril angles and thicknesses; (note that these layers do not appear on these images). Furthermore, concerning wood, the S3 layer is not always present; it is found that in the case of tension wood or reaction, this layer is generally replaced by a gelatinous layer [START_REF] Wardrop | Organisation of the Cell Walls of Tracheids and Wood Fibres[END_REF]. In general, wood fibres have structures and arrangements that can be very different depending on the position in the plant, or the age or type of wood. If we look at the structure of flax or cotton fibres (Figure 2-16), the multi-layer appearance is visible here, but rather than having just layers S1, S2 and S3, many fine layers are visible. In the case of flax, they correspond to successive deposits of cellulose when filling walls during the intrusive development phase of cells; this process will be detailed in Section 2.2.1 of this work. In the case of cotton, the layers observed on the image also correspond to the formation of the cellulosic wall but, unlike flax or hemp, this is deposited during cell elongation [160]. As with flax, it is difficult on the image to identify the layers usually described on this fibre and schematically shown in Figure 2-15. Moreover, the structure of cotton fibres appears very different from other tissues presented; it appears as a succession of non-cohesive stacks. It also is important to clarify that these are not sclerenchyma fibres but are cells formed from the seed protodermis [160]; these cells possess, at maturity, a substantially larger proportion of cellulose compared to other plant fibres.

Morphologically speaking, major differences in terms of layer thicknesses are reported between plant fibres, even within the same species. This is for example the case of wood: the thickness of the cell walls is very heterogeneous and depends on the species but also the cell growing periods. In temperate regions, those cells produced by meristem in the early season appear to have much thicker walls than those formed in the summer, the need for conduction of sap being much higher in the spring. Remember that these tracheids play a structure-supporting role in the plant but also of conduction of sap. These variations in wall thickness can also occur for annual plants such as flax; in this plant, the cells are filled with cellulose between March and June. The cells at the bottom of the plant, are typically thickened first, however if they face severe weather conditions, it will penalize these cells by stopping filling, leading to thinner wall thicknesses [64]. Generally, significant differences in fibre thickness can also be caused by the phenomena of thigmomorphogenesis, environmental stresses being able to influence the outdoor plants structure. Artificially supported plants will need less rigidity to remain stable and its fibres are also generally less filled by cellulose [START_REF] Braam | In touch: plant responses to mechanical stimuli[END_REF][START_REF] Braam | Plant responses to environmental stress: regulation and functions of the ArabidopsisTCH genes[END_REF].

Besides these parameters related to growth, patterns of Figure 2-15 also show that the walls thicknesses are highly species-dependent , and function-dependent. For example, from fibres with the finest walls such as kapok, the fibres act as seed dispersal and require very low bulk density; cell wall thickness is also reduced for kenaf or normal wood whose fibres are conduction tissues. In contrast, flax or hemp exhibit much greater wall thickness due to their role as supporting tissues.

Microfibrillar angle

The MFA characterises the orientation of the cellulose fibrils in the secondary walls of plant fibres with respect to the axis of the fibre. Given the nanometre-scale size of these fibrils, they are difficult to observe. However, Atomic Force Microscopy (AFM) [217] or electron microscopy [START_REF] Wang | An improved fibril angle measurement method for wood fibres[END_REF] allow in some cases to view this orientation as we can see in Figure 2-17. However, it is difficult with these methods to obtain accurate values of the angles, especially with AFM, because of the lack of reference in relation to the axis of the fibre, due to the high magnification of the studied areas studied. The use of XRD enables a better understanding of crystalline and molecular orientation and to obtain suitable values of MFA. By coupling XRD and tensile experiments it is possible to understand the impact of a mechanical measurement on amorphous and crystalline part of fibres. In literature, many authors have used X-ray diffraction (XRD) to explore MFA of natural fibres. Some XRD studies have been dedicated to the knowledge of spider silks; Miller et al. [START_REF] Miller | Investigation of the nanofibrillar morphology in silk fibers by small angle X-ray scattering and atomic force microscopy[END_REF] studied the nanofibrillar morphology of spider silk with small-angle x-ray scattering (SAXS) and AFM. In another study, Putthanarat et al. [START_REF] Putthanarat | Investigation of the nanofibrils of silk fibers[END_REF] used the X-ray diffraction at large angles (WAXS) to characterise existing angles between the nanofibrils in spider silks. In this paper, AFM photographs were taken to characterize the angles between the cellulose microfibrils and their mean dimensions. These results show that 72% of the crystals are parallel to the axis of the fibres, 14% to + 45 ° and 14% at -45 °. Whole offset peaks (28%) is close to the result calculated by AFM (30%).

On wood, Cave [221] showed that intensity profiles on the 040 plane of cellulose enables a direct measurement of the distribution of MFA in the S2 layer. MFA distributions can thus be obtained. Reiterer [START_REF] Reiterer | Spiral angle of elementary cellulose fibrils in cell walls ofPicea abies determined by small-angle x-ray scattering[END_REF] has also published work on the determination of MFA on varieties of pines. To estimate the value of the MFA, the SAXS 2D charts were collected for multiple values of the rotation angle (β) of the sample around the longitudinal direction. For each data series, the total scattered intensity on the detector is plotted as a function of the polar angle ψ. The maxima are interpreted as the diffusion lines of directions and plotted as a function of β to estimate the MFA. For the studied fibre batches, the authors identified MFA ranging from 2 to 4°, according to the angle β. In the stem, the resulting angle is less than 5 ° for young wood and equal to about 20 ° for old wood. In the branches, MFA is about 30 ° at the top and 40 ° for lower part. These variations indicate that this angle has a function related to the mechanical stresses of wood. Reiterer et al. [START_REF] Reiterer | Deformation and energy absorption of wood cell walls with different nanostructure under tensile loading[END_REF] studied the influence of MFA on the deformation behavior of pinewood cellulose. These measurements were made using a video extensometer and showed that the MFA has an influence on the tensile behavior in both the transverse or longitudinal directions. High Poisson's ratios (greater than 1) were obtained for intermediate MFA of around 27 °. However, using X-ray scattering, Keckes et al. [START_REF] Keckes | Cell-wall recovery after irreversible deformation of wood[END_REF] showed that cell walls of wood could regain their original state after deformation by a Velcro-type mechanism and that changes in the MFA when applying a tensile strain follow a simple linear relationship with applied strain.

Burgert [START_REF] Burgert | Exploring the micromechanical design of plant cell walls[END_REF] and Keckes et al. [START_REF] Keckes | Cell-wall recovery after irreversible deformation of wood[END_REF] showed that for wood a decrease in the MFA at higher tensile stresses. It is therefore likely, as pointed out by Baley [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF] that during a tensile test, cellulose microfibrils are realigned at the beginning of experiment, which inevitably leads to a reduction in the MFA. Numerical investigations were conducted in this direction by Trivaudey and Placet [START_REF] Trivaudey | Influence de l'Angle des MicroFibrilles (AMF) sur le module d'élasticité longitudinal des fibres végétales -Approche expérimentale et numérique[END_REF] on hemp fibres. They showed an evolution from 11 to 7.2 ° of the MFA of a hemp fibre subjected to a force of 0.5 N. In the same way, in line with the work of Joffre et al. [START_REF] Joffre | Modelling of the hygroelastic behaviour of normal and compression wood tracheids[END_REF] and Neagu and Gamstedt [START_REF] Neagu | Modelling of effects of ultrastructural morphology on the hygroelastic properties of wood fibres[END_REF] on wood and Placet et al. [68] on hemp, we could assume different mechanical behaviours and properties of fibres, depending on whether they are free or embedded into a polymer, without any possible rotation and consequently potential changes in the MFA values. According to these authors [68,[START_REF] Joffre | Modelling of the hygroelastic behaviour of normal and compression wood tracheids[END_REF][START_REF] Neagu | Modelling of effects of ultrastructural morphology on the hygroelastic properties of wood fibres[END_REF], a plant fibre containing an S2 layer with a MFA of 10

• would have a stiffness of about 30 GPa assuming free rotation, whereas the same rigidity would be close to 60 GPa if fibres are un-twisted.

The microfibril angle can evolve during a tensile test but it may also be different for different fibre varieties or species (Table 2-1). Salmén [START_REF] Salmén | Micromechanical understanding of the cell-wall structure[END_REF] grouped values of MFA measured on different wood fibres, which differ in particular by their cell wall content or the proportion of fibres from the layer S2; demonstrating significant differences in stiffness, depending on the measured MFA. Similar representation was proposed by Eder et al. [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF] by synthetizing the evolution of tensile modulus of both elementary fibres and wood samples according to their MFA (Figure 2-18). These differences are also noticed in bast fibres. Indeed, flax and hemp, which have good mechanical properties, have MFA between 8 and 11 ° [20,[START_REF] Trivaudey | Influence de l'Angle des MicroFibrilles (AMF) sur le module d'élasticité longitudinal des fibres végétales -Approche expérimentale et numérique[END_REF], while sisal, displaying lower mechanical stiffness and strength, has a MFA of about 20 ° [START_REF] Idicula | Dynamic mechanical analysis of randomly oriented intimately mixed short banana/sisal hybrid fibre reinforced polyester composites[END_REF]. This trend is even more pronounced for wood and cotton, which have large MFA (between 20 and 40 °) and low mechanical properties [START_REF] Salmén | Micromechanical understanding of the cell-wall structure[END_REF][START_REF] Chand | Bibliography Resource structure properties of natural cellulosic fibres -an annotated bibliography[END_REF][START_REF] Satyanarayana | Natural fibre-polymer composites[END_REF]. Relationship between elementary flax fibre tensile properties and MFA values were studied on 9 varieties by Bourmaud et al. [20]. An interesting relationship was found between the MFA and the flax fibre mechanical properties, as it exists for wood but within a much wider range of MFA values [START_REF] Salmén | Micromechanical understanding of the cell-wall structure[END_REF]. A strong negative correlation exists between the MFA and the flax fibres Young's modulus (r2 = -0.75). Nevertheless, in this work, MFA have been obtained on unstressed fibre bundles whereas the Young's modulus has been calculated on the second part of the stress-strain curve of elementary fibres. The determination of the stiffness in the first part of the stress-strain curve has little meaning due to the progressive loading of the micro fibrils occurring at the beginning of the test; in this case, the values that were obtained would not be representative of the real properties of the flax fibres.

Gindl and his team [START_REF] Gindl | Reorientation of crystalline and noncrystalline regions in regenerated cellulose fibers and films tested in uniaxial tension[END_REF][START_REF] Gindl | Structural changes during tensile testing of an all-cellulose composite by in situ synchrotron X-ray diffraction[END_REF] published some work on the characterisation of cellulose fibres by X-ray scattering. They observed preferential orientation of cellulose microfibrils in the direction of the force applied during a tensile test.

Comprehensive reviews of literature on this subject is available in [221,[START_REF] Young | Deformation mechanisms in polymer fibres and nanocomposites[END_REF]. It has been shown that the tensile mechanical properties of wood fibres depends on this MFA [221,236] and that this angle can be obtained by X-ray diffraction techniques at small angles XRD [START_REF] Reiterer | Spiral angle of elementary cellulose fibrils in cell walls ofPicea abies determined by small-angle x-ray scattering[END_REF]. Martinschitz et al. [56] have focused on the characterisation of tensileloaded coir fibre by small-angle X-ray scattering (SAXS). The evolution of the spectra peak corresponding to the 200 plane of cellulose indicates a decrease in the MFA from 43 to 27 ° at the max of the stress. An increase in tensile stiffness was observed, which can be interpreted as an alignment of cellulose fibrils along the axis of the loading. However, the slope remained similar in the elastic portion. In cycling tests, the MFA values vary according to the tensile profile; they decrease during the loading phase and remain stable or slightly increase during unloading without ever reaching the values before unloading. This behavior is similar to that already observed in wood cellulose fibres [START_REF] Keckes | Cell-wall recovery after irreversible deformation of wood[END_REF]. Unlike wood, it is shown here that the coir fibres do not need to be saturated with water so that the values of microfibril angle gain relative stability during loading-unloading cycles.

These different works clearly highlight the influence of MFA, both on the fibre mechanical properties but also on their behavior during a tensile experiment.

Importance of biochemical composition and link with mechanical properties

As described previously (Figure 234567), for the main plant fibres in use as polymer composite reinforcements, the stiffness of the secondary cell walls is the result of the presence of highly-oriented bundle of cellulose microfibrils within the S2 layer. In case of flax, tension wood or hemp fibres, these mesofibrils represent more than 80% of the weight and together with the non-cellulosic polysaccharides (ncps) (in which the mesofibrils are embedded), they form a high performance composite. Thus, cellulose is the major constituent of flax fibres; it is also one exhibiting the most interesting mechanical properties. Based on the work of various scientists, the Young's modulus of crystalline cellulose converges towards about 134-136 GPa [START_REF] Nabi-Saheb | Natural fiber polymer composites: A review[END_REF]. The poor mechanical properties of the other components (2 GPa for stiffness of the hemicelluloses [43] in dry atmosphere (12%) and 0.2 GPa in an ambient atmosphere) allow them to have only a marginal influence on those plant fibres. The level of cellulose contained in the flax, ramie or hemp cell has arguably a direct impact on the mechanical properties of the latter, but it can't be considered as the only factor influencing these properties in light of the structural organisation of the fibres. Structure of cellulose as well as its degree of crystallization are additional important parameters influencing mechanical performances. Some authors have observed the impact of proportion of cellulose on mechanical properties [START_REF] Tze | Nanoindentation of wood cell walls: Continuous stiffness and hardness measurements[END_REF] and defects or dislocations could be considered as weakness points of the plant cell walls [START_REF] Placet | Investigation of the internal structure of hemp fibres using optical coherence tomography and Focused Ion Beam transverse cutting[END_REF]. It appears that the fibres which have the highest level of cellulose, such as flax or ramie, are those which possess higher mechanical properties. However, this is not always the case; and cotton, although with a high cellulose content, displays very low tensile properties. Cellulose rate is not solely responsible for the mechanical capabilities of plant cell walls. Besides the MFA that is know to impact on the mechanical performance of plant cell walls, different theories, based on the work of mechanical engineers or biologists, enable the arrangements of the different cell wall constituents to be explained.

Hearle [START_REF] Hearle | The fine structure of fibers and crystalline polymers. III. Interpretation of the mechanical properties of fibers[END_REF] showed that the cellulose mesofibrils are closely linked to the amorphous polysaccharides and form a noncovalent network with the hemicelluloses (principally glucomanans and galactans according to Gorshkova & Morvan [START_REF] Gorshkova | Secondary cell-wall assembly in flax phloem fibres: Role of galactans[END_REF]). The hemicelluloses are bonded to the cellulose mesofibrils by weak hydrogen bonds which, on account of their large number, create strong associations with the cellulose. Part of the hemicelluloses can form inter-cellulose bridges and/or entanglements (and untangle) with the pectic matrix. Beyond a certain shear stress threshold this network can fail due to breakage of the hydrogen bonds between the constituents. Other studies on wood have revealed a stick-slip (Velcro®) mechanism in the secondary cell walls [17,[START_REF] Altaner | Modelling polymer interactions of the [`]molecular Velcro' type in wood under mechanical stress[END_REF][START_REF] Keckes | Cell-wall recovery after irreversible deformation of wood[END_REF]. According to Burgert [START_REF] Burgert | Exploring the micromechanical design of plant cell walls[END_REF] and Keckes et al. [START_REF] Keckes | Cell-wall recovery after irreversible deformation of wood[END_REF], the Velcro® mechanism is partly reversible after loading and other hydrogen bonds between cellulose and hemicellulose will be built elsewhere. Altaner and Jarvis [START_REF] Altaner | Modelling polymer interactions of the [`]molecular Velcro' type in wood under mechanical stress[END_REF] propose a slightly different model in which, in addition to hydrogen bonds with cellulose, the hemicellulose chains can make bridges or loops with cellulose mesofibrils. Comparative work on the fibre structure of different varieties of flax [START_REF] Alix | Putative role of pectins in the tensiles properties of flax fibres: a comparison between linseed and flax fibres varieties[END_REF] have shown stiffness differences related to cellulose content in the cell walls; the varieties with the highest cellulose content were represented with cellulose fibrils that are closest together and a less well-developed matrix between the fibrils. The bridges between glucomanan chains have been proposed to explain the stiffness differences observed [START_REF] Alix | Putative role of pectins in the tensiles properties of flax fibres: a comparison between linseed and flax fibres varieties[END_REF]. In flax fibres other components such as arabinogalactan proteins (AGP) or proteins rich in glycine (GRP), and b -1-4 galactans have also been proposed to play the role of « hemicelluloses», i.e. of compatibilisers between the cellulose mesofibrils and the pectic chains (RG-I) to which they are linked, representing a true interphase between the matrix and the cellulose and ensuring cohesion of the system [START_REF] Morvan | Building flax fibres: more than one brick in the walls[END_REF][START_REF] Gorshkova | Secondary cell-wall assembly in flax phloem fibres: Role of galactans[END_REF][START_REF] Alix | Putative role of pectins in the tensiles properties of flax fibres: a comparison between linseed and flax fibres varieties[END_REF]. This configuration can be reinforced by the presence of homogalacturonans which will consolidate the interphase between the galactans and the pectic matrix [START_REF] Gorshkova | Secondary cell-wall assembly in flax phloem fibres: Role of galactans[END_REF][START_REF] Alix | Putative role of pectins in the tensiles properties of flax fibres: a comparison between linseed and flax fibres varieties[END_REF]. This analysis was based on models of in vitro interactions studied by Zykwinska et al. [START_REF] Zykwinska | Organization of pectic arabinan and galactan side chains in association with cellulose microfibrils in primary cell walls and related models envisaged[END_REF] and primary cell wall models elaborated by Cosgrove [START_REF] Cosgrove | Growth of the plant cell wall[END_REF]. the ratio between the structural polysaccharides (EOH) (hemicelluloses with high polymerization degree) and matrix (EH) (low polymerized polysaccharides) within the S2 layer present a high correlation with the stiffness of flax fibres.

Regarding previous data on Hermes and Oliver flax [START_REF] Alix | Influence of pectin structure on mechanical properties of flax fibres: a comparison between a linseed-winter variety (Oliver) and a fibres-spring variety of flax (Hermès)[END_REF], which dealt with the impact of the presence of pectic acidand especially of homogalacturonan -in EOH, a correlation between the content of the uronic acids (UA) and the mechanical properties was investigated [20]. Interestingly, a positive correlation has been found -especially for EHbetween the UA percentage (relative to the mass of polysaccharides) and the strain at break.

The larger the quantity of UA in the matrix, the greater the sliding between microfibrils during tensile loading. Moreover, as observed in Figure 2-20, the ratio UA EOH/EH shows a strong positive correlation with the tensile module (r2 = 0.85), proving, through the example of flax, the strong link between biochemical composition or structure and mechanical properties of flax cell walls.

Diversity in views on plant cell walls

In this section, we will discuss the fundamental understanding of vegetable fibres from a biologist's and an engineer's perspective, and also compare experimental methods and tools both employ fibre. Indeed, the perspectives of these two communities are very different, even opposed sometimes, which can lead to interesting conceptualisation of problems. We will then explore discrepancies due to methods of experimental characterisation, including those arising from scale problems (e.g. modulus measurement at cell wall, fibre or bundle scale), and compare what mechanical or biochemical behaviours can be measured through the different methods. The final discussion will look to address the question: which plant fibres are relevant for high-performance composite materials?

Biological approach

Classification based on location in-planta and cell growth behaviour

The biologist's view reveals major differences between the location, the formation and growth of different plant fibres.

Their view is intimately linked to the location of the fibres in the plant among the different tissues and their functions in the plant. A number of classification approaches have been proposed. Van Dam and Gorshkova [160] propose to classify vegetal fibres according to whether they exist within or outside the xylem. Xylem fibres would include tracheids and libriform fibres, as well as gelatinous fibres present in tension woods. Fibres outside the xylem are typically those present in the cortex, in the phloem, or located on the periphery of vascular tissue. Mikshina et al. [START_REF] Mikshina | Cellulosic Fibres: Role of Matrix Polysaccharides in Structure and Function[END_REF] propose a similar classification which divides the plant walls into two large families, those consisting predominantly of xylan, or those that are gelatinous. This distinction is a priori simplistic but makes it possible to distinguish, in a pertinent way, the functions of the fibres within the plants but also to make the link between the biochemical features of the walls and their mechanical performances. We have already discussed this point in detail in Sections 2.1.2.1 and 2.1.4.4. Another possible classification is to distinguish between monocotyledons and dicotyledons within angiosperms [248]; however, this classification does not allow the fineness of the previous one, as monocotyledon supply fibres mainly located in the leaves (sisal or abaca) or in the palms. Finally, in agreement with Van Dam and Gorshkova [160], it is also possible to classify the fibres according to the type of meristem that produces them. The primary fibres (those of flax, for example) are formed by the primary meristem located at the apex of the plant whereas the secondary networks appear when the plant has reached its maximum height during a secondary growth coming from a tangential division of the cambium cells. These secondary fibres are rather localised at the bottom of the stem and can be found, for example, in hemp.

Figure 2-21 is an illustration of a synthesis of this discussion and presents the main varieties of plant fibres according to their location within plant tissues. The function of its tissues differs, some ensure, for example, a role of conduction of the raw or elaborated sap, others are constituted only by fibres intended to support the plant and ensure its stability.

The fibres found there exhibit, as we have already explained, different functions and geometries, but also very diversified modes of growth.

In the case of flax, fibre growth is well-described in literature. Throughout the growth of the plant, fibres are formed in a coordinated manner with the criblo-vascular bundles (conducting tissues) of the stem; this occurs in four distinct steps: 1) fibre cell multiplication at the top of the stem [START_REF] Esau | Anatomy of Seed Plants[END_REF], 2) cell elongation in the top 3-5 cm segment of the stem top, 3) fibre radial expansion and thickening of the walls below the snap point, a zone defined in [START_REF] Gorshkova | Turnover of Galactans and Other Cell Wall Polysaccharides during Development of Flax Plants[END_REF] where the stiffness of the stem increases significantly, and 4) structuring of the wall leading in some cases to a reduction in the cell wall thickness and consequently fibre diameter [START_REF] Andème-Onzighi | Immunocytochemical characterization of early-developing flax fiber cell walls[END_REF][START_REF] Snegireva | Plant fiber intrusive growth characterized by NMR method[END_REF]. The latter occurs after seed formation, in certain varieties and/or as a function of the environment. During the second phase of elongation, which lasts 3 to 5 days per fibre [66], the cell extends by around 5 to 20 mm per day [START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF] to reach up to 100 mm [START_REF] Gorshkova | The snap point: a transition point in Linum usitatissimum bast fiber development[END_REF] mainly by so-called intrusive growth. This enables the fibres to penetrate through the shared lamellae between neighbouring cells [START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF]. If intrusive elongation starts with tip growth leading to a spindlelike shape of the fibre, the main part of elongation occurs by diffuse symplasmic growth along the entire cell [66,[START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF][START_REF] Snegireva | Plant fiber intrusive growth characterized by NMR method[END_REF]. This means that the final length of the cells is obtained not by classical division (multiplication of the chromosomes and cellular division by construction of a septum then laying down a cell wall on either side of the septum) but uniquely by multiplication of the nuclei and then by cellular elongation. At the end, each fibre can possess several tens of nuclei [START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF].

This extension of the fibres stops progressively at the snap point [START_REF] Gorshkova | The snap point: a transition point in Linum usitatissimum bast fiber development[END_REF]. The fibre is then, as all cells, bounded along its whole length by a continuous primary cell wall, whose cellulose mesofibrils are aligned parallel to the growth direction. The thickness of primary wall is between 200 and 500 nm [START_REF] Bos | Compressive behaviour of unidirectional flax fibre reinforced composites[END_REF] and it is usually made up of one third pectins, one third hemicelluloses (see the definition below) and one third cellulose [START_REF] Gorshkova | Composition and Distribution of Cell Wall Phenolic Compounds in Flax (Linum usitatissimum L.) Stem Tissues[END_REF]. The third phase corresponds to the synthesis of a secondary cell wall which, little by little and layer by layer, is filled with cellulosic fibrils.

This intrusive growth takes place in a similar way for the other main primary fibres from the phloem, namely hemp and nettle. In the case of these fibres, the elongation phase (step 2) propagates across the top of the stem within the tissues being in a structuring process and this intrusive growth makes it possible to obtain long fibres. For example, ramie fibres can reach lengths of around 550 mm [START_REF] Db | A Microchemical Study of the Structure and Development of Flax Fibers[END_REF] and extend almost along the full length of the stem. Those of flax have average lengths between 20 and 40 mm [160,[START_REF] Menoux | Résistance à la verse du lin textile: influence du milieu et critères de verse proposés[END_REF][START_REF] Catling | Identification of vegetable fibres[END_REF] and hemp fibres are generally shorter with lengths of about mm [START_REF] Ageeva | Intrusive growth of flax phloem fibers is of intercalary type[END_REF]. The origin of the differences in lengths between fibres at the end of the elongation is still unknown. However, it may be related to the ability of cells to produce several nuclei. Flax fibres have the peculiarity of presenting multiple nuclei distributed regularly along the fibre length. In both flax and hemp, there are on average 80 and 50 [66] in the same cell. In the case of wooden tracheid cells, the number of nuclei is generally 5 for a length of about 1 mm [START_REF] Venugopal | Occurrence o f multinucleate cambial initials in some tropical trees[END_REF]. Therefore, a high number of nuclei may be considered as a prerequisite for significant elongation. However, we do note that the seminal hairs of cotton, although reaching lengths of several centimetres, possess only one nucleus [160]. For the majority of plant fibres, this division of the nucleus begins in the differentiation step at which two nuclei are present.

For secondary fibres originating from the vascular cambium such as hemp, their growth mode is also intrusive. Their population is regulated by the activity of cambium during secondary growth. The development of these mononuclear fibres [66] is carried out in already formed and structured tissues, their growth beginning at about 600 or 700 mm from the apex in hemp, whereas that of the primary fibres begins to a few tenths of mm of the latter [START_REF] Snegireva | Intrusive growth of primary and secondary phloem fibres in hemp stem determines fibre-bundle formation and structure[END_REF]. Thus, their growth can only be carried out intrusively without a symplastic phase. This is demonstrated by their length which is greater than that of the surrounding cambium cells and by their tapered tips [START_REF] Catling | Identification of vegetable fibres[END_REF]. However, their growth is reduced and they do not exceed a few millimetres [START_REF] Chernova | Biogenesis of plant fibers[END_REF]; this is the case for secondary fibres of hemp, jute and kenaf. One possible explanation for the large variations in fibre geometries within a plant might be that both primary and secondary phloem fibres are pooled [80]. For instance, in jute the outer primary phloem fibres are 3.2 mm long, whereas the inner secondary phloem fibres are only 1.5 mm long [START_REF] Kundu | Jute: world's foremost bast fibre. I. Botany, agronomy, diseases and pests[END_REF]. The differences in length between primary and secondary bast fibres are even more pronounced in hemp, where primary fibres reach lengths of up to 25 mm and secondary fibres reach lengths of only up to 2 mm [START_REF] Crônier | Structure and Chemical Composition of Bast Fibers Isolated from Developing Hemp Stem[END_REF]. Whether for very short fibres (having lengths typically under 1 mm when coming from xylem), fibres a few millimetres in length from the secondary phloem, or long fibres of the primary phloem, intrusive growth mode is favoured and confirmed by the predominantly tapered shape of the mature fibres [START_REF] Catling | Identification of vegetable fibres[END_REF][START_REF] Chernova | Biogenesis of plant fibers[END_REF]. This is also the case for the fibres located in the conductive bundles of leaves [START_REF] Tomlinson | Development of Gelatinous (Reaction) Fibers in Stems of Gnetum gnemon (Gnetales)[END_REF].

Finally, for the biologist, specific terminology also makes it possible to consider the fibres according to their strict definitions, based on their shape, length and mechanical function in the plant, for example [65,160]. If the word fibre is sometimes overused for sclerenchyma cells or for vascular cambium elements, it is even more obvious for cotton trichomes or kapok testa trichomes. The latter elements do not originate from the sclerenchyma but constitute growths of the seeds produced on the surface of the ova at the time of flowering [160]. They show considerable elongation by diffuse growth of several centimetres while being mononuclear. Cellulose filling of the trichomes begins 15 to 20 days after flowering. The process has several sequences for biosynthesis, with layers being produced having alternate MFAs.

Are the S2-layer structural models universal?

All fibres from the plants in Figure 2-21 have a secondary cell wall within which the S2-layer dominates. However, we have discussed in Section 2.1.4 that the geometries of this S2-layer differ greatly according to the plant species, and sometimes even within the same specie. Significant differences in the structure and parietal composition of S2 also exist. Thus, the S2-layer cannot be considered equivalent for all plant fibres.

As mentioned above, the parietal biochemical structure of the plant fibres can be differentiated according to the plants under consideration. In agreement with Van Dam and Gorshkova [160] and Chernova and Gorshkova [START_REF] Chernova | Biogenesis of plant fibers[END_REF], fibres derived from plants can be classified into two broad categories from a biochemical and structural point-of-view (Section 2.1.2). The first group is the xylan-type and is the more common. It concerns different types of wood cells but is also found in fibres derived from stems such as jute and kenaf. These walls are characterised by a high MFA, by small thicknesses of secondary walls (generally between 1 and 4 μm), but also by high levels of lignin and xylan. Gelatinous fibres form the second group. They possess matrix polymers rich in galactose and high cellulose contents of up to 85% [START_REF] Gorshkova | Specific type of secondary cell wall formed by plant fibers[END_REF]. Unlike xylan fibres, these walls possess small MFAs as well as high wall thicknesses, generally between 10 and mm thick. These fibres are mainly derived from flax, hemp or even ramie phloem but can also be found in bamboo (we will return to this plant later in this section). They have very low levels of lignin, and the lignification occurs only after the filling and structuring of the S2 walls, that is to say at the end of the plant life [START_REF] Chernova | Biogenesis of plant fibers[END_REF]. This is not the case for the xylantype walls for which lignin deposition takes place during the filling of the walls. We therefore deal with two types of cell walls, both constituting the S2-layer but with major differences in structure and properties. This gelatinous layer (often referred to as the G-layer in literature) is present in the fibre plants mentioned above but it is also found in some cases in wood. Indeed, particular structures named 'reaction' wood are generated when branches, for instances, must reorient in the presence of external forces and stimuli. This reaction wood is defined as 'compression wood' for gymnosperms as compressive stresses are induced in the lower part of the branches, whereas the term 'tension wood' as used for the reaction wood of angiosperms as tensile stresses are generated on the upper part of the branches [START_REF] Ghislain | Diversity in the organisation and lignification of tension wood fibre walls -A review[END_REF].

Angiosperm tension wood includes this so-called G-layer which is produced to restore the tree verticality in case of tilt or permanent loads [START_REF] Ruelle | Variations in physical and mechanical properties between tension and opposite wood from three tropical rainforest species[END_REF][START_REF] Fisher | Tension wood fibers are related to gravitropic movement of red mangrove (Rhizophora mangle) seedlings[END_REF]; it is positioned on the upper side of the bent part of the branch or trunk [START_REF] Gorshkova | Formation of plant cell wall supramolecular structure[END_REF]. According to Chernova et al. [START_REF] Chernova | Biogenesis of plant fibers[END_REF], G-layer is formed upon shoot bending. Its genesis is due to gravitational and/or mechanical stimuli. The more the shoot or branch is bent, the more tension wood develops in it [START_REF] Mellerowicz | Unravelling cell wall formation in the woody dicot stem[END_REF]. Tension wood formation is governed by two main phenomena: the triggering of cambial activity, expressed by an increased number of cambial cells and eccentric wood increment [START_REF] Hellgren | Patterns of Auxin Distribution during Gravitational Induction of Reaction Wood in Poplar and Pine[END_REF], and induction of G-layer in the fibres. The preponderant role of auxin has been showed in the formation of the G-layer, with differences (deficit) in auxin distribution due to plant inclination being a triggering factor of G-layer initiation [START_REF] Chernova | Biogenesis of plant fibers[END_REF][START_REF] Mellerowicz | Unravelling cell wall formation in the woody dicot stem[END_REF]. In tension wood, the gelatinous layer can replace the S2 and S3 layers in the secondary cell wall, or be an additional layer [START_REF] Ruelle | Variations in physical and mechanical properties between tension and opposite wood from three tropical rainforest species[END_REF]. This gelatinous layer is generally more thicker than xylan-layer, being up to 15 μm thick [START_REF] Gorshkova | Specific type of secondary cell wall formed by plant fibers[END_REF]. The G-layer can occur in wood but also in plant fibre secondary cell walls such as hemp or flax. In such plant phloem fibres, the S2-layer is completely composed of the G-layer. Nevertheless, a thin xylan layer remains at the periphery of the S2-layer, evidenced thanks to the use of the LM11 antibody on phloem flax fibres [START_REF] Mccartney | Monoclonal Antibodies to Plant Cell Wall Xylans and Arabinoxylans[END_REF]. Thus, the common presence of this G-layer shows that the secondary wall of tension wood is probably closer in its structure and composition to a flax cell wall than to an S2-layer of normal wood. Nevertheless, major structural differences exist especially in terms of the degree of development of the initial S2-layer, as mentioned above, it is very reduced in flax whereas it still occupies a significant place in wood. The secondary wall of tension wood is thus composed of two radically different layers in terms of biochemical composition and MFA, a true composite, while that of flax is a more homogeneous material in comparison. Figure 2-22 provides a summary of these differences.

As explained by Gorshkova et al. [START_REF] Gorshkova | Aspen tension wood fibers contain β-(1→4)-galactans and acidic arabinogalactans retained by cellulose microfibrils in gelatinous walls[END_REF], the difference in xylan layer thickness between wood and flax can be attributed to specific needs in radial compression resistance. In annual plants, the mechanical forces acting on developing phloem fibres in the radial direction may be weaker than in woody plants, inducing a xylan layer with reduced thickness. The formation of G-layer during plant growth is progressive and can be clearly distinguished on immature plants. On flax and hemp fibres, Gorshkova et al. [START_REF] Gorshkova | Secondary cell-wall assembly in flax phloem fibres: Role of galactans[END_REF][START_REF] Gorshkova | Specific type of secondary cell wall formed by plant fibers[END_REF] evidenced the coexistence of two layers on secondary cell wall of growing plants. The initially deposited layer is called Gn and progressively, this Gn-layer is converted into G-layer in the outer area; indeed, the thickness of outer the G-layer gradually increases until the total disappearance of the Gn-layer. The transition from Gn to G layer is coupled with increase in cellulose crystallisation [START_REF] Gorshkova | Formation of plant cell wall supramolecular structure[END_REF] and an important change in layer structuration, mainly induced by galactan positioning. In the newly deposited Gn-layer, galactan is not tightly bound within cellulose microfibrils, whereas in the G-layer cellulose microfibrils lock matrix galactans, to form so-called entrapped galactans (Figure 2-22) [START_REF] Gorshkova | Specific type of secondary cell wall formed by plant fibers[END_REF][START_REF] Mellerowicz | Tensional stress generation in gelatinous fibres: A review and possible mechanism based on cell-wall structure and composition[END_REF]. This results in tension, giving rise to specific mechanical properties of gelatinous fibres, in particular contractile properties making possible an analogy between plant G-layer and muscles [START_REF] Almeras | Critical review on the mechanisms of maturation stress generation in trees[END_REF][START_REF] Montero | Relationship between wood elastic strain under bending and cellulose crystal strain[END_REF]. Thus, Gn-layer evolves towards a more homogenous and compact structure; the new G-layer also exhibits a lower MFA, with the galactans being responsible for the cellulose fibril reorientation [START_REF] Gorshkova | Specific type of secondary cell wall formed by plant fibers[END_REF]. Mechanically speaking, Arnould et al. [START_REF] Arnould | Better insight into the nano-mechanical properties of flax fibre cell walls[END_REF] underlined these structural differences by highlighting a stiffness gradient between the Gn and Glayers through Peak Force Quantitative Nano Mechanics (PF-QNM) measurements.

As described previously, despite the existence of two main types of cell wall layers (gelatinous and xylan), several authors agree that the S2-layer is homogeneous in terms of structure, but nuances may appear at the level of the boundaries with the other layers. As explained previously, plant fibre G-layer can exhibit a thick xylan layer at the S1-S2 interphase. In the same way, Roland et al. [START_REF] Roland | Dynamique du positionnement de la cellulose dans les parois des fibres textiles du lin (Linum usitatissimum)[END_REF] proved, thanks to Transmission Electronic Microscopy (TEM) analysis, progressive changes in MFA in this area. Thus, most bast and wood fibres exhibit a quasi-homogenous S2 layer.

Nevertheless, some nuances exist especially for plants with slow (compare to annual plants such as jute, hemp or flax) growth such as bamboo. Indeed, in case of monocotyledonous plants such as bamboo (Figure 2-16), fibres stay alive during the whole life of the plant [281] and successive secondary cell walls with different MFA are deposited during ageing. Thus, bamboo S2-layer can be assimilated to a multi thin-layer structure. Moreover, Liese and Parameswaran [START_REF] Liese | Anatomy and properties of bamboo. Bamboos[END_REF][START_REF] Parameswaran | On the fine structure of bamboo[END_REF] evidenced that thick and thin layers alternate. In the same way, cotton trichomes also exhibit a specific structure; the secondary cell wall is made of concentric layers of pure cellulose with a significant evolution of the MFA through the fibre diameter. Close to the primary wall, MFA is around 45° and becomes aligned more closely with the fibrillar axis as lumen is approached [START_REF] Lewin | Handbook of Fiber Chemistry[END_REF]. Moreover, the direction of MFA twist changes at frequent intervals along the fibres [START_REF] Anderson | Growth and structure of cotton fiber[END_REF] by following an arc; indeed, when a set of spiral cellulose strands ends, a new set of spiral strands starts growing in the opposite direction. Furthermore, the daily cycling of temperatures during secondary cell wall formation may generate layering in the fibre wall inducing a multi-lamellar structure, growth being diurnal [START_REF] Anderson | Growth and structure of cotton fiber[END_REF][START_REF] Balls | Further observations on cell-wall structure as seen in cotton hairs[END_REF].

Mechanical approach and identifying the pertinent scale

The characterisation of plant fibres can be carried out at different scales: bundles, elementary fibres or plant walls and layers. In polymer composites reinforced by plant fibres, these various elements are generally present. The presence of elementary fibres or bundles depends on the degree of refining of the fibres and in particular on the extraction conditions, so that the scutched fibres will generally consist of bundles of fibres, whereas if they have undergone in addition a combing step, their individualisation will be more pronounced and some lots may comprise a majority of elementary fibres [44]. The degree of retting may also play a major role in the ease of extraction of plant fibres, and the degree of alteration of the adjacent lamellae will play a major role in the nature of the fibrous objects present in the final composite. Finally, depending on the nature of the plants and the morphology of the stems and fibres, we are dealing in some cases with highly cohesive fibre bundles. In this case, the associated composites essentially comprise bundles, for example, jute [46]. Thus the different scales of characterisation can give pertinent and complementary information. In this section, we propose to detail the different approaches in order to compare the information obtained and to discuss their relevance. Four scales of measurements will be detailed here: from the stem to the plant wall. 

Mechanical characterisation of plant stems

This scale is not the most widespread but it provides important information on the relationship between stem structure and plant stability. Plant buckling risk is an important biomechanical characteristic of plant growth strategy and can be easily estimated by knowing morphology and weight of stems. Thus, the Greenhill model [START_REF] Greenhill | Determination of the greatest height consistent with stability that a vertical pole or mast can be made, and the greatest height to which a tree of given proportions can grow[END_REF] is widely used to estimate the lodging risk by comparison between the plant height and the critical buckling height [START_REF] Jaouen | How to determine sapling buckling risk with only a few measurements[END_REF]. The stem mechanical informations can also indirectly provide suitable details about cell wall stiffness as well as fibre contribution in plant stability. For example, Chandio et al. [START_REF] Chandio | Effect of Loading Rate on Mechanical Characteristics of wheat and rice straw[END_REF] explored the bending strength and Young's modulus of both wheat and rice straw; they evidenced high stiffness for wheat as well as Young's modulus differences according to the internode's position; the obtained conclusions were helpful to design straw equipment, especially harvesting machines and scutching implements.

Mechanical testing can also be performed in order to estimate and quantify the lodging risk of crops. Indeed, a vertical stem can buckle as an entire unit due to its own weight or due to an additional load imposed from fruit, leave, flower, branch or exogenous parameters such as rain or wind. Schulgasser and Witztum showed that [START_REF] Schulgasser | On the strength, stiffness and stability of tubular plant stems and leaves[END_REF] the high degree of anisotropy present in tubular plant stem is a dominant factor for failure mechanisms. Along the same line, Leblicq et al. compared the phenomenon of ovalisation during bending on PVC tube [START_REF] Leblicq | Discrete element modelling of bendable tubes[END_REF] and wheat and barley stems. They found analogies between the two materials with a specific behaviour including a first ovalisation phase then a buckling phase; after pronounced deformation, resistance to bending and consequently lodging of crop stem was greatly reduced. The authors compared the bending behaviour of wheat and barley and evidenced correlations between the crop species, growing conditions, stem diameter, cell wall thickness and bending behaviour. Interestingly, they demonstrated that bending tests can be used to estimate the cell wall thickness and that a core ring structure, with a cellular core of lower density than the outer shell, can significantly increase the bending resistance of plant stems. Similar conclusions were obtained by Deger et al. thanks to numerical modelling [START_REF] Değer | STRENGTH OF WHEAT AND BARLEY STEMS AND DESIGN OF NEW BEAM/COLUMNS[END_REF]. These kinds of structures are similar to the structure of a flax stem and offer explanation for the extraordinary length to diameter ratio of this plant (Figure 2 -11). Methodology of bending tests on plant stems is important and sample precautions must be taken to avoid any errors in strength measurement [START_REF] Shah | The strength of plants: theory and experimental methods to measure the mechanical properties of stems[END_REF]. Robertson et al. [START_REF] Robertson | On measuring the bending strength of septate grass stems[END_REF] performed bending tests on bamboo, giant reed and maize stems. They showed that internodal-loaded three-point bending test can produce erroneous measurements by inducing an early breakage of the plant and that maximising the span length and placing the loading point at stronger and denser nodal These works provide an original method to determine the stiffness of dried or green fibres contained inside the plant. Four flax varieties (Marylin, Aramis, Eden TDL21, Telios and TDL25) with distinguished lodging resistance were studied.

After mechanical characterisation of elementary fibres and morphological analysis of stems, we showed, by flexural tests on green and dried stems, that it was possible to correlate the stiffness of the stems with the Young modulus of the elementary fibres, as well as their internal organisation. This result confirmed the crucial role of fibres in the support of the plant, and in particular on lodging behaviour.

Thus, mechanical testing on plant stems can provide specific information on plant structure and lodging stability. Interestingly, they also enable to estimate elementary fibres stiffness by an inverse method, based on known fibre volume fraction in a stem cross section obtained from architecture and morphology analysis.

Mechanical characterisation of plant fibre bundles

Elementary fibre properties have been evaluated extensively. However, most plant fibre-reinforced composites consist of plant fibres in the form of bundles and it is close to impossible to perform tensile tests on elementary fibres with conventional equipments for some plant varieties having short fibres such as jute, kenaf, sisal or abaca. Some researchers have developed tensile tests on fibre bundles in order to estimate elementary fibre properties. Even if bundle tensile properties are not representative of the intrinsic elementary fibre mechanical behaviour, they allow obtaining pertinent information in terms of stiffness or strength.

Plant fibre bundles are mainly composed of elementary fibres but depending on their retting step or the plant microstructure, they may contain a significant proportion of middle lamellas. Thus their tensile properties are governed both by the individual elementary fibres and the middle lamella. Bundle characterisation is widely used in industry after fibre extraction and scutching to select and qualify for some intermediate products, such as yarns for textile applications. The general behaviour of plant fibre bundles is described by different authors [START_REF] Romhány | Tensile fracture and failure behavior of technical flax fibers[END_REF][START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF][START_REF] Müssig | 2 -The use of flax fibres as reinforcements in composites[END_REF][START_REF] Barbulée | Damage to flax fibre slivers under monotonic uniaxial tensile loading[END_REF]. Thus Xue et al. [START_REF] Xue | Temperature and loading rate effects on tensile properties of kenaf bast fiber bundles and composites[END_REF] investigated the effects of temperature and strain rate on kenaf fibre bundle tensile properties. They observed a large scattering in mechanical properties and a strong dependence of tensile strength on the strain rate. Romhany et al. [START_REF] Romhány | Tensile fracture and failure behavior of technical flax fibers[END_REF] explored the tensile behaviour of flax bundles, and noticed three distinct steps in their failure sequence, with firstly longitudinal splitting along the boundaries of the elementary fibres, then transverse cracking of the elementary fibres, and finally a fracture of elementary fibres and their microfibrils. By coupling an acoustic emission device to the tensile system, Barbulée et al. [START_REF] Barbulée | Damage to flax fibre slivers under monotonic uniaxial tensile loading[END_REF] were able to identify the different mechanisms of rupture of a bundle when subjected to uniaxial stress. It is thus possible to identify phenomena of friction between the non-joining fibres, breaks in the elementary fibres, delamination within the bundle as well as abrupt and sudden breaks within this bundle. The accurate measurement of the fibre cross-section (i.e. diameter) is a key point for accurate calculation of fibre tensile properties. Haag and Mussig [START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF] studied the scatter in tensile properties of flax bundles by using several specific methods to determine the bundle diameter. They showed that the main difficulty is to correctly estimate the crosssectional area. Thus, they found tensile strength from 470 ± 147 MPa to 1465 ± 638 MPa on the same fibre batch according to the measurement method. Nitta et al. [START_REF] Nitta | Cross-sectional area evaluation and tensile properties of alkali-treated kenaf fibres[END_REF] validated a new cross-sectional area estimation method; fibre cross-section was changed from a polygon shape to an elliptical one and then the areas were correlated with hexagonapproximated cross-sectional area, which was calculated by measuring the projection widths on the fibre along 0°, 60° and 120° directions.

Interestingly, bundle tensile tests can also provide pertinent informations on middle lamellas, located between the bundle elementary fibres and mainly made of pectic polysaccharides or calcium pectates [START_REF] Jauneau | Polysaccharide distribution in the cellular junctions of immature fibre cells of flax seedlings[END_REF]. Charlet and Beakou [START_REF] Charlet | Mechanical properties of interfaces within a flax bundle -Part I: Experimental analysis[END_REF] have shown that by increasing the specimen gauge length, the tensile strength decreases, highlighting thus the involvement of the middle lamellae in the bundle strength. Conversely, by decreasing this distance (below 10 mm), fewer middle lamellae will be involved and the obtained strength is more representative of an elementary fibre. Thus, due to the length of the elementary fibres, these tensile tests on bundles are highly dependent of the gauge length, especially for long fibres such as hemp, ramie or flax. For example, for flax fibre bundles, Romhany et al. [START_REF] Romhány | Tensile fracture and failure behavior of technical flax fibers[END_REF] calculated a strength at break of 613 MPa, 454 MPa and 264 MPa for gauge lengths of 20 mm, 40 mm and 80 mm, respectively.

In the same approach and by performing tensile tests on beams containing only two elementary fibres, Charlet and Beakou [START_REF] Charlet | Mechanical properties of interfaces within a flax bundle -Part I: Experimental analysis[END_REF] were able to estimate the shearing of the interface between the two fibres. This value was about seven times lower than the one usually measured between a flax fibre and a petro-sourced thermoplastic matrix [START_REF] Duigou | Multiscales shear properties of PA 11/ flax biocomposites[END_REF]. It is therefore conceivable that for materials reinforced with low divided plant fibres bundles, the rupture will be more easily produced within a bundle than at the interface between the bundle and the matrix; thus these bundles can be assimilated to weakness areas as it was already evidenced at the composite scale [START_REF] Bourmaud | Observation of the structure of a composite polypropylene/flax and damage mechanisms under stress[END_REF]. It is therefore important to prioritise the work of fibre cleaning and division occurring during the scutching step, to obtain fibre reinforcements as individualised as possible. Even if the fibres are assembled in bundles, the level of resistance of these objects within the composite can be good; indeed, the resin can diffuse between the fibres and strongly reinforce the interfaces. This local impregnation is strongly linked to the degree of retting and scutching of the technical fibres. For bundles with low tensile strength, the breakage is mainly monitored by the interface's quality [START_REF] Fuentes | STUDY OF THE NON-LINEAR TENSILE BEHAVIOUR OF DIFFERENT TECHNICAL HEMP FIBRE VARIANTS[END_REF].

Of course, the bundle division and morphology is directly linked with the level of retting of the plant fibre batch. Thus, bundle characterisation is an indirect way to estimate the degree of retting. In a batch, fibres are never fully individualised [306] and the middle lamellae properties are dependant on the retting quality and homogeneity; if the retting is generally homogenous for flax due to a long cultivation history, it can be different for other species. For example, in the case of hemp, dew retting is less controlled and stems are stacked as large piles inducing heterogeneous retting fully dependant on the accessibility to micro-organisms, water or sunshine. Liu et al. [START_REF] Liu | Effect of harvest time and field retting duration on the chemical composition, morphology and mechanical properties of hemp fibers[END_REF] performed tensile tests on hemp strips at different stages along the retting process; they evidenced a progressive decrease in tensile strength, attributed to both cellulose and middle lamellae degradation. Liu's hypothesis on cellulose degradation was recently confirmed by Placet et al. [START_REF] Placet | The influence of unintended field retting on the physicochemical and mechanical properties of industrial hemp bast fibres[END_REF], where the crystallinity index of over-retted hemp fibre was found to be significantly lower compared to non-retted fibre.

To conclude this section, an interesting piece of work dedicated to the understanding of biocomposite fracture behaviour was published by Hbib et al. [START_REF] Hbib | Interfacial damage in biopolymer composites reinforced using hemp fibres: Finite element simulation and experimental investigation[END_REF]. The authors performed transverse tensile tests on a polymer-elementary hemp bundle system. Localised damage within the bundle was highlighted in the elasticity stage. Another work investigates crack propagation (2-149 m/s) until rupture in both elementary fibre and bundles using laser generated defects within fibres, coupled to a high-speed camera. Experimental investigations in combination with finite element simulations show that the damage kinetics are a combination of growth and coalescence of micro-cracks, and failure is achieved by crack growth in the transverse direction but is limited by the coalescence of micro-cracks in the longitudinal direction. The effect of defect geometry appears to be of interest for fibre mechanical processing optimisation [START_REF] Beaugrand | Scenarios of crack propagation in bast fibers: Combining experimental and finite element approaches[END_REF].

These different examples show the need and interest in performing mechanical tests on plant fibre bundles, not only to determine fibre properties, but also to understand the behaviour of the middle lamella, and consequently the degree of processes such as retting, or to better understand damage mechanisms within biocomposites.

Mechanical characterisation of elementary plant fibres

Tensile characterisation of elementary plant fibres is possible with conventional equipments but restricted to long fibres such as flax, ramie or primary hemp fibres. When fibre length is too short, handling and use of a tensile testing machine become complex; the acceptable minimal length can be defined as ∼ 5-15 mm length. For short fibres such as those of wood, specific protocols have been developed. The first published protocol was by Jayne [START_REF]Mechanical Properties of Wood Fibers[END_REF], who used a conventional tensile testing machine, but clamped the fibre ends using abrasive paper. The method was modified by Page [START_REF] Page | Behaviour of single wood fibres under axial tensile strain[END_REF] by using glass tabs at the end of wood pulp fibres, and further optimised by Burgert et al. who used paper frames to mount the wood fibres, with this method being widely used for both short and long plant fibres due to its easiness in handling. Kersavage [START_REF] Kersavage | A system for automatically recording the load-elongation characteristics of single wood fibers under controlled relative humidity conditions[END_REF] developed a slightly different protocol based on the use of epoxy droplets at the ends of the fibres in order to minimise stress concentrations close to the gripping of the fibre ends. Groom et al.

[115] improved Kersavage's method. Recently, Wang et al. [START_REF] Wang | TENSILE PROPERTIES OF FOUR TYPES OF INDIVIDUAL CELLULOSIC FIBERS[END_REF] performed tensile experiments by using the epoxy droplet method on elementary bamboo and kenaf fibres. Ren et al. [50] and Yu et al. [51] tested several tens of bamboo fibres of different ages with the same method. These methods were developed more than 50 years ago but they are not widely used due to the difficulty in handling short elementary short fibres. Whatever the used protocol, elementary fibre tensile testing cannot be performed for fibres shorter than 5-7 mm [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF]. Moreover, the extraction of short fibres is not a trivial process and can induce bias due to damage to the fibre integrity through any mechanical or chemical treatment used in the extraction process. However, as we will discuss in the next section, other forms of short fibre mechanical testing can be performed by nanoindentation without fibre length limitation.

For long plant fibres such as hemp, ramie or flax, tensile characterisation is easier. These tests are generally performed by using a paper frame, with the elementary fibres being glued with epoxy resins on the frame; the system is then put on the tensile machine and the frame edges cut before loading. The experimental conditions as well as the tensile properties calculations are detailed in the XPT-25 501-2 standard [313] dedicated to flax elementary fibres characterisation. This standard represents an important advance in terms of uniformity of the tests, but some points can still be improved upon: i) the determination of the useful cross-sectional area (CSA) (see 2.2.3.4. section) remains difficult and recent work has highlighted the important impact of the measurement method [START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF], ii) the determination of the overall deformation (i.e. strain) also remains an important source of uncertainty, iii) the relevance of determining the elastic modulus before or after expression of any non-linear behaviours, and iv) the boundary conditions may vary according to the nature of the glue used, the thickness of its deposit, the twisting of certain fibres or the hygro-thermomechanical loading.

Altogether, a plant fibre can be described as a complex composite multi-layer structure. Its response to tensile stress are governed by interactions and interfaces between the cell wall layers. Consequently, the stress-strain curves of cellulosic fibres are not expected to be simple [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF]. The stress-strain curves of cellulosic fibres including flax [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF][START_REF] Andersons | Strength distribution of elementary flax fibres[END_REF][START_REF] Aslan | Strength variability of single flax fibres[END_REF][START_REF] Charlet | Tensile deformation of a flax fiber[END_REF] and hemp [72,[START_REF] Pickering | Optimising industrial hemp fibre for composites[END_REF][START_REF] Placet | Nonlinear tensile behaviour of elementary hemp fibres. Part I: Investigation of the possible origins using repeated progressive loading with in situ microscopic observations[END_REF] have been found to be quite complex by being nearly elastic or displaying distinct nonlinear regions. In the case of hemp, cellulosic fibres have been reported to display three types of tensile behaviour in response to tensile testing [72,[START_REF] Pickering | Optimising industrial hemp fibre for composites[END_REF][START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect? Compos Part A[END_REF] (Figure 2 In the first part of the curve, the value of the tangent modulus (designated as E T3 for type III behaviour) was observed to decrease down to a minimum (named E1 T3 ) within a strain range between 0.2% and 1.3%. Then, E T3 increased up to a plateau before rupture (named Er T3 ). From this particular variation of E T3 , two deformation domains were defined (Figure 2-25.c); the former, going from zero to ε1 T3 , covered the non-linear behaviour; the latter, ε2 T3 , corresponded to the part where E T3 increased. Additionally, εr T3 was the total deformation at the sample rupture. Lefeuvre et al.

[103] studied these specific behaviours and compared several flax batches over 3 different cultivation years; they linked mechanical behaviour and biochemical properties. They suggested that structuring polysaccharides, having links between cellulose microfibrils, were more related to the first non-linear section of the stress-strain curve whereas the matrix polysaccharides, in which cellulose microfibrils are embedded, could influence the second section of the stress-strain curve in which the tangent modulus increases. This might be an indication of the ease for cellulose microfibrils to slide among the incrusting polymer matrix. Consequently, a fibre variety with a high minimal tangent modulus will be favourable for high stiffness before rupture due to microfibril adaptation. It is possible to obtain additional information on transverse mechanical behaviour of plant elementary fibres. These investigations are possible by nanoindentation and were studied by Gindl and co-workers [START_REF] Gindl | Anisotropy of the modulus of elasticity in regenerated cellulose fibres related to molecular orientation[END_REF] on a large range of cellulose fibres; by comparing transverse nanoindentation modulus with tensile longitudinal ones, the authors observed a high and pronounced degree of mechanical anisotropy for these fibres. The same approach was used by Bourmaud and Baley on sisal and hemp fibres [73] and Khaldi et al.

[321] on alfa fibres. Despite the difficulty in sample preparation, this characterisation interestingly opens a window to an alternate, inverse method [START_REF] Baley | Transverse tensile behaviour of unidirectional plies reinforced with flax fibres[END_REF] to experimentally estimate the transverse stiffness of plant fibres. Transverse behaviour of fibres can also be studied through compression testing [START_REF] Wollbrett-Blitz | Multiaxial mechanical behavior of aramid fibers and identification of skin/core structure from single fiber transverse compression testing[END_REF], especially in order to determine a transverse elastic limit and to highlight the high level of anisotropy of specific fibres.

As discussed, these tensile or nanoindentation tests are possible on both short and long plant fibres. They enable to obtain relevant mechanical information which is especially useful for designers and modellers. Elementary plant fibres are the basic reinforcement elements within a biocomposite and an accurate knowledge of their properties is preponderant for the development of the former.

Mechanical characterisation of plant cell walls

Small-scale experimental techniques, such as atomic force microscopy (AFM) or nanoindentation, were initially developed and applied to nanocomposites, and optical and medical materials. Progressively, their use was extended to a wide range of materials, and in the last 10-15 years they have allowed to investigate the plant cell wall mechanical properties.

Nanoindentation can be used to determine the longitudinal or transverse mechanical properties of natural fibres. The determination of the transverse modulus of plant fibres gives their stiffness anisotropy values as described previously [73,321]. Wei and Bhushan [START_REF] Wei | Nanotribological and nanomechanical characterization of human hair using a nanoscratch technique[END_REF][START_REF] Wei | Nanomechanical characterization of human hair using nanoindentation and SEM[END_REF] performed nanoindentation tests on human hairs to point out the influence of structure, damage, treatments or soaking. Nanoindentation has also been used to obtained the mechanical properties of synthetic fibres, particularly glass fibres [START_REF] Lonnroth | Nanoindentation of glass wool fibers[END_REF][START_REF] Do Nascimento | Mechanical properties of optical glass fibers damaged by nanoindentation and water ageing[END_REF] or carbon fibres [START_REF] Nar | Superior plant based carbon fibers from electrospun poly-(caffeyl alcohol) lignin[END_REF]. Regarding plant cell wall investigations, many authors studied the mechanical properties of wood cell walls by using nanoindentation. Gindl et al. [START_REF] Gindl | Mechanical properties of spruce wood cell walls by nanoindentation[END_REF][START_REF] Gindl | Lignification of spruce tracheid secondary cell walls related to longitudinal hardness and modulus of elasticity using nano-indentation[END_REF] measured transversal and longitudinal moduli of various cellulose fibres origin using tensile tests and nanoindentation. Tze et al. [START_REF] Tze | Nanoindentation of wood cell walls: Continuous stiffness and hardness measurements[END_REF] have shown a small length-scale effect on wood cell walls, and a decrease in modulus and hardness with increasing MFA determined using X ray diffraction. Wu et al. [START_REF] Wu | Evaluation of elastic modulus and hardness of crop stalks cell walls by nanoindentation[END_REF] evaluated elastic modulus and hardness of crop stalk cell walls using nanoindentation. They found that crop stalk fibres have better mechanical properties than wood or semi-synthetic cellulose Lyocell © fibres. Zou et al. [START_REF] Zou | Nanoscale structural and mechanical characterization of the cell wall of bamboo fibers[END_REF] evidenced significant differences between the mechanical properties of bamboo fibre cell walls and bamboo parenchyma cell walls by using nanoindentation. On mature plant cell walls, the longitudinal nanoindentation modulus is generally between 15 and 22 GPa [START_REF] Gindl | Mechanical properties of spruce wood cell walls by nanoindentation[END_REF][START_REF] Bourmaud | Nanoindentation contribution to mechanical characterization of vegetal fibers[END_REF][START_REF] Konnerth | Actual versus apparent within cell wall variability of nanoindentation results from wood cell walls related to cellulose microfibril angle[END_REF][START_REF] Huang | Mechanical properties of bamboo fiber cell walls during the culm development by nanoindentation[END_REF] and differences are often low between various natural fibres. Whatever the cell wall, wood or plants, the longitudinal nanoindentation modulus is lower than the modulus obtained with conventional tensile tests [START_REF] Bourmaud | Nanoindentation contribution to mechanical characterization of vegetal fibers[END_REF][START_REF] Gindl | The significance of the elastic modulus of wood cell walls obtained from nanoindentation measurements[END_REF], but this is likely because the scales and the measurement modes are very different. The next section includes a detailed analysis of this difference between nanoindentation and tensile modulus. For example, good correlation is obtained between nanoindentation longitudinal modulus of flax fibres (17.97 ± 1.61 GPa [334]) with that of cellulose (18.2 ± 1.7 GPa exhibited by Gindl et al. [9]) and wood [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF]. The differences between varieties could be induced by variations in the cellulose MFA, the crystallinity of cellulose, and the cellulose:matrix volume ratio, as evidenced by Tze et al. [START_REF] Tze | Nanoindentation of wood cell walls: Continuous stiffness and hardness measurements[END_REF].

As assumed by Konnerth et al. [START_REF] Konnerth | Actual versus apparent within cell wall variability of nanoindentation results from wood cell walls related to cellulose microfibril angle[END_REF][START_REF] Gindl | The significance of the elastic modulus of wood cell walls obtained from nanoindentation measurements[END_REF] and Gindl et al. [START_REF] Gindl | The significance of the elastic modulus of wood cell walls obtained from nanoindentation measurements[END_REF], the hardness behaviour is dominated by polymers constituting the polysaccharide cell matrix, i.e. hemicelluloses and pectins. In contrast, the nanoindentation modulus is more linked to the properties of cellulose and to the MFA. Mechanical properties of plant fibres such as flax are mostly influenced by the S2-layer [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF] and more specifically by its architecture. For flax, the S2-layer is constituted by cellulose microfibrils (around 70%) with a specific MFA (around 10°) covered by hemicelluloses (xyloglucan and arabinoxylan) which act as an interphase with the pectic matrix (rhamnogalacturonans, homogalacturonan and xylogalacturonan) [START_REF] Morvan | Building flax fibres: more than one brick in the walls[END_REF]. The indentation hardness is generally between 0.25 and 0.4 GPa for wood [START_REF] Gindl | Mechanical properties of spruce wood cell walls by nanoindentation[END_REF][START_REF] Wimmer | Comparing mechanical properties of secondary and cell corner middle lamella in spruce wood[END_REF] and flax cell walls [334,337]; the monitoring of this parameter is a useful way to estimate the evolution of the damage to the plant fibres after, for example, a process cycle within a polymer matrix. Indeed, understanding the mechanical properties of biocomposite constituents, especially cell walls, after a transformation cycle is a big challenge. Nanoindentation is a powerful tool that can be used to determine the in situ mechanical properties of composite fibres at the micron or sub-micron scale without any extraction or damage to the material. An attractive feature of this technique is that the measurements are made without requiring burning, chemical or mechanical modifications to isolate individual fibres as is required in elementary fibre tensile tests. These chemical and mechanical modifications change the mechanical properties of the vegetal fibres in poorly defined ways due to the sensitivity of plant fibres to chemical reagents and their low degradation temperature [START_REF] Velde | Influence of Fibre and Matrix Modifications on Mechanical and Physical Properties of Flax Fibre Reinforced Poly(propylene)[END_REF]. In this way, indentation modulus and hardness were measured on the wood particles before and after extrusion and injection by nanoindentation [START_REF] Soccalingame | Reprocessing of wood flour reinforced polypropylene composites: Impact of particle size and coupling agent on composite and particle properties[END_REF]. The indentation hardness results demonstrate wood cell wall hardening as a function of processing cycles, probably resulting of a crosslinking of both lignin and xylan polymers. Furthermore, Yildiz et al. [START_REF] Yildiz | Mechanical and chemical behavior of spruce wood modified by heat[END_REF] observed that the intrinsic mechanical properties of spruce wood samples decrease by increasing the temperature and duration of heat treatment. This was mainly correlated to a degradation of hemicellulose components. Hosseinaei et al. [START_REF] Hosseinaei | Effects of decreasing carbohydrate content on properties of wood strands[END_REF] showed a strong drop in the nanoindentation modulus of wood after hemicellulose extraction . They also related their results to a change in lignin arrangement, i.e. the lignin can melt, coalesce and migrate from the cellulose microfibril surfaces into the cell walls because of a high temperature. Similar studies were performed on flax fibres to monitor cell wall properties after processing [337,350] or with recycling cycles [351,352]; a small decrease in nanoindentation modulus is generally noticed, except when shear rates are severe, as would be the case in injection moulding processes [START_REF] Bourmaud | Effects of thermo mechanical processing on the mechanical properties of biocomposite flax fibers evaluated by nanoindentation[END_REF]. Interestingly a decrease in flax cell wall hardness is noticed after processing, highlighting a higher sensitivity to process than wood cell walls. Nanoindentation experiments demonstrate that stiffness decreases when MFA increases. Furthermore, nanoindentation tests are very sensitive to changes in MFA implying that samples need to be properly aligned with respect to the actual MFA in the indentation volume [START_REF] Konnerth | Actual versus apparent within cell wall variability of nanoindentation results from wood cell walls related to cellulose microfibril angle[END_REF][START_REF] Jäger | Identification of stiffness tensor components of wood cell walls by means of nanoindentation[END_REF]. Eder et al. [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF] showed that nanoindentation measurements are also highly influenced by cell wall composition and particularly the content of the polysaccharidic matrix. Thus, nanoindentation is a powerful tool to study the effects of wood modification on cell wall properties, and linking with the age or nature of wood [START_REF] Konnerth | Actual versus apparent within cell wall variability of nanoindentation results from wood cell walls related to cellulose microfibril angle[END_REF][START_REF] Zickler | Mechanical properties of pyrolysed wood: a nanoindentation study[END_REF][START_REF] Stanzl-Tschegg | Comparison of mechanical properties of thermally modified wood at growth ring and cell wall level by means of instrumented indentation tests[END_REF][START_REF] Yin | Effect of Steam Treatment on the Properties of Wood Cell Walls[END_REF]. Finally, methodologically speaking, it is commonly admitted that the radius of the elastically affected volume around the tip is about 3 times the residual indent radius for an isotropic material [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF]. Due to the small thickness of wood cell walls, such as of wood or kenaf, stiffness results can differ according to the location of the indent in the cell wall [START_REF] Wimmer | Comparing mechanical properties of secondary and cell corner middle lamella in spruce wood[END_REF]. The choice of the indent location is easier in larger S2layers, such as of hemp or flax, and the uncertainties on results are then reduced. To improve the accuracy of nanoindentation measurements, it is possible to check the indentation position through AFM measurements; thus, nanoindentation systems including AFM equipment are now available and used for wood or plant cell walls characterisation [START_REF] Konnerth | Actual versus apparent within cell wall variability of nanoindentation results from wood cell walls related to cellulose microfibril angle[END_REF][START_REF] Bourmaud | Recycling of L-Poly-(lactide)-Poly-(butylenesuccinate)-flax biocomposite[END_REF][START_REF] Beaugrand | Multi-scale analysis of the structure and mechanical performance of woody hemp core and the dependence on the sampling location[END_REF][START_REF] Bourmaud | Exploring the mechanical performance and in-planta architecture of secondary hemp fibres[END_REF]. Coupling AFM and nanoindentation gives access to information about indent by monitoring both the surface displacement during the recovery phase and the indent size after testing. Thus, Keryvin et al. AFM investigations can also be performed to obtain mechanical informations at the cell wall scale. First experiments were developed in 1996 by Yamanaka and Nakano [START_REF] Yamanaka | Ultrasonic atomic force microscopy with overton excitation of cantilever[END_REF] and Rabe et al. [START_REF] Rabe | Vibration of free and surface coupled atomic force microscope: theory and experiments[END_REF] on wood cell walls. This method is called Force Modulation Microscopy or Acoustic Force Microscopy, where the AFM cantilever is used as a resonator, where frequency is a function of the interaction between the tip and the sample. It permits to map the elastic properties of the surface, thanks to a model based on the mechanics of contact, with the same resolution as topography measurements. Further developments were achieved by Clair et al. [START_REF] Clair | Imaging the mechanical properties of wood cell layers by atomic force modulation microscopy[END_REF] and Nair et al. [START_REF] Nair | Nanoscale characterization of natural fibers and their composites using contact-resonance force microscopy[END_REF] by using 'resonant contact-AFM' (RC-AFM) on wood cell walls and nowadays, this technology enables to obtain fine and well-defined cartographies of cell wall stiffness. An example is given In both nanoindentation and AFM techniques, the quality of the results is highly-dependent on sample surface preparation. Pathak et al. [START_REF] Pathak | Importance of surface preparation on the nano-indentation stress-strain curves measured in metals[END_REF] compared nanoindentation stress-strain curves for mechanically polished, electropolished and vibro-polished metal surfaces. They did obtain not suitable surfaces for accurate indentation tests. Qasmi and Delobelle [START_REF] Qasmi | Influence of the average roughness Rms on the precision of the Young's modulus and hardness determination using nanoindentation technique with a Berkovich indenter[END_REF] also tested metal samples and evidenced the influence of the roughness parameter on the standard deviations of the average values of nanoindentation modulus and hardness. Few studies exist on natural material but Zimmermann et al. [START_REF] Zimmermann | Ultrastructural appearance of embedded and polished wood cell walls as revealed by Atomic Force Microscopy[END_REF] showed that a fine polishing process resulted in a very smooth wood sample surface that enabled superior AFM height and phase measurements compared to microtomed sections. Nevertheless, this conclusion must be moderated, as with optimal blade and preparation conditions, microtome cuts can enable experiments even in AFM PF-QNM mode [START_REF] Arnould | Better insight into the nano-mechanical properties of flax fibre cell walls[END_REF]. These different developments, both in nanoindentation or AFM, show the interest of these two investigation techniques to estimate the elastic properties of plant cell walls. They cannot provide absolute values but suitable comparison according to the variety, the biochemical structure network or the thermo-mechanical stress suffered by fibres can be ascertained. Thus, the different study scales are strongly complementary and collected informations enable a global understanding of the cell wall mechanical behaviour. To conclude this section, Table 2-4 proposes a summary of the various mechanical data that can be obtained at the various investigation scales. Whatever scale of experimental testing, a large range of the fibre's mechanical properties can be obtained; some of them can be calculated by different routes. To extend the panel, the composite scale has been added. Through inverse calculation methods, some of the fibre's mechanical properties can be estimated, regardless of the fibre distribution and orientation within the composite. This latter method enables to average data on a large number and types (e.g. lengths) of fibres, rather than on a limited number or type of elements, as is the case by elementary fibre tensile or nanoindentation testing.

Experimental characterisation

Given the complexity of the structure and constituents of the plant fibres, the method of experimental characterisation is of particular importance. In this section, we will endeavour to highlight the importance of the scale of measurement by taking the example of the measurement of the stiffness of the fibres. We will discuss the significance of the experimental method chosen by comparing the different protocols used for the determination of the plant cell walls MFA as well as their biochemical composition, both impacting the stiffness measurement (Section 3.2). We will conclude this section by questioning the errors induced by approximations of measurement or by the interpretation of the results which can vary according to the view of the experimenter or the characteristic elements of the walls stressed during these measurements.

Effect of the investigation scale on measured mechanical properties: the case of stiffness

The plant cell wall modulus can be obtained through various investigation methods. In this section we discuss the significance of these different values, and if possible identify the most appropriate one. Stiffness measurements made using tensile, nanoindentation and AFM methods will be compared and discussed. In addition, the inverse method, using unidirectional composite properties, will be cited and discussed, alongside original methods based on vibrational fibre behaviour.

Longitudinal modulus of elementary plant fibres has been widely studied by tensile tests. As described previously, this method enables obtaining Young's modulus of long plant fibres such as hemp, flax or ramie. For short fibres specific devices were developed and validated by wood science research teams [START_REF] Kersavage | A system for automatically recording the load-elongation characteristics of single wood fibers under controlled relative humidity conditions[END_REF][START_REF] Burgert | Microtensile Testing of Wood Fibers Combined with Video Extensometry for Efficient Strain Detection[END_REF]. On long phloemian fibres, tensile tests are generally performed by using a nominal length of 10 mm; for an accurate measurement, high precision loading cells are preferred, they exhibit maximal values included between 2 and 20 N [START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF][START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF][START_REF] Verpoest | Effect of Span Length on the Tensile Properties of Natural Fibers[END_REF]. Experimental conditions of these tensile tests on elementary plant fibres are detailed in the XPT 25-501-2 standard [START_REF] Afnor | Determination of tensile properties of elementary flax fibres[END_REF] dedicated to flax fibres. This standard includes the description of the calculation of the load cell compliance which is necessary to correct the measured displacement. This correction must be performed after calibration. Alternative non-contact methods, such as digital image correlation [START_REF] Depuydt | Digital image correlation as a strain measurement technique for fibre tensile tests[END_REF], provide interesting routes to measure deformation. The standard recommends calculation of the fibre longitudinal modulus in the last part of the stress-strain curve, after the micro-fibril loading and realignment phase. As discussed previously, this method is debatable as indeed, the modulus value takes into account both the elastic and the inelastic response of the fibre. Moreover, this apparent tangential stiffness is calculated at a high strain level, which is difficult to link to effective deformation within a composite. Nevertheless, for these specific conditions, it is possible to obtain reproducible stiffness values on elementary plant fibres. As described previously (Section 2.2.2), Young's moduli for flax, hemp and ramie fibres are generally between 40 and 60 GPa, 20 and 40 GPa and 30 and 50 GPa, respectively. Prior to measurement, fibre diameter is obtained by microscopic analysis, taking into account several measurement points along the fibre length but the lumen size is neglected which can possibly induce an underestimation of the fibre apparent stiffness [START_REF] Jouannot-Chesney | Young's Modulus of Plant Fibers[END_REF]; this point is not a real problem for fibres having high cell wall thickness such as flax [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF] (except for hollow fibres which have suffered any growth accidents), but can be questionable for heterogeneous [21] or large-lumen fibres [START_REF] Merotte | Impact of porosity level on of nonwoven flax/PP composite properties | Influence du taux de porosité sur les propriétés d'un composite non tissé lin/PP[END_REF]. Nevertheless, biocomposite mechanical behaviour is governed by both polymer matrix and fibre components, and the reinforcement object is the whole fibre (including the unfilled lumen and cell wall), consequently the use of fibre global stiffness in micromechanical modelling estimation can be validated.

With the development of local investigation methods such as AFM and nanoindentation, cell wall longitudinal stiffness can also be measured using these equipments. Indeed literature assumes that the S2-layer is the principal component governing fibre mechanical behaviour [68,[START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF] and as a first approach it seems reasonable to investigate S2-layer mechanical properties.

In nanoindentation, tests are performed with a Berkovich-type indenter loading the wall at an angle of approximately 25°. Thus, a complex loading condition exists under the indenter that yields a reduced modulus that depends not only on the longitudinal modulus but also on the (lower) shear and transverse moduli [START_REF] Jäger | Identification of stiffness tensor components of wood cell walls by means of nanoindentation[END_REF]. Indeed, as evidenced by Baley et al. [START_REF] Baley | Transverse tensile behaviour of unidirectional plies reinforced with flax fibres[END_REF], flax fibres are highly anisotropic, and their transverse modulus is estimated to be 8 GPa. This tendency is confirmed by the nanoindentation results obtained with other vegetal fibres. We have obtained a transverse modulus of 5.0 ±1.5 GPa and 3.9 ± 0.9 GPa, respectively, for hemp and sisal fibres [73]. This important anisotropy induces an underestimation of the longitudinal modulus. In the same way, Gindl et al. [START_REF] Gindl | Anisotropy of the modulus of elasticity in regenerated cellulose fibres related to molecular orientation[END_REF][START_REF] Gindl | The significance of the elastic modulus of wood cell walls obtained from nanoindentation measurements[END_REF] indicated that longitudinal modulus of wood cell walls obtained by nanoindentation is considerably lower than the tensile Young's modulus or model calculations. Anisotropic models for the reduced modulus obtained by nanoindentation have been successfully applied in the case of the softwood S2-layer by Jäger et al. [START_REF] Jäger | Identification of stiffness tensor components of wood cell walls by means of nanoindentation[END_REF]. These correlations are interesting and can be used to estimate the stiffness of fibres that are too short for tensile measurements. Due to the specific correlation curve shape with a kind of asymptotic behaviour for high tensile modulus, one can notice that the gap between tensile and nanoindentation/AFM modulus increases when fibre MFA decreases (Figure 2-27.b and Table 2-1). Indeed, the higher the MFA, the lower the mechanical anisotropy, due to a lower longitudinal modulus and a higher transverse modulus. Nevertheless, if they are relevant in case of morphologically similar fibres, discussion is open when comparison is done between several fibre species (Figure 2 Thus, it is possible to determine plant fibre cell wall stiffness by using different investigation techniques at the macro, micro or nano scale. Nevertheless, at the composite scale, the tensile method is best to obtain the whole fibre apparent tangential modulus. Nanoindentation or AFM mapping can be used to measure cell wall stiffness but due to the loading mode and fibre anisotropy, these methods don't provide absolute values but do provide pertinent data to highlight stiffness gradients or to compare cell wall mechanical properties. In the last few years, complementary methods have been developed by using force vibrations [START_REF] Perrin | A novel method for the measurement of elastic moduli of fibres[END_REF][START_REF] Rice | Measurement of Young's modulus and damping of fibers at cryogenic temperatures[END_REF], light diffraction [START_REF] Więcek | A new method for the measurement of static and dynamic Young's moduli of long fibres[END_REF] or resonant ultrasound microscopy [START_REF] Mounier | Sub-gigahertz laser resonant ultrasound spectroscopy for the evaluation of elastic properties of micrometric fibers[END_REF], but they are not yet mature for plant fibre stiffness measurements.

What is the suitable method for MFA measurement?

Due to the importance of cellulose microfibrils orientation on the mechanical properties of plant cell walls [START_REF] Salmén | Micromechanical understanding of the cell-wall structure[END_REF] many techniques for measuring MFA in plant cell wall layers have been developed during the last decades. Thanks to the pioneering work of Cave and Meylan [380,[START_REF] Meylan | Measurement of Microfibril Angle by X-Ray Diffraction[END_REF], wide or small angle X-ray diffraction is the most widely used technique but other alternative methods exist, mainly based on microscopic observations. Among these latter, some use the optical properties of crystalline cellulose such as polarised light microscopy (PLM) and others enable to visualise fibril orientation by direct or indirect observations. Examples include iodine precipitation [START_REF] Bailey | The orientation of cellulose in the secondary wall of tracheary cells[END_REF] fungi-rot treatment [START_REF] Khalili | The use of soft rot fungi for determining the microfibrillar orientation in the S2 layer of pine tracheids[END_REF], fluorescence microscopy [START_REF] Marts | Fluorescence microscopy for measuring bril angles in pine tracheids[END_REF] or transmission electron microscopy (TEM) [START_REF] Wardrop | Organisation of the Cell Walls of Tracheids and Wood Fibres[END_REF]. In this section, we will briefly describe and compare the principal methods, and evaluate their main advantages and drawbacks.

Polarisation microscopy was the first technique [START_REF] Preston | Organisation of the cell wall of the conifer tracheid[END_REF] used for the measurement of wood cell MFA and it is still used today. The method is based on the fact that cellulose is partially crystalline and that microfibrils within each secondary wall layer are bi-refringent, enabling an identification of the main secondary cell wall layers, which have different brightness at different orientations of the section. By PLM, it is only possible to measure MFA in longitudinal sections; cross-section layers are not large enough and the obtained MFA is consequently an average value of the whole secondary wall [START_REF] Preston | Organisation of the cell wall of the conifer tracheid[END_REF], including S1 and S3 layers and not only S2. The main drawback of PLM is the fact that the light passes through two walls in which the microfibrils form opposite sides of the spiral. Preston [START_REF] Preston | Organisation of the cell wall of the conifer tracheid[END_REF] overcame this difficulty by cutting the tracheids longitudinally to leave only one wall. Another solution is to fill the cell lumen with mercury and viewing reflected light using epi-illumination [START_REF] Page | A method for determining the brillar angle in wood tracheids[END_REF] or observe the elementary layer MFA by observing it through a pit aperture in the opposite wall of the cell [START_REF] Donaldson | The use of pit apertures as windows to measure micro bril angle in chemical pulp fibres[END_REF]; this latter method requires to remove the pit membrane by maceration prior to analysis. In the same way, the orientation of the pit apertures is known to often follow the orientation of microfibrils, and has been used by direct observations to measure MFA [START_REF] Pillow | Patterns of variation in bril angles in loblolly pine[END_REF]. Nevertheless, this orientation of adjacent pits may differ within the same cell wall, inducing some interpretation mistakes. Huang et al. [START_REF] Huang | Comparison of micro fibril angle measurement techniques[END_REF] showed that pit-aperture techniques worked better for latewood than earlywood, probably because pit apertures tend to be rounded in earlywood, making measurement of orientation difficult. This difficulty was also underlined by Wellwood et al. [START_REF] Wellwood | Tensile testing of small wood samples[END_REF]. Latewood tracheids are preferentially examined because the pit apertures are more elongated and hence it is easier to measure the orientation. Moreover, the presence of pits out of the plane of the section could have influenced the results [START_REF] Donaldson | Microfibril orientation across the secondary cell wall of Radiata pine tracheids[END_REF]. In spite of these drawbacks, pit aperture method results exhibit interesting correlation with X-ray diffraction measurements on Pinus elliotti [START_REF] Jurbergs | Determining fibre length, fibrillar angle and springwood-summerwoodratio in slash pine[END_REF].

Because cellulose is semi-crystalline, the MFA of the S2 layer can be measured by X-ray diffraction. XRD is the most convenient and widely used method for MFA estimation. The recent development of automated devices such as SilviScan have produced large datasets [START_REF] Evan | Variation of microfibril angle, density and fibre orientation in twenty-nine Eucalyptus nitens trees[END_REF], especially in wood science. MFA estimation by XRD is based on the theoretical relation between T (full width at half maximum on the spectra) and the mean MFA and by the shape of the intensity distribution of the (002) arc. XRD parameters were extensively studied by Cave [221], Meylan [START_REF] Meylan | Measurement of Microfibril Angle by X-Ray Diffraction[END_REF], and Evans [START_REF] Evans | Microfibril angle variations by scanning X-ray diffractometry[END_REF]. The method proposed by Meylan [START_REF] Meylan | Measurement of Microfibril Angle by X-Ray Diffraction[END_REF] requires calibration against other methods, while the variance method proposed by Evans [START_REF] Evans | Microfibril angle variations by scanning X-ray diffractometry[END_REF] is directly related to MFA but with the disadvantage that precision is less at very high angles because of the relatively weak diffraction signal from juvenile softwood. XRD measurement are validated considering that all microfibrils are crystallographically identical and that the whole cell wall consists of an elementary homogeneous layer of microfibrils (S2-layer) embedded in a non-crystalline matrix. Thus, for interpretation, fibre is supposed to be perfectly cylindrical, with a constant MFA in the cell wall thickness and within the scanned volume. Depending on the analysed object's structure, MFA could be an average value from different cell wall layers. Moreover, in most of studies, fibres bundles [20] are studied; they contain a significant part of middle lamella, having a potential impact on measured values. For X-ray diffraction, the choice of analysis method may influence results. Yamamoto et al. [START_REF] Yamamoto | Method of Determining the Mean Microfibril Angle of Wood Over a Wide Range by the Improved Cave's Method[END_REF] developed a specific analysis method that gave better results, especially for reaction wood. XRD investigations can be performed using small (SAXS) or wide-angle XRD; Lichtenegger et al. [START_REF] Reiterer | Deformation and energy absorption of wood cell walls with different nanostructure under tensile loading[END_REF] have compared the two methods and conclude that they lead to the same results. SAXS has the advantage of higher spatial resolution, allowing measurement on elementary cells, which is useful for hardwoods to differentiate cell types, although it requires a synchrotron X-ray source. In comparison to the PLM method, literature diverges: while Peter et al. [START_REF] Peter | A simple direct method for measurement of microfi bril angle in single fibres using differential interference contrast microscopy[END_REF] find same results for Pinus taeda samples over a large range of MFA, other authors find strong differences between the two methods on Picea mariana [START_REF] Prud'homme | Determination of fibril angle distribution in wood fibres: A comparison between the X-ray diffraction and the polarised microscope methods[END_REF] or Picea abies [START_REF] Saranpää | Variation of micro fibril angle of Norway spruce (Picea abies (L.) Karst.) and Scots pine (Pinus sylvestris L.) -comparing X-ray diffraction and optical methods[END_REF][START_REF] Peura | Structural studies of single wood cell walls by synchrotron X-ray microdiffraction and polarised light microscopy[END_REF]. The difference was attributed to the effect of S1 and S3 layers on PLM measurements.

Near-infrared (NIR) spectroscopy can be used to predict MFA by scanning of wood surfaces on the radial longitudinal face of increment cores using multivariate modelling techniques [START_REF] Schimleck | ESTIMATION OF MICROFIBRIL ANGLE OF INCREMENT CORES BY NEAR INFRARED SPECTROSCOPY[END_REF]. This method is interesting and quite easy to perform but a strong correlation between density and MFA exists [START_REF] Schimleck | ESTIMATION OF MICROFIBRIL ANGLE OF INCREMENT CORES BY NEAR INFRARED SPECTROSCOPY[END_REF]. Thus, MFA estimation must be performed when density variation is small, this value being uncertain for density sample under 0.5 g/cm3. Thus, the prediction of MFA by using NIR spectroscopy is problematic for juvenile wood [START_REF] Schimleck | Estimation of whole-tree kraft pulp yield of Eucalyptus nitens using near infrared spectra collected from increment cores[END_REF], confirming the difficulty to obtain relevant MFA for young wood. Nevertheless, this method was found to be in excellent agreement with MFA determined by X-ray diffraction on wood Kraft pulp [START_REF] Schimleck | ESTIMATION OF MICROFIBRIL ANGLE OF INCREMENT CORES BY NEAR INFRARED SPECTROSCOPY[END_REF]. In addition, Raman microscopy has been used by Thygesen to study the MFA in dislocation areas of hemp fibres [START_REF] Thygesen | Dislocations in single hemp fibres-investigations into the relationship of structural distortions and tensile properties at the cell wall level[END_REF] Other marginal methods based on direct observations can be used for MFA estimation. The precipitation iodic method [START_REF] Bailey | The orientation of cellulose in the secondary wall of tracheary cells[END_REF] can be used to visualise MFA. It is based on the precipitation of iodine crystals within the cell wall, enabling to make images of the cavities produced by the crystals to perform fast MFA estimations [START_REF] Donaldson | Ultrastructure of iodine treated wood[END_REF]. Several authors evidenced an interesting correlation between the iodic method and XRD [START_REF] Meylan | Measurement of Microfibril Angle by X-Ray Diffraction[END_REF][START_REF] Anagnost | Utilisation of soft-rot cavity orientation for the determination of micro fibril angle. Part 1[END_REF][START_REF] Kretschmann | Variations of micro bril angle in loblolly pine: Comparison of iodine crystallization and X-ray diffraction techniques[END_REF]. It is also possible to use microscopic fluorescence in order to estimate MFA thanks to confocal measurements. However, this method has the disadvantage of being relatively slow [START_REF] Marts | Fluorescence microscopy for measuring bril angles in pine tracheids[END_REF], but is generally in good agreement with XRD [START_REF] Long | Comparison of methods to measure fibril angle in wood fibres[END_REF]. By using a calibration grid, transmission microscopy (TEM) is a good alternative for direct measurements. It provides suitable information at the elementary cell wall scale [START_REF] Donaldson | Microfibril orientation across the secondary cell wall of Radiata pine tracheids[END_REF]. Nevertheless, this method requires extensive sample preparation due to the necessity to prepare ultrathin cuts in the longitudinal direction. Ultraviolet illumination [START_REF] Crosby | Precise S2 angle determination in pulp fibres[END_REF] combined with phase contrast microscopy can also be used to observe micro-checks in the fibre walls, as well as ellipsometry [START_REF] Ye | Determination of S2 bril angle and bre wall thickness by mi-croscopic transmission ellipsometry[END_REF] .Interestingly, this latter method is independent of fibre orientation and doesn't require elementary cell walls, making it ideal for measurement of plant pulp or bundles. Finally, the original soft rot cavity method, based on the formation of cavities by fungus along the microfibrils can be cited [START_REF] Khalili | The use of soft rot fungi for determining the microfibrillar orientation in the S2 layer of pine tracheids[END_REF]; this method is easy to perform but has the disadvantage of requiring a relatively long time (6 -14 weeks) for the fungus to produce sufficient cavities that are relatively coarse in size.

These different techniques and methods all enable to estimate MFA but also have some drawbacks. They must be selected according to the nature of the sample as indeed some parameters can affect the accuracy of the measurement.

On widely used methods such as PLM and XRD, investigations are mainly performed on whole fibres or even on bundles; thus, presumed S2-values can be biased by overlapping between S1, S2 and S3 layers due to the relatively thick sections.

In case of measurements on fibre bundles, estimated MFA are an average value of the different cell walls including fibres but also pectic cements. Consequently, some of these techniques are more suited to quantitative applications while others are used for simple imaging. Moreover, many methods are time consuming because the extreme variability of natural material and sample preparation; it is the case for PLM, TEM and iodic method. In contrast, X-ray diffraction provides accurate results, at low cost, minimal preparation and short observation times. The main drawback to the Xray method has been the interpretation of the diffraction patterns in terms of microfibril distribution.

Biochemical composition: many approach for many results

As described previously, plant fibre cell walls are mainly constituted of cellulose, non-cellulosic polysaccharides (NCP), water, lignin, proteins and some minor fractions of lipids and waxes. The relative quantity of these components can vary considerably according to the plant species but also, as demonstrated on flax, with the variety [20], the cultural practise [START_REF] Norton | Determining the physical properties of flax fibre for industrial applications: the influence of agronomic practice[END_REF], the growing conditions [64], and the age and maturity of the plant [START_REF] Lefeuvre | Contribution à l'étude des propriétés des fibres de lin (Linum Usitatissimum L. , variétés Marylin et Andréa) en fonction des pratiques culturales sur le plateau du Neubourg. Fibres destinées au renforcement de matériaux composites[END_REF]. This cell wall composition plays an important role in plant fibre mechanical behaviour [START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stress-strain behaviour and fibre composition[END_REF]. Therefore, determining composition would enable better understanding of potential differences between fibre mechanical properties. Three main methods can be used to identify and quantify the cell wall constitutive polymers. Two of them are based on chemical extractions and the third is a global chromatographic method. Firstly, we propose to focus on the two methods based on successive chemical extractions and take the example of flax fibres due to the availability in literature of comparable data for these fibres.

The scutched fibres, corresponding to bundles of elementary fibres, undergo first a step of elementarisation thanks to three washings with water at room temperature, before being stored in distilled water. This first step makes it possible to remove retting and scutching residues [START_REF] Goubet | Structural features of galactans from flax fibres[END_REF]. Then, the remaining cortical residues are removed by extraction with boiling distilled water in three sequences (1.5hr one and then 1hr twice). Finally, the pectins of the middle lamella are extracted by a boiling calcium chelator, corresponding to disodium ethylene diamine tetra acetic acid of 0.25% concentration (0.25%, EDTA, Na 2 ) for 1 hr. This last extraction is followed by two stages of rinsing with boiling water for 1 hour each. The calcium chelator makes it possible to break down the calcium bonds, releasing the Ca-pectins and thus enabling to obtain the elementary fibres by decohesion thanks to integrity disruption of the middle lamella. After this preliminary steps, successive chemical extractions are performed, dried fibres residues are weighted before and after extraction to quantify the weight fraction of each main component, this latter being associated to each chemical extraction. Two main methods exist, using different solvents and concentrations: the method developed by Van Soest The second method (so called HCl, NaOH) [415,416], consists of two successive extractions from a mild acid reagent (0.015M) followed by a basic reagent (1.5M NaOH / 100mM NaBH4) [START_REF] Morvan | Building flax fibres: more than one brick in the walls[END_REF][START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF].The two extractions are carried out for 1 hour at 100 ° C and followed by two successive washes of 1 hour with boiling distilled water. High temperature and a neutral detergent (method 1) or HCl reagent (method 2) make it possible to extract the encrusting polysaccharides belonging to the wall matrix (essentially the S2). Then the acid detergent (method 1) or the NaOH reagent (method 2) extract the encrusting polysaccharides from the swollen walls that have strong interactions with the cellulose microfibrils. The latter have a structural role in the S2-wall. The mass of dry matter lost after each extraction is estimated after drying at 80 °C for 12 hours in a vacuum oven. In order to compare the two extraction methods, three batches of scutched flax were analyzed by Lefeuvre [START_REF] Lefeuvre | Contribution à l'étude des propriétés des fibres de lin (Linum Usitatissimum L. , variétés Marylin et Andréa) en fonction des pratiques culturales sur le plateau du Neubourg. Fibres destinées au renforcement de matériaux composites[END_REF]. These results show a significant loss of mass during the extraction with acid detergent of the Van Soest method (19%) compared to the NaOH extraction (HCl/NaOH) method (9%). Visually, the fibres exhibit a greyish color after acid detergent and a very brittle behaviour, falling into fragments. On the contrary, with the HCl/NaOH method, following the NaOH extraction, the fibres are white and keep their lengths. Thus, it has been found that the Van Soest method causes a degradation of the cellulose and is too aggressive for the flax cell walls. Consequently, NCP contents are higher with the Van Soest method estimation [START_REF] Bismarck | Surface characterization of flax, hemp and cellulose fibers; Surface properties and the water uptake behavior[END_REF], compared to HCl/NaOH one [417]. Thus, although the Van Soest method is widely used and could be automatized thanks to the commercialisation of specific equipment, the HCl/NaOH one has the advantage to be less aggressive and more selective, enabling to differentiate matrix and structuring polysaccharides, these latter can be linked to the mechanical performance or fibres. A global estimation of components such as Van Soest method is not well adapted for a fine and accurate NCP identification in order to link cell wall structure and mechanical performance.

After the extractions, the reagents, as well as the first water wash, can be recovered for analysis. The quantities of total and acid sugars can be determined by colorimetric assays: the Dubois method [146][18] is used for total sugars and the Blumenkrantz method [START_REF] Blumenkrantz | New method for quantitative determination of uronic acids[END_REF] is used for for acids. This chemical analysis makes it possible to find the concentration of total oses with the Dubois method and uronic acid with the Blumenkrantz method from the measured absorbance [20]. Due to some reported lack of specificity of those spectrophotometer based methods, a possible additional investigation could also be performed by chromatography on remaining reagents in order to identify each elementary sugar which cannot be performed by the colorimetric method, and therefore helps in accurately describing the cell wall composition.

The third method to estimate the biochemical composition of plant fibres is based on chromatographic method. Amongst others, we can cite the PACE method [START_REF] Beaugrand | Structure, Chemical Composition, and Xylanase Degradation of External Layers Isolated from Developing Wheat Grain[END_REF][START_REF] Goubet | Polysaccharide analysis using carbohydrate gel electrophoresis: A method to study plant cell wall polysaccharides and polysaccharide hydrolases[END_REF] or the auditor acetates one [START_REF] Courtin | Determination of reducing end sugar residues in oligo-and polysaccharides by gasliquid chromatography[END_REF] where the pentose or hexose monosaccharides or oligosaccharides can be derived and analysed by gel migration or Gas Chromatography. It seems from literature that the chromatographic method using High Performance Liquid Chromatography (HPLC) is widely in use and more details are given below for it (Figure 2-29). Scutched fibres (a few grams) are ground in order to limit the impact of the natural variability, with care paid in the limitation of the heating created by the milling process to avoid irreversible thermal denaturation of the molecules that could bias the subsequent analysis. The powder obtained is then hydrolysed with strong acid coupled with heating above 100°C in order to break the polysaccharide chains and obtain elemental monosaccharides, also named as sugars [START_REF] Beaugrand | Multi-scale analysis of the structure and mechanical performance of woody hemp core and the dependence on the sampling location[END_REF]. These monomers are then identified and quantified by HPLC. This method requires some knowledge about the biochemical structuration of the walls in order to assume precisely which elementary sugar corresponds to each of the polysaccharides constituting the walls. Indeed, this technique is well-accepted and accurate, but although the total amount of each sugar can be quantified, no direct indication about its location in the cell wall is obtained. By way of example, glucose is generally considered to be the constituent monomer of cellulose; its rate therefore makes it possible to know the rate of cellulose of the fibres studied.

Then, in the same manner as for the two previous techniques, the Klason lignin can be quantified by calcination (Figure 2-28).

Error induced by measurement interpretations: example of fibre's morphology on stiffness calculation.

Experimental testing is highly dependent on a large range of intrinsic and exogenous parameters. It should also be noted that the talent of the operator plays a major role. For plant fibre tensile characterisation, Müssig et Haag [START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF] highlighted the importance of gauge length, testing speed, environmental conditions, compliance of the testing machine, clamping mode and the way and the location of the CSA calculation. Among these parameters, the estimation of the diameter is probably the most discussed and controversial due to several reasons.

Many authors have showed the link between diameter and mechanical properties of plant fibres. The ultimate tensile strength (UTS) is shown to decrease when the fibre diameter increases for flax [START_REF] Andersons | Strength distribution of elementary flax fibres[END_REF], hemp [70], jute [START_REF] Virk | Multiple Data Set (MDS) weak-link scaling analysis of jute fibres[END_REF] or sisal [START_REF] Silva F De | Tensile behavior of high performance natural (sisal) fibers[END_REF]. This phenomenon can be explained by Griffith's theory [START_REF] Griffith | The phenomena of rupture and flow in solids[END_REF] which explains that the strength of a material is dictated by the presence, and in particular the size, of microscopic defects. The larger the flaw in a fibre, the lower its tensile strength, such that when the fibre diameter increases, the probability of the presence of a critical defect increases, resulting in a higher probability of premature failure [START_REF] Beaugrand | Scenarios of crack propagation in bast fibers: Combining experimental and finite element approaches[END_REF]. The same tendency has been evidenced on the elementary fibres Young's modulus; several papers have reported the decrease of the longitudinal Young's modulus as the apparent diameter of flax [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF], hemp [72] or nettle [START_REF] Bodros | Study of the tensile properties of stinging nettle fibres (Urtica dioica)[END_REF] fibre increases but in this case, Griffith's theory does not provide a complete explanation for the observed behaviour. In the literature, the diameter dependence of the fibres' stiffness is often attributed to an over-estimation of their effective CSA, and consequently to uncertainty about the diameter measurement.

Thus, regarding the estimation of a true diameter, the main difficulty, in case of plant fibres appears to be the choice of the best suitable method to correctly determine the fibre diameter. Some authors have compared stiffness values of elementary fibres by measuring diameter between the test or close to the rupture zone. Duval et al.

[72] exhibited a strong dependence between stiffness and diameter with this latter choice whereas Charlet et al. [START_REF] Charlet | Influence of an Agatha flax fibre location in a stem on its mechanical, chemical and morphological properties[END_REF] didn't evidence any difference between the two methods. Errors in measurements can also be a first order parameter in modulus variations. Lefeuvre et al. [103], thanks to a deep analysis, showed that on average, 78% of Young's modulus uncertainty and 93% of strength at rupture uncertainty was introduced by the CSA measurement. This important impact of CSA must be linked to the diameter determination which is generally performed thanks to optical observation, assuming that the fibre is a perfect cylinder. However, flax fibre's sections were shown to significantly vary along their length, with a coefficient of variation for the diameter about 20% [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF][START_REF] Charlet | Scattering of morphological and mechanical properties of flax fibres[END_REF] and the fibre diameter is generally obtained thanks to an average of several measurements along the fibre length. Lefeuvre et al. [103] studied the influence of the number of measurements points on the value reliability; they finally chose 6 spots, taken at equivalent distance along the fibre. Moreover, fibres whose diameter measurements varied by more than 5 µm along the gauge length were rejected. A significant decrease in the Young's modulus standard deviations were highlighted compared to the literature data,

showing that careful measurement could greatly reduce the uncertainties and make it possible to provide more reliable data.

Uncertainty in CSA measurement was studied by a number of authors by proposing or comparing alternative CSA estimations. For example, Thomason et al. [START_REF] Thomason | Fibre cross-section determination and variability in sisal and flax and its effects on fibre performance characterisation[END_REF] showed that cross-section values obtained from fibre diameter measurements were more than double the values obtained from actual observation of cross-sections of the same sisal fibres inducing a pronounced underestimation of the fibre stiffness. In the same way, Haag and Müssig [START_REF] Haag | Scatter in tensile properties of flax fibre bundles: influence of determination and calculation of the crosssectional area[END_REF] compared flax bundles tensile strength obtained from three diameter measurement methods (light microscopy, high resolution flat-bed scanning, and laser-based fibre dimensional analysis). They showed that the CSA method alone is introducing up to 300 % of variation in tensile strength data. Nevertheless, in these two cases, measurements were performed on fibre bundles and not on elementary fibres. The high discrepancy in bundle shape can lead to strong CSA differences, according to the selected measurement method. In the case of elementary fibres, the measurement error is less pronounced. Charlet et al. [START_REF] Charlet | Multi-scale morphological characterisation of flax: From the stem to the fibrils[END_REF] compared CSA values obtained from elementary flax fibres cross-sections using diameter measurements; they showed that a hexagonal geometry is not a better approximation of the real fibre shape than a circular one and that the dispersions in fibre dimensions and properties largely exceed the error generated by approximating the fibre shape as a circle. Nevertheless if bundles are tested, the diameter measurement is generally not reliable and alternative method such as Fibre Dimensional Analysis must be preferred [START_REF] Sayahi | Physical and mechanical properties of Tunisian women hair[END_REF]. The question can be also asked for irregular elementary fibres; Marrot et al.

[21] performed tensile tests on elementary hemp fibres and showed that no matter the location in the stem cut, cell-form factors (CFF) are far from 1 (CFF=4Π/P 2 with A = fibre area and P = fibre diameter). The CFF is lower for internal fibres (0.66) than for external fibres (0.77). It means that fibres are elongated or slightly flattened, and internal fibres are stretched further than external fibres. For flax fibres, Alix et al. [START_REF] Alix | Effect of chemical treatments on water sorption and mechanical properties of flax fibres[END_REF] found that CFF depends on the flax variety; it can also vary according to growing conditions [64]. For the Hermes variety, CFF were between 0.9 and 1 corresponding to hexagonal and circular shapes respectively, whereas CFF were close to 1 for the Oliver variety (mainly circular shapes). In the case of hemp, the lower CFF values highlight the considerable scattering in fibre morphology. Thus, because of the non-circular geometry, the diameter measured from longitudinal observation with the optical microscope can correspond to the minimal Feret diameter [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF] and then be underestimated. Finally, the difficulty in measuring fibre diameter greatly depends on the observation angle. Ilczyszyn et al. [START_REF] Ilczyszyn | Mechanical Modeling of Hemp Fibres Behaviour Using Digital Imaging Treatment[END_REF] used sample pictures taken at different orientations to reconstitute by numerical imaging the real profile of the fibre cross section. This method brings more accuracy, but is time-consuming due to the number of fibres required for a tensile test. Moreover, this last method needs more handling, which a potential source of defects creation and consequently, alteration of cell wall mechanical performances.

Regarding mechanical properties calculation of the elementary fibres, there is a debate about whether or not to account for the central fibre lumen. Nevertheless, its experimental determination is not obvious, cutting techniques using microtome can induce damage and deformation, SEM observations can induce deformation or shrinkage of a fibre, due to the use of low vacuum conditions, and produce significant surface modifications due to electron beam damage. Nondestructive methods such as X-ray tomography can be performed but they are time and resource consuming and not well-adapted to the testing of a large number of fibres. As underlined previously, the lumen size considerably varies according to the plant species, representing only a few percent of the fibre section for flax [58], hemp [21], ramie [59] or bamboo [50] whereas it can be close to 20 to 30% of the overall section for sisal [58], jute [58] and abaca [47,[START_REF] Cai | Influence of alkali treatment on internal microstructure and tensile properties of abaca fibers[END_REF] or 60 % and 90% for kenaf [START_REF] Ashori | Chemical and Morphological Characteristics of Malaysian Cultivated Kenaf (Hibiscus cannabinus) Fiber[END_REF] and kapok [START_REF] Fengel | Studies on Kapok 1. Electron Microscopic Observations[END_REF], respectively. Thus, depending of the lumen size, fibre cell wall stiffness or strength can be highly underestimated when CSA is deducted from the apparent diameter. Placet et al. [START_REF] Placet | Diameter dependence of the apparent tensile modulus of hemp fibres: A morphological, structural or ultrastructural effect? Compos Part A[END_REF] calculated the resulting error for hemp fibre stiffness and showed that the assumption of a cylinder without a lumen can lead to a 15-25% under-estimation of the longitudinal fibre stiffness for a surface area ratio of the lumen between 10% and 20%. Notably, there is evidence of a significant change in lumen shape along the length of hemp fibres [START_REF] Beaugrand | Does the green revolution relies on defected natural fibers?[END_REF], meaning that the lumen size in not homogeneous in all transversal section of the fibres. The same variation can arguably be hypothesised for other lignocellulosic fibre botanical origins. Even so, the majority of authors choose to optically measure fibre diameter for CSA calculation, both for the speed and simplicity of measurement but also by considering that within a composite, the whole fibre, including lumen, must be taken into consideration and represent the real reinforcement object which is not limited to only the cell walls.

2.3

From the plant to the composite: How can we define and chose the best plant fibre reinforcement?

2.3.1 From the plant to the fibre: retting and extraction

Retting step

The aim of retting is to facilitate the extraction of the fibres by the degradation of the cortical tissues surrounding the fibre bundles. In the case of European flax, initially carried out with water in routers, it was progressively replaced by dew retting from the 1950s due to environmental considerations. Indeed, water retting had the advantage of producing a high and reproducible fibre quality, however this method vanished in the EU because it left large quantities of polluted water [START_REF] Akin | Chemical and Structural Analysis of Fibre and Core Tissues from Flax[END_REF]. Land reclamation was favoured by farmers in order to limit water eutrophication. The stems are torn off and then deposited on the field in the form of swath (flax sheets of a width corresponding to the height of the stems). These different steps (uprooting, turning and winding) have been totally mechanised in order to limit their cost. The retting time can vary from one to several weeks depending on the climatic conditions and corresponds to a semicontrolled degradation of linseed stems [START_REF] Sharma | The biology and processing of flax[END_REF]. This is the first step in the normal process of biodegradation of the plant.

During retting, flax stems are colonised by fungi and bacteria. These microorganisms secrete enzymes which accelerate the degradation of the polysaccharides of the plant. Enzymatic activity favours degradation of pectins [23,[START_REF] Brown | Production of polysaccharide-degrading enzymes by saprophytic fungi from glyphosate-treated flax and their involvement in retting[END_REF][START_REF] Chesson | The Maceration of Linen Flax under Anaerobic Conditions[END_REF][START_REF] Henriksson | Identification and retting efficiencies of fungi isolated from dew-retted flax in the United States and europe[END_REF][START_REF] Rosemberg | Importance of Galacturonic Acid in Controlling the Retting of Flax[END_REF][START_REF] Sharma | Effect of Sample Preparation and Heating Rate on the Differential Thermogravimetric Analysis of Flax Fibres[END_REF] and a conjugation of wet and mild weather will promote the development of microorganisms (fungi, bacteria) secreting degrading (or hydrolases) enzymes such as polygalacturonases or xylanases. The pectins of the middle lamellae of the cortical parenchyma, the epidermis, the xylem and the bundles of fibres are gradually degraded, which makes it easier to extract the bundles during scutching. The fibre bundles are also divided [START_REF] Akin | Chemical and Structural Analysis of Fibre and Core Tissues from Flax[END_REF][START_REF] Akin | Enzyme-retting of flax and characterization of processed fibers[END_REF] (Figure 2-30) and Sharma et al. [START_REF] Sharma | Chemical retting of flax using chelating compounds[END_REF] showed that the limiting factor of retting is the degradation of homogalacturonans, in particular for those located in the epidermis. Retting is an important step for the production of flax fibres, since it has an influence on their quality. Homogeneous retting favours the production of fine technical fibres [START_REF] Sharma | Comparison of physical, chemical, and thermal characteristics of water-, dew-, and enzymeretted flax fibers[END_REF] [21]. Meijer et al. [23] observed that leaving the stems to fade before retting allows a more homogeneous retting. Tedding would result in micro-holes in the bark of the stems facilitating the passage of microorganisms. However, dew retting is climate dependent and difficult to control. If the climate is too dry, the stems will be sub-retted. If the climate is too wet, they will be over-retted following the secretion of a second type of enzyme (cellulase) attacking the cellulose making up the fibres as shown on hemp by [START_REF] Placet | The influence of unintended field retting on the physicochemical and mechanical properties of industrial hemp bast fibres[END_REF]. Farmers define a degree of retting by subjective observations using organoleptic criteria. Thus, the homogeneity, the color, the resistance to a hand tensile test or the divisibility are all criteria evaluated in the form of a quotation. The ease of fibre extraction and the cleanliness of the fibres are also observed. In order to quantify the retting, Sharma and Faughey [START_REF] Sharma | Comparison of physical, chemical, and thermal characteristics of water-, dew-, and enzymeretted flax fibers[END_REF] did a comparative study of existing subjective and objective methods. The study made it possible to establish a link between several objective criteria and the quality of the technical fibres. The variation of the pectin content during the retting process and also the amount of pectins initially contained by the plant before peeling are key criteria. As a result, retting is dependent on the stage of development to which the flax is pulled out [23]. After flowering, the flax begins its phase of maturity then of senescence during which the percentage of lignin increases gradually until the death of the plant. The lignification of the stem makes retting and scaling more difficult. Meijer et al. [23] observed that retting is faster when pull-out is done during flowering. However, at the level of a stem, the lignification of the inter-fibre or intercellular junctions is not the same at all the heights, making homogeneity through retting difficult. Indeed, the diameter of the bottom of the stem is wider and the junctions more lignified with respect to the middle and top of the stem. Schünke and Schwalen [START_REF] Schünke | Objektive Qualitatsbestimmung von Faserlein[END_REF] reduced the time to ashore by 5 days by crushing the stems and spreading suspensions of fungal and bacterial spores. Finally, the variety is also a parameter to take into account since some varieties may be easier to turn because of their lower levels of pectins in the adjoining lamellae. The degree of retting is thus a complicated parameter to be controlled. It determines the quality of the final fibres and also scutching productivity.

In Europe, dew retting is commonly used for flax but it is also used for hemp in order to allow the fibre to be separated from the woody core. The traditional method to separate the fibres from the plant is to cut and leave the hemp stems on the field, where they are soaked during the night by the dew, allowing natural bacterial degradation to take place. Under these conditions, microorganisms grow and produce enzymes, which degrade pectic substances, and the cortex fibres are progressively disassociated into fibre bundles and sub-bundles. As underlined for flax, dew retting needs constant monitoring to ensure that the wood and bast fibres separate and provide a good fibre quality. Nevertheless, this process does not need excess watering and it is relatively inexpensive. For hemp, water retting (or pond/river retting) is still widely used in Asia. This process, if well controlled [START_REF] Placet | The influence of unintended field retting on the physicochemical and mechanical properties of industrial hemp bast fibres[END_REF], produces a much higher quality with more uniform fibres. In this process, fibres are extracted by a controlled warm-water retting procedure, which is an effective method that avoids extreme weather situations that may come from field/dew retting. If water retting is conducted in a controlled environment, microorganisms or enzymes can be added to the water to aid the retting process to produce very high-quality fibres that retain their high mechanical properties [62]. During water retting, anaerobic bacteria, such as the Clostridium Genus from the soil and stem of plants, develop [START_REF] Rosemberg | Bacteria Responsible for the Retting of Brazilian Flax[END_REF]. They are considered the primary source of enzymatic activity. The enzymes produced are polygalacturonases, pectate-lyase and pectin-esterases [START_REF] Chesson | The Maceration of Linen Flax under Anaerobic Conditions[END_REF]. Water retting, however, causes water pollution, with organic acids and other fermentation products releasing a nauseating odour, which require reprocessing and treatment before discharge into rivers. Despite the quality of the fibres produced, hot water retting was gradually abandoned in Western Europe from the 1970s due to water pollution and the costs of the large quantities of hot water used. Nevertheless, this kind of retting is still used for other plants such as coco, jute, kenaf or sisal. On flax fibres we showed that, in case of difficult dew-retting or development of specific disease such as septoriose, a moderate water retting can be a good solution to improve the fineness and the mechanical properties of the elementary fibers [START_REF] Bourmaud | Importance of fiber preparation to optimize the surface and mechanical properties of unitary flax fiber[END_REF]. Indeed, after water washing for 72 h at 23 • C, the Young's modulus values appeared to increase slightly, possibly due to better surface state and an easier extraction of flax fibers.

Extraction of coco fibres is laborious and time-consuming. After separation of the nut, the husks are traditionally processed by various retting techniques generally in ponds of brackish water (for three to six months) or in backwaters or lagoons, which may include sea water. This requires 10-12 months of anaerobic (bacterial) fermentation. Rajan et al. [START_REF] Rajan | Coir Fiber-Process and Opportunities[END_REF] suggest that phenolic substances present in the husk retard the retting process. By retting, the husks are softened and can be decorticated. Environmentally friendly methods for fibre production have the potential to produce a more consistent quality of fibres. Novel developments using a biotechnological approach with specific microbial enzymes have reduced the retting time substantially to three to five days. By using specific (microbial) lignolytic enzymes (laccase/ phenolo-xidase), the fibre surface can be bleached or activated to react more easily with dyes [62]. One can notice that dry milling methods are now developed, they allow to extract coir fibre in areas where soaking facilities are limited or not available.

Regarding jute, kenaf or sisal, water retting is performed over 5 days to 3 weeks, depending on temperature, and requires large quantities of water. The quality of the bast fibres coming from this process is often reduced due to the mixture of organisms and the dirty water. One of the difficulties in the retting procedure is that the thicker parts of the stem take longer to ret than the thinner parts, and, consequently, if the butt ends of the stem are fully retted, the top ends are over-retted and damaged. This can be avoided by stacking the bundles of stems upright with the butt ends in water for a few days, before immersing the whole stem. Correct retting is an essential first step in the production of good-quality fibre. The use of clean water and specific microorganisms has been shown to greatly improve both the efficiency of the retting process and the quality of the bast fibre [62].

To a lesser extent, enzymatic retting, chemical extraction or steam extraction are also used. These techniques have been developed to overcome the difficulties of dew retting. For chemical retting, the products used in the literature are varied but calcium ion chelators such as ethylene diamine tetraacetic acid (EDTA) are mainly used [START_REF] Sharma | Chemical retting of flax using chelating compounds[END_REF]; they aim to eliminate some pectic substances by trapping calcium which coordinate their polymer chains. Chemical retting has also been studied on jute fibres using 1, 4, and 7% sodium hydroxide to separate the bast fibres from the core [START_REF] Columbus | Annual Report[END_REF].

Enzymatic retting is carried out with the aim of eliminating pectic substances and non-cellulosic polymers present in the middle lamellae of the plants; commonly used used enzymes are polygalacturonases [START_REF] Evans | Flax-retting by polygalacturonase-containing enzyme mixtures and effects on fiber properties[END_REF] or pectinases [START_REF] Alix | Pectinase treatments on technical fibres of flax: Effects on water sorption and mechanical properties[END_REF].

Enzymatic retting involves immersing flax straws in an enzyme solution [START_REF] Sharma | The biology and processing of flax[END_REF][START_REF] Akin | Enzyme-retting of flax and characterization of processed fibers[END_REF]. The retting mechanisms are identical to field or water retting. These two types of retting have not been developed on an industrial scale to date. Other methods have been evaluated in order to facilitate the separation of the fibre bundles from the other constituents of the stem such as steam explosion (STEX) [START_REF] Kessler | Steam explosion of flax -a superior technique for upgrading fibre value[END_REF][START_REF] Sotton | Adjustment of the steam explosion treatment to extract fibres from plants, usable for textile and related end-uses[END_REF], ultrasonic and microwave treatments [START_REF] Nair | Microwave-assisted retting and optimization of the process through chemical composition analysis of the matrix[END_REF][START_REF] Nair | Microwave assisted retting -A novel method of processing of flax stems[END_REF]. Steam explosion is the physical removal of the cellulose and parts from the other glue-like substances which hold the fibres together, it destroys the structure of fibre bundles that the plant has provided. In the case of hemp, Vignon et al. [START_REF] Vignon | Steam explosion of woody hemp chènevotte[END_REF] suggests that the tensile strength and modulus of hemp/PP composite were improved after a steam explosion treatment. This method can also be used to separate bamboo fibres; the water contained in bamboo is heated under high temperature and pressure and the pressure is then rapidly released to the atmosphere, so that the water evaporates, shattering the parenchyma inside the bamboo [START_REF] Ochi | Tensile properties of bamboo fibre reinforced biodegradable plastics[END_REF].

As detailed in this section, due to the structure or morphology of the plant, different kind of retting are used in the world and despite its eco-toxicity, water retting continues to be used due to its ease of use and the resulting fibre quality.

Extraction processes

After retting, fibres are generally extracted by mechanical processes. This is the case for flax fibres which benefit from the know-how of the textile linen industry, but to a lesser extent for hemp. The scutching allows the extraction of the fibres from the straw by mechanical actions. The producer must find a compromise in order to have an optimal productivity (fibre/ha) while preserving the quality of the technical fibres and limiting the percentage of tows (technical fibres of short lengths). After a grinding action, the straw is crushed between fluted rolls. The second step is a threshing action that begins with the feet and ends with the top of the straw. Depending on the thickness, the degree of retting, the moisture content or the fibre rate of the sheet, the pressure of the mills can be modulated in order to optimise the quality of the extracted fibre. During scutching, the scaling is adjusted in accordance to both the speed of the turbines (90 to 110 rpm) and the speed of the beaters, which can range from 160 to 245 rpm. Whether it is for hemp or flax, it has been found [START_REF] Schünke | Objektive Qualitatsbestimmung von Faserlein[END_REF] that the scutching of green straw requires more energy than for retted one. Indeed, the more advanced the growth of the plant, the more it is necessary that the scraping force decreases to a threshold corresponding to the end of the plant maturity. The necessary scutching intensity then increases with the evolution of senescence with lignification. The optimum harvest period is at the beginning of seed maturity before lignification is too advanced. The scutching is therefore a delicate transformation step which must be regulated according to the characteristics of the straw at the entry of the line in order to limit the damage of the fibres by the creation of defects [START_REF] Keller | Influence of the growth stage of industrial hemp on chemical and physical properties of the fibres[END_REF]. In some cases and to obtain efficient fibre individualisation, scutching can be followed by a hackling step, well described by Salmon-Milotte [START_REF] Salmon-Minotte | Bast Other Plant Fibres[END_REF]. The purpose of hackling is to align, untangle and parallelise the bundles of fibres, as well as to remove any undesirable material such as shives or seeds. To a certain extent, hackling makes it possible to divide the fibres within the bundles [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF]. After hackling, the fibres are in the form of a ribbon which has the advantage of being continuous with respect to the scutched fibres, which are discontinuous. The hackling efficiency is less than 70% [40] and the production speed can reach 120 kg.h-1 , which makes it a relatively expensive process. Nevertheless, thanks to progress of varietal selection and mechanization, scutched fibres yields is constantly increasing being around 1500 kg/ha in the 1940 or 1950s and close to 2500 kg/ha nowadays [START_REF] Goudenhooft | Varietal selection of flax over time: Evolution of plant architecture related to influence on the mechanical properties of fibers[END_REF]. Tapes resulting from hackling can be used for spinning or preforms for composite reinforcement.

Scutching and hackling process previously described are commonly used for flax, even for technical uses, but not for hemp. Hemp fibres extracted for paper pulp or composite reinforcement (short fibres) are obtained from specific lines constituted of both milling and cleaning systems. Three kind of milling tools can be used, hammer mill, roller mill or beater. Hammer mills are the most commonly used and industrial lines exhibit generally two successive hammer mills in order to obtain a fibre as clean as possible and without shives [4]. These processes are efficient but more aggressive for fibres than conventional flax scutching.

For bast fibres such as jute or kenaf, extraction is often performed by the same way in specific extraction units called jute mills or kenaf mills located close to the production areas. These little factories have extraction lines with hammer mills. In some cases, stripping the fibre from the stem is still done by hand, after which the fibres are washed and dried. Extensive research has been done on the mechanical separation of the bast from the core on kenaf. Chopped whole stock was used in a process involving a spiked cylinder and an airline cleaner [START_REF] Ramaswam | Kenaf Properties[END_REF] with achievable separation efficiencies of 42 to 48%. It was found that the moisture content was a critical factor in the separation efficiencies and, if controlled, the separation was cleaner and quicker. Regarding abaca fibres, especially in Philippines, extraction remains widely manually done and is called stripping [START_REF] Batra | Handbook of fibre Science and Technology[END_REF]. On the plantation site, the plant stems are de-sheathed, the sheaths flattened, a knife inserted between the outer and the middle layer, and a 50-80 mm wide strip is separated and pulled off all along the length. The plant strip is then scraped by pulling them through or between a wooden block and a serrated knife. The fineness of the stripped fibre increases with increasing serration density of the blade and the pressure used. In other areas such as Central America, Indonesia, and parts of the Philippines, machine-decorticated fibre can be used. This kind of machine consists of a long (30 m) conveyor belt, a crushing press, a pair of crushing rollers, a rope belt, and the decorticator; nevertheless, they induce processing damage that reduces its strength. In contrast, the manually stripped fibre is stronger and more lustrous. The yield of decorticated fibre is only 2-3% of the plant weight [456]; these value are very low regarding the used energy and compared to flax or hemp fibre yield. Conventional yield for long flax fibres is around 25% of the total biomass and 40% if tows are included.

The fibre yield are in the same range for sisal, being between 2 and 5%-wt of the plant and around 800-2200 kg/ha [START_REF] Chand | Resources, structure, properties and uses of natural fibers of Madhya Pradesh[END_REF]; decortication machines are used to extract the fibre; leaves feed the machine thanks to an endless conveyor and then are crushed by corrugated metal rollers and scraped by a bladed drum rotating at 200-500 rpm. During the scraping stages, important quantity of water (about 35,000 L/ha) is sprayed onto the leaves to assist in separation of the fleshy plant material from the fibre. Wet decorticated fibre is dropped into a tank of water for final washing. After drying, the fibres are brushed mechanically to remove the dust. Due to the specificity of plant or fibre location, their extraction can be difficult and require high energy processes. This is the case for coir or bamboo fibres (Figure 2-31). Regarding coir, the coconut is generally manually dehusked, by using machete and hand stripping or with machines that cut through the husk and then peel it off [START_REF] Batra | Handbook of fibre Science and Technology[END_REF]. After this step, the fibre is extracted from soaked husks by wet milling, or defibring, on special machines called drums, which are arranged in pairs on the same axle. The pair of drums can handle 2000 husks in 8 h, producing 100 kg of bristle and 250 kg of mattress fibres. Other systems, operating by dry milling can be used when soaking facilities are not available. Bamboo fibres can be extracted by using steam explosion, as previously described but due to the expensive cost of this method, a combination of chemical and mechanical processing is generally preferred. Generally, the culm has to be first reduced to smaller particles, which are fed into a refining process where under heat and some pressure, the material is separated into individual fibres [START_REF] Liese | Anatomy and properties of bamboo. Bamboos[END_REF]. After this step, in case of particleboard production, the fibres are then introduced into a blow pipe where the fibre material is dried and resinated. Most manufacturers use chemical processing with an initial alkali hydrolysis as it is a less time consuming process [START_REF] Khalil | Bamboo fibre reinforced biocomposites: A review[END_REF]. However, bamboo fibre can also be extracted mechanically. Roller mill techniques (RMT) have been explored for mechanical separation, as well as compression moulding treatment (CMT) [START_REF] Deshpande | Extraction of bamboo fibres and their use as reinforcement in polymeric composites[END_REF].

To conclude this section, as described for retting, different extraction ways exist to obtain plant fibres. They strongly differ due to the plant structure, fibre accessibility and geographical culture and uses. Nevertheless, the impacts on fibres can be strongly different according to the chosen extraction method. Modern scutching lines, potentially combined with hackling, enable to obtain high quality long fibres whereas aggressive extractions such as hammer mills generate damaged plant and fibres structures. In the following section we will focus on the impact of these extractions on fibre integrity.

Impact on fibre integrity

Elementary plant fibres may have numerous defects which can be from misorientations of cellulose fibrils (which may occur during the synthesis of cellulose and the formation of walls), some dislocations, sliding planes or knees [START_REF] Andersons | The effect of mechanical defects on the strength distribution of elementary flax fibres[END_REF]. These knees are the most visible defects by microscopy and are commonly referred to as kink bands. They are distributed heterogeneously over the length of the fibres, the mean length between two defects being about 100 μm ± 40 μm [START_REF] Charlet | Contribution à l'étude de composites unidirectionnels renforcés par des fibres de lin : relation entre la microstructure de la fibre et ses propriétés mécaniques[END_REF]; they may be revealed in polarised light. Their origin is not well known but it is probable that some of these defects are formed both during the bending of the fibres due to lodging but also during the phase of retting or drying of the fibres when the growth strains present in-planta are released. Thus, defects observed on the surface of flax fibres are found on non-scutched fibres and are likely to have developed during the growth of the plant [START_REF] Davies | Effect of environmental relative humidity and damage on the tensile properties of flax and nettle fibers[END_REF]. There are also defects on the surface of hemp fibres from non-decorticated plants [START_REF] Hänninen | Mechanical processing of bast fibres: The occurrence of damage and its effect on fibre structure[END_REF][START_REF] Thygesen | The effects of growth and storage conditions on dislocations in hemp fibres[END_REF]. Hernandez-Estada et al. [START_REF] Hernandez-Estrada | Assessing the susceptibility of hemp fibre to the formation of dislocations during processing[END_REF] demonstrated that decortication has the highest impact in inducing dislocations whereas coarse separation and carding has lower impact, but add more dislocation-like damage. Hänninen et al. [START_REF] Hänninen | Mechanical processing of bast fibres: The occurrence of damage and its effect on fibre structure[END_REF] showed that following scutching and carding, the number of defects increases with respect to the hand-decorated fibres. In addition to the defects originally present in the fibres, the formation of kink bands may also occur during processing or extraction, particularly in the case of the scutching process [START_REF] Davies | Effect of environmental relative humidity and damage on the tensile properties of flax and nettle fibers[END_REF] for flax. The defects (kink-band, knees, dislocations) observable at the surface of the fibres are created during the transformation stages by bending and compression stresses and thus weaken the fibres, resulting in a reduction in their tensile strength [START_REF] Andersons | The effect of mechanical defects on the strength distribution of elementary flax fibres[END_REF][START_REF] Bos | Mechanical properties of short-flax-fibre reinforced compounds[END_REF][START_REF] Davies | Effect of environmental relative humidity and damage on the tensile properties of flax and nettle fibers[END_REF]. The development of defects on virgin fibres could be observed by studying the compressed face of the unit fibres of flax with the SEM during mechanical loop tests [START_REF] Bos | Tensile and compressive properties of flax fibres for natural fibre reinforced composites[END_REF][START_REF] Bos | In situ ESEM study of the deformation of elementary flax fibres[END_REF] or compression or bending [START_REF] Baley | Influence of kink bands on the tensile strength of flax fibers[END_REF] (Figure 2-32).

Thus, the mode of extraction of the fibres as well as the parameters of adjustment of the machines can have an influence on the quantity of defects created and thus indirectly on the performance of the fibres. Retting heterogeneities between different batches can also have effects on the performance of the fibres. Three major types of stress-strain behaviours were observed and described, mainly for hemp and flax [72,103], but in different proportions for each sample. The first one consists of a linear and truly elastic tensile behaviour (TI); the second one (TII) composes of two linear distinct sections with a decreasing slope in the second section, probably due to certain damage mechanisms. The third one (TIII) displays a non-linear section at the beginning of the loading stage up to a threshold point, followed by a section where the tangent modulus increased up to failure. Aslan et al. [START_REF] Aslan | The effect of processing on defects and tensile strength of single flax fibres[END_REF] observed that the tensile response of a green (non-retted) flax was TI-type, as opposed to a retted, scutched and then refined flax with TI or TIII behavior. The authors explained the type TIII by the creation of defects due to mechanical treatments (scutching and refining). These results were confirmed by Lefeuvre et al. [63] who have studied the performance of Marylin flax fibres after growing during years with very different climates and therefore with extreme degrees of retting. They have demonstrated significant decreases in mechanical performance for fibres having been scutched at high speeds due to being under-retted. Apart from the scutching rate, which is dependent on the initial degree of retting of the plants, the various processing steps can influence the performance of the fibres. Aslan et al. [START_REF] Aslan | The effect of processing on defects and tensile strength of single flax fibres[END_REF] compared the mechanical properties of elementary fibres from scutched linen and combing tow. They observed a significant drop in stress at break and Young's modulus of the fibres, which were 1445 ± 553 MPa versus 812 ± 342 MPa and 52 ± 16 GPa versus 30 ± 11 GPa, respectively. Moreover, the observed defects were more numerous for the fibres coming from combing tows. Thygesen et al. [START_REF] Thygesen | Cellulosic Fibers: Effect of Processing on Fiber Bundle Strength[END_REF] compared the mechanical tensile properties of flax bundles after retting, scutching, carding, then refining. They observed a reduction in the strength at break of the bundles with the transformation steps. Depending on the protocol used (mechanical, manual, physical, physico-chemical, chemical, enzymatic) the impact on the cell walls will be different. Bos et al. [START_REF] Bos | Tensile and compressive properties of flax fibres for natural fibre reinforced composites[END_REF] measured a lower average fracture stress for mechanically extracted fibres (1522 ± 400 MPa) compared to manually extracted fibres (1834 ± 900 MPa). Van de Velde and Baetens measured a rupture stress of 925 MPa for chemical fibres extracted chemically [START_REF] Velde K Van De | Thermal and Mechanical Properties of Flax Fibres as Potential Composite Reinforcement[END_REF]. The fracture stress value is lower for chemical extraction; the reagents used during chemical extraction may have degraded the fibres decreasing their resistances. Bos et al. [START_REF] Bos | Tensile and compressive properties of flax fibres for natural fibre reinforced composites[END_REF] showed that the breaking strength of hand-decorated unit fibres (1834 ± 900 MPa) was higher than that of scutched and combed fibres (1522 ± 400 MPa).

At the scale of the composite material, the amount of defects present also plays an important role in the performance of these materials. Le Duc et al. [START_REF] Duc | Polypropylene/natural fibres composites: Analysis of fibre dimensions after compounding and observations of fibre rupture by rheo-optics[END_REF] demonstrated, by optical rheology experiments, that the fibres preferentially broke at the kink bands due to shear stress in the matrix. The number of kink bands, depending on the shear rates involved in the process, can thus have an impact on the fibre lengths in the composite thereby governing the fibre reinforcement capacity and the mechanical performance of the materials. This has been demonstrated by Gourier et al. [351] who studied the relationship between the inter-defect distance and the final fibre length in a PA11-flax composite; They noted a strong correlation between the inter-defect distance and the fibre length in the injection-moulded composite. The mechanical properties of the composites, and in particular their stress, are also influenced by the degree of individualisation of the reinforcements. By studying different fibre reinforced epoxy-flax UD composites with different degrees of retting, Coroller et al. [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF] observed low fracture stresses for composites reinforced with under-retted fibres, due to the low degree of individualisation of the latter (Figure 2-33). Martin et al. [24] also found a greater division of the retted fibres, as well as better mechanical performance of injection-moulded composites compared to those reinforced by sub-retted fibres.

However, the impact of retting on the properties and performance of plant fibres has yet to be investigated. Indeed, the literature does not all agree. Van de Weyenberg et al. [START_REF] Van De Weyenberg | Influence of processing and chemical treatment of flax fibres on their composites[END_REF] measure mechanical properties of fibre bundles for green, half-retted and retted flax; the break stresses are 68.9, 72.8 and 71 cN.tex-1, showing no change in performance; the same trend was highlighted by Alix et al. [START_REF] Alix | Pectinase treatments on technical fibres of flax: Effects on water sorption and mechanical properties[END_REF]. On the other hand, Van de Velde and Baetens [START_REF] Velde | Influence of Fibre and Matrix Modifications on Mechanical and Physical Properties of Flax Fibre Reinforced Poly(propylene)[END_REF] , Pillin et al. Due to the enzymatic action, the retting leads to a modification of the biochemical composition of the plant. Meijer et al. [23] demonstrated the decrease in the amount of pectins contained in flax straw during retting. The proportion decreased from 3% to 1%. In addition, Rosemberg and De França [START_REF] Rosemberg | Importance of Galacturonic Acid in Controlling the Retting of Flax[END_REF] demonstrated the release of galacturonic acid during the retting with warm water of linseed stalks. The level of galacturonic acid increased during retting. The work of Pallesen [START_REF] Pallesen | The quality of combine-harvested fibre flax for industrials purposes depends on the degree of retting[END_REF] shows an increase in the proportion of cellulose in flax fibres with the degree of retting, from 70 to 76%. Akin et al. [START_REF] Akin | Chemical and Structural Analysis of Fibre and Core Tissues from Flax[END_REF] showed that retting decreased the quantity of polysaccharides which is in agreement with the results of Pallesen, the ratio between cellulose and polysaccharides (rhamnose, arabinose, xylose, mannose and galactose) thus passing from 4.2:1 to 6.9:1. The phenolic proportions of compounds decreased until only traces were left. The phenolic compounds of un-retted fibres arise from residues of bark and xylem. Mooney et al. [START_REF] Mooney | Analysis of retted and non retted flax fibres by chemical and enzymatic means[END_REF] also highlighted a significant change of the composition of pectic and hemicellulosic polymers. The retted fibres had a smaller proportion of rhamnogalacturonan (pectin), arabinan and xylan (hemicelluloses). The total loss of polysaccharide caused by retting is estimated to be more than 3%. In the study by Akin et al. and Mooney et al., the proportion of glucose is not decreased, suggesting that retting did not attack cellulose fibres.

In the literature, an increase in the crystallinity of plant fibres during retting was obtained by X-ray diffraction crystallinity index measurements [START_REF] Segal | An Empirical Method for Estimating the Degree of Crystallinity of Native Cellulose Using the X-Ray Diffractometer[END_REF]. Zafeiropoulos et al. [START_REF] Zafeiropoulos | A study of transcrystallinity and its effect on the interface in flax fibre reinforced composite materials[END_REF] report an evolution of 64.55% to 71.64% of the crystallinity index between green and dew retted flax. Li et al. [START_REF] Li | Analysis of green hemp fibre reinforced composites using bag retting and white rot fungal treatments[END_REF] studied the evolution of the crystallinity index between green and retted hemp fibres, after one and two weeks in moist atmosphere in hermetic bags. The crystallinity index evolved respectively from 66% for green hemp to 85% for red hemp. Finally, Marrot [482] reports an increase in the degree of crystallinity of hemp fibres following the retting in the field of the plant. The crystallinity index increased by 45.8% for green hemp, to 71.3%, 71.2% and 74.5% respectively after 14, 31 and 45 days of ground retting. Interestingly, in case of over-retting, a decrease in the degree of crystallinity is observed for hemp fibres, due to enzymatic alteration of cellulose in case of prolonged field stay [START_REF] Placet | The influence of unintended field retting on the physicochemical and mechanical properties of industrial hemp bast fibres[END_REF]. These various works highlight the influence of extraction processes, but also of retting on the quality of plant fibres and their mechanical properties. The choice of the retting and extraction process parameters is therefore extremely important to produce high-performance fibres; it will consequently also condition the properties of the composites. Figure 2-34 synthetises the potential consequences of the retting parameters on both fibre and composite properties. 

Pertinent fibres for high-performance composites

Towards relevant mechanical characterisation

According to the nature of the research, the mechanical performance of the cell walls can be interpreted in different ways. We have seen previously that mechanical characterisations re possible at different scales. They can be conducted at the scale of the plant cell wall up to the scale of the stem. However, the study of the mechanical properties on the scale of the elementary fibre is the one that most allows to get rid of uncertainties related to the quality of the middle lamella or to the discontinuity of the fibres. This mode of characterisation requires time and an important know-how, but remains incomparable to quantify the mechanical performances of the plant fibres. On the other hand, it is necessary to be certain that we are dealing with elementary fibres, and the use of polarised light makes it possible to discriminate fibres and to validate the tests. During these tests, the quality and the degree of filling of the fibres are also taken into account. Depending on the nature of the species considered, the geometry of the fibre, its degree of retting, growth conditions or maturity, both the degree of maturity of the walls or the size of the lumen may vary. They can significantly influence the mechanical performance of the fibre object and particular attention must be paid to the quality of the selected fibres so as not to lead to erroneous conclusions as to the performance of the fibres tested. The experimental parameters are also predominant, and some standards exist [START_REF] Afnor | Determination of tensile properties of elementary flax fibres[END_REF] to govern these tests and to ensure their validity whatever the equipment used. However, the experimenter's know-how plays an important role, particularly during the phase of extraction, selection and measurement of elementary fibres.

In order to reinforce composite materials with plant cell walls, it is necessary to ask the question of the relevant object to analyse. Should the mechanical characterisation be done on the scale of the wall, the fibre or the bundle? The answer to this question depends not only on the material produced, but also on the nature of the fibre and the species under consideration. The relevant scale may differ depending on if we are dealing with bundles of vascular coir fibres in which the fibres are assembled in a very cohesive manner, of highly-lignified jute or sisal bundles, or highly individualised hackled flax fibres. In spite of the shear induced during the manufacturing of injection-extrusion moulded composites, it will be in some cases very difficult, if not impossible, to divide the bundles which leads to preferring this scale to characterise the reinforcement objects. Castellani et al. [START_REF] Castellani | ignocellulosic fiber breakage in a molten polymer. Part 1. Qualitative analysis using rheo-optical observationsOriginal[END_REF] proposed a breakage model of the bundles, depending on the lignin content but also of the tested species. Moreover, as mentioned above, it is in some cases almost impossible to characterise the elementary fibres for practical reasons linked to their short length. The relevant measurement scale may also differ depending on the treatment of the fibres and the quality of their extraction. In the case of flax, modest retting, conventional scutching or hackling will not lead to the same degree of fineness [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF]. This will be found at the composite scale, so their quality will be strongly influenced by the initial state of the fibres. The same applies to the biochemical treatments undergone by fibres such as alfa to facilitate their extraction [49]. Their treatment intensity leads to very different levels of division of the bundles. Thus, depending on the nature of the fibres under consideration, characterisation of the bundles may be preferred to that of the elementary fibres and vice versa. This may also depend on the nature of the manufacturing process used. During a process cycle, whether it is a thermosetting or thermoplastic matrix composite, the shear rates vary greatly. They can range from a few s -1 during film-stacking compression moulding processes [START_REF] Agarwal | Study of compressibility and resin flow in the development of thermoplstic matrix composite laminates by film stacking technique[END_REF][START_REF] Ali | Effects of processing conditions on the impregnation of glass fibre mat in extrusion/calendering and film stacking operations[END_REF] to more than 10000 s -1 in the case of injection moulding [START_REF] Doumbia | Flax/polypropylene composites for lightened structures: Multiscale analysis of process and fibre parameters[END_REF]. The latter will naturally lead to more marked division of bundles which may lead to the need to know the properties of the elementary fibres rather than those of the bundles. In materials such as non-woven flax mats [START_REF] Mikshina | Cellulosic Fibres: Role of Matrix Polysaccharides in Structure and Function[END_REF], given the low level of splitting of the tows used, we may encounter some elementary fibres, but primarily bundles, and sometimes even straws. This heterogeneity has an important impact on the performance of the materials and in particular when they have low densities. In this case, the quality of the composites is strongly linked to that of the polymer bridges with the fibres and the bundles, the interfacial phenomena and the mechanical performance of the reinforcement objects, it is therefore necessary here to take into account both the performances of the elementary fibres but also those of the bundles for a good understanding of those of the composite.

For optimal mechanical characterisation, experimental parameters and environmental conditions are also important. The humidity and temperature during the tests must be controlled. Their values are imposed by the standards. Even more than for synthetic fibres, plant cell walls have a high sensitivity to these factors, whether in terms of mechanical performance or dimensional stability. As already mentioned, the control of displacement during a tensile test must be optimal and the compliance of the force sensor must be taken into account during the calculations. The positioning of the objects during the tests is also a first order factor, in tension, the elementary fibres or the bundles must be welloriented with the axis of stress. This is also true at the cell wall scale during AFM or nanoindentation characterisation. In nanoindentation, an inclination of the fibres, even by a few degrees, can lead to significant differences in modulus [START_REF] Jäger | Identification of stiffness tensor components of wood cell walls by means of nanoindentation[END_REF] because of the very low transverse stiffness of the fibres which greatly influences the measurement. The quality of surface preparation as well as edge effects are also points to be taken into account during a nanoindentation test [START_REF] Arnould | Towards a better understanding of wood cell wall characterisation with contact resonance atomic force microscopy[END_REF][START_REF] Arnould | Better insight into the nano-mechanical properties of flax fibre cell walls[END_REF].

How to define at best the plant fibres? Reliable parameters for a use as composite reinforcements

In this section, we will focus on defining the relevant parameters to be taken into account when using plant fibres as composite reinforcements. The mechanical performance of a composite material is conditioned by those of the matrix and of the fibre, but also by the quality of the interface between the two components, which will play a major role in the transfer of load between these two components. Consequently, we will focus here on the intrinsic characteristics of the fibre and the influence of the fibre/matrix interface.

At the scale of the fibre, the surface properties are paramount as their quality of these can greatly influence that of the interface. This has been demonstrated by Le Duigou et al. [START_REF] Duigou | Interfacial properties of flax fibre-epoxy resin systems: Existence of a complex interphase[END_REF] on fibres having surface impurities. Residues of middle lamellae on the fibre surface can penalise the quality of the interfaces with the composite. Differences can also be observed depending on the nature of the fibres. Because of their different biochemical compositions, flax and hemp possess properties of surfaces that are not the same [START_REF] Mills | Inverse gas chromatography for the determination of the dispersive surface free energy and acid-base interactions of a sheet molding compound. I. Matrix material and glass[END_REF][START_REF] Mader | Surface properties and fibre-matrix adhesion of man-made cellulose epoxy composites -Influence on impact properties[END_REF][START_REF] Paul | Influence of polarity parameters on the mechanical properties of composites from polypropylene fiber and short banana fiber[END_REF]. Several methods like dynamic contact angle (DCA) or inverse gas chromatography (IGC) have been widely used and compared when aiming at evaluating surface physicchemical properties (polarity, dispersive surface free energy, acid or base interactions) [START_REF] Gassan | Calculation of elastic properties of natural fibers[END_REF]. These methods may be especially required to quantify the effects of fibre pre-treatment [START_REF] Paul | Influence of polarity parameters on the mechanical properties of composites from polypropylene fiber and short banana fiber[END_REF] used to improve fibre/matrix interaction. For instance, a higher contact angle for hemp fibre was reported when NaOH treated, which was beneficial in terms of thermal and wetting stability in the resulting thermoset composites [START_REF] Dhakal | Influence of fibre treatment and glass fibre hybridisation on thermal degradation and surface energy characteristics of hemp/unsaturated polyester composites[END_REF]. Microbond tests with a polypropylene matrix revealed a better interface for hemp due to the presence of lignin in larger quantities. This has also been demonstrated by Graupner et al. [START_REF] Graupner | Procedural influences on compression and injection moulded cellulose fibre-reinforced polylactide (PLA) composites: Influence of fibre loading, fibre length, fibre orientation and voids[END_REF] with jute fibres which are also highly lignified. These surface parameters are linked to the condition of retting and to the quality of the mechanical extraction of the fibres, but also depend on their own nature. Depending on the polymer used, it can therefore be taken into consideration in the choice of the reinforcing fibres. This is particularly true for hydrophobic polymers such as thermoplastic polyolefins. Although the interface can in this case be improved with a coupling agent such as maleic anhydride [START_REF] Ausias | Study of the fibre morphology stability in polypropylene-flax composites[END_REF][START_REF] Doumbia | Flax/polypropylene composites for lightened structures: Multiscale analysis of process and fibre parameters[END_REF] or natural promoter such as poly-dopamine [495], the quality of the interface can be further improved by choosing a fibre rich in lignin. Although this parameter is not the first to be investigated, the researcher should have it in mind to optimise the quality of future composites.

Premature breakages and low elongation are often considered to be the major defects of biocomposites. They can be related to the nature of the fibre and their morphology. The presence or absence of bundles is particularly important here, especially when they are stressed in transverse directions, as it is the case for example in an injected biocomposite [START_REF] Doumbia | Flax/polypropylene composites for lightened structures: Multiscale analysis of process and fibre parameters[END_REF] or for unidirectional reinforcements in the transverse direction [START_REF] Baley | Transverse tensile behaviour of unidirectional plies reinforced with flax fibres[END_REF]. The bundles constitute privileged areas of damage, their presence causes early breaks of the composite parts [START_REF] Bourmaud | Observation of the structure of a composite polypropylene/flax and damage mechanisms under stress[END_REF]. In this case, it is the fibre-fibre interface that is stressed and therefore the middle lamellae which possess weak interfacial properties (about 7 times less than fibrepolymeric matrix). The elastic modulus of the middle lamellae measured by AFM is about 8 GPa [276]. This modulus is very close to the transverse modulus of a flax fibre also estimated to be 8 GPa [START_REF] Baley | Transverse tensile behaviour of unidirectional plies reinforced with flax fibres[END_REF]. Thus, biocomposites exhibit low mechanical properties in the transverse direction. Low transverse tensile strength is a major weakness of composites. The low value of the transverse tensile strength and the corresponding transverse failure strain are due to strain concentration in the matrix (or at the interface) around the fibres and the composite transverse tensile failure strain is often lower than that of the matrix. To improve the fibre individualisation during hackling, the middle lamella needs to be degraded. Coroller et al. [306] evidenced the crucial role of retting on injection-moulded biocomposite properties, especially on the strength values, and found high dependence on the degree of fibre individualisation. In general, at the fibre scale, the individualisation rate and the presence (or not) of bundles are essential parameters. Regardless of the microstructure of the future biocomposite, they largely impact its mechanical properties, especially in terms of failure and damage initiation. This point can be moderated according to the bundle's structure. In case of highly cohesive bundles such as of coir or jute, their division and breakage is not easy and polymer-fibre interface remains the main damage area. Nevertheless, at similar fibre volume fraction, the presence of large diameter bundles (with coir or jute for example) induces a reduction in the interfacial surface which is not in favour of good fibre-matrix stress transfer; for these reasons designer must prefer highly individualised reinforcements.

The mechanical performance of the reinforcing fibres greatly influences that of the associated biocomposites. In the case of a unidirectional composite, the longitudinal stiffness of the composites is directly driven by that of the fibres [START_REF] Bourmaud | Influence of processing temperature on mechanical performance of unidirectional polyamide 11 -flax fibre composites[END_REF]. This is not the case for the stress at failure of the parts. Although the stress of the fibres has an impact on that of the composites, it is necessary to take into account other parameters. Thus, the individualisation of reinforcements, already underlined above, the quality of fibre/matrix interface or the length of the fibres and the presence of defects, have an important influence on the final strength value of the composite [START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF][START_REF] Marrot | Multi-scale study of the adhesion between flax fibers and biobased thermoset matrices[END_REF]. For unidirectional composites, it is possible to define an efficiency factor taking into account these different parameters. In the case of composites made from non-wovens, depending on the porosity of the latter, the influencing parameters will not necessarily be the same [START_REF] Mérotte | Mechanical and acoustic behaviour of porosity controlled randomly dispersed flax/PP biocomposite[END_REF]. If the performance level of the fibres is high, the state of division of the reinforcements remains a first order parameter and for materials with low densities, the quality of the interface between the fibre and the matrix is a very important point. The connection between the two components being affected by small surfaces bridges which are consequently highly stressed. When the densities are high and the porosity is limited, the structure of a non-woven composite can be similar to that of an injected part, except that its structure is homogeneous whatever the zone of the part in question. These properties are therefore relatively isotropic. In the case of an injected piece, things are different. The orientation mechanism of short fibres during injection moulding for reinforced thermoplastics is well-known in the case of glass fibre. The skin/core effect orientated to the flow direction in the skin layer and perpendicularly in the core layer has been demonstrated by many authors [START_REF] Bay | Fiber orientation in simple injection moldings. Part II: Experimental results[END_REF][START_REF] Bay | Fiber orientation in simple injection moldings. Part I: Theory and numerical methods[END_REF]. These orientation mechanisms can be predicted with numerical simulations [START_REF] Albrecht | Measuring fibre orientation in sisal fibre-reinforced, injection moulded polypropylene -Pros and cons of the experimental methods to validate injection moulding simulationOriginal Research Article Composites Part A: Applied Science and Manufacturing[END_REF]. Some authors [START_REF] Bijsterbosch | Polyamide 6-long glass fiber injection moldings[END_REF] also show a significant increase of the thickness of the skin layer with the length of fibres because of the easier orientation for long fibres. In the case of reinforcement by short plant fibres (2 mm), the skin/core microstructure exhibits transitions between layers, but it is less noticeable than for glass fibres [START_REF] Bourmaud | Observation of the structure of a composite polypropylene/flax and damage mechanisms under stress[END_REF]. The mechanical properties of the composite vary depending on the fibre orientation and the skin and core layer thickness. In the skin layer, the fibres tend to be aligned in the direction of flow which leads to superior mechanical properties relative to the core where the fibres are more randomly oriented [304]. Graupner et al. [START_REF] Graupner | Procedural influences on compression and injection moulded cellulose fibre-reinforced polylactide (PLA) composites: Influence of fibre loading, fibre length, fibre orientation and voids[END_REF] found on PLA/Lyocell moulded parts that the higher the fibre content is, the less the fibres were oriented in the flow direction. Indeed, by increasing the fibre content there are more interactions between the fibres, which leads to a decrease in the flow direction orientation [START_REF] Gallos | Exploring the microstructure of natural fibre composites by confocal Raman imaging and image analysis[END_REF]. Moreover, viscosity increases making flowing difficult and consequently lower fibre orientation. Thus, according to the final microstructure of the injected composite, mechanical properties can vary due to the important difference between skin and core orientation and longitudinal mechanical performances. The thickness of the skin area is governed by the melt viscosity, by injection parameters such as pressure and filling speed, by injection gate location, by the thickness of the part but also by the reinforcement structure [START_REF] Albrecht | Measuring fibre orientation in sisal fibre-reinforced, injection moulded polypropylene -Pros and cons of the experimental methods to validate injection moulding simulationOriginal Research Article Composites Part A: Applied Science and Manufacturing[END_REF]. Injected flax and jute biocomposites microstructure was compared [108] and interestingly, for similar matrix and injection parameters, a thicker skin layer was highlighted for jute reinforcement, probably due to the reinforcement architecture. In the case of flax, the fibres are highly individualised, more flexible and more difficult to orient within the melt flow. Jute bundles have higher diameter and their high lignin rate make them more cohesive; this specific structure eases their orientation and is in favour of aligned reinforcement, leading to higher longitudinal composite performances. Figure 2-35 shows a comparison of a cross section of PP-flax and PP-jute. By working on different varieties of flax, Haag et al. [START_REF] Haag | Influence of flax fibre variety and year-to-year variability on composite properties[END_REF] have shown that the bundles fineness was a parameter strongly linked to composite properties; nevertheless, the impact of this individualisation is not the same according to the used processing method.

Thus, although fibre parameters that have a notable influence at the composite scale can be identified, nevertheless their degree of influence can vary according to the kind of composite. Degree of individualisation is a crucial parameter, having a strong influence on both strength and interfacial properties; it must be favoured to optimise composite properties, for example by using specific processing tools such as BUSS co-malaxor [START_REF] Doumbia | Flax/polypropylene composites for lightened structures: Multiscale analysis of process and fibre parameters[END_REF]. Fibre mechanical properties are also key, and generally, higher fibre mechanical performance lead to better the composite mechanical properties; this is especially true for unidirectional composites, but also for non-woven composites. Finally, for injection-moulded composites, the microstructure of the parts is an essential parameter. It is largely influenced by the ability of the reinforcement to be oriented within the polymer flow. In this way the architecture of the reinforcement and its stiffness is a key parameter which can be more important than the fibre mechanical properties.

Plant fibres hierarchy for use of composite reinforcement

The last part of this manuscript aims to propose a classification of plant fibres that can be used as composite reinforcements. As we have just mentioned, it is difficult to propose an elementary classification given the structure of the materials and the stresses on the composite materials which can be very different according to their nature and their applications. We propose to present three cases: (i) unidirectional composites with long fibres, (ii) injectionmoulded short fibre composites, and finally (iii) composites made from nonwovens of plant fibres. For each case, according to the most influential parameters identified in the previous section, but also taking into account the availability and cost of the reinforcements, we will propose the most relevant fibres.

Figure 2-36 proposes a synthetic view of both reinforcement and composite architecture diversity. It graphically shows the large panel of fibre properties available, particularly stiffness and morphology, which largely depends on the nature of the reinforcement (whether it is an elementary fibre or bundle). As explained previously, according to the biochemical composition of the plant cell walls and middle lamellas linking the elementary fibres, the majority of the elementary fibres or bundles can be present within the composite, even after a process cycle [START_REF] Tanguy | Polypropylene reinforcement with flax or jute fiber; influence of microstructure and constituents properties on the performance of composite[END_REF][START_REF] Coroller | Effect of flax fibres individualisation on tensile failure of flax/epoxy unidirectional composite[END_REF]. Of course, the mechanical properties of the fibre elements are also strongly impacted by the morphology of these latters and especially if they are elementary fibres or bundles being an assembly of several elementary cells with interfacial bonds.

In the case of unidirectional composites, the mechanical performance of the reinforcements is particularly important as they directly affect the stiffness and the strength of the materials. Moreover, the level of division of the fibres and the availability of long elementary fibres is also a very important point. Furthermore, the elaboration of the unidirectional fabric, and especially the potential twisting of the yarn is a key point parameter, limiting fibre impregnation, favouring the presence of porosities and consequently limiting composite performance [START_REF] Baets | Determination of the optimal flax fibre preparation for use in unidirectional flax-epoxy composites[END_REF][START_REF] Shah | Modelling the effect of yarn twist on the tensile strength of unidirectional plant fibre yarn composites[END_REF]. The selection criteria generally used for unidirectional design are the stiffness of the reinforcements, the length of the elementary fibres and their diameters.

Figure 2-37 synthesises literature data on Young's modulus and strength at break for unidirectional plant fibre composites. These composites were manufactured with an epoxy matrix and a large diversity of plant fibres. Interestingly, one can notice that the Young's modulus is moderately affected by the morphology of the fibre's elements; the best values are obtained for flax due to the high individualisation rate of hackled flax but also due to the good mechanical performance of isolated fibres. Nevertheless, large values can also be obtained with jute, when suitable reinforcement can be used. Of course, due to lower mechanical properties of jute cell walls a shift in the gradient of the stiffness-volume fraction curve is noticed. Nonetheless, these different values come from different references, showing the potential reproducibility of jute fibre composites properties. The important takeaway is that here, the stiffness of unidirectional plant fibre composites is mainly governed by the cell wall stiffness (Figure 234567) and not by the elementary fibre length (Table 2-1). Nevertheless, the aspect ratio does contribute, especially in a detrimental manner, as noticeable for high bundle diameter fibres such as coir. Things are a little different for strength. Unidirectional flax composites exhibit higher values, particularly as the considered batch of fibres was hackled and thereby exhibiting high fibre division. Moreover, these fibres exhibit the best elementary fibre strength at break (Figure 234567), as well as large elementary fibre length, which is of utmost importance for stress-transfer between fibre and matrix. The composite strength at break is lower for hemp, jute, kenaf and coir fibres. These fibres, due to their important lignin content, are generally assembled in cohesive bundles having larger diameters. This morphology induces lower reinforcement aspect ratio which is a limiting factor for stress transfer and high strength levels. We showed in a previous work that the bundles are also preferential areas for breakage initiation [START_REF] Bourmaud | Observation of the structure of a composite polypropylene/flax and damage mechanisms under stress[END_REF].

Thus, depending of the considered mechanical properties, modulus or strength, the choice of the reinforcement fibres can be different, but in general, best properties are obtained with the reinforcements having better elementary fibre mechanical properties, fibre length and division. Young's modulus is more dependent on fibres mechanical properties, while for strength, the individualisation and aspect ratio are also key elements. Applications for unidirectional composites typically involve high value-added sectors such as naval or aeronautic. Although important, the cost of reinforcements is not always a decisive criterion, but must be considered alongside the environmental impact resulting from the fibre's production and extraction. jute [START_REF] Biswas | Physical, Mechanical and Thermal Properties of Jute and Bamboo Fiber Reinforced Unidirectional Epoxy Composites[END_REF][START_REF] Gassan | Possibilities for improving the mechanical properties of jute/epoxy composites by alkali treatment of fibres[END_REF], kenaf [START_REF] Fiore | The effect of alkaline treatment on mechanical properties of kenaf fibers and their epoxy composites[END_REF] and coir [START_REF] Tran | Understanding the interfacial compatibility and adhesion of natural coir fibre thermoplastic composites[END_REF] fibres.

Short-fibre injection-moulded composites are mainly reserved for applications with large volumes due to the high cost of production equipment. These markets mainly concern the automotive sector, and the cost and availability of materials make sense here. As mentioned, the structure of the reinforcements, which plays an important role on the microstructure of the parts, must be taken into account in the choice of reinforcements. The mechanical properties of the fibres must also be taken into consideration. For these reasons, we have chosen to consider in our classification the mechanical performances of the reinforcements, their lignin ratio, the aspect ratio and diameter of the objects. For instance, a small diameter penalises the orientation capacity, while and a large diameter penalises the interfacial surface. We also integrate their cost and availability in this analysis. with 3% of maleic anhydrid grafted PP (Orevac 100 from Total Petrochemical)). Moreover, compounding and injection moulding were performed with the same equipments. For each parameter, except composite stiffness, values are presented relative to the higher one.

As discussed in 2.3.2.2 section, the composite stiffness classification is not directly linked to the Young's modulus of the fibre. Indeed, flax and hemp, which have the best fibre stiffness exhibit a composite modulus lower than that of jute composites. As explained before, the orientation ability of the bundles has a strong influence and hemp or flax, mainly due to their high aspect ratio and low lignin content have softer and less cohesive bundles, limiting their flow orientation. Nevertheless, these considerations have some limits. For example, coir, which has a large diameter, a low aspect ratio and a high lignin content, exhibits a poor composite reinforcement ability. The large diameter of coir fibre bundles as well as their porous structure are, in this case, limiting and induce a reduced interfacial surface between matrix and bundles within the composite. Thus a compromise must be found, based on fibre performance and morphology and structure. Here, jute fibres are a good example, having limited mechanical performance, but an ideal structure for a suitable orientation within an injected part (Figure 2 -35). Injection-moulded composites, considering the high cost of tooling, are generally carried produced at large scales (at least a few hundred thousand pieces). Thus, the necessary volumes are important and this must be taken into account in the availability of the plant fibre resource. The cost of reinforcement is often a decisive factor in the choice of the latter, especially in very competitive sectors such as the automobile one. For this reason, these two parameters also appear in Figure 2-38. It can be seen that the high cost of flax fibres, as well as their relatively low availability, can be a constraint on their incorporation into parts for high volume markets. On the other hand, once again jute satisfactorily fulfils these two criteria. Wood, which is very abundant and inexpensive, can also be seen as an alternative resource, especially when it is available in the form of individual Woodforce© fibres that exhibit aspect ratios and interesting performances within composites. Finally, the local aspect of the resource must be taken into account in order to combine performance and low impact on the environment. Thus the injected composites produced in Asia will be able to favour jute, while those made in Europe will favour hemp or the flax, whereas the wood can be chosen in North America. functions [START_REF] Mérotte | Mechanical and acoustic behaviour of porosity controlled randomly dispersed flax/PP biocomposite[END_REF][START_REF] Graupner | Fibre/matrix adhesion of cellulose fibres in PLA, PP and MAPP: A critical review of pull-out test, microbond test and single fibre fragmentation test results[END_REF].

Finally, the case of low density biocomposites made from nonwovens of plant fibres can be studied. Figure 2-39 shows their specific structure, highlights the strong dependence of their acoustic and mechanical properties to their density and finally presents a list of their main influencing parameters. These lightweight materials are mainly used in the automotive and construction sectors. They are therefore also important markets in terms of volume. If the price of the fibres is large it must be normalised here because in the case of flax, these materials are generally made from coproducts such as tows. For this reason, this economic parameter has not been taken into account here as the cost of flax tows may be of the same order as that of hemp, jute or sisal tows.

Non-wovens are shaped by compression moulding and, according to process parameters, the densities of the final parts can vary considerably, depending on the desired characteristics. Consequently, the nature of the fibres plays a particularly important role on the performance of these materials. If acoustics are favoured, the densities will be low whereas they will be higher if the part must have a mechanical function. In view of an acoustic application, the porosities of the material will play a role but those present in the reinforcements also. It will then be pertinent to favour fibres having large lumens such as those of jute or sisal. Their apparent morphology will also be a criterion of choice; indeed, the stiffness and maximum stress performances of these composites are largely influenced by the interfacial surface which is conditioned by the degree of individualisation of the reinforcement and the microstructure or the density of the stack. The higher the interfacial surface area, the greater the number of stress transfer zones from one reinforcing fibre to the other. The relevant parameters identified here are thus both the degree of individualisation and the diameter of the fibres, as well as their lengths which can influence the slippage between fibres.

The quality of the interface is also paramount, especially for parts with very low densities for which the structure of the material is very dependent on the connections between fibres and matrix. Graupner et al. [START_REF] Graupner | Fibre/matrix adhesion of cellulose fibres in PLA, PP and MAPP: A critical review of pull-out test, microbond test and single fibre fragmentation test results[END_REF] showed that lignin could significantly improve this interface by acting as an adhesion promoter. Thus, depending on the nature of the fibres used, the quality of the interface may vary, and reinforcements of jute or hemp may then present an additional attraction with respect to flax.

Finally, even if it is not preponderant here, the mechanical performance and especially the specific fibre stiffness of the reinforcements also influences that of the composite and must be taken into account; especially when high density materials are considered.

Through these three different examples we were able to define the relevant parameters to be considered when selecting plant fibres to achieve the best composite performance. These factors are based on the authors' experience (and that of the wider biocomposites community), but the designer must always have a critical eye on the reinforcements used and adapt their decisions based on the specific needs. The matter is complex to want to generalise into point-by-point conclusions. We encourage questioning of the principal parameters depending on the nature of the polymers used, the process conditions or the geometry of the tools, which are paramount parameters for obtaining high-performance composites.

Is recycling a pertinent end of life for biocomposites?

The recycling of biocomposites has been little studied in the literature, particularly due to the recent development of these materials but also the unavailability of industrial parts. For example, on large-scale polymer materials such as reinforced or virgin polyolefins [START_REF] Bahlouli | Recycling effects on the rheological and thermomechanical properties of polypropylene-based composites[END_REF][START_REF] Gu | Performance evaluation for composites based on recycled polypropylene using principal component analysis and cluster analysis[END_REF] or waste from electrical and electronic equipment (W3E) [START_REF] Beigbeder | Study of the physico-chemical properties of recycled polymers from waste electrical and electronic equipment (WEEE) sorted by high resolution near infrared devices[END_REF][START_REF] Wang | Recycling of non-metallic fractions from waste electrical and electronic equipment (WEEE): a review[END_REF], works on the recycling of industrial parts exist. In the case of biocomposites, the recycling work reported in the literature deals with model materials made in the laboratory using virgin or sometimes recycled thermoplastic matrices and plant fibers extracted from plants by mechanical and / or chemical means depending on their nature. Regardless of the fibres and matrices selected, the recyclability of the parts was studied after a compounding cycle (generally carried out by extrusion) by successive injection cycles (Figure 2 -40). For each of these cycles, samples of material in the form of specimens are carried out in order to perform characterizations.

This recycling route, carried out in laboratory does not make it possible to take account of the real life of the parts. On the other hand, it has the advantage of working on model materials with controlled manufacturing conditions; Moreover, the parts come from a single batch which facilitates the interpretations and reduces the risks of dispersion of the results. In the case of biocomposites, we know that thermal cycles of transformation play a major role in the alteration of their properties; Therefore, being able to master this manufacturing phase is an asset for analysing the results and understanding the phenomena occurring during the different recycling cycles. Processing of thermoplastic composites generally cause a drastic reduction in the length of the plant fibres, especially after an extrusion cycle [START_REF] Berzin | Evolution of lignocellulosic fibre lengths along the screw profile during twin screw compounding with polycaprolactone[END_REF][START_REF] Beaugrand | Lignocellulosic fiber reinforced composites: Influence of compounding conditions on defibrization and mechanical properties[END_REF]. The fibres diameter is also reduced during this transformation phase. By applying successive injection cycles after this compounding, these evolutions will naturally continue with particular characteristics related to the nature and the structure of the reinforcements. A distinction can be made here between the fibres originating from the supporting tissues having initial lengths of a few tens of mm and having a high aspect ratio (case of flax and hemp) and shorter fibres such as, for example, cell walls of wood which are naturally short and are generally incorporated in the form of powder or flour because of their extraction method or their origin (sawmill waste for example). This strong decrease of length after compounding has already been observed on flax, hemp or even sisal fibres [73,[START_REF] Bourmaud | Investigations on the recycling of hemp and sisal fibre reinforced polypropylene composites[END_REF][START_REF] Duigou | Effect of recycling on mechanical behaviour of biocompostable flax/poly(l-lactide) composites[END_REF][START_REF] Dickson | The effect of reprocessing on the mechanical properties of polypropylene reinforced with wood pulp, flax or glass fibre[END_REF] ; It is also noticed on synthetic fibres such as glass. Due to the initial structure of the plants, the observations are different for the changes in diameters and therefore in the aspect ratio (L/D); Regarding glass fibres, one can note a significant decrease in this form factor (L/D) with the number of cycles due to the shear rate of the injection process.

This decrease is caused by the constant reduction in the length of the fibres associated with the fact that their diameter remains constant throughout the injection cycles. Indeed, glass fibres are initially individualized within the compound. The behaviour of plant fibres is different. These fibres are initially present in the plant in the form of bundles which can contain several tens of fibres. After recycling, these bundles will divide, which will cause a reduction in the diameters of the reinforcements. In parallel, fibre lengths decrease but this decrease is less marked than for glass fibres [START_REF] Bourmaud | Investigations on the recycling of hemp and sisal fibre reinforced polypropylene composites[END_REF]. The combination of these two decreases (length and diameter) leads to a relative stabilization of the aspect ratios as can be seen in Figure 2-42, for either hemp or flax fibre elements.

One can notice that the aspect ratio obtained on plant fibres are relatively low compared to those of the glass fibres (13.0 and 10.5 for hemp and sisal against 54.0 for the glass after an injection cycle [START_REF] Bourmaud | Investigations on the recycling of hemp and sisal fibre reinforced polypropylene composites[END_REF]). They can lead to a lower reinforcement quality; this factor must be taken into account in the realization of future compounds where the emphasis will be on the dispersion of the elementary fibres in order to favour performing aspect ratio.

Works have also been carried out on composites reinforced with wood flour [START_REF] Soccalingame | Reprocessing of wood flour reinforced polypropylene composites: Impact of particle size and coupling agent on composite and particle properties[END_REF][START_REF] Dickson | The effect of reprocessing on the mechanical properties of polypropylene reinforced with wood pulp, flax or glass fibre[END_REF][START_REF] Beg | Reprocessing of wood fibre reinforced polypropylene composites. Part I: Effects on physical and mechanical properties[END_REF]. Given the specific morphology of these reinforcements, it is sometimes difficult to define a length and a diameter, these are therefore mostly defined by a single dimension. Even if the geometry of these reinforcements is noticeable, it remains modest and the wood particles very quickly reach a floor value given their initial geometrical characteristics which are already small. By working with wood fibres extracted by methods that better preserve the lengths, it is possible to approach the trends observed for flax and hemp fibres, the fibres then maintaining a significant aspect ratio over the cycles [START_REF] Dickson | The effect of reprocessing on the mechanical properties of polypropylene reinforced with wood pulp, flax or glass fibre[END_REF].

However, these extraction processes require the use of heavy mechanical and chemical equipment and the environmental impacts must be considered in parallel. After compounding and injection, the plant reinforcements are embedded into a polymer matrix. If it is possible to extract them from the latter chemically in order to study their morphologies, it is not possible to carry out tensile tests because of their short lengths and especially the impact of the solvents on the Integrity of the plant walls. In addition, the nanoindentation allows to obtain an estimate of the stiffness and hardness of the plant cell walls by working on cross sections of injected parts. Figure 2-43 shows indents made in flax plant walls after 1 and 7 injection cycles in a PLLA-PBS matrix [352] as well as the evolutions of mechanical properties measured in nanoindentation. These images show that in this specific case the surface morphologies and the geometries of the indents are similar, evidencing no major structural differences, contrary to what can be observed, for example, between two species of plant cell walls

[101]. We can note an important difference between the performances of the virgin fibres and after a process cycle, this being particularly marked for the hardness which exhibits a significant drop after compounding. As was pointed out by the wood community [START_REF] Eder | Experimental micromechanical characterisation of wood cell walls[END_REF], the nanoindentation modulus is representative of the behaviour of cellulose microfibrils (especially when the microfibrillary angles are weak as it is the case for flax or reaction wood) whereas the hardness is much more sensitive to changes linked to the matrix polysaccharide. This is mainly due to its method of calculation, based on a theoretical contact area which can be modified in the event of alteration of this matrix. Thus, the large drop in hardness after a process cycle reveals a probable alteration of the pectins and hemicellulose constituting the matrix of the S2 wall. This was also demonstrated by tensile tests on heated fibres Similar tests were carried out on PP-wood compounds [START_REF] Soccalingame | Reprocessing of wood flour reinforced polypropylene composites: Impact of particle size and coupling agent on composite and particle properties[END_REF][START_REF] Stanzl-Tschegg | Comparison of mechanical properties of thermally modified wood at growth ring and cell wall level by means of instrumented indentation tests Dieter Loidl1[END_REF]; The observations are different, especially for the hardness whose value tends to increase with the recycling cycles. This contradictory phenomenon can be explained by the nature of the wood cell walls which, contrary to flax, constitute a large part of lignin and xylan. It has been demonstrated [START_REF] Yin | Effect of Steam Treatment on the Properties of Wood Cell Walls[END_REF] that in the case of wood, a partial crosslinking of the cellulose-xylan-lignin system could occur after a thermal cycle, this phenomenon has been exploited to develop stabilization treatments for the walls such as wood refining. In spite of these morphological and mechanical evolutions of the reinforcing plant fibres, biocomposites have stable mechanical performances after recycling, even if nuances can be made depending on the nature of matrix, some such as PLA may be more sensitive to shear rate and hydrolysis. In this case, a significant decrease in the stress at break of the composites appears after a few cycles Figure 2-44.b. In case of use of a polyolefin or PA11 matrix, the values of Young modulus Figure 2-44.a and strength at break are mostly stable after several process cycles; This is mainly due to the good stability of the fibres' aspect ratio but also to a relatively stable fibre-matrix adhesion compared to the one between PP and glass fibres, the latter benefiting from an optimized sizing but which loses efficiency along the process cycles. Moreover, one can notice that recycled PP offers also good recycling behaviour and enable to manufacture reliable biocomposites, even after several process cycles [START_REF] Bourmaud | What is the technical and environmental interest in reusing a recycled polypropylenehemp fibre composite?[END_REF].

At the same time, due to the smaller size of the fibrous elements but also the alteration of the chain length of the matrix, the biocomposites viscosity is generally considerably reduced after recycling. This point does not constitute a disadvantage, in particular for applications requiring high fluidity such as injection moulding. Thus, all these elements ensure that the biocomposites generally present a very interesting behaviour after recycling, the main limit being their collection and the waste separation which is not yet really implemented mainly because of the low volumes available.

The increase in market shares in the automotive sector must be a trigger for taking their end-of-life into account.

Assessment

This state of the art has the ambition of presenting, in a first stage, a panorama of the plant fibres that can be used as reinforcements for composites and, above all, to be aware of their diversity both in terms of structure and properties.

For the past fifteen years, our contributions have made it possible to provide specific knowledge on the performance and properties of flax, hemp, but also jute or sisal fibres. We also had the opportunity to present original works on the correlations between structure, biochemical composition and mechanical properties of the plant walls.

The second part of this chapter focuses on the sources of fibre diversity and especially their mode of growth and the conformation of the walls but also on the relevance of the characterization methods used. Here again, our contribution can be noted; By a multi-scale approach, over the years we have been interested in the tensile behavior of fibres or bundles as well as of stems and cell walls. In this way, original methods have been used to estimate the stiffness of the supporting tissues, but also to obtain information on the stability of the plants and on their architectural specificities as well; The latter are particularly relevant in a context of collaborative work with plant breeders or fibre producers. Moreover, we have also been able to develop methods for the local mechanical characterization of the plant cell walls, both by nanoindentation and recently by atomic force microscopy in mechanical mode. These investigations open the door, as we will see in the last chapter to small-scale multi-disciplinary work.

Finally, the third part of this chapter turns to the composite scale. By defining the most relevant parameters for three major families of composites: unidirectional, injected and non-woven, we were able to establish a hierarchy between the different plant fibres in which we were interested and propose some solutions and selection criteria for their optimization. An important part of our work has focused on understanding the mechanical behaviour of composites, their damage or their recyclability. This is particularly the case for injected parts, where we have acquired a strong expertise and studied both the link between properties and microstructure but also the impacts of this process on the structural, morphological and mechanical properties of the reinforcing plant fibres. As a guide, part of this work has been carried out keeping always in mind the initial state of the fibres and in particular the quality of their retting, a major factor influencing their capacity for individualization and therefore the performance of the associated composites.

Research project: Towards a better knowledge of plant cell walls for high-performance and eco-friendly composites

In the last years, different studies of our team, highlighted in the previous chapter, have been conducted with a permanent research approach; but they have also, in many cases, with an industrial logic, been supported by collaborative funding. This allowed us to conduct a coherent research in line with the socio-economic environment of the plant fibre and composite materials industry. Thus, a strong partnership, both industrial and academic, was developed and a subsequent network was established. This sum of results and partnerships allowed us to acquire a solid foundation of knowledge and skills; They allow us to set up a research project that is well thought out for the coming years.

Scientific assessment of previous work

For the past fifteen years, my research activities, as described in Chapter 1, were concentrated on three major aspects: the characterization of plant fibres and cell walls, the reinforcement of polymers by plant cell walls and the development of the nanoindentation applied to the polymers and the plant walls. Over the years, I have chosen to mainly focus on the biocomposite aspect, having a multi-scale approach from the plant wall to the recycling of materials, including the characterization of fibres, interfaces, but also the understanding of the damage and the influence of major transformation processes (i.e. injection, extrusion, film stacking or compression) on the performance of fibres and composites. These different works can be grouped into two broad sections corresponding to two scales of work.

Figure 3-1 synthesizes my research activities related to the knowledge and characterization of the plant cell walls. Most of this work focuses on flax fibres but some publications are also dedicated to the characterization of other cell walls such as hemp, jute or sisal. The majority of this work is done in the framework of thesis or post-doctoral studies related or not to collaborative projects (see Chapter 1 for more details). They were conducted using specific techniques developed in our team such as elementary fibre tensile test, microdrop debonding or nanoindentation. We have also been able to build external relations enabling us to go further in the investigations and to benefit from both new perspectives and also a complementary analysis tools, sometimes implemented within our Institute; it is the case for the biochemical analysis of plant cell walls (PBS Rouen and INRA), X-ray diffraction (Centrale Paris and FEMTO), and AFM in mechanic mode (LMGC Montpellier). This complementarity gave us the opportunity to initiate work dedicated to the understanding of the relationships between plant or fibre structure and plant cell wall performance. The lower part of Figure 3-1 shows the different scales used for these investigations at the wall, fibre or stem scale. The second scale of work that can summarize my research activities is the one of the composite material ; Figure 3-2 provides a summary of my published works on this topic, as well as a graphical representation of the main associated key words. We can note that the topics in which I am most personally invested are the recycling of biocomposites but also the understanding of the damage suffered by the plant cell walls during a process cycle. Through these two research topics which, most of the time were closely linked, an important base of knowledge and skills was acquired. Over the years, we have become aware of the importance of the structure and function of plants on the performance of their fibres; This point needs to be further explored, the specificities of plants and therefore fibers that can be used to reinforce composites must be taken into account along their choice. In connection with the processes' specificities, this should promote the use of efficient biocomposites; Work on recycling and the end of life of parts, which are fundamental issues, must also continue. Finally, Chapter 2 was the opportunity to constantly point out the key role of retting; This fundamental step in the reinforcement fibres production chain needs to be further studied and is still surrounded by numerous question marks. The following sections of this chapter will be devoted to the details of my research project for the coming years; these reflections will be fully integrated.

A better understanding of the link between cell walls structuration and fibres performances

This first major section of my research project aims to go deeper into the understanding between the structure or composition of plant cell walls and their mechanical performance. We have already published different papers on this topic, but sometimes with inconsistencies between the scales of measurement. It is the case for our works aiming to link the performance of single fibres with their biochemical or structural composition [20,103] ; they were carried out in one case on the fibre scale and in the other on the bundle, which causes difficulties of interpretation. Thanks to a recent collaborative work, we had the opportunity to work on the characterization of structuration of hemp stems [START_REF] Bourmaud | Exploring the mechanical performance and in-planta architecture of secondary hemp fibres[END_REF] both by high-resolution micro tomography but also by accessing to the Soleil Synchrotron. This preliminary work allowed us to glimpse the possibilities offered by this type of instruments, they offer a real added value in terms of knowledge of structures but also parietal compositions thanks to the specific functionalities of the different lines. In addition, other highly resolving means, such as spectrography or NMR, can also be used for the identification of parietal components. Thus, thanks to the network that I have developed for several years now, several major axes can be identified with the aim of investigating on a small scale the structure and composition of the plant cell walls.

Investigation of cell walls structure and stem morphology

The structural characterization of the plant cell walls and the morphology of the stems can allow a fine understanding of specific phenomena and in particular the influence of the lodging sequence on the structure of flax stems or structural phenomena occurring within the plant cell walls during the retting step. We have already been working on this subject and are continuing to do so on hemp under the Rigthlab program (see details in Chapter 1, section 1.2.4). I would also like to go further in the understanding of this phenomenon in the case of flax, as retting has, as we have seen in Chapter 2, major consequences on the performance of both fibres and composites [24]. A work is currently ongoing on the understanding of the evolution of the mechanical performance of flax fibres during this phase; one of the hypotheses is a modification of the microfibrillary angle or the crystallinity of the cell walls (Figure 3-3), our first results seem to confirm this point. However, a scale problem still arises and we will have to use more powerful tools to finely investigate the microstructure at the scale of the cell walls rather than the bundles in order to be consistent with our scale of mechanical investigation by AFM-PF QNM. In order to precisely investigate the microstructure of the plant walls, the use of equipments such as Synchrotron type is necessary; a first proposal, which will be described later (see section 3.2.2.) is now submitted; in case of success it will open the way to additional accesses. As for structural characterizations at the plant wall scale, the PSYCHE line of the Soleil Synchrotron [START_REF] Rolland | Fatigue mechanisms description in short glass fibre reinforced thermoplastic by microtomographic observations[END_REF] or ID13 of ESRF [START_REF] Peura | Structural studies of single wood cell walls by synchrotron X-ray microdiffraction and polarised light microscopy[END_REF] can be used. In addition to the structural aspect at the parietal scale, a fine understanding of the structure of the stems can help us in an important way in understanding the mechanisms induced by phenomena occurring during the growth. This is particularly the case of reactions related to mechano perception or gravitropism that can occur after a lodging episode. Some structural differences, after a grapitropic response of the plant, both at fibre and stem scale have been evidenced recently by Ibragimova et al. [START_REF] Ibragimova | Development of gravitropic response: unusual behavior of flax phloem G-fibers[END_REF] on flax stem thanks to microscopic observations. In 2017, we initiate a collaboration with the KIBB team in Kazan on this subject. In the framework of Camille Goudenhooft PhD, gravitropic experiments were conducted in Lorient and Kazan on two textile flax varieties, the objective of this work is to link the mechanical properties of the flax fibres with their specific development highlighted by Ibragimova et al. [START_REF] Ibragimova | Development of gravitropic response: unusual behavior of flax phloem G-fibers[END_REF]. These fine observations of the plant stem architecture by optical microscopy can be complete by structural observations by using micro tomographic equipment. In the last years, we performed various investigations at the stem scale but the main difficulty is to combine large analysis scale and high resolution. A promising equipment is currently in final implementation stage at the Centrale Supelec School, we will probably be able to obtain an access in the forthcoming months. In addition to these future work on imaging and structural characterization, we will continue to use both technologies available at the IRDL Institute (SEM, AFM, optical microscopy) but also others equipments previously used in collaborative works such as X-ray diffraction in Cambridge University or micro tomographic equipment in Placamat platform (Bordeaux, France). These different possibilities offer us scales of complementary investigations and can reveal different informations; optical microscopy may in particular provide us additional data in terms of biochemical composition when coupled to staining or spectroscopy but we will detail these aspects in section 3.2.2.

Low scale identification of parietal components

In several papers [20,21,63,103,358,416], we performed biochemical analysis on plant fibres bundles in order to quantify the main cell wall components ; this method, which is finely described in 2.2.3.3. section, enables to obtain quantitative informations is interesting, in a first approach, to evidence relationship between fibre's mechanical behaviour and composition. Nevertheless, it is unappropriated to finely localize parietal constituents, especially in the objective to correlate their presence with AFM mechanical mapping; more accurate and precise investigations ways must be performed. In the same context that in the previous section, these tools will be use, in a first time to better understand structural phenomena occurring during the retting period or after a lodging episode.

During the retting step, flax stems are colonised by fungi and bacteria. Up to 15 different genera of fungi can be found e.g. Cladosporium herbarum, Eppicocum nigrum as well as aerobic bacteria to a lesser extent. These microorganisms produce enzymes responsible for the degradation of polysaccharides. The pectins of the middle lamellae of the cortical parenchyma, the epidermis, the xylem and the bundles of fibres are gradually degraded, which makes it easier to extract the bundles during scutching. One current drawback is the lack of management of the bioprocess retting stage, which sometime evolved in what one can describe as an erratic manner raising further harder mechanical processing conditions for extracting the fibre from the plant. This scutching, generally performed at high speed, induces poor quality fibre. One major driver of the retting efficiency is the climatic conditions occurring in the field during the retting, a parameter that we obviously can't managed. At the fibre and cell walls scale, as detailed in the previous section, improvement of mechanical properties is highlighted, it can be link to structural evolution but also to differences into cell wall composition. The specific function of modulators or inhibitors of the retting can also explain these differences, inducing unexpected retting evolution; they may be located unevenly over the hierarchical structure of the flax stem, leading to high or poor fibre quality levels according their locations and amounts. The first kind of facilitators/inhibitors of enzymes from the literature survey are endogenous proteins, in the form of structural proteins that hypothetically could sterically stop the retting enzymes, or as in the form of enzymes inhibitors as demonstrated elsewhere. Indeed, a protein called zeamatin, a pathogenesis-related protein [START_REF] Vigers | A new family of plant antifungal proteins[END_REF], belonging to the thaumatin family was identified in flax and shown inhibitory activities. Very interestingly, others enzymes inhibitors of xylanases (a key enzyme of the retting) present in cereals [START_REF] Fierens | TLXI, a Novel Type of Xylanase Inhibitor from Wheat (Triticum Aestivum) Belonging to the Thaumatin Family[END_REF][START_REF] Beaugrand | Antibodies against wheat xylanase inhibitors as tools for the selective identification of their homologues in other cereals[END_REF] were recently identified as major modulator of the brewing, the baking bioprocesses efficiencies [START_REF] Dornez | Accumulated Evidence Substantiates a Role for Three Classes of Wheat Xylanase Inhibitors in Plant Defense[END_REF], and TLXI [START_REF] Fierens | TLXI, a Novel Type of Xylanase Inhibitor from Wheat (Triticum Aestivum) Belonging to the Thaumatin Family[END_REF] one of those xylanase inhibitor seems ubiquitous in Plant and is related to the zeamatin of flax based on N-terminal sequence homology. We assume therefore a xylanase inhibitory activity in flax that reduce the efficiency of the retting process in flax varieties enriched in this plant defense protein. The second kind of retting's enzyme facilitators/inhibitors are metallic ions like Ca, Fe, P… that can be necessary for the retting's enzymes activities.

Cu and K were found to enhance the enzyme activity of polygalacturonases while Ag, Ca and Hg were inhibitory [START_REF] Anand | Purification and Characterization of Polygalacturonase from Aspergillus Fumigatus MTCC 2584 and Elucidating Its Application in Retting of Crotalaria Juncea Fiber[END_REF].

In particular Ca ions have been reported to inhibited tissue disorganization by endopolygalacturonase, arguably by bridging pectin molecules that provide a chemical and physical barrier to retting's pectinase [START_REF] Akin | Enzyme-retting of flax and characterization of processed fibers[END_REF][START_REF] Jauneau | Involvement of calcium in the inhibition of endopolygalacturonase[END_REF]. It has to be noted that a feasibility test (metallic ions-Lucia beamline) has been first conducted on non-retted plant stem with Camille Rivard (Soleil Synchrotron). The result was a success and this encourages us to go deeper in the understanding of the role of metallic ions (Figure 3456). Consequently, a Synchrotron proposal is currently under review in order to quantify the influence of proteins locations, structural or putatively retting's enzyme inhibitors, as well as the distribution of the metallic ions that could enhance or reduce some enzymes activities essential for the fibre retting process. Interestingly, the presence of metallic ions or proteins can also be linked to the mechanical performances of flax cell walls. Indeed, by using investigations on fibre or stem cross section the structural arabinogalactan proteins (AGPs) [START_REF] Mikshina | Cellulosic Fibres: Role of Matrix Polysaccharides in Structure and Function[END_REF] can be identified. These proteins have been identified in wood G-layers [START_REF] Nishikubo | Xyloglucan endo-transglycosylase (XET) functions in gelatinous layers of tension wood fibers in poplar--a glimpse into the mechanism of the balancing act of trees[END_REF] and they can have a potential mechanical function on flax cell walls. Metallic ions, potentially identifiable by Synchrotron investigations can also play a role in the parietal structural, for example, calcium is known to be a structural mineral, which contributes to the conformation of pectic polygalacturonic acids [START_REF] Bag | Treatment of chenevotte, a co-product of industrial hemp fiber, by water or hydrochloric acid: impact on polymer mobility in the lignified cell walls[END_REF].

The main objectives of this Soleil Synchrotron proposal is to obtain the native distribution of the most abundant ions elements (metals, minerals) within non-retted or retted flax stem tissues as well as the native distribution of the proteins (structural, putative inhibitors and so on). The evolution and disappearance of both the ions elements and proteins within each flax tissues according to the retting stage will be monitored and the main components (ions elements and/or proteins) will be identified and compared to mechanical mapping obtained by AFM Peak force measurements. If the beamline time enables it, we can also plan to perform mappings of flax stem cross sections on samples having expressed or not a gravitropic response. Indeed, the formation of G-layer can be link to the presence of AGPS proteins, AG-II would be more abundant in tension wood compared with normal wood [START_REF] Gorshkova | Aspen tension wood fibers contain β-(1→4)-galactans and acidic arabinogalactans retained by cellulose microfibrils in gelatinous walls[END_REF]. Moreover, as described in 2.2.1.2. section, during G-layer formation, galactosidases enzymes play a major role by breaking the galactan chains ; the auxin protein is also considered to be a triggering factor of G-layer initiation [START_REF] Chernova | Biogenesis of plant fibers[END_REF][START_REF] Mellerowicz | Unravelling cell wall formation in the woody dicot stem[END_REF]. These different proteins can probably be highlighted thanks to investigations on DISCO Synchrotron beamline. . Observations made by micro spectroscopy or Maldi-tof spectrometer or by infrared micro spectroscopy (Figure 34567) can also be planned with the team Plant Cell Wall and Parietal Polysaccharides (PVPP) of the INRA of Nantes; this collaboration is in a structuration process and should lead to work on flax stems in the medium term, the preparation of samples and access to techniques requiring a good definition of the project. However, this type of tool is perfectly in phase with a mechanical coupling by AFM-PeakForce allowing, among other things, to deepen the structureperformance relationships on subjects such as retting or gravitropism. Through the GdR Symbiose, we have just been granted funding to carry out preliminary manipulations and it is possible that a research internship with a Master 2 student will be launched in early 2018 on this topic. In addition, the Interreg Flower project, if funded, will give us more human resources to work on these issues.

Synthesis

This first part of my research project is devoted to the relation between the fine structure and the mechanical performances of the plant cell walls; it is always driven with the objective of developing the most powerful reinforcements possible for composite materials. This research program is summarized in Figure 345678; it is ambitious and based on established scientific relations but also on others to develop in the coming months and years. The results obtained must allow us to take a step towards a deeper understanding of the behaviour of plant fibres and, why not, to contribute to the development of new plant varieties, especially in the case of flax, in order to better control the retting step but also the plant stability at lodging. These two problems constitute important economic stakes which can lead to significant losses of crops but which can also greatly influence the performance of the materials. Thus, an optimal retting makes it possible to facilitate the division and individualisation of the fibres and consequently to obtain composites with improved performances; the development of more lodging resistant varieties can, even if the link is not clearly established yet, produce fibres with increased mechanical performances. This work, although fundamental in many respects, will be carried out with the constant concern to remain in contact with the fibre production sector but also with the composite materials industry. The described forthcoming works are outlined and illustrated with flax fibres, these fibres being my main research material; nevertheless, they can of course be extended to other fibres of interest such as hemp, jute and so on. Their implementation requiring means, different proposals and collaborative projects have been submitted or have been obtained to finance them; the speed with which results will be obtained will of course depend on the funding we will obtain on these subjects.

3.3

How to develop performing and environmentally friendly biocomposites?

The second part of my research project focuses on the topic of the biocomposite processing and more particularly by injection and extrusion routes. In the past 15 years, I have collaborated or carried out numerous studies on the recycling of these thermoplastic biocomposites, on the study of the influence of the processes on the plant cell walls and also on the understanding of the reinforcement mechanisms within biocomposites. In the coming years, I would like to continue in this direction with very specific objectives in terms of development and new axes of concept and understanding. They will be detailed in the following 3 sections; the first is the continuity of the work already carried out on the influence of a process cycle on the plant cell walls, it will focus on some very specific points representing key parameters for the optimization of biocomposite performances. The second aspect of this work will be devoted to the study and introduction of new biomasses in injected or extruded composites; indeed, for economic or technical reasons, this axis deserves further investigation. Finally, the last section will naturally be devoted to recycling, and will focus more particularly on the use of alternative or innovative processes, allowing the recycling of waste different from the usual recycling by grinding and reincorporation in injectable compounds.

How to minimize the impact of a process cycle on plant cell walls?

Thanks to our previous works, we have been able to demonstrate important degradations of the plant cell walls during a process cycle, both morphologically with significant decreases in length but also in terms of mechanical performance.

Our last work, currently under review (see paper 3 in 4.1.2. section) shows that the temperature undergone by the cell walls induces a significant decrease in the properties of these walls which is accentuated with the rise in temperature, either due to the choice of the matrix or of the self-heating (often uncontrolled) [START_REF] Beaugrand | Lignocellulosic fiber reinforced composites: Influence of compounding conditions on defibrization and mechanical properties[END_REF] induced by the shear rate within the process tools and especially the extrusion screws. This last point still requires work to be done, the temperatures really undergone by the fibres are poorly known and very often underestimated even if it is possible to approximate them using software of modelling [START_REF] Berzin | Evolution of lignocellulosic fibre lengths along the screw profile during twin screw compounding with polycaprolactone[END_REF].

The first axis of this section aims to investigate the tracking of wall damage during an extrusion or injection process using markers to reveal the temperatures suffered by the plant cell walls during the process; these markers must also make it possible to better follow the dispersion of the fibre reinforcement within the composite by improving the imaging contrasts. In a first approach, the use of markers allowing observations in epifluorescence, such as Rhodamine B is envisaged [START_REF] Claucherty | An optical-chemical sensor using rhodamine B on anodized-aluminum for surface temperature measurement from 150 to 500 K[END_REF]. Indeed, as illustrated in Figure 3456789, it is possible to use Rhodamine B as a temperature sensor to follow the evolution of this parameter during a process cycle, the fluorescence activity of Rhodamine being lower with increase of temperature (Figure 3-9.B); preliminary, a fine calibration of the fluorescence behaviour is required. Moreover, fluorescence can be an interesting tool to follow and check the reinforcement individualization and dispersion within a polymer matrix. Gallos et al. [START_REF] Gallos | Exploring the microstructure of natural fibre composites by confocal Raman imaging and image analysis[END_REF] used this specificity to study PCL-hemp composites; in this case, due to significant lignin content of hemp cell walls, the auto fluorescence of reinforcement was used. Lignin content of flax being much lower, a preliminary treatment of flax fibres is useful. Specific attention will be paid to the choice of the matrix, directly influencing the temperature range, in order to be consistent with the temperature sensitivity of the fluorophore. In case of noncompatibility of Rhodamine, other inorganic fluorophores can be tested. This project will be conducted from 2018 with two colleagues of FARE (Reims, France) and IATE (Montpellier, France) INRA units, specialized in fluorescence labelling and agro-resources fractionation, respectively.

Along a process cycle or a recycling step, the morphology of plant fibres is strongly impacted. If the occurring division and individualisation (see 2.3.2.4. section) is positive, things are different for the length which strongly penalizes the reinforcement ability of fibres. Along the process cycles, fibres' length regularly decreases but one can also notice the appearance of short fibre elements called fines [START_REF] Bourmaud | Recycling of L-Poly-(lactide)-Poly-(butylenesuccinate)-flax biocomposite[END_REF][START_REF] Moigne | A statistical analysis of fibre size and shape distribution after compounding in composites reinforced by natural fibres[END_REF]; these fine elements can be induced by fibres' preparation (scutching or cutting) but also appear during process due to the important mechanical shear rate in screw or during injection mould filling. Their amount can reach more than 90% (in number) after several process cycles [START_REF] Bourmaud | Recycling of L-Poly-(lactide)-Poly-(butylenesuccinate)-flax biocomposite[END_REF]. A collaborative work has been initiated with two other colleagues of PPVT (Nantes, France) and IATE (Montpellier, France) INRA units thanks to their specific skills in fibres' preparation and biochemical analysis. The objective of this work is to understand the exact role of fine particles on composite structure and better understand the impact of these fines on composites mechanical behaviour. First results have been obtained, Figure 3-10 proposes a graphical synthesis of these preliminary investigations; several fines sizes have been obtained by changing grinding parameters and routes; the works is now focusing on the impact of fines on composite properties; different matrixes are used and the structural or mechanical role of fines will be quantified. Different issues can be considered, of course we can select suitable fibre length, matrixes or process conditions to reduce the fines amount but also, according to the composite properties, consider the use of fines as a new and alternative reinforcement biomass (see 3.3.2. section).

The last field of investigation of this section is the study of the relationship between fibres' defects and composite mechanical performances. As described in literature, plant fibres are sensitive to process conditions and specially to shear rate. Some authors demonstrated that the fibre breakage during a process cycle is strongly linked to processing conditions [START_REF] Doumbia | Flax/polypropylene composites for lightened structures: Multiscale analysis of process and fibre parameters[END_REF] but also to fibres' defects such as kink bands, breakage occurring preferentially in these areas [START_REF] Duc | Polypropylene/natural fibres composites: Analysis of fibre dimensions after compounding and observations of fibre rupture by rheo-optics[END_REF] and fibre length within a composite being potentially linked with inter-defects distance along the fibre [351]. Figure 3-11 shows a short summary of these bibliographic results, in forthcoming works, we will focus on matrix influence and particularly its viscosity; relationship between extraction or scutching conditions or initial state of the flax stem will be studied. These investigations are strongly linked with those on retting, this bioprocess directly impacting the fibres cohesion within the plant and the easiness of scutching; we can assume that a sub retting batch can lead to a more important defects number on fibres and consequently lower fibre lengths within the composites. In this way, several flax fibre batches with various retting degrees will be scutched and the quantity of defects, as well as the fibre length evolution during a process cycle will be investigated. This work can be carried out in future works with flax producers or compounding companies.

Exploring new sources of biomass

For different reasons, it is interesting to diversify the origin of biomass used for composite reinforcement. This may be for environmental purpose, to reduce or avoid transportation distances, for economic reasons or simply to improve the performances of the composites, plant fibres having each one specific structure or specificities as described in 2.1. section of this manuscript. For flax and hemp fibre producers, the woody core of the plant so called shives or hurds, respectively are co-products with low economical interest; consequently, new valorisation routes are sought and incorporation in polymer can be a viable solution.

Indeed, for flax scutching centres, to find new outlets for shives is an economic priority. In the forthcoming months and years, I plan to work on this subject through two different research projects. The first one is a collaborative project funded by ADEME (COCCYBIO, see 1.2.4. section for details); it will be conducted from January 2018 and will be dedicated to the manufacturing of new eco and biocomposites for automotive parts, integrating a significant part of coproducts. Among them the shives ill be used alone or with short flax fibres in order to carry out both mechanical and impact performing composites (Figure 3-12.A). Thus, the specific structure of shives will be turned into an advantage thanks to their low density [START_REF] Al-Mohamadawi | Influence of lignocellulosic aggregate coating with paraffin wax on flax shive and cement-shive composite properties[END_REF] and their capacity to absorb energy. In this project, the use of grinded wood wastes as composite reinforcement will be also explored. The second targeted application is the use of flax shives to elaborate specific filaments for 3D printing ( My second research project dedicated on the incorporation of alternative biomass in biocomposites is currently under building with some colleagues of the Kazan Institute of Biochemistry and Biophysics and of the Kazan National Research Technological University. In two previously published papers [START_REF] Pushkin | Cell wall components in torrefied softwood and hardwood samples[END_REF][START_REF] Volfson | The physicomechanical and rheological characteristics of wood-polymer composites based on thermally and mechanically modi ed ller[END_REF], our colleagues investigated the ability of torrefied wood for composite reinforcement.

Figure 3-13 General view of torrefied samples and composition of the raw and torrefied samples of birch and pine wood, according to the ratio between the areas of corresponding peaks after deconvolution of differential curves of thermal decomposition. Whitehemicelluloses, light grey-cellulose, dark grey-lignin, black-carbonaceous residue [START_REF] Pushkin | Cell wall components in torrefied softwood and hardwood samples[END_REF] The interest of torrefaction is to modify the chemical composition of wood filler in order to improve the compatibility of this products with polymers and especially polyolefin matrix. In these two works, the effect of torrefaction (soft pyrolysis (200-300°C) in inert atmosphere) on the samples of hardwood (birch) and softwood (pine) has been compared. Authors evidenced strong differences between the torrefied samples between 225 and 250°C, mainly due to the specific behaviour of hemicelluloses constituents. A significant decrease into the xylose content was highlighted for a temperature of 250°C whereas mananes were more resistant to degradation; thus, an important modification of hemicelluloses was shown. Interestingly, the content of cellulose remains stable up to 250°C and the crystallinity rate increase in torrefied samples; moreover, the lignin/carbohydrate ratio regularly increases with the temperature of treatment, probably due to both the carbohydrate decomposition an also to the formation of new aromatic clusters in thermochemical reactions. This last point is considered to be very promising for the forthcoming biocomposite blends, lignin being an interesting promoter of adherence, especially with polyolefin matrix [START_REF] Graupner | Improvement and analysis of fibre/matrix adhesion of regenerated cellulose fibre reinforced PP-, MAPP-and PLA-composites by the use of Eucalyptus globulus lignin[END_REF]. As part of this collaborative research work, we plan to produce PP-torrefied wood biocomposites in order to validate or not the different hypothesis on improvement of matrix-wood interface thanks to torrefaction process; it can pave the way to new industrial valorisations for these abundant low cost biomass products.

In addition to this two main research projects, I regularly collaborate with different research teams or companies on plant fibre processing. This gives me the opportunity to explore and discover alternatives fibres; it was the case for alfa This work is divided into two main papers (see 4.1.1 and 4.1.2 sections); a first one is under review and dedicated to the description of microstructure and properties of waste leaf sheath date palm fibres. Our second work aims to investigate the potential of these fibres for composite reinforcement; due to the porous structure of palm fibres bundles, an interesting impact behaviour is highlighted.

Towards alternative recycling routes

The recycling of biocomposites is one of my main research topics for more than 10 years now; my scientific career is punctuated by several papers on this subject. My first articles on the subject have highlighted a good stability of biocomposites during an injection recycling (see section 2.3.2.4 for details) and in recent years we have diversified this work by studying the recycling of reinforced semi-structural parts by long plant fibres but also by highlighting new recycling routes for biocomposites. This is particularly the case for the wastes resulting from the moulding of non-woven automotive parts; the feasibility of this process was demonstrated during the Recytal program funded by ADEME. These studies have shown the interest of this reincorporation, they have also shown that the crushed products resulting from these wastes made it possible to conserve interesting fibre aspect ratio.

I would like to continue these investigations in the coming years. Collaborative work with the National School of Engineers of Tarbes (ENIT) is currently underway on this subject. We aim to develop original recycling methods, based on specific cutting of long fiber plates followed by hot press moulding. This work was first validated on glass fibres reinforced composites; a second phase is currently underway on the transferability and implementation of these results to biocomposites derived from nonwoven plates (Figure 3-15). First results of this ongoing work exhibit an interesting aspect ratio of fibres after cutting and compression moulding, mainly due to a less aggressive process in comparison to injection moulding. When compression cycles are followed by an injection cycle, mechanical performances are particularly interesting due to a higher fibres' length. Forthcoming works on this topic will focus on samples microstructure through SEM and tomographic analysis. This first experimental study can open the way to future funded collaborative project.

In the forthcoming years, recycling works are also planed by the frame of the INTERREG Flower project (see 1.2.4 section); they will be dedicated to the recycling ability of biodegradable flax composites elaborated for temporary uses and reinforced with thin non-wovens. Finally, future investigation can also be considered to elaborate 3D printing filaments with composite wastes. The short fibre length and high fine particle fraction after process can be an advantage for this kind of applications; moreover, long synthetic fibres (carbon or glass) extracted from wastes or end of life parts can be used for filaments elaboration thanks to the recent development of 3D printers, fed with continuous fibres.

Synthesis

This second part of my research project aims to investigate several research topics, all being linked to processing. The major scientific outlook is the understanding of the impact of process on plant cell walls; if many results have already been obtained, the field of investigations is still large and the development of new approaches such as fluorescence labelling or deeper understanding of fines particles or defects roles are major key points. This section is strongly linked with the first section of my project (see 3.2) and particularly to the retting bioprocess; this one highly conditioning the final state of fibres. The others described topics are also important, especially in a context of diversification, reduction of environmental impacts and availability of biomass for composite reinforcement. Thus, the use of new and local biomass (which can also bring new technical functions) as well as the management of the end of life or industrial biocomposites are major drawbacks for the development of the sector. As in case of part I, the development of these projects will be held thanks to specific supports; even if some of them are conducted by self funding way, some proposals have already been validated (Coccybio project) and others are currently under review (AIC INRA or INTERREG project).

Conclusion

Through this manuscript, a global view of my research activities, enriched by a large bibliographic analysis is proposed.

The first chapter is a general assessment of my research activities conducted during the last fifteen years, punctuated by the defence of my PhD thesis in 2011. This section is the opportunity to have a complete overview of my work and to highlight the strong and constant links between the conducted collaborative projects and the PhD thesis I cosupervised.

Chapter 2 offers a bibliographic view, including my research works, on different families of plant fibres that bring potential to reinforce composite materials. Their industrial use demands reproducibility and consistency in performance, near-perfect knowledge of the structure and properties of the fibres, as well as the definition of a common language between scientific communities. Different aspects were described, especially the particularities of the fibres in terms of structure and properties, in relation with their specific functions in the plant. We highlighted and discussed important parameters that enable selection of the best-suited plant fibres according to their use and the envisaged applications. Moreover, it has shown that there is a wide diversity of plant cell walls based on their apparent performances in a panel of studied composites. Their behavior during processing may differ drastically from one to another and we give a comprehensive review of the origins of those contrasts. First of all, we review key criteria that biocomposite engineers and scientists must consider to select or understand behaviour at the source of the plant fibre. Potentiality and limits of plant fibres are strongly linked to their location within the plant and consequently to their structure and biochemical composition. The same cell wall could be seen in different ways according to the culture, the knowledge, the sensibility as well as the investigation methods. The differences in the fibres have to be taken into account as part of the composite design step in an environmental and societal approach. Moreover, dedicated growing and suitable mechanisation should be used to obtain the best composite materials. Industrially speaking, composite manufacturers want to obtain plant fibres in large quantities and with consistent properties, even at the cost of losing performance. This point has to be considered even if properties are homogenised within a composite.

Chapter 3 details my research project for the coming years; it proposes an equilibrate research activity mainly focusing on plant cell wall characterization and optimization of biocomposites processing. Scientific collaborations, enabling to explore new routes and access to complementary equipments are emphasised. Thus, the ambition of these works is to access to new local information at the cell wall or stem scale thanks to equipements such as micro spectroscopy, micro tomography or Synchrotron analysis, linked to mechanical AFM analysis. Moreover, we plan to deeper study the impact of a process cycle on plant cell walls thanks to the understanding of fine particles, fibres' defects or dispersion roles. For functional, environmental or economic reasons, integration and valorisation of alternative biomass will be emphasized. Finally, we aim to develop new recycling routes to provide new arguments for an increasing biocomposite development.

The last chapter gives an overview of my scientific production as well as the ongoing works.

This manuscript deliberately covers a wide field of thematics; thus, the understanding of the reinforcement of polymers by plant cell walls requires to have a minimal expertise in opposite scientific areas such as biology, biochemistry, mechanic, processing, adhesion and so on. This multi disciplinarity gives us the opportunity to develop relationships with recognized experts and also to continuously developed and enrich our knowledge. It is probably the reason why this research activity is so exciting and absorbing.

Abstract

This manuscript of my Research Habilitation proposes a synthesis of my research works, conducted about the study of the reinforcement of polymers by plant cell walls. The core of the manuscript is a bibliography, enriched by my works. This section highlights the tremendous and ever-increasing industrial and academic interest, opening the way to technological material development concerning plant fibre reinforced composites. Plant fibres can be sourced from a multitude of natural agro-sources, with the preferred choice as a composite reinforcement material often being driven by abundance, geographical location, and historical use. While from a product designer's or engineer's point of view, all plant cell walls are 'similar', there is indeed substantial diversity in plant fibre cell walls. Indeed, a growing body of research demonstrates how cell wall mechanical behaviour is strongly linked to its structure, biochemical composition and the plant growing conditions. At the same time, significant progress has been realised on the knowledge of plant fibre cell wall reinforcement mechanisms in biocomposites. Here, we provide a holistic overview of the main types of plant cell walls used as reinforcements for polymer composites. By synthesising a large body of bibliographic data, we present and discuss the useful diversity in cell walls, illustrated by original schematics for clear comparison. The link between their structures and main properties, in constant link with potential associated composite, is specifically discussed. We also show how a scientist's point of view on cell wall structure and associated experimental approach and use of characterisation techniques lead to distinct results; following a critical review, we make recommendations on appropriate characterisation techniques for a specific fibre. A final discussion concludes this work by highlighting the pertinent parameters for appropriate definition and selection of plant fibre cell walls for specific composite applications.

In addition to this important section, this document proposes a global view on my research activities, as large as possible. It also gives some elements of my research project for the forthcoming years. 
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  When I arrived in the University of South Brittany (L'Université de Bretagne Sud (UBS)) in Lorient in 2001, I was a member of the Laboratory of Polymers and Process (Le Laboratoire des Polymères et Procédés (L2P EA 4251)), led by Pr. Guy Levesque. The name changed in 2002 and the laboratory became the Laboratory of Polymers, Interfacial Properties and Composites (Le Laboratoire des Polymères, Propriétés aux Interfaces et Composites (L2PIC EA 4250)) headed by Pr. Yves Grohens. A major change occurred in 2008 with the creation of the the Brittany Laboratory of Material Engineering (Le Laboratoire d'Ingénierie des MATériaux de Bretagne (LIMATB EA 4250)) which was an aggregation of three research teams of the University of South Brittany all specialized in mechanical engineering.
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 11 Figure 1-1 History of the host structure and cartography of IRL sites
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 12 Figure 1-2 Structure and key data of IRDL
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 13 Figure 1-3 Simplified organisation chart of IRDL & Biocomposite team
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 1 Figure 1-4 shows my professional career in a synthetic way since I started at the Superior Technical Formation Institute (IFTS) of Charleville-Mézières until today. It gives a clear vision of my evolution and of my scientific orientations in terms of research. My research activities are mainly concentrated between 2003 and today and punctuated by a doctoral thesis which I defended in November 2011. I will mainly focus in this period in the following sections.
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 15 Figure 1-5 French and international research partners (published or submitted papers)
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 1 Figure 1-6 shows the evolution of my published papers in peer-reviewed International Journals from 2003 to 2017. In order to pertinently evaluate the tendency, under review paper are added for 2017.
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 16 Figure 1-6 Evolution of the number of published and under review (2017) peer reviewed international papers and citations
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 1 Figure 1-10 Synthesis of my activities from 1996 to 2017
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 21 Figure 2-1 Classification of natural fibres[28] 
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 23 Figure 2-3 Commercial prices of vegetal and E-glass fibres(2004-2014 data). These cost values come mainly from the FAO database[31] and are a 2004-2014 range. Price data for flax fibres were provided by Saneco[32] (evolution of scutched fibres market price between 2004 and 2014),[33], bamboo[34] kenaf[34] wood[35] and hemp[36] fibre prices were obtained from literature. In addition, these vegetal fibre cost were compared with e-glass fibre price[37].
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 2 Figure 2-4 shows the country repartition of abaca, coir, flax, hemp, jute, kapok, kenaf and sisal fibre production for 2013.Global fibre production is shown in the map below with data for each area of production and kind of fibre. Due to their high production quantities, cotton and wood fibres are presented in separate graphs (Figure2-5). Firstly, one can notice that natural fibres are produced in many countries but the main quantity comes from Asia, especially due to the high quantity of jute fibre produced in India and Bangladesh. In tropical countries, such as Brazil (sisal), Ecuador and Philippines (abaca), India (coir and jute), Pakistan and Bangladesh (jute and coir), China (ramie and hemp), there exist a large variety of plant fibres with different mechanical, physical and chemical characteristics. The list of fibres with composite reinforcement potential which are grown in those countries mainly includes sisal, jute, kapok, abaca, abaca, coir and ramie.
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 25 Figure 2-5 Repartition by country of cotton and wood fibre production (Mt), (2013 data).
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 26 Figure 2-6 Flax fibre production in Europe (Kt), (2014 data).
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 27 Figure 2-7 Elementary plant fibres tensile properties (data from Table 2-2).
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 28 Figure 2-8 Typical representation of a plant fibre [148].
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 2 9 shows longitudinal images of the different fibres listed in paragraph 2.2.1.
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 29 Figure 2-9 Micrographs of longitudinal plant fibres [48,67,73,85,98,109,110,149-152].
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 2 Figure 2-10 SEM images of plant fibres cross sections [21,48,55,64,108,110,152-159].
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 2 Figure 2-11 Predicted (a) and observed (b) scaling relationship for plant height (L) and basal stem diameter (D), based on a large number of grass and trees, with different numerical parameters [161]. Red point represents flax.
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 2 Figure 2-12 Impact of the plant density on the elementary fibres' mechanical properties [22].
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 2 Figure 2-13 Young's modulus (a) and stress at break (b) of Marylin flax elementary fibres over 4 years. The solid and broken lines correspond to the average values with the standard deviation. [201].
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 2 Figure 2-14 Pictures of stem sections at middle height (same scale) (A); fibre bundles from the same sections at higher magnification (same scale) (B) and representation of fibres area (C) [207]
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 2 Figure 2-15 provides schematics representing 8 different species of plant fibres.
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 2 Figure 2-15 Schematic representation of the structure of a panel of plant fibres.
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 2 Figure 2-16 Microscopic view of wood (A), flax (B), cotton (C) and bamboo (D) cell walls. Adapted from [62,214-216].
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 2 Figure 2-17 Observation of flax fibre surface using AFM or SEM [217] after basic extraction.
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 2 Figure 2-18 Influence of MFA value on wood fibre and sample tensile moduli [230].
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 2 Figure 2-19 Schematic representation of biochemical arrangement of the flax fibre S2 layer [20].
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 2 Figure 2-20 Correlation between flax fibres Young's Modulus and the UA EOH/UA EH ratio [20]. A schematic synthesis of the structure of the S2 cell wall is proposed in Figure 2-19. Recent studies [20,103] have shown the importance of the organisation of the plant cell-wall components and their structure in the mechanical performance of the fibre. More than the quantity of cellulose, which is present in sufficient amounts to ensure good performance,
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 2 Figure 2-21 Classification of plant fibres according to their location in-planta. Plant cell wall cross-sections adapted from [64,99,154-156,159,249-252].
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 2 Figure 2-22 Xylan and G-layer, origin and main differences: example of tension wood and flax. Gn = initially deposited layer; G = Glayer. Adapted from [274-276].
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 2 23 details our approach.

Figure 2 -

 2 Figure 2-23 A multi-scale approach for pertinent mechanical informations.

  tissues give more reliable results. Specifically on flax, Bourmaud et al. [22,64,165] performed bending tests on flax stems in order to quantify the lodging stability of flax (Figure 2-24).

Figure 2 -

 2 Figure 2-24 Estimation of flax fibre stiffness and lodging safety factor from bending tests [22,64,165].

  -25.a). Same behaviour has been showed on elementary flax fibres[START_REF] Lefeuvre | Elementary flax fibre tensile properties: Correlation between stress-strain behaviour and fibre composition[END_REF] (Figure2-25.b). Type I (TI) exhibited a linear relationship similar to that observed for glass fibres. Type II (TII) was non-linear and characterised by two distinct sections with a decreasing slope in the second section. Type III (TIII) has been reported in the literature as being the typical behaviour for an elementary flax fibre[START_REF] Baley | Analysis of the flax fibres tensile behaviour and analysis of the tensile stiffness increase[END_REF]. This third type TIII showed non-linearities with a stiffening effect after a threshold point due to microfibril reorientation during tensile loading [103] (Figure 2-25.c).
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 2 Figure 2-25 3 types of stress-strain curves of hemp (a) and flax (b, c)) elementary fibres and focus on the specific behaviour of TIII behaviour. Adapted from [72,103].

  For around a decade, our team has published several papers on plant cell wall mechanical properties through nanoindentation tests on flax, sisal, miscanthus, matricaria and hemp fibres [21,73,129,334-338]. These studies highlight the utility of the method to enable comparison of cell wall stiffness and to show differences between both species [73,335,336], cell wall structure or position within a stem [21,334] as well as effect of ageing or processing on plant cell walls [337-339].
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 2 Figure 2-26 Examples of AFM measurements performed on wood cell walls using Resonant Contact (a) [275] and on flax cell walls using PeakForce QNM (b) [276].

[ 360 ]

 360 were able to determine visco-elastic parameters of flax cell walls. In the same way, Tanguy et al.[START_REF] Tanguy | Plant cell walls to reinforce composite materials: Relationship between nanoindentation and tensile modulus[END_REF] evidenced indentation depth differences between flax and jute due to the specific microstructure of the two cell walls.
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 2 26.a. Recently, the new and promising PF-QNM technique has been developed and used on plant cell walls. Ren et al.[START_REF] Ren | Mechanical imaging of bamboo fiber cell walls and their composites by means of peakforce quantitative nanomechanics (PQNM) technique[END_REF] performed measurements of elastic modulus on secondary cell wall and the compound middle lamella of bamboo fibres. They found stiffness values of 21.3±2.9 GPa and 14.4±3.6 GPa, respectively, which agrees well with data measured by the nanoindentation technique. With the same aim, Arnould et al.[START_REF] Arnould | Better insight into the nano-mechanical properties of flax fibre cell walls[END_REF] showed all the potential of this new technique by evidencing stiffness gradient on immature flax fibres (Figure2-26.b).

  [START_REF] Gindl | Anisotropy of the modulus of elasticity in regenerated cellulose fibres related to molecular orientation[END_REF] (Figure2-27.a) presented a correlation curve for different regenerated cellulose fibres and Tanguy et al. [101] proposes the same approach for a large range of plant fibres (Figure 2-27.b).

  -27.b). Indeed, these fibres have different lumen size and a same fibre can exhibit large cell wall stiffness and low tensile modulus due to fibre morphology, in the same way main factors like MFA, presence of bundles, cellulose content or crystallinity should be taken into consideration in tensile or nanoindentation analysis.
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 2 Figure 2-27 Correlation between nanoindentation and tensile modulus for regenerated cellulose (a) and a range of plant (b) fibres [101,320].

  [412-414] and the second one called HCl/NaOH [415]. These two methods are detailed in Figure 2-28.
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 2 Figure 2-28 Schematic representation of the Van Soest and HCl/NaOH methods. Adapted from[START_REF] Alix | Putative role of pectins in the tensiles properties of flax fibres: a comparison between linseed and flax fibres varieties[END_REF][START_REF] Lefeuvre | Contribution à l'étude des propriétés des fibres de lin (Linum Usitatissimum L. , variétés Marylin et Andréa) en fonction des pratiques culturales sur le plateau du Neubourg. Fibres destinées au renforcement de matériaux composites[END_REF] 
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 2 Figure 2-29 Schematic representation of HPLC analysis method (INRA data).
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 2 Figure 2-30 SEM observation of green (a) and enzymatic retted (b) [439].
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 2 Figure 2-31 Bamboo microstructure: a difficulty for fibre extraction [292].
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 2 Figure 2-32 Example of defects on flax fibres before or after bending [470].
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 476 and Martin et al.[24] demonstrated higher fracture stress and Young's modulus values for the most retted flax fibres.
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 2 Figure 2-33 Differences into fibre individualization for flax fibres having different retting degrees (a, b and c) compared to glass fibres (d) [306].

Figure 2 -

 2 Figure 2-34 Impact of retting on fibres and composite properties.
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 2 Figure 2-35 SEM observation of microstructure of injected PP/flax and PP/jute composites [108].

Figure 2 -

 2 Figure 2-36 Panorama of plant reinforcement's mechanical or morphological specificities and composite's architecture diversity.
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 2 Figure 2-37 Young's Modulus (a) and strength at break (b) of unidirectional composites made of epoxy and flax [306], hemp [506]
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 2 Figure 2-38 Main plant fibre properties and associated injected PP composites [101,108,337,511,512].
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 2 Figure 2-38 shows the main properties of a panel of plant fibres and the Young's modulus of the associated composites. Reinforcement loading is the same (30%-wt) as well as the matrix (Poly-(propylene) PPC 10642 from Total Petrochemical
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 2 Figure 2-39 Structure, properties and influent parameters of plant fibres non-woven composites with acoustic and mechanical
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 2 Figure 2-40 Usual route for laboratory recycling
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 2 41 shows the evolution of the length distribution of flax fibres of an initial length of 2 mm after successive cycles of compounding and injection within a PLLA-PBS [352], PP or PA11 [351] matrix. We observe a steady decrease in fibre lengths along the recycling process. One can note the strong impact of compounding; As the injection cycles continue, the decrease in length continues to reach a threshold value from the fourth cycle. Interestingly, we have been able to demonstrate a correlation, on PA11-flax composites[START_REF] Gourier | Influence of PA11 and PP thermoplastic polymers on recycling stability of unidirectional flax fibre reinforced biocomposites[END_REF], between the inter defect distances and the final lengths of these same fibers after recycling; Indeed, as shown by Le Duc et al.[START_REF] Duc | Polypropylene/natural fibres composites: Analysis of fibre dimensions after compounding and observations of fibre rupture by rheo-optics[END_REF], the break of fibres during compounding preferentially occurs in the kink bands areas.
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 2 Figure 2-41 Evolution of the length distribution of flax fibres of an initial length of 2 mm after recycling cycles within a PLLA-PBS [352], PP or PA11 [351] matrix
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 2 Figure 2-42 Evolution of the aspect ratio of glass, hemp or flax fibres after recycling [511,523]
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 2 Figure 2-43 indent within a flax cell wall before and after recycling and evolution of nanoindentation modulus and hardness along recycling cycles [352].

[ 524 ]

 524 or by nanoindentation by studying the effect of an injection cycle on the mechanical performance of flax cell walls [353].
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 2 Figure 2-44 Evolution of Young's modulus for a PP and PA11-flax composite (a) [351] and of strength at break for a PLA-flax composite (b) [520] after recycling
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 31 Figure 3-1 Graphical synthesis of my research activities in link with plant cell walls characterization
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 32 Figure 3-2 Graphical synthesis of my research activities in link with biocomposites characterization
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 33 Figure 3-3 Evolution of both AFM PF QNM modulus and flax fibres' crystallinity degree during the retting phase
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 3 4 shows an example of possible investigation on the ID13 beamline of ESRF facility : it proves the feasibility of a local MFA characterization at the cell wall scale. This kind of tests performed on pine cell walls are quite conceivable on thicker walls such as flax.
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 34 Figure 3-4 Determination of local MFA in pine cell walls by using Synchrotron beamline (Adapted from personal presentation of Alain Buléon (INRA) and [528])
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 35 Figure 3-5 Evidencing of structural differences in xylem part of a pulling (A) and opposite (B) flax stem side after grapitropic response [529] and possibilities of imaging with a high resolute micro tomographic equipment (example of pine cell walls, RX Solutions technical documentation)
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 36 Figure 3-6 Transmission light visible microscope observation of a 60 µm hemp stem freeze dried thin section and corresponding XRF correlation elemental maps : Ca-Fe-Cl, Mn-Fe-K, S-Cl-K and S-Cl-P obtained on LUCIA beamline.
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 37 Figure 3-7 Observations on wheat grain by MALDI-TOF (A&B) and micro spectroscopy (C) evidencing a mapping of β-glucan (A), specific ions (B) or spectra (C) [539-541]
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 38 Figure 3-8 Exploring the link between cell walls structuration and fibres performances: summary of my research project
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 39 Figure 3-9 The fluorescence activity of Rhodamine B can be modulated with temperature (A, B)[START_REF] Claucherty | An optical-chemical sensor using rhodamine B on anodized-aluminum for surface temperature measurement from 150 to 500 K[END_REF][START_REF] Chauhan | Thermo-optical characterization of fluorescent rhodamine B based temperature-sensitive nanosensors using a CMOS MEMS micro-hotplate[END_REF] and fluorescence can be used to monitor the plant cell walls dispersion within a biocomposite (C)[START_REF] Gallos | Exploring the microstructure of natural fibre composites by confocal Raman imaging and image analysis[END_REF] 

Figure 3 -

 3 Figure 3-10 Morphology and distribution of flax fine particles after different grinding times and comparison between PP-flax fibres and PP-flax fines composites Young's modulus for a range of flax volume fraction

Figure 3 -

 3 Figure 3-11 Optical rheology (A) observations showing fibre breakage in kink bands areas [474] and relationship between interdefects distance and fibre elements length within a PA11-flax composite (B, C) [351]

Figure 3 -

 3 Figure 3-12 Use of flax shives for elaboration of innovative injectable biocomposites (A) or 3D printing filaments (B)

Figure 3 -

 3 12.B).This project is in relation with what is described in 3.3.1. section and will be conducted from 2018 with two colleagues of FARE (Reims, France) and IATE (Montpellier, France) INRA units. The objective of this scientific collaboration is to use biomass co-products (i.e. flax shives and crushed pine bark) to produce new 3D printing filament with specific functions; thanks to the use of fluorophores, these parts can have a sensor function and be reactive according to the humidity, pH, pressure, temperature and so on. Flax shives are good candidates for this kind of application due to their low cost and availability, the economical objective being to improve the profitability of poorly valorised agro-products.

[ 321 ]

 321 , wood particles [347], miscanthus [335], matricaria maritima [336]. Today, an ongoing work is conducted with colleagues of INRA and Universities of Cambridge and Portsmouth (Figure 3-14).

Figure 3 -

 3 Figure 3-14 Optical microscope observations (scale bars are 100µm in all the micrographs) and PF-QNM modulus mapping obtained for large and small palm bundles. A profile of the stiffness is indicated under each image, corresponding to the black line.

Figure 3 -

 3 Figure 3-15 Scheme of working ways and first results of PP-flax stiffness after several process cycles

  

Length (mm) Diameter (µm) MFA (°) Density [g/cm 3 ] References Musa textilis (Abaca)

  

		2-12	6-53	5-17	1.5		[44-47]
	Stipa tenacissima (Alfa)	2-5	5-10	-	1.4		[48,49]
	Bambusoideae (Bamboo)	0.5-5	5-40	8-10.7	1.15-1.41		[50-53]
	Cocos nucifera (Coir)	0.28-1.1	5.6-19.5	30-49	1.15-1.3		[54-57]
	Gossypium sp. (Cotton)	10-60	12-38	20-30	1.5-1.6		[58,59]
	Linum Usitatissimum L. (Flax)	6-80	12.4-23.9	8.3-11	1.53-1.54	[20,22,26,60-62] [63,64]
	Cannabis Sativa (Hemp)	5-55	10.9-42.0	11	1.4-1.6	[	[65-71]

21,72,73] Corchorus capsularis (Jute)

  

		1-6	15-35	7-12	1.38-1.40	[58,59,74-79]
	Ceiba pentandra (Kapok)	7-35	8-35	5	1.3	[80-84]
	Hibiscus cannabinus (Kenaf)	2.1-2.7	2.1-36	9-15	1.45	[85-89]
	Boehmeria nivea (Ramie)	120-150	10-50	7.5	1.5	[90,91]
	Agave sisalana (Sisal)	0.5-8	10-20	20	1.45	[73,80,92-94]
	Wood (different species)	1.0-8	10-60	5-40	1.44-1.50	[43,95-97]

Table 2 -

 2 1 Morphological properties of elementary lignocellulosic fibres

Elementary fibre or bundle Diameter (µm) Young's Modulus (GPa) Strength at break (MPa) Strain at break (%) References Musa textilis (Abaca)

  

						The second group of fibres (red dotted
	regression line) is made of wood, bamboo and cotton; these fibres are characterised by a good strength at break for
	albeit moderate Young's modulus. Bamboo fibres display the highest performance in terms of strength, ranking above
	those of flax and alfa.						
		Bundle	179-230	17.1-18.4	755-798	8.8-6.2	[98,99]
	Stipa tenacissima (Alfa)	Elementary and bundle	24.3	31.0-71.0	679-1480	2.4-2.8	[49,100]
	Bambusoideae (Bamboo)	Elementary	13.4	32.0-43.7	1200-1610	3.8-5.8	[50,51]
	Cocos nucifera (Coir)	Bundle	100-460	3.39-17.3	131-343	3.7-44.7	[54,55,77,101]
	Gossypium sp. (Cotton)	Elementary	No bundle	5.5-13.0	287-800	3-10	[58,102]
	Linum						
	Usitatissimum L.	Elementary	12.4-23.9	37.2-75.1	595-1510	1.6-3.6	[
	(Flax)						

20,22,60,63,64,103] Cannabis Sativa (Hemp)

  

		Elementary / Bundle	10.9-42.0	14.4-44.5	285-889	0.8-3.3	[21,68-70,72,73,104,105]
	Corchorus						
	capsularis	Bundle	60-110	10-31.2	114-629	1.5-1.8	[58,79,106-108]
	(Jute)						
	Ceiba pentandra (Kapok)	Elementary	23.6	1.7-4.0	45-93	1.2-4.0	[81,82]
	Hibiscus						
	cannabinus	Elementary	13.3	19	983	4.5	[109]
	(Kenaf)						
	Boehmeria nivea (Ramie)	Elementary	34-50	24.5-65	560-900	1.2-2.5	[59,91,110]
	Agave sisalana (Sisal)	Bundle	25-252	9.0-25.0	347-577	2.3-5.45	[73,92,111,112]
	Wood (different species)	Elementary	15.5-22.6	15.4-27.5	553-1300	3-7	[113-117]
	Table 2-2 Mechanical properties of lignocellulosic fibres elements (elementary fibres or bundles)

Table 2 .3 shows the biochemical composition of the plant fibres. Cellulose Hemicellulose Lignin Pectin Fat and Wax Reference Musa textilis (Abaca)

 2 

		60.8-68.0	17.5-21	5-15.1	<1	<1	[74,118,119]
	Stipa tenacissima	43.9-48.0	25.7-38.5	14.9-23	1	1-3	[48,49,100,120]
	(Alfa)						
	Bambusoideae	36.1-54.6	11.4-16.6	20.5-28.5	<1	1-4	[121-123]
	(Bamboo)						
	Cocos nucifera	32.0-43.4	0.3	40-45.8	3	0-6	[54,78]
	(Coir)						
	Gossypium sp.	82.7-98.0	4.0-5.7	0.7	4	2-3	[102,124]
	(Cotton)						
	Linum	60-85	14.0-20.6	1-3	1.8-15.0	1-6	[125-128] [129]
	Usitatissimum L.						
	(Flax)						
	Cannabis Sativa	55-90	12	2-5	3	1.7	[21,65,130-135]
	(Hemp)						
	Corchorus	58.0-71.5	13.6-24.0	11.8-16	2	<1	[106,136]
	capsularis						
	(Jute)						
	Ceiba pentandra	13-35	23-32	13-21	7-23	<1	[81,82]
	(Kapok)						
	Hibiscus	52.0-61.2	18.5-29.7	12.9-16.1	3-5	<1	[85-87]
	cannabinus						
	(Kenaf)						
	Boehmeria nivea	61. 8-	5.3-16.7	0.6-9.1	0.3	<1	[137,138]
	(Ramie)	76.2					
	Agave sisalana	52.8-65	19.3	11.1-13.5	10-14	<1	[139,140]
	(Sisal)						
	Wood (different	38-45	19-39	22-34	0.4-5	<1	[95,141,142]
	species)						
		Table 2-3 Biochemical composition of lignocellulosic fibres		

Table 2 -

 2 

4 Synthesis of mechanical data potentially obtained through multi scale mechanical characterization. Composite inverse method is added to complete this summary.

Table 2 -

 2 5 Comparison between tensile, nanoindentation and AFM mapping longitudinal stiffness for various fibres.Fibre moduli obtained by tensile, nanoindentation and AFM mapping on flax, bamboo and wood cell walls are presented in

	Sample	Elementary fibre tensile modulus (GPa)	Nanoindentation modulus (GPa)	AFM mapping modulus (GPA)	Reference
	Eden flax	68.9 ± 24.6	20.4 ± 1.1	21.3 ± 2.2	[165,276]
	Bamboo	43.6 ± 0.6	21.3 ± 1.7	21.3 ± 2.9	[50,341,365]
	Tension wood	18-40	14-20	11	[275,343]

Table 2 -

 2 5. Although similar stiffness' are measured by nanoindentation and AFM mapping, it is not the case for tensile measurements; in line with previous explanations, tensile modulus is much higher for the whole cell walls. Some authors have tried to correlate tensile and nanoindentation stiffness. Gindl et al.

  Diriger des Recherches propose une synthèse de mes travaux effectués dans le domaine de l'étude du renforcement des polymères par des parois végétales. Le coeur du manuscrit est une bibliographie, enrichie par mes travaux. Elle souligne l'intérêt industriel et académique croissant, ouvrant la voie à de nombreux développements technologiques, qui s'est porté sur les composites renforcés de fibres végétales. Les fibres végétales peuvent provenir d'une multitude d'agro-sources naturelles, le choix étant la plupart du temps dicté par l'abondance de la ressource, la localisation géographique ou l'utilisation historique. Trop souvent, du point de vue du concepteur ou de l'ingénieur, toutes les parois végétales sont similaires alors qu'il en existe une grande diversité. En effet, un nombre croissant de travaux démontre comment le comportement mécanique de la paroi végétale est fortement lié à sa structure, à sa composition biochimique et à ses conditions de croissance. Dans le même temps, des progrès significatifs ont été réalisés sur la connaissance des mécanismes de renforcement des biocomposites par des parois végétales. Nous proposons un aperçu global des principaux types de parois végétales utilisées comme renforts de polymères et nous présentons et discutons de la diversité de ces parois cellulaires, illustrant notre propos par des schémas originaux pour une comparaison claire. Le lien entre leurs structures et leurs propriétés principales, en lien constant avec le potentiel du composite associé, est spécifiquement abordé. Nous montrons également comment le point de vue d'un scientifique sur la structure de la paroi cellulaire, l'approche expérimentale associée ainsi que l'utilisation des techniques de caractérisation peuvent conduire à des résultats et interprétations différents ; À la suite d'un examen critique, nous formulons des recommandations sur les techniques de caractérisation les plus appropriées pour une fibre végétale spécifique. Outre cet important travail de synthèse, ce manuscrit propose une vue d'ensemble sur mes activités de recherche passées en dressant un bilan le plus exhaustif possible. Il détaille également mon projet de recherche pour les années à venir.

: Plant cell wall; Vegetal fibre; Composite; Mechanical properties; Structure; Characterisation. Résumé Ce manuscrit d'Habilitation à Mots-clés : Paroi cellulaire végétale; Fibre végétale; Composite; Propriétés mécaniques; Structure; Caractérisation.
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This last chapter gives a list, as exhaustive as possible of my scientific contributions. The first section is devoted to papers in international peer reviewed journals; the ongoing, then those under review, and finally the published ones are listed. A list of chapters and international or national conferences is also proposed.

4.1

Papers in peer reviewed international journals 4.1.1 Ongoing papers