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Introduction

It is not necessary to be a musician to be able to play an instrument. During his life, each human being learns how to master an instrument whose nature has given us as a gift: the human vocal apparatus. Although not very well known as such, this instrument is used since birth in a completely natural way, even if its use remains basic during the first months of life. At any age, the human vocal instrument provides an essential communication function.

Its use is perfected during the development of each individual, through speech learning and voice training, as in singing, where the singer learns how to master his instrument to better control and produce a large range of pitches and voice qualities.

The human vocal apparatus makes it possible to generate sounds in a very wide frequency range. In usual communication context, the fundamental frequency of spoken voice varies around 125 Hz for men and 210 Hz for women. However, this frequency can cover a very wide range according to the communication context (especially in singing), from 50 Hz to more than 1500 Hz. The same subject can therefore succeed in producing a wide range of sounds by mastering his vocal apparatus. In comparison, this frequency range covers 34% of the frequency range of a piano (59 keys out of 88) and 53% of that of a violin. In addition to tonal pitch, the same subject can adapt other acoustical properties of his vocal production through variations in intensity or voice quality.

Even if vocal sound generation seems simple and not consciously mastered most of the time, it is nevertheless the result of complex and coupled physical phenomena. Within the vocal apparatus, three main elements can be distinguished: an airflow system (lungs, trachea), a vibratory source (vocal folds in the larynx) and a set of resonators (vocal tract, including oral and nasal cavities). The production of a voiced sound (vowels, sonorous consonants) is the consequence of mechanical interactions between the pulmonary airflow and the vocal folds, whose vibration produces acoustic waves that will propagate and resonate along the vocal tract, before being radiated from the lips and nostrils. The properties of the resulting sound (and especially tonal pitch and voice harmonies) is closely related to the properties of the main aero-acoustical source, that is generated by the vibration of two fragile and very small (one centimeter-scale) laryngeal soft structures, the vocal folds.

Human adult vocal folds are very specific biomechanical oscillators. Unlike the heart for example, vocal-fold oscillations do not result from any periodic muscle activity: laryngeal muscles drive the vocal-fold stretching, adduction and abduction but their periodic self-sustained oscillations emerge from "passive" fluid/structure interactions between the exhaled air and the vocal-fold tissue. The vocal folds can be seen as a system of oscillators,
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coupled by their collision, able to bifurcate towards complex dynamic regimes by gradual variation of the glottal parameters: geometrical ones (e.g., glottal width), mechanical ones (e.g., tissue tension) and aerodynamical ones (e.g., air pressure). These performances, unique in the human body, are possible due to major specificities of the vocal folds observed at the tissue scales:

(i) the ability to endure large reversible deformations during phonation. As an example, during a glissando, the tissue can be stretched from 20 % to 50% of its initial length. Such elastic recovery takes place despite of the periodic collision and mechanical stresses the vocal folds are subjected to for many waking hours daily.

(ii) the ability to vibrate with a fundamental frequency up to more than 1500Hz, related to the tonal pitch. This frequency is much higher than that of other biological oscillators (heart/respiratory frequency at/below 1Hz). By changing the tissue stiffness, the vocal-fold stretching is commonly referred to as the main mechanism to increase their vibration frequency apart from additional aerodynamic consideration. Bringing answers to these fundamental questions is important to better understand human phonation. In the medical context, it is also expected to help improving clinical plans and treatments in speech therapy and laryngeal microsurgery. In particular, a better identification of the role of the tissue structure in its mechanical functioning could help avoiding residual post-operative scarring lesions that can impact the patient's voice properties, and even yield to inconsistent results including loss of phonatory abilities in some cases. Over the past decades, many promising attempts have emerged to create appropriate biomimetic materials to overcome these post-operative lesions: injectable hydrogels, implanted synthetic polymers, stem cell and growth factor administration. To date however, no artificial material is able to replace the damaged native mucosa for durable voice restoration. Therefore, current efforts to design and process new fibrous biomaterials with optimised architectures, and thus controlled vibro-mechanical properties and frequencies, should be enhanced in order to mimic vocal-fold structural and mechanical features. 

Objective and organization of the thesis

Human voice production

The production of voice sounds is the result of a complex system: the vocal apparatus. This system gathers several parts of the human body: head, neck and chest. As depicted in Figure 

Anatomy of the larynx

The human larynx is an organ located in the neck (Fig. 1.1). It is placed above the trachea, which is connected to the lungs, and below the pharynx, which represents the aero digestive junction (i.e., which separates the alimentation path, the esophagus, and the respiratory path, passing through the larynx and the trachea to the lungs). The laryngeal complex is placed in front of the esophagus, which lies in the back of the neck, anteriorly to the spine.

The larynx constitutes a multi-functional and mobile organ, which takes part in swallowing, breathing and phonation. The larynx can be rougly described as a set of cartilageneous parts, muscles and soft connective tissues, in particular the vocal folds, as shown in Figure 1.2 [65]. Typical dimensions of a human larynx is comprised from 4 to 6 cm in length, and from 3 to 6 cm in width. 

Cartilages

Cartilages within the laryngeal structure act as a holding framework and as moving functional pieces (Fig. 1.2(d-e-f)). Three unpaired and six paired different cartilages can be distinguished for a total number of nine. The unpaired cartilages are the thyroid, the cricoid and the epiglottis while the paired cartilages are the arytenoids, the corniculate and the cuneiform cartilages. These cartilages are able to move in various manners, by means of muscular and ligament forces conjugated to complex joints [22,57,56,[START_REF] Romanes | Cunningham's Textbook of Anatomy[END_REF]65].

• The epiglottis -The epiglottis has a shape of shoe folds [54] and is located in the upper part of the larynx, close to the pharynx (see Figure 1.2(a-c)). It constitutes the front cover of the laryngeal cavity and is anteriorly connected to the inner surface of the thyroid cartilage. The main function of the epiglottis is to close the larynx entrance when swallowing, preventing food to pass into the respiratory tract.

• The thyroid -This cartilage represents the main frame of the laryngeal structure (Fig. 1.2(d-f)). It is a large cartilage, made of two plates joined anteriorly in a angle, which varies depending on age and gender. This angle forms a proeminence, close to the thyroid notch, commonly known as "Adam's apple" (Fig. 1.2(d)), particularly visible in the male adult [START_REF] Zemlin | Speech and hearing science[END_REF]. This cartilage is also mentionned as the thyroid barrier, or shield, as it constitutes a protective structure to the inner larynx, location of the vocal folds.

• The cricoid -The cricoid cartilage is a circular structure that completly surrounds the laryngeal airway, as shown in Figure 1.2(d-f). It can be found at the base of the larynx, just above the first tracheal ring. It differs from this latter by its complete circular solid structure [54]. Its larger posterior part gives it a ring shape, and it is current to designate it as the "cricoid ring" [START_REF] Romanes | Cunningham's Textbook of Anatomy[END_REF]22]. This ring is connected to the trachea by ligaments. It is connected to the thyroid cartilage by ligaments and by the inferior horns of the thyroid at the so-called cricothyroid joint (inferior cornu, see Figure 1.2(ef)). This specific bond confers to the cricoid ring the ability to rock around the axis passing through the cricothyroid joint, as depicted in Figure 1.3(a) [40].

• The arytenoids -These two cartilages possess a pyramidal shape and constitute, with the cricoid and the thyroid, the most important cartilages involved in the voice pro- • The cuneiform and corniculate cartilages -The corniculate cartilages are small cones located on the top of the arytenoids, while the cuneiform cartilages are small elongated parts located in the aryepiglottic folds (Fig. 1.2(e-f)). Those cartilages do not participate to the phonation process, and are of minor importance, as evidenced by the absence of the latter in some cases. The laryngeal cartilages are connected to each other by ligaments and muscles. The action of the different muscles allows the larynx to take various geometrical configurations.

These changes operate frequently and have an immediate effect on the vocal-fold tension and position, even without any vibration.

Muscles

The muscles within the larynx can be classified in two different categories: the extrinsic muscles, and the intrinsic muscles [40,65]:

• The extrinsic muscles -These muscles are located outside the laryngeal cavity, ensuring the bond between the laryngeal complex and the surrounding elements (sternum, hyoid bone, pharynx). Consequently, they do not directly affect the vocal folds, and are secondary muscles in the phonation regulation process. However, these muscles are of primary importance in the gross larynx mobility, and are responsible for the larynx mobility along the vertical direction as well as the antero-posterior direction.

This category regroups the sternohyoid muscle (paired), the sternothyroid muscle, the thyrohyoid muscle (paired), the omohyoid muscle (paired), the stylohyoid muscle, the digastric muscle, the geniohyoid muscle, the hyoglossus muscle and the mylohyoid muscle. Since there are not concerned directly in the vocal-fold biomechanics, their action will not be described here.

• The intrinsic muscles -Contrary to the previous group, those muscles are located inside the laryngeal cavity, as evidenced in -The interarytenoid muscle -This muscle is located between the two arytenoid cartilages (Fig. 1.2(i)). Its role is to support the action of the lateral cricoarytenoid muscle during the adduction process. While the latter closes the glottis efficiently from the vocal process to the anterior commissure, the interarytenoid muscle aids to fully close the glottis by sealing off the posterior area.

-The thyroarytenoid muscle -Also called the vocalis, or vocal muscle, it constitutes the muscular part, or so called body, of the vocal folds. The muscle is located under the mucosa layer of the vocal folds and connects the arytenoid vocal process to the thyroid (Fig. 1.2(g-h)). Its contraction has for effect to shorten the vocal folds, making them thicker, and increasing by the way their stiffness, which could have a role in the pitch control [54,65].

The vocal folds

The vocal folds are located in the heart of the laryngeal structure. Also abusively called "vocal cords" due to an outdated conceptualisation, they consist in two soft tissue folds of the larynx (Fig. 1.4). They are placed under the ventricle of Morgagni, below the second folds that can be found in the larynx, i.e., the vestibular folds (also called "false vocal folds"). The glottis designates the area between both vocal folds. The median plane passing through the folds represents the glottal plane. As depicted in Figure 1.4, the supraglottic and infraglottic areas are therefore defined as the area respectively above and below the glottal plane.

The vocal folds are connected to the surrounding structure by the arytenoid and the thyroid cartilages (see Fig. 1.3b). In particular, the vocal process of the arytenoid cartilages fits directly inside the fold.

Glottis Supraglottic area

Infraglottic area • The outer layer covering the tissue is made of a stratified squamous epithelium. It plays a protective role, acting as a barrier between the sublaying connective tissues and the airways. It ensures also the humidification of the fold external surface, covered by a mucus secreted by the seromucosal glands and the goblet respiratory cells it contains [START_REF] Macé | Histologie, bases fondamentales[END_REF]. The epithelium is a thin layer around 50-60 µm thick (Fig. 1.5).

• Under the epithelium, a loose connective tissue called lamina propria can be found (Fig. 1.5). This tissue (thickness 1-3mm) is further divided into three sublayers:

a superficial layer, also called "Reinke's space", forming with the epithelium the so-called mucosa, as commonly found in cavities prolongating the exterior environmment (digestive pipe, respiratory path, urinary tract, genital tract) [START_REF] Macé | Histologie, bases fondamentales[END_REF]. It is a loose connective tissue and is about 500 µm thick (Fig. 1.5).

an intermediate layer, sensibly similar to the superficial layer in a more dense version. This layer is about 1 mm thick (Fig. 1.5).

a deep layer, ensuring the transition with the vocal muscle, and is similar to the two previous layers, albeit being more dense. This layer is about 1 mm thick (Fig.

1.5).

The vocal ligament is commonly defined as the intermediate and the deep layers of the lamina propria. Those layers possess a similar structure, i.e., protein fibres embedded in a ground substance (see next section), but the protein fibres structure evolves with the layers, from thin fibres in the superficial layer to thick fibres to the deep layer. These fibrous proteins ensure a resistance to the elongation of the tissue. The lamina propria contributes to the vocal-fold "passive" biomechanical properties (stiffness, elasticity, viscosity) and the regulation of its water content.

• The last layer is constituted by a stratified muscle, the thyroarytenoid muscle or vocalis, responsible for tissue "active" contractile properties. It represents actually the major part of the vocal fold and is about 7 to 8 mm thick [54].

For the sake of simplicity, the vocal-fold structure is often simplified as a bi-layered system, made of a "cover" (epithelium, superficial layer, intermediate layer) and a "body" (deep layer, muscle) [START_REF] Titze | The physics of small-amplitude oscillation of the vocal folds[END_REF][START_REF] Story | Voice simulation with a body cover model of the vocal folds[END_REF].

Histological features

In the following, the main components of the lamina propria and the vocalis are adressed.

First, as a connective tissue, the lamina propria is made of cells, a ground substance and fibrous proteins [START_REF] Macé | Histologie, bases fondamentales[END_REF]. The ground substance and the fibrous protein form the Extra Cellular Matrix (ECM). The ECM has a structural and a functional role. The interaction between the cells and the ECM are important to maintain the functionalities of the tissue, notably during the healing process.

The ground substance -The ground substance is for the most part a macromolecular complex with high hydrophilic properties, and consequently with a high water content in normal conditions. Most of the structure is made of polysaccharides or proteins [29,19]: proteoglycans, glycoproteins and glycosaminoglycans.

Briefly, proteoglycans and glycoproteins are hybrid structures, possessing a polysaccharide part and a protein part. Among the proteoglycans, decorin, fibromodulin, versican and heparan have been reported. Most important glycoproteins are the fibronectin and the laminin. These intersticial molecules have different roles within the lamina propria and act mostly as biological filters [29,19]. Although they participate to a lesser extent to the structural maintenance of the tissue, their contributions to the mechanical properties remain minority.

Glycosaminoglycans are polysaccharide chains. The most important representant is the hyaluronic acid. This molecule is a large glycosaminoglycan found in every ECM of the human body and is commonly considered to act as a filling molecule [19]. Contrary to the previous molecules, hyaluronic acid plays a role in the mechanical properties of the tissue, especially as a shock absorber [29,19,41]. Hyaluronic acid is responsible for the maintenance of the 3D structure built by other proteins. By absorbing the energy due to the repeated contact of the folds in phonation, hyaluronic acid protects the inner structure of the lamina propria.

Cells -Three different types of cells can be distinguished within the lamina propria: fibroblasts, myofibroblasts and macrophages. Fibroblasts and myofibroblasts have a similar function, which is to produce the components of the ECM. The myofibroblasts are more specialized in the healing process and are therefore mostly found in the superficial layer of the lamina propria. Macrophages ensure a role of protectors against the outcoming elements, and are involved in inflammatory process. As cells, their main function is purely biological, and their contribution to the fold mechanics is negligible. However, a biological dysfunction of these cells can have important consequences on the ECM population, leading to an indirect modification of the tissue mechanical properties (e.g., fibrosis due to an overproduction of fibres) [19].

Fibrous proteins -The fibrous proteins within the ECM of the lamina propria can be separeted in two kinds: collagen fibres and elastic fibres.

• Collagen -Collagen is one of the most abundant fibrous proteins within the human body. Twenty eight different types of collagen have been listed [23]. Within the vocal folds, six collagen types can be found: Type I, Type II and Type III have been identified within the lamina propria [36,[START_REF] Tateya | Collagen Subtypes in Human Vocal Folds[END_REF]29,[START_REF] Madruga De Melo | Distribution of collagen in the lamina propria of the human vocal fold[END_REF], while Type IV, Type V and Type VII are associated to the epithelial basement membrane [START_REF] Tateya | Collagen Subtypes in Human Vocal Folds[END_REF]28]. Collagen types differ from their microstructure and ensure different functions [23]. Collagen Type I and Type III are in majority and have the most important contributions in terms of mechanical properties. Collagen Type I and Type III belong to the fibrillar collagen subfamily [24].

Fibres are actually made of collagen fibrils, which are themself an assembly of collagen molecules constituted by a triple-helical protein chain (see Fig. 1.6(a)). Collagen Type I is known to possess a thick structure and a high resistance to traction [START_REF] Yang | Mechanical properties of collagen fibrils and elastic fibers explored by AFM[END_REF]. Collagen Type III is mostly found in soft elastic structure and is likely to possess a thinner structure than Type I [6]. Collagen Type III is also known as reticulin, as it seems to form thin reticulated structure. The high mechanical properties of collagen fibres and their structural arrangement is commonly considered to be responsible for the particular mechanical performances of the vocal folds [11].

• Elastin -Elastin is an elastic fibrous protein whose role seems to confer a high mechanical resilience to the tissue. It is commonly found in deformable structures such as lungs, skin or blood vessels [32]. The elasticity of this protein is believed to permit to the structure to recover its initial state after stretching [START_REF] Macé | Histologie, bases fondamentales[END_REF]4]. "Elastin fibres" possess a specific structure which is an assembly of two components, the elastin itself and the fibrillin [49,[START_REF] Mithieux | Elastin[END_REF][START_REF] Macé | Histologie, bases fondamentales[END_REF]17]. Elastin protein is actually synthetised as tropoelastin which polymerises to form the final protein. The elastin forms an amorphous structure, which is located in the heart of the elastin fibres. Conjugated to the elastin, fibrillin fibrils assemble around the amorphous structure to form the final elastin fibre [START_REF] Ramirez | The fibrillins[END_REF]. Fibrillin is a glycoprotein of structure which maintains the 3D structure of the fibre. The amount of elastin within the vocal folds is especially high (8.5 % of the total proteins) compared to other very elastic structure such as human skin (3 % of the total proteins) [35,19,37,29]. Contribution of elastin to the vocal-fold mechanics remains

unclear, but such high content could potentially be justified to ensure the recovering of the tissue after large and repeated deformation encountered during phonation.

To sum up, the vocal-fold upper layers, by their composition, can be seen as a composite made of a soft matrix (inlcuding the ground substance and the cells) and a fibrous reinforcement, mostly composed of collagen and elastin fibres. By weight, collagen remains the most abundant protein in human vocal folds, representing 43% of the total proteins within the upper layers, against 8.5% for elastin. Therefore, numerous studies have been conducted in order to extract microstructural descriptors allowing to understand the fibrous network architecture of the collagen, which is believed to have a noticeable importance in the tissue mechanics [START_REF] Miri | Microstructural characterization of vocal folds toward a strain-energy model of collagen remodeling[END_REF]59,[START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF]. Few studies began to investigate the elastin network architecture [START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF].

The vocalis muscle -The vocalis muscle belongs to the family of the skeletal striated muscle [START_REF] Sonesson | On the anatomy and vibratory pattern of the human vocal folds[END_REF]. Those muscles are made of striated musclular cells (abusively called muscular "fibres") also known as rhabdomyocytes [START_REF] Macé | Histologie, bases fondamentales[END_REF]. Similarly to collagen fibres, muscular cell possess a hierarchical structure, as depicted in Figure 1.6(b). The rhabdomyocyte is an assembly of myofibrils, which are made of sarcomeres (basic unit of striated muscle tissue) [START_REF] Macé | Histologie, bases fondamentales[END_REF]47,[START_REF] Lieber | Skeletal muscle adaptability. I: review of basic properties[END_REF].

The vocalis muscle has contractile properties, and is made of a majority of muscular cells of Type II (white muscular "fibres", also called "fast" muscular cells, in opposition to type I or "slow" muscular cells) [START_REF] Sato | Age changes in human vocal muscle[END_REF]48]. 

The phonation process

As already mentionned, the vocal folds are subjected to various deformations during geometrical changes in the laryngeal configuration. The main mechanical loadings experienced by the tissue are induced by the phonation process.

Prior to the phonation process, the vocal folds, abducted at rest in order to permit the respiratory aiflow to circulate, are adducted by laryngeal muscles in order to close the glottis. Diaphragm action pushes air from the lungs and produce an airflow during expiration, increasing the subglottal pressure in the infraglottic area. Vocal-fold tension and elasticity induce a resistance to the glottal opening. The subglottal pressure reaches a threshold, called the phonation threshold pressure or the "onset" pressure, enough to open the glottis (i.e., to compensate the forces keeping the glottis closed), and let the air passing through the glottis to the supraglottic area [START_REF] Van Den | Myoelastic-aerodynamic theory of voice production[END_REF]. The glottis opening induces a release of the subglottal pressure. At this stage, several phenomena should be considered: (i) the airflow coming from the trachea tends to maintain the glottis opened; (ii) the vocal-fold elasticity induces a recoil force which tends to restore the contact between them; (iii) a pressure drop appears between the folds, causing a Bernoulli effect which also tends to bring them back together [START_REF] Van Den Berg | On the air resistance and the bernouilli effect of the humain larynx[END_REF]. Consequently to (ii) and (iii), the glottis will be closed, until the subglottal pressure reaches the onset pressure again (i). Under particular aerodynamic and mechanical condi- Vocal-fold oscillations are very particular due to their self-sustained nature coming from fluid/structure interactions. These oscillations are not caused by muscular actions, the laryngeal muscles acting only on the vocal folds position and tension. The pitch control (frequency) is therefore directly linked to vocal-fold mechanical attributes, such as rigidity, tension or dimensions, and to aerodynamical aspects. The fondamental frequency f 0 of human voice is commonly comprised between 50 and 1500 Hz. Particularly, common speech frequencies are found between 140 and 240 Hz for females and 100 to 150 Hz for males [68,[START_REF] Sundberg | Comprehensive Human Physiology[END_REF].

The sound frequency corresponds actually to the vocal folds vibration frequency. The intensity of the sound corresponds to the amplitude of the wave and is linked to the subglottic pressure, which can vary between 300 and 3600 Pa [53].

Finally, from a biomechanical point of view, the phonation process induces various cyclic and coupled mechanical loadings for the tissue. The vocal tissue is subjected to contact forces, inducing compression, friction, and shear. In addition, to vary tonal pitch, the vocal folds tension is modulated by longitudinal stretching.

Clinical situation

As described in the previous section, the biomechanical properties of the vocal folds and correlates of the resulting voiced sound are closely linked. Consequently, the phonatory abilities of a subject are strongly affected by any changes in the biomechanical properties of his vocal-fold tissue. In a clinical context, a better understanding of the tissue mechanical properties may help, not only to identify and understand a voice disorder, but also to improve the treatment plan when possible.

Vocal-fold lesions and voice disorders

Common voice disorders are classically divided into two main categories: organic disorders, where specific lesions (in any organ) can be identified, and functional disorders, when the sound production is abnormal without identificating any lesions. The latter will not be considered in this study, as it does not directly concern the vocal-fold structure. The organic disorders may have different sources, from an intensive use of the voice apparatus to a congenital malformation of the laryngeal complex. In the present case, focus is given to common troubles that can be developed without congenital predisposition, and more precisely to voice disorders associate to tissue (mechanical or structural) alterations.

Due to its physiological functions (in voicing but also breathing and swallowing) and to its specific location in the aero-digestive tract, the vocal-fold tissue is exposed to many injurious stimuli [9,64]. It has to accommodate to phonotrauma (daily collisions, vocal misuse/overuse), chemical trauma (cigarette smoke, pollutants, inhaler treatments, alcohol, gastroesophageal reflux) and/or occasional non-phonatory mechanical trauma (intubation, microsurgery). Although characterised by an enhanced reparative capacity of micro-lesions, the vocal-fold tissue can be damaged past a critical threshold of injury. This may yield to many vocal-fold lesions shown in Fig. 1.8:

• benign lesions (e.g., polyps, nodules, Reinke's edema) are commonly observed in dysfunctional laryngopathies after a phonotrauma [39]. In other words, such very common lesions can arise from the phonation process itself, either due to an intensive voice use (teachers, singers,...) or to a ponctual voice abuse (screaming, shouting, loud speaking,...). In particular, the stress induced by the collision between both vocal folds is commonly designated as the cause of vocal nodules genesis (Fig. 1.8(c)) or polyps (Fig. 1.8(d)). Vocal nodule seems to result from repeated localised edema. Soft in the early stage (from a mechanical point of view), the nodule becomes harder with time and represents therefore a direct modification of vocal-fold mechanical properties, along with a deformation of the tissue (often symmetrical, as depicted in Figure 1.8(c)). The nodule hardening results from a fibrosis due to the tissue repairing process, overproducing connective fibres. Similarly, vocal polyp is caused by repeated mechanical stress conjugated to other irritation of the epithelial surface (smoke, pollution, chemicals in the air). This combination may result in large edemic growth, localised or distributed.

• cancerous lesions (carcinomas) are likely to develop after a chemical trauma [START_REF] Schultz | Vocal fold cancer[END_REF].

These tissue lesions come along with numerous voice disorders, ranging from common dysphonia (loss of normal vocal function) or aphonia in cases of benign lesions, up to severe complications in vital functions (dyspnea, dysphagia) in cases of cancerous lesions.

Note that vocal-fold disorders are not necessarily permanent and may also happen during a short amount of time. This is the case for example of vocal-fold tissue infection (Fig. Those examples illustrate the importance of the intrinsic properties of the tissue on the voice abilities.

Treatments

Nowadays, two therapeutic options are considered in function of the patient's case:

• Speech therapy -This therapy aims at correcting an ill-adapted vocal gesture, thanks to manual laryngeal manipulation, body work, glottal source, resonance and breathing coordination together with a relearning of communicative behaviour. These techniques relies on a strong know-how of the practitioners, continuously expecting an increase in fundamental knowledge in phonatory biomechanics to improve their clinical plans.

• Laryngeal (micro)surgery -This surgery consists in the excision of the vocal-fold lesion or in the resection of the damaged tissue, from superficial to complete cordectomy depending on the lesion [START_REF] Remacle | Endoscopic cordectomy. a proposal for a classification by the Working Committee[END_REF]. Surgical intervention can induce scarring lesions, notably in cases of invasive procedures, which can yield to inconsistent results including loss of phonatory abilities [38,52,69]. Scarring tissues are rich in collagen due to the natural production of fibres during the healing process, however, it has been shown that scars could be related to a disorganized fibrous structure and directly affect the properties (mechanical or microstructural) of the superficial layers of the lamina propria. Facing these post-operative complications, many restorative solutions have been under study during the last decades [61,8,[START_REF] Ling | Bioengineered vocal fold mucosa for voice restoration[END_REF][START_REF] Long | Restoring voice: Engineered vocal cords could soon replace damage damaged tissue[END_REF]31,21]:

• Growth bioactive factors -This solution consider the injection of bioactive agents to increase the efficiency of the healing process, e.g., single basic fibroblast growth factor (bFGF) or single hepatocyte growth factor (HGF) [16]. As it may cause tumor development, this techniques are still in progress for human in vivo applications.

• Cell therapy -This technique consider the transplantation of stem cells extracted from adipose tissue or bone marrow [START_REF] Mattei | Cell therapy and vocal fold scarring[END_REF], in order to replace dysfunctional cells and regenerate the upper layers of the fold. Similarly to the previous technique, tumor development may be an issue, and in vitro studies are still in progress.

• Biological or artificial injectable materials -This method consists in the injection of various materials inside the tissue, mainly to compensate geometry changes [58]. Although satisfactory, most of the injections have to be repeated periodically, rendering the healing process constraining.

• Implanted materials -The direct implantation of biological or artificial materials is also a solution, aiming at replacing (prothesis) a part (or complete vocal fold), compensating a dysfunction, and/or helping the tissue healing process after a surgical intervention [21,20].

Research and developments of suitable artificial materials are still actively ongoing to restore durably the damaged mucosa [61,8,[START_REF] Ling | Bioengineered vocal fold mucosa for voice restoration[END_REF][START_REF] Long | Restoring voice: Engineered vocal cords could soon replace damage damaged tissue[END_REF]31,21]. Thus, a better understanding of the vocal-fold tissue structure and behaviour may help clinicians to elaborate even more efficient treatments and/or to prevent some injuries, and facilitate the artificial reproduction of the tissue mechanical or microstructural specificities.

Microstructural investigation of the vocal-fold fibrous networks

The mechanical properties of any material are directly related to its multiscale composition and architecture. Thus, a better understanding of vocal-fold mechanical behaviour necessarily passes through a better microstructural characterisation of the tissue. In this section, a brief statement of the techniques used in order to investigate the vocal-fold microstructure is adressed. Known histological and microstructural features of the vocal-fold tissue are reviewed.

Investigation techniques

Classical histological techniques

Alike any biological tissue, histological standard techniques have been used to identify the vocal-fold biological composition. The principle of these techniques often relies on a marking of the components in order to reveal them under microscopic examination. Histochemistery and immunohistology can be cited as example. Histochemistery concerns specific chemical reactions that provoke a determined coloration in the sample. By this means, histochemistery permits to detect and localise various components on histological slides.

Similarly, immunohistology relies on the marking of the target component using specific antibodies. These antibodies, once anchored to the associated antigens, are revealed using additionnal detectable components (fluorochrome, enzyme or gold). These techniques are often coupled with classical imaging techniques such as optical microscopy, fluorescence optical microscopy or scanning electron microscopy [START_REF] Macé | Histologie, bases fondamentales[END_REF].

These techniques allow a fine observation of the microstructure of the tissue with satisfying resolutions. It could be used for quantitative measurement as well. 

Ultrasound imaging

Ultrasound imaging is widely used as a clinical tool. This technique is particularly adapted to the visualisation of soft tissue. An ultrasound wave is transmitted to the analysed sample.

When the wave changes of medium, one part is transmitted, an other part is reflected. The detector collects the reflected waves, and an image is produced based on the impedance differences between the crossed media.

This technique has many advantages: ease to use, non-destructive, real time visualisation and a pretty good resolution (≈ 0.05 mm) at high frequency (>30 MHz) [67,63]. In addition, the possibility to image the tissue in vivo is of great interest, and it enables to investigate the vocal folds movement in phonation [START_REF] Shau | Noninvasive assessment of vocal fold mucosal wave velocity using color doppler imaging[END_REF][START_REF] Tsai | Dynamic B-Mode Ultrasound Imaging of Vocal Fold Vibration During Phonation[END_REF][START_REF] Tsai | Laryngeal Mechanisms During Human 4-kHz Vocalization Studied With CT, Videostroboscopy, and Color Doppler Imaging[END_REF]50].

However, ultrasound is not well adapted to the fine characterisation of the vocal-fold microstructure. Higher resolutions are in fact possible by the use of a higher frequency, but reducing considerably the depth of the observation field. In addition, in vivo inspection is 

(Micro-)Magnetic resonance imaging (MRI)

Magnetic resonance imaging is also a common imaging technique in the biomedical field.

MRI principle is based on the interaction of hydrogen atoms (protons) with an exterior magnetic field. The magnetic field interacts with the magnetic momentum of the proton, and this signal is collected to draw the magnetic map of the analysed area. Consequently, this technique is particularly adpated to investigate elements with a high water content, and soft tissues are good candidates. MRI has several advantages, despite the fact that it requires complex instrumentalisation and is less easy to use than ultrasounds. If used with an appropriate magnetic field and for short amount of time, MRI is non destructive and can be used for in vivo study. The acquisition time is rather low, permitting dynamic measurements. In addition, and on the contrary of the previous techniques, MRI is suitable for 3D measurements. A MRI scan results in fact in a pile of 2D images that can be assembled in a 3D volume.

Classical MRI (i.e., for medical applications) is used at large scale with medium resolution (see Fig. 1.9(c)) (ranging around 1 mm, the resolution being a function of the applied magnetic field intensity). However, recent advancements in MRI technique leads to the development of micro-MRI, which allows better resolutions, from 15 to 100 µm (see Fig. 1.9(b) [START_REF] Yao | A rapid micro-magnetic resonance imaging scanning for three-dimensional reconstruction of peripheral nerve fascicles[END_REF]62]. These improvements are promising for the study of living tissue such as vocal

folds. Yet, they require high magnetic fields (>10 T instead of 1.5 to 3 T for standard MRI), and then are complicated to use with human patients. Such a technique is convenient for ex vivo tissue characterisation, where it gives interesting results. The admissible resolutions are still not sufficient to reveal the (sub)microscopical structure of the tissue.

Confocal laser scanning microscopy (CLSM)

Nowadays, the laser confocal scanning microscopy is widely used for the observation of biological samples. This technique is an improvement of the classical optical microscopy: the sample is illuminated by a focused laser beam (instead of white light); a pinhole placed before the detector in a plane optically conjugated to the observation plane (confocal) permits to filter incoming signal in order to collect only the signal from the focal plane. By This method improves the resolution of the images (around 200 nm for the best devices).

In addition, CLSM allows in depth observation within the sample (with an axial resolution up to 400 nm), although being limited to thin layer (the signal being more and more attenuated as the crossed layer thickness increases). Thus, the acquisition of serial optical sections for 3D reconstruction is possible, which is particularly interesting for tridimensionnal analysis of the tissue microstructure. CLSM allows to realise selective imaging, by controlling the excitation frequency of the laser beam, as shown on figure 1.10(a-b). By this means, only elements sensible to this frequency will transmit a signal, facilitating the localisation of the studied component. Finally, CLSM can be coupled with mechanical in situ tests [10]. By adapting the resolution, the acquisition time can be adjusted to perform quasi-static tests, allowing the investigation of dynamic microstructural rearrangement. During the last decade, CLSM has been increasingly used in vocal tissue characterisation [59,[START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF][START_REF] Miri | Microstructural characterization of vocal folds toward a strain-energy model of collagen remodeling[END_REF]. The limited thickness of the scanned area can be cited as a limitation in the 3D investigation of the in-depth microstructure. This technique is therefore more efficient for surface measurement, without looking too deeply into the sample.

X-ray microtomography

Unlike all the aforementionned techniques, X-ray microtomography has not been used in the context of vocal folds characterisation so far. However, the performances of this method make it a good candidate, already used to study other biological soft tissues [18] [102] [42].

The basic principle is the same as the CT-scan (Computer Tomography) used for medical application [START_REF] Storck | Developing a 3d model of the laryngeal cartilages using HRCT data and MIMICS's segmentation software[END_REF][START_REF] Storck | Three-dimensional imaging of the larynx for preoperative planning of laryngeal framework surgery[END_REF]. An X-ray beam is emitted towards the sample which is located in the front of the detector. The detector collects the transmitted signal, whose intensity will depend on the crossed materials. As a result, a 2D radiography is obtained (Fig. 1.11), directly linked to the absorption of the signal by the sample. By repeating the operation while rotating the sample, it is possible to obtain a stack of radiographies that can be used for 3D reconstruction.

Currently, tomography is performant enough to reach resolutions equivalent to those of CLSM. Acquisition times vary depending on the used tomograph: several hours for laboratory devices, to less than one second for synchrotron tomography. This latter is consequently very interesting in order to perform in situ mechanical testing.

Two different imaging modes are to be distinguished. The first one, and the most common, is the absorption mode. This imaging mode relies on the absorption of the signal by the scanned sample only. It is complicated to be used with homogeneous materials in terms of absorption coefficient. This is the case for soft tissue. Microstructural components are sometimes difficult to isolate due to similar absorption properties. The second imaging mode is completing the absorption mode, and enhances the performances for this kind of materials. Called "phase contrast" imaging or "phase retrieval" mode, this mode takes into account the phase-shift that occurs when the beam is passing though the sample. It is particularly efficient to enhance interface detection, even between materials possessing close absorption coefficient.

Although less common than the previous methods for biological materials characterisation, X-ray microtomography remains of great interest in the microstructural and mechanical characterisation of the vocal folds. The possibility to use this technique in this context will be investigated in this study and will be the object of Chapter 2. Particularly, the use of synchrotron X-ray microtomography in phase retrieval mode will be explored in order to perform in situ mechanical testing.

Microstructural descriptors

Although the link between the vibro-mechanical properties of the vocal fold and its microstructure still remains an open question, the fibrous architecture of the tissue has been widely studied. Particularly, the organisation of the collagen network within the different sublayers of the lamina propria has been investigated during the last three decades. The recent improvement in the field of imaging permitted major findings, renewing the interest for the microstructural characterisation of the vocal folds.

Fibrous protein networks

The microstructural arrangement of the vocal fold in the lamina propria is a subject of interest for many years. Classical histological techniques allowed a good estimate of the tissue biological composition [START_REF] Madruga De Melo | Distribution of collagen in the lamina propria of the human vocal fold[END_REF]35,36,[START_REF] Tateya | Collagen Subtypes in Human Vocal Folds[END_REF][START_REF] Pinto | Hybrid polyethylene glycol hydrogels for tissue engineering applications[END_REF]. However, the organisation of the structure is still challenging to investigate and to quantify. First described by Hirano in the 1970-80s [44,46], the fibrous network formed by the fibrous proteins (collagen and elastin) is often sketched owning a single preferential orientation, the fibres being mainly oriented in the fold longitudinal direction (i.e., the antero posterior direction with respect to the anatomical frame).

Each sublayer is generally represented with the same structural orientation, differing from each other by the fibres content, type and thickness. This description of the microstructure is still largely used to represent the fold architecture. Since the 2010s, the vocal-fold microstructure description has been precised, notably in order to quantify accurate descriptors to be used in numerical models of phonation.

Volume fraction -The repartition of the fibrous proteins within the vocal folds is a key factor to understand the role of each lamina propria sublayer in the vocal-fold mechanics. This subject has been discussed for many years, and contradictory findings have been reported. Nevertheless, the different results converged on the fact that collagen density varies depending on the considered sublayer [START_REF] Madruga De Melo | Distribution of collagen in the lamina propria of the human vocal fold[END_REF][START_REF] Tateya | Collagen Subtypes in Human Vocal Folds[END_REF]35,36,29]. A higher content of collagen has been found within the deep layer, conjugated with an increase of the fibres thickness [START_REF] Pinto | Hybrid polyethylene glycol hydrogels for tissue engineering applications[END_REF].

The fibres are reported to be thinner within the superficial and intermediate layers [START_REF] Pinto | Hybrid polyethylene glycol hydrogels for tissue engineering applications[END_REF]. Different results were reported concerning the superficial and intermediate layers in terms of fibres content. Overall, the fraction of collagen was roughly estimated between 15 and 60 % of total proteins, based on histological findings and optical measurement [START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF][START_REF] Tateya | Collagen Subtypes in Human Vocal Folds[END_REF]34,[START_REF] Madruga De Melo | Distribution of collagen in the lamina propria of the human vocal fold[END_REF]. This range of value should be taken carefully, as volume fraction measurements are reported to be very challenging.

Studies quantifying the elastin distribution in the lamina propria are scarcer than for collagen. Nonetheless, as previously mentionned, the elastin population has been reported to be five times inferior than the collagen one [36]. Its repartition is found to be similar to the collagen, the intermediate and deep layers exhibiting a higher content than the superficial layer [36,37].

Fibres topology -Collagen fibres topology (and to a lesser extent, elastin fibres topology) is believed to play a major role into the vocal-fold mechanics [START_REF] Miri | Microstructural characterization of vocal folds toward a strain-energy model of collagen remodeling[END_REF]. Alike in other soft tissues (e.g., aortic tissue) [25,66], collagen fibres in the vocal fold have been reported to exhibit a wavy structure. This structure is designated to allow the fibres to deploy themself when loaded in tension, softening the tissue and enhancing the elasticity [66,30]. An accurate quantification of this waviness is complex to derive from classical microscopy and standard histological techniques. Indeed, the inclusion procedure to realise histological slices requires a complete dehydration of the sample, implying in most cases a noticeable shrinkage of the structure. Therefore, any quantitative measurement of the fibrous network topology should be made carefully. Recently, Miri et al. [START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF] succeeded in estimating the waviness of the collagen fibres using confocal laser scanning microscopy (Fig. 1.12(b)). The authors assumed that the fibres topology could be described by a sinusoidal function, defined by two microstructural descriptors, an amplitude and a periodicity. The (peak-to-peak) amplitude and the periodicity were found between 1 and 5 µm, and between 15 and 50 µm respectively, depending on the measurement depth. Elastin fibres topology has not been studied with such a precision, however, in the same study, similitudes were found between elastin and collagen networks arrangement, suggesting that elastin could potentially possess a close wavy structure.

Networks orientation -Although the collagen network orientation has been qualitatively assessed, no quantitative descriptors were derived until recently. Indeed, the angular distribution of fibres has been successfully measured from the post-processing of images obtained using CLSM (see Fig. 1.6), either through a polar coordinate analysis of the power spectrum images [59], or by selecting 10 random edge segments in each image, measuring the angle from the vocal-fold longitudinal axis [START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF]. Yet, it is still very delicate to extract any 3D quantitative information on the fibres orientation within the tissue. Therefore, a single angular parameter is generally extracted to characterize the microstructure: a single population of collagen fibres is assumed, aligned in a transversely isotropic symmetry while allowing for dispersion around the main axis of orientation [59]. As shown in Fig. 1.6(a), the fibres orientation was found to be centered on the antero-posterior direction, with an angular dispersion inferior to 20°.

Such measurement for the elastin fibres network has not been reported yet, albeit the similitude between the collagen network and the elastin network could suggest similar orientation [START_REF] Miri | Nonlinear laser scanning microscopy of human vocal folds[END_REF].

Muscular cells network

To our knowledge, the inner structure of the vocal muscle has not been extensively reported.

Therefore, early characterisation are still used as to describe the microstructure of the vocalis. [START_REF] Sonesson | On the anatomy and vibratory pattern of the human vocal folds[END_REF] [START_REF] Sonesson | On the anatomy and vibratory pattern of the human vocal folds[END_REF] reported for example that the muscular cells seemed to be parallel to the fold boundary, and consequently oriented in a similar pattern to the fibrous proteins.

Hirano [45] used this representation in his conception of the vocal-fold laminar structure.

However, and more generally, skeletal striated muscles are known to present segments with perpendicular orientations [START_REF] Macé | Histologie, bases fondamentales[END_REF]. No quantitative data have been reported yet, making difficult to properly describe the vocalis microstructural arrangement.

Biomechanical characterisation of vocal folds

The mechanical characterisation of the vocal folds remains challenging since several decades, due to inter-/intra-subject variability, to the vocal-fold complex mechanical properties, their anatomical location and very small dimensions. In the following section, major findings concerning the mechanical properties of the vocal folds are reported. 

In vivo characterisation

As for many biological tissues, a particular concern is given to the tissue physiological in situ conditions. In the case of the vocal folds, the natural anchorage of the tissue within the laryngeal complex and the surrounding structure is believed to play a noticeable role in the vocal-fold mechanical properties, notably concerning the rigidity of the tissue "at rest" (i.e., without vibration) [START_REF] Rohlfs | The anisotropic nature of the human vocal fold: an ex vivo study[END_REF]27]. Consequently, a few studies were dedicated to the developments of experimental procedures in order to realise direct in vivo measurements.

During the 1990s, a device was built in order to realise intraoperative measurement of the transverse elastic modulus of the tissue (Fig. 1.13). This device was built for phonosurgery purposes as a control tool for surgeons [26,[START_REF] Tran | Measurements of Young's Modulus in the in-vivo Human Vocal Folds[END_REF]. On the one hand, the developed protocol was the first to allow in vivo mechanical measurement (Fig. 1.15(a)). One the other hand, the implementation of this method required a heavy procedure (general anesthesia) and was very invasive. More recently, an adaptation of a linear skin rheometer (LSR) was designed in order to estimate the shear modulus of the tissue, simplifying the realisation and enhancing the accuracy of the measurement. Despite these noticeable improvements, the task remains complicated, yielding to very local and superficial mechanical measurements. At last, some authors developed a protocol in order to realise inverse analysis of the vocal-fold mechanical properties from imaging techniques [51]. Using ultrasound imaging coupled with color doppler imaging, this method allowed a non invasive in vivo measurement of the elastic properties of the vocal folds. Each method yielded to interesting results, estimating the tissue's elastic modulus under several conditions, ranging from a few to hundreds kPa. In particular, these techniques allowed to show that the elastic modulus increases with vocalis contraction and the fold deformation. Moreover, the reported results indicated that fold paralysis is correlated to changes of elastic properties of the tissue [26]. Still, these techniques remain very heavy to use. In addition, the accuracy of such techniques is difficult to estimate. Thus, most commonly used techniques are applied on excised tissues (ex vivo), increasing considerably the feasibility of mechanical testing.

Ex vivo characterisation

Since the 1970s, the vocal-fold mechanical properties have been actively investigated on excised tissue, either on dissected vocal fold or on hemi-larynges. Measurements on hemilarynges present the advantage to be performed in a state close to the physiological condition, i.e., while keeping the natural anchorage of the vocal folds in the laryngeal structure [27]. This procedure helps to keep the natural tension of the tissue "at rest". Nevertheless, it makes it difficult to perform classical mechanical testing. Local measurement are therefore more suitable in such geometrical configurations, such as indentation or linear skin rheometer (LSR) [START_REF] Rohlfs | The anisotropic nature of the human vocal fold: an ex vivo study[END_REF]27,15]. Although of great interest to quantify the spatial heterogeneity of the mechanical properties of the tissue, it is important to remind that local measurements should be interprated carefully however, especially when determining mechanical constants.

Heterogeneity -Several studies explored the heterogeneity of the mechanical properties of the tissue. In this context, heterogeneity designates variation of the mechanical properties between the different layers of the tissue or depending on the location within a given layer.

Such observations were already reported in the early study conducted by [START_REF] Van Den Berg | Results of experiments with human larynxes[END_REF] [START_REF] Van Den Berg | Results of experiments with human larynxes[END_REF] on excised larynges, evidencing a different extensibility for each tissue sublayer.

The author assumed that this phenomenon was due to the difference between the layers microstructures and compositions. Such difference has been confirmed in tension through the determination of the longitudinal elastic modulus of dissected vocal folds [60,[START_REF] Zhang | Modeling of the transient responses of the vocal fold lamina propria[END_REF]11,5,[START_REF] Min | Stress-strain response of the human vocal ligament[END_REF].

Similar results were reported for shear experiments on hemi-larynges [START_REF] Rohlfs | The anisotropic nature of the human vocal fold: an ex vivo study[END_REF]27]. Finally, indentation testing revealed that the superficial elastic properties of the tissue are varying according to the location on the cover surface, as shown in Figure 1.14(a) [15].

Anisotropy -Often left aside so far, the anisotropic mechanical behaviour of the vocal folds represents a rather recent field of interest, coming along with the technological improvements allowing a better microstructural characterisation. Differencies between longitudinal and transverse shear moduli measured locally using LSR on hemi-larynges were observed [START_REF] Rohlfs | The anisotropic nature of the human vocal fold: an ex vivo study[END_REF]. The ratio of both moduli was found to be inferior to 2, which remains relatively low (see Fig. Non-linearity -The progressive stiffening of the vocal folds with the longitudinal deformation is considered as one of the main regulator of voice pitch. This characteristic stress-strain non-linear relationship has been widely assessed in tension (Fig. 1.15(b)). This non-linearity can explain the wide range of values reported for the elastic modulus of the vocal-fold tissue: from a few kPa (low strain, <4%) to 3000 kPa (high strain, >40%). Thus, any longitudinal elastic modulus should be precised for a given elongation. By contrast with tension, results reported for shear experiments so far do not highlight important nonlinear response, apart for very high strain domain [12,13], where the shear moduli seemed to decrease. However, the decrease of the mechanical response at very high strains may be the cause of experimental artefacts, such as sliding, thus, the trends are to be considered carefully. Visco-elasticity -Considering the dynamic loadings encountered by the tissue in vivo, the characterisation of its visco-elastic properties is indicated. To that purpose, authors developed shear test experiments using different tools allowing dynamic testing. Tortional rheometry allowed a first estimate of the elastic shear modulus of the vocal folds mucosa, limited to a relatively low frequency range (<15 Hz) [13,14]. The elastic shear modulus (G) was found to increase slowly with the frequency for male and female subjects (10-1000 Pa, and 3-40 Pa respectively). However, the admissible frequencies were far below the phonatory frequencies. The use of linear shear rheometer allowed to approach higher frequency ranges, up to nearly 250 Hz [12]. Therefore, the effect of the frequency was investigated more precisely. Elastic (G') and viscous (G") moduli were found to increase linearly with the frequency for a cyclic loading at 1 % strain (see figure 1 The same study reported another interesting result concerning the predominance of the viscous effects over the elastic effects, as a function of the loading frequency. Previous studies reported a damping ratio (i.e., the ratio G' over G") superior to 1 in any conditions.

Reaching higher frequencies allowed to show that this ratio becomes inferior to 1 above a threshold frequency (around 50 Hz). Thus, this finding suggests that less dissipation occurs at higher frequencies, facilitating the mechanical mobilisation of the tissue. This is in accordance with human phonatory frequency range, which is mainly located above 80 Hz. In addition to the previous biomechanical specificities of the vocal folds, several studies reported that the mechanical properties are likely to be related to age and gender, possibly due to molecular composition changes in the tissue [11,[START_REF] Rohlfs | The anisotropic nature of the human vocal fold: an ex vivo study[END_REF].

Conclusion 1.5.1 Summary, issues and hypothesis

In this chapter, the main specificities of human vocal folds have been reported, from their location in the larynx and physiological functions (in phonation, breathing and swallowing)

to their histological and biomechanical properties. In the end, the acquired knowledge is still not sufficient to understand the relationship between the histo-mechanical specifications of the vocal tissue and its vibro-mechanical properties. In the clinical context however, whatever the vocal-fold lesion acquired, it is observed that the tissue mucosa, made of collagen and elastin reinforcements embedded into a matrix of hyaluronic acid, stands for the major critical site of the vocal-fold damage process. The mucosa microstructure is systematically altered, which comes along with a dysfunction in the vibro-mechanical performances at the tissue macroscopic scale. Besides, post-operative scarring lesions occur, quasi-systematically, when the mucosa collagenous fibrous microstructure has been altered. Such clinical arguments strongly support the fact that vibro-mechanical performances of vocal tissue are highly related to their fibrous microstructures and their surrounding matrices and specifically: (i) to the nature of the major constitutive components (collagen, elastin and muscle fibres, hyaluronic acid matrix), (ii) to the nature of their interactions and (iii) to their deformation and rearrangement micromechanisms.

Organisation of the study

Facing the issues mentionned above, this study is articulated around four major tasks reported in Chapter 2, 3, 4, 5 respectively. Such tasks are described in the Introduction, and briefly reminded below:

• Chapter 2 proposes an in-depth experimental characterisation of human vocal-fold multi-scale structure using laboratory and high-resolution synchrotron X-ray microtomography.

• Chapter 3 focuses on the experimental characterisation of the biomechanical behaviour of human vocal folds and their sublayers, the lamina propria and the vocalis, under tension, compression and shear upon finite strains.

• Chapter 4 proposes a multiscale theoretical modelling of the vocal-fold mechanical behaviour, in order to connect the microstructural specificities of the tissue found in Chapter 2, and its macroscopical mechanical behaviour under various loadings, as reported in Chapter 3.

• Finally, based on the previous chapters, Chapter 5 reports an exploratory work dealing with the conception of biomimetic soft fibre-reinforced composites mimicking the vocal-fold histological and mechanical features. Such materials could be used for future in-vitro experiments to better understand voice production, which is expected before any possible transfer to medical level.

Chapter 2

3D multiscale imaging of human vocal folds using synchrotron X-ray microtomography in phase retrieval mode

This chapter is based on an article published in Scientific Reports, 2018: L. 

Introduction

Human vocal folds exhibit remarkable vibro-mechanical properties, allowing them to generate an outstanding range of sounds. These laryngeal soft tissues are in the order of 1 cm long, anteriorly and posteriorly connected to the thyroid cartilage and the two arytenoid cartilages, respectively (Figure 2.1). Their self-sustained vibration is induced by pulmonary airflow and leads to phonation, i.e., the production of audible air pulse trains. This acoustic wave is filtered by the resonances of the vocal tract, the geometry of which is shaped by speech articulators (e.g., jaw, tongue, lips) to generate distinguishable voiced sounds, such as vowels and sonorous consonants. Furthermore, during this process, laryngeal intrinsic muscles drive the vocal-fold adduction and abduction, stretching, and bulging. Vocal folds behave as non-linear and coupled oscillators, able to bifurcate towards complex regimes of vibration, responding to gradual variation of control parameters [18,64,41]: geometrical ones (e.g., their distance or mean glottal width), mechanical ones (e.g., their stiffness) and aerodynamical ones (e.g., , air pressure), to name a few. Their outstanding vibratory abilities are due to two major properties of the vocal-fold tissue [64,25]: (i) the ability to endure large reversible 3D deformations during phonation in the presence of numerous collisions and mechanical stresses [53] (typically between 10-50 % stretching during a glide or intonational variations, Fig. 2.1(b)); (ii) the ability to vibrate with a fundamental frequency ranging from less than 50 Hz to more than 1500 Hz, which is much higher than other biological oscillators such as the heart.

These properties are mainly inherited from the complex and hierarchical structure of the vocal folds and of surrounding laryngeal muscles. Adult human vocal folds are known to possess a specific lamellar structure made of several layers [20,13,42,46,6], from superficial to deep:

• A stratified squamous non-keratinised epithelium (EP, thickness ≈ 50-100 µm), covered by mucus and involved in the underlying tissue protection and renewal.

• A loose connective tissue called lamina propria (LP, thickness ≈ 1-2.5 mm), made of cells and extracellular matrix (ECM) with amorphous ground substances (e.g., hyaluronic acid) and fibrous networks (e.g., collagen Type I-III and elastin, both arranged in fibre bundles of diameter ranging from 0.1 to 20 µm). The LP layer is further divided into three sublayers with distinct fibre types, densities and arrangements: the superficial one (SL), also called Reinke's space, composed of loose fibrous components comparable to soft gelatin, the intermediate one (IL) primarily composed of elastin fibres, and the deep layer (DL) primarily composed of collagen fibres. As a whole, the LP contributes to the tissue's "passive" biomechanical properties and to the regulation of its water content.

• The inferior thyroarytenoid muscle (M) or vocalis (thickness ≈ 7-8 mm), innervated by the inferior laryngeal nerve and responsible for the tissue's "active" contractile properties. The inertia and stiffness of the vocalis vary according to the degree of contraction, microtomography in phase retrieval mode to reach a given phonatory position.

Current understanding of the multiscale histological features of the vocal folds is still insufficient to make the link to their vibromechanical performance. This motivates the use of full-field 3D imaging to capture these features in human vocal folds at rest or under mechanical load:

• By contrast with other soft tissues (arteries, skin), vocal folds are not easily reachable in vivo by any medical 3D imaging technique (including ultrasound imaging), due to the surrounding laryngeal cartilages (Fig. Micro Magnetic Resonance Imaging is limited by its spatial resolution (even with an ultra-high magnetic field above 7 T), limiting useful voxel sizes to 40 3 µm 3 implying that the various sublayers of the lamina propria cannot be observed [17].

NLSM offers a smaller voxel size of ≈ 1-20 3 µm 3 , allowing observations of the lamina propria sublayers. In particular, NLSM allows the fibrous networks of elastin and collagen fibres to be distinguished without exogenous staining, by the combination of two-photon autofluorescence (TPAF) and second-harmonic generation (SHG) microscopies, respectively. However, NSLM techniques exhibit three major drawbacks:

(i) The TPAF and SHG signals arising from other inherently fluorescent molecules or highly ordered structures present in the vocal folds (e.g., SHG sources in myosin filaments, TPAF sources in epithelial cells, fibroblasts, muscle cells...) [61,28]; (ii) The long scanning time preventing 3D in situ observation during the deformation of samples;

(iii) The depth of field which is typically limited to under 150 µm with sub-cellular resolution in such highly scattering tissues. Recently, using a longer excitation wavelength which reduces scattering probability, third-harmonic generation microscopy of porcine vocal folds has allowed images up to 420 µm deep in the superficial lamina propria to be acquired, albeit with a limited contrast to distinguish collagen and elastin fibres [68]. Optical clearing of vocal-fold tissue using a glycerol-based reagent is also Chapter 2. 3D multiscale imaging of human vocal folds using synchrotron X-ray microtomography in phase retrieval mode a promising approach to reduce light scattering and thus to increase imaging depth [12,54].

X-ray microtomography with absorption mode and conical laboratory X-ray sources can reach sub-micron spatial resolutions (voxel size ≈ 300 3 nm 3 ), but suffers from two main problems: long scanning times (typically above 1 h) implying high radiation doses in the sample, and low contrast between soft biological materials (e.g., muscles, ECM fibres, epithelial cells which have similar X-ray attenuation coefficients)see Fig. 2.1(c). These two problems can be overcome using synchrotron X-ray sources and facilities. Indeed, short scanning times can be reached [40] (≈ 0.5 s per scan) with a sub-micron spatial resolution, enabling 3D in situ observations of samples during deformation. In addition, using phase retrieval imaging (PRI) modes, e.g., with the Paganin method [51], highly contrasted 3D images of soft biological tissues can be acquired [65,11,58].

Thus, following the recent studies of Vagber et al. (E) How do these 3D and multiscale descriptors evolve during a mechanical loading?

Methods

Samples preparation

The experiments were carried out with 10 ex vivo and healthy human larynges, referred Mounting a larynx in it comprised several steps: (i) a stitch was made between the vocal processes of the arytenoid cartilages using a 5/0 surgical wire (Polysorb ® ), so as to adduct the arytenoid cartilages and held the vocal folds close together in a phonatorylike position [37] (Fig. 2.2(a.2)); (ii) a stiffer 3/0 surgical wire was also fixed around the cricoid cartilage anterior part, passing through the thyrocricoid membrane, and linked to a manual activator of the cartilages' rocking motion; (iii) a wooden pike was introduced trough the thyroid cartilage and fixed into the containment device to ensure a reference static position (Fig. 2.2(a.4)); (iv) Glass beads (1 mm in diameter) were stuck on larynx cartilages using tissue glue (PeriAcryl ® 90, Surgibond ® ) so as to add 3D positions of reference and help to identify the laryngeal structures during X-ray data collection. Such markers also allowed to measure the vocal fold elongation during the rocking movement of the larynx ; (v) the larynx was then placed into the containment device, blocking the thyroid cartilage thanks to the wooden pike and to additional wires stitched through its both ended branches (Fig. 2.2(a.5)); (vi) the whole device was kept opened in an airtight chamber which was regulated at proper hygrometric conditions (100 % RH, achieved with a humidifier Fisher & Paykel HC150). Samples L 1 to L 8 were subjected to steps (i-v). For sample L 9 , the larynx was directly confined in a sealed box filled with a dilute aqueous solution of ethanol (Fig. 2.2(a.6)) the concentration of which, [C 2 H 6 0], was set to 0, 30 and 100 %.

to as L i , i ∈ [1, . . . ,
• Experiments on dissected vocal folds -To enable 3D imaging at micrometer-scale resolution, vocal-fold samples were dissected from six laryngeal specimens L i (i = 2, 3, 4, 6, 7, 10 -see Table 2.2). All but one larynx (f resh larynx L 10 ) were already exposed to X-ray radiation prior to dissection. They were cut along the anteroposterior direction with portion of thyroid and arytenoid cartilages, respectively (Fig. 

X-rays microtomography Laboratory X-ray microtomography

Pre-tests were performed with a standard laboratory X-ray source (RX Solutions, 3SR Lab, Grenoble, France) equipped with a conical polychromatic and divergent beam (Hamamatsu L12161-07 source), allowing absorption imaging mode. Corresponding imaging parameters are reported in obtained with a number n p of X-ray 2D radiographs onto a 1914×1580 pixel 2 Varian flat panel detector, leading to a voxel size V vox (varying from 12 3 to 45 3 µm 3 ). Samples were exposed to a 360°rotation with respect to the X-ray source (step angle 360°/n p varying from 0.07°to 0.25°), with an exposure time of 125 ms (respectively 400 ms) per radiograph for experiments on the whole laryngeal structures (respectively on dissected vocal tissues). To restrain the noise, an average of 6 radiographs per 2D image was used.

Synchrotron X-ray microtomography

Most of samples were imaged on the ID19 beamline of the European Synchrotron Radiation Facilities (ESRF, Grenoble, France), allowing advanced imaging possibilities thanks to: (i) a high photon flux in a homogeneous, parallel, monochromatic and highly coherent beam;

(ii) the recording of phase images obtained by adjusting the sample-to-detector propagation distance, x c , using single phase retrieval imaging mode (Paganin [51]). The interaction of X-ray with matter is generally described by the complex refractive index of the sample, n = 1δ + iβ, where δ is related to the phase-shift effects of the X-ray waves induced by the sample, and β determines their attenuation [38,50]. The term β is retrieved by recording the absorption images, i.e. for x c = 0, while δ can be retrieved using a single propagation according to Paganin's work, provided that the ratio of the dispersive and absorptive aspects of the wave-matter interaction, δ : β, is known. The chosen imaging parameters are reported in Table 2.1 and 2.2 for experiments achieved at "medium" and "high" spatial resolutions, respectively (i.e., at voxel size of 13 3 and 0.65 3 µm 3 , respectively) [32,7,44,67].

• Experiments on larynges -For these experiments, two optical set-ups were tested:

-For laryngeal samples L 4 to L 8 , a first series of scans was achieved using the mechanical set-up shown in Fig. chip, 14-bit dynamic range, FTM mode) [5,36]. The combination of the optics, using a sample-to-detector distance x c = 1.2 m in average, with the pixel size of the CCD (14 2 µm 2 ) allowed to work at "medium" spatial resolution, i.e. with an effective voxel size of 13 3 µm 3 . 2D projections were collected according to the halfacquisition mode to obtain a 3D field-of-view of maximal size 3587×3587×600 voxels for each rotational acquisition. 4900 projections were acquired over the 360°rotation of samples. The beam exposure time was 100 ms per projection.

Three rotational acquisitions were necessary to fully cover the whole vocal-fold tissue along its longitudinal axis (anteroposterior direction). These acquisitions were taken sequentially with an overlap of 127 slices (1.60 mm) from the angle of the thyroid cartilage. In the end, the scan duration was of 10 min and the total acquisition time about 1 h to scan both phonatory positions per larynx.

-For sample L 9 , the optical set-up was modified so as to raise the sample-todetector distance up to x c = 11 m and thereby maximise the phase-contrast effect [32,7], by placing the sample in the ID19's monochromator hutch (allowing a propagation distance up to 14 m). Filters were updated (2.8 mm Al, 0.7 mm Cu, 0.28 mm Au), the average energy was kept at around 60 keV, and the wiggler gap fixed at 61 mm. Placed in a single static geometry at rest, sample L 9 was scanned in this optical "far-field" configuration yielding to a volume of 3706×3706×600 voxels (other collection parameters being as above).

• Experiments on dissected vocal folds -For these experiments, the optical set-up was changed to work at "high" spatial resolution, i.e. at a voxel size of 0. 

Image processing

After reconstruction of the scans using Paganin's method for phase retrieval coupled with filtered back-projection [51] and removal of tomographic artefacts such as rings, the resulting 3D and greyscale images were analysed using Fiji ® , Avizo ® and Matlab ® routines. Some of them were automatically segmented using standard smoothing and thresholding algorithms implemented in these software, to get meaningful 3D views (Figs. 2.4(c), 2.5(d),

2.3(a)) and to analyse the vocal-fold structure in detail (Figs. 2.6(b), 2.7, 2.8). In some cases, this was not possible. Thus, to pursue the quantitative analysis, manual image thresholding was carried out using Fiji ® and a graphical tab (Wacom Cintiq 22HD touch). For example, the geometries of two vocal folds and the sublayers of their lamina propria were tracked on images acquired at "medium" spatial resolution (voxel size of 13 3 µm 3 ), as shown in Figure 2.6(a). Similarly, some individual muscle fibres and ECM fibre bundles were extracted from the "high" resolution images (voxel size of 0.65 3 µm 3 ), to analyse their geometry (Figs. 2.7(a) and 2.8(a)). Then, various operations were realised, to extract from these 3D images some relevant qualitative information and quantitative descriptors :

• Vocal-fold elongation -From the segmented images of the larynges acquired before and after the rocking movement of the thyroid cartilage into the dedicated set-up (Fig. • Thickness of the lamina propria -A crop of the 3D image of larynx L 9 was achieved in order to focus on the lamina propria structure at the millimetre scale. After manual segmentation (see above), the spatial thickness of the extracted lamina propria was computed using the Local Thickness plug-in of Fiji ® [19,10].

• Multiscale orientation of fibres -The global 3D structural anisotropy of the muscle fibres was estimated from the greyscale image of larynx L 9 acquired at "medium" spatial resolution (voxel size of 13 3 µm 3 ), thanks to the fibrous textures detected in the vocalis.

Notice that this operation was not possible in the lamina propria, where no well-defined fibrous texture was observed at this scale. Thanks to the 3D images recorded at "high" spatial resolution (voxel size of 0.65 3 µm 3 ), the local 3D structural anisotropy of muscle fibres in the vocalis was also estimated, as well as the global 3D structural anisotropy of ECM fibres in the lamina propria. Whatever the tissue and spatial resolution, the following processing route was used for each considered Region Of Interest (ROI) -see appendix A, Figs. A.5 and A.6: First, to enhance the grey-level gradients of the fibrous phases, 3D images were subjected to a coarse thresholding process, and a series of 3D smoothing and morphological operations (median filter, hole filling, opening/closure sequences). Second, the 3D Euclidean distance map was calculated in the considered ROI. Therewith, a home-made Matlab ® code was used (i) to compute the gradients of grey levels in the as-treated ROI with a centred finite difference scheme, and (ii) to build from these gradients 3D structure tensors [26] for the N voxels i of the ROI.

For that purpose, the lateral size of the Gaussian-shaped windows used to compute structure tensors was adapted to the size of the objects to be characterised : 21 voxels (273 3 µm 3 ) for the muscle fibres of Fig. 2.6(b), 17 voxels (11 3 µm 3 ) for those shown in 

p i = sin θ i cos ϕ i e x + sin θ i sin ϕ i e y + cos θ i e z , (2.1) 
where 0 ≤ θ i ≤ 180°is the angle between p i and e z , and where 0 ≤ ϕ i ≤ 180°is the angle between the projection of p i in the (e x , e y ) plane and e x . The first non-zero moment of this ODF, i.e. the 3D second-order fibre orientation tensor A [1], was derived as a compact and meaningful descriptor of the fibre orientation in the ROI:

A = 1 N N ∑ i=1 p i ⊗ p i . (2.2) 
• Waviness of fibres -As shown in the 3D images (Figs. 2.4(c), 2.5(d), 2.7(a)), muscle and collagen/elastin fibres exhibit a quasi-periodic wavy shape. Thus, in a given ROI, we scrutinised two sets of orthogonal slices comprising the main fibre direction e u , i.e.

slices within the planes (e u , e v ) and (e u , e w ) as sketched in Fig. 2.6(b): e u is defined as the main eigenvector associated to the major eigenvalue of the fibre orientation tensor

A, e v and e w being eigenvectors related to the second and third eigenvalues respectively. Thereby, the spatial periods λ uv (respectively λ uw ) as well as the magnitudes R 0uv (respectively R 0uw ) of the quasi-periodic shape of fibres were estimated. This was done by manually clicking at least 50 data per descriptor.

• Sections of muscle fibres -Two methods were used to analyse the size and shape of the sections of muscle fibres. Both of them used "high" resolution 3D images of the vocalis (voxel size of 0.65 3 µm 3 ). The first method consisted in analysing slices perpendicular to the mean orientation of muscle fibres. As depicted in the inset of Fig. 2.7(b), the edges of muscle fibres were detected using an edge detection subroutine (Matlab ® ).

Then, the length P of each fibre's edges was estimated, together with the surface A of the closed area they defined, the equivalent fibre diameter d e = √ 4A/π, the roundness of fibre ξ = 4πA/P 2 and the position of their centre of mass x G . During this process, muscle fibres that were misaligned, i.e., with the tangent trajectory of their centre of mass x G too far from the main orientation of muscle fibres, were discarded.
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The same quantities were measured with the second method, which was applied along the whole cross sections perpendicular to the centreline of the muscle fibre that was manually extracted from its network (see bottom panels of Fig. 2.7(b)).

Histological analyses

A standard histological campaign with staining and 2D optical microscopy was also conducted to compare and validate the 3D images obtained with high-resolution X-ray synchrotron tomography. To this end, the vocal-fold tissue of fresh larynx L 10 was characterised with both imaging techniques, using two excised samples from the right and left vocal folds, respectively for tomography (L 10 -S 3 in Table 2.2) and for standard 2D histology. The latter sample, noted L 10 -S 5 , was first fixed directly after body excision by two successive baths containing a standard solution of 4 % neutral buffered formalin for 1 h each (no freezing phase). Water was then removed using a series of ethanol baths (progressive concentra- 

Optimisation of X-ray imaging conditions 2.3.1 Standard absorption imaging mode

A first series of scans was performed on 3 larynges (L 1 to L 3 ) using a laboratory X-ray microtomograph in standard absorption imaging mode. The spatial resolution was first set to a voxel size of 45 3 and 25 3 µm 3 , which is at least twice to ten times larger than the one used in standard hospital CT-scans. A priori, this resolution should allow the identification of the various layers of the vocal folds as well as a fibrous texture corresponding to muscle fibres or collagen/elastin fibre bundles. The other X-ray scanning parameters are listed in Table 2.1, but are similar to those already used on medical scanners for the radiology of in vivo and ex vivo larynges [55,60]. Typical orthogonal slices obtained with these imaging conditions are reported in Fig. 2.1(b,c). The external surface of the larynges is clearly identified. In addition, calcified portions of the thyroid, cricoid and arytenoid cartilages, coming from a partial ossification that starts typically at the age of 20 [52,27], are clearly visible as lighter zones corresponding to higher attenuation -calcium exhibiting a much higher Xray absorption coefficient than the other soft tissues of the larynges. Unfortunately, given that the chemical components of soft tissues exhibit similar absorption coefficients, within the vocal fold, there is insufficient contrast to separate fat tissues, non-ossified cartilages, muscles, epithelium and the inner structure of the lamina propria. This was not significantly improved while imaging the larynges with a synchrotron tomograph in absorption mode 

Phase retrieval imaging mode without contrast agent

To increase the contrast between the different constituents of the vocal folds, the samples were imaged on a synchrotron X-ray source with the objective of using phase retrieval (Paganin method), at "medium" (larynx samples) or "high" (excised vocal folds) spatial resolutions. Corresponding scanning and reconstruction parameters are reported in Tables 1 and2. The effect of the sample-to-detector propagation distance x c on the phase contrast enhancement, with mid-field and far-field optical configurations was investigated. Some On the larynx at "medium" spatial resolution (hereforth defined at voxel size of 13 3 µm 3 ), for the muscular layer, but also interferences at air-tissue interface. In the far-field configuration (x c = 400 mm), contrast within the vocal fold is not drastically improved and details of the texture are lost due to blur.

Phase retrieval imaging mode and contrast agents

To further increase the contrast between the constituents of soft tissues, a series of excised vocal folds were first immersed into aqueous solutions of formaldhehyde or ethanol and then imaged according to similar scanning parameters as above (see Table 2). As evident from the corresponding images shown in appendix A Fig. A.2, formaldehyde reduces contrast and was therefore discarded: the muscular fibrous networks of the vocalis now appear as a fully homogeneous material. On the contrary, the use of ethanol solutions improve contrast, in agreement with the 3D images obtained in previous studies [62,44,11]. After a 3-day immersion in an aqueous solution with 30 % of ethanol (appendix

A Figure A.2(b)),
the different vocal-fold sublayers can now be identified, i.e., the vocalis with well-defined cross sections of muscle fibres, the lamina propria with a similar but finer texture, and the epithelium with some saturated brightness due to sharp phase contrast at air-tissue interface.

These qualitative observations are confirmed and even reinforced for an increased concentration of ethanol, as illustrated in appendix A The wavy arrangement of muscular-fibre bundles and their orientation along the anteroposterior direction are clearly visible. In addition, although the fibrous texture within the lamina propria is still hardly detectable at this spatial resolution, the delineation of this layer with the vocalis can be well-differentiated (see Figure 2.6(a)).

Comparison with standard histological optical micrographs

Standard histological stained samples were extracted from a vocal fold. The resulting optical micrographs were compared with slices obtained on the same larynx using high resolution synchrotron X-ray tomography with phase retrieval and ethanol immersion. This comparison is shown in Figs. 2.4 and 2.5 and qualitatively validates the imaging procedure. In particular, the skeletal "muscle fibres" (also called "muscle striated cells" or "rhabdomyocytes") are usually recognised by their distinctive transverse banding patterns due to the arrangement of myofibrils. This transverse banding is detectable with both imaging techniques (Figure 2.4). As shown on both images, the muscle fibres are grouped together into bundles (or fasciculi) and surrounded by loose connective tissue. Furthermore, multiple epithelial cell layers, closely packed, stratified, and nucleated [64,15], are also apparent on both Xray images and histological photomicrographs, thereby allowing the epithelium delineation (Figs. 2.5(a-c,e)). Moreover, the tortuous arrangement of smaller fibres which are noticeable show that, in the investigated regions, collagen Type I, collagen Type III, and elastin fibres in the ECM are closely entangled, which makes their distinction into separate networks difficult, as is the case in nonlinear microscopy [48]. Synchrotron X-ray microtomography does not solve the issue either: we were not able to distinguish elastin fibres from collagen ones, Chapter 2. 3D multiscale imaging of human vocal folds using synchrotron X-ray microtomography in phase retrieval mode since their X-ray absorption and phase coefficients are very close. Finally, the microstructural differences between arytenoid hyaline and elastic cartilages can also be identified with both imaging techniques (appendix A Fig. A.4). In particular, the high content of elastic fibres surrounding the chondrocytes (nuclei) in lacunae is detectable in X-ray scans of elastic cartilage.

3D hierarchical structure of the vocal folds 2.4.1 Larynx and vocal fold geometries

Using large voxel sizes of 45 3 

Structure of the vocalis

For zones in the vicinity of the lamina propria, the vocalis is constituted of well-delimited fibres, mainly oriented along the vocal-fold longitudinal direction (Figs. 2.3 and 2.4). Further from the lamina propria (typically beyond 1 mm), other fibrous networks with perpendicular orientation are also highlighted in several muscle regions (see Fig. 2.4(c)). They appear at the transition between the vocalis and the external part of the thyroarytenoid muscle, or between the vocalis and the lateral cricoarytenoid muscle. In addition, some interesting results were obtained on the ethanol-preserved samples at both "medium" (voxel size of 13 3 µm 3 , Fig. order of 25°and 28°, and so the components a xx and a zz . It is worth noting that these two components are practically equal, which means that the network of muscle fibres microtomography in phase retrieval mode exhibits transverse isotropy at first order. In other words, the muscle fibres can be seen as a network possessing rotational symmetry with respect to the anteroposterior direction, e y . More precisely, three peaks emerge from the 3D orientation map (noted with white crosses on Fig. 2.6(b)): (θ i , ϕ i ) = (77°, 55°); (59°, 107°); (108°, 114°). Such peaks are also highlighted once reported in cumulative histograms of θ i and ϕ i angles (noted with blue arrows). They are probably related to the 3D wavy arrangement of muscle fibres, as illustrated on representative orthogonal slices in Figure 2.6(b). Please note that the variations of local ϕ i -orientations in the (e u , e w ) plane as defined in Fig. 2.6(b) are delimited by peaks and valleys of a quasi-sinusoidal waveform, which is a characteristic of the fibrous network waviness: the corresponding spatial period and magnitude were estimated to be around λ uw = 1.50 mm ± 0.15 mm and R 0uw = 220 µm ± 60 µm, respectively. In the orthogonal plane (e u , e v ), a quasi-sinusoidal waveform is also observed, with a spatial period λ uv = 1.51 mm ± 0.2 mm and an amplitude R 0uv = 198 µm ± 60 µm .

• High spatial resolution -The same (but local) analysis was carried out with a subvolume of 209×403×81µm 3 (Fig. 2.7(a)) extracted from sample L 10 -S 3 at 1.3 mm from the lamina propria. The corresponding fibre orientation tensor is practically identical to that found at "medium" spatial resolution (note that the a xy component reaches a non negligible value due to a slight misalignment of the microstructure with respect to the reference frame). The local fibre orientation distribution is also dispersed (see the 3D orientation map in Fig. 2.7(a)), with standard deviations for θ i and ϕ i equal to 24°and 28°, respectively. The whole angular distribution looks rather homogeneous and centred around a single point (θ i , ϕ i ) = (93°, 76°). Yet, two peaks emerge in the 3D orientation distribution, for (θ i , ϕ i ) = (93°, 61°); (100°, 80°). At this spatial resolution, the analysis is sensitive to the variation of local orientation along fibres, so that both peaks can be related to their waviness, as illustrated by the segmented fibres shown in 

Structure of the lamina propria and the epithelium

For the lamina propria and the epithelium, the following results were obtained on ethanolpreserved samples: • Medium spatial resolution -The thickness of the lamina propria together with the epithelium was measured with both 2D and 3D views. In Figure 2.5, regions of tissues characterised by X-ray microtomography and histological staining were positioned in • High spatial resolution -The set of 2D and 3D micrographs related to sample L 10 -S 3 in the mid-membranous region [63] and displayed in Fig. -Underneath the epithelium, a first sublayer is recognised (a-c, e), where the ECM fibre content is lower than in the rest of the lamina propria: it is characterised by large pores of ≈ 20 µm in size, aligned with the fibrous networks (black areas in X-ray micrographs). This region corresponds to the superficial layer of the lamina propria (SL), or Reinke's space. In the observed volumes, large variations of the SL thickness were observed, ranging between 100 and 200 µm.

-Underlying the superficial sublayer, the intermediate sublayer (IL) is also detected (a-b, e), where (i) the ECM fibre content is higher and (ii) the fibre waviness is far less pronounced than in the third deep sublayer (DL), located between the IL and the vocalis.

-The three aforementioned sublayers are clearly visible in micrographs (b, e). However, it is worth noting that this is not the case everywhere in the volume: in slices (a) and (c) for example, both IL and DL layers can hardly be separated by the naked eye.

We further analysed the fibrous structure within the so-called "vocal ligament", which contains both intermediate and deep sublayers of the lamina propria [23,64], and is considered as the primary load-bearing portion of the vocal fold, especially at high longitudinal stretches [29]. The 3D orientation map of the network of collagen-elastin fibres together with its corresponding fibre orientation tensor A are given in Figure 2.8(a). These data were obtained from a subvolume of 267×515×131 µm 3 extracted from sample L 10 -S 3 -Fig. 2.5(c) shows a representative slice plotted in white within the cropped subvolume. Despite the slight misalignment of the microstructure with respect to the reference frame (e x ,e y ,e z ), it is fair to conclude that fibre bundles are mainly oriented along the e y direction, as for muscle fibres near the lamina propria: the fibre bundle orientation distribution is centred around (θ i , ϕ i ) = (102°, 85°), so that the component a yy of A is much higher than a xx and a zz . It is also interesting to mention that a xx is twice as large as a zz (the dispersion of the angular distribution is characterised by standard deviations for θ i and ϕ i equal to 12°and 25°, respectively), proving that the fibrous network of the lamina propria does not exhibit transverse isotropy but orthotropy: whereas muscle fibres exhibit transverse isotropy with respect to the anteroposterior direction, the fibre alignment along this direction and inside the lamina propria is more pronounced through the thickness of the lamina propria (within the plane (e x ,e y )) than perpendicularly (within the plane (e x ,e z )). In addition, as for muscle fibres, a quasi-periodic variation of the local orientation of fibres along the anteropos-

terior axis e y is clearly observed on 2D slices. The spatial periods and amplitudes of the fibre waviness were thus measured in orthogonal planes (e u , e w ) and (e u , e v ) leading to λ uw = 56.3 µm ± 16 µm, R 0uw = 4.6 µm ± 1.5 µm, λ uv = 44.3 µm ± 15 µm and R 0uv = 11.3 µm ± 3 µm. Despite being slightly higher, the 3D spatial periods are consistent with the value deduced from the 2D histological micrograph shown in Figure 2.8(b), i.e., λ 2D = 16 µm ± 1.6 µm. Finally, the 3D contourlines of several fibrous bundles of collagen and/or elastin were also detected, as illustrated in Figure 2.8(a). Such bundles have a mean diameter and length around 50 µm and 400 µm, respectively. However, due to the limited contrast obtained in this zone (see Figure 2.5), no threshold-based segmentation was successfully achieved to provide a statistical quantification of their dimensions and shape.

Discussion and concluding remarks

Since the reference histological findings and 3D sketches on the vocal-fold multilayered arrangement provided by Hirano et al. in the 1970-80s [20,23,22], very few experimental quantitative data have been collected to characterise the complex architecture of human vocal-folds, in particular at the micrometer scale. Astonishingly, little information is available in the literature for the structure of vocalis at this scale. Regarding the multi-layered structure of the lamina propria and the epithelium, the existing information is mainly derived from standard 2D histological stainings [23,15,42,56], micro-Magnetic Resonance Imaging techniques [33] with a restrained spatial resolution, or, in a growing number of studies, from non-linear laser scanning microscopy where some relevant quantitative structural descriptors were assessed for the ECM fibres and their networks [48,29,68,61]. In the present work, for the first time, the 3D hierarchical architecture of human vocal folds is revealed ex vivo by means of fast synchrotron X-ray microtomography with phase retrieval imaging mode, together with the use of a suitable contrast agent. This 3D characterisation was performed at two spatial resolutions: (i) "medium" (voxel size of 13 3 µm 3 ), with the visualisation of the vocal fold geometries, their general placement within the larynx and the identification of their layers, e.g., vocalis, lamina propria (and its sublayers) and epithelium; (ii) "high" (voxel size of 0.65 3 µm 3 ), with a fine examination of muscular and ECM fibres as well as fibrous networks. Comparing results of the aforementioned studies with those obtained here, some answers to the technical and fundamental questions (A-E) listed in the Introduction can now be discussed:

(A) Relevance of synchrotron X-ray microtomography -A methodology was elaborated to prepare vocal-fold samples with suitable conditions of tissue conservation, and to optimise the optical settings for scanning. The 3D imaging protocol was validated by comparing 3D images with standard 2D histological micrographs. A high degree of accordance was found between both techniques from a qualitative standpoint. Quantitatively, however, some differences were found, e.g., for the thickness of the lamina propria or for the waviness of its fibres. Although small, these discrepancies may be mainly ascribed to the manipulations to which the tissue is subjected to during the protocol for histological staining, e.g., pre-deformation of samples, dehydration and possible induced shrinkages, warming, paraffin-embedding, microtomy artefacts... This point undoubtedly constitutes a strength of 3D X-ray imaging. Furthermore, compared with histological staining or other advanced 3D imaging techniques such as multiphoton microscopy [48,29,35,68,61,28], the other interesting advantage of Xray 3D imaging is the possibility (i) to get high resolution and in depth 3D images of soft tissues (ii) with very fast scanning times (here the scans were 1-2 min long). However, the technique exhibits three main limitations that should be overcome for future observations. First, the use of ethanol was necessary in order to enhance phase contrast: its impacts on the mechanical behaviour of vocal fold tissues must be assessed before performing mechanical tests with 3D in situ observations. Note that the relatively short duration of fixation of 13 min -the minimum for the fibrous texture of the lamina propria to be observed -should limit the impact on the mechanical behaviour of the tissue. Second, we experienced difficulties in discriminating collagen fibres from elastin fibres, since both their absorption and phase coefficients are very close. A first possible solution to overcome this problem consists in selectively digesting a target protein from the vocal-fold tissue, as previously done in the case of arterial walls [24].

Another solution could be to use chemical markers able to track one specific fibrous protein [58,9]. Last, we were not able to properly analyse the morphology of individual ECM fibres: this challenging task could be achieved by further increasing the spatial resolution of the images [14].

(B) Size and spatial variation of the vocal fold (sub)layers -The thickness of the lamina propria and the epithelium is known to vary with gender and age [23,15,69,45]. The local 3D thickness map displayed in Figure 2.6(a) demonstrates that it also varies with the anatomical location within the vocal-fold tissue, being the thickest at the midportion and becoming thinner towards the anterior and posterior ends, in agreement with previous 2D studies [23]. Besides, the qualitative division of the lamina propria into a superficial sublayer (SL) and the "vocal ligament" (IL+DL), as illustrated in Figure

Chapter 2. 3D multiscale imaging of human vocal folds using synchrotron X-ray microtomography in phase retrieval mode 2.5(a-c), is in line with the typical distribution reported by Gray et al. [15], i.e., with a SL-layer ranging between 25% to 35% of the initial depth of the lamina propria. However, even in the mid-membranous region of the vocal folds, the 3D images show that this trilamellar structure is not always observable. More precisely, we found that the intermediate sublayer (IL), which is marked by a dense network of straighter ECM fibres, may be confined to a region likely to endure the highest collision stresses during phonation [16,63]. This heterogeneous distribution in the vocal ligament is consistent with the structural measurements previously achieved by Klepacek et al. [33] using micro-MRI and plastination methods. It also supports the hypothesis that regions exposed to higher stresses in the vocal tissues are characterised by a higher density of fibrous proteins produced to strengthen the ECM [15,30].

(C) 3D structural anisotropy of fibrous networks in the lamina propria and the vocalis -Within the vocal ligament, Kelleher et al. [29] estimated the 2D orientation distribution function of collagen fibres which was centred along the anteroposterior axis. We computed the corresponding 2D second-order fibre orientation tensor:

A = 0.15 0 0 0.85 (e x ,e y ) (2.3) 
the components of which are very close to those we obtained in (e x , e y ) for the 3D fibre orientation tensor reported in Figure 2.8(a). Thanks to the 3D images, it is now possible to extract 3D properties of the fibre orientation in the vocal ligament: at the first order, it neither exhibits a 2D layered symmetry, nor transverse isotropy, but orthotropy with a pronounced major orientation along the anteroposterior direction, and minor and intermediate orientations along the inferosuperior and mediolateral directions, respectively. It is worth noting that this result does not fit with the 3D schematic fibrous arrangement proposed by Madrugo et al. for the lamina propria: the fibrous architecture these authors suggested exhibits orthotropy without any privileged direction, while it is clearly highlighted here along the anteroposterior direction. This information is also important to build relevant micromechanical models for the lamina propria [69,47,30,29], that are able to accurately reproduce the biomechanical properties of vocal tissues in multiple directions close to those encountered in vivo. For example, Kelleher et al. [30,29] showed that both the degree and the magnitude of the vocal ligament anisotropy strongly impacts the predictions of its fundamental frequency of vibration. Also, new information was obtained regarding the structural anisotropy of muscle fibres in the vocalis. The resulting 3D fibre orientation distributions demonstrate that muscle fibres are mainly aligned along the anteroposterior axis, with a transverse isotropy texture. Here again, this information is important to fully characterise and model the mechanics of the vocalis under realistic physiological loadings [49,2]. In particular, Böl et al. [2] showed that such an anisotropic property implies different stress responses of the tissue under the applied compression modes, which is critical for the better understanding of vocal-fold collision.

(D) Morphology of ECM and muscle fibres -Miri et al. [48] quantified the wavy shape of collagen fibres from three lamina propria (65 year-old female larynx, 55-and 68-year-old male larynges). The average period λ 0 was found to be around 35 µm (values ranging from 18 to 48 µm), while the average amplitude R 0 was found to be equal to 6 µm (values ranging from 2.6 to 8.4 µm). The waviness parameters we estimated from X-ray microtomographic images are consistent with the aforementioned values, although lying in the highest range. Furthermore, regarding muscle fibres in the vocalis, prior works in the 1980s reported a typical size of 28 µm for (white) fast-twitch fibres and 25 µm for (red) slow-twitch fibres, based on 2D microscopic differentiation [57]. This is in line with the equivalent circular diameter found in the present study at the scale of the 3D network. Once again, these structural data are very helpful to understand and model the mechanics of vocal folds.

(E) Towards mechanical tests with 3D in situ observations -At "medium" spatial resolution, a preliminary collection of 3D images was acquired for larynges subjected to anatomical placements close to those occurring during a typical phonatory cycle. This constitutes an important database which can be used either to study the larynx and vocal fold anatomy [60,37] or to simulate the mechanics of vocal folds [59,66]. For example, the vocal fold elongation λ which was measured after the deformation of larynges is consistent with the recent measurements obtained by Lagier et al. [37].

Using 10 excised human larynges prepared and deformed in close conditions (body ages from 71 to 92, freezing in 0.9 % saline, double adduction), these authors reported λ-values ranging from 1.05 to 1.28 (mean value 1.12). Finally, with a scan duration of 1-2 min, it is worth mentioning that the adopted methodology is very promising to further track, at "high" spatial resolution, the deformation and the rearrangement of muscle and ECM fibres during mechanical loadings. Such information is crucial to gain an in-depth understanding of the link between the micromechanics of vocal-fold tissues and their unique vibratory performances. Although left static in the present study, a part of the scanned samples were clamped inside a micropress mounted in the imaging set-up, proving the feasibility of future in situ tension-compression tests.

Introduction

Located in the aero-digestive tract, human vocal folds are involved in several physiological functions (in voicing but also breathing and swallowing). According to the function to fulfil, the vocal folds are subjected to various anatomical motions and deformations, such as pre-phonatory or stretched configurations induced by laryngeal muscular actuators. During phonation, vocal folds are further deformed in 3D space when interacting with the pulmonary airflow, enduring self-sustained periodic vibrations of various amplitude, frequency, and degree of collision. These multiple configurations imply complex and coupled multi-axial mechanical loadings experienced by the tissue upon finite strains and at various strain rates. These loadings include longitudinal tension, compression and bending due to muscular contractions and aerodynamic forces; transverse compression due to impact stresses; multi-axial shear due to friction [30,33].

Although very difficult to quantify in vivo, the 3D stress fields acting within the vocalfold tissues during their in situ vibration can be simulated using numerical models of phonation. Particularly, finite element modeling constitutes a growing tool to override experimental constraints. Model predictions show that stress levels associated to tension, shear or compression can reach noticeable and comparable absolute values, even in passive conditions [18,19,44,43,41]: up to 7 kPa for longitudinal tensile stresses; from 1 to 5 kPa for normal transverse compressive stresses; around 1 kPa for transverse or longitudinal shear stresses. These orders of magnitudes are also supported by "structural" mechanical tests performed on porcine 3D excised larynges [3]. Thus, the vocal-fold response under the aforementionned loading conditions at large strains should be considered to better understand the overall mechanics of phonation. This is an on going task since 2010:

• Uniaxial tensile tests have evidenced the highly non-linear properties of the collageneous layers of the lamina propria [32,5]. A particular attention was paid to measure the tangent moduli of the "cover" and the "vocal ligament" (see Fig. 3.1) along the longitudinal direction E t zz , leading to a wide range of values from 10 kPa (low strains) [23,25] up to 2000 kPa (high strains) [5,32,22].

• Shear experiments have provided further informations on the visco-elastic properties of the tissue, mostly by quantifying dynamic shear moduli (i.e., elastic modulus G and viscous modulus G ). Tissue's layers have been tested under several kinematical conditions, including varying frequencies, strain amplitudes and types of boundary conditions (global or very local imposed displacements) [8,6,17,38]. A wide range of moduli is reported in the literature, ranging from 3 Pa to 3.5 kPa for G typically.

The mechanical properties of the tissue were also reported to be age-and gender related [5,8,38], with a very large variability inter-subjects, which conduct to difficulties to properly model the behaviour of these soft tissues.

However, despite the recent advances, the mechanical characterisation of the vocal folds still remains uncomplete. First, it is worth noting that many studies focused on the lowstrain region of the tissue response, and particularly in shear loading. Then, the experimental data quantifying the anisotropic mechanical properties of the vocal folds are very scarce [38]. They are often completed by numerical approaches so far [25,22,35]. Yet, tissue anisotropy is generally described using ratios of moduli deriving from different loading conditions (e.g., tension and shear), which make them rather difficult to interpret with respect to the anisotropic nature of the tissue microstructure (see Chapter 2). Besides, the compression properties of the tissue sublayers have not been reported so far. This constitutes an important lack in the available database, keeping in mind that the quality of the contact between the vocal folds is a key factor in voice quality, and that high-impact compressive stresses are believed to generate many common lesions (e.g., nodules, polyps, cysts) in the lamina propria after a phonotrauma [27]. Futhermore, despite the numerous data of the literature, few of them simultenaously investigated the effect of multiaxial loading on the same sample; this could however be a proper way to get rid of variability issues. Finally, the vocalis muscle properties have been often discarded so far, although being a major sublayer of the vocal fold. Although the mechanical behaviour of the muscle in vivo is mainly governed by its contraction, the quantification of its passive behaviour is also expected to help to improve the understanding of the whole fold passive properties.

Therefore, this study aims to provide new biomechanical data of the vocal-fold tissue, subjected to a series of loading conditions relevant with respect to those encountered in phonation. Current issues will be tackled by: (i) investigating the mechanical responses of the vocal folds through tension, compression and shear testing, in large strain domains as far as possible; such conditions will be applied on the same tissue sample, thereby avoiding inter-sample variability due to their biological nature. (ii) studying and comparing responses of the upper layers (including epithelium and lamina propria) and of the vocal muscle, separately, for each loading mode; (iii) quantifying tissue anisotropy in shear loading, as well as strain rate sensitivity in compression.

In the following, a description of the dedicated histo-mechanical protocol is reported in Section 3.2. Experimental results are detailed in Section 3.3. First, the global database Chapter 3. Mechanical characterisation of human vocal folds upon finite strains in tension, compression and shear obtained on different composite vocal-fold tissues and their sublayers subjected to large tensile strain is presented (Sect. 3.3.1). Then, a specific focus is proposed on a singular vocalfold sample, showing its response upon longitudinal tension, transversal compression and longitudinal shear loading (Sect. 3.3.2). Finally, the influence of loading direction and strain rate on the obtained data is highlighted (Sect. 3.3.3). Data are discussed and compared to previous results in Section 3.4.

Methods

Sample preparation

The experiments were carried out with 5 ex vivo and healthy human larynges, referred to as L i , i ∈ [1, . . . , 5]. Samples details are given in Table 3.1. Anatomical pieces were excised from donated bodies within 48 h post-mortem at the Laboratory of Anatomy of the French Alps (LADAF -UGA, Grenoble Hospital Univ.). All procedures were conducted as regulated by the French ethical and safety laws in the frame of Body Donation. All but one larynx (fresh larynx L 3 ) were preserved by freezing (-20 • C) up to mechanical testing. Before any manipulation, each frozen sample was slowly thawed 30 min in tepid water (T ≈ 20 • C). Vocal-fold samples were dissected from each laryngeal specimen, and cut along the anteroposterior direction e z with portion of thyroid and arytneoid cartilages. Such vocalfold samples are made of all sublayers from their epithelium to the vocalis muscle layers (see 

Dissection guidelines and database

Each vocal-fold sample L i -F j was prepared to be tested under various and sequential mechanical loadings (tension, compression and shear), thus requiring a dedicated protocol to limit any progressive damage of the tissue. In a pilot campaign, the biomechanical testing procedure was first assessed on larynges L 1 , L 2 and L 3 , and improved for compression and shear loadings especially. Thus, for these specimens, only approved results obtained in tension will be presented in the following. Then, a complete mechanical protocol was applied 1 Please note that there is no relationships with previous Larynges L i presented in Chapter 2. • Histological analyses -For larynges L 4 and L 5 , one vocal-fold sample L i -F j (j = 1 and 2 respectively) was first cut in half along the anteroposterior direction. The first part, noted L i -F * j , was immediatly fixed in a solution of 4% neutral buffered formalin and dedicated to histological analyses, following the protocol detailed in Chapter 2 (Section 2.2.4). Typical illustrations of sample L 4 -F * 1 at different steps are given in Fig. 3.3(d-f). The second part, noted L i -F j for simplicity, was dedicated to mechanical testing and further dissected as described thereafter.

• Mechanical testing -All multilayered samples L i -F j were first tested in tension (set-up and procedure described later). Second, their upper layers (i.e., epithelium and lamina propria) were separated from their muscular layers, as illustrated in Fig. 3.2 and Fig.

3.3(a-c).

For the sake of clarity, dissected samples are labelled as L i -LP j and L i -M j , respectively. Care was taken to preserve cartilages parts on both layers (Fig. 3

.3(b-c)).

Then, each sample L i -LP j and L i -M j was again subjected to tension loading. In a final step, samples were released from their cartilagenous ends and resized in rectangular shape, suitable for compression and shear plates. Compression and shear testing were finally performed. Between each step of the testing protocol, samples were protected from air drying using individual containers preserved at the temperature of 4 ˚C. Compresses soaked with PBS (Phospate-buffered saline) solution were placed inside containers to maintain sample humidity. In the end, all tested samples are reported in Table 3.2, along with the loading conditions applied for each.

Samples geometrical dimensions

In a first order, tissue samples can be roughly approximated as parallelepiped beams, represented by two characteristic dimensions in their initial undeformed state (see Fig. 3.5): their mean gauge length defined along the load direction, 0 ; and the cross-section area, S 0 . Due to the heterogenous geometry of the samples, area S 0 was determined from samples' dimensions measured in the transversal plane with respect to the load direction. Such values were obtained as the average of six to ten measurements (depending on sample size and shape), by post-processing of sample's images (e.g., Fig. 3.3(a-c)) using Fiji ® . Detailed dimensions of samples L i -F j , L i -LP j and L i -M j vary according to the considered loading conditions (tension, compression and shear), and are reported in Table 3.3.

Biomechanical characterisation Experimental set-up

The global experimental setup used for biomechanical tests is illustrated in Fig. 3.4. It comprises a uniaxial tension-compression micro-press designed to test small soft samples (characteristic gauge length below 4 cm) [28,21,29,26]. Such a device was already used in Chapter 2 to show the feasibility of future in situ tensile tests combined to RX micro-imaging.

Sample name Type Tension Compression Shear

L 1 -F 1 1 LP+M x x x L 1 -F 2 1 LP+M x x x L 1 -F 3 1 LP+M x x x L 1 -F 4 1 LP+M x - - L 1 -LP 1 LP x x x L 1 -M 1 M x x x L 1 -F 2 LP+M x x - L 1 -LP 2 LP x x x L 1 -M 2 M x x x L 2 -F 1 LP+M x - - L 2 -LP 1 LP x x x L 2 -M 1 M x x x L 2 -F 2 LP+M x - - L 2 -LP 2 LP x x x L 2 -M 2 M x x x L 3 -F 1 LP+M x - - L 3 -LP 1 LP x x x L 3 -M 1 M x x x L 3 -F 2 LP+M x - - L 3 -LP 2 LP x x x L 3 -M 2 M x x x L 4 -F 1 LP+M x - - L 4 -LP 1 LP x x x L 4 -M 1 M x x x L 4 -F 2 LP+M x - - L 4 -LP 2 LP x x x L 4 -M 2 M x x x L 5 -F 1 LP+M x - - L 5 -LP 1 LP x x x L 5 -M 1 M x x x L 5 -F 2 LP+M x - - L 5 -LP 2 LP x x x L 5 -M 2 M x x x
Briefly, the lower jaw is mounted on a motor stem allowing a translational displacement at a monitored speed (up to 100 µm.s -1 ). An external linear variable differential transformer (LVDT sensor) related to the motor's stem allows to acquire the effective displacement of the jaw during the test. The device is also equipped with a load cell of capacity of 5 ± 0.01 N (MEAS ® XFTC300-5N), located above the upper jaw which remains fixed during the test. Force and displacement data were monitored using a Labview ® interface, and acquired at a sampling frequency of 10Hz. In the present work, jaws were adapted to perform tension, compression and shear experiments, as shown in Fig. The press was enclosed in a chamber regulated at proper hygrometric conditions to prevent the sample from air drying, thus avoiding any alteration of its mechanical properties [39,7,34]. A saturated atmosphere (100 % RH) was achieved thanks to air delivery passing trough a humidifier (Fisher & Paykel HC150) and continuously flowing into the chamber.

During the tests, pictures of the samples gauge zone were recorded with a monochrome high-resolution CCD camera (JAI ® BM-500 GE, resolution 2456 × 2058 pixels, maximum frame rate of 15Hz) equipped with a macro-lens (Computar ® MLM-3XMP) and LED panel lighting systems covered by diffusive filters (Fig. 3.4). Before tensile tests, the surface of each sample was covered by black pepper grains (Fig. 3.5), allowing to create an optical texture without disturbing the tissues moisture and mechanical properties. Such traceable speckle patterns allowed to perform strain field measurements using 2D Digital Image Correlation (DIC), as illustrated in Fig. 3.6. Hencky strains ε zz along the stretch direction e z (see details below) were calculated using a DIC software (7D) developped by Vacher et al. (1999) [42]. Such a procedure allowed to check the occurrence of any experimental artefacts in the applied boundary conditions (e.g., stick-slip in the clamps), and to assess the homogeneity of the applied kinematics. A rather good agreement between the displacement fields computed from the LVDT data and that effectively endured by the samples (L i -LP j and L i -M j ) was typically obtained during tension.

Testing protocol

Cyclic tension, compression and shear tests were successively performed on each sample following this order. The load direction was defined with respect to the reference anatomical frame (e x , e y , e z ) shown in Fig. 3.1, where e x coincides with the mediolateral direction, e y with the inferosuperior direction and e z with the anteroposterior direction. Thus, depending on the sample orientation, the load direction matches the main fibres orientation (cases of longitudinal tension and longitudinal shear), as illustrated in Fig. 3.5. Different kinematical conditions were applied in tension, compression and shear:

• Tension -Tension was performed along the e z direction, i.e., the anteroposterior direction (Fig. 3.5). A slight pre-tension of about 0.05 N was applied to prevent from initial sample buckling or compression. Each sample (L i -F j , L i -LP j and L i -M j ) was subjected to 10 load-unload cycles, varying between a zero-force constraint and a maximal moderate strain of 10 %, preventing from a noticeable irreversible damage of the tissue for the next experiments. Tests were carried out with a strain rate of ε ≈ 10 -3 s -1 .

The displacement measured by the LVDT sensor during the test yielded to the actual length of the sample at each deformed state, . The corresponding Hencky strain in the load direction was derived as ε zz = ln( / 0 ), 0 being the initial gauge length between both clamps (see Table 3.3). The axial force f z was also measured during the test, and corresponding component of the first Piola-Kirchoff stress tensor was defined as P zz = f z /S 0 (see S 0 values in Table 3.3).

• Compression -Compression was performed along the e x direction, i.e., transversaly to the fibrous network main orientation (Fig. 3.5), which is representative of vocalfold loading during in vivo periodic collision [19,10,3]. Here again, each sample (L i -LP j and L i -M j ) was subjected to 10 load-unload cycles, varying between a zero-force constraint and a maximal compressive strain of about 20 %, as likely to be supported by the tissue in such conditions without critical induced damage effects. Tests were repeated with two strain rates in that case, equal to ε ≈ 10 -3 s -1 and 10 -2 s -1 . The Hencky strain in the load direction was defined as ε xx = ln( / 0 ), being here the actual height between the compression plates, and 0 , their initial height when contact with the sample occurred (see Table3.3). The axial force f x was also measured, yielding to corresponding stress P xx = f x /S 0 .

• Shear -Shear experiments were conducted along two different directions: (i) "longitudinal" shear was perfomed along the plane (e z , e x ); (ii) "transversal" shear was perfomed along the plane (e y , e x ). Each sample (L i -LP j and L i -M j ) was subjected to 10 load-unload cycles, fully controlled in displacement, varying between zero and a maximal shear strain of about 50 %, depending on the sample thickness.

The shear strain in the load direction was defined as γ zx = d z / 0 (resp. γ yx = d y / 0 ), d i , i ∈ {z, y} being the axial displacement measured by the LVDT sensor along the load direction and 0 the height at initial contact between the sample and the shear plates (see Table 3.3). The measured axial force f i , i ∈ {z, y} yielded to corresponding stress P zx = f z /S 0 (resp. P yx = f y /S 0 ).

Results

Tensile mechanical behaviour of the vocal folds

General qualitative trends

Typical tensile passive behaviours of the composite vocal-fold tissues, and their isolated sublayers (lamina propria and vocalis) along the anteroposterior direction e z are illustrated in Fig. 3.7(a). In all cases, stress-strain curves exhibit classical non-linear responses with a J-shape strain-hardening (much more pronounced for the lamina propria), mainly attributed to the progressive unfolding (at least for lamina propria) and reorientation of fibres along the tensile direction [32,14,13]. As evidenced on histological analysis of the contralateral vocal fold (Fig. terior direction e z (1 st cycle). The longitudinal tangent modulus E t zz of each sample is also derived from the displayed stress-strain curves, as a function of the applied strain ε zz . Different results can be pointed out, first regarding the stress levels achieved within each sublayer, then regarding the range of values of the resulting tangent moduli E t zz during the load sequence.

Relative mechanical contribution of vocal-fold sublayers

Whatever the vocal-fold sample, it is shown that stress levels in lamina propria (see Fig. 3.8 (middle panel)) are one order of magnitude higher than those recorded for the vocalis layer (see Fig. 3.8 (bottom panel)). This is also evidenced in Fig. 3.7. Over the whole database, at 10 % strain, nominal stresses P zz vary from 14 to 50 kPa within the entire fold samples, from 8kPa to more than 100kPa in their lamina propria layers, and from 0.5kPa up to 28kPa in their vocalis. The relative mechanical contribution of each vocal-fold sublayer are further highlighted when considering a single vocal-fold sample, such as sample L 4 -F 2 tackled in Fig. 3.7. In that case, at 10 % strain, stress levels reach 43 kPa in lamina propria, that is about 17 times higher than in the vocalis, and 3 times higher than in the entire vocal-fold. Both sub-layers may be considered working as parallel systems when the entire vocal fold is subjected to tension. A simple "rule of mixtures" was applied to predict the fold mechanical stress level (P F zz ), knowing the measured stress-strain responses of the lamina propria (P LP zz ) and the vocalis (P M zz ). Assuming that the tissue is quasi-incompressible, stress P F zz can be written as:

P F zz (ε zz ) = P LP zz (ε zz ) × V LP V F + P M zz (ε zz ) × V M V F , (3.1) 
where V F represents the initial volume of the entire fold, V LP that of the lamina propria and V M that of the vocalis. Volume fractions of each sublayer in the sample L 4 -F 2 were assessed as: V LP /V F = 0.37 and V M /V F = 0.63. Therewith, Fig. 3.7(a) shows that the predicted stress-strain behaviour of the fold derived from Eq. 3.1 is able to describe the measured data with a very good quantitative agreement. These results demonstrate that: (i) the assumption of two sublayers working in parallel during longitudinal tension is relevant, despite their geometrical heterogeneity; (ii) the conjunctive tissue in the upper layers mostly contributes to the passive mechanical performance of the fold.

Whatever the tissue sample, the obtained longitudinal tangent modulus E t zz is nonlinearly rising with the level of applied strain ε zz (see Fig. 3.8). Over the whole database, at early stages of deformation (ε zz < 3 %), modulus E t zz was found to vary from 50 to 450 kPa for the entire fold samples, from 50 to 620 kPa for their lamina propria layers, and from 5 to 260 kPa for their vocalis. At larger strains (ε zz ≈ 10 %), modulus E t zz was found to range from 250 to 700 kPa for the entire fold samples, from 240 to 1600 kPa for their lamina propria layers, and from 25 kPa to 370 kPa for their vocalis. Intra-variability -The results obtained on the right (L i -F 1 ) and the left (L i -F 2 ) vocal folds excised from the same larynx (L i ) are compared in Fig. 3.8 (top panel). For each larynx, although a slight difference between the biomechanical behaviours of left and right entire vocal folds can be noticed, general qualitative trends and orders of magnitudes are preserved in terms of stress levels and tangent moduli. The left/right asymetry is more pronounced on the stress-strain curves of isolated sublayers, and notably for the lamina propria (see Fig. 3.8 (middle panel)), which may be due to possible variations in tissue microstructural arrangement and/or dissection artefacts in some cases. This rather small left/right asymetry was already reported in previous studies [8], albeit in shear mechanical testing of the mucosa (i.e., superficial layer of the lamina propria) at small strains.

Intra-and inter-individual variability

Inter-variability -The greatest quantitative discrepancies in tensile biomechanical behaviours are observed between vocal-fold samples excised from different larynges, though they are all characterised by identical qualitative trends as mentionned before. This is probably ascribed to tissue histological singularities of each donor. In particular, volume fractions of hyaluronic acid, collagen and elastin fibres within the lamina propria are known to depend on several parameters, such as age, gender, tobacco smoking profile or post-mortem tissue conservation for instance [8,5]. In particular, all tissue samples excised from larynx L 2 show higher levels of stress than others, even at small strains. This could be due to singular postmortem changes of the tissue [9].

Tensile, compressive and shear behaviour

In this part, to discard any intra/inter-individual variability effects, focus is made on the mechanical properties of a single vocal-fold sample, subjected to various successive deformation paths. Figure 3.9 presents the stress-strain responses of lamina propria L 4 -LP 2 and vocalis L 4 -M 2 excised from the same vocal-fold sample (L 4 -F 2 ), when deformed in cyclic tension, compression and shear. For each case, first and last load-unload cycles have been plotted for comparison. In order to illustrate the uncertainty induced while deriving the cross-section of the samples, nominal stress data are enclosed in a corridor displaying the standard deviation resulting from S 0 measurements (see Table 3. 

Tension

For this standard loading case, general qualitative trends and stress orders of magnitude achieved during the 1 st cycle differ for the lamina propria and the vocalis, as already shown in Fig. 3.7 and Fig. 3.9. Stress data uncertainty increases from ± 1 to ± 14 kPa for the lamina propria with the applied strain. It is comprised between ± 0.1 and ± 0.7 kPa for the vocalis. Results obtained during the 10 th cycle demonstrates a noticeable tissue softening in both layers, characterised by a lower hysteretic response and a decrease in the peak stress registered at larger strains (decay of 21 % for the lamina propria vs. 13 % for the vocalis). It is worth noting that the measured mechanical behaviour was much less evolving for most samples from the 7 th cycle. Amplitudes of the stress decay with the number of cycles are consistent with previous data acquired on vocal-fold cover and ligament [45,24,5].

Regarding strain data, corresponding DIC measurements shown in Fig. 3.6 prove that strain localisation can occur during the test, due to the heterogeneous structure of the samples, both in terms of dimension and histological composition [22,33]. However, such localisation remains relatively small over the whole in-plane surface of the sample. In their mid-region, strain maps are also rather homogeneous, yielding to a mean effective strain of ε zz ≈ 9 % for both cases, which is close to the target maximal value chosen in the protocol.

Compression

As in tension, the compressive responses of lamina propria and vocalis exhibit a strong nonlinear mechanical behaviour, with a pronounced strain-hardening during the first load event.

Peak stresses are around -2 kPa at -23 % strain for the lamina propria, and around -1 kPa at -12.5 % strain for the vocalis, with a uncertainty remaining below ± 0.15 kPa. By contrast with the tensile case however, for a given applied strain, the stress levels generated within both sublayers are very close here.

Several features can be further highlighted during cycling events, showing tissue viscoelastic properties and possible structural rearrangement during successive deformations:

(i) a stress hysteresis upon the unloading and an important residual strain afer the unloading are evidenced. The hysteresis is sorely reduced between the 1 st and the 10 th cycle; (ii) the unloading occurs much faster than the loading for the 1 st cycle. This trend decreases with the number of cycles, as the tangential slopes for loading and unloading paths become similar; (iii) the mechanical response decays with cycling for both layers: the peak stresses decrease of about 45 % for the lamina propria, and of 33% for the vocalis muscle.

Shear

By contrast with tension and compression cases, the mechanical stress-strain curves obtained in shear loading exhibit limited increase of strain hardening which is practically constant for a wide strain range. Note that the non-linear events produced at the end of the load, with a peak stress and a apparent strain softening, notably for the vocalis, are probably due to experimental artefacts, such as sample rocking. Peak stresses are found around 0.34 kPa at 55 % strain for the lamina propria, and around 0.27 kPa at 19 % for the vocalis.

The uncertainty on stress data due to surface assessement is negligible for the lamina propria, and below ±0.02 kPa for the vocalis. Despite a slightly stiffer response for the muscle layer, orders of magnitude of stress levels generated within both sublayers are quite comparable over the investigated strain range.

Regarding the impact of cyclic loadings, some discrepancies are also pointed out if compared to previous types of sollicitations. For both sublayers, an hysteretic behaviour is still observed upon unloading, reduced when increasing the number of cycles with more or less constant residual strain. However, no cyclic softening is observed in that case: the maximum stress is barely changed between the 1 st and the 10 th cycle. Over the whole database, cyclic shear responses remain globally rather similar between first and last cycles (see Appendix B).

Influence of loading direction and strain rate

The vocal fold mechanical properties in compression and shear were further investigated to assess the impact of the tissue strain rate sensitivity and anisotropy on the results aforementionned.

Strain rate sensitivity in compression

The typical compressive stress-strain response of the lamina propria deformed at two different strain rates εxx is presented in Figure 3.10(a), in the illustrative case of sample L 5 -LP 2 .

As expected for viscoelastic materials, the mechanical responses are sensitive to the applied strain rate. Although qualitative trends are preserved, the tissue stiffness increases with εxx :

for a given strain of -0.25, the stress reaches -4.5 kPa for εxx ≈ 10 -3 s -1 , against -6.9 kPa for εxx ≈ 10 -2 s -1 (absolute increase of 35 %). Similar trends are observed for both layers and all the database.

The tangent compressive moduli for each case were derived from these stress-strain curves as a function of the compressive strain. Modulus E t1 xx relates to the tests conducted at εxx ≈ 10 -3 s -1 , and E t2 xx , to the ones conducted at εxx ≈ 10 -2 s -1 . Figure 3.

10(b) displays the ratio E t2

xx /E t1 xx , as a function of the compressive strain for 8 lamina propria and vocalis samples. It is shown that this ratio ranges within 0.9 and 7.8, with a high data dispersion at very low strain. Values of ratio E t2

xx /E t1 xx remain below 2.5 past ε xx < -0.10%, gathering around an average value of 1.9.[modifier] modif:The strain ratio P 2 xx /P 1 xx obtained from these stress-strain curves for the different samples are plotted in Figure 3.10(b) as a function of the compressive strain for 8 lamina propria and vocalis. Strain P 1 xx relates to the tests conducted at εxx ≈ 10 -3 s -1 , and P 2 xx , to the ones conducted at εxx ≈ 10 -2 s -1 . It is shown that this ratio ranges within 1.1 and 3.3. For most of the samples, this ratio is barely evolving, although a slight increase with the strain is noticeable for some specimens. Only sample L 4 -LP 2 exhibits a slight decrease at low strain.

Anisotropic shear behaviour

The typical stress-strain response of the lamina propria deformed in transverse shear (i.e., load direction perpendicular to the fibres main orientation), and longitudinal shear (i.e., load direction parallel to the fibres main orientation) is presented in Figure 3.10(c), in the illustrative case of sample L 4 -LP 1 . Whatever the loading direction, the shape of the curve is preserved, if discarding the unrelevant "plateau" effect (e.g., past 23 % strain in tranversal shear) likely linked to experimental issues. Quantitatively, orders of magnitude of stress levels are rather close, albeit approximately twice higher in transverse shear for this sample.

Tangent shear moduli were calculated in the linear parts of the stress-strain curves obtained in transversal and longitudinal shear, and labelled as G t yx and G t zx respectively. Figure 3.10(d) displays the anisotropic ratio G t yx /G t zx , as a function of the shear strain for 5 lamina propria and vocalis samples. No clear difference was found between both sublayers. It is shown that the ratio ranges within 0.1 and 5, and that main data are gathered between 1 and 3 (mean value 1.55). This implies stiffer mechanical properties along the transverse direction. Finally, an average trend is also displayed in Fig. 3.10(d), showing a global decrease of the anisotropic ratio with the shear strain, down towards an asymptotic value close to isotropic properties (G t yx ≈ G t zx ) past 18 % of shear strain.

Discussion and concluding remarks

This study provides original biomechanical data on excised human vocal folds and their sublayers (i.e., epithelium together with lamina propria, and vocalis). The elaborated database (20 samples) completes the current knowledge on vocal folds mechanics upon finite strains under various mechanical loadings, i.e., tension, compression and shear. For each loading type, the main results are compared to available data previously reported and discussed thereafter.

• Tension -To the best of our knowledge, tensile data we recorded with vocalis are original for human sample, so that they cannot be compared with other literature data.

Conversely, the orders of magnitude of the longitudinal tangent modulus E t zz found for the lamina propria are in agreement with previous ex vivo data reported at low strains, i.e., in the linear toe region of the stress-strain curves. Min et al. [32] reported values of elastic Young modulus around 20-50 kPa for the lamina propria. Other values are reported between 10 and 600 kPa for the isolated "cover" (i.e., superficial layer) [5,24,25,23,33], and between 10 to 110 kPa for the "vocal ligament" (i.e., mid and deep layers) [5,24,25,23]. Considering very large strains, typically beyond 40 %, the range of reported values is even wider, from 20 to 500 kPa for the lamina propria [32], up to 1850 kPa for the cover [5] and 3300 kPa for the ligament. However, at an intermediate strain level of 10%, reported values are very close to the ones obtained at small strains [5,32,24], which are globally much lower compared to our data.

Sources of such a variability can be naturally found in intra/inter-individual differences, but also in the experimental protocols developped for biomechanical testing.

The latter is known to be highly sensitive to the boundary conditions applied onto the sample, and to the own stiffness of the testing device. So far, tension testing on vocalfold tissues has been performed using a protocol close to the one firstly designed in the 1990s by Alipour et al. [1]. This protocol implies to connect the ergometer or the sample holder to the sample's cartilageneous ends by means of suture wires. The slackness of the suture was already pointed out as a source of inaccuracy by the authors, in particular for determining the proper zero-strain condition. The suture's own elasticity, and that of the sample's cartilages may also contribute to the overall mechanical response. Therefore, it seems challenging to assimilate the deformation computed from the ergometer displacement to the one the tissue is actually subjected to. For that purpose, Kelleher et al. [23] recently combined 2D kinematical field measurements to this standard tensile testing protocol on lamina propria specimens. Due to the suture method artefacts, the initial longitudinal elastic modulus was found to be considerably higher (between 64 and 89 %) if determined using an optical displacement measurements rather than typical values reported in the literature so far. Also validated by optical measurements, the traditional knurled rigid clamps used in the present work represent an interesting alternative to the suture method for future testing. Clamps also enable to transmit the force from the device to the sample with a better homogeneity, as compared to a unique suture in a soft sample which induces noticeable stress localisation [40,12].

• Compression -Although transverse compression is one of the key mechanical loading vocal folds are subjected to, the present compression experiments on vocal fold tissues (lamina propria and vocalis) are novel and have not been reported so far. Few other biological materials have been characterised using compression techniques, commonly reserved for very soft tissues, for which tension or shear testing are not easily suitable [31,36,15]. For instance, prior results can be found on adipose porcine tissue [11],

lung tissue [2] or muscles [37,4]. These soft tissues all exhibit non-linear properties, similar to the highlighted present trends. A much weaker hysteretic response during unloading is reported in the case of adipose tissue, due to large differences in tissue composition and multiscale arrangement.

Interestingly, by contrast with tension, stress levels within lamina propria and vocalis were found very close. This can be ascribed to the loading direction, perpendicular to the main orientation of the fibrous networks considered here. This may imply an a priori highest contribution of the gel-like ground substance of the tissues on its overall mechanical response, as compared to that of their fibrous networks (collagen, elastin or muscle fibres).

• Shear -Within the investigated strain range, our shear data show that the shear stressstrain response of the vocal-fold sublayers exhibit a strain hardening which is qualitatively different from that observed in tension or compression as no increase of the stress hardening is noticeable. The tangent shear modulus of the lamina propria were typically found ranging from 0.36 to 2. Shear anisotropic properties of the lamina propria and vocalis were also highlighted in our database. If compared to longitudinal shear, stress levels and tangent shear moduli were found slightly higher in transversal shear (ratio G t yx /G t zx > 1). As rare data, it is interesting to remind that an anisotropic ratio was already measured by Rohlfs et al. [38], defined as the elasticity along the transversal direction to the one along the longitidunal direction. A ratio of 0.55 was found for an "intact" vocal folds (i.e., probe in contact with the epithelium), 0.69 without epithelium (i.e., probe in contact with the superficial layer), 0.63 without the superficial layer (i.e., probe in contact with the ligament) and 0.74 for the vocalis alone. Therefore, this study found that every layer of the vocal folds behaves softer in shear along the transverse direction. This was supported by former studies [20] on porcine tissue, using similar protocols and reaching to the same opposite trends as compared to our results. However, it is interesting to notice that the anisotropic ratio is relatively small and close to 1 as well, assessing a rather low anisotropic behaviour of the tissue for shear loading.

Finally, it should be reminded that natural inter-and intra-individual variability induces a wide dispersion in tissue biomechanical data. Measurement uncertainty is often even larger due to the sensitivity of the tissue to experimental conditions (sample preparation and testing conditions). Therefore, complete sets of mechanical data performed on the same sample are truly needed to better understand its behaviour under various loadings. This information is of great interest for future identification of biomechanical model, and validation of numerical simulations under complex in vivo loadings.

In future work, this database should be completed by further experiments: (i) the strain rate sensitivity of the tissue may be investigated using a wider range of strain rates for compression, shear and tension; (ii) longitudinal and transversal tension/compression tests should also be conducted, though very challenging due to the specific small dimensions of the vocal folds; (iii) finally, such mechanical tests should be combined to X-ray microtomography or confocal miscroscopy (Chapter 2) in order to track the microstructural straininduced evolutions of the lamina propria and the vocalis under such loadings. 
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Introduction

Human vocal folds possess a specific lamellar structure, arranged in sub-layers of epithelial, connective and muscular tissues. As a whole, the vocal folds can be seen as a 3D composite made of a soft gel-like material, including cells and extracellular matrix (ECM), reinforced by networks of collagen (Type I-III), elastin and muscular fibres [23,26,27,11]. As shown in Chapter 2, the structure of these inner components (e.g., fibrils' waviness, diameter, length, content, spatial distribution and orientations) is a subject of active investigation, enhanced by recent (sub)micro-imaging techniques improvements [31,43,37,6]. In addition, the ex vivo mechanical behaviour of the vocal folds under complex loadings, ranging from small to large finite strains, is explored in a growing number of experimental studies, as reported in Chapter 3.

As for many soft biological tissues [33,20], the vocal-fold microstructural components as well as their micro-mechanical properties are known to be responsible for the highly non-linear and anisotropic mechanical properties of the tissue at the millimetre scale. For instance, the link between the micro-mechanics of the vocal-fold tissues and the unique vibratory performances of vocal folds has been clearly supported by clinical observations:

in cases of benign or cancerous lesions typically, alteration of the tissue's microstructure systematically comes along with a dysfunction in the vibro-mechanical properties at the tissue's macroscopic scale [17,29]. With ageing also, changes are observed in the tissue's constitution (loss of elastin fibres, increased fibrosis, muscle atrophy), together with vibratory and perceptual changes (hoarseness, low pitch, breathiness) [45]. However, the current acquired knowledge is still not sufficient for an in-depth understanding of this link between micro-and vibro-mechanics. Such an open question is mainly ascribed to the challenging characterisation of the vocal-fold multiscale mechanics and vibrations in vivo (see Chapter 2). Consequently, theoretical and numerical models phonation are still being improved to simulate vocal folds dynamics under realistic anatomical and physiological conditions. Up to date, physical models able to simulate glottal vibrations under aerodynamic loading are based on three main formulations:

• The first one is the set of 2D/3D lumped element models of vocal folds with elementary multi-mass-damper-spring oscillators. These macroscale and heuristic models are characterised by small degrees of freedom, low computational costs and a reduced number of adjustable input parameters [55,18,16,58]. They allow several dynamical phenomena evidenced experimentally to be reproduced semi-quantitatively: the two main vibration eigen modes of vocal folds, i.e. their lateral oscillation together with a vertical phase delay between closure of their lower and upper margins; the changes of laryngeal mechanism associated to register transitions and various voice qualities ;

the pathological asynchronous motion of vocal folds or even complex chaotic phonatory events. However, their constitutive parameters are difficult to determine, as these models are too far from the microstructure and micro-mechanical properties of vocalfold tissues. This partly explains why the quantitative estimate of experimental data is often compromised.

• The second one is the set of 2D/3D models built within the continuum mechanics framework and use finite element simulations to mimic phonation [9,2,53,15,64,60,57]. These approaches better account for the complex macroscale geometry of vocal folds as well as their multi-layered mesostructure [60,57] and thus bring finer descriptions of phonation than the first set of models. From a material viewpoint however, most of them rely on simplified mesoscale mechanical models, often assuming vocal tissues as homogeneous layers with linear-elastic and (transversely) isotropic properties: it is now well-known that taking into account in constitutive models (i) the higher degree of anisotropy of vocal-fold tissues [63,48,59,62] and (ii) their non-linear mechanical properties has drastic impacts on phonation.

• A third type of formulation was more recently proposed using multiscale approaches, i.e., with a finer description of the vocal folds microstructure and micro-mechanics [36,42]. With these approaches, the micro-mechanics of collageneous fibres of the vocal folds is modelled using specific hyperelastic potentials, and the dispersion and 2D orientation of collagen fibres as well as their strain-induced detwisting is taken into account. Up to now, such promising fibre scale models have been developed for the lamina propria. They still need to be (i) further developed, (ii) extended to the vocalis, (iii) fed up with 3D microstructural descriptors of human vocal-fold multi-layers, and

(iv) validated with several (multi-axial) loadings, other than standard tensile tests, as endured by vocal tissues during phonation.

Hence, following the works of Kelleher et al. [36] and Miri et al. [42], we develop in this chapter a multiscale model to finely model the mechanical behaviour of the lamina propria and the vocalis, by extending a prior model we proposed and validated in the context of vascular biomechanics [7,8]. Based on the framework of the homogenisation of discrete fibrous structure [12] and previous work developed in the field of rubber and entangled materials [4,46], the micro-mechanical model incorporates an idealised but relevant 3D description of the fibrous architecture of the lamina propria and the vocalis, in accordance with the 3D histological features obtained in Chapter 2. We assess the capacities of the model to mimic the non-linear and anisotropic tensile, compression and shear behaviours of the lamina propria and the vocalis, by comparing its prediction to the experimental data gained in the previous chapter. Therewith, using the model prediction, we investigate the sensitivity of the quasistatic and dynamic responses of vocal folds to the arrangement and mechanical properties of their muscular and collageneous fibres.

Micro-mechanical model 4.2.1 Idealised geometry of the vocal-fold layers' fibrous architectures

As emphasised by Hirano [32], human vocal folds can be seen as bi-layered structures, comprising a deep layer including the vocalis, primarily made of muscular tissue (noted M layer in the following), and an upper layer gathering the epithelium and the lamina propria (noted LP layer), and primarily made of loose connective tissue (Fig. 4.1(a-b)). Neglecting the epithelium as a first approximation (by reasonably assuming that its mechanical behaviour is much weaker than the lamina propria), each layer thus looks like an incompressible composite material made of a soft matrix reinforced with fibres made of quasi-aligned fibrils (muscular, collagen and elastin fibres, see Fig. 4.1(c,d)) with wavy shapes and preferred orientations.

The microstructures of these composites can be seen as trusses of wavy elastic fibres embedded in a hyperelastic matrix (Fig. 4.1(c)). As already proposed for rubber-like materials [4] or for self-entangled superelastic wires [46], we assume in a first rough but reasonable approximation that each microstructure can be seen as the repetition, along periodicity directions, of a parallepipedic shape Representative Elementary Volume (REV) made of one node A 0 and N = 4 wavy elastic fibres i of identical end-to-end length l 0 in the undeformed configuration C 0 , as sketched in Fig. 4.1(c). The node A 0 is connected with a fibre to the eight neighbours located at the extremities of fibres. For the sake of simplicity, only the front four neighbors A 1 to A 4 have been plotted in Fig. 4.1(c). The four end-to-end fibre vectors

P i = A 0 A i = 0 E i (resp. p i = a 0 a i = i e i )
of end-to-end length l 0 (resp. l i ) and orientation unit vector E i (resp. e i ) and joining the extremities of the REV in the undeformed configuration C 0 (resp. deformed configuration C), are the four periodicity directions.

E i =    sin θ 0i cos ϕ 0i sin θ 0i sin ϕ 0i cos θ 0i    (e x ,e y ,e z )
and

e i =    sin θ i cos ϕ i sin θ i sin ϕ i cos θ i    (e x ,e y ,e z )
,

where, e z coincides with the anteroposterior direction, e y with the inferosuperior direction, and e x with the mediolateral direction (Fig. 4.1(b)). Also, the fibre placement is assumed to exhibit symmetries in the initial configuration C 0 , so that for each fibre i, θ 0i = θ 0 , and

ϕ 01 = ϕ 02 -180°= 360°-ϕ 03 = 180°-ϕ 04 = ϕ 0 .
This allows to the following descriptor to be introduced:

• Volume of the REV:

V REV = 4 3 0 sin θ 0 cos ϕ 0 sin θ 0 sin ϕ 0 cos θ 0 (4.1)

• Initial second orded fibre orientation tensor in the REV [1]: In addition, each fibre i is assumed to be an assembly of n parallel fibrils (Fig. 4.1(d)). In C 0 (resp. C), each constitutive fibril j is assumed to have an initial (resp. actual) diameter d 0 (resp. d j ) and an initial (resp. actual) length l f 0 (resp. l f j ) such that l f 0 = ξ 0 l 0 (resp. l f j = ξ j l i ), ξ 0 (resp. ξ i ) being the initial (resp. actual) tortuosity of the considered fibre i. In the following, a unique monomodal sinusoidal function is used to describe each fibril's initial waveform, characterised by an amplitude R 0 and a spatial periodicity H 0 (see Fig. 4.1(d)):

A REV 0 = 1 N N ∑ i=1 E i ⊗ E i =    sin 2 θ 0 cos 2 ϕ 0 0 0 0 sin 2 θ 0 sin 2 ϕ 0 0 0 0 cos 2 θ 0    (e x ,
l f 0 = 0 0 1 + ( 2πR 0 H 0 cos( 2π H 0 t)) 2 dt (4.3) 
Thus, from the knowledge of the volume of fibrils in the REV V f = πNnd 2 o l f 0 /4, it allows the volume fraction of fibrils Φ in the REV to be defined:

Φ = V f V REV = π 4 Nnd 2 o l f 0 4 3 0 sin θ 0 cos ϕ 0 sin θ 0 sin ϕ 0 cos θ 0 (4.4)
Finally, the volume fraction of fibrils φ within one single fibre is arbitrary fixed to 0.8 (the maximum packing density of identical parallel cylindrical rods is π/2 √ 3 ≈ 0.9 and corresponds to a triangular arrangement) so that the initial (resp. actual) fibre diameter is 

D 0 = nd 2 o /φ (resp. D i = nd 2 j /φ). 𝜃 0𝑖 𝜑 0𝑖 𝐄 𝑖 a) b) 𝜃 𝑖 𝜑 𝑖 𝒆 𝑖 𝐴 0 𝐴 𝑖 𝑎 0 𝑎 𝑖 𝑙 0 𝑙 0 𝑓 𝑙 𝑙 𝑓

Micromechanical behaviours of the constituents of the sub-layers

Matrix

Whatever the considered sub-layer (M or LP), the gel-like matrix in which fibrils are embedded is idealised by a soft isotropic, hyperelastic and incompressible matrix. The mechanical behaviour of the matrix is described by a simple neo-Hookean model [56], thus characterised by a volumetric strain-energy function W m = µ m (I 1 -3)/2, where µ m is the shear modulus of the matrix and where I 1 = tr( B) denotes the first principal invariant of the left Cauchy-Green tensor B = F • FT at the fibre scale ( F being the transformation gradient at the fibre scale).

Fibrils

Tension -When stretched at their extremities, the mechanical response of wavy fibrils is dominated by the unfolding of the initially curved regions until the fibres become straight with a linear tensile behaviour with a Young modulus E f . Therefore, based on previous theoretical developments [7,34], the mechanical behaviour of each fibril j can be described by two asymptotic behaviours:

(i) When the fibril tortuosity ξ j 1 -In such a wavy configuration, assuming that fibrils are inextensible, Kabla and Mahadevan (2007) [34] developed a micromechanical model that link the tension force t j to be applied on a fibril j to unfold it up to an elongation λ j = l j /l 0 :

t j = B f A 2 k k 2 4(1 -λ j ξ -1 0 ) -k 2 e i , (4.5) 
where B f = E f πd 4 0 /64 is the fibril bending stiffness, and where A k = 16π 2 ( f 0 -0 )/( f 0 ) 3 and k = 2π/ f 0 are the amplitude and the wave length of the fibril's crimping, respectively.

(ii) ξ j ≈ 1 -Once fully unfolded, fibrils behave as straight elastic rods so that the tension force t j becomes:

t j = π d 2 j 4 E f ε j e i (4.6) 
where ε j = ln(λ j ) is the tensile Hencky strain of the fibrils bewteen their nodes.

Between these two asymptotic regimes, both the unfolding and the tension of the fibrils occur. In order to describe this transient regime, we used a phenomenological law [44] that smooths the transition between regimes (i) and (ii), as illustrated in Fig. 4.3:

t j = πd 2 0 4e ε j E 1 ε j + E 2 2 ε j + (ε j -ε c ) 2 + a 2 -ε 2 j + a 2 e i for ε j ≥ 0, (4.7) 
where E 1 , E 2 are two moduli such that E 1 + E 2 = E f and where ε c is the characteristic strain denoting the change between regimes (i) and (ii) done with a curvature a (Fig. 4.3). These parameters were fitted to reproduce theoretical predictions given by Eqs. 4.5 and 4.6.

Compression -The stiffening regime (ii) occurring during the fibril tension is not prone to occur during the compression of fibrils. Instead, the fibrils should rather increase their crimping. To account for this tension-compression asymmetry, we assumed, at a first approximation that the compression of the fibrils follows that observed in tension during regime (i), i.e., Eq. 4.5.

Fibres

Fibres are linked at the nodes of the truss in such a way that their relative displacement at nodes is zero, their relative rotation being free. Between nodes, fibres can be seen as highly anisotropic beams with parallel fibrils, the transverse shear interactions of which being weaker than their longitudinal tensile behaviour. Thus, neglecting transverse shear interactions, the tension-compression force on each fibril t j of the fibre i, their elongation λ j and their strain ε j do not depend on the considered fibril and will be further noted t i , λ i and ε i (∀j), respectively. Therefrom, the tension-compression force T i in the fibre is simply expressed as:

T i = n ∑ j=1 t j = nt i . ( 4.8) 

Fibre-to-fibre interactions: steric hindrance

During loading, fibres may move and deform in various ways, potentially leading them to get closer to each other within the REV. Physically, these motions are constrained by steric hindrance, i.e., the geometric obstruction between fibres so that they cannot overlap. These constraints are not taken into account in the standard eight chains model [4] whereas they should alter the REV deformation micro-mechanisms and thus its macroscale properties, e.g.

during the transverse compression of vocal folds. Thus, we added repulsion forces between the nodes of the truss to take into account steric effects. More precisely, once the distances δ q between the Q neighbours A q of A 0 become closer than a typical distance δ c , a non-linear (in power-law) repulsive force R q was added between them:

R q = R q e q = -βH(δ c -δ q )(1 -δ q /δ c ) α e q , (4.9) 
where e q = A 0 A q / A 0 A q , H the Heavyside function, and where α (here arbitrarily set to 3) and β are phenomenological interaction coefficients. For wavy fibres, the value of the critical distance δ c should be of the same order of magnitude than the tube diameter containing each fibre, i.e., O(2R 0 + D 0 ).

Upscaling

From the aforementioned microstructural and micromechanical features, we now propose a form for the macroscopic behaviour of the M and LP sub-layers, following the theoretical developments given by Bailly et al. [7] for the mechanical behaviour of arteria. We first assume that the overall Cauchy stress tensor of the sub-layers σ is the sum of four contributions, i.e., (i) that related to the incompressibility condition -pδ (where p is the incompressibility pressure and δ the identity tensor), (ii) that induced by the deformation of the matrix σ m , (iii) that induced by the deformation of the fibrous network σ f , and (iv) that induced by steric effects σ s :

σ = -pδ + σ m + σ f + σ s (4.10) 
• Assuming weak interactions between the matrix and the fibres, the stress contribution σ m can be written as:

σ m = (1 -Φ)F • ∂W m ∂F T , (4.11) 
where W m is the strain energy function given in the previous section and F the macroscopic transformation gradient.

• Using the homogenisation method for discrete structures in the case of trusses of hyperelastic bars, i.e., structures similar to that studied in this work, here with bars representing either fibres or others steric effects, Caillerie et al. [12] have shown that the considered discrete networks behave macroscopically as standard Cauchy continua with the following expressions of the macroscopic stress tensors:

σ f = 1 V REV N ∑ i=1 T i ⊗ p i = 1 V REV N ∑ i=1 nt i i e i ⊗ e i (4.12) 
and

σ s = 1 V REV Q ∑ q=1 R q ⊗ A 0 A q = 1 V REV Q ∑ q=1 R q δ q e q ⊗ e q (4 .13) 
In addition, for the particular REVs chosen here, i.e., with a unique node A 0 , it is important to notice that we can also show, from the localisation problem deduced from the homogenisation procedure, that the motion of A 0 is an affine function of the macroscopic transformation gradient F.

In summary, for a given macroscopic loading path, the overall response of each vocalfold composite sub-layer depends on 10 input parameters to be determined in the undeformed configuration C 0 :

• 6 histological parameters: the fibrils diameter d 0 , waviness amplitude R 0 , spatial periodicity H 0 , and volume fraction Φ, as well as initial orientations (θ 0 , ϕ 0 ).

• 4 mechanical parameters: the fibrils Young's modulus E f , the matrix shear modulus µ m and the parameters β and δ c related to the steric effects.

Despite such an a priori high number of parameters and possible configurations, their identification is facilitated by considering that, for a given tissue layer, they should vary within a range of physiological values, determined from histological/mechanical former studies (see section 4.4.1).

Method used to compare model predictions to experimental data

The identification of the constitutive and structural parameters of the proposed micro-mechanical model was performed by adjusting theoretical predictions at the macroscopic scale to biomechanical data acquired on excised human vocal-fold sub-layers (see results from Chapter 3).

To do so, the identification procedure relied on several steps:

• First, four LP and M-samples were selected among the experimental database elaborated in Chapter 3, as representative of data obtained on a male and a female donor of similar age (79 y.o.). In the following, these reference samples are noted (LP i , M i ), being excised from the same vocal-fold of larynx i, i= [1,2]. Each sample was tested under three different loading conditions, i.e., simple tension along e z , simple compression along e x and shear along plane (e z , e x ). For each case, a load-unload cycle was imposed, as displayed in Figures 4.4 and 4.8.

• Then, to simulate such mechanical tests, the model was used by subjecting the idealised REVs to loading conditions, i.e., simple tension along e z , simple compression along e x and simple shear along plane (e z , e x ). More precisely, for each case, different conditions were used for the components of the transformation gradient F and those of the Cauchy stress tensor σ:

-For simple tension, F and σ were expressed as follows: F zz was imposed. F yy was calculated to ensure the constraint σ yy = σ xx = 0. F xx was determined by the incompressibility condition, i.e., det(F) = 1. Such hybrid conditions also allowed the hydrostatic pressure function p to be determined.

F =    1/F zz F yy 0 0 0 F yy 0 0 0 F zz    (e x ,
-For simple compression, F and σ were written as: F xx was imposed. F yy was calculated to ensure the constraint σ zz = σ yy = 0). Similarly to the tension case, F zz and p were determined by the incompressibility hypothesis.

F =    F xx 0 0 0 F yy 0 0 0 1/F yy F xx    (e x ,
-For simple shear, the transformation gradient tensor was fully prescribed by assuming that F = δ + γ zx e z ⊗ e x , where γ zx is the imposed shear strain, and the pressure was set to p = 0.

Given a set of histological and mechanical parameters at the fibrils and fibres scales, the output stress predictions of the model were expressed in first Piola-Kirchoff stresses

P = σ • F -T .
• Finally, as the model is hyperelastic, the input parameters were optimised so that the model predictions reproduce the so-called "neutral" or "elastic stress contribution", thereby leaving aside the hysteretis stresses measured during a typical load-unload cycle (see Fig. 4.4 and 4.8). For the optimisation of the 10 input parameters, the following route was used: (i) as far as possible, all histo-mechanical parameters were initialised and bounded within a range of physiological values determined from the literature; (ii) for a given macroscopic loading, a least-squared approach was used to minimise the discrepancies between theoretical and experimental stress tensors. To do so, a non-linear constraint optimisation process with the Matlab ® routine fmincon was applied (see details in Bailly et al. (2012) [7]); (iii) for each macroscopic loading, a parametric analysis was performed so as to highlight which key microscale parameters mainly drive the mechanical response of the overall composite; (iv) a final set of parameters was manually adjusted to be as close as possible of the measured data whatever the loading conditions.

Results

Parameters identification

For each tissue sample, the optimised constitutive parameters for the model to be able to reproduce the measured biomechanical data in Fig. 

Lamina propria

By weight, collagen (mainly Type I, III) is reported as the most abundant fibrous protein in human lamina propria, representing around 50% ot the total proteins against less than 10%

for elastin [26,27,54]. Besides, by contrast with collagen, experimental data on elastin's microstructural arrangement and mechanics are very scarce in the literature. For these reasons, in a first approach, the fibrous network of the lamina propria ECM was assumed to comprise a single population of collagen fibres.

• Histological parameters -The volume fraction of collagen within the lamina propria, Φ, is assessed to range between 0.15 and 0.55 [43,54,27], depending on the tissue depth e x . Imposing this range of admissible values, the optimisation process yielded to Φ = 0.43 and 0.42 for LP 1 and LP 2 respectively. Such results imply an underlying number n of fibrils in one fibre around 40 -that is a data also barely reported in the literature.

-The typical equivalent diameter of a collagen fibril, d 0 , is known to vary between 10 nm (Type III) up to 500 nm (Type I) [22,21,5,19]. Imposing these physiological limits, the optimisation process yielded to d 0 = 410 nm whatever the sample, inducing a collagen fibre diameter D 0 of about 3 µm. In line with the reported values ranging between 1 and 20 µm [50], this fibre dimension is also in agreement with the histological data directly derived from the LP i samples of interest -The values of the tortuosity ξ 0 of collagen fibres in the lamina propria were determined from the ex vivo measurements made in Chapter 2 using synchrotron X-ray microtomography and by Miri et al. [43] using multiphoton nonlinear laser scanning microscopy. With an amplitude R 0 restricted between 1 to 10 µm, and a spatial period H 0 between 10 to 70 µm, the optimisation process gave R 0 = 5 µm, H 0 = 43 and 42 µm for LP1 and LP2, respectively, leading to a tortuosity about ξ 0 ≈ 1.12 at rest, which is in accordance with data reported in Chapter 2 (see Fig.

2.8)

.

-Regarding the orientations of the collagen fibrous networks in the lamina propria, 3D descriptors were derived from the X-ray images presented in Chapter 2. Once diagonalised and rewritten in the reference frame considered here, the typical second order fibre orientation tensor reported in Fig. 2.8, becomes:

A EXP 0 = 0.1557 e x ⊗ e x + 0.0996 e y ⊗ e y + 0.7447 e z ⊗ e z , (4.14) 
showing orthotropy with a pronounced major orientation along the anteroposterior direction e z , minor and intermediate orientations along the inferosuperior and mediolateral directions e y and e x respectively. Equations 4.2 and 4.14 lead to mean angular values: (θ 0 , ϕ 0 ) = (38.7°, 30.4°). In order to account for the dispersion of the measurements, this couple was let free to vary between (0°, 50°) and (0°, 90°) during the optimisation process. Optimal adjustment of the macroscale data was obtained for (θ 0 , ϕ 0 ) ≈ (17.1°, 82.3°), that is a nearly 2D network lying in the plane (e z , e y ) for the undeformed configuration. Note that other couples of angles may also be obtained from the optimisation to reproduce the mechanical response under tension and compression (accounting for the others parameters values), but a quasi-plane network (i.e., θ 0 < 35°and ϕ 0 > 80°) was required to properly model the shear behaviour.

• Mechanical parameters -The mechanical properties of a single collagen (Type I) fibril were derived from previous tensile data obtained using Atomic Force Microscopy (AFM), microelectromechanical systems (MEMS) technology and X-ray diffraction [21]. In solvated conditions, the typical tangent modulus of a native collagen fibril during tension, E f , is ranging from 1 MPa at low strains (below 3% strain in a toe region), continuously increasing up to an average value of 900 MPa at larger strains, where a linear stress-strain behaviour is observed [61,49,21,41]. Therewith, results from the optimisation process yielded to E f = 950 MPa whatever the LP samples, in line with the average asymptotic value reported in aqueous media [21].

Note that failure of the fibrils occurs at around 11-15% strain with a stress at break of 60 ± 10 MPa, and that the fibril mechanical behaviour is reversible below 6% strain [61]. It should also be noted that recent AFM indentation testing [5] showed an exponential decrease in the fibril's local transverse elastic modulus versus collagen Type-III:Type-I mixing ratio (550 kPa for ratio 0:100, 100kPa for ratio 100:0). However, the mechanical characterization of collagen Type III along the fibril main direction is even scarcer in the literature. Thus, in the following, no distinction was made between both collagen types regarding the fibril's mechanical properties.

-Regarding the shear modulus of the matrix µ m , it was first initialised by the shear modulus of hyaluronic acid [30], i.e., the major component of the ground substance within the lamina propria [17,26,28,23]. The latter was found to vary between µ m = 20 and 50 Pa for quasi-static loadings. In order to account for all other components surrounding the collagen network (e.g., cells, elastin), the matrix parameter was let free to take a higher range of positive values, up to 1.5

MPa, i.e., the maximum Young's modulus of single elastin fibres as determined from micro-mechanical bending tests [61]. In the end, optimisation yielded to: µ m = 600 and 760 Pa for samples LP 1 and LP 2 .

-The phenomenological constant β adopted to model steric interactions was freely adjusted during the optimisation process, yielding to β ≈ O(10 -7 ) N.m -3 for both samples (see table 4.2). This value will be discussed in the next section. In addition, the optimisation conducted to an interaction distance δ c = 80 µm, a value which is approximately 6 times the diameter of the tube including each wavy fibre.

Vocalis muscle

The fibrous network of the vocalis was assumed to be made of "muscle fibres" (also called "muscle striated cells" or "rhabdomyocytes") embedded into a soft matrix similar to the one in the lamina propria. Muscular fibril (also called "myofibril") is the basic rod-like unit of a muscular fibre.

• Histological parameters -To our knowledge, the volume fraction of myofibrils within the vocalis is not reported in the literature. The optimisation process yielded to Φ = 0.58 and 0.65 for M 1 and M 2 respectively, i.e., slightly greater than the fibrous reinforcement in the lamina propria. Such results imply an underlying number n of myofibrils per fibre around 40000-50000 (see Table 4.1). As a comparison, previous reported values in skeletal muscles range within 500 to 10000 [40], these values varying according to the degree of hypertrophy or atrophy of the muscle and being associated with some types of training and disuse [13]. Knowing that muscle fibres are grouped together in bundles of 20-150 fibres in a parallel arrangement called muscle fascicles [10,38], the optimised number n can be seen as a realistic number of myofibrils per fascicle.

-The typical value for the equivalent diameter of myofibrils d 0 is reported at around 1 µm [14,40,13]. Imposing a small range of admissible values (from 0.05 to 2 µm), the optimised diameter to reproduce M 1 and M 2 macroscale responses was found around d 0 = 1.5 µm. To achieve a volume fraction of fibrils within one fibre Φ = 0.80, this induces an equivalent diameter of fibres D 0 ≈ 350 µm for both muscular samples (see Table 4.1). Such a fibre dimension is overestimated if compared to that determined in Chapter 2 and in previous reported data [47,40],

ranging between 1 and 80 µm (average value around 30 µm). However, it is fully consistent with the size of a muscle fascicle, known to vary within 200-900 µm in diameter [24].

-With an amplitude R 0 restricted between 70 and 140 µm, and a spatial period H 0 between 1.30 and 1.70 mm (see Chapter 2), the optimisation process gave R 0 ≈ 110 µm and H 0 ≈ 1.50 mm, leading to an idealised muscular fibres tortuosity of ξ 0 = 1.04 at rest. In other words, muscular fibres are practically straight in the undeformed configuration.

-Using the same methodology as for the lamina propria, the 3D orientations of the muscle fibrous network in the vocalis were derived from the X-ray images presented in Chapter 2. Once diagonalised and rewritten in the reference frame (e x , e y , e z ), the typical 3D orientation tensor reported in Fig. 2.6 becomes:

A EXP 0 = 0.1091 e x ⊗ e x + 0.1956 e y ⊗ e y + 0.6953 e z ⊗ e z . (4.15) 
Assigning the same structural tensor to the REV's fibrous network so that A REV = A EXP , Equations 4.2 and 4.15 lead to mean angular values: (θ 0 , ϕ 0 ) = (33.5°, 53.3°).

In order to account for the dispersion of the measurements related to interindividual variability, this couple was let free to vary between (0°, 50°) and (50°, 90°) during the optimisation process. In the end, optimal adjustement of the macroscale data was obtained for (θ 0 , ϕ 0 ) = (29.8°, 63.1°) and (30.0°, 61.0°) for M 1 and M 2 respectively.

• Mechanical parameters -Regarding the mechanical properties of isolated myofibrils, little data are reported in the literature. When stretched without activation, fibrils extracted from (frog) skeletal muscle exhibited an initial tangent elastic modulus E f around 10 kPa [14] at small strains. Imposing a range of admissible values ranging from 1kPa up to 1GPa, the biomechanical trends at the macroscale in Figure 4.8 were described with E f = 89kPa and 302 kPa for M 1 and M 2 , respectively.

-The shear modulus of the matrix µ m was assumed to have a value close to that found for the lamina propria, and the optimisation process conducted to µ m = 1800 and 1400 Pa for samples M 1 and M 2 .

-At last, the phenomenological constant β was freely adjusted during the optimisation process, yielding to β ≈ O 10 -1 , 10 -2 N.m -3 for both samples (see table 4.2). These values are higher than the ones identified for the LP-layer samples of at least 5 orders of magnitude. Such a difference may be ascribed to the fibre geometry: muscle fibres are larger in diameter than ECM fibres, which could lead to an increase of fibre-to-fibre interaction forces. Finally, the optimisation yielded to an interaction distance δ c ≈ 450-480 µm, a value which is close to the diameter of the tube including each muscle fibre.

Vocal tissues macro-and micro-mechanics

The comparison between the macroscale predictions of the model and the experimental data 

Lamina propria

As shown in Fig. 4.4, the model fairly well captures the neutral mechanical behaviour of the lamina propria, whatever the investigated loading mode, i.e., tension, compression and shear. We also added in the graphs the overall matrix stress contribution -(1 -Φ)pδ + σ m , calculated on the base of a rule of mixture, to better understand the contributions of each phase to the overall mechanical response.

• Simple tension -For both samples LP 1 and LP 2 , the tensile stress-strain curve exhibits a strong non-linear response with a J-shape strain-hardening, characteristic of soft collageneous tissues [25]. The matrix stress contribution is much lower than the overall composite response and slightly negative, suggesting (i) a major role of the fibrous network to the longitudinal tensile behaviour of the lamina propria, (ii) couplings between the matrix and fibre stress contributions to ensure the tissue incompressibility.

These effects are ascribed to the highly oriented fibrous structure and to the direction of loading which is parallel to the main fibre orientation. Meanwhile, the REV is obviously stretched along the loading direction as illustrated in Figure 4.6(a). Due to the high anisotropy of fibre orientation and the incompressibility constraint, the REV transverse cross section is drastically reduced along the e y direction, e.g., with ε yy = -0.48 for LP1, but also significantly increased along the e x , e.g., with ε xx =0.39 for LP1 at ε zz =0.08, i.e., with an auxetic behaviour (Fig. 4.6). Typically, at ε zz = 0.08, one should get ε yy = ε xx = -0.04 if the fibres were removed (Φ = 0), i.e., , with an incompressible isotropic material.

At a lower scale, fibres rotate and align along the tensile direction e z : whatever the considered fibre i, angle θ i gradually varies to reach about 10°at ε zz = 0.1 (Fig. 4.5(a)). This rotation is coupled with a slight rotation towards the e x direction. In addition, as shown in Figure 4.7, the whole end-to-end fibres are identically and permanently stretched. At ε zz = 0.1, each end-to-end elongation λ i about 1.06, coming along with a decrease of the fibre tortuosity ξ i down to a value of 1.05. It is interesting to note that • Simple compression -The non-linear response and strain hardening of the lamina propria are also predicted in transverse compression, i.e., along the e x -direction. Compared to tension however, nominal stresses are about 2 orders of magnitude lower. By contrast also, it is interesting to notice that the predicted stress contribution of the matrix is of 4.4. Results
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the same sign and of the same order of magnitude than the total stress: the fibre reinforcement effect is less effective in transverse compression than in longitudinal tension. The mechanical behaviour at large compression strains is marked by a gradual strain hardening for the tissue, while the response of the matrix remains quasi-linear and softer. Furthermore, due to the high anisotropy of fibre orientation and to steric hindrance, the REV is stretched along the e y -direction, whereas it shrinks along the e z -direction which emphasises an auxetic behaviour. For instance, when ε xx = -0.1, ε yy = 0.108 and ε zz = -0.008, whereas both of them should have been equal to 0.05 for an isotropic incompressible material.

At the scale of the REV, the stereographic projection reported in Fig. 4.5(b) shows that fibres align along the (e y , e z ) plane, with a marked alignment along e y : angles θ i gradually vary of about 5°when ε xx = -0.25, whereas angles ϕ i increase of barely 2°. Also, Fig. 4.7 shows that their end-to-ends are barely stretched during the compression, implying their initial crimping to be preserved (ξ i = 1.12 ≈ ξ 0 at the final state), and a quasi-null tension T i . Compared to tension, this partly explains the relative low order of magnitude of stresses predicted at the macroscale. Thus, the strain hardening observed in compression stress-strain curves is probably due to steric effects that mainly occur between nodes 1 and 4 and between 2 and 3 (see Fig. 4.12).

• Simple shear -Despite the inaccuracy of experimental data at large shear strain (due to experimental issues, see previous chapter), one can conclude from Fig. 4.4 that the model predictions are satisfactory. The predicted stress-strain response (P zx , γ zx ) is practically linear. Likewise, stress-strain curves prove the stress contribution of the matrix to the whole response of the model is non negligible, as for transverse compression.

Moreover, at the scale of the REV, fibre rotation is negligible, as evidenced on both Fig. ). They all remain crimped during the load, even for large strains (ξ i > 1.1 at γ zx = 0.5, the complete unfolding of the fibres being predicted at γ zx ≈ 3).

Vocalis

As for the lamina propria, the experimental neutral stress-strain curves are well reproduced for each loading condition (Fig. 4.8), even though the involved micro-mechanims may differ due to histological and mechanical discrepancies between both tissues (see Tables 4.1 and 4.2).

• Simple tension -Regarding the macroscale behaviour, a J-shape strain hardening is still observed for both samples M 1 and M 2 , albeit far less pronounced than for LP samples: the stress magnitudes along the loading direction decrease of one decade at ε zz = 0.1. Although still negligible once compared to that of the fibrous network, the mechanical contribution of the matrix is also negative and slightly more important for this layer (notably for sample M 1 , owning the highest matrix shear modulus µ m ). The lateral contraction along the y-direction is less marked than for LP samples, and so the auxetic effect along the x-direction (Fig. 4.9(d)).

At the scale of the REV, the alignment of fibres towards the loading direction e z is still predicted but again less marked than for the LP samples (Fig fully unfolded before the end of the loading (ξ i = 1 at ε zz ≈ 0.08). This is mainly due to their weak initial tortuosity ξ 0 as compared to the collagen ones (1.05 vs. 1.12).

• Simple compression -Stress-strain curves plotted in Fig. 4.8 are similar to those observed for the lamina propria samples: highly non-linear with a weak stress increase followed by a sharper strain hardening ; of the same order of magnitude ; with a non negligible matrix contribution at least in the early stages of tension. A similar noticing can be stated for the recorded strain paths: practically identical stretching along the e y -direction as well as auxeticity along the e z -direction.

At the REV scale, fibres rotation is barely visible, angles ϕ i remaining quasi-constant.

Values of θ i are slightly increased (Fig. 4.5(b)). By contrast to the LP samples, a faster fibre recruitment or unfolding is noticed. For each fibre i, the end-to-end elongation λ i increases from the early stage of deformation, reaching ≈ 1.015 at a compression strain ε xx = 0.12 (Fig. 4.10), inducing a continuous unfolding of muscular fibres (ξ i = 1.03 at ε xx = 0.12 strain).

• Simple shear -As for the LP-layer, the predictions of the model under shear loading describe a nearly linear stress-strain response. However, a rise in slope is evidenced in the muscle response, occurring at γ zx ≈ 0.15 strain (see Fig. 4.8), and not observed in the experimental trends, that may be questionable beyond this strain level. As previously noticed for the lamina propria, Fig. 4.8 also proves that the matrix stress contribution is significant in the overall composite response, especially for the M 1 sample (with the highest shear modulus µ m ).

Traction Compression Shear

At a lower scale, mechanisms are similar for both tissue types. The fibre rotation is negligible (see Fig. 4.5(c) and 4.9(c)). Fibres 2 and 4 are slightly stretched and fibres 1 and 3 compressed (Fig. 4.10). However, their deformation is limited as their tortuosity is barely changed during loading, with a variation of about ±0.02 for γ zx ≈ 0.1.

Discussion

As shown in the previous section, the predictions of the model are fairly good and were presented in regards with the evolution of its microstructural parameters. For instance, we emphasised the important interplay between fibre rotation and deformation. This coupling is closely linked with two critical parameters: (i) steric hindrance and (ii) fibre orientation.

Their role is further discussed hereafter in the case of the lamina propria (general trends being still valuable for the vocalis). Steric hindrance was introduced in the model to mimic the non-overlapping of fibres during loading. This phenomenon was modelled using reaction forces R q (Eq. 4.9), the impact σ s of which on the tissue total stress σ is reported in Eq. (4.13). Reaction forces involve a coefficient β which was varied here to investigate its effect on σ. Hence, Fig. 4.11 compares the theoretical predictions previously obtained for sample LP 1 , i.e., with β = 9.10 -7 N.m -3 with two other cases: (i) that neglecting all fibre-to-fibre interactions in the REV, i.e., with β = 0 N.m -3 ; (ii) that modelling a stronger steric hindrance, i.e., with β = 9.10 -6 N.m -3 .

• As evident from Fig. 4.11, tensile and shear stress-strain curves do not depend on β, proving that for the considered fibrous structure and mechanical loadings, steric interactions should be weak and should not contribute to σ. This remark is reinforced with Fig. 4.12, in which we have plotted the only active reaction forces (for the cases considered here), i.e., those which occurred between nodes 1 and 4 and between nodes 2 and 3 (Fig. 4.1) and which will be noted R in the following for simplicity: R is zerovalued for these two loading conditions.

• Conversely, steric effects should drastically alter the mechanical behaviour of the lamina propria during transverse compression along the e x -direction. Indeed, for this loading, the model predictions show that interactions occur between nodes 1 and 4 and between nodes 2 and 3, with a negative and equal reaction force R, the magnitude of which increases with the compression strain (Fig. 4.12). Also, Fig. 4.11 proves that the higher the β-value, the sharper and the faster the strain hardening on the resulting stress-strain curves.

Transverse compression is one of the major deformation mode of vocal folds during phonation, in particular during glottal collision. We have shown here that to properly model it, fibre-fibre interactions such as steric hindrance should be taken into account. The optimisation procedure we achieved from macroscopic tests conducted to an estimation of contact forces between fibres (Fig. 4.12). However, their direct estimation from experiments still tension, the mechanical behaviour of the second REV is higher and stiffer than that of the third REV, the last one exhibiting larger fibre rotation before fibre recruitment. In compression, the trend is drastically reversed, this being mainly due to the occurrence of steric effects in the third REV. In shear, the trend is again reversed, the mechanical behaviour of the second REV being higher and much stiffer due to an earlier fibre recruitment: as fibre are very aligned along the shear direction, this phenomenon is restricted for the third REV.

Hence, changing the fibre orientation has a clear influence on the mechanical behaviour of the lamina propria. We have shown that small changes in the fibre orientation tensor may induce significant changes in the model predictions, with intricate trends involving couplings between the fibre kinematics and micro-mechanics. Another important outcome of this study is that a transversely isotropic structure should not be able to mimic the mechanical behaviour of the lamina propria for the main loading paths it is subjected to, whereas an orthotropic one should be a better fibrous architecture. Vibratory properties -Towards a better understanding of the impact of fibre orientation (and coupled fibre scale micro-mechanisms) on the phonatory properties of vocal folds, we now investigate the vibratory properties of the lamina propria following the approach proposed by Kelleher et al. (2013) [36]. These authors studied the 2D vibration of the tissue, assuming as a first rough but relevant estimation that the lamina propria could be seen as a Timoshenko's cylyndrical beam of initial length L 0 with incompressible, anisotropic hyperelastic properties. When subjected to a longitudinal strain ε zz along the anterio-posterior direction, the nth mode vibration frequency F n of the beam can be expressed as [36]:

F n (ε zz ) = n 2 π 2 L 2 E t I ζρA 1 + PL 2 n 2 π 2 E t I + P k s G t A , ( 4.16) 
where

ζ(ε zz ) = 1 + n 2 π 2 I AL 2 1 + P k s G t A + E t I k s G t AL 2 .
(4.17)

As the optimised REV found in this study possesses othotropic properties, two vibration planes are considered, i.e., (x,z) or (y,z). In the present case, the lamina propria is considered as a rectangular beam of initial length L 0 , initial width w 0y and initial thickness w 0x . In the above expressions, ρ is the lamina propria density, L = e ε zz L 0 is the current beam length, w y = w 0y /e ε yy its current width, w x = w 0x /e ε xx its current thickness, A = w x × w y its current cross-section, I = w x × w 3 y /12 (I = w y × w 3

x /12 respectively) its current second moment of inertia, P = Aσ zz the longitudinal tensile loading and k s = 5/6 is the Timoshenko's shear correction coefficient. In addition, E t and G t represent the longitudinal tensile and shear moduli of the lamina propria beam, respectively. Thus, choosing reasonably ρ =1040 kg m -3 , L 0 =17 mm, w 0x = 1.5 mm, w 0y = 1.5 mm, and using the micro-mechanical model developed in this work, estimates of the vibration frequencies F n could be obtained. For that purpose, the tensile stress σ zz (ε zz ), together with E t (ε zz ) = E t zz and G t (ε zz ) = G t xz (G t yz respectively) were calculated with the model which was fitted with the LP1 sample. For that, we neglected the longitudinal tension-compression asymmetry of the micro-mechanical model, as the Timoshenko's beam formulation does not account for it.

• As shown in the graphs (a,b) in Fig. 4.15, E t and G t are increasing function of the tensile strain ε zz . They both exhibit a J-shape evolution, with a strain hardening that yields to multiply their initial value by a factor of ≈ 10 when ε zz = 0.1. The predicted sharp increase of G t with ε zz emphasises marked tensile-shear couplings. As evidenced in Fig. 4.15(b), G t xz >G t yz , which is a consequence of the orthotropic structure of the REV.

The initial G t xz /G t yz ratio can be estimated to ≈ 10. This ratio will tend to decrease with the tensile deformation, as the fibres will aligned along the loading direction.

• The graph (c) of Fig. 4.15 depicts the evolution with ε zz of the first three mode frequencies (F 0 , F 1 , F 2 ) in the LP1 case (third REV). They are increasing functions of ε zz with F 0 < F 1 < F 2 . Their values are in accordance with trends obtained in former studies [36], albeit a bit higher. This could be due to the stiff properties of sample LP1.

It could be notice that the frequencies are different depending on the vibration plane. This difference is very slight for the first mode and tends to increase for the higher modes. It is also interesting to notice that the values obtained for the fundamental frequency F 0 are consistent. For instance, the common frequency range for human speech is between 100 Hz and 300 Hz [39,51].

• The graph (d) of Fig. 4.15 clearly underlines the effect of fibre orientation on the fundamental frequency F 0 . Increasing the orientation intensity, i.e., from REV 1 to REV 2 leads to a marked increase, by a factor of ≈ 1.5, of the fundamental frequency as well as its strain hardening. As for the static case, this is probably due to a faster fibre recruitment in tension with the orientation intensity. This is also probably due to minor effects of the beam shear deformation on F 0 , as already pointed out by Kelleher et al.

(2012) [36]. Also, taking into account the orthotropic behaviour of the lamina propria, i.e., from REV 2 to REV 3, induces a decrease of the fundamental frequency F 0 whereas its strain-hardening remains practically unchanged.

As evidenced in Fig. 4.15, considering an orthotropic structure instead of a transverse isotropic structure affects the vibratory properties of the material. This difference may be taken into account in the context of 3D vibration.

Conclusion

In this study, we have proposed an idealised description of the fibrous architecture of human vocal-fold sub-layers, i.e., the lamina propria and the vocalis, based on acquired histological data (see Chapter 2). Therefrom, we have built a 3D micro-mechanical model able to mimic from small to finite strains the non-linear and anisotropic behaviour of these sub-layers for several key physiological loading paths, i.e., longitudinal tension, transverse compression and shear.

The novelties of the model relies on its micro-structural approach accounting, for the first time, (i) for proper 3D fibre orientation descriptors, (ii) for steric hindrance to model possible fibre-fibre interactions. Most of the microstructural and micro-mechanical parameters of the model could be determined either from in-house or literature histological and mechanical data (only a few of them were purely phenomenological and were determined from an inverse modelling procedure). This constitutes another originality.

The strength and the capabilities of the model were emphasised using four experimental targets, two lamina propria samples and two vocalis ones. With a unique set of parameters per experimental target, the model predicted with a good accuracy the experimental neutral stress-strain curves recorded during the three investigated key physiological loadings. To the best of our knowledge, such a validation procedure is unique, together with the results it provided. In particular, the model proposed some interesting information and scenarios about the microstructures of the lamina propria and the vocalis and their evolution as a function of the type and magnitude of the mechanical loading: fibre kinematics, deformation/recruitment, interaction to mention a few. These microstructural and micro-mechanical features drastically alter the static and dynamic properties of vocal folds. More precisely, we could pointed out the major role of steric hindrance and fibre orientation.

Nonetheless, although the satisfying agreement of its prediction with the experimental data, the proposed model could benefit from further developments to restrain its limitations. Among these limitations is the model incapacity to mimic visco-elastic effects that mainly induce the hysteresis observed in stress-strain curves. Introducing visco-elastic interactions between the fibres and the ECM could overcome this drawback. This work is in progress together with switching the behaviour of the vocalis from passive to active. Another improvement of the model would be to consider various entangled fibrous networks, including elastin and reticulin, to better understand the role of each of these networks on the initial configuration of the tissues and on their mechanical properties. At last, the procedure used to validate the model could be improved to better assess its strengths and weaknesses, for example by conducting in situ experiments using laser scanning confocal microscopy and/or X-Ray tomography imaging. These possibilities are currently under progress.

Anyway, at this stage, the model could be useful to bring new relevant informations to better understand the mechanics of vocal folds. One the one hand, it could be easily implemented into a finite element software for that purpose [57,52]. On the other hand, it could also be used to optimise the fibrous architecture of novel biomimetic materials for the lamina propria and the vocalis, as already attempted for arterial walls [7,8].

Artificial vocal folds: why and how ?

This chapter will focus on an exploratory work carried out towards the material design of biomimetic composites, able to reproduce the main structural and mechanical properties of the vocal-fold tissue. There are multiple reasons for the development of such biomimetic oscillators, for both medical and scientific research communities:

• In the growing field of vocal-fold bioengineering for regenerative medicine of the larynx and phonatory implants for voice restoration [21,8,14,26,27,16,25,24,13,12], it is of great interest to design substitute biomaterials of the vocal-fold sublayers, and notably of the lamina propria. As already mentionned in Chapter 1, laryngeal diseases can lead to heavy trauma implying temporary or permanent loss of the patient's phonatory abilities. For example, in the extreme case of total laryngectomy, required for advanced laryngeal cancers (15% of total cancers in France), patients loss their ability to speak because they no longer have vocal folds. In 2013, a biomedical innovation took place as a turning point in the Ear, Nose and Throat field: the first artificial larynx implanted into a patient, to restore his breathing and swallowing functions [11].

However, the designed prothesis could not restore his phonatory abilities, due to the absence of suitable biomaterials able to mimic vocal-fold vibrations, and therefore to supply voice source. Future challenge is to restore the patients phonatory abilities thanks to artificial materials able to mimic vocal-fold vibrations [11].

• In voice production research, the use of in vitro replicas of vocal folds since the 1980s [35,37] and their progressive improvement to mimic the physiological reality [32,40] has allowed important advances to better understand the physics of the human phonation process (see a review in Kniesburges et al., 2011 [23]). In particular, the development of artificial materials, close to the vocal-fold tissue in terms of mechanical properties, is of great help to overcome experimental difficulties encountered in excised and in vivo approaches (e.g., limited number of biological samples, inter/intra-subjects variability, high sensitivity of samples to environmental changes, ethical/ hygiene/ security aspects in research labs). Today however, in terms of mechanical design, most of the synthetic materials manufactured for in vitro experiments [31,30,34] 

Lattice of straight fibres

The device possesses two serrated sides (combs) made of stainless steel, whose 1mm-teeth are distributed periodically, as shown on Several options were considered to give a wavy shape to the straight fibres of the lattice. Based on previous pilot trials [6], a first solution was explored after impregrenation of the fibres within a silicone elastomer dispersion: the silicone shrinkage was adjusted during curing, so as to generate a bending of the fibres inducing their crimping (see Fig.

5.2(b)

). However, the amplitude, period and placement of the lattice within the matrix were hardly adjustable using this technique, all the more since results were not always repeatable. Therefore, a re-shape of the initially straight fibres using a thermal treatment coupled to a mechanical constraint was finally preferred. As a pilot study, a nylon monofilament (diameter 50 µm) was entangled around the needles of a comb, and heated 5 min at 120 °C [4]. This prior experiment showed promising reproducible results, leading to uniformely crimped fibres as showed in Fig 5 .2(a). In the end, the home-made device was adjusted to allow the thermoforming of the whole fibrous lattice, and control the fibre waviness.

In practice, the bottom of the device can be removed out of the set-up. In such a case, the main support of the device constitutes an empty frame, reminding a squarred embroidery drum, in which the fibrous network is attached. The bottom and the top can be filled by two rough plates made of Aluminium to ensure a good thermal conductivity (Fig. 5.1 1 ), and presenting complementary wavy surfaces (sinusoidal shape of given amplitude and periodicity equal to 1 mm and 2 mm respectively). Such surfaces were precisely machined using electrical discharge machining (EDM) with a 0.25 mm diameter wire. Placed from either side of the lattice of straight fibres, these plates are used to compress the lattice and reshape fibres in a wavy arrangement by thermoforming. The purpose of the thermal treatment is to soften the fibres, making them more malleable. The cooling of the structure in the deformed configuration should then fix the structure in this state. In the following, several couples (time duration; temperature) were tested for the thermal treatment. Finally, adding optional shims in-between the rough plates, the final amplitude of the fibres waviness could theoretically be tuned, and vary between 0.25 and 1 mm, theoretically.

Impregnation of the fibres

After the thermal treatment, the rough plates (Fig. 5.1 1 ) are removed and replaced by a plane Teflon ® plate, located at the bottom of the device ( 2 ). In such a configuration, the mold can be used to embbed the network within the matrix. The device is placed on a dedicated dock owning a moving platform to adjust the depth of the mould using a translational screw (see Fig. 5.1(b)). In the end, the tunable depth of the mould and placement with respect to the fibrous network allows to control the thickness of the final composite (between 0.5 and 15 mm).

In the end, parallelepiped composites of about 10 × 10 × 0.1 cm 3 were elaborated. Typically, ≈ 8 to 10 samples were cut and derived from the same composite production for mechanical testing (see Section 5.5). Final dimension of tested samples were about 5 × 2 × 0.1 cm 3 (i.e., close to the dimensions of a vocal fold lamina propria).

3D printing

The realisation of fibrous networks by means of 3D-printing technologies was also considered as a promising alternative to manual manufacturing of 2D fibrous networks. 3D printing has known an exponential growth over the past years. This growth came along with a considerable improvement of the capacities of such forming process in terms of accuracy, range of (low-cost) printed materials and printing time. In the context of the present work, 3D printing is very interesting by its capacity to finely control the whole structure of the printed fibrous lattice, i.e., its topology (e.g., orientations, step, heterogeneities) and the shape of individual fibres (e.g., diameter, waviness). It also extends the material design to fibrous networks displaying 3D preferential orientations, even closer to vocal-fold histological features (see Chapter 2). Two kinds of technology were considered:

• Fused Deposition Modeling (FDM) -The FDM is one of the most frequent additive fabrication technique used in plastic manufacturing. FDM relies on the principle of layer deposition of plastic materials. The plastic filament is extruded by a heated extrusion head to be deposed on the surface of the printer, or on the previous printed solidified layers. By this mean, an object can be printed from bottom to top. Main advantages of this technique (used in most personal 3D printers) are its ease of use and affordable cost. Main drawbacks of this technique are: (i) its spatial resolution allowing the elaboration of 100 µm-sized details to the lowest, which remains unfortunately far from the Chapter 5. Towards the design of biomimetic artificial composite materials: an exploratory work dimensions of a biological reinforcement; (ii) its difficulty to print real 3D structures, as the filament deposition has to operate on a substrate. In the following, tests were done using the FDM printer (Ultimaker ® S2) available at GIPSA-lab.

• Continuous Liquid Interface Production (CLIP) -This method uses the photosensible properties of a polymer resin, as in photolitography. The printed object is pulled out a liquid polymer resin bath. The resin is polymerised by the action of an ultraviolet light.

The resin polymerisation is controlled by the light location to form the final structure.

Alike the previous technique, the printed object is made up layer-by-layer. This technique is more complex to use and less commonly found for personal use. It is also more expensive. The printers resolution is also about 100 µm. However, by contrast with FDM, CLIP is perfectly adapted for the printing of complex 3D structures, yields to smoother printed surfaces, and allows to print a larger range of plastic materials.

In the following, tests were done using: (i) the CLIP printer (3D Zbuilder ® ) available at Grenoble INP GI-NOVA platform; (ii) industrial printing services of Sculpteo ® [3],

offering the possibility to used softer materials (flexible polymer materials). Two samples were made of rigid (standard) plastic materials, and two samples were made of a flexible polyurethane plastic and an elastic polyurethane plastic. Printings were made in 2016, and at that time, the dimensions for the smallest part of the sample were limited to 1 mm.

Material candidates

A selection of material candidates was made, with respect to the final composite specifications (biomimetic properties), and to the possibilities offered by the different forming process aforementionned. The material candidates identified for both the fibres and the matrix are detailed in the following sections.

Fibre

Table 5.1 summaries available physical properties of the different materials considered as potential candidates for the fibres, i.e., their tensile Young's Modulus at low strains E f , their minimal diameter d min 0 , their glassy transition temperature T g , their density ρ, and strain at failure (those properties could slightly vary depending on the manufacturers).

Manual manufacturing

Former studies [7,6,15] have already demonstrated the relevance of fishing wire to be used in fibrous reinforcements, so as to mimic the mechanical behaviour of biological tissues (e.g., aortic tissue, artificial muscles). In the direct continuity of such works, this material was considered for manual manufacturing of fibrous lattices (see Fig. 5.

2).

Fishing wire produced by Sensas ® (Feeling 36605 -0.8lb, 0.350 kg) was used. These wires are continuous monofilaments made of polyamid 6.6 or Nylon 6. [7], reporting an initial elastic modulus of about 2400 MPa at small strains (for an elongation rate of 10 -2 s -1 ).

The extensibility of the fibres was evaluated about 1.26.

Glass transition and melting temperatures of Nylon 6.6 are given about 57 °C and 268 °C respectively [2]. Those temperatures restrain the range of temperatures to use for the thermoforming of the fibres. The mold made of PTFE, whose melting temperature is about 380 °C, was considered to be stable up to 250 °C. In the following, in order to limit the dilation of the pieces, the range of suitable temperatures applied during the thermal treatment was chosen below 200 °.

3D printing

3D printing techniques offer a wide range of possibilities regarding printable materials.

Seven potential fibre candidates were selected, among the most commonly used.

• Polylactic acid (PLA) -The polylactic acid is a bio-based thermoplastic widely used in FDM printing. PLA is biodegradable and biocompatible, reason for which PLA is also used in agrofood industry for packaging purposes. Those properties and the ease of use make it an interesting choice for medical purposes also. PLA is a rigid plastic, whose elastic modulus can be estimated around 3500 MPa. Note that PLA possesses limited flexibility and extensibility, which may induce some incompatibilities with the target specifications.

• Acrylonitrile butadiene styrene (ABS) -With PLA, ABS is one of the most used plastic in the FDM processes. ABS is a common amorphous lightweight thermoplastic particularly used for its good mechanical perfomances and its capacity to be extruded in a wide range of industry fields. Compared to PLA, ABS is not biocompatible and exhibits softer properties, with an elastic modulus reported between 700 and 2320 MPa depending on the manufacturer. ABS possesses the same drawbacks as PLA concerning its limitated extensibility. Chapter 5. Towards the design of biomimetic artificial composite materials: an exploratory work

• Polycarbonate-ABS (PC-ABS) -This plastic is a blend of polycarbonate and ABS. In terms of performances, PC-ABS possesses a wider range of use, due to the addition of polycarbonate in the formulation. It extends notably the mechanical performances of the material to lower temperatures. PC-ABS shows softer properties than ABS, while preserving the same practical characteristics. Elastic modulus of PC-ABS is found around 1810 MPa.

• NinjaFlex ® -NinjaFlex ® is a thermoplastic polyurethane material. Polyurethane possesses an advantage over the thermoplastic materials aforementionned, due to its superior flexibility. NinjaFlex ® exhibits particularly low elastic modulus, in the range of 10 MPa, and a great extensibility. Therefore, this material can be used to print a flexible structure by FDM. Note however that its use is more difficult in terms of machining than standard thermoplastic materials.

• LS600 -LS600 is a photopolymer resin produced by Envisiontec ® , and recommanded for the use of the 3D Zbuilder ® printer using the CLIP technology. Its elastic modulus is given around 1800 MPa. Althoug being close to PC-ABS or ABS in terms of mechanical properties, this material is reported to be more flexible.

• Elastomeric and flexible polyurethane (EPU and FPU, Sculpteo ® ) -As previously mentionned, several prototypes were ordered to the company Sculpteo ® . The exact composition of the material is unfortunately not known (confidential information). However, similarly to NinjaFlex ® , these materials are given to possess a good extensibility and elastic properties. Elastic moduli for such materials can be found about 860 MPa for FPU and 65 MPa for EPU [1].

Matrix

As described in the previous chapters, the ground substance found within the vocal-fold tissues consists in a very soft and fluid material, owning a large amount of water. As evidenced in Chapter 4, soft materials with hyperelastic mechanical behaviours give satisfying results

to describe the mechanics of this phase. Three potential matrix materials demonstrating suitable hyperelastic properties were therefore considered.

Silicone

Silicone has been widely used for biomedical applications for several decades. Biocompatible, silicone is also easy to use and easily shapable. It presents a high deformability and can be molded to create millimeter-thick membranes, in agreement with the target geometrical specifications. Silicone rubber has already been widely used to imitate soft biological tissues for in vitro experiments, including vocal folds [38,42] or aortic tissue [7].

In the continuity of the works in Bailly et al. (2014) [7], the biocompatible high strength RTV Silicone elastomer dispersion was selected (MED-6614 silicone, NuSil ® group, former Applied Silicone Corporation). This silicone is conditioned in a liquid state (by means of a volatile solvant) and cures at room-temperature, allowing an easy impregnation of the fibrous network and the conception of very thin membranes by molding. As shown in [7],

the tensile hyperelastic mechanical behaviour of this silicone can be fairly well described by a neo-hookean model [41], thus characterised by a single material parameter µ m (see chapter 4). This parameter was evaluated to 0.24 MPa after curing, albeit progressively increasing with aging.

Polyethylene glycol (PEG) based materials

PEG came also as a good matrix canditate, considering its wide range of use in biomedical applications, including in the context of vocal-fold tissue repair [18]. PEG is biocompatible and can be used alone or conjugated to other chemicals. The large amount of combination for PEG-based materials ensure a wide range of possibilities to vary the properties of the material. The PEG (and PEG-derivatives) mechanical properties have been reported to change with the molecular mass for example [39]. One particular derivative of PEG, PEG diacrylate (PEG-DA), exhibits interesting mechanical properties in terms of extensibility and elasticity [17,18]. By varying its formulation and the additive, it seems possible to enlarge the range of possible elastic moduli, from a few to hundreds of kPa.

Some limitations are to be mentionned though. Although the processing of PEG-DA does not seem to be a complex procedure, the cost of the component is very high (about 150 for 500mg of PEG), making its use rather difficult for a large series of tests, as needed for a step-by-step optimisation of mechanical properties.

Gelatin

Gelatin is largely known for its gelling properties in food industry, but possesses also medical applications. Gelatin is a heterogeneous mixture of water-soluble proteins of high average molecular masses, present in collagen. The proteins are extracted from the degradation of collagen, by boiling skin, tendons, ligaments, bones, etc. in water. Gelatin properties are directly linked to the extraction procedure of the collagen, leading to several mechanical properties and classified with the Bloom number, i.e., an indication of the strength of a gel formed from a solution of known concentration. This index is notably linked to the collagen triple-helix content in the gelatin [9], and is proportional to the average molecular mass.

The higher the Bloom number, the stronger the gel. Alike PEG, gelatin is biocompatible.

Generally conditionned deshydrated in powder or in dry sheets, gelatin can be dissolved in warm water and cooled to gelify and form a transparent gel, well-known by the pastry lovers. This gelification is actually possible above a critical concentration of gelatin in the solution (about 1 %) [33]. The mechanical properties of the gelified gelatin will directly depend on the concentration [10], which allows a fine tuning of the gel mechanical properties.

The elastic modulus of low concentrated gelatin (8%) is found about few kPa.

The specificities of gelatin make it a very interesting candidate, and a low-cost solution allowing a large series of tests to be performed. In this work, both food and medical gelatin Chapter 5. Towards the design of biomimetic artificial composite materials: an exploratory work (Sigma Aldrich ® , G2625-500G, Type A gelatin from porcine skin, derived from acid-cured tissue, about 130 for 500g) were used. No specific physical information was detailed from food gelatin. Bloom degree of medical gelatin was medium, specified at 175 in average (average relative molecular mass 40,000 -50,000). Its solubility was 50 mg/mL in water.

Theoretical predictions and microstructure optimisation

The micro-mechanical model detailed in Chapter 4, developed to predict the multiscale behaviour of vocal-fold tissue, can also be used to predict the mechanical properties of synthetic fibre-reinforced composites, knowing the topology of the fibrous network (e.g., fibre diameter, distance between fibres, orientations) and the mechanical properties of each compoent (fibre, matrix) [5,7]. Therefore, for given fibre and matrix materials, such a model can be optimised to find the ideal microstructural parameters needed so as to fit the mechanical specifications of the overall composite.

Model assumptions and input parameters

The theoretical framework described in Chapter 4 was adapted to the particular case of planar fibrous networks of monofilaments, chosen as a first approach for the material design.

In this section, the main adjustments of the model input parameters are presented.

In this case, the fibre scale is that of the fishing wire, or the 3D printed fibre. No distinction is made between fibril and fibre: the number n of fibrils in one fibre was set to 1, and a same diameter was defined for both, labelled as d 0 . The REV geometry is simplified as described in Figure 5.3, with a fibrous network lying in the plane (e y , e z ). Thus, the elementary cell is defined by two fibres and the matrix enclosed between them (see orange part in Fig. 5.3). The initial thickness of the composite is noted h 0 , thereby defining the volume of the REV. The fibrous orientation is now described by a single angular parameter, referred as θ 0 in the initial undeformed configuration. The structure is also assumed to be initially equilibrated, so that for both fibres i in the REV (i = 1, 2), θ 01 = -θ 02 = θ 0 .

In the end, the 10 input parameters to be determined in the undeformed configuration for the modeling of the 3D vocal-fold micromechanics (Chapter4) are reduced to 7 parameters here:

• 2 mechanical parameters: the fibre Young's modulus E f , and the matrix shear modulus µ m .

• 5 geometrical parameters: the initial fibre diameter d 0 , orientation θ 0 , waviness amplitude R 0 , spatial periodicity H 0 , and matrix thickness h 0 . 

Up-scaling of the biological network

In a first simple approach to mimic the lamina propria of the vocal fold, the fibrous network of the biomimetic artificial composite was viewed as an up-scaled version of the biological collagen-elastin fibrous network. The up-scaling factor between the artificial and the biological fibrous networks was defined by the ratio of the minimal feasible fibre diameter by 3D-printing manufacturing (i.e., d min 0 = 0.5 mm, see Table 5.1), and that of a collagen fibre (≈ 5 µm), yielding to a scaling factor of 100. This factor was applied to the value of the waviness periodicity H 0 and amplitude R 0 identified for collagen fibres in native tissue (see Chapter 4, [28]). The 5 geometrical input parameters, used to predict the mechanical behaviour of this firt "idealised" feasible composite, are summarised in Table 5 Regarding the mechanical parameters, all the material candidates aforementionned for the fibre and the matrix were considered. In each case, the fibre Young's modulus E f was identified as reported in Table 5. From this function, the 2D orientation tensor associated to the collagen network structure was derived using the following expression, e being the orientation vector of a fibre: A = V e ⊗ eΨ(e)de (5.3) which gives in a plane:

A = 0.1472 0 0 0.8528 (e y ,e z ) (5.4) 
By following the same approach than in the previous chapter (Chapter 4 -see section 4.2.1), the initial orientation tensor of the REV, in the present modelling, can be expressed as:

A REV = cosθ 2 0 0 0 sinθ 2 
0 (e y ,e z )

(5.5) Thus, by equalising the two aforementionned tensors, θ 0 has been found ≈ 67.5 °.

For each (fibre, matrix) possible combination, the different stress-strain output predictions of the overall composite were obtained simulating a test of simple tension along axis e z (preferred orientation of the fibrous network). Results are displayed in Figure 5.4, and compared to ex vivo data obtained on human lamina propria, obtained from Chapter 3 and from the literature [20].

First of all, as evidenced in Figure 5.4(a), a 1mm-matrix made of silicone seems to generate a mechanical behaviour of the overall composite far too stiff as compared to the target tissues to mimic. Although the experimental data displayed here as a target could be considered as rather soft in comparison with the reference database discussed in Chapter 3, theoretical trends are strongly linear from the early stage of deformation, which can be 

Microstructure optimisation

Based on the first set of predictions shown in Figure 5.4, a second approach was proposed to mimic the lamina propria of the vocal fold. The idea is to tune the waviness properties of the fibres, so as to define a corridor of stress-strain predictions enclosing the experimental targets. This approach is illustrated here in the particular case of composites manually manufactured with Nylon ® monofilaments. For a given set of geometrical and mechanical parameters (d 0 = 0.05 mm, θ 0 = 67.5 °, H 0 =2 mm, h 0 =1 mm, µ m = 0.002 MPa), the waviness amplitude R 0 was tuned to cover a large range of experimental trends (due to inter-/intraindividual variability). As shown in 

Preliminary results: conception and mechanical characterisation

In this section, some pilot results will be presented regarding both conception aspects for the different forming processes on the one hand, and mechanical characterisation of the elaborated composites on the other hand.

Forming processes

Regarding forming processes, experimental results concern (i) the optimisation of printing parameters and materials to build relevant 3D-printed fibrous structures and (ii) the efficiency of the thermal treatment to tune the waviness of polymeric fibrous networks.

3D printing

Printed fibrous networks -As aforementionned, the 3D printing solution has been tested using 2 different platforms, allowing the use of different machines: Then, regarding the realisation of network (c) made of thinnest feasible fibres, optimal settings to obtain a sufficient reproducibility were obtained for a minimal diameter of ≈ 0.8 mm. Note however that the poor deposition precision often lead to an inhomogeneous structure (Fig. 5.6(c)). Besides, the theoretical predictions in Fig. 5.4 show that a reinforcement of PLA fibres, even with this smallest feasible diameter, would lead to an overall mechanical behaviour far too stiff compared to the lamina propria response.

To conclude, the performances of the Ultimaker are too limited to achieve the target specifications (limited resolution, stiff printable materials, poor deposition accuracy).

• The different planar fibrous networks printed at the platform GINOVA are illustrated in Figure 5.8 (FDM) and in Figure 5.9(a-b) (CLIP and FDM). Two kinds of networks were printed: (a) a unidirectional network of wavy fibres (R 0 = 0.6 mm ; H 0 = 4 mm), printed with the thinnest diameter possible using CLIP technology (material: LS600); (b) a unidirectional network of wavy and flexible fibres (R 0 = 0.6 mm ; H 0 = 4 mm), printed with the thinnest diameter possible using FDM technology (material:

NinjaFlex ® ).

Whatever the case, successfull reproducible printings were realised with a "command" diameter d 0 of 0.4 mm for the smallest. However, the fibres printed by FDM did not possess a proper circular section, due to the pressure applied on the fused material by the nozzle during the deposition. Instead, the fibres sections were more rectangular, with a thickness of about 0.4 mm, and an average width of 1 mm. Nevertheless, these effective dimensions yield to a section of 0.4 mm 2 , still close to the targeted fibre section of 0.39 mm 2 (i.e., that of a circular fibre of diameter 0.5 mm) which was used for the model predictions in Figure 5.4(b). Therefore, this last technology (FDM, Ninjaflex ® ) was considered as the best with respect to our specifications, and chosen for the forming processes of fibrous networks prototypes.

Composite molding -Impregnation of fibrous networks prototypes was tested within a 1mm-thick matrix layer of silicone or gelatin.

• A 1 mm-thick silicone layer was rather easy to obtain. The network was perfectly impregnated by the matrix and no slippage seemed to occur under tension. The main difficulty in such a combination relied on the placement of the network in the midthickness of the membrane. In fact, as the matrix is molded at liquid state, the network tends to go back up to the surface during curing time (approximately 24 hours). No solution to this problem has been found yet.

• Concerning gelatin, the manipulation of the matrix is much more complex, due to the material high sensitivity to hydration and thermal conditions. In addition, although being relatively elastic, gelatin does not support plastic deformation and tend to be teared apart easily once a crack appears. For this reason, manipulating a 1 mm-thick gelatin layer was very difficult, and the layer thickness was increased up to 3.5 mm.

The network was embbeded in two steps in order to be centered in the mid-thickness of the matrix: a first layer of gelatin was molded and solidified; then, the fibrous network was placed over the first layer, and covered by a second layer of liquid gelatin.

The whole composite was solidified in this state, and the network remained successfully centered after the solidification, as depicted in Fig. 5.9(c). This promising technique allowed to impregnate two parallel networks in the mid-thickness of the matrix, so as to produce a target angulation (Fig. 

Manual manufacturing: Nylon reinforcement

Thermoformed fibrous networks -The dedicated device conceived to build unidirectional networks of Nylon wavy monofilaments by thermal treatment (Fig. 5.1) was tested in several conditions. Based on previous experiments, a first protocol implying a thermal treatment of about 10 minutes at 120 °C was tested. This treatment had no effects on the fibres shaping.

It was ascribed to the thermal inertia of the rough pression plates. Various conditions were therefore tested: increase of the treatment temperature and duration, treament under pressure load (adding masses on the upper plates), kept constant first, then gradually increasing every half hour. Overall, the ondulation obtained was very light, and really not satisfaying.

The best results were obtained for a thermal treatment of 2h 30 min at 160 °C, with a discrete increase of the pressure load applied on the set-up every 30 min. Still, the amplitude of the waviness remained very small as compared to the expected ones (R 0 = 1 mm) . Different thermoformed 50 µm-diameter monofilaments were imaged using X-ray microtomography (8 µm, 40 kV, 250 µA), as illustrated in Fig. 5.10(a).

The difficulty to shape properly the fibres could be ascribed to the too high rugosity of the surface, due to the numerous peaks formed by the chosen sinusoidal shape. This rugosity could limit the fibres motion, making them difficult to fit the surface shape. Future tests should be realised with other surface ondulations .

Composite molding -Despite the poor results obtained by thermal treatment, a fibrous network sample was embbeded in silicone to give an idea of the feasibility of the whole procedure. Similarly to the previous solution, the centering of the fibrous network remains a difficulty. The fibres are normally straight and kept in place by the frame during the thermal treatment. However, the fibres seemed to be plastically elongated during the thermal treatment, decreasing the tension of the fibres and making them loose instead. Except this problem, the molding worked fine (Fig. 5.10(b)), as previously observed with straight nylon fibres [7]. No composite were realised using gelatin at this stage.

Mechanical characterisation

Mechanical testing has been realised on several homogeneous matrix materials (silicone, gelatin) to assess their mechanical behaviour under various loadings. They have been further tested on pilot experiments under vibratory loadings, together with a few fibre-reinforced composites.

Quasi-static loadings

In a first step, homogeneous silicone and gelatin samples have been tested in quasi-static loadings to compare their mechanical behaviour in tension, compression and shear to the database acquired on lamina propria and vocalis in Chapter 3. The experimental protocols were similar to those used on biological samples, as detailed in Chapter 3. Silicone (gelatin) samples were cut in parallelepiped shapes, of typical dimensions 20 × 10 × 1.5 mm 3 (resp. 20 × 10 × 5 mm 3 ) for tensile tests, and of 10 × 10 × 1 mm 3 (resp. 10 × 10 × 5 mm 3 ) for compression and shear loadings. A gelatin concentration of 100 g.L -1 was used, so as to obtain a soft membrane as thin as possible, with a minimum mechanical resistance to be easily manipulated. As evidenced in Figure 5.11(a-b), silicone matrix exhibits stiffer properties from the early stage of the deformation, as compared to the response of the biological samples, both for tension and shear loading. In particular, the silicone response is far from that of the ground substance comprised within the lamina propria (and the vocalis), as predicted by the micromechanical model of vocal-fold tissue.

In comparison, gelatin samples show a much softer response, with stress orders of magnitude and qualitative trends much closer to the theoretical predictions of the ground substance in real tissues. However, for the chosen concentration (100 g.L -1 ), gelatin samples are still rather stiff as compared to the reference data, notably in shear and compression. In fact, the shear modulus µ m determined experimentally is about 0.0052 MPa, against 0.002 MPa identified in the optimised model predictions shown in Fig. 5.5. Gelatin concentration should be lowered for future tests to tend towards such a modulus, which should yield to In the present work, a dedicated set-up was developed (Figure 5.12) and optimised [36,22]. A controlled displacement is imposed to the sample, fixed horizontally between two clamps. A tips is placed behind the sample and connected to a vibrating pot, driving a local excitation. A load cell (ICP ® , 10-lb) is added to the set-up to acquire the input force (F) applied to the sample. A white noise is generated to excitate the sample, such as a large frequency spectrum is covered (40-4000 Hz, amplitude 0.05V). A LDV (OptoMET ® ) is used, equipped with a He-Ne laser source (class II, power 1mW, λ = 633 nm) and a scanner (Maul-Theet GmbH ® ) to cover the whole sample surface by pointing the laser beam in predetermined positions. Thus, in each position, the displacement speed is measured to constitute a displacement field on the sample surface as output (average on 10 measurements at each point). The transfer function of the system, H, is defined as the ratio of input (force F) and output signals (velocity v). The frequency response function is derived as a function of the excitation frequency, based on a modal analysis of the system.

Prior results -Typical frequency response functions obtained for homogeneous silicone samples (without embedded fibres, dimensions of the vibratory area 20 × 17.5 × 0.85 mm 3 ) are depicted in Figure 5.13. Figure 5.13(a) represents the frequency responses measured "at rest" (no longitudinal pre-stretch), and in pre-stretched conditions (albeit not controlled). It is shown that the sample first resonance frequency is about 200 Hz at rest, shifted up to 350 Hz in pre-stretched conditions. Figure 5.13(b) presents the results obtained for composite samples made of silicone reinforced by two orthogonal lattices of Nylon ® fibres (d 0 = 50 µm, θ 0 = 90 °and θ 0 = 0 °, inter-fibres spacing = 4 mm). At rest, resonance frequencies are found slightly higher than for homogeneous silicone, with a first peak around 250 Hz. They are shifted towards higher frequencies with the increase of the pre-stretch, applied along one of both fibre directions in the lattice.

Measurements realised on gelatin-based materials (concentration 50 g.L -1 ) are depicted in Figure 5.13(c) for two samples of comparable geometry (23.8 × 7.6 × 3.8 mm 3 ), tested "at rest" (no longitudinal pre-stretch): a fully homogeneous gelatin sample, and a composite made of gelatin reinforced by a lattice of 3D-printed Ninjaflex ® wavy fibres (see Fig. 

Concluding remarks

This chapter focused on the conception of fibre-reinforced composites, towards the design of biomimetic oscillators to be used in future in vitro benches mimicking human phonation.

Efforts were made to propose technological solutions offering a fine control of the fibrous structure. Several approaches were investigated, involving a large series of polymeric materials selected for the matrix and the fibres, and two different processing techniques (manual manufacturing, 3D-printing). All combinations were tested to shape a series of prototypical fibrous networks and composites, so as to mimic the histological and mechanical features of the lamina propria. Prototypes were tested at quasi-static and vibratory loadings. Results

were compared to suggest relevant guidelines for future investigations, with respect to the experimental targets presented in Chapters 1 to 3.

Experimental results support the design of 1mm-thick gelatin-based composites, reinforced by two lattices of wavy and thin fibres made of elastomeric polyurethane (Ninjaflex ® ), and superimposed to display a relevant in-plane preferred orientation (θ 0 ≈67°here). A rather low concentration should be used for the gelatin, below 100 g.L -1 . The diameter of the fibres can be lowered down to 0.4 mm by Fused Deposition Modeling 3D-printing techniques.

This exploratory work needs further investigation:

• in terms of material processing, solutions to stabilise the gelatin mechanical behaviour should be found, to counter its very high sensitivity to environmental changes; solutions to enhance the gel resistance to fracture, notably in tension, and its deformability at large strains should also be proposed. Formulation inspired from confectionery industry could be a good start. Regarding the embedded fibrous network, several options should also be studied to make it closer to the vocal-fold histological specificities (e.g., multi-layered structure of different architectures, 3D orientations)

• in terms of mechanical characterisation, additional tests should be carried out to study the impact of the fibrous reinforcements on the frequency response of the elaborated composites, in pre-deformed configurations close to that encountered in vivo. This would help to understand the intrinsic vibratory properties of soft fibre-reinforced materials, which remains barely explored so far.

Conclusion & Outlook

The human vocal apparatus is a complex and fascinating instrument allowing sound generation within wide frequency and nuance ranges. This capacity largely results from its vibratory source, namely the vocal folds, which exhibit remarkable anisotropic and viscohyperelastic properties due to their multi-layered structure, made of conjunctive or muscular soft tissues with wavy orientated fibres. As pointed out in chapter 1, it is still difficult to understand the intricate links between the microstructural specificities of vocal folds and their unique vibro-mechanical performance. This constitutes a serious limitation, e.g., for simulating properly voice production or for clinical developments aimed at curing or substituting human vocal folds. In this context, we brought new informations and tools towards a better apprehension of the mechanics and the microstructure of vocal folds, following a multiscale experimental and theoretical framework.

Firstly, the multiscale structure of vocal folds was studied. To this end, we used synchrotron X-ray microtomography with the phase retrieval imaging mode and a suitable contrast agent (ethanol). Hence, several samples of excised human larynx and vocal folds were imaged at various spatial revolutions. Once validated with histological data, the obtained 3D images allowed, for the first time, a qualitative and quantitative 3D analysis of the internal structure of the fold to be carried out, with a focus on the fibrous networks of the lamina propria and the vocalis.

At medium spatial resolution, the heterogeneities of the sub-layers of the lamina propria could be observed and quantified: in agreement with the literature, the fibre content within the intermediate layer seems larger in the region where vocal folds come into contacts during phonation. By reproducing the rocking motion of the cricoid cartilage, we could also estimate from the 3D images the fold elongation under conditions close to physiological ones, thus guiding the mechanical experiments we carried out in the next chapter. In addition, we estimated the 3D fibre orientation tensor related to the muscle fibres of the vocalis, revealing a preferential orientation along the antero-posterior axis with transverse isotropy.

This analysis was repeated at high spatial resolution for the collagen and elastin fibres of the lamina propria: these fibres are not arranged in a transversely isotropic structure, as often assumed in the literature, but rather in an orthotropic one, with a marked orientation along the antero-posterior axis. Still at high spatial resolution, we finally determined different key fibre descriptors such as the diameter of the muscle fibres, the waviness of muscle, collagen and elastin fibres, in accordance with the literature data.

X-ray synchrotron tomography thus appears as a relevant and convincing tool for characterising the structure of vocal folds, with in depth 3D and highly resoluted images acquired in rather short acquisition times. Hence, it should be compatible with the realisation of mechanical tests on vocal fold samples (such as tensile tests) with 3D in situ observations of their evolving microstructures. This constitutes an interesting perspective which is currently under study. There are however some limitations related to this technique. Among them is the spatial resolution with which we could not get proper image of collagen and elastin fibres: using synchrotron X-ray nanotomography would probably allow this limitation to be overcome [1]. Another limitation is the use of the ethanol as a contrast agent which could alter the mechanical properties of vocal fold samples: performing mechanical tests on such samples are necessary in order to (in)validate this hypothesis. Finally, we could not distinguish collagen fibres from elastin ones. This limitation could be tackled by investigating the efficiency of new contrast agents [2].

Secondly, we characterised the finite strain behaviour of the lamina propria and the vocalis under mechanical loadings which are representative of those observed during phonation:

tension, compression at different strain rates and shear parallel or perpendicular to the main fibre orientation. Despite being as involved as tension during phonation, little data is available in the literature for the shear and compression loadings of the lamina propria, none for the vocalis. In addition, to minimise the inter or intra-patients variability of experimental results, each sample was subjected to the three loadings. This constitutes another originality of this experimental campaign. For this purpose, a specific test and dissection protocol was proposed.

In accordance with the literature, the non-linearity of the mechanical behaviour of the vocal tissues was observed for all loading modes although different qualitatively: J-shape curves in tension and compression which is characteristic of fibre recruitment, large or limited stress hysteresis in compression and shear, respectively. The predominance of the lamina propria in the tensile behaviour of the fold was also evidenced. In tension, the trends observed are consistent with the literature. Unlike tension, we showed that the responses of the lamina propria layer and the vocalis in compression and shear are of the same orders of magnitude. We also emphasised strain rate effects in compression, which induce a non-linear increase of stress levels. Finally, the anisotropy of the sub-layers was underlined, shearing the sub-layers perpendicular to the main fibre orientation leading to stiffer responses than along the longitudinal direction.

Thus, an interesting experimental database was obtained and should conduct to a better comprehension of the mechanics of vocal folds. This database could be also used to check the relevance of constitutive models of the literature or to build novel ones, as we did in this work (chapter 4). It could also gives suitable guidelines for the design of synthetic substitutes (chapter 5). However, the database suffers from several limitations. For example, we faced to difficulties in obtaining proper stress-strain curves in shear due to experimental problems: future efforts should be focused on improving our protocol, as shear is an important loading modes that alter the vibro-mechanical properties of vocal folds. In addition, the database should be completed by complementary tests, to mention a few: anisotropy in tension and compression, dynamic properties in tension and compression (the dynamic properties of the tissues have so far been mainly studied in shear). Finally, despite the nice 3D images we could get in chapter 2, it was difficult to closely link the mechanical properties of the sub-layers with their microstructures: for that purpose, performing similar mechanical tests with 3D in situ observations of the sample microstructures would be very interesting, as mentioned earlier.

Thirdly, using the experimental data acquired in chapters 2 and 3, we proposed and built a micro-mechanical model to predict the mechanical behaviour of the lamina propria and the vocalis. Thus, these sub-layers were considered as incompressible and fibre-reinforced soft composites. The topology of the related Representative Elementary Volumes was simple, but with fibrous architectures that mimic most of the histological data, in particular the measured 3D fibre orientation and waviness. Still at the fibre scale, we proposed non-linear elastic models to predict the fibre unfolding as well as steric hindrance for fibre-fibre interactions. Upscaling these features within the framework of the homogenisation method 
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  iii) the ability to adapt its vibro-mechanical behaviour to external loadings (fluid, acoustics) generated by the vocal-tract resonators and environmental changes (temperature, hygrometry). Typically, vocal-fold vibrations occur at 37°C and 100% of relative humidity, and gradually stop when the tissue's upper mucosa dries out, in ex vivo condition for example. However, these outstanding biomechanical abilities are still very poorly understood. Vocal folds are also known to possess specific histological properties at the microscopic scale. The vocal tissue owns a complex and multi-layered structure showing strong inhomogeneities, both in the biological composition of these layers, and in their microstructural arrangement. Vocal folds are mainly composed of an epithelial tissue, a conjonctive tissue made of cells, ground substance and networks of collagen and elastin fibres, and a vocal muscle. The organization of theses sublayers within the whole structure has been the subject of numerous studies since the 1970s. However, in-depth experimental characterization of the fibrous networks within vocal fold is a quite recent field of investigation (2010s). Although major progress has been made in the mechanical and microstructural characterization of the fold, a number of questions still remains open: What is the link between the histological specificities of the vocal-fold tissue and its unique biomechanical performances? Which deformation mechanisms at the microscopic scale determine the biomechanical response of the vocal folds at the tissue scale?

Within this general 1 Context of the study Contents 1 . 1 1 . 2 1 . 3 1 . 4 1 . 4 . 1 1 . 4 . 2 1 . 5

 11112131414114215 context, the global objectives of this thesis are: (i) to develop a fibre's scale approach to gain a better understanding of the link between the histology and micromechanics of the vocal folds, and their macroscale biomechanical behaviour upon finite deformation; (ii) to open new insights for the design of soft fibre-reinforced composites mimicking vocal-fold structural and mechanical features. To this end, four complementary tasks have been carried out, tending to bring answer to the aforementionned questions and to the issues detailed in Chapter 1. As detailed below, the first three tasks constitute the core of the PhD works (Chapters 2 to 4) focusing on the properties of vocalfold tissue (objective (i)). In addition, the preliminary works presented in Chapter 5 has been conducted towards the development of new biomimetic fibre-reinforced oscillators (objective (ii)).1 st task: Characterising of the vocal-fold multi-scale structureThe study presented in Chapter 2 aims at characterising the internal 3D structure of human ex vivo larynges and vocal folds. Focus is given on the characterisation of the fibrous networks within the vocal-fold sublayers, specially at the scale of muscular and collagen/elastin fiber bundles.Recent innovations in biomedical imaging have allow to progress in the characterisation of vocal-fold fibrous structure. However, related studies are often based on 2D observations. They are therefore not sufficient to extract relevant microstructural parameters. Therefore, we propose a quantitative 3D analysis of the multi-layered and mutli-scale structure of the fold using an original methodology based on synchrotron X-ray microtomography. In particular, microstructural descriptors of the geometry, orientation and arrangement of muscular and collagen/elastin fibres within the vocal fold are derived, and used as relevant input information for both tissue micro-mechanical modelling and biomimetic design of artificial materials.2 nd task: Characterising of the biomechanical behaviour of vocal foldsThe study detailed in Chapter 3 aims at completing the existing database on the biomechanics of human vocal folds and their sublayers.Stresses encountered by the tissue in vivo during phonation are multiple, complex and of different natures. A new test protocol is proposed, aiming at providing a set of ex vivo INTRODUCTION mechanical responses of the same tissue sample, once subjected to different types of mechanical loading upon finite deformations (tension, compression and shear). The sensitivity of the tissue to strain rate and its anisotropic properties are also studied. The resulting database provides relevant information to further assess and validate mechanical models of vocal fold, and to establish precise mechanical specifications for biomimetic materials. 3 rd task: Multiscale modelling of vocal folds mechanical behaviour The study presented in Chapter 4 aims at: (i) proposing an idealised but relevant model of the 3D fibrous architecture of the vocal-fold sublayers from the data acquired in the first task; (ii) building a multiscale mechanical model able to predict the mechanical properties of the sublayers; (iii) assessing its relevance by comparaison with the mechanical database obtained in the previous task. This model constitutes a theoretical framework to better understand the role of the fibrous networks in vocal-fold biomechanics and vibratory properties.4 th task: Towards the design and fabrication of biomimetic materials Finally, Chapter 5 summarises an exploratory work in which we aims at providing valuable guidelines to design new soft composites materials mimicking vocal-fold histological and mechanical features. The design of such biomimetic materials is bounded by the target specifications to reproduce (derived from Chapters 1 to 3), but also by technological constraints. Different solutions are proposed in terms of materials and forming processes, to elaborate new composites made of different fibrous networks of ajustable architecture, embedded into a soft matrix. The theoretical framework provided in Chapter 4 is also used to predict the mechanical behaviour of the composites, and to help in the microstructure optimisation. Chapter Human voice production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1.1 Anatomy of the larynx . . . . . . . . . . . . . . . . . . . . . . . . . . . Cartilages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Muscles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1.2 The vocal folds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Mesostructure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Histological features . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.1.3 The phonation process . . . . . . . . . . . . . . . . . . . . . . . . . . . Clinical situation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.2.1 Vocal-fold lesions and voice disorders . . . . . . . . . . . . . . . . . . 1.2.2 Treatments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Microstructural investigation of the vocal-fold fibrous networks . . . . . . 1.3.1 Investigation techniques . . . . . . . . . . . . . . . . . . . . . . . . . . Classical histological techniques . . . . . . . . . . . . . . . . . . . . . Ultrasound imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . (Micro-)Magnetic resonance imaging (MRI) . . . . . . . . . . . . . . . Confocal laser scanning microscopy (CLSM) . . . . . . . . . . . . . . X-ray microtomography . . . . . . . . . . . . . . . . . . . . . . . . . . 1.3.2 Microstructural descriptors . . . . . . . . . . . . . . . . . . . . . . . . Fibrous protein networks . . . . . . . . . . . . . . . . . . . . . . . . . Muscular cells network . . . . . . . . . . . . . . . . . . . . . . . . . . Biomechanical characterisation of vocal folds . . . . . . . . . . . . . . . . . In vivo characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . . Ex vivo characterisation . . . . . . . . . . . . . . . . . . . . . . . . . . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5.1 Summary, issues and hypothesis . . . . . . . . . . . . . . . . . . . . . 1.5.2 Organisation of the study . . . . . . . . . . . . . . . . . . . . . . . . .

1. 1 ,FIGURE 1 . 1 :

 111 FIGURE 1.1: Global view of the human vocal apparatus (edited with [1]).

FIGURE 1 . 2 :

 12 FIGURE 1.2: The laryngeal complex: anterior (a, d, g), lateral (b, e, h) and posterior (c, f, i) view of the global laryngeal structure (a, b, c), the laryngeal internal cartilages (d, e, f) and the laryngeal intrinsic muscles (g, h, i) [1].

  duction process. They are located backwards of the laryngeal cavity, above the wider portion of the cricoid ring (Fig. 1.2(f)). They are directly connected to the cricoid cartilages by articular facet, granting them the ability to move and rotate in a various ways. A triangular peak can be found at the base of each cartilage. It is called the vocal process, where the vocal folds are connected (see Fig. 1.3(b)). The extreme mobility of the arytenoids, coupled to that of the cricoid cartilage, is a fundamental ability in the control of voice sound production. The rocking and gliding movements of the arytenoids [7, 33] are depicted in Figure 1.3(b-c): they induce either the adduction of the vocal folds (bringing them closer to each other) or their abduction (moving them apart). The vocal folds being directly attached to those mobile elements, every change in the arytenoid position has a influence on the folds configuration and tension.

FIGURE 1 . 3 :

 13 FIGURE 1.3: Cartilages mobility. Representation of the rocking motion of the cricoid ring (a) and the gliding/rocking/rotating motion of the arytenoid cartilages (b,c) induced by the intrinsic laryngeal muscles action (adapted from Hardcastle, 1976 [40]).

Figure 1 .---

 1 2(g-i). They are responsible for the change in the internal configuration of the larynx, and constitute the main actuators of the vocal-fold mobility: The cricothyroid muscle (paired) -This muscle is located in front of the laryngeal cavity, joining the anterior part of the cricoid ring to the lower border of the thyroid front wall (Fig. 1.2(g-h)). It is responsible for the rocking motion of the cricoid ring by its contraction, shortening the distance between the cricoid and the thyroid cartilages (Fig. 1.3(a)). By this means, the vocal folds can be stretched at several levels. This mechanism has an importance in the pitch control of the phonation process. The lateral cricoarytenoid muscle (paired) -Connecting the upper border of the cricoid ring to the muscular process of the arytenoid cartilages (Fig. 1.2(i)), this muscle possesses an adductory function. Its contraction induces the rotation of the arytenoids and their rocking motion, pulling the muscular process of the cartilages forwards (see Fig. 1.3(b-c)). By this means, the vocal folds are brought together to close the glottis (i.e., the space between the folds, see Figure 1.4). The posterior cricoarytenoid muscle (paired) -It constitutes the primary actuator for the abduction process. It connects the muscular process of the arytenoids and the posterior face of the cricoid ring (Fig. 1.2(i)). Its action induces the exact opposite of the lateral cricoarytenoid, which means that it will pull the arytenoid backward and rotate the vocal folds away from each other.

FIGURE 1 . 4 :FIGURE 1 . 5 :

 1415 FIGURE 1.4: Coronal view of the laryngeal complex (adapted from[40]).

FIGURE 1 . 6 :

 16 FIGURE 1.6: (a) Hierarchical structure of collagen in collageneous tissues [23]. (b) Hierarchical structure of the skeletal muscle [2].

FIGURE 1 . 7 :

 17 FIGURE 1.7: Basic representation of the production of a voiced sound: the pulmonary airflow excites the vocal folds, creating an acoustic wave which resonates in the vocal tract to be radiated through the mouth.
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 8 (a)) or dehydration. These disorders can either barely affect vocal abilities or result in total aphonia. Tissue infection is commonly associated to a viral infection. From the body reaction results a thickening of the vocal folds, and an increase of the viscosity. This change in the geometry of the tissue affects the produced sound. The increase of the viscosity however makes the tissue more difficult to recruit mechanically, and may alter the voice production. Thus, the modification of the intrinsic viscosity of the tissue has a noticeable effect on the vibration properties. Systemic dehydration results in similar changes, affecting directly the tissue vibro-mechanical properties by modifying the elastic or viscous properties.

FIGURE 1 . 8 :

 18 FIGURE 1.8: Voice disorders examples. (a) Acute laryngitis (tissue inflammation), characteristic hyper-vascularity [3]; (b) Laryngeal tumor (carcinoma);(c)Bilateral nodules[39]; (d)Polype[39].

FIGURE 1 . 9 :

 19 FIGURE 1.9: Example of: (a) image of the larynx obtained by ultrasound in vivo [55]; (b) High-field MRI (11,7 T) slice showing a transversale view of a larynx ex vivo [62]; (c) Sagittal view of the larynx and the vocal tract obtained by MRI in vivo [43].

  this means, and by contrast to optical microscopy, the 2D image built by scanning sample is constituted by the elements laying in the focal plane only, avoiding noisy signals from the background.

FIGURE 1 . 10 :

 110 FIGURE 1.10: CLSM images obtained on vocal folds using selective excitation frequency in order to observe (a) elastin fibres [78] (b) collagen fibres [59].

FIGURE 1 . 11 :

 111 FIGURE 1.11: Radiography of a larynx sample obtained using High Resolution CT tomography. The dense part ( i.e., cartilages) are clearly visible, the soft tissue appear with less contrast [91].

FIGURE 1 .

 1 FIGURE 1.12: (a) Density function of 2D angular distribution with respect to the antero-posterior axis for the collagen fibrous network [59]; (b) Topological representation of the collagen fibril as a sinusoidal function and experimental values for periodicity and amplitude as a function of the measurement depth [78].

FIGURE 1 . 13 :

 113 FIGURE 1.13: Example of procedure and device used for in vivo characterisation of the elasticity of the vocal fold. The modified Jako laryngoscope is inserted into the patient throat to reach the vocal folds and realise the measurement [96].

FIGURE 1 .

 1 FIGURE 1.14: (a) Elastic modulus measured by indentation as a function of the location within the vocal fold [15]; (b) Anisotropic ratio concerning the shear elastic properties of the tissue for several layers of the fold [83].

FIGURE 1 .

 1 FIGURE 1.15: (a) Elastic modulus of the vocal fold measured in vivo by deflection as a function of the displacement [96]; (b) Typical stress-strain curves obtained by traction testing for the vocal fold cover and ligament [11].

  .16(a)), being almost multiplied by 50 between low and high frequencies (see fig. 1.16(b)). As already mentionned, the shear moduli are found to remain quasi-constant at low strains and to slightly decrease for larger strains (fig. 1.16(a)).

FIGURE 1 . 16 :

 116 FIGURE 1.16: Evolution of the elastic and viscous shear moduli of the vocal fold cover, measured by cyclic simple shear loading, as a function of: (a) the applied strain at the given frequency of 1 Hz; (b) the frequency for a given maximum strain of 4 % [12].

  Adult human vocal fold can be seen as a 3D tri-layered structure, made of : (i) a stratified epithelium covered by mucus; (ii) a connective tissue, called the lamina propria, made of cells and an extracellular matrix comprising amorphous ground substances (hyaluronic acid) and fibrous networks (collagen Type I-III and elastin arranged in wavy bundles and displaying a preferred orientation along the the antero-posterior axis); this layer contributes to the tissue "passive" biomechanical properties (non-linear, non-homogeneous, viscoelastic, anisotropic); (iii) a skeletal striated muscle, the vocalis, responsible for tissue "active" contractile properties. However, the current investigations of the vocal-fold specificities are limited by experimental issues, summarized below.• Surrounded by protective laryngeal cartilages (e.g., thyroid cartilage), vocal folds are not easily reachable by any medical 3D imaging technique during phonation, including ultrasound imaging as commonly used for soft tissues in vivo diagnosis. Besides, the various and coupled mechanical loadings (tension, compression, friction, shear) applied on the vocal-fold tissue are hardly measurable in vivo. The specific multilayered arrangement of the tissue (mesostructure), and its hierarchical architecture at the scale of the collagen, elastin and muscular microfibre bundles (microstructure) are still a challenge to characterise during vocal-fold vibrations.• Alternatively, some mechanical tests have been performed on excised vocal folds, mostly using tensile set-ups, shear rheometers or indentation devices. Yet, in addition to constraints related to the mechanical testing of any biological sample (e.g., variability, heterogeneity, limited availability, high sensitivity to environmental changes), vocal-fold typical dimensions are very small (5-15mm), which makes their mechanical testing under various loadings even more challenging. Experimental data concerning the anisotropic behaviour of the vocal folds remain scarce. No experimental data on the compression behaviour of the vocal folds, although critical in vocal-fold collision, have been reported so far. Most of the mechanical characterisation focused on the vocal cover (epithelium and superficial layer) or vocal ligament (intermediate and deep layers), but very few experiments on the vocalis or the whole collageneous structure (epithelium, superficial, intermediate and deep layers) have been conducted. Completing the existing database appears as an important step towards a better description of the vocal-fold vibro-mechanical properties. Finally, regarding the ex vivo characterisation of the tissue meso-and microstructure, several techniques (optical and confocal microscopy, micro IRM) have been used. However, the 3D microscale rearrangement of the loaded tissues is still to be explored to better understand the vocal-fold mechanical specificities.

FIGURE 2 . 1 :

 21 FIGURE 2.1: Human phonatory system (a) Mid-saggital view of the upper airways: typical IRM images obtained during production of sounds [u] and [e] respectively (male subject, source: GIPSA-lab); (b) Transverse view of the vocal folds : (left) in vivo videolaryngoscopic images obtained during a sound-pitch variation (male subject); (right) ex vivo X-ray microtomographic image (L 2 , V vox = 25 3 µm 3 ); (c) Mid-coronal view of the larynx: (left) idealised scheme and zoom on the vocal-fold fibrous microstructure; (right) ex vivo X-ray tomographic image (L 3 , V vox = 25 3 µm 3 ). x Vocal fold, y Epiglottis, z Tongue, { Trachea, | Ventricular fold, } Arytenoid cartilage, ~Thyroid cartilage, Cricoid cartilage.

  2.1(b,c)). Gold standard techniques used in clinics for the direct visualisation of their vibrations (high-speed cinematography, videostroboscopy)[8] only provide partial 2D views of the vocal fold's superior plane (Fig. 2.1(b)).Recent imaging developments of major interest include optical coherence tomography which probes a tissue sample with infrared light and uses interferometric methods to detect light reflected from up to 3 mm within the tissue[34, 3, 6]. Although very promising to capture the lamellar structure of the vocal folds during in vivo vibration, this technique is severely limited for the characterisation of the several fibrous networks in the lamina propria layers and the vocalis, due to the limited spatial resolution of about 10 µm and to the strong attenuation of light beneath the lamina propria layer[43, 6].• The 3D ex vivo observation of excised vocal folds at the (sub-)micron scale remains a challenge. Various imaging techniques have been tested, such as micro Magnetic Resonance Imaging[17, 4, 33], multiphoton nonlinear laser scanning microscopy (NLSM)[48, 29, 68, 61] and X-ray microtomography in standard absorption mode (see pretests in Figure2.1).

  [65] and Dudak et al.[11], this work first addresses a purely technical question: (A) Does synchrotron X-ray microtomography with single phase retrieval yield sufficient contrast and spatial resolution to characterise the hierarchical structure of human vocal folds? To answer this question, 10 human larynges were scanned at various voxel sizes (≈ 13 3 down to 0.653 µm 3 ) enabling the first ex vivo 3D images of human vocal folds to be obtained with this technique. The relevance and the limitations of this imaging technique (particularly at the smallest scales) are discussed by comparing the obtained 3D images with 2D optical photomicrographs of vocal folds prepared with standard histological stainings. Despite the above limitations, the overall success in answering (A) allows quantitative 3D analysis of the layered structure of vocal folds, together with the geometries, orientation and the arrangement of muscular and ECM fibres inside the vocalis and the lamina propria. This, in turn, immediately poses a number of fundamental measurement questions in voice biomechanics: (B) What are the size and spatial variation of the aforementioned layers? (C) What is the 3D structural anisotropy of the various fibrous networks the layers are made of, as well as its spatial variation? (D) What is the morphology of muscle and ECM fibres in their network?

FIGURE 2 . 2 :

 22 FIGURE 2.2: Experimental set-ups developed for X-ray microtomography characterization of the vocal-fold tissues (a) within the preserved laryngeal structure and (b) once dissected. x Vocal fold, y Stitch between vocal processes, z Macro-mechanical set-up, { Wooden pike, | Wires blocking thyroid's branches, } Set-up for sample L 9 , ~Dissection procedures for samples L i -S j , Pilot set-up, Micro-mechanical tension device.

2 . 2 .

 22 Two extreme phonatory positions were acquired sequentially for each sample: at rest in a first time, and at maximal macroscopic stretch of the vocal folds achieved by cricothyroid approximation in a second time. The X-ray beam was adjusted using filters (2.8 mm Al, 0.14 mm Cu), an average energy E of 65 keV (I = 200 mA) and a wiggler gap of 95 mm. The transmitted beam was converted into visible light by a LuAg scintillator (thickness 500 µm), and recorded using a CCD camera (FReLoN-2K, 2048×2048 pixel 2

  65 3 µm 3 . In addition, a GGG10 scintillator and a PCO Edge 4.2 camera (SN 62000031, 2048×2048 pixel 2 chip, no binning, FFM mode) were used, allowing fast and highly contrasted imaging. The acquisition parameters were characterised by a 19 keV beam energy, an undulator gap of 21 mm, a sample-to-detector distance x c = 40 mm in average, and a beam exposure time of 20 ms per radiograph. Several acquisitions were taken sequentially to cover the full height and width of the vocal-fold sample, with a field of view displaced by 1 mm-step in longitudinal and transversal directions, yielding to an overlap of 300 µm. In the end, the scan duration was within 1-2 min and the total acquisition time about 1 h 35 min per sample.
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 2 (a)), the local elongation of the vocal folds λ was measured thanks to the glass beads stuck on them. For that, beads were easily isolated from the rest of the larynx using thresholding algorithms (Fiji ® ), as illustrated in appendix A, Figs. A.7 and A.8 . The positions of the bead centres of mass were then detected with the 3D Particle Analyser plug-in of Fiji ® . Their relative distance l 0 and l was calculated in the non-deformed and deformed configurations respectively, to estimate the vocal-fold elongation λ = l/l 0 .

Fig. 2 .

 2 Fig. 2.7(a), 21 voxels (13 3 µm 3 ) for the ECM fibres of Fig. 2.8(a), and 7 pixels (2 µm) for those shown in Fig. 2.8(b). Then, the discrete 3D Orientation Distribution Function (ODF) of the minor eigen-and unit vectors p i of the structure tensors was built. Such vectors, locally parallel to the fibres, can be expressed in the reference frame of the ROI (e x , e y , e z ), as follows:

  tions of 70 %, 80 %, 95 %, 100 %, 100 %, 100 %; bath duration 1 h) and the sample was cleared with xylene, miscible with paraffin (two baths of 1 h). The tissue was infiltrated with liquid paraffin at 50 • C (two baths of 1 h) and then kept in a cold atmosphere (4 • C). It was then cut into 3 µm sections using a microtome, floated on a warm water bath to remove wrinkles, picked up on a glass microscopic slide and then sequentially plunged into xylene, alcohol and water baths, thereby reversing the embedding process so as to get the paraffin wax out of the tissue, and allow water-soluble dyes to penetrate the sections. Finally, different stains were chosen to enhance contrast under optical microscopy (resolution 0.2 µm): Hematoxylin-Eosin-Saffron (HES), Reticulin (modified Gordon and Sweets stain, Reticulum II staining kit, Roche) and Masson Trichrome were used to reveal both Type I and Type III collagen fibres (the latter being also called "reticular" fibres), whereas an Elastic stain allowed elastin fibres to be emphasised (see appendix A, Fig. A.3).

(

  appendix A Fig. A.1(a)), despite the use of a monochromatic beam that should improve contrast between chemically close materials. The 3D hierarchical vocal-fold structure could not be detected even with a voxel size of 13 3 µm 3 , nor even when imaging cryo-preserved samples or excised vocal folds without any surrounding cartilage (appendix A Fig. A.2(a)).

  representative 3D images of the larynx and excised vocal folds obtained with this technique are shown in appendix A Fig. A.1(b-d).

  phase retrieval allows adipose elements to be distinguished from other soft tissues (appendix A Fig. A.1(b-c)), which is in line with results obtained with phase retrieval imaging of human breasts [31]. However, neither the mid-field (x c = 1.16 m) nor the far-field (x c = 11 m) configurations were sufficient to allow clear visualisation of any multi-layered arrangement or fibrous network within the vocal folds. In the mid-field configuration, some hints of texture are discernible within the vocal tissue (see arrows in zoomed view). The far-field configuration further improves contrast (revealing several vocal-fold structural features), at the cost of detrimental reconstruction artefacts at the air-tissue interface, that spread into the sample and severely alter the image (appendix A Fig. A.1(c)). On the excised vocal fold at "high" spatial resolution (hereforth defined at voxel size of 0.65 3 µm 3 ), a slight network-like texture is revealed within the muscular layer with the mid-field configuration (x c = 40 mm), as displayed in appendix A Fig. A.1(d). However, the lamina propria still appears as uniform, i.e., without any textures related to collagen and elastin fibres. Doubling the propagation distance x c to 80 mm enhances the phase contrast

  Fig. A.2(c) in case of a 4-day immersion in an aqueous solution with 70 % of ethanol. As displayed in appendix A Fig. A.2(e), immersionand scanning in pure ethanol was also attempted with the objective of measuring diffusion times. A diffusion time δt of 13 min was found as a minimum to identify the vocal-fold sublayers and the fibrous texture within the lamina propria. Given the success of pure ethanol immersion combined with phase retrieval, images of the entire larynx confined in a box filled with pure ethanol were also acquired at the "medium" spatial resolution (voxel size of 13 3 µm 3 ) and far-field configuration: Figure2.3 shows representative slices obtained in coronal and transverse planes.

FIGURE 2 . 3 :

 23 FIGURE 2.3: Characterization of human laryngeal tissue's architecture using X-ray synchrotron microtomographic PRI imaging mode. (a) left: 3D reconstruction of sample L 5 ; right: tomographic image of a larynx vertical 2D slice, coronal plane (L 9 , [C 2 H 6 0] = 100 %); x Vocal fold, { Trachea, | Ventricular fold, ~Thyroid cartilage, Cricoid cartilage (b) Zoom on one vocal fold and its mesoscale architecture in coronal (orange) and perpendicular transverse (yellow) planes (L 9 , [C 2 H 6 0] = 100 %); x EP, y LP, z M.

  Figs. A.7 and A.8). Thanks to the glass beads stuck inside the samples onto the vocal folds (see Fig. 2.3(a)), the longitudinal elongation λ of vocal folds after the larynx deformations can be estimated: depending on the tested samples, λ ranges from 1.05 to 1.27 with a mean value 1.13.

2. 6 )FIGURE 2 . 4 :

 624 FIGURE 2.4: Comparison between (left) synchrotron high-resolution X-ray microtomographic images (PRI mode) of the left vocalis fibrous network and (right) 2D histological photomicrographs of the right vocalis excised from the same larynx L 10 . (a) 2D coronal view of L 10 -S 3 , [C 2 H 6 0] = 70 %; (b) Zoom on the banding patterns of the muscle fibres located within the yellow frame in (a); (c) 3D reconstruction of L 4 -S 2 , [C 2 H 6 0] = 30 %; (d) 2D coronal view of L 10 -S 5 , prepared with reticulin stain: Type III collagen fibres (black); muscular striated-cells or "fibres" (orange); adipocytes (white); (e) Zooms on the banding patterns of the muscle fibres located within the yellow frames in (d).

1 FIGURE 2 . 5 :

 125 FIGURE 2.5: Comparison between synchrotron high-resolution X-ray microtomographic images (PRI mode) of the left lamina propria fibrous network and 2D histological photomicrographs of the right lamina propria excised from the same larynx L 10 . (a) 2D transversal view: tomographic image of L 10 -S 3 , [C 2 H 6 0] = 70%; (b) (top) histological photomicrograph of L 10 -S 5 prepared with reticulin stain: Type III collagen fibres (black); muscle fibres (orange); stratified squamous epithelium (pink); (bottom) Zoom on the wavy arrangement of elastin and collagen bundles of fibres; (c) 2D coronal view of L 10 -S 3 , [C 2 H 6 0] = 70%; (d) 3D reconstructions of L 10 -S 3 , [C 2 H 6 0]= 70%: (left) tri-layered subvolume; (right) bi-layered subvolume. x EP, y LP, z M.

Figure 2 .

 2 Figure 2.7(a). In addition, other descriptors of muscle fibres were extracted within a subvolume of size 615×450×98 µm 3 , close to the previous one. For instance, the average surface number of muscle fibres was found to be around 380 mm -2 , by analysing slices perpendicular to the main fibre orientation. The equivalent diameter of muscle fibres d e , the size of their minor and major axes were computed: the corresponding distributions are plotted in Figure 2.7(b). The peak value of d e is 29.3 µm (median value 23.8 µm). The shape of fibres was quantified by a peak roundness metric ξ of 0.70 (median value 0.63), which shows that muscle fibres exhibit quasi-circular cross-sections. These results are in agreement with those obtained from a single muscle fibre of length 700 µm (Fig. 2.7(b)), which was isolated from the fibrous network. The mean diameter d e of this fibre is 54 µm (values ranging from 44.3 to 64.3 µm) and its mean roundness metric is close to 0.71 (values ranging from 0.58 to 0.85).

FIGURE 2 . 6 :

 26 FIGURE 2.6: Quantification of several mesostructural descriptors of the vocalfold LP-and M-sublayers derived from mild spatial resolutions image (L 9 ). (a) 3D local thickness map of a LP-layer subvolume; (b) 3D orientation map at the mesoscale of the muscle fibres network in a M-layer 41.52mm 3 subvolume; corresponding 2D distribution of θ i and ϕ i values once decoupled from one another; illustration of their distribution on two orthogonal 2D slices of the subvolume.

FIGURE 2 . 7 :

 27 FIGURE 2.7: Quantification of several microstructural descriptors of the vocal-fold muscular layer (L 10 -S 3 ). (a) 3D orientation map of the muscle fibres network in a M-layer 0.007mm 3 subvolume, (b) Statistical dimensions and shapes at the microscale of the muscular fibrous network (top panel) and that of an individual muscular fibre (middle panel).
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 25 allows an interesting inspection of the inner and multilayered structure of vocal folds in the strongest collision zone. The slice (a), which is perpendicular to the anteroposterior direction, and its two companion and orthogonal slices (b) and (c) emphasize the epithelium x, the lamina propria y and the vocalis z. From them, the spatial variation of the epithelium thickness along the vocal-fold outer surface (free edge) was estimated. For this sample, the 3D measurements yielded a thickness ranging from 30 to 80 µm, which is in line with standard 2D histological assessments (see Fig. 2.5(e) and appendix A Fig. A.3), and previous values reported in the literature[21, 64, 56]. More interestingly, X-ray microtomographic slices (a-c) also reveal sublayers of complex shapes and characteristic textures within the lamina propria. When these sublayers can be distinctly separated, they are delineated in Figs. 2.5(a-c), and interpreted according to those detectable on the 2D photomicrograph (e):

Chapter 2 .FIGURE 2 . 8 :

 228 FIGURE 2.8: Quantification of several microstructural descriptors of the vocal-fold LP-layer (sample L 10 -S 3 ). (a) 3D orientation map of the collagen and elastin fibrous networks in a LP-layer 0.018mm 3 subvolume derived from microtomographic measurements; corresponding 2D distribution of θ i and ϕ i values once decoupled from one another; illustration of their distribution on two orthogonal 2D slices of the subvolume. (b) In-plane waviness of Type III collagen fibres network, derived from histological measurements.

FIGURE 3 . 1 :

 31 FIGURE 3.1: Schematic representation of the microstructure of the vocal folds: (a) View from the coronal plane; (b) 3D architecture of the fibrous network along the anteroposterior axis: schematic representation of the five sublayers and corresponding typical histological slices (See Chapter 2).

Fig. 3 .

 3 Fig. 3.1). Right and left samples excised from Larynx L i are labelled as L i -F j , j ∈ [1, 2]. Donated body

FIGURE 3 . 2 :

 32 FIGURE 3.2: Schematic summary of the sample preparation guidelines for histological analyses (left panel) and biomechanical testing (right panel).

FIGURE 3 . 3 :

 33 FIGURE 3.3: Photographs of vocal-fold samples and sublayers in different states during the dissection protocol: (a) Vocal-fold sample after larynx excision; (b) Isolated Lamina propria layer; (c) Isolated vocalis layer; (d) Illustration of a vocal-fold sample prepared for histological analyses; (e) Same sample after at a 48 hours immersion in formalin; (f) Same sample after paraffin inclusion.

3 . 5 .

 35 For tensile tests, specially designed knurled clamps (26 mm width, 6 mm height) were used to facilitate the sample positioning while tightening its cartilageneous ends, and to minimize possible stick-slip effects during the loading. For compression tests, cylindrical plates were mounted, initially hydrated by a film of PBS solution to ensure a good lubrication and avoid friction. For shear tests finally, dedicated plates (10 mm length) were covered by a glued layer of glasspaper to enhance their surface rugosity, and avoid potential slippage between the plate and the sample during the test.

FIGURE 3 . 5 :FIGURE 3 . 6 :

 3536 FIGURE 3.5: Photographs and scheme of vocal-fold samples at unloaded state for tension, compression and shear.

FIGURE 3 . 7 :

 37 FIGURE 3.7: (a) Tensile stress-strain responses of a vocal-fold sample (L 4 -F 2 ) and its sublayers (lamina propria L 4 -LP 2 and vocalis L 4 -M 2 ). The continuous lines is the prediction of the rule of mixtures, derived from L 4 -LP 2 and L 4 -M 2 data. (b) Histological photomicrograph of L 4 -F * 1 prepared with HES stain: collagen fibres (yellow-orange); cytoplasms, striated muscular and elastin fibres (pink); nuclei (blue-purple).

Figure 3 .

 3 Figure 3.8 presents the tensile stress-strain behaviour measured for multiple vocal-fold samples and isolated sublayers (lamina propria and vocalis) when stretched along the anteropos-

Figure 3 .

 3 Figure 3.8 points out the noticeable dispersion of the experimental data, due to inter-and intra-individual variability [5, 16]:

FIGURE 3 . 8 :

 38 FIGURE 3.8: Mechanical properties of the vocal folds in tension along the antero-posterior direction. (left panel) Stress-strain curves obtained with the same testing protocol for various samples of the database; (right panel) Longitudinal modulus E t zz derived as a function of the longitudinal strain.

  3). Results are exposed below, as representative of those obtained on other samples of the database (see case of vocal-fold L 5 -F 2 in Appendix B, Fig. B.2).

FIGURE 3 . 9 :

 39 FIGURE 3.9: Stress-strain curves measured during tension, transverse compression and longitudinal shear (from top to bottom) of lamina propria L 4 -LP 2 -(left panel) and vocalis muscle L 4 -M 2 (right panel).

FIGURE 3 .

 3 FIGURE 3.10: (a) Stress-strain curves of lamina propria deformed in compression at two different initial strain rates εxx (L 5 -LP 2 ); (b) Ratio of the compression stresses P 2 xx /P 1 xx derived for each strain rate as a function of the strain; (c) Stress-strain curves of lamina propria deformed in shear along the longitudinal (γ zx ) and the transverse (γ yx ) direction (L 4 -LP 1 ); (d) Anisotropic ratio G t zx /G t yx as a function of the shear strain.

  3 kPa in the longitudinal direction and from 0.25 to 2.5 kPa in the transverse direction, regardless of the strain level. Such values are close to the ones derived from previous simple shear experiments conducted on the vocal-fold cover by Chan et al.[6]. The authors tested the tissue over a wide range of strains, without specification of the load direction though. They found a quasi-linear shear response during the loading of the cover up to about 10 % strain. Reported shear elastic moduli are ranging within 1 Pa to 1kPa. Our estimates are also consistent with data in Rohlfs et al.[38], who measured shear moduli of intact vocal folds using linear skin rheometer (LSR techniques) , i.e., by imposing very local shear stimuli at the surface of vocal folds, preserved into hemi-larynges.

[ 1 ]

 1 F. Alipour-Haghighi and I. R. Titze. Elastic models of vocal fold tissues. The Journal of the Acoustical Society of America, 90(3):1326-1331, Sept. 1991.

  e y ,e z )

FIGURE 4 . 1 :

 41 FIGURE 4.1: (a) Idealised scheme of the vocal-fold bi-layered structure; (b) Simplified microstructure of the tissue sub-layers and (c) corresponding REV in the initial C 0 configuration; (d) Scheme of a single wavy fibre, made of individual fibrils.

FIGURE 4 . 2 :

 42 FIGURE 4.2: Fibre definition in the reference frame : (a) undeformed configuration C 0 ; (b) deformed configuration C.

FIGURE 4 . 3 :

 43 FIGURE 4.3: Stress-strain curve at the fibril scale: Kabla's law prediction is extended for straight fibrils. The first part of the response represents the unfolding efforts while the second part corresponds to the tension efforts. The corresponding stiffness for the two regims are represented by E 1 and E 1 + E 2 , a represents a curvature and ε c a critical strain linked to the transition between the two regims.
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  see Appendix B, Fig. B.1).

is displayed in Fig. 4 .4 and 4 . 8 .

 448 Model predictions at the REV and fibril's scales have also been reported in Fig. 4.7, Fig. 4.6, 4.5, 4.10, and 4.9. Results are detailed below according to the considered tissue sub-layer.
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 44245 FIGURE 4.4: Stress-strain predictions of the micro-mechanical model (solid lines) vs. experimental data (symbols) obtained with the lamina propria samples LP 1 (left) and LP 2 (right): (from top to bottom) tension, compression and shear.

4. 5

 5 (c) and Fig. 4.6(c), where the angles θ i and ϕ i remain quasi-constant upon shearing and thus close to their initial values. Also, fibres 2 and 4 are slightly stretched whereas fibres 1 and 3 are compressed (Fig. 4.7

FIGURE 4 . 6 :

 46 FIGURE 4.6: Strain-induced evolutions of the REV of the lamina propria (LP 1 ). (top) REV in the initial C 0 (in blue) and final C (in green) configurations for (a) tension, (b) compression and (c) shear.(bottom) (d) Calculated loading paths of the REV for tension and compression.

  . 4.5(a) and Fig. 4.9(a)). As emphasised from Fig. 4.10, muscle fibres are extensively working in tension, being Traction Compression Shear

FIGURE 4 . 7 :

 47 FIGURE 4.7: Strain-induced evolutions of some histological parameters of the lamina propria (LP 1 ): end-to-end elongation λ i and tortuosity ξ i of fibre i as functions of the macroscopic strain. Tension: (k, l) = (z, z), Compression:(k, l) = (x, x), Shear: (k, l) = (z, x).
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 4849 FIGURE 4.8: Stress-strain predictions of the micro-mechanical model (solid lines) vs. experimental data (symbols) with the vocalis samples M 1 (left) and M 2 (right): (from top to bottom) tension, compression and shear.

FIGURE 4 . 10 :

 410 FIGURE 4.10: Strain-induced evolutions of some histological parameters of the vocalis (sample M 1 ): end-to-end elongation λ i and tortuosity ξ i of fibre i as a function of the macroscale strain. Tension: (k, l) = (z, z), Compression:(k, l) = (x, x), Shear: (k, l) = (z, x).

FIGURE 4 . 11 :

 411 FIGURE 4.11: Influence of the steric interaction coefficient β on the stressstrain response of sample LP 1 , as predicted by the model in (a) tension along e z , (b) compression along e x , (c) shear in the (e z , e x ) plane.

FIGURE 4 . 12 :

 412 FIGURE 4.12: Reaction forces magnitude between nodes 1 and 4 R 1,4 as a function of the absolute macroscopic strain for traction (solid line -(k, l) = (z, z)), compression (dash line -(k, l) = (x, x)), and shear (dot line -(k, l) = (z, x)) in LP 1 case (β = 9.0 -7 N.m -3 ).

  𝜑 0 = (33.2°; 45°) 𝜃 0 ; 𝜑 0 = (18,4°; 45°) 𝜃 0 ; 𝜑 0 = (17,1°; 82,3°)

FIGURE 4 . 13 :

 413 FIGURE 4.13: The three REVs used to gauge the effect of fibre orientation, with their corresponding fibre orientation tensors and angles.

FIGURE 4 . 14 :

 414 FIGURE 4.14: Predicted stress-strain curves in tension, compression and shear (from left to right) using the three REVs shown in Fig 4.13.

FIGURE 4 . 15 :

 415 FIGURE 4.15: Evolution with the tensile strain of the tangent tensile E t (a) and shear G t (b) moduli, as estimated from REV 3 (sample LP1). Timoshenko's beam model prediction: (c) the first three mode frequencies obtained for the LP1 case (REV 3) (d) Fundamental frequency F 0 obtained for the different theoretical orientation cases REV 1, 2 and 3.

FIGURE 5 . 1 :

 51 FIGURE 5.1: (a) Cut view of the setup in the thermal treatment configuration; (b) Cut view of the setup in molding configuration; (c) Top view of the setup in the thermal treatment configuration; (d) Top view of the setup in molding configuration ; (e) Side view of the shaping plates, showing the two complmentary wavy surfaces in which the network is compressed.
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 5352 FIGURE 5.2: Crimped fibres obtained in pilot studies, (a) using a thermal treatment on a nylon wire entangled in the teeth of a comb, (b) using the natural shrinkage of a silicone membrane during the solvant evaporation and crosslinking of the polymer [6].

1 (

 1 from 6 up to 3500 MPa). The matrix material parameters were initialised as follows: (a) Case of a silicone matrix: µ m =0.24 MPa; (b) Case of a PEG or a gelatin matrix, µ m = 0.002 MPa (values achievable for both materials by tuning the PEG/gelatin concentration).The orientation parameter was identified using a density distribution function for the collagen fibres reported by Kelleher et al.[19]. From images taken using nonlinear laser Chapter 5. Towards the design of biomimetic artificial composite materials: an exploratory work scanning microscopy, the authors calculated the fibre alignement by analysing the pixel intensity values of the power spectrum in polar coodinates. They succeed in fitting the angular relative intensity with a von Mises statistical distribution to find the density distribution function ψA = 0.0876 and b = 2.0486 are the fitted parameters of the von Mises distribution.

Figure 5 .FIGURE 5 . 5 :

 555 FIGURE 5.5: Tensile stress-strain behaviour predicted by the theoretical model (a) for two different waviness amplitudes of fibres; (b) for an optimised microstructure determined using a least-squares approach. Case of Nylon ® fibres, d 0 =0.05 mm, µ m = 0.002 MPa.

  (1) a mainstream 3D printer (Ultimaker) available at GIPSA-lab, based on FDM technology with PLA as printed material; (2) several devices allowing both FDM and CLIP technologies at the Grenoble INP -GINOVA platform, and the printing of flexible materials.

FIGURE 5 . 6 :

 56 FIGURE 5.6: Example of printed structures: (a-b-c) PLA, diameter: 0.5 mm; (d) EPU sample from Sculpteo ® , diameter: 1.8 mm.

FIGURE 5 . 7 :

 57 FIGURE 5.7: 3D view of a printed sample tested in tension under X-ray microtomography: (a) initial state; (b) after breakage.

Figure 5 . 7 displaysFIGURE 5 . 8 :

 5758 FIGURE 5.8: (a) Superimposition of the theoretical network; (b) practical example using a network made of a printed material, as detailed in the next sections.

5

 5 

FIGURE 5 . 9 :

 59 FIGURE 5.9: (a) Printed sample using the CLIP technology, LS600, diameter: 0.4 mm; (b) Printed sample using FDM, NinjaFlex ® , diameter: 0.4 mm; (c) Embbeded NinjaFlex ® fibres in gelatin.

Chapter 5 .

 5 Towards the design of biomimetic artificial composite materials: an exploratory work

FIGURE 5 .

 5 FIGURE 5.10: (a) Crimped fibres obtained for different thermal treatment condition using the dedicated mold; (b) example of composite sample made of wavy nylon wire and silicone matrix.

Figure 5 .

 5 Figure 5.11 depicts the stress-strain responses typically obtained for silicone samples tested in longitudinal tension and longitudinal shear, and for gelatin samples tested in longitudinal tension, longitudinal shear and transversal compression. The experimental results are compared to the mechanical behaviour of the lamina propria layer (reported contributions of the overall fibrous composite and of the ground substance alone) under each loading, as predicted by the micro-mechanical model detailed in Chapter 4.

FIGURE 5 . 11 :

 511 FIGURE 5.11: Mechanical responses obtained for gelatin and silicone samples in (a) tension; (b) shear; (c) compression. The experimental data are compared to the responses of the lamina propria as predicted in Chapter 4.

FIGURE 5 . 13 :

 513 FIGURE 5.13: Frequence response functions obtained: (a) for homogeneous silicone sample without (rest) and with a tensile pre-load; (b) for a fibrereinforced silicone sample without (rest) and with a tensile pre-load; (c) for homogeneous and fibre-reinforced gelatin samples, without any tensile preload.

  for discrete structures conducted to compact expressions of the macroscopic stress for the considered tissues. Most of their constitutive parameters were obtained from histological or mechanical data obtained either in this work (chapter 2) or in the literature. The comparison of the model prediction with the data obtained in chapter 3 proved the relevance of the proposed model to predict the hyperelastic and anisotropic response of the lamina propria and the vocalis for the three considered mechanical loadings. The key roles of steric hindrance (especially active in compression) and initial fibre orientation on unfolding and reorientation of fibres was emphasised either on the static and the dynamic behaviour of the lamina propria.Hence, in its present form, the proposed model can already be useful as a design tool for the fabrication of synthetic substitutes of vocal folds, as carried out in chapter 5. It could also be implemented into Finite Element code without major difficulty to simulate and bring increased comprehension of the vibratory properties of vocal folds. Nonetheless, several changes could be appended to improve the model relevance and prediction. Among them, the introduction of viscous effects, induced by the interactions between the fibrils and the other components of the extra-cellular matrix, should be considered first to model the strain rate effects and the stress hysteresis observed in stress-strain curves. This is an on-going work. Putting damage/healing/restructuring mechanisms in the elastic behaviour of fibres would allow the model to mimic Mullins like effects observed experimentally upon cycling, as well as the sample behaviour at very large strains. For the vocalis, introducing active contribution to the fibre micro-mechanics would undoubtedly strengthen the capabilities of the model. Finally, the simple REV architecture used here could be reconsidered to better

FIGURE A. 4 :

 4 FIGURE A.4: Comparison between (a) elastic arytenoid cartilage and (b) hyaline arytenoid cartilage acquired by two imaging modes: (left) 2D coronal views of L 10 -S 3 ([C 2 H 6 0] = 70 %), reconstructed from synchrotron highresolution X-ray microtomographic images (PRI mode); (right) 2D histological photomicrographs of L 10 -S 5 . Arrows: chondrocyte (nucleus) in lacuna.

FIGURE A. 6 :

 6 FIGURE A.6: Typical quantitative processing of lamina propria images : (a) Preprocessing operations applied to the images before running 3D orientation algorithms. (b) 3D angular maps and distribution obtained after 3D orientation analyses processed within a whole volume, and displayed for a single slice.

FIGURE A. 7 :FIGURE A. 8 :

 78 FIGURE A.7: 3D reconstructions of larynx L 6 (a) at rest and (b) at the maximal macroscopic stretch of the vocal folds achieved by cricothyroid approximation.

  

  

  

  Experimental protocols were approved by the Bioethics Committee of the General Directorate for Research and Innovation (DGRI -French Research Ministry) and the LADAF. All experiments were conducted as regulated by the French ethical and safety laws in the frame of Body Donation (voluntary donation, made by the donor during his lifetime, after written and informed consent), in accordance with the ESRF Safety Office for Biology and Biochemistry and 3SR Experiments on larynges -Larynx samples L 1 to L 9 were used with experimental details given in Table 2.1. Before any manipulation, each sample was defrosted 20 min in water (T ≈ 20 • C), then placed in a confined and fully-hydrated set-up, to reproduce realistic laryngeal phonatory placement and to control vocalis muscle stretching

	Lab policy. Samples were prepared following several protocols developed for testing and
	improving the microstructure exploration of the vocal-fold tissue, first with entire larynges,
	then on dissected vocal-fold samples:
	•

10]

. Samples details are given in Table

2

.1. Anatomical pieces were excised from donated bodies within 48 h post-mortem at the Laboratory of Anatomy of the French Alps (LADAF -UGA, Grenoble Hospital Univ.). All but one larynx (fresh larynx L 10 ) were preserved by freezing (-20 • C) up to X-ray scanning protocol and after.

[37] (Figure

2

.2a). The set-up is made of 3D-printed PLA pieces and two PMMA halfcylinders forming a sealed transparent chamber (inner diameter of 8 cm, wall thickness of 5 mm). It was designed to mimic the rocking movement of the thyroid cartilage forward and backward on the cricoid cartilage, which elongates the vocal folds in vivo.

TABLE 2 .

 2 Chapter 2. 3D multiscale imaging of human vocal folds using synchrotron X-ray microtomography in phase retrieval mode L i , labelled as L i -S j (j ∈ [1, . . . , n i ], Fig.2.2(b.7)). As indicated in Table2.2, samples were constituted either with only the muscular layer (M), or with several layers (LP+EP, M+LP+EP). It is worth noting that for the specific case of fresh larynx L 10 , sample L 10 -S 3 was cut into the region of highest collision, i.e., close to the narrow-Sample only dedicated to the "high" resolution imaging of the vocal-fold structure i.e., at a voxel size of 0.65 3 µm 3 .

	est glottis [63]. Several conditions of tissue conservation were used: (i) defrosting
	after preservation at -20 • C; (ii) cryopreservation at -80 • C using dry ice; (iii) pre-
	immersion in a dilute aqueous solution of ethanol with concentrations [C 2 H 6 0] rang-
	ing from 30 % to 100 % and diffusion time δt ranging from 1 min to more than 5 days
	(for diffusion times larger than 24 h, the immersion was achieved in successive baths of
	increasing alcoholic concentrations[44], i.e., 30 %, 50 % and 70 %); (iv) pre-immersion
	in a 10 %-formaldehyde (CH 2 0) solution. Two different containment procedures were
	tested. Vocal folds dissected from L 4 and L 7 were released from their cartilaginous
		Donated body	Alcohol immersion	Microtomographic imaging parameters
	Larynx name Gender Age [y]	[C 2 H 6 0] [%]	V vox [µm 3 ] x c [mm] U [kV] I [µA]	n p
	L 1	F	86	0	45 3	-	101	297	1 440
	L 2	M	94	0	25 3	-	100	300	3 000
	L 3	F	82	0	25 3	-	100	300	3 000
	Larynx name Gender Age [y]	[C 2 H 6 0] [%]	V vox [µm 3 ] x c [mm]	δ : β	E [keV]	n p
	L 4	F	90	0	13 3	1 200	1 800	65	4 902
	L 5	F	85	0	13 3	1 200	1 800	65	4 902
	L 6	F	89	0	13 3	1 200	1 800	65	4 902
	L 7	M	81	0	13 3	1 200	1 100	65	4 902
	L 8	M	89	0	13 3	1 200	1 100	65	4 902
	L 9	F	75	[0; 30; 100]	13 3	11 000	1 200	60	4 900
	L † 10	F	92	direct vocal-fold dissection -see Table 2.2	

2.2(b.1)). The dissection procedure yielded to a number n i of vocal-fold samples derived from each larynx ends and confined into a conic container (maximal inner diameter 5 mm and wall thickness 1 mm) sealed at its boundaries and optionally filled with glue or alcohol (Fig.

2.2(b.8)).

Vocal folds dissected from L 6 and L 10 were mounted in a dedicated tensioncompression micro-press

[39] 

(Fig.

2

.2(b.9)), with a chamber regulated at proper hygrometric conditions (100 % RH), to explore the feasibility of future in situ tensile tests.

Typical dimensions of the scanned samples were within 10 mm×5 mm×5 mm (Fig.

2

.2(b.9)). 1: Scanned larynges. Grey colour lines refer to samples imaged with a laboratory conical X-ray source with absorption imaging mode, the others being imaged with a synchrotron source. F: female, M: male, V vox : voxel size, x c : distance between sample and camera, U: generator voltage, I: scanning current intensity, δ : β: ratio of the dispersive and absorptive aspects of the wave-matter interaction, E: beam energy, n p : number of X-ray 2D projections. †

Table 2

 2 

		Chapter 2. 3D multiscale imaging of human vocal folds using synchrotron X-ray
						microtomography in phase retrieval mode
			Vocal-fold sample			Microtomographic imaging parameters
	Name	Type	Conservation		V vox [µm 3 ] x c [mm] U [kV] I [µA]	n p	N
	L 2 -S 1 M+LP+EP	cryopreserved at -80˚C	15 3	-	100	100	1 440 2
	L 3 -S 1 M+LP+EP	defrosted from -20˚C	12 3	-	100	100	2 496 2
	L 3 -S 2 M+LP+EP	cryopreserved at -80˚C	12 3	-	100	100	2 496 1
	Name	Type	[C 2 H 6 0] [%] [CH 2 0] [%] δt [min] V vox [µm 3 ] x c [mm]	δ : β	E [keV]	n p	N
	L 4 -S 1	M	30 †	0	5	0.65 3	40	500	19	1 995 1
	L 4 -S 2	M	30	0	5	0.65 3	40	500	19	1 995 5
	L 4 -S 3	LP+EP	30	0	5	0.65 3	40	500	19	1 995 4
	L 6 -S 1 M+LP+EP	30	0	4 140	0.65 3	40	300	19	1 499 16
	L 7 -S 1	M	0	10 †	650	0.65 3	40	500	19	1 995 1
	L 7 -S 2	LP+EP	0	10 ‡	600	0.65 3	22	500	19	1 995 2
	L 10 -S 1 M+LP+EP	0	0	-	0.65 3	40-400	300	19	1 499 7
	L 10 -S 2 M+LP+EP	50	0	7 620	0.65 3	40	300	19	1 499 37
	L 10 -S 3 M+LP+EP	70	0	5 940	0.65 3	40	300	19	1 499 34
	L 10 -S 4 M+LP+EP	100	0	[1; 7; 13]	0.65 3	40	300	19	1 499 3

.1 and Table

2

.2 (light grey-coloured lines)

[55, 60]

. The scans were

TABLE 2 .

 2 2: Scanned vocal-fold samples S i extracted from larynx L j . Light grey-coloured lines refer to samples imaged with a laboratory conical X-ray source. Dark grey-coloured lines refer to the imaged samples used for comparison with histological measurements. V

vox : voxel size, x c : distance between sample and camera, δ : β: ratio of the dispersive and absorptive aspects of the wave-matter interaction, E: beam energy, n p : number of X-ray 2D projections, N: number of scans realised on the sample. †/ ‡ Sample kept immersed in alcohol/glue during the scan.

TABLE 3 .

 3 

	80	Frozen at -20	˚C

1: Details on the ex vivo larynges tested in the present study. Light grey coloured lines refer to samples used for the preliminary tests. F: female, M: male.

TABLE 3 .

 3 

	2: Vocal fold samples extracted from larynx L i and subjected to me-
	chanical tests. Light grey coloured lines refer to samples used for the pre-
	liminary campaign. F: fold (whole multilayered tissue), LP: lamina propria +
	epithelium, M: vocalis muscle.

TABLE 3 .

 3 

	Moving clamp/plate

3: Geometrical dimensions of samples prepared for biomechanical testing once placed within the mechanical device. F: fold (whole multilayered tissue), LP: lamina propria + epithelium, M: vocalis muscle. † mean value (± data standard deviation).

FIGURE 3.4: Experimental setup used to carry out tension, compression and shear tests.

TABLE 4 .

 4 1: Set of optimised histological parameters of the micro-mechanical model to reproduce the mechanical behaviour of each target sample. Graycolored lines refer to additional parameters deduced from the others.

	Sample θ 0 (°) ϕ 0 (°)	Φ	H 0 (µm) R 0 (µm) d 0 (µm)	ξ 0	D 0 (µm) n (-)
	LP 1	17.1	82.3 0.42	43	5	0.41	1.122	2.9	39
	LP 2	16.5	82.0 0.45	42	5	0.41	1.128	2.8	38
	M 1	29.8	63.1 0.58	1500	110	1.50	1.05	334	39736
	M 2	30.0	61.0 0.65	1500	110	1.50	1.05	368	48188
	Sample E f (MPa) µ m (Pa) β (Nm -3 ) δ c (µm) E 1 (MPa) E 2 (MPa)	ε c	a
	LP 1 LP 2	950 950		760 600	9 • 10 -7 2.2 • 10 -6	80 80	0.25 0.25	949.75 949.75	0.12 5.6 • 10 -3 0.12 5.4 • 10 -3
	M 1 M 2	0.089 0.302		1800 1400	1.2 • 10 -1 2.3 • 10 -2	450 484	0.025 0.08	0.064 0.222	0.03 0.04	0.01 0.015

4.4 and 4.8 are summarised in Tables 4.1 (histological parameters) and 4.2 (mechanical parameters). The obtained values are discussed below, according to the considered sublayer.

TABLE 4 .

 4 2: Set of optimised mechanical parameters of the micro-mechanical model to reproduce the mechanical behaviour of each target sample. Graycolored lines refer to additional parameters deduced from the others.

TABLE 5 .

 5 1: Material specifications for potential fibre candidates. several diameters, from 0.05 to 0.20 mm. The fishing wire exhibits non linear and viscoelastic mechanical properties. The tensile mechanical behaviour of a 50 µm diameter straight monofilament was already characterised in tension inBailly et al. (2014) 

  FIGURE 5.3: Representative scheme of the REV used for the modeling of the composites with planar fibrous networks.

		h 0	
	H 0	𝑑 0	H 0
		𝜽 𝟎	
	𝑅 0		𝐞 𝒛
		𝐞 𝒛	𝐞 𝒚
		𝐞 𝒚	

  .2.

	d 0 (mm) θ 0 (°) R 0 (mm) H 0 (mm) h 0 (mm)
	0.5	67.5	0.6	4	1
	TABLE 5.2: Geometrical input parameters of an "idealised" feasible artificial
		composite manufactured in 3D-printing.	
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Chapter 3

Mechanical characterisation of human vocal folds upon finite strains in tension, compression and shear

This chapter is based on an article in preparation for submission in Journal of the Mechanical Behavior of Biomedical Materials.

Chapter 4 A micro-mechanical model for the soft fibrous tissues of vocal folds

This chapter is based on an article in preparation for submission in Journal of the Mechanical Behavior of Biomedical Materials constitutes a challenging task so that it is difficult to strenghten their relevance. In a recent study, Asgari et al.(2017) [5] reported indentation tests performed on collagen fibrils using Atomic Force Microscopy. Indentation forces were found to reach several hundreds of pN, which is consistent with the values predicted by the present modelling for the reaction force R shown in Fig. 4.12.

Role of fibre orientation

In this paragraph, we emphasise the effect of fibre orientation on the static and dynamic behaviour of the lamina propria. The focus is made on the intensity of the fibre alignment along the antero-posterior direction e z , as well as on the symmetry of the fibre orientation: transverse isotropy vs. orthotropy, the first symmetry being the classical assumption made for the vocal-fold collageneous network arrangement [35,3]. To this end, we studied the mechanics of three REVs with different fibre orientations, all their other microstructural and mircomechanical properties being equal to those found for sample LP1 (Tables 4.1 and 4.2):

(i) a 3D transverse isotropic structure with a moderate fibre alignment ; (ii) a 3D transverse isotropic structure with highly oriented fibres ; (iii) a quasi-plane orthotropic structure with a pronounced fibre orientation (this case corresponds to sample LP 1 , it is also close to that proposed by Miri et al. (2013) [43]). The last configuration is considered as a relevant reference, since it enabled to get a fairly good description of the experimental trends for tension, compression and shear. A schematic view of the corresponding REVs as well as their initial fibre orientation tensors and angles is provided in Fig. 4.13.

Static behaviour -Fig. 4.14 compares the predicted quasi-static stress-strain responses for each configuration and the three considered mechanical loadings:

• Comparing the responses of the first and second REVs allows the impact of the intensity of fibre orientation to be gauged. For the three considered mechanical loadings, it is first interesting to notice that steric effects do not occur in these REVs. Furthermore, in tension along the main fibre orientation, it is clear that the higher the orientation intensity, i.e., the more aligned the fibres, the higher and the stiffer the stress-strain curves: increasing fibre alignment limits fibre rotation along the tensile direction, leading to an earlier fibre recruitment. This trends is however not preserved but reversed for transverse compression and shear as evidenced from Fig. 4.14. In compression, fibre rotation within the less aligned REV also induced a fibre recruitment which is more pronounced than for the orientated REV. In shear, the explanation is also similar even if the fibre rotation is negligible in this case: fibre recruitment is faster and induced higher stress for the less orientated REV.

• Comparing the responses of the second and third REVs allows the impact of the symmetry of fibre orientation to be gauged. Whereas their major principal value exhibit practically the same value, their mechanical response differ drastically. In longitudinal Therefore, the present works should be viewed as a feasibility study to improve future in vitro replicas of vocal-fold fibre-reinfoced sublayers (lamina propria and vocalis), and help providing breakthroughs in the processing and mechanical characterisation of polymeric materials with tailored microstructures and vibro-mechanical properties.

In a first step, relying on a similar approach previously conducted in vascular biomechanics [5,7], choice was made to design a single-layer composite, made of a planar lattice of identical and crossed fibres impregnated inside a soft hyperelastic matrix. The ideal target specifications of the composite were defined in accordance with the informations gathered in the previous chapters on real vocal-fold tissue: (i) owning a tailored periodic fibrous architecture, displaying wavy fibres at rest and preferred orientations (Chapter 2); (ii) being able to endure large reversible strains without damage or deterioration (Chapter 3); (iii) owning non-linear and anisotropic mechanical properties mimicking the experimental results obtained in tension, compression or shear (Chapter 3).

To this end, a step-by-step methodology was defined: (1) identifying available forming processes (at a small production scale) able to produce the target geometrical specifications for the fibrous lattice; (2) identifying relevant material candidates for the fibres and the matrix; (3) determining an optimised arrangement of the fibrous network to fit the mechanical specifications; this step was achieved using the theoretical modeling developed in Chapter 4 together with simple microstructure optimisation tools; (4) elaborating a set of composites, assessing their mechanical properties under quasi-static and vibratory loading conditions.

Forming processes

To facilitate the experimental realisation and increase the number of tests, choice was made to identify cheap, rapid and easy manufacturing solutions. This first approach was inspired of former works realised to study the mechanics of abdominal arterial tissues [5,7], exhibiting numerous similarities with the vocal-fold tissue (architectured wavy collagen network, high collagen content, non linear and anisotropic properties). Reported results demonstrated that simple solutions could already provide good outcomes in order to mimic the mechanics of biological tissues. More expensive technological solutions are suggested in a second step.

Manual manufacturing

Directly based on previous works [5,7], the first approach relied on the developement of a specific home-made device, allowing the elaboration of 2D unidirectional lattices of wavy fibres, impregnated and placed at half-thickness within a rectangular matrix layer (10 mm × 10 mm). Figure 5.1 represents a prototype of the device, allowing the realisation of an Chapter 5. Towards the design of biomimetic artificial composite materials: an exploratory work results closer to the target response.

Vibratory loadings

Silicone and gelatin samples, fully homogeneous or reinforced with Ninjaflex ® fibres, were further tested under vibratory loadings using Laser Doppler Vibrometry. This allowed to provide a first insight into the vibratory properties of the selected materials. Development of a Laser Doppler Vibrometry set-up -Laser Doppler Vibrometry works on the basis of the Doppler effect and optical interference. The system is therefore similar to an optical (Michelson) interferometer, whereby essentially two coherent light beams, with their respective light intensities, are required to overlap. The total intensity of both beams is not just the sum of the single intensities, but is modulated with an "intereference" term, relating to the path length difference between both beams. In practice during a measurement, an emitted laser beam is divided at a beam splitter into two beams: a first beam, labelled as the "reference" beam, is directly projected on a photodetector without any interaction with the tested sample; a second beam, labelled as the "measurement" beam, is projected onto the surface of the vibrating sample. Both beams return reflected to the beam splitter, and interfere in the path between the splitter and the photodetector. Finally, as an opening, we suggested in chapter 5 some solutions and guidelines for the design of fibre-reinforced soft composite materials capable of reproducing the mechanical and architectural features of human vocal folds. In particular, this work focused on two aspects: the control of the geometry of the fibrous reinforcement and the selection of suitable materials, both of them being linked by the nature of the considered forming processes. The material selection, as well as the optimisation of the fibre architecture, was based on a simplified version of the model developed in chapter 4. Two forming solutions were proposed for the fibre network: manual shaping of the fibre network, via a dedicated protocol, and 3D printing of the fibrous reinforcements. The latter was preferred despite its actual limitations in terms of printing performances, and choice of materials available for this technology.

Satisfying preliminary results were obtained with an elastomeric polymer (EPU). Different types of matrix were also considered. Silicone, already widely used in the biomedical field, was too rigid for the application. As an alternative, the use of softer materials, such as hydrogels, was proposed. In particular, gelatin was interesting in the context of a pilot study, which is inexpensive and has easily adjustable mechanical properties. This exploratory study should be continued on various aspects. For instance, printed fibrous materials as well as the fresh gelatin have not been mechanically characterised yet and thus have to. In addition, the realisation of the first composite sample with proper geometrical and mechanical properties is required. Overall, in the continuity of this work, the development of experimental methods to dynamically characterise this type of material must be continued. This is of great interest in understanding the importance of fibres in the vibration of soft matrix composites, and in particular in the study of the biomechanics of the human vocal fold.