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The determinant role of the annulus fibrosus interlamellar zones in the intervertebral disc transversal and volumetric responses and hence on their corresponding three-dimensional conducts have been only revealed and appreciated recently. Their consideration in disc modeling strategies has been proven to be essential for the reproduction of correct local strain and displacement fields inside the disc especially in the unconstrained directions of the disc.

In addition, these zones are known to be the starting areas of annulus fibrosus circumferential tears and disc delamination failure mode, which is often judged as one of the most dangerous disc failure modes that could evolve with time leading to disc hernia. For this latter reason, the main goal of the current contribution is to incorporate physically for the first time, the interlamellar zones, at the scale of a complete human lumbar intervertebral disc, in order to allow a correct local vision and replication of the different lamellar/interlamellar interactions and an identification of the interlamellar critical zones. By means of a fully tridimensional chemo-viscoelastic constitutive model, which we implemented into a finite element code, the physical, mechanical and chemical contribution of the interlamellar zones is added to the disc.

The chemical-induced volumetric response is accounted by the model for both the interlamellar zones and the lamellae using experimentally-based fluid kinetics. Computational simulations are performed and critically discussed upon different simple and complex physiological movements. The disc core and the interlamellar zones are numerically accessed,

Introduction

The intervertebral disc is probably the part of human body most susceptible to damage. It is indeed highly strained throughout the day by the different activities and the constantly applied load of body weight. Each body movement is the result of a series of simple and complex actions accomplished by the different functional spine units (i.e. an intervertebral disc and two adjacent vertebrae) of the vertebral column. The range of motions and the amount of loads applied to each intervertebral disc depend on its spinal position [START_REF] Pearcy | Axial rotation and lateral bending in the normal lumbar spine measured by three-dimensional radiography[END_REF][START_REF] Panjabi | Mechanical behavior of the human lumbar and lumbosacral spine as shown by three-dimensional load-displacement curves[END_REF]. The most common back injuries are thus known to occur in the lowest lumbar spine units, especially L4-L5 and L5-S1 [START_REF] Panjabi | Mechanical behavior of the human lumbar and lumbosacral spine as shown by three-dimensional load-displacement curves[END_REF][START_REF] Ruberté | Influence of single-level lumbar degenerative disc disease on the behavior of the adjacent segments -a finite element model study[END_REF] due to a much higher load bearing. Experimental researches on the intervertebral disc mechanics have led to considerable observations of its response to simple loads (compression, torsion, flexion, extension and lateral bending) [START_REF] Brown | Some mechanical tests on thelumbosacral spine with particular reference to intervertebral discs[END_REF][START_REF] Markolf | Deformation of the thoracolumbar intervertebral joints in response to external load: a biomechanical study using autopsy material[END_REF][START_REF] Markolf | The structural components of the intervertebral disc. A study of their contributions to the ability of the disc to withstand compressive forces[END_REF][START_REF] Derrouiche | Osmo-inelastic response of the intervertebral disc[END_REF] or to complex loads (combination of two or more simple loads) [START_REF] Spenciner | The multidirectional bending properties of the human lumber intervertebral disc[END_REF][START_REF] Heuer | The relation between intervertebral disc bulging and annular fiber associated strains for simple and complex loading[END_REF][START_REF] Veres | The influence of torsion on disc herniation when combined with flexion[END_REF][START_REF] Derrouiche | How pre-strain affects the chemo-torsional response of the intervertebral disc[END_REF][START_REF] Feki | How osmoviscoelastic coupling affects recovery of cyclically compressed intervertebral disc[END_REF] aiming to better understand it and to potentially prevent dangerous degenerative cases from happening. In line with these experiments, a lot of finite element models simulating the disc motions were developed trying to predict the response of the disc tissue and observe its conduct under different scenarii that are difficult to establish experimentally [START_REF] Schmidt | The risk of disc prolapses with complex loading in different degrees of disc degeneration -a finite element analysis[END_REF][START_REF] Schmidt | Intradiscal pressure, shear strain, and fiber strain in the intervertebral disc under combined loading[END_REF][START_REF] Chevalier | A patient-specific finite element methodology to predict damage accumulation in vertebral bodies under axial compression, sagittal flexion and combined loads[END_REF]. Developing an accurate disc model is a very difficult task for several reasons: (i) complexity of the disc geometry with a shape and size changing with the spinal level and age [START_REF] Amonoo-Kuofi | Morphometric changes in the heights and anteroposterior diameters of the lumbar intervertebral discs with age[END_REF][START_REF] Kim | Changes in spinal canal diameter and vertebral body height with age[END_REF], (ii) complexity of the disc lamellar structure [START_REF] Cassidy | Hierarchical structure of the intervertebral disc[END_REF], (iii) complexity of the disc structure-properties relationship depending on the spinal level and the regional localization inside the same disc [START_REF] Ebara | Tensile properties of nondegenerate human lumbar anulus fibrosus[END_REF][START_REF] Holzapfel | Single lamellar mechanics of the human lumbar anulus fibrosus[END_REF], (iv) complexity of the interaction of the disc tissues with the surrounding environment [START_REF] Derrouiche | Osmo-inelastic response of the intervertebral disc[END_REF][START_REF] Urban | Swelling of the intervertebral disc in vitro[END_REF] and (v) variability in disc health state.

The most advanced research projects in the biomedical fields are seeking to build patientspecific models of human body organs [START_REF] Szilagyi | A patient specific electro-mechanical model of the heart[END_REF][START_REF] Asner | Patientspecific modeling for left ventricular mechanics using data-driven boundary energies[END_REF][START_REF] Weis | Three-dimensional image-based mechanical modeling for predicting the response of breast cancer to neoadjuvant therapy[END_REF][START_REF] Rama | Towards real-time cardiac mechanics modelling with patient-specific heart anatomies[END_REF][START_REF] Lauzeral | A model order reduction approach to create patient-specifc mechanical models of human liver in computational medicine applications[END_REF][START_REF] Razaghi | Risk of rupture of the cerebral aneurysm in relation to traumatic brain injury using a patient-specific fluid-structure interaction model[END_REF][START_REF] Grytz | A mesh-free approach to incorporate complex anisotropic heterogeneous material properties into eye-specific finite element models[END_REF]. To achieve this objective, the model should take full account real local disc microstructure of each patient and volumetric change of its geometry under mechanical loading. The latter can only be carried out using a microstructural constitutive model. Many models were proposed trying to reproduce the correct response of the disc under different motions by using simplified approaches neglecting the annulus heterogeneity [START_REF] Ruberté | Influence of single-level lumbar degenerative disc disease on the behavior of the adjacent segments -a finite element model study[END_REF][START_REF] Schroeder | Osmoviscoelastic finite element model of the intervertebral disc[END_REF][START_REF] Ehlers | An extended biphasic model for charged hydrated tissues with application to the intervertebral disc[END_REF][START_REF] Moramarco | An accurate validation of a computational model of human lumbosacral segment[END_REF][START_REF] Subramani | Fatigue damage prediction in the annulus of cervical spine intervertebral discs using finite element analysis[END_REF] or the interaction with the surrounding environment [START_REF] Shirazi-Adl | Stress analysis of the lumbar disc-body unit in compression. A three dimensional nonlinear finite element study[END_REF][START_REF] Natarajan | The influence of lumbar disc height and crosssectional area on the mechanical response of the disc to physiologic loading[END_REF][START_REF] Wang | A combined numerical and experimental technique for estimation of the forces and moments in the lumbar intervertebral disc[END_REF]. These models allowed the prediction of the global disc motion without a real relation with the microstructural components or real local response inside the same disc. More accurate representation of the disc geometry was then presented by dividing the annulus into subregions or into concentric lamellae [START_REF] Del Palomar | An accurate finite element model of the cervical spine under quasi-static loading[END_REF][START_REF] Adam | Inter-lamellar shear resistance confers compressive stiffness in the intervertebral disc: an image-based modelling study on the bovine caudal disc[END_REF][START_REF] Mengoni | Derivation of inter-lamellar behaviour of the intervertebral disc annulus[END_REF]. However, the existence of the interlamellar zones separating the adjacent lamellae was often omitted by the existing models or their role was only limited to sliding zones with either cohesive or non-cohesive features [START_REF] Adam | Inter-lamellar shear resistance confers compressive stiffness in the intervertebral disc: an image-based modelling study on the bovine caudal disc[END_REF][START_REF] Mengoni | Derivation of inter-lamellar behaviour of the intervertebral disc annulus[END_REF]. The interlamellar ground matrix connecting the different lamellae is a potential damage zone due to its weak non-fibrillar microstructure compared to the adjacent lamellae. They also contribute to the disc time-dependent mechanics, local displacement and strain [START_REF] Emanuel | Osmosis and viscoelasticity both contribute to time-dependent behaviour of the intervertebral disc under compressive load: a caprine in vitro study[END_REF][START_REF] Tavakoli | New findings confirm the viscoelastic behaviour of the inter-lamellar matrix of the disc annulus fibrosus in radial and circumferential directions of loading[END_REF] but are still largely unappreciated and neglected in most of the current models. The reproduction of a correct volumetric three-dimensional response remains the main common weak point of all previous models. Indeed, a constant Poisson's ratio (the material property characterizing the transversal strain behavior) in all planes of the disc was assumed with standard values between 0 and 0.5 of an isotropic medium. In recent contributions, apparent Poisson's ratios varying from negative values to values higher than 0.5 were disclosed in disc annulus [START_REF] Baldit | Experimental analysis of the transverse mechanical behaviour of annulus fibrosus tissue[END_REF][START_REF] Derrouiche | A chemo-mechanical model for osmo-inelastic effects in the annulus fibrosus[END_REF][START_REF] Derrouiche | The two Poisson's ratios in annulus fibrosus: relation with the osmo-inelastic features[END_REF][START_REF] Kandil | Interlamellar-induced time-dependent response of disc annulus: a microstructure-based chemo-viscoelastic model[END_REF][START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF].

The transversal strain behavior in disc annulus, attributed to the chemical-induced volumetric effects, was found different in the different disc planes due to interlamellar effect [START_REF] Derrouiche | A chemo-mechanical model for osmo-inelastic effects in the annulus fibrosus[END_REF][START_REF] Kandil | Interlamellar-induced time-dependent response of disc annulus: a microstructure-based chemo-viscoelastic model[END_REF].

This peculiar behavior should be taken into consideration in any model to reflect the real mechanics of the disc [START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF].

The objective of the present study is to propose a realistic human spine unit model that considers the interlamellar zones major contribution in the disc mechanics. The model should allow predicting the correct kinematic fields in the disc core while taking into account the most recent discoveries about the interlamellar zones and structure-properties relationships of the annulus. As a consequence, a realistic L4-L5 disc geometry is constructed from computerized tomography (CT) scans. The disc annulus is divided into anterior-posterior and inner-outer regions that are themselves subdivided into lamellar-interlamellar zones. The local mechanical-structure properties are described using a recently developed microstructurebased chemo-viscoelastic constitutive model which is implemented into a computer code by means of a set of subroutines. The regional dependency of the disc tissue is considered by associating each zone (interlamellar or lamellar) and region (anterior, posterior, inner or outer region) of the disc to its corresponding response based on the corresponding microstructural features (extracellular matrix, collagen and fluid). The model introduces experimentally-based fluid transfer kinetics of the tissue allowing a correct time-dependent transversal behavior of the lamellae and the interlamellar zones of the disc and henceforth of the complete disc. The model also considers the intrinsic viscosity of the disc extracellular matrix in the lamellar and interlamellar zones. The disc core is accessed for different simple and combined physiological movements. Displacement and shear strain fields of the disc mid-planes are observed and compared to direct MRI experiments from the literature. The interlamellar spots with the highest damage potentials are traced which cannot be done with the existing models or experimental techniques.

Numerical model of the human spine unit

Model construction and boundary conditions

In order to simulate the accurate volumetric behavior of the intervertebral disc, L4-L5 functional spine unit was modeled using CT data of a 34-years-old woman. The reconstruction procedure is summarized in Figure 1. The L4-L5 unit was constructed in 3DSlicer image processing and three-dimensional visualization software. They were then transferred into Catia V5 software for surface treatment by applying different smoothing and correction operations. Because the disc microstructure and properties differ from a zone to another with a radial and circumferential variation, the disc was divided into five main regions as shown in Figure 2: Anterior Outer (AO), Anterior Inner (AI), Posterior Outer (PO), Posterior Inner (PI) and Nucleus Pulposus (NP). The disc was divided into annulus and nucleus parts by assuming NP size to be about 50% of the disc volume [START_REF] Violas | Objective quantification of intervertebral disc volume properties using MRI in idiopathic scoliosis surgery[END_REF]. The annulus was then subdivided into seven lamellae separated by six interlamellar zones which correspond to the number of layers observed in [START_REF] Rannou | Biochimie et biologie du disque intervertébral[END_REF]. Finally, the divided disc was imported in MSC.Marc finite element software and meshed by tetrahedral elements (Figure 2). A perfectly glued connection was ensured for the contact between the vertebrae and the disc. The main objective of the current contribution is to access the disc core and observe the accurate movement of the mid-planes of the disc hardly accessible experimentally without damaging the disc and not the contact surfaces with the adjacent vertebras. For this reason, the accurate consideration of the disc/cartilage endplates/vertebrae was not considered. The respective behavior of each region and lamellar/interlamellar zone was applied by means of a set of subroutines that will be described later in details. As shown in Figure 3, five physiological movements are studied, namely, compression, torsion, flexion, extension and lateral bending.

All movements of the spine are combinations of these basic ones. The different physiological movements were reproduced by the finite element model by following the maximum ranges of motions observed experimentally [START_REF] Renner | Novel model to analyze the effect of a large compressive follower pre-load on range of motions in a lumbar spine[END_REF][START_REF] Jaramillo | Characterization of the L4-L5-S1 motion segment using the stepwise reduction method[END_REF][START_REF] Heuer | Stepwise reduction of functional spinal structures increase range of motion and change lordosis angle[END_REF]. The lower vertebra was fixed and the upper vertebra was controlled in displacement using the following values: for compression 1 mm, for torsion 2.2°, for flexion 6.7°, for extension 3.9° and for lateral bending 5.9°. Loading rates of 0.02 mm/s for compression and 0.2°/s for torsion were chosen in order to maintain quasistatic loading conditions. The relative position of the disc and the adjacent vertebrae was kept the same as the originally captured CT scans in order to guarantee a physiological movement of the spinal unit. The disc was considered to be immerged in a physiological saline solution of a 9 g/L concentration in order to guarantee a realistic osmotic swelling response of the disc.

Constitutive model

The disc soft tissues are represented using the microstructure-based chemo-viscoelastic model recently developed in [START_REF] Kandil | Interlamellar-induced time-dependent response of disc annulus: a microstructure-based chemo-viscoelastic model[END_REF]. The model integrates the elasticity of the rigid oriented type I collagen fibers, the viscoelasticity of the extracellular matrix and the fluid diffusion throughout the disc soft tissues. It allows a micromechanical treatment of the disc annulus, while taking into account the interlamellar matrix contribution to the volumetric behavior.

The model efficiencies to reproduce 3D mechanical paths of the local human lumbar disc annulus response were shown in [START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF]. The gelatinous nucleus is constitutively modeled as an extracellular matrix with no organized collagen fibers.

In what follows, we present a summary of the constitutive equations of the disc soft tissues.

The detailed formulation of the fully three-dimensional constitutive model can be found elsewhere [START_REF] Kandil | Interlamellar-induced time-dependent response of disc annulus: a microstructure-based chemo-viscoelastic model[END_REF].

Extracellular matrix

The extracellular matrix is the common solid phase of the different disc tissues including the lamellae of the annulus, the non-fibrillar interlamellar matrix of the annulus and the nucleus pulposus. The constitutive response of the extracellular matrix is described by the elastic and viscous free energy functions _ e ECM ψ and _ v ECM ψ given by a Gent expression [START_REF] Gent | A new constitutive relation for rubber[END_REF]: The viscous stretching rate v D is defined by the following general flow rule: The accumulated viscous strain rate v γ& takes the form of the Bergstrom-Boyce power law [START_REF] Bergstrom | Constitutive modeling of the large strain timedependent behavior of elastomers[END_REF]:
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B is the first strain invariant. Two additional parameters are involved: the extracellular matrix viscous multiplier constant d and the extracellular matrix viscous stretch- dependency constant m.

Oriented type I collagen fibers

The oriented type I collagen fibers are superimposed to the extracellular matrix of the lamellae with alternate orientation between successive lamellae. The elasticity of the collagen fibers is described by an elastic free energy function [START_REF] Cantournet | Micromechanics and macromechanics of carbon nanotube-enhanced elastomers[END_REF]:

( ) ( ) ( ) 2 2 2 2 _ 1 4 2 4 1 1 1 2 ln x y z e CF I II III A I A I A ψ λ λ λ = -+ -- (4) 
in which 4 = mech I C a a is the fourth strain invariant and, x y z = + + a e e e is the unit vector in the initial configuration, function of the fiber orientation. Two parameters are involved in the free energy function: the collagen fibers parameters 1 A and 2 A .

Swelling

The chemical-induced volumetric free energy function vol ψ due to internal fluid content variation is given by: ( ) 
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where β m is the fluid flow constant, lim f n is the maximum fluid content that could be reached inside the disc and (0)
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The total free energy is given by: ( )(

)
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in which CF φ is the amount of oriented type I collagen fibers.

Microstructure and model parameters

Each region is associated by the subroutine to its microstructure components in terms of initial water content, oriented collagen fibers content and orientation (see Table 1). The values were extracted from previous documented experimental findings [START_REF] Brickley-Parsons | Is the chemistry of collagen in intervertebral discs an expression of Wolff's Law? A study of the human lumbar spine[END_REF][START_REF] Koeller | Biomechanical behaviour of human intervertebral discs subjected to long lasting axial loading[END_REF][START_REF] Iatridis | Measurements of proteoglycan and water content distribution in human lumbar intervertebral discs[END_REF] for an age of 36 years old in order to be the most closely to the constructed geometry age. The set of volumetric-mechanical parameters have been calibrated in [START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF] and adapted in [START_REF] Kandil | A microstructure-based mechanistic modeling approach to assess aging-sensitive response of human intervertebral disc[END_REF] in order to incorporate the 36 years old microstructure at the scale of human annulus volume element using the circumferential uniaxial stress-strain data of Ebara et al. [START_REF] Ebara | Tensile properties of nondegenerate human lumbar anulus fibrosus[END_REF] along with the radial and volumetric strains of Baldit et al. [START_REF] Baldit | Experimental analysis of the transverse mechanical behaviour of annulus fibrosus tissue[END_REF]. They could perfectly reproduce the local experimental stress-strain, radial strain and volumetric strain responses of the different disc regions reported in Ebara et al. [START_REF] Ebara | Tensile properties of nondegenerate human lumbar anulus fibrosus[END_REF] and Baldit et al. [START_REF] Baldit | Experimental analysis of the transverse mechanical behaviour of annulus fibrosus tissue[END_REF] as illustrated in Figure 4. A quantitative evaluation of the predictive capabilities of the model showed also a good agreement with the biaxial data of O'Connell et al. [START_REF] O'connell | Human annulus fibrosus material properties from biaxial testing and constitutive modeling are altered with degeneration[END_REF] and the shear data of Iatridis et al. [START_REF] Iatridis | Shear mechanical properties of human lumbar annulus fibrosus[END_REF]. The values of the model parameters (for extracellular matrix, collagen and fluid) are listed in Tables 2 and3. They are used as direct input data in the complete disc model for the different disc annulus regions. Based on their perfect similarities in terms of microstructure and osmotic conduct under mechanical loading and as often reported in the literature [START_REF] Tavakoli | New findings confirm the viscoelastic behaviour of the inter-lamellar matrix of the disc annulus fibrosus in radial and circumferential directions of loading[END_REF][START_REF] Ortolani | Localization of different alcian blue-proteoglycan particles in the intervertebral disc[END_REF],

the nucleus swelling is supposed to have the same behavior as the inner interlamellar zones.

Results

Displacement fields

The displacement fields are plotted in Figure 5 

Strain fields

In Figures 6, the shear strain fields are plotted in the disc sagittal plane with and without compression. These plots allow to analyze the effect of the different movements on the lamellar-interlamellar interaction in the disc core. Globally, without compression, the average shear strain inside the disc is between 0.1 and 0.2 with higher values in the interlamellar matrix (between 0.3 and 0.4). The highest local shear strains are observed under compression, flexion and lateral bending. These high values (between 0.3 and 0.4) are mainly observed in the posterior interlamellar matrix of the inner and middle parts of the annulus under compression and lateral bending. Also, under flexion, high shear strain values are seen in both the lamellae and interlamellar zones of the middle annulus region (between 0.2 and 0.4). High negative shear strains are also observed in the inner anterior region but only for lateral bending (between -0.2 and -0.4). While combined with compression, the shear strain increases in the interlamellar zones of the inner posterior annulus for the different movements reaching values of 0.4-0.5. For extension and torsion, the middle lamellae are also subjected to high shear strains but remain relatively lower than those of the interlamellar matrix.

Discussion

Nucleus-annulus interaction

Experimentally, the nucleus-annulus interaction is very complex to examine because it requires the access to the disc core. Advanced texture studies have recently shown very important and promising results in the study of human organs such as bones, vertebrae and disc. They gave some indications about degeneration and damage initiation in disc [START_REF] Michopoulou | Texture-based quantification of lumbar intervertebral disc degeneration from conventional T2-weighted MRI[END_REF] and bones [START_REF] Oulhaj | Anisotropic discrete dual-tree wavelet transform for improved classification of trabecular bone[END_REF]. However, the lack of standardized scanning protocols represents an important limitation to the use of texture analysis [START_REF] Buch | Quantitative assessment of variation in CT parameters on texture features: pilot study using a nonanatomic phantom[END_REF]. As well, texture studies can give global information about the disc state and also about distinct damage forms such as disc bulging and herniation but cannot predict sophisticated local behavior of the interlamellar zones and critical zones before damage initiation yet. Hence, the analysis of the numerical displacement fields under different movements allows us to better understand how the load is transmitted from the nucleus to the different regions of the annulus. Relating the local displacement to strain fields also permits a better understanding of the disc functionality and the origin of the damage mechanisms affecting the disc. Under physiological disc displacements, we could see that the consideration of a correct structure, microstructure, non-symmetric thickness and relative position of the disc with respect to the adjacent vertebrae is mandatory as it could highly affect the local disc behavior. Under compressive loadings, although the force is transmitted perpendicularly to the disc, the nucleus movement is not circumferentially symmetric. Indeed, nucleus tends to move closer towards the anterior regions of the disc. This can be mainly explained by the anterior-posterior height difference, the anterior-posterior rigidity difference, the anterior-posterior swelling difference and the relative axial position between the lower and upper vertebrae. In addition, the interlamellar zone swelling is different from a disc region to another due to the different proteoglycans concentration and the initial water contents [START_REF] Kandil | Interlamellar-induced time-dependent response of disc annulus: a microstructure-based chemo-viscoelastic model[END_REF][START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF] which affects the transversal movement of the annulus fibrosus and the complete disc. The annulus-nucleus non-symmetric interaction under compression was also experimentally captured by many observations [START_REF] Meakin | Effect of removing the nucleus pulposus on the deformation of the annulus fibrosus during compression of the intervertebral[END_REF][START_REF] Meakin | The effect of partial removal of the nucleus pulposus from the intervertebral disc on the response of the human annulus fibrosus to compression[END_REF]. However, most of these experimental studies are established on spine units sectioned transversely through the middle in order to capture the interaction behavior. The incomplete spine unit would affect the annulus-nucleus response and could lead to non-accurate or even non-realistic results.

Moreover, symmetric fields are assumed affecting the validity and the reality of the disc local deformation. The last points highlight the importance of using the present heterogeneous numerical model coupled with realistic complete spinal units for an accurate analysis of the disc core fields. We can notice some important insights by comparing the displacement fields of the different movements. Under flexion and lateral bending, the strongest nucleus-annulus interaction is located in the neighborhood of the posterior and lateral posterior sides of the annulus. Knowing that inner part is the softest region [START_REF] Ebara | Tensile properties of nondegenerate human lumbar anulus fibrosus[END_REF][START_REF] Kandil | Interlamellar matrix governs human annulus fibrosus multiaxial behavior[END_REF] and subjected to the highest internal strains, the posterior inner region could be highly exposed to radial tears under these movements. Under extension, we can notice that, although the nucleus moves towards the anterior disc, the posterior annulus moves outward due to the small thickness of this region and due to the force applied by the adjacent vertebrae which are, in this part of the disc, relatively inclined and close to each other. The risk of damage could then highly increase when coupled with other movements that would drive the nucleus closer towards the posterior side of the disc. For the torsion movement, the nucleus-annulus interaction is almost similar all around the inner annulus but we can notice increasing relative displacement fields in the posterior outer lateral region due to its distant position to the disc rotation center which results in high shear in the lamellae and interlamellar zones of this region. The computed fields are in perfect accordance with those obtained experimentally by Costi et al. [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF] for compression and torsion. For flexion and lateral bending, the annulus shows similar motion but the experimentally obtained nucleus fields were not so clear, presenting no sufficient observable vectors.

Mechanical damage

Disc damage and tears are mainly related to high shear strains especially in the interlamellar zones of the annulus [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF][START_REF] Goel | Interlaminar shear stresses and laminae separation in a disc. Finite element analysis of the L3-L4 motion segment subjected to axial compressive loads[END_REF][START_REF] Iatridis | Mechanisms for mechanical damage in the intervertebral disc annulus fibrosus[END_REF]. For this reason, the shear strain fields were examined in details under the different physiological movements in order to detect the most deleterious movements for the disc. The exact locations of the highest strains are identified and related to existing disc damage mechanisms. The maximum shear strains detected for the different motions were similar to those observed in previous contributions [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF][START_REF] Masni | Biomechanical investigation on the influence of the regional material degeneration of an intervertebral disc in a lower lumbar spinal unit: a finite element study[END_REF]. Experimentally in [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF][START_REF] Masni | Biomechanical investigation on the influence of the regional material degeneration of an intervertebral disc in a lower lumbar spinal unit: a finite element study[END_REF], the highest shear strains are observed in the posterior region under compression, torsion, flexion and lateral bending which corresponds perfectly to the present numerical results. However, contrary to our model, the experimental results could not determine the exact lamellar or interlamellar position of the highest shear inside each region which does not allow an effective interpretation and relation of these strains to possible damage mechanisms.

By attentively examining the numerical fields, we can notice the following facts. The average shear strain observed throughout the disc under the different movements was between 0.1 and 0.2 showing the same trends usually obtained by experimental observations. A maximum local shear strain concentration was identified in some posterior zones between 0.3 and 0.5 which is in accordance as well with the maximum shear strains experimentally observed [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF][START_REF] Wang | Measurement of geometric deformation of lumbar intervertebral discs under in-vivo weightbearing condition[END_REF]. The highest shear strains were identified for most of the movements in the inner and middle interlamellar zones and the middle lamellae of the posterior region annulus, suggesting increasing the possibility of damage initiation and tear creation in these zones. Under simple movements, the most dangerous applied loads were simple compression, flexion and lateral bending. The highest shear strains were observed under lateral bending then simple compression and flexion. As reported experimentally in the literature [START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF], the lowest shear strains in our simulations appeared under torsion which could be explained to the small physiological rotation angle. The small observed shear strains might indicate that torsion is a non-dangerous movement to the disc. However, when torsion was coupled with compression, which reflects the real loading condition applied to the human disc quasi-permanently compressed by body load, shear strains were extremely amplified. The compression coupled with the different physiological movements was seen to increase the shear strains in inner and middle posterior disc region especially under torsion, lateral bending and flexion but also with a smaller manner for extension. By comparing the simple and combined loading results, we can conclude that, for both cases, the flexion and lateral bending are always found to cause the maximum shear strains with the highest shear strains in the middle and inner posterior lamellae and interlamellar zones. But their effects became more intense with compression increasing the risk of damage. On the other side, the torsion movement that was initially without any noticeable risk to the disc, when combined with compression showed very important posterior interlamellar and lamellar shear strains that could even exceed those generated under flexion and lateral bending representing a prime risk to the disc health and functionality. The shear strain under extension increased as well in the middle and inner posterior lamellae and interlamellar zones but in a slightly smaller manner compared to other movements. These results are in line with many studies in the literature [START_REF] Qasim | Initiation and progression of mechanical damage in the intervertebral disc under cyclic loading using continuum damage mechanics methodology: a finite element study[END_REF][START_REF] Shahraki | Failure criteria for prediction of clinically relevant damage of annulus fibrosus[END_REF], where the risk of intervertebral disc failure was found to highly increase when simple physiological movements were combined with compression under monotonic and cyclic repetitive loadings.

We can conclude from these results that under the daily physiological activity, the disc is constantly and all over the day subjected to very high inner and middle posterior shear strains under the different movements, and not only a part of them, increasing then the risk of disc delamination and failure propagation in the radial direction of the disc [START_REF] Tamoud | A multiscale and multiaxial model for anisotropic damage and failure of human annulus fibrosus[END_REF]. The latter conclusion explains and confirms the observations of Wade et al. [START_REF] Wade | How healthy discs herniate[END_REF][START_REF] Wade | A more realistic disc herniation model incorporating compression, flexion and facet-Gelatinous NP core and concentric layers Meshing in MSC[END_REF] who found that disc damage often initiates in the posterior mid annulus of the disc. 

  , respectively1 . Four parameters are involved in the free energy functions: the small-strain tensile modulus E (identified from the low-strain region of the stress-strain curve), the parameter max 1 I related to the limiting extensibility of the proteoglycans network (identified from the stress-strain curve region where the stress increases in an exponential way) and, two viscous parameters, v E and max 1v I , related to the time-dependent response of the extracellular matrix deviating from the equilibrium path (i.e. the time-independent part of the stress-strain response).

  ) in which v γ& is the accumulated viscous strain rate and v N is the direction tensor of viscous flow aligned with the viscous Kirchhoff stress tensor v τ and v τ is the effective viscous Kirchhoff stress by the Frobenius norm. 1 The viscoelastic-volumetric coupling is realized by the introduction of intermediate configurations to employ the multiplicative decomposition concept. The total deformation gradient tensor mech vol = F F F is decomposed into mechanical and volumetric parts and, the mechanical part mech e v = F F F is further decomposed into elastic and viscous parts.

  the stretches along the principal axes of the fibers. The term T mech mech mech = C F F is the mechanical part of the right Cauchy-Green deformation tensor and 1 2 3

  the deformation gradient tensor F and k is the bulk modulus. ξ is a dimensionless transportation coefficient and η is a dimensionless free swelling coefficient (equal to 0.5 in the case of physiological salt condition).The kinetics of the internal fluid content m f n is given by:

  for the different physiological movements and compared with the stero-radiographic experimental fields of Costi et al.[START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF]. An overall view of the displacement vectors allows getting a basic insight about the nucleus migration and the annulus-nucleus interaction. The nucleus tends to move closer towards the anterior disc under compression or extension but with a distinct annulus response for these two movements. The highest annulus displacement values are observed in the anterior disc upon compression and in the posterior disc upon extension. Under flexion, the nucleus moves closer towards the posterior disc and the annulus maximum displacement is observed in both anterior and posterior regions. Under lateral bending, the nucleus moves towards the lateral disc. Under torsion, the nucleus turns around in a similar manner in the different disc circumferential regions leading to a homogeneous distribution of the displacement vectors fields in the nucleus. The lateral outer annulus regions are the most extended due to their position which is the furthest from the disc rotation center. By comparing the different movements, we can notice that the highest displacement values are observed for compression and lateral bending and as the lowest displacement values are for torsion. It is very satisfactory to observe that the computed fields are in excellent agreement with stero-radiographic experimental fields of Costi et al.[START_REF] Costi | Direct measurement of intervertebral disc maximum shear strain in six degrees of freedom: motions that place disc tissue at risk of injury[END_REF] for the different physiological movements.
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Appendix A

The chemo-viscoelastic constitutive model was implemented by means of a series of subroutines. A hyperelastic subroutine was coupled to a viscous subroutine and to a volumetric subroutine in order to reproduce the viscoelastic material response and the volumetric strain vol ε induced by free-swelling and mechanical deformation. A total Lagrange formulation was adopted for the present calculations. When the total Lagrange is selected, MSC.Marc software deals with the second Piola-Kirchhoff stress S and the Green-Lagrange strain E . An updated Lagrange formulation could be also used and in that case the software would deal with the Cauchy stress σ and the logarithmic strain ( ) ln F . A flowchart showing the connection between the different subroutines is presented in Figure A1.
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Totally fixed Applied dispacement Applied angle