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Abstract

In the present article, a fully three-dimensional human annulus fibrosus model is developed
by considering the regional variation of the complex structural organization of collagen
network at different scales to predict the regional anisotropic multiaxial damage of the
intervertebral disc. The model parameters are identified using experimental data considering
as elementary structural unit, the single annulus lamellae stretched till failure along the micro-
sized collagen fibers. The multi-layered lamellar/inter-lamellar annulus model is constructed
by considering the effective interactions between adjacent layers and the chemical-induced
volumetric strain. The regional dependent model predictions are analyzed under various
loading modes and compared to experimental data when available. The stretching along the
circumferential and radial directions till failure serves to check the predictive capacities of the
annulus model. Model results under simple shear, biaxial stretching and plane-strain
compression are further presented and discussed. Finally, a full disc model is constructed
using the regional annulus model and simulations are presented to assess the most likely
failed areas under disc axial compression.

Keywords: Annulus fibrosus; Regional dependence; Multiscale structure; Multiaxial damage

and failure.
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1. Introduction

The annulus fibrosus of the intervertebral disc is probably one of the most extraordinary
composites that the nature produces. The annulus soft tissues exhibit an organized structural
arrangement of collagen network at different scales of hierarchical organization [1-5]. The
detailed information was only appreciated very recently [6-13]. The structural arrangement of
collagen network varies throughout the disc which leads to a regional variation of its
mechanics. In this regards, various damage and failure mechanisms operate in the different
disc regions [14-16]. In order to prevent all kinds of sudden disc injuries, it is necessary to
understand the failure risks considering the regional variation under various static loading
conditions. Fruitful experimental studies have been undertaken over the years allowing the
assessment of the annulus intrinsic constitutive response in relation to disc region and
mechanical loading [17-20]. Modeling multiaxial damage regional variation in annulus can
provide a better understanding of the failure onset and location in the disc, beyond
experimental observations. Modeling mechanics of the healthy annulus was developed in
several papers considering different approaches as physically realistic as possible, to name a
few recently published [21-29]. The quantitative prediction of the annulus damage is less
reported. Damage criteria were proposed to predict annulus failure under different loading
conditions [30-33]. Nevertheless, the interest of this approach is questionable because it is
intrinsically decoupled from the intrinsic properties and disconnected from the real
microstructure and its evolution. The progressive loss of collagen network integrity implies a
damage accumulation in annulus [34]. Proper description of damage and failure requires to
consider the latter that can be introduced in continuum-based models. Mengoni et al. [35]
developed a damage model for the non-fibrillar matrix restricted to the anterior annulus

stretched in the radial direction. Later, Gao et al. [36] and Ghezelbash et al. [37] proposed a



damage model considering only the collagen fibers failure as local damage event. Tamoud et
al. [34] developed a damage model considering the multiscale failure due to network
hierarchical organization. The chemical-induced volumetric effects on the structure-damage
relation were also introduced to consider the hydration state effects. Nonetheless, our previous
work in [34] disregards the regional variation while it is the prerequisite condition to any disc
prediction. The directional effects due to the structural arrangement along with the regional
dependence make damage prediction a challenging task that still remains largely an open
issue. To date, no constitutive model has been proposed to predict the multiaxial mechanics of
the annulus fibrosus while the regional dependence of the relation between structure and
damage is taken into consideration.

The main objective of this work is to formulate a fully three-dimensional constitutive
representation of the annulus fibrosus to capture the regional dependence of the structure-
damage relation. In order to reproduce the multiaxial loadings as close as to those undergone
in-vivo by the annulus fibrosus, the material representation considers the complex collagen
network arrangement of each disc region. To consider the progressive deformation-induced
changes in the tissue, the model introduces the stretch-induced network re-orientation as well
as the network damage leading to final failure. The model is identified at the scale of single
annulus lamellae stretched along the fibers main direction. The regional dependent model
predictions are then analyzed under various loading modes at the scale of multi-lamellae and
compared to experimental data when available. The human annulus constitutive model is
finally used to predict the heterogeneous mechanics of a full disc model.

The outline of the present paper is as follows. The constitutive model is fully described in
Section 2. Section 3 presents the constitutive model identification and predictions. Full disc
model predictions are presented and discussed in Section 4. Finally, remarks and conclusions

are given in Section 5.



The following notation is used throughout the text. Tensors and vectors are respectively
denoted by normal boldfaced letters and italicized boldfaced letters, while scalars and
individual components of vectors and tensors are denoted by normal italicized letters. The

superposed dot designates the time derivative.

2. Model formulation

We propose here a two-step strategy consisting in single lamellae identification followed by
multi-lamellae multiaxial predictions as illustrated in Fig. 1. The required model parameters
are identified on axial tests performed along the micro-sized collagen fibers of single annulus
lamellae extracted from the different disc regions (AO: Anterior-Outer, Al: Anterior-Inner,
PI: Posterior-Inner, PO: Posterior-Outer). Beyond taking into account the regional effect, this
identification strategy is a valuable difference with our previous work [34] in which the model
identification had been performed at the scale of multi-lamellae. In this paper, after its
identification at the scale of single lamellae, the model is then verified by comparing its
prediction with the experimental data of multi-lamellae performed under multiaxial loading.
Uniaxial (UA), simple shear (SS), biaxial (BA) and plane-strain compression (PSC) tests are

all being considered.

2.1. Multiscale structure

The model considers the hierarchical organization of the solid phase starting from the
nanoscale [12-13] as well as its regional variation. As schematically represented in Fig. 2, the
disc annulus is a multiple-network medium in which the organization in terms of orientation
and distribution is regional dependent. The annulus consists in concentric lamellae (LM)
reinforced by micro-sized type-I oriented collagen fibers (OCF). Two adjacent LM are

connected by an inter-lamellar (ILM) matrix. A network of nano-sized elastic fibers (NEF)



connects both two OCF and two adjacent LM between them [1, 4]. The network of OCF and
NEF will be described geometrically with respect to the global benchmark of the disc,
respectively, with the angle @ with respect to the circumferential direction and with the angle

{ with respect to the radial direction in the parallel plane of the fibers. Quantities and

orientations of the constituents can be found in the Supplementary Information. The latter is

based on well-documented papers for the four main disc regions [11-12, 17-18, 38-39].

2.2. Damaged free energy functions

The randomly oriented proteoglycan macromolecules of the extracellular matrix (ECM), the
OCF and the (inter-fibrillar and inter-lamellar) NEF are all being considered to model the
solid phase. Each individual component is assumed as isotropic, homogeneous,
incompressible and hyperelastic body. During the mechanical loading, the initiation and
propagation of damage occur through a continuous evolution over the entire loading history.
A damage variable d is introduced to provide a mathematical description of the local damage
events occurring within the collagen network. Their progressive evolution is given by an

expression following a two-parameter Weibull statistical distribution governed by the internal

stress:
d=1-exp —{Hj (D
B
in which o and [ are two damage parameters and ||P| = tr(PPT) is the Frobenius norm

of the effective first Piola-Kirchhoff stress P of the individual solid component (ECM, OCF
and NEF).

The damage variable d varies between O for the virgin state and can increase up to 1 in the
case of fully damaged (cracking) state. It is taken as a monotonic increasing function of

loading, i.e. the damage is considered as an irreversible phenomenon without possible
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recovery. Note that the anisotropy of the damage mechanisms developed in the annulus is due
to the collagen network organization. The model is based on the general damage mechanics
framework for the hyperelasticity theory that introduced hyperelastic laws derived from free

energy functions [40-41]. The mechanical free energy W, , is expressed as a function of the

mech

ECM free energy W,,, and the collagen networks free energies W, and W, :
Wioeen = (1 ~dpey ) GecnWeenm * (1 —d, ) BoerWo + Z (1 - dz,a ) aw, 2
7

where d d, and d, are the damage variables that degrade the internal stiffness of

ECM >

chem

respective components, @y, = Gews o / J jem 18 the ECM volume fraction, @ =@r , / J
is the OCF volume fraction, ¢, =@ @, is the fibrils volume fraction calculated using the
NEF volume fraction @ = @yr o / J .m0 @ layer and the volume fraction of fibril bundles

@ in a layer dependent on /7 with Z% =1. The terms @..,, o> @er o and @, , are the
n

volume fractions at the chemical equilibrium state. The term J, is the chemical-induced

chem
volumetric change.
The set of free energies must be prescribed for each component of the solid phase. The

simple Neo-Hookean formulation is employed for the ECM free energy w, ., :
_1 7
Wien = EGECM (11 _3) 3)

in which G

oy 18 the ECM shear modulus and 1, =tr (Cmech) is the first stretch invariant of

T
mech — - mech** mech *

the right Cauchy-Green deformation! C

The collagen response exhibits ‘toe’ and ‘linear’ regions as described in Fig. 3. The ‘toe’

region is due to the collagen straightening during stretching that is followed by the “linear”

! The chemo-mechanical coupling is considered by the multiplicative decomposition of the total deformation

and F

mech *

gradient F=F

chem

.F,.., into chemically-induced volumetric and mechanical parts F

chem
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region when the undulations disappear. The free energies W, and W, are expressed by two

distinct relations below and above /1;#, to describe the transition between ‘toe’ and ‘linear’

regions:
(= 1C - 2 *
Wy, =H(T,q, 1) {EF exp|C,(T,, 1) )—1” Aoy <Ny )
2
We,z// =H (749,1// _1) |:%(749,¢/ _74*9,1//)2 + ZH,:// (749,:// _Ve,z//)} /]9,1// 2 /];,w )

where C,, C, and C, are material constants, H (-) is the Heaviside function, ¢ 0w and Vou

are functions that ensure continuity between ‘toe’ and ‘linear’ regions:

] ] 2
oy =C(Tig, —l)exp(Cz(lww -1) ) (6)
T C —x 2
Voy = Ligy _—2C } exp(C2 (149#, —1) )—1) (7
286y

The fourth stretch invariants 7,, and 741// are given by:

I,,=a.C,, ,a=A,and I,,=b.C,,.b=4, (8)

*~ mec *~mech* [
where @ and b are the unit vectors expressed in the Cartesian coordinates by:

a=cosfx +|sin t9|y and b = |cos Hcost/l|x + |sin Gcosy |y +siny z ©))
The term wa is the fourth stretch invariant for A,, =A,,. The two angles follow the

following geometrical relations to consider stretch-induced re-orientation of the OCF and

NEF networks:

A
~tan (v, ) W, <90°

f

tan(@) = tan(Ho)% and tan (lﬂ) = (10)

* 180° +j—ztan (w,) w,>90°
S



where €, and ¢, are the angles in the initial configuration, A, A, and A, are the principal
stretches, respectively, in the circumferential (x), axial (y) and radial (z) directions, and A ;I8

the stretch in the OCF direction. The re-orientation allows to update the fourth invariant by
considering the current fibers orientation in the deformed configuration [20, 24, 42].

The hydration state of the annulus soft tissues due to internal fluid content variation by
osmosis has a considerable effect on the disc mechanics [43-46] and especially on the failure

response [47]. The chemical free energy W, =~ takes the following form [28]:

Woem = Buaia %%(GXP(K2£3hem_d) _1) (11)
2

where @,., =1=@.c,y ~Bcr — Gy 18 the volume fraction of the fluid phase, K, and K, are

material constants, K, and K,/K, being the initial and maximal volumetric stiffness values,

respectively, and &

siem_a 18 the damaged chemical-induced volumetric strain. The latter
quantity must be connected to the damage accumulation due to progressive local failure

events. The following relation is used [34]:

Eotem_d zgchem(l_dECM)(l_dﬁ)(l _%idwl (12)
y

with &

chem

=det(F,,,)-1.

In virtue of the chemo-mechanical coupling, the total free energy W can be additively split

into a mechanical part W

mech

and a chemical part W

chem

:w=w,_.+W, . The multi-layered
lamellar/inter-lamellar annulus model is constructed by considering the compatibility

conditions to be respected between adjacent layers. Some details are provided in the

Supplementary Information.

3. Simulation vs. experiments



In this section, after its identification using available experimental data, the predictability of
the above-described model is discussed. The constitutive equations were coded in MATLAB

software and reduced to different loading forms.

3.1. Single lamellae identification
The intrinsic constitutive response of the annulus under UA loading was experimentally
determined by Skaggs et al. [38] and Holzapfel et al. [39] on single annulus lamellae stretched
along the fibers main direction. Fig. 4 shows the computed results for the identification of the
OCF properties for the different disc regions. The identification was performed numerically
using the MATLAB software to minimize the following objective function:
p h D 2
o, =12£M] (13)
Pa Py

in which the letters with an overbar denote the experimental data with o the number of

considered data points. Table 1 provides the obtained values for the OCF properties. Note that
the regional dependence of the single lamellae stiffness is explained by a difference in the
initial undulated state and the OCF content [38-39]. This structural difference is reflected by
distinct values. The other model parameters are extracted from [34] and are listed in Table 2.

The simulated curves of the single lamellae are in good agreement with the experiments of
Holzapfel et al. [39]. The results are shown until the complete loss of OCF load-bearing
capability in order to compare the ultimate points with the experimental data of Skaggs et al.
[38]. Except PI, it can be observed that the simulated stress and strain thresholds fall within

the experimental standard deviation intervals.

3.2. Multi-lamellae multiaxial predictions



Table 3 presents the range of mechanical paths used to check the predictive capacities of the
multi-lamellae model. It includes UA stretching in the circumferential direction, UA
stretching in the radial direction, SS loading, BA stretching and PSC loading?. Except the
latter loading (in which the sample is confined in the radial direction), the samples are loaded
in specific directions while the others are free. All the samples are considered to be immersed
in a physiological solution at a concentration of 0.15 M NaCl. When experimental data are
available, a quantitative comparison with the model results is presented. The dimensions of
the annulus specimens are given in Table 3 for the different loading conditions and disc
regions.

The multi-lamellae predictions are presented in Figs. 5 and 6 for UA stretching along the
circumferential direction. The simulated stress-stretch curves are compared with the typical
experimental curves presented by Ebara et al. [18] in Fig. 5a. Considering the important
variability in the experimental annulus response and that these experimental data are typical
results (without statistical analysis), the model-experiments comparison can be considered as
acceptable. In accordance with experiments, the outer regions have much higher stiffness than
the inner regions, due mainly to regional variation in OCF angle. The simulations are
conducted until stress drop corresponding to the failure stage. The simulated ultimate
properties are reported in Fig. 5b and compared to the failure points with their standard
deviation intervals extracted from the works of Acaroglu et al. [17] and Ebara et al. [18]. The
failure strain predictions fail within the standard deviation intervals. Although the predicted
failure stress can be found outside the experimental intervals, the predictive trends provide a
regional difference in agreement with the experimental data. This important result confirms

that the model provides a quite proper description of the regional effects on the relationship

2 These different loadings are representative of the disc mechanics. UA stretching along the circumferential
direction and PSC are representative of the disc axial compression [48]. UA stretching along the radial direction
may be related to the disc shearing whereas SS may be related to the disc axial twist. BA stretching may be
caused for example by a disc bending (i.e. flexion, extension and lateral flexion) [49].
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between the actual microstructure, the damage events and the macroscopic ultimate
properties. Recall that the model connects macroscopic response and hydration (volumetric)
effects. The capacity of the model to capture the regional variation of the transverse responses
is shown in Fig. 6. The LM-ILM interaction highlights the crucial role that the OCF regional
orientations play in the transverse response [25]. In particular, regarding the possibility of an
apparent auxeticity manifested by the positive transversal strains of the lamellae plane [50].

Thanks to the incorporation of the actual nanostructure materialized by the network of fibrils,
the model can predict the regional behavior of the annulus in the radial direction. Fig. 7a
shows the multi-lamellae stress-stretch responses under UA stretching along the radial
direction. Again, the simulations are conducted until the appearance of the stress drop. The
experimental data of Fujita et al. [19] are reported in Fig. 8 to further verify the model
predictive capacities. Both moduli and ultimate properties fall within the experimental
standard deviation intervals of Fujita et al. [19]. By taking into account accurately the
connections between layers, the model allows also to predict the shearing resistance. Fig. 7b
shows such predictions for which it can be observed a strong regional dependence. In addition
to amount, type and orientation of the collagen network, the regional variation of the NEF
arrangement leads to different predicted stiffness and failure thresholds according to the disc
region. The connection of collagen network between lamellae from nanoscale made it
possible to represent precisely the damage processes in the LM and ILM connections in the
different annulus regions. The model shows that the different regional thresholds of radial and
shear failures are caused by the regional arrangement of the NEF. These results are in
agreement with the qualitative data analyzed in Fujita et al. [19]. Indeed, it was reported from
image analysis that inter-layer connections such as NEF contribute to the annulus radial

resistance [2, 51].
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The directional effects are quite well captured by the model, especially the much higher
stretchability along the radial direction than along the circumferential direction. The BA
stress-strain responses are presented in Fig. 9 for different strain ratios (= circumferential
strain : axial strain, {1:1, 1:2 and 2:1}). In order to further evidence the directional effects,
Fig. 10 presents the PSC stress-stretch responses for different strain ratios. The strain ratio has
an important effect on the stiffness and the ultimate properties, with a stronger effect on the
axial properties than the circumferential ones. The posterior zones show higher stiffness than
the anterior zones. That can be justified by the fact that the OCF angles are close to 45°, and
that the forces are well shared according to the two loading directions (circumferential and
axial). Although the location was not indicated in the paper of O’Connell et al. [20], it is
satisfactory to observe that the BA predictions of the inner parts are in acceptable agreement
with their typical experimental curves. The model indicates that the damage first initiates in
the posterior zone. This result is actually found for all examined loading modes. PO has
indeed a weak circumferential stretchability compared to other regions, as shown in UA
stretching along the circumferential direction (see Fig. 5) and in BA stretching (see Fig. 7).
That explains why PO exhibits a low ductility in PSC as observed in Fig. 10. Indeed, once PO
reaches the circumferential failure, the axial failure occurs. As a consequence, PO shows a

very low failure axial stress.

4. Full disc model
In this section, predictions of a full disc model are presented using the regional dependent
constitutive representation of multi-lamellae and local damage mechanisms are clarified in

order to get a basic insight about the starting areas of failure modes.

4.1. Disc construction and boundary conditions
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A lot of finite element disc models were developed in the literature [26-27, 30-33, 52].
Beyond fundamental differences in the constitutive representation of the disc tissues, the time
of model design and the time of calculation remain the main common weak points of all
previous disc models. In the final objective to create time and cost-efficient patient-specific
models of human discs, the present disc modeling strategy is purely analytical and again
coded in MATLAB. The volume element of multi-lamellae, constitutively designed in the
Cartesian space (x, y, z), was transferred to the Cylindrical space (r, &, z) in order to consider
the full disc geometry as illustrated in Fig. 11a. From the theoretical point of view, the
constitutive equations were re-written within a finite-strain kinematic framework in
Cylindrical coordinates. The reader is referred to the work of Holzapfel et al. [53] for the
general theory on tube-like solid mechanics. In the present paper, we restrict the loading to a
uniaxial compression at the disc external boundary. The disc is thus seen as a cylindrical solid
loaded in compression on the superior surface and with a pressure in the cylindrical internal
wall (Fig. 11b). The latter simulates the nucleus swelling applied to the internal wall of the
disc annulus; the applied vertical axial displacement was translated to an internal pressure by
considering the nucleus bulk modulus. The regional variation in structure and properties of
the disc annulus was taken into account using the constitutive representation of each human
annulus region. In order to ensure smooth transitions of the microstructural features (ECM,
NEF, OCF and fluid) and properties from a disc annulus region to another, with a radial and
circumferential variation, linear interpolations were considered using the data provided in the
Supplementary Information. An angular increment d8of 1° was chosen for the spatial
discretization in the circumferential direction. Note that the number of layers determines the
radial discretization.

An anatomically accurate three-dimensional model of a lumbar disc at the L1-L2 level was

constructed using quantitative anatomical data taken from the work of Holzapfel et al. [39].
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The L1-L2 disc geometric contours were approximated using special mathematical functions
considering especially non-symmetric thicknesses and heights (Fig. 11a). Note that they may
be adapted to consider the shape and size-changing with the spinal level and age [54]. The
annulus was subdivided into 15 different lamellae (separated by 14 ILM zones) according to
the L.1-L2 disc dimensions provided by Holzapfel et al. [39]. The annulus size is considered to
be approximately 50% of the disc volume [55]. It is worth noticing that a notable difference
exists between in-vivo and in-vitro responses regarding fluid exudation. In-vivo, the healthy
disc completely recovers its height and intradiscal pressure after long diurnal loading. In-
vitro, several studies reported losses in the disc height and intradiscal pressure [46]. The
chemical-induced volumetric strain was then affected by a multiplying factor. Several
numerical simulations were performed with different values of the multiplying factor ranged
from O to 100%, and a value of 50% was retained in the present work. During the simulations,
a vertical axial displacement was applied on the superior surface while the inferior surface
was constrained (Fig. 11b). The simulations were performed at a displacement rate of 0.01

mm/s in order to maintain quasi-static loading conditions.

4.2. Damage fields

The damage process in the disc core simulated by the model is recorded in Fig. 12 by
differentiating the damage of the different solid constituents (ECM, NEF and OCF). That
permits a better understanding of the origin of the damage mechanisms affecting the disc and
existing at different scales, nanoscale for ECM proteoglycan macromolecules and for NEF
network and microscale for OCF. A global view at the contour plots shows that damage
progressively increases in intensity and in extent as the applied compression increases, which
is accompanied by a disc volumetric change and an annulus-nucleus non-symmetric

interaction. The different damage mechanisms may co-exist at the same time and initiate at
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different locations. Remind that, in the present model, damage initiation and propagation are
dependent on structure-property regional variation but also on the variation in displacement
fields due to local differences in disc height. The highest damage zones in OCF are mainly
observed in the anterior outer/lateral anterior ring. Excessive damage accumulation in these
zones suggests the possibility of tear creation that may lead to an anterior herniation as
experimentally reported in [14, 56-57]. Besides, the ECM and NEF damage patterns are
presented in the two layers in order to appreciate the specific role of the ILM matrix and
compare it to the adjacent LM. For both ECM and NEF, two critical zones appear in the
lamellae on either side of the annulus with very low intensities. With relatively higher
intensities, critical damage spots in the ILM matrix (for both ECM and NEF) are firstly
located in the anterior side of the annulus and are then progressively more likely located in the
neighborhood of the anterior inner part of the annulus. Quite interestingly, a confined
distribution of the ILM damage can be observed in the lateral anterior inner and posterior
inner sides of the annulus. The distribution of the fibrils in LM and in ILM makes the damage
anisotropic. To illustrative this model capacity, the damage of the fibrils is plotted in Fig. 13
for two localities taken in posterior and anterior sides of the inner annulus (close to the
annulus-nucleus interface), respectively, in LM and in ILM. The contour plots are plotted in a
dial (90° representing the radial direction) in such a way that the directional effects can be
observed during continuous loading. Whereas the damage in LM is confined to small degrees
around the radial direction, with an onset at relatively important applied displacements and a
relatively low intensity, the damage in ILM is developed earlier, it is more diffused and it is
more intense. The damage in ILM is often judged as one of the most dangerous disc failure
modes with the highest risk of disc delamination and failure propagation in the radial

direction of the disc as experimentally reported in [14, 56-57].
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5. Discussion and concluding remarks

In the present paper, a novel human annulus model was proposed to constitutively relate the
regional variation in structural arrangement of collagen network at different scales and the
multiaxial mechanics till failure. The model provides a useful tool to predict a variation of the
annulus stiffness and ultimate properties with both disc region and loading mode. The
different loading modes were simulated and chosen to better understand the regional behavior
until the failure of the solid components in interaction with the chemical-induced volumetric
response. The capabilities of the model were analyzed and an acceptable agreement between
predicted values and experimental data was highlighted. A full disc model was constructed
using the regional dependent constitutive representation of multi-lamellae and damage fields
in the compressed disc were analyzed to assess the areas where the risk of failure is the
highest.

The present model can be considered as the stepstone for the long-term prediction of the disc
dysfunctions. During different complex loading scenarios of the spine, the disc dysfunctions
may occur either by: 1) mechanical damage due to a high level of loads [17-18] or relatively
moderate loads repeated several times which cause damage accumulation [30, 33, 58-59], ii)
by an age-related biological degeneration [60-62] or by the cellular disorders, including the
cell death, the production of inflammatory mediators and a shift towards catabolism [63-65].
Nonetheless, it is difficult to identify or precisely model the disc failure taking into account
the two causes of dysfunction at the same time. Since our study is based on the in-vitro
annulus results, it cannot be directly extrapolated to the in-vivo disc response. Indeed, the
understanding of the disc mechanobiology must be taken into account by the model
considering especially nutrition and cellular activity along with degenerative aspects [63-65].
The model could be then a real help to provide solutions for remodeling and self-healing

response of the disc tissues [66-69]. Moreover, the near-field direct local interactions within
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the collagen network and the ECM ought to be treated through either the incorporation of a

supplementary energy term [70] or a mean-field approach [71].
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Table captions
Table 1. OCF parameters.
Table 2. ECM, NEF and swelling parameters.

Table 3. Loading modes for the multi-lamellae.



Figure captions

Figure 1. Two-step strategy consisting in annulus model identification using single lamellae
extracted from different disc regions followed by multi-lamellae annulus model predictions for
multiaxial elementary loading modes representative of the spine movement.

Figure 2. Multiscale view of the intervertebral disc annulus. The organization, in terms of
orientation and distribution, of this multiple-network medium is regional dependent.

Figure 3. Phenomenon of reorientation of collagen fibers.

Figure 4. Single lamellae identification for the different disc regions: (a) stress-stretch responses
(lines: model simulations, symbols: experimental data of Holzapfel et al. [39]), (b) ultimate
properties (bars: model simulations, symbols with standard deviation intervals: experimental
data of Skaggs et al. [38]).

Figure 5. Multi-lamellae UA predictions along circumferential direction for the different disc
regions: (a) stress-stretch responses (lines: model simulations, symbols: experimental data of
Ebara et al. [18]), (b) ultimate properties (bars: model simulations, square symbols with
standard deviation intervals: experimental data of Ebara et al. [18], circle symbols with standard
deviation intervals: experimental data of Acaroglu et al. [17]).

Figure 6. Multi-lamellae transverse responses under UA circumferential stretching for the
different disc regions (solid lines: fibers plane, dashed lines: lamellae plane): (a) model results,
(b) experimental data of Baldit [50].

Figure 7. Multi-lamellae stress-stretch responses under (a) UA radial stretching and (b) SS
loading for the different disc regions (lines: model simulations, circle symbols: experimental
data of Fujita et al. [19]).

Figure 8. Multi-lamellae UA predictions along radial direction for the different disc regions: (a)
moduli, (b) ultimate properties (bars: model simulations, circle symbols with standard deviation
intervals: experimental data of Fujita et al. [19]).

Figure 9. Multi-lamellae stress-stretch responses under BA stretching with various strain ratios
for the different disc regions (lines: model simulations, circle symbols: experimental data of
O’Connell et al. [20]).

Figure 10. Multi-lamellae stress-stretch responses under PSC loading with various strain ratios
for the different disc regions.

Figure 11. Full disc model: (a) Passage from annulus constitutive model to anatomically
accurate disc model including volumetric strain, regional and directional effects (disc
dimensions at the L1-L2 level), (b) boundary conditions of the uniaxially compressed disc.

Figure 12. Damage contour plots in the superior view of the uniaxially compressed disc for
different applied displacement levels (0.5, 1.0 and 1.5 mm); ECM damage d,,, in LM and in

ILM, NEF damage d,,, in LM and in ILM, OCF damage d, in LM.



Figure 13. Damage of the fibrils in different directions (90° is the radial direction) at two zones
of the uniaxially compressed disc: (a) posterior (in LM) and (b) anterior (in ILM) sides of the
inner annulus for different applied displacement levels (from zero in the dial center to 2 mm in
the dial boundary).



Parameters Regions

AO PO Al PI

¢, [MPa] 40 26 26 @3
C, [-] 880 58 30 11
C, [MPa] 500 300 400 80
A [-] 1.02 1.07 1.1 114
Qr [-] 5 5 5 5

Be [MPa] 215 125 120 70

Table 1. OCF parameters.

Constituents  Parameters Values
ECM Gy 001 [MPa]
Oaon 2 [_]
B 55 [MPa]
NEF C, 12 [MPa]
C, 0.2 [-]
C, 15 [MPa]
5o [
Qi 6 [_]
B 400 [MPa]
Swelling K 0.14 [M Pa ]

K, 0.0075  [-]

Table 2. ECM, NEF and swelling parameters.



Sample size

Loading modes [mmﬂ Experimental data

Anterior

Posterior

Uniaxial .
(UA) Circ. Tx2x2
Uniaxial .
(U A) Radlal 2x2x2
Simple
shear (SS) 2x2x2
Biaxial Axial-
(BA) circ. Tx7x2
Plane-strain )
] 1al-
compression .. < | TxTx2
(PSC) A
b

Ebara et al. [17]
10x4x4  and Acaroglu et al.
[18]

4x4x4 Fujita et al. [19]

4x4x4 No available data

O’Connell et al.

10x10x4 [20]

10x10x4  No available data

Table 3. Loading modes for the multi-lamellae.
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Annulus fibrosus <~ P

Intrinsic properties of the solid components Simulation of the loading mode
(OCF + NEF + ECM)

UA circ.

Single lamellae - LM-ILM interaction Multi-lamellae multiaxial
identification - Volumetric strain predictions
- Directional effect

Figure 1. Two-step strategy consisting in annulus model identification using single lamellae
extracted from different disc regions followed by multi-lamellae annulus model predictions for
multiaxial elementary loading modes representative of the spine movement.
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Figure 2. Multiscale view of the intervertebral disc annulus. The organization, in terms of
orientation and distribution, of this multiple-network medium is regional dependent.
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(b) experimental data of Baldit [50].
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Figure 10. Multi-lamellae stress-stretch responses under PSC loading with various strain ratios

for the different disc regions.
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Figure 11. Full disc model: (a) Passage from annulus constitutive model to anatomically accurate
disc model including volumetric strain, regional and directional effects (disc dimensions at the
L1-L2 level), (b) boundary conditions of the uniaxially compressed disc.
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Figure 12. Damage contour plots in the superior view of the uniaxially compressed disc for

different applied displacement levels (0.5, 1.0 and 1.5 mm); ECM damage d,,,

in LM and in

ILM, NEF damage d,,. in LM and in ILM, OCF damage d, in LM.
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Figure 13. Damage of the fibrils in different directions (90° is the radial direction) at two zones
of the uniaxially compressed disc: (a) posterior (in LM) and (b) anterior (in ILM) sides of the
inner annulus for different applied displacement levels (from zero in the dial center to 2 mm in
the dial boundary).
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