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“Concern for humankind and the fate must always form the 
chief interest of all technical endeavours. Never forget this in 

the midst of your diagrams and equations” 
 

(Albert Einstein) 
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A. Context & novelty of the study 

I. Context 
 
Since its development in the mid 20th Century, the finite element method has 

shown to be a reliable tool, not only in mechanical engineering, but also in other fields 
such as electronics, or thermodynamics. In biomechanics, the principles of continuum 
mechanics and constitutive equations so far successfully applied to plastics, metals, and 
rubbers, have demonstrated their potential to reproduce general behaviours of the 
musculo-skeletal system, when coupled to finite element models. The association of low 
back pain with mechanical factors has largely justified the development of lumbar spine 
models in an attempt to predict and explain mechanical dysfunctions due to alterations 
of the mechanical environment and/or spinal tissue components. Obviously, reliability 
of the predictions depends on model validations, as needed for any theoretical finding. 
Different types of mechanical measurements have been performed in vivo and in vitro 
on dissected spine specimens. Unfortunately, the in vivo mechanics of the musculo-
skeletal mechanical system is still insufficiently determined to be truly modelled and 
serve for model validation. However, in vitro osteoligamentous spine systems could be 
more easily modelled and their general mechanical response could be reproduced in 
silico. Thus, many lumbar spine finite element models that were able to reproduce in 
vitro ranges of motion or intradiscal pressure measurements were used to assess the risk 
of low back pain in the healthy or pathologic spine. The outcomes of surgical treatments 
for low back pain are also being commonly investigated by means of finite element 
modelling. 

 
Finite element predictions in spine biomechanics strongly pushed forward the 

transfer of knowledge and technology from theoretical mechanics to clinical reality. 
Nevertheless, some questions about the functional mechano-structural relations existing 
in living tissue remain unanswered. The fact that several lumbar spine models with 
differently detailed geometries and approximated mechanical laws were all able to 
reproduce in vitro experimental data, suggested that the validation methods used for 
these models were still incomplete. The mono- or multi-segment models, proposed for 
clinical assessment, were not investigated thoroughly enough to precisely identify 
limitations and focus on specific needs for the further improvement of the predictions. 
On the other hand, models presenting mechanistic descriptions of living tissues were 
generally too geometrically incomplete or had too many unknown parameters to be 
truly validated and demonstrate their value to face clinical problems. 

 
 

II. Novelty 
 
The present thesis is one of the first studies where internal lumbar spine 

biomechanics have been thoroughly investigated as a function of several parameters 
involved in the peculiarity of each model presented in the literature. The created L3-L5 
bi-segment model included all the passive components of the osteoligamentous lumbar 
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spine. Level-dependent geometrical and mechanics characteristics were included and 
allowed assessing the interactions between different adjacent segments. Moreover, load 
transfers through the L3-L4, L4-L5 intervertebral discs and the whole L4 vertebrae 
could be assessed, as this region of interest was sufficiently far away from the imposed 
boundary conditions. 

 
On one hand, the stepwise development of a geometrically accurate model, from a 

geometrically inaccurate model, allowed detailing the effect of ligament, vertebra, and 
intervertebral disc geometries on the load transfer between different components. As a 
new contribution to the field, it was found that although the global behaviour of both 
geometrical models could be successfully validated, internal biomechanics was still an 
undetermined system. Nevertheless, comparison of the predicted role of ligaments and 
intervertebral discs, with literature data, showed that the geometrically accurate model 
was most likely to give more truthful load transfers than the original inaccurate model. 
Based on such outcome, it was hypothesized that, even if the global behaviour of a 
spine segment can differ in geometry from one to another, the relative biomechanical 
role of the different components might remain constant. This constituted a solid basis to 
draw precise recommendations on how in vitro data and finite element modelling 
should be used together to increase the level of confidence of predicted internal load 
transfers.  

 
On the other hand, the geometrically accurate model was used to study in detail 

the functional biomechanics of the intervertebral disc as a function of different possible 
annulus structures. It was shown that interactions between the nucleus pulposus and the 
annulus fibrosus, and between the intervertebral disc and the rest of spine models, 
highly depended on the annulus collagen fibre organisation. Different segment 
geometries may also affect these interactions. Due to the diversity of spine segmental 
geometries, this raised the new idea that intervertebral disc biomechanics should not be 
studied with any collagen fibre organisation taken from the literature, but with case-
specific annulus anisotropies. Moreover, structure-loading local relationships were 
found to depend on the type of constitutive model chosen for the modelled tissues. As 
such relationships were shown to be important, it was concluded that phenomenological 
tissue models were insufficient to study the functional biomechanics of lumbar 
intervertebral disc and mechanistic constitutive models should be preferred. Such link 
between local and global biomechanics of the lumbar spine demonstrates the immediate 
need of mechanically improving lumbar spine intervertebral disc models, which had 
been rarely thoroughly discussed in the lumbar spine model literature. 

 
In summary, the work performed in this study led to new important findings that 

allowed examining the limitations associated to the modelling techniques commonly 
used for lumbar spine finite element modelling. Such examination is very important as 
it led to identify the first priority developments necessary to improve the level of 
confidence of predicted internal biomechanics. 
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B. General discussions 

I. Load transfers & lumbar spine components 
 
In Chapter 1, a review of the lumbar spine functional anatomy was presented. In 

Chapter 2, the use of a L3-L4 lumbar spine bi-segment finite model, including most of 
the passive tissues of the normal spine, allowed identifying specific load transfers at a 
structural level. All modelled tissues were found to mechanically interact between each 
other, in a coordinated way that could be related to their in vivo structures and 
compositions. As such, Chapter 1 highlighted the biomechanical functionality of the 
lumbar, spine curvature, vertebral body sizes and shapes, zygapophysial joint shapes 
and orientations, and intervertebral disc structures and compositions. In turn, simulation 
results presented in Chapter 2 led to a better understanding of the functional tissue 
organization from the point of view of load distributions.  

 
Tissues components such as the vertebral cortex or the intervertebral disc 

endplates do not directly contribute to the apparent biomechanical behaviour of the 
lumbar spine. Thus, their mechanical role is hardly accessible through common 
experiments, i.e. measurements of ranges of motion, instantaneous axes of rotation, 
intradiscal pressures, or disc bulging. Vertebral cortex and cartilage endplates are thus 
rarely a mater of discussion in biomechanical studies of the lumbar spine usually 
focused on intervertebral disc annuli and nuclei, ligaments, zygapophysial joints, and 
trabecular bone. However, results of Chapter 2 have showed that vertebral cortex and 
intervertebral disc endplates do significantly contribute to the load transfers between the 
nucleus, the annulus, and the trabecular bone.  

 
Because high external loads are constantly acting on the spine, on one hand, 

intervertebral disc and trabecular bone mechanical responses are directly involved in the 
outcomes of pathologies such as disc degeneration or osteoporosis. On the other hand, 
according to the principles of mechanically-induced tissue (re)modelling (Roesler, 
1987; Matyas et al., 1995; Yamamoto et al., 1996), the mechanical integrity and 
specific response of these spine components should not be considered without taking 
into account both the amount and the nature of the loads transferred by and to the 
surrounding tissues. A lumbar finite element model can be seen as a snap-shot of the 
corresponding real system, either in a healthy or in a pathological state, and might not 
require including any remodelling algorithm. Still, a model may be limited by its 
constitutive equations, if these are not able to reproduce the right nature of the loads 
locally generated in the tissues. Nevertheless, the conclusions drawn from Chapter 2, 
compared to the literature analysis of Chapter 1, showed that, as long as all passive 
tissues are included, basic tissue models are sufficiently good to further understand both 
the detailed biomechanics of the spine and the different model limitations. 
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II. Model developments & spine internal biomechanics  
 

In Chapter 3, thanks to the geometrical update of the L3-L5 lumbar spine bi-
segment model presented in Chapter 2, two different geometrical models were 
compared. Bone, intervertebral disc, and ligament geometries were found to have only 
little effect on the global apparent behaviour of the segments, under different load 
regimes. However, the internal load transfers and individual relative roles of the 
modelled components in resisting the simulated motions strongly depended on the 
geometrical peculiarities of each model. Thus, any particular model geometry needs to 
be calibrated to ensure predictions of realistic load transfers.  

 
Model calibrations may involve specific adjustments of material properties and/or 

other approximated modelling parameter. As shown in Chapter 3, calibrations multiple 
experimental in vitro data on spine segments with successively removed components, 
e.g. ligaments, cartilages, etc…. should be used to quantify the relative action of each 
modelled spine component. Indeed, this kind of experimental data has been already used 
for a lumbar spine finite element model calibration, that mainly consisted in adjusting 
soft tissue material properties, until a large set of experimental ranges of motion could 
be reproduced (Schmidt et al., 2007a). Nevertheless, results obtained in both Chapters 3 
and 4, showed that focussing calibration studies on the reproduction of global 
behaviours may lead to non-unique predictions of the spine internal biomechanics, 
unless model geometries are fully characterized.  

 
Soft tissues such as ligaments and intervertebral discs generally hinder complete 

geometrical characterizations of spine segments. Although rarely used, magnetic 
resonance imaging techniques could determine ligament outlines and intervertebral disc 
geometries. Nevertheless, these tissues are highly organized composite structures. They 
are known to be mainly composed of collagen and/or elastin fibres embedded in 
multiphasic ground substances (Chapter 1), but knowledge about the precise amount 
and organization of these fibres is still limited. Unfortunately, such 
compositional/geometrical parameters appear essential to truly describe the internal 
spine biomechanics, and should be investigated in parallel with soft tissue constitutive 
equations (Chapter 4). 

 
Quantifying different fibre contents/organizations in soft tissues can be obtained 

through destructive biochemical assays and dissection techniques. Unlike X-rays, 
dissection techniques can lead to very precise results for the mapping of three-
dimensional fibrous organizations, but are very demanding and time-consuming 
(Holzapfel et al., 2005). Moreover, while destructive characterizations are only 
acceptable for the modelling of spine specimens taken out from cadavers. Results from 
Chapter 4 have shown that lumbar spine finite element models can be used as 
mathematical tools to investigate the fibrous organization of soft tissues, in particular 
model geometries. Nevertheless, this kind of study requires assuming particular 
biomechanical roles of the investigated tissues, and these roles need to be associated, to 
the optimization of predictable parameters. 

 
In Chapter 4, the choice of these parameters was basically based on the 

assumptions that optimal tissue configurations generate mechanical conditions 
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respecting tissue integrity. Beside avoiding tissue overloading and mechanical breakage, 
the idea of tissue integrity is linked to the biological notions of metabolism and 
catabolism, embracing maintenance, remodelling, and repair of the extracellular 
matrices. It is now commonly accepted that specific mechanical environments can 
hinder or favour the synthesis of specific structural macromolecules, controlling both 
mechanical properties and biomechanical functionality of a tissue (Potier et al., 2009). 
As discussed in Chapters 4 and 5, this phenomenon naturally leads to relate finite 
element model predictions with local mechanical environments, potentially influencing 
both cell activity and tissue functionality. However, such interaction between mechanics 
and biology involves a feed-back loop, in which cells affect their own mechanical 
environment by modifying the surrounding extra-cellular matrix and the way this matrix 
transfers external loadings. Thus, predicting optimal mechanical conditions respecting 
tissue integrity is still limited by the constitutive equations commonly chosen for 
lumbar spine finite element modelling. As such, as suggested in the concluding 
discussions of Chapter 4, sorting out how interstitial fluids influence local stress/strain 
tensors would already greatly improve the coherency between local soft tissue structures 
and biomechanics. 

 
 

III.Lumbar spine models & clinical assessment 
 
The advantage of being able to use lumbar spine models for clinical assessment is 

obvious. Medical imaging techniques are now sufficiently advanced so that patient-
specific geometries of different motion segments can be modelled within reasonable 
timelines. These models can help understanding the mechanical outcomes of pre-
existing deformities due to accidents, bad postures, abnormal genetic programming, 
etc…, and help clinicians to find appropriate solutions for pain or mobility troubles. 
Surgical solutions, involving sudden modifications of the spine structure, can be first 
evaluated in silico, by modelling the treated spine and compare it to the unmodified 
spine model, or additionally, to a virtually non-pathologic spine model of the patient.  If 
any engineered materials or structures need to be implanted, modelling the implants and 
predicting their mechanical interactions with the lumbar spine model can help adjusting 
designs and taking into account possible biomechanical disturbances. Indeed, many 
finite element studies were reported to this respect and are already cited in Chapters 1 
and 5. Unfortunately, all these studies suffer similar limitations as those highlighted in 
Section B.II. of this concluding Chapter.  

 
Accordingly, authors are generally cautious with the interpretation of their 

simulation results and they mainly build qualitative conclusions that aim to guide the 
attention of clinicians and prosthesis designers on possible negative outcomes. Among 
10 peer-reviewed works, covering a time period of 8 years, six highlighted limitations 
due to inaccurate boundary conditions (Chen-Sheng Chen et al., 2001; Goel et al., 2005; 
Zander et al., 2002; Chen et al., 2008; Noailly et al., 2005; Moumene and Geisler, 
2007), five pointed out limitations due to idealizations of post-surgery configurations 
(Zander et al., 2002; Dooris et al., 2001; Lacroix et al., 2006; Chen-Sheng Chen et al., 
2001; Noailly et al., 2005), three mentioned limited predictive power due to tissues 
modelled as linear isotropic materials (Zander et al., 2002; Chen et al., 2008; Polikeit et 
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al., 2003a), and two related at least one of the limitations to geometrical approximations 
(Dooris et al., 2001; Polikeit et al., 2004). Nevertheless, in the treated lumbar spine 
models, neither the influences of these limitations on the predicted load transfers, nor 
their consequences on the discussed results, were thoroughly investigated. In two 
studies, it was even stated that identified limitations should not affect the trends pointed 
out by the reported computational investigations (Goel et al., 2005; Zander et al., 2002). 
Results presented in Chapters 3 and 5 illustrate the risk that such statement represents. 

 
First of all, different lumbar spine model geometries may lead to different load 

transfers through individual modelled components (Section B, Chap 3). For in silico 
evaluation of any implant or any anatomical reduction, intact lumbar spine finite 
element models are locally modified to model new post-surgical configurations. 
Comparison of the intact and treated models will then quantitatively and qualitatively 
depend on the particular role of the replaced or removed component in transferring 
loads to other components. Therefore, if load transfers are geometry-dependent, the 
evaluation of any surgical procedure by means of finite element modelling will also 
depend on the particular geometry of the initial model. Unfortunately, at such point, 
nothing allows claiming that trends observed with one model geometry will be similar 
in other geometries. The creation of patient-specific model geometries would solve 
great part of the problem. 

 
In Chapter 5, the type of boundary condition, i.e. load- or displacement- 

controlled rotations, and rotations with or without compressive follower force, largely 
affected the distribution of the internal forces among the different components. For 
some modelled tissues, this resulted either in overloading or load relieve. It was, 
however, suggested that some load cases, such as displacement-controlled rotations 
with follower compressive force, might be more representative of the lumbar spine in 
vivo loading than other load cases, such as simple load-controlled rotations. Moreover, 
as discussed in Chapter 5, other reported loading methods were showed to be potentially 
even more accurate (Goel et al., 2005; Panjabi, 2007). However, none of these uniform 
loadings takes into account muscle forces. Stress distributions reported for the lumbar 
intervertebral discs of a lumbar spine model, coupled to a model of back muscle 
network (Zander et al., 2001), suggests that the varying distribution of muscle-induced 
forces along the lumbar spine ((Bogduk et al., 1992), Chap1) might significantly 
diverge from uniform external loadings. Thus, if basic boundary condition changes (as 
modelled in Chapter 5) already affected the predictions of prosthesis effects on the 
lumbar spine model biomechanics, it seems difficult to gauge the likely influence of real 
in vivo forces, even qualitatively. Regrettably, local muscle actions in multi-segment 
lumbar spine samples are still insufficiently known to be modelled with reasonable 
levels of confidence. Simplified uniform loads, as used for in vitro testing, are then still 
preferred.  

 
Independently of the boundary conditions, predictions of adjacent level effects, 

performed by comparison between a treated and an intact model, also depend on the 
veracity of the calculated load transfers. For example, considering adjacent 
intervertebral discs, among other limitations, phenomenological models discussed in 
Chapter 4 only allow drawing very qualitative and general assumptions. Mechanistic 
models would allow more local mechano-biological evaluations of any studied 
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treatment, and such local analyses may help to overcome some problematic points 
linked to undetermined boundary conditions. Given the current state of knowledge of 
spine biomechanics and the current development of the models, reliability of lumbar 
spine clinical assessment by means of finite element modelling seems to be limited to 
the evaluation of ranges of motion. However, discussions from Chapter 5 showed that 
this kind of evaluation already allows assessing the potential of a new treatment in 
restoring segmental mobility, and help predicting the displacement fields that an 
implanted device may feel. Such information is valuable to guide the first steps of 
solution design for low back pain. But the real potential of finite element modelling, i.e. 
accessing data that experiments cannot give, and anticipate long-term clinical outcomes 
cannot be exploited yet. Additional clinical, experimental, and theoretical knowledge is 
still required. Provided that these three fields of knowledge can merge in a coordinated 
manner to further develop spine modelling techniques, accelerated improvements in low 
back pain treatments are ensured. 

 
 
 

C. General conclusions 
 

In this thesis, six new osteoligamentous lumbar spine bi-segment finite element 
models were created: 

- One based on inaccurate geometries of vertebrae, ligaments, and intervertebral 
discs 

- One based on accurate geometries of the different modelled components 
- Four based on accurate geometries, poroelastic nuclei pulposi and four 

different fibre-induced anisotropy of the annulus fibrosus 
 
All together, these models showed that reliable use of lumbar spine finite element 

models to complement both clinical and in vitro data requires precise descriptions of 
local tissue loading and response. Nevertheless, results also showed that local 
predictions of load transfers between 

- Ligaments, intervertebral disc, and zygapophysial joints 
- Intervertebral disc and vertebral body 
- Nucleus pulposus and annulus fibrosus 

are usually quantitatively and qualitatively limited by factors such as: 
 

1. Soft tissue structural organisation 
2. Tissue material properties 
3. Boundary conditions 
 
From the different discussions, it came out that points 1. and 3. would a priori, 

necessitate further knowledge in anatomy and kinematics from the fields of clinical and 
experimental biomechanics. However, such knowledge cannot be immediately acquired 
and, in the meantime, lumbar finite element models can contribute and serve as in silico 
laboratories for there own development. As such, it was shown that, for any peculiar 
lumbar spine geometry, point 1. could be numerically assessed through an optimization 
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procedure, involving both theoretical and experimental inputs. However, point 2. needs 
to be previously studied. 

 
These findings allow then proposing a hierarchical procedure for the first 

development of qualitatively reliable finite element models: 
 
a. Acquisition of a precise and consistent overall geometry (medical imaging, 

morphological measurements, etc…). 
b. Implementation of mechanistic models for the soft tissues, especially the 

intervertebral disc. Composition and structure-related fluid effects have to be 
incorporated (osmolarity, porosity). 

c. Statistical quantification of the constitutive equation parameters with 
mechanical testing of isolated tissues. 

d. Numerical analysis of the quantitative functional organization of the soft 
tissues modelled within a particular lumbar spine model geometry. Statistical 
in vitro data on different complete and anatomically reduced segments should 
be used. 

e. Use of statistical in vitro data on different complete and anatomically reduced 
segments to verify the relative role of the individual components included in 
the lumbar spine model. Adjustment of constitutive equation parameter values 
if necessary. 

 
Following these model development steps, consistent local load transfers could be 

studied under different types of boundary conditions. Then, for a specific study, 
approximated boundary conditions could be considered as limitation or not, depending 
on their influence on local regions of interest. Furthermore, a lumbar spine finite 
element model, created as proposed above would fill the minimum requirements to start 
coupling mechano-biology theories and go even deeper into the understanding of the 
normal spine. 
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Mon oncle un fameux bricoleur faisait en amateur 
Des bombes atomiques 

Sans avoir jamais rien appris c'était un vrai génie 
question travaux pratiques 

Il s'enfermait toute la journée au fond de son atelier 
Pour faire des expériences 

Et le soir il rentrait chez nous et nous mettait en transe 
En nous racontant tout 

  
Pour fabriquer une bombe A mes enfants croyez-moi 

C'est vraiment de la tarte 
La question du détonateur se résout en un quart d'heure 

C'est de celles qu'on écarte 
En ce qui concerne la bombe H c'est pas beaucoup plus vache 

Mais une chose me tourmente 
C'est que celles de ma fabrication n'ont qu'un rayon d'action 

De trois mètres cinquante 
Y a quelque chose qui cloche là-dedans 

J'y retourne immédiatement 
  

Il a bossé pendant des jours 
Tâchant avec amour d'améliorer le modèle 

Quand il déjeunait avec nous 
Il avalait d'un coup sa soupe au vermicelle 

On voyait à son air féroce qu'il tombait sur un os 
Mais on n'osait rien dire 

Et pis un soir pendant le repas v'là tonton qui soupire 
Et qui s'écrie comme ça 

  
A mesure que je deviens vieux je m'en aperçois mieux 

J'ai le cerveau qui flanche 
Soyons sérieux disons le mot c'est même plus un cerveau 

C'est comme de la sauce blanche 
Voilà des mois et des années que j'essaye d'augmenter 

La portée de ma bombe 
Et je n'me suis pas rendu compte que la seule chose qui compte 

C'est l'endroit où c'qu'elle tombe 
Y a quelque chose qui cloche là-dedans, 

J'y retourne immédiatement 
  

Sachant proche le résultat tous les grands chefs d'Etat 
Lui ont rendu visite 

Il les reçut et s'excusa de ce que sa cagna 
Etait aussi petite 

Mais sitôt qu'ils sont tous entrés il les a enfermés 
En disant soyez sages 

Et, quand la bombe a explosé de tous ces personnages 
Il n'en est rien resté 

  
Tonton devant ce résultat ne se dégonfla pas 

Et joua les andouilles 
Au Tribunal on l'a traîné et devant les jurés 

Le voilà qui bafouille 
Messieurs c'est un hasard affreux mais je jure devant Dieu 

En mon âme et conscience 
Qu'en détruisant tous ces tordus je suis bien convaincu 

D'avoir servi la France 
  

On était dans l'embarras 
Alors on le condamna et puis on l'amnistia 

Et le pays reconnaissant 
L'élu immédiatement 

Chef du gouvernement 
 

 

(Boris Vian, La Java des Bombes Atomiques) 
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