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Resumo 

Neste trabalho é descrito uma nova metodologia para análise dinâmica e estrutural de 

sistemas (bio)mecânicos complexos que une os domínios dos elementos finitos e da dinâmica 

de sistemas multicorpo através de um procedimento de co-simulação que aproveita as 

vantagens de cada uma das formulações matemáticas, numa verdadeira ligação sinergética. 

Para alcançar o objectivo proposto, um módulo de co-simulação é desenvolvido com base 

no algoritmo gluing X-X, que irá ser o elemento responsável pela gestão do fluxo de 

informação entre os dois softwares (cada usando a sua própria formulação matemática e 

código específicos). O algoritmo X-X usa para cada estrutura co-simulada um par de pontos 

de referência cuja cinemática é determinada pelo domínio dos sistemas multicorpo, o qual a 

prescreve, como dados iniciais, para o modelo de elementos finitos correspondente. O modelo 

de elementos finitos, por sua vez, resolve o problema estrutural imposto pela cinemática 

prescrita e calcula as forças e momentos resultantes aplicadas nos pontos de referência, estas 

são devolvidas para o módulo dos sistemas multicorpo, que as usa para resolver o problema 

dinâmico e calcular a nova cinemática a prescrever ao modelo de elementos finitos no 

próximo instante. 

O método proposto é aplicado ao estudo da dinâmica da coluna vertebral (cervical e 

lombar) numa situação patológica, na qual é simulada uma fusão intersomática entre um ou 

mais níveis vertebrais. Tendo em conta o âmbito da simulação, três componentes são 

desenvolvidos e incluidos no modelo: o modelo multicorpo da coluna vertebral (sendo a 

coluna cervical uma adaptação do modelo de de Jager e a coluna lombar obtida através de 

medidas retiradas e/ou adaptadas da literatura) que inclui as vértebras rígidas, os contactos 

entre as facetas articulares e apófises espinhosas, os ligamentos e os modelos de elementos 
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finitos dos discos intervertebrais e da placa de fixação. O modelo proposto é usado para 

simular os movimentos de flexão e extensão da coluna numa perspectiva de análise da 

dinàmica directa. 

Palavras-Chave 

Co-Simulação, Sistemas Multicorpo, Elementos Finitos, Coluna Vertebral, Disco 

Intervertebral, Placa de Fixação, Dinâmica Directa. 
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Abstract 

This work describes a novel methodology for the dynamic and structural analysis of 

complex (bio)mechanical systems that joins both multibody dynamics and finite element 

domains, in a synergetic way, through a co-simulation procedure that takes benefit of the ad-

vantages of each numerical formulation.  

To accomplish this goal, a co-simulation module is developed based on the gluing 

algorithm X-X, which is the key element responsible for the management of the information 

flux between the two software packages (each using its own mathematical formulation and 

code). The X-X algorithm uses for each co-simulated structure a pair of reference points 

whose kinematics are solved by the multibody module and prescribed, as initial data, to the 

finite element counterpart. The finite element module, by its turn, solves the structural 

problem imposed by the prescribed kinematics, calculates the resulting generalized loads 

applied over the reference points and return these loads back to the multibody module that 

uses them to solve the dynamic problem and to calculate new reference kinematics to 

prescribe to the finite element module in the next time step.  

The proposed method is applied to study the spine (cervical and lumbar) dynamics in a 

pathologic situation, in which an intersomatic fusion between one or more spine levels is 

simulated. Taking into account the proposed simulation scenario, three major components are 

developed and included in the model: the spine multibody model (being the cervical model an 

adaptation of the de Jager’s cervical model and the lumbar spine obtained from measurements 

retrieved or/and adapted from the literature) that includes the rigid vertebrae, the facet joints’ 

and spinous processes’ contacts, ligaments and the finite element models of the intervertebral 
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discs and of the fixation plate. The proposed model is simulated for flexion and extension 

movements in a forward dynamics perspective. 

Keywords 

Co-Simulation, Multibody Systems, Finite Element, Spine, Intervertebral Disc, Fixation 

Plate, Forward Dynamics. 
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Chapter 11 

Introduction 

The vertebral column is responsible not only for a wide range of movements, including 

lateral bending, left and right rotation and flexion of the torso, but it also encloses and protects 

the spinal cord, supports the head, and serves as a point of attachment for the ribs and the 

muscles of the back. Between adjacent vertebrae (from C2 to the sacrum) there is a 

deformable  segment,  the  intervertebral  disc  ( IVD), which are slightly movable joints, or 

amphiarthoses, that allow 6 degrees-of-freedom movements and absorb vertical shocks [1]. In 

each disc it is possible to identify two distinct areas: a peripheral area, the annulus fibrosus, 

consisting of quasi concentric lamellae of fibrocartilage; and a soft, pulpy, highly elastic 

central area, the nucleus pulposus.  

Intersomatic fusion is a clinical procedure used to treat some lesions of the vertebrae 

associated with tumours, degenerative pathology or trauma, like disc herniation. This 

procedure consists on the complete removal of one or more intervertebral discs and their 

replacement by a bone graft, which provides a substrate for reconstruction of the vertebral 

column by bone fusion of the adjacent vertebrae [2]. Until bone fusion occur internal fixation 

plates are used to ensure the connection between the corresponding vertebrae. Despite this 

technique has been considered as a common routine to re-establish the stability of the spine in 



2 1. Introduction 

 

case of pathology, it has disadvantages, namely, on the adjacent structures. To study the  

influence  of  an  intersomatic  fusion  on  the  adjacent  IVDs, a co-simulation module has 

been  developed  to link the multibody system dynamics  (MSD)  with  the finite element (FE) 

softwares. Additionally, a multibody model of the cervical and lumbar spine (using a 

formulation with 3D natural coordinates), including the rigid vertebrae, the nonlinear 

viscoelastic ligaments, the nonlinear contacts between the articular facets and the spinous 

processes, and the intervertebral discs (with some being assembled in finite element) outside 

the control group where the bone graft is inserted, has been assembled. 

1.1. Motivation 

Intervertebral discs degenerate as a result of tissue aging, cyclic loading and extreme 

movements,  which  can  lead  to  disc  herniation.  When disc herniation occurs, the IVD may 

rupture and protrude applying a pressure in the spinal cord or nerve roots, which origins pain 

(sometimes patients can experience numbness) and affects movement.  

To re-establish the intervertebral disc function a surgical procedure, intersomatic fusion, is 

required, when conservative treatment not produces the intended results. Although the results 

of the intersomatic fusion are good, neurologically, there are some registered cases of patients 

with lesions on the intervertebral discs, adjacent to the fused region. As a consequence, there 

is an incidence of 19% (study with an observation period of more than two years) of 

symptomatic cases, and in some cases (6%) it is necessary a new surgical procedure [3]. In 

fact, intervertebral fusion eliminates the articulation in the region where it occurs, changing 

the conditions of stress applied in the adjacent intervertebral discs, due to the associated 

mobility limitation [4]. Furthermore, in a 5-year follow-up of 112 patients, Gillet has 

observed 41% alterations on the motion segments adjacent to interbody fusion being 

necessary secondary operations in about 20% of the patients followed [5]. 

In order to evaluate the new stress distributions and provide new arguments to explain the 

not well known degeneration mechanism of the adjacent intervertebral discs, a new co-

simulation approach linking the MSD and FE numerical methods is described in this thesis. In 

silico studies are preferable to in vivo and in vitro studies (crucial but limited information), 
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volunteer and cadaver tests (expensive and limited) due to their relative low cost, repeatability 

(equal results can be obtained using the same conditions) and coverage (simulate several 

dynamic loading conditions). Furthermore, as the majority of the intervertebral discs affected 

by degeneration and, therefore, herniation belong to the lower levels of the cervical and 

lumbar spine, C4 to C7 and L4 to S1 [6,7], respectively, a multibody model of these regions is 

adopted (to analyze the stress distribution in each spine region), as well as finite element 

models of the corresponding intervertebral discs. 

1.2. Objectives 

The objectives of this work are to develop an efficient and robust method for the co-

simulation between the multibody system dynamics and finite element formulations, allowing 

the flux information management between the two domains, and assemble a detailed and 

validated biomechanical model of the spine, cervical and lumbar regions, with the aim of 

representing its overall kinematics and dynamics for several movements. With this purpose, a 

multibody model of the two spine regions with a detailed vertebral geometry, and complex 

finite  element  models  of  the  intervertebral  discs,  as  well  as,  a   FEM of a fixation plate 

to simulate the stabilization of the spine in case of intersomatic fusion are developed. 

A total of five modules were implemented and improved in the APOLLO’s core code [8]:  

the  ligaments,  the  contact  pairs, the  six  degree of freedom (DOF) bushing elements [9], 

the muscles (not used in the current research work) and the co-simulation (used to simulate 

the intervertebral discs and the fixation plate) that includes an efficiency procedure that will 

be explained in Section 4.3.  

The biomechanical spine model is validated for flexion-extension, axial rotation and 

lateral bending movements. The spine is then subjected to an intersomatic fusion in one spine 

level (either in the cervical or lumbar spine) in order to evaluate the stress distribution in the 

adjacent IVDs to these procedures. Hence, the finite element models of the intervertebral disc 

and of the fixation plate should be able to represent the intrinsic mechanical response of the 

real structures they are representing in order to analyze the stresses produced in different 

movement patterns and before and after intersomatic fusion, while the modules developed to 
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represent each spine structure in the APOLLO core code should be able of simulating its real 

mechanical response, independently, to evaluate the load carried by each spine element. 

The computational methodologies developed in the scope of this work unfold under the 

objectives of the FCT projects DACHOR – Multibody Dynamics and Control of Hybrid 

Active Orthoses (MIT-Pt/BS-HHMS/0042/2008) and PROPAFE - Design and Development 

of a Patello-Femoral Prosthesis (PTDC/EME-PME/67687/2006). 

1.3. Literature Review 

The scientific community have played a great effort in developing spine models that 

allows simulating realistically its behaviour for the most varied load situations in order to 

understand the load transfer and the importance of each of its component to the spine stability 

and function, as well as its response in accidents and injuries [10,11,12,13,14]. A large 

number of articles describe models regarding specific spine components (articular facets, 

intervertebral discs, ligaments, etc.), motion segments, spine regions or even the whole spine, 

being the most used numerical methods the finite element and multibody system dynamics. 

Nevertheless, the number of articles using FEM of the spine is greater than those published 

using MSD [15], partially due to a better and more complex geometric and material 

representation of the spine components. 

The models developed, using either of the two mathematic formulations, have evolved 

greatly since in 1957 an analytic model to analyze the spine was described [16], in response to 

the advent of computer technology and the increasing comprehension relatively to the spine 

components mechanics and physiology. The first spine models consist of two or three rigid 

bodies linked using simple mechanical joints, which objective was to give a first approach to 

the complex mechanical response of the spine structure [17,18]. 

The spine models using the finite element approach, initially, were very simple, consisting 

of a single vertebra, whose geometry was parameterized from direct observation and 

sectioning [19], or a set of two vertebral bodies and an intervertebral disc (with no internal 

morphology defined) with linear geometrical and material properties [20]. In the following 

years, these models started to be improved by defining an internal structure (vertebra with 
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trabecular and cortical bone [21]) and/or introducing the remaining components of the 

functional spine unit, namely, the articular facets and the corresponding contact between them 

[22,23,24] as well as the ligament and muscle systems [25,26,27]. Further advances refer to 

the augmented number of motion segments in finite element models, which start to compose 

segments of a spine region or even one or more spine regions [28,29,30,31,32,33,34].  

The initial models possess simpler geometrical definition being this often parameterized 

[13,23,24,35,36,37]. With the development of new and better medical diagnosis techniques, 

as well as reconstruction algorithms from medical images, the spine model geometries were 

rather obtained from CT or MRI [38,39,40,41,42], however this has the disadvantage of being 

specific to a given individual. On the other hand, the material properties responsible for the 

mechanic response of the several spine components started to increase in complexity as 

experimental data and more accurate constitutive equations arise. An example is the cervical 

model described by del Palomar et al. [40], which defines an hyperelastic material for the 

IVD based on the constitutive equation proposed by Holzapfel [43]  and  whose  coefficients  

are  determined  using  the  experimental data for lumbar  IVD of Ebara et al. [44]. Others, like 

Wang et al. [45,46], use the experimental data to determine the viscoelastic behaviour of the 

components of a motion segment. 

Recently, to consider the interpersonal differences in a population several probabilistic 

methods have been associated with the finite element models [47] in order to introduce some 

variations in the anthropometric and material data used in the definition of the spine model. 

Also, it can be used to evaluate the injury probability in a given loading situation [48,49]. 

For a more comprehensive description of the finite element models developed until 

nowadays, the work of Gilbertson et al. [50], Yoganandan et al. [51] and Fagan et al. [52] are 

recommended. 

The inverse tendency has been reported in the multibody system models of the spine, 

which form an extension of the lumped mass models [15]. Initially, with the aim of obtaining 

the global response of the spine, several models of the whole spine have been assembled 

considering each spine region as a rigid body and, as such, these models do not consider the 

motion provided by the soft tissue between consecutive vertebrae and the importance of the 
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functional spine unit. Moreover, some only studied the spine response in a two dimensional 

space, like the 2D lumped parameter model of Reber and Goldsmith [18], which was 

extended to three dimensions by Merrill [53]. 

Merrill developed a model with ten rigid bodies (head, C1-C7 vertebrae, T1 vertebra and 

the remaining thoracic vertebrae) connected by massless springs and hysteretic elements, and 

with seven pairs of muscles (defined using two-point linear elements) [53], which number 

was increased to 28, posteriorly [54].  

Deng and Goldsmith, based on the work of Merrill et al. [54], defined a numerical model 

validated against frontal and lateral acceleration impacts results from a corresponding 

physical model of the human cervical and thoracic spine and from volunteers [55,56]. The 

model assumes that the rigid bodies are interconnected by intervertebral joints, which 

behavior is described by a stiffness matrix, and uses three point-linear elements to describe 

the fifteen pairs of muscles (only with passive behavior). Nonetheless, it lacks the individual 

contributions of the several structures involved in a joint, like the ligaments.  

De Jager improved the previous model by implementing the muscle active behavior (using 

a contractile Hill muscle model) and by lumping the behavior of all soft tissues into the 

intervertebral joints [57]. This model was then improved, geometrically and relatively to the 

material properties, by van der Horst [15] which defined a cervical spine model comprising 

nine rigid bodies (the head, the seven cervical vertebrae and the first thoracic vertebra), 

(non)linear viscoelastic IVD (nonlinear only for flexion, extension and compression), 

nonlinear ligaments, frictionless facet joints, spinous processes contacts, and segmented 

contractile muscles (follow the curvature of the neck providing more realistic force lines of 

action contrarily to those obtained with the straight line elements from the de Jager’s model). 

Recently, Esat and Acar developed a model of the whole spine with active-passive 

muscles and geometric nonlinearities [58], as a sequence of the detailed cervical spine model 

developed and validated for frontal, lateral and rear end impacts [59,60], which simulates the 

active and passive behavior of the 18 muscle groups with the Virtual Muscle software and the 

behavior of the IVD with bushing elements. This model of the whole spine has taken into 
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account the spine model of De Zee et al. which comprise the lumbar spine (completely 

defined), the pelvis and a thoracic part interconnected by spherical joints [61]. 

In summary, the complexity of the multibody system models has increased over the years 

by assuming the importance of the functional spine unit in the biomechanics of the spine and 

the importance of a more detailed vertebral geometry, since this is the basis to define the 

ligament and muscle origin and insertion points.  

In the current work, a co-simulation between the two domains is described and a 

multibody spine model is developed in simultaneous with finite element models of cervical 

and lumbar intervertebral discs. In spine, this approach is scarcely applied concurrently in the 

dynamical analysis of multibody systems with flexible bodies, owing to the implementation 

complexity and to the high computational cost associated. Nonetheless, it has been used to 

complement the results from each method separately, via the results from one of them 

[62,63]. Moreover, as a consequence of new integration algorithms [64] and the advent of 

computers, the future of these two domains is to decrease the gap between them. Nowadays, 

they are applied in simultaneously in the railway industry, for example in modelling a 

catenary pantograph contact [65]. 

1.3.1. Geometric and Morphometric Studies 

In the past 30 years, an increasing number of geometric and morphometric studies for 

several spine components have been noticed, with the aim of describing successfully their 

features to use, afterwards, in the evaluation of their normal structure, in the assessment and 

identification of spinal pathologies, and in the development of spinal instrumentation and 

accurate mathematical models to evaluate their biomechanical properties and responses.  

The first studies were performed in specimens from cadavers [66,67,68,69,70,71,72,73, 

74,75] or evaluating radiographic images of either cadavers or normal human patients 

[76,77,78,79]. The cadaver studies allow accurate measurements of the bone structures [80], 

which can be well preserved (as the Hamann-Todd Human Osteological Collection [81]), 

regarding that the specimens evaluated are criteriously selected (absent of deformities and 

spinal pathologies). Yet, these studies are not appropriated to obtain precise measurements of 
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the soft tissues (as ligaments or muscles) due to tissue degradation as a result of enzymatic 

activity [82] or dissection. As such, alternative methods have to be used to evaluate their 

geometrical or material properties, as the cryomicrotomy method [80,83] which, besides 

being destructive, has the ability to obtain sequential anatomic specimens with a high detail. 

With the development of new diagnosis techniques and their subsequent improvement, 

studies  have  been  made  using  computed tomography (CT) and magnetic resonance images 

(MRI) [84,85,86,87,88], which allow to visualize body slices with a given finite thickness,  

resulting  in  a  better  spatial  resolution  than  that  allowed  by  planar X-Ray (CT 

approximately 0.35 mm and  MRI approximately 1 mm), ensuing in more precise diagnostics 

or in more anatomically accurate models. However, medical images are susceptible to several 

artefacts, due to the underlying theory of the image reconstruction algorithm and/or failures in 

the acquisition protocol: radiographic images can induce errors since positional and 

concurrent projections may occur [79]; images can be affected by motion of the subject 

between acquisitions; MRI due to an under-sampling can suffer from aliasing or from 

blurring.  

Radiographic and CT images are not well suited for identification and measurements of 

soft tissues, since they are reconstructed based upon attenuation coefficients associated with a 

specific X-Ray and these are high for the soft tissues (about 90% of the X-Rays are consumed 

by them). To study the geometry of the soft tissues in vivo it is preferable to use the magnetic 

resonance image. Nevertheless, this technique is expensive, has lower spatial resolution and 

bigger  acquisition  times,  and  so  a  better  approach  is to perform a CT-MRI scan (joins the 

advantages  of  both  imaging  techniques). Notice that this method, as X-Ray and CT, expose 

subjects to a high dose of radiation that only make sense if they are necessary. 

Actually, researchers are trying to develop methods to create patient-specific models of 

the  spine  and  several  of  these  methods  involve  reconstruction from  medical images (CT, 

MRI, Optical Microscopy, Micro CT) [89]. Nonetheless, the most common of these 

techniques are in a supine position and, consequently, the structures are not affected by the 

body weight due to gravity, which results in soft tissues with greater height [90]. 
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In the recent years, following the previous lines of action, researchers have developed a 

relatively low dose X-Ray device (reducing by a factor of 8 to 10, comparing to conventional 

X-Ray), the EOS System, that allows to perform a biplanar X-Ray (frontal and lateral), and 

using this X-Rays and by means of a reconstruction algorithm the biomechanical model can 

be obtained with great accuracy [91]. Other methods can be used involving reconstruction 

from a limited number of CTs [92] or using specific algorithms and complementing sparse 

data from the patient with data from the Visible Human Project [93].  

In Table 1.1 are summarized the measurements made from several research groups for 

clinical and/or modelling purposes, referring to the structures analyzed and the type of 

dimensions retrieved from a given specimen sample. A great number of these studies, 

independently of their objectives, take measurements between two vertebral reference points, 

lacking the information to help define the vertebral structures spatial position relatively to 

other structures. Also, the quantity of information given in each study is not enough to 

describe all the features of a given vertebral level without recurring to other studies. 

Furthermore, the majority of the studies do not comprehend the spine as a whole but a region 

of this structure and consequently these studies are biologically dependent. Nonetheless, some 

studies remark themselves because of their completeness (in terms of measurements, 

structures and regions analyzed), as the studies from Panjabi et al. [71,72,73,74], Tan et al. 

[94,95] and Nissan and Gilad [76,96,97], or the studies from Doherty and Heggeness [67,68], 

Schaffler et al. [98] and Xu et al. [99] although these last three studies only describe the atlas 

and axis. Other studies focus on specific structures of the spine and describe them in a very 

detailed mode (laminas [75], pedicles [78,88,100,101,102,103,104,105], facets [69,74]) or 

regard their internal morphology [77,85,86]. 

Another gap in some anatomic studies is not cataloguing the data retrieved, namely by 

associating the results by ethnicity (Caucasian have greater overall dimensions than Chinese 

[95]), age and gender or even by defining a given percentile to the sample analyzed. This may 

lead to models or conclusions that are erroneous or adapt only to specific individuals. 

However, some parameters do not depend on gender, age or ethnicity, as the articular facets 

orientation [69], or depend only on gender, as the dimensions of the vertebral bodies [70]. In 



10 1. Introduction 

 

fact, the idealization that the human female spine geometry can be derived from the geometry 

of the male spine through a scale factor was disbelieved by experimental studies, such as that 

of Vasavada et al. [106]. According to this study, the female cervical spine is smaller (9% to 

15% on the neck, 3% to 6% on the head) and weaker (32% in flexion and 20% in extension) 

than the male cervical spine. 

Hence, in the future an effort has to be made to evaluate the influence of these variables 

not only in the geometric but also in the material properties of each spine structure, and to 

standardize the measurements made by each research group. To a further review in this 

subject the reader should address to the work of Van Sint Jan [107]. 

 

 



 

Author Year 
Study Type / 

Observations 
Spinal Structure 

Dimensions 
Sagittal Plan Transverse Plan Frontal Plan 

Linear Angular Areal 

Panjabi et 

al. 

1991 

[71,72] 
1992 [73] 

1993 [74] 

 Direct Measurements 

 12 Human Cadavers: 
Male:Female Ratio 2:1, 

46.3 years, 67.8 kg and 
167.8 cm 

 72 Cervical Vertebrae [71] 

 144 Thoracic Vertebrae 
[72] 

 60 Lumbar Vertebrae [73] 

Vertebral Body 5 2 2 

 
 

 

Spinal Canal 2 0 1 

Pedicle 2 1 2 

Facet 4 4 1 

Uncovertebral Joint 0 2 1 

Rib Articulation 0 0 2 

Pars Interarticularis 0 0 1 

Spinous Process 1 0 0 

Transverse Process 1 0 0 

Gilad and 

Nissan 

1984 [76] 

1985 [97] 

1986 [96] 

 Radiographic 
Measurements (X-Ray) 

 157 Human Male 
Volunteers: 26.8 years, 

72.4 kg and 174.7 cm 

 819 Cervical Vertebrae 

 781 Lumbar Vertebrae 

Vertebral Body 5 0 0 

 

  Spinous Process 4 1 0 

Intervertebral Disc 2 0 0 

Berry et al. 1987 [66] 

 Direct Measurements 

 30 Human Cadavers from 
Hamann-Todd Collection 

 90 Thoracic Vertebrae (T2, 
T7, T12) 

 150 Lumbar Vertebrae 

Vertebral Body 10 1 0 

  
 

Spinal Canal 2 0 0 

Pedicle 4 1 0 

Facet 1 0 0 

Spinous Process 1 1 0 

 

  



 

Author Year 
Study Type / 

Observations 
Spinal Structure 

Dimensions 
Sagittal Plan Transverse Plan Frontal Plan 

Linear Angular Areal 

Masharawi 

et al. 

2004 [69] 

2008 [70] 

 Direct Measurements 

 240 Human Cadavers from 
Hamann-Todd Collection: 

Male:Female Ratio 1:1, 

120 African-American and 

120 Caucasian; 165 cm and 

55.8 kg 

 2880 Thoracic Vertebrae 

 1200 Lumbar Vertebrae 

 No Numeric Data 

Available [70] 

Vertebral Body 8 0 0 

 

 

 Facet 0 2 0 

Laporte et 

al. 
2000 [108] 

 Direct Measurements 

 50 Human Cadavers 

 373 Thoracic Vertebrae 

 No Numeric Data 
Available 

Vertebral Body 10 2 2 

 
  

Spinal Canal 2 0 0 

Pedicle 4 2 0 

Facet 5 2 1 

Spinous Process 1 0 0 

Transverse Process 2 0 0 

Zindrick et 

al. 
1987 [88] 

 Radiographic 
Measurements (X-Ray and 
CT) 

 2905 Pedicle 
Measurements 

Pedicle 4 2 0 

  

 

Kothe et 

al. 
1996 [109] 

 Direct Measurements 

 15 Human Cadavers: 
Male:Female Ratio 2:3 and 

57 years 

 18 Thoracic Vertebrae (T2, 
T6, T7, T10, T11) 

Pedicle 8 0 0 

 

  

 

  



 

Author Year 
Study Type / 

Observations 
Spinal Structure 

Dimensions 
Sagittal Plan Transverse Plan Frontal Plan 

Linear Angular Areal 

Ebraheim 

et al. 

1996 [100] 
1997 

[101,102] 

 Direct Measurements 

 43 Human Cadavers: 
Male:Female Ratio 26:17 

[102] 

 516 Thoracic Vertebrae 

[102] 

 50 Human Lumbar Spines 
from Cadavers: 

Male:Female Ratio 30:20 
[100] 

 250 Lumbar Vertebrae  

 40 Human Cervical Spines 

(C3 to C6): Male:Female 

Ratio 25:15 [101] 

 160 Cervical Vertebrae 

Vertebral Body 1 0 0 

  

 
Pedicle 5 2 0 

Husted et 

al. 
2004 [84] 

 Radiographic (CT) 
Measurements 

 6 Human Cadavers: 
Male:Female Ratio 2:1 and 

84 years 

 57 Thoracic Vertebrae 

Pedicle 5 0 0  

 

 

McLain et 

al. 
2002 [110] 

 Direct Measurements 

 18 Human Cadavers: 
Male:Female Ratio 7:11 

 108 Thoracic Vertebrae (T1 

to T6) 

Pedicle 3 0 0 

  

 

Xu et al. 1999 [75] 

 Direct Measurements 

 37 Human Cadavers: 

Male:Female Ratio 21:16 

 222 Cervical Vertebrae 

 444 Thoracic Vertebrae 

 185 Lumbar Vertebrae 

Lamina 5 3 0 

  

 

 

  



 

Author Year 
Study Type / 

Observations 
Spinal Structure 

Dimensions 
Sagittal Plan Transverse Plan Frontal Plan 

Linear Angular Areal 

Doherty 

and 

Heggeness 

1994 [67]  Direct Measurements 

 88 Atlas Vertebrae 

Vertebral Body 14 0 0 

 

 

 
Foramen 2 0 0 

Doherty 

and 

Heggeness 

1995 [68]  Direct Measurements 

 51 Axis Vertebrae 

Vertebral Body 4 0 0 

   

Dens 5 1 0 

Spinal Canal 2 0 0 

Xu et al. 1995 [99] 
 Direct Measurements 

 50 Axis Vertebrae: 
Male:Female Ratio 30:20 

Vertebral Body 4 0 0 

   

Dens 4 1 0 

Spinal Canal 3 0 0 

Facet 2 1 0 

Pedicle 5 2 0 

 

  



 
Spinal 

Structure 
Nomenclature Dimension 

Spinal 

Structure 
Nomenclature Dimension 

Spinal 

Structure 
Nomenclature Dimension 

Vertebra 

VD Vertebral Depth 

Facet 

IFH Interfacet Height 

Spinous Process 

SPL Spinous Process Length 

VW Vertebral Width IFW Interfacet Width SPD 
Spinous Process 

Distance 

VL Vertebral Length FCH Facet Height SPI 
Spinous Process 

Inclination 

Vertebral Body 

EPD Endplate Depth FCW Facet Width 

Lamina 

LMH Laminar Height 

EPW Endplate Width FCD Facet Distance/Depth LMW Laminar Width 

EPH Endplate Height FDV 
Facet Distance to Vertebral 

Body 
LMT Laminar Thickness 

EPI Endplate Inclinatio FCI Facet Inclination LMI Laminar Inclination 

VBH Vertebral Body Height 

Pedicle 

PDH Pedicle Height 

 

VBL Vertebral Body Length PDW Pedicle Width 

VBD 
Vertebral Body 

Diagonal/Depth 
PSL Pedicle Screw Insertion Length 

Dens 

DH Dens Height PDL Pedicle Length 

DD Dens Depth PDD Pedicle Distance 

DW Dens Width PDF Pedicle Distance to Facet 

Suffixes 

s Sagittal 

DA Dens Angle PDT 
Pedicle Distance to Transverse 

Process 
t Transversal 

Ring 

PRD Posterior Ring Depth PDP Pedicle Projection Point f Frontal 

ARD Anterior Ring Depth PRW Pedicle Rib Unit Width u Upper 

ARH Anterior Ring Height PDI Pedicle Inclination l 
Lower or Left or 

Lateral 

Intervertebral 

Disc 
IDH Intervertebral Disc Height ESL 

Extrapedicular Screw Insertion 

Length 
r Right 

Foramen 
FD Foramen Depth CT Cortical Thickness m Medial 

FW Foramen Width CCH Cancellous Core Height p Posterior 

Spinal Canal 

SCD Spinal Canal Depth CCW Cancellous Core Width a Anterior 

SCW Spinal Canal Width 
Transverse 

Process 
TPW Transverse Process Width o Oblique 

 Table 1.1 – Brief description and representation of the measurements made in several research works. 
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1.3.2. IVD Models 

The intervertebral disc is the most critical component in most of the finite element models 

of the spine due to its complex macro and microstructure and, consequently, its complex 

mechanical behaviour [111]. Throughout the years, the intervertebral discs have been 

modelled with increasingly complexity regarding their geometrical and material properties. In 

what concerns the geometry of the IVD, there are models ranging from two-dimensional 

[112] to patient-specific three-dimensional models obtained from reconstruction of medical 

images [111,113,114,115] (an approach to assemble a patient specific spine model is 

presented in Appendix A), passing through models with plan symmetry [20,116]. In previous 

models, the material properties, besides representing the microscopic structure and content of 

the intervertebral disc [117,118,119], are derived by comparison with experimental 

measurements [45,120,121]. 

In early models, the intervertebral disc components consist of only a single phase 

[122,123] with simplified material representation (linear elastic), not taking into account the 

real microstructure of the intervertebral disc and the nonlinear behaviour of the disc under 

axial or shear loading [124,125] and, therefore, may produce inaccurate results. In posterior 

models, the annulus representation is improved in its geometry and in its material 

representation, which considers the existence of a network of collagen fibers arranged 

circumferentially in limited number of laminae (frequently in number of eight in FEM) that 

reinforces the annulus matrix [126]. The collagen fibers are either modelled as tension-only 

cable elements [45,111,121] or rebar elements [115,127] with a fixed inclination throughout 

the annulus [113,128]. Nonetheless, assuming an equal inclination throughout the annulus do 

not consider the radial variation of the collagen fibers’ inclination as reported by the 

experimental findings of Cassidy et al. [129]. So, recent models start to incorporate a radially 

dependent inclination and stiffness for the collagen fibers [115,127,130,131]. Furthermore, 

the material properties used for these elements are linear elastic [127,131] or viscoelastic 

[45,121] (using the Zener model). The annulus matrix, on the other hand, started to be 

modelled as a hyperelastic [115,127,131], or an orthotropic [20,120], or an anisotropic 
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[30,132], or a poroelastic [117,133,134] material in order to simulate the nonlinear behaviour 

of the disc. Furthermore, the nucleus pulposus in a large number of studies is modelled as an 

incompressible hydrostatic material [20,127,128] and the endplate as a continuum isotropic 

material [127,128]. A full three-dimensional viscoelastic model regarding the material 

properties of the nucleus, annulus and its collagen fiber network is presented by Shirazi-Adl 

et al. [121], and Wang et al. [45]. 

A special form of viscoelasticity (poroelasticity) was firstly introduced to define the 

intervertebral disc mechanical properties by Simon et al. while modelling motion segments of 

rhesus monkeys [135] and human [134] spines. This formulation considers two phases, one 

liquid and one solid, in which the liquid phase can move with respect to the solid and, at 

equilibrium, is characterized by having a pressure of zero, which determines that all the load 

bearing is carried by the solid phase. The symetric model of Simon et al. was improved to 

incorporate the swelling pressure [136] and the osmotic pressure [137], extending the 

poroelasticity theory developed by Biot [138]. The effects introduced allow the fluid phase to 

bear some of the load at the equilibrium, reducing the stresses and the load bearing of the 

solid phase. Natarajan et al. [139] developed a poroelastic  FEM of the IVD incorporating the 

swelling pressure and the effect of strain on the IVD permeability.  

The poroelasticity theory considers the interstitial fluid flow in a given structure in order 

to describe its mechanical behaviour. The osmoviscoelasticity is a variant of the poroelasticity 

formulation that considers the microstructure (composition) of the intervertebral disc to 

determine its material properties, being the same relationships used to model the annulus and 

the nucleus. Models using this formulation include the contribution of the elastic nonfibrillar 

solid matrix (Modefied Neo-Hookean), the viscoelastic collagen fibers (Zener Model) and the 

osmotically prestressed permeable extrafibrillar fluid (intrafibrillar fluid is negligible) [119, 

140,141]. Another  alternative  formulation  used  for  modelling  the  IVD is the multiphasic 

theory of porous media (macroscopic continuum theory based on the theory of mixtures 

extended by the concept of volume fractions). Ehlers et al. [117], and Markert et al. [118] 

used this formulation for their model of the IVD, which considers a fiber reinforced porous 
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solid (the annulus) saturated by a free movable interstitial fluid, and includes the intrinsic 

viscoelasticity of the extracellular matrix, and electrostatic and osmotic effects [117,118]. 

Besides the finite element models, there are several analytic methods that are used to 

describe the mechanical behaviour of the normal and degenerated intervertebral disc [142]. 

Also, there are other analytic models that are capable of determining the orientation of the 

collagen fibers in the annulus according to one or two geometrical rules [116]. 

The IVD finite element models are also used to simulate an abnormal situation 

experienced by the IVD, namely regarding disc degeneration [113,128,142,143,144]. For a 

more detailed review of the finite element models of the IVD the reader should address to the 

work of Zhang et al. [144], Natarajan et al. [142], and Jones et al. [145]. 

1.4. Thesis Structure 

The human spine is a complex anatomic structure that provides a wide range of motion to 

the human body. To understand not only its anatomy but also its physiology in each region of 

the spine, a brief description will be made in Chapter 2. In this Chapter a description of the 

anatomic details of each spine region focusing on the geometric details of the vertebrae and 

on  the  involving  structures  which  provide  stability  to  each  Functional Spine Unit (FSU), 

to each region and to the spine as a whole. Also, a perspective on the biomechanics of the 

whole spine and detailing for each region will be presented. However, this research study, not 

considers the muscles of the spine, so these structures will not be taken into account. 

To achieve the objective proposed with this research, several mathematical formulations 

will be developed and improved in order to accomplish a realistic simulation of each spine 

structure, including intervertebral discs (Chapter 5) and, ligaments and contacts (Chapter 6, in 

Section 6.1 and Section 6.2, respectively), and the spine as a whole. As this work emphasis on 

the intersomatic fusion and on the intrinsic behaviour of the intervertebral discs, a more 

complex model of this structure, as well as a fixation plate model, will be developed in finite 

element method and a more detailed description of its anatomy and physiology, regarding its 

internal and external mechanical behaviour, will be provided in Chapter 5. This structure will 

be simulated with two types of modules: the six degree of freedom bushing element (in 



20 1. Introduction 

 

multibody  system  dynamics) and the co-simulation  module  developed (linking MSD to FE) 

and described in Chapter 4. In Chapter 4, other co-simulation methods between the domains 

FE and MSD are revised and a detailed efficiency procedure is proposed. 

In Chapter 7, a detailed description of the cervical (an adaptation of the de Jager’s cervical 

spine model [57]) and lumbar (whose major characteristics are retrieved from the literature) 

spine model developed is made, taking more emphasis on its geometry and material 

properties. 

Furthermore, a brief description of the numerical methods employed in the current spine 

research will be presented in Chapter 3. Finally, in Chapter 8 a presentation of the discussion 

and the results obtained for a simulation of the normal spine and a spine with the intersomatic 

fusion, being the more remarking conclusion provided in Chapter 9. 



 

Chapter 22 

Anatomo-Phisiology of the Spine 

The spine is a complex mechanical structure involving not only the vertebral column but 

also its soft tissues, including ligaments, muscles, and neural and vascular networks. 

In order to perform a mathematical analysis and develop a model of the spine that can 

predict accurately its biomechanics and kinematics it is important to gain knowledge of the 

functions of the spine components, their importance in the load carrying pathway along the 

spine and to understand how they work as a whole. So, in the present chapter the anatomy and 

physiology of the hard and soft tissues is described. 

2.1. Vertebral Column 

The vertebral column consists of 33 to 35 vertebrae (principal component in resisting 

compressive forces [146]) forming the central, axial skeleton of the human body, running 

from the head to the bony pelvis [1]. It provides resistance and flexibility to the trunk, from 

the head, that it sustains, to the pelvis, which holds up the spine, allowing sufficient 

physiologic motion between these three body parts: lateral bending, axial rotation and, flexion 

and extension. Additionally, it transmits the weight and the bending moments of the upper 

body to the pelvis, plus, it envelops and protects the spinal cord from potentially damaging 
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forces or motions produced by trauma, and serves as a point of attachment for the ribs, and 

the back and abdominal muscles [1,146,147,148]. 

The vertebral column is divided into five regions (Figure 2.1): 

o the cervical region, with seven vertebrae (C1 through C7), which composes the axial 

skeleton of the neck, and it is responsible for supporting and moving the head; 

o the thoracic region, with twelve vertebrae (T1 through T12), which suspends the ribs 

and support the respiratory cavity; 

o the lumbar region, with five vertebrae (L1 through L5), which allows the mobility 

between the thoracic portion of the trunk and the pelvis; 

o the sacral region, with five fused vertebrae, is incorporated into the pelvis and 

connects the vertebral column to the bones of the lower limb girdle; 

o the coccyx, with four or five fused vertebrae, which supports the pelvic floor. 

 

 Figure 2.1 – Sagittal view of the spine showing its several regions and its 

curvatures. Image courtesy of Medical Multimedia Group LLC, 

www.eOrthopod.com.  

The vertebral column shows four curves in the sagittal plan, anteriorly convex in the 

cervical and lumbar regions (lordotic) and posteriorly convex in the thoracic and sacral 

regions (kyphotic), which provide and increase the resistance and the elasticity of the 

vertebral column [1,147]. Moreover, the spine shows another curvature in the frontal plan, to 

http://www.eorthopod.com/
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the right side, in the thoracic spine, at the T3 to T5 spine levels, due to the position of the 

aorta or to the increased use of the right hand [1,148]. 

2.1.1. Structure of the Typical Vertebrae 

Although the structure of each vertebra varies according to the region of the vertebral 

column and even inside the same region, there are several common features between them. 

Generally, the vertebra (Figure 2.2) is composed of a vertebral body (disc-shaped front 

portion) and its posterior elements, which include one vertebral arch, four articular processes 

(ending each one in an articular surface called facet), two transverse processes (extends 

laterally on each side, where the lamina and the pedicle join) and one spinous process (single 

projection in the midline that extends backwards from the junction of the two laminae). The 

transverse and spinous processes serve as points of attachment for muscles and ligaments. 

Moreover, the superior articular processes pair articulates with the inferior pair of the vertebra 

immediately above to form the zygapophyseal joint (Figure 2.14) [1,146]. 

             

 A B 

 Figure 2.2 – Vertebral general components in transverse (A) and sagittal (B) 

view (Image from Gray's Anatomy of the Human Body, 20th ed. 1918). 

The vertebral arch is composed, each side, by a lamina and, a short and thick process, the 

pedicle, which projects backward from the body to join with the lamina. The laminae are the 

flat parts of the arch that end in the spinous process. The vertebral arch and the vertebral body 

form the vertebral foramen that contains the spinal cord, and the set of these structures, all 

over the spine levels, form the spinal canal. Furthermore, between two adjoining vertebrae, on 

http://en.wikipedia.org/wiki/Gray%27s_Anatomy
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both sides of the column, there is an intervertebral foramen that allows the passage of a single 

spinal nerve (Figure 2.3). 

             

 A B 

 Figure 2.3 – Spinal components and neural structures. Image courtesy of 

Medical Multimedia Group LLC, www.eOrthopod.com. 

2.1.2. The Cervical Spine 

The cervical spine (Figure 2.4), as mentioned in Section 2.1, is composed of seven 

vertebrae, being the geometry of the first two very particular. Moreover, between these two 

vertebrae there is a complex joint, distinct from the remaining spine joints since no 

intervertebral disc is present and, due to the flexibility and range of motion that it confers to 

the head and neck. Namely, in axial rotation of the neck, approximately 50% occurs at the 

joint between the two first cervical vertebrae and the remaining is from the responsibility of 

the other joints of the cervical spine [148]. 

Hence, due to the different morphologies and function of these two vertebrae, the cervical 

spine is divided in two regions: the upper cervical spine comprising the first and second 

cervical vertebrae; and the lower cervical spine composed by the remaining five cervical 

vertebrae (C3-C7). Moreover, the range of movement and representative angles at each 

cervical level is represented in Table 2.1. 

http://www.eorthopod.com/
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 Figure 2.4 – Cervical spine. Image courtesy of Medical Multimedia Group 

LLC, www.eOrthopod.com. 

Spine Level 
 

Flexion/Extension Lateral Bending Axial Rotation 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

C0-C1 
 

13 
 

8 
 

0 

C1-C2 
 

10 
 

0 
 

47 

C2-C3 5 – 23 8 11 - 20 10 6 - 28 9 

C3-C4 7 – 38 13 9 – 15 11 10 - 28 11 

C4-C5 8 – 39 12 0 – 16 11 10 - 26 12 

C5-C6 4 – 34 17 0 – 16 8 8 - 34 10 

C6-C7 1 – 29 16 0 – 17 7 6 - 15 9 

C7-T1 4 – 17 9 0 – 17 4 5 - 13 8 

 Table 2.1 – Range of motion at each cervical spine level (retrieved from [148]). 

The first cervical vertebra [67], the Atlas (Figure 2.5-A), supports the head, and consists 

of a ring-shaped bony structure with no vertebral body and no spinous process, and with a 

thickened lateral mass on each side (joined anteriorly and posteriorly by arches of bone). The 

posterior arch of the atlas bears at its middle a tubercle that represents a rudimentary spinous 

process, while the anterior arch lies in front of the odontoid process of the axis and presents 

an articular facet to articulate with this process. The upper surface contains bilateral superior 

articular facets that articulate with the occipital condyles, allowing the flexion and extension 

movements of the head. The inferior surface contains inferior articular facets that articulate 

with the axis. 

http://www.eorthopod.com/
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The second cervical vertebra [68,98,99], the Axis (Figure 2.5-B), contrarily to the atlas, 

has a vertebral body and a spinous process. Laterally, the vertebral body contains two superior 

articular facets which support the atlas. Anteriorly, the vertebral body bears an odontoid 

process which constitutes a pivot around which the atlas and head can rotate, as in the axial 

rotation of the head. 

The remaining cervical vertebrae (Figure 2.5-C) present short vertebral bodies and bear 

uncinate processes on their superoposterior lateral edges. Their articular processes are 

supported on a solid column of bone, the articular pillar, while the transverse processes (U-

shaped in cross section) form a gutter which lodges the ventral ramus that emerges above the 

vertebra. Proximally, the floor of the transverse process is pierced by the foramen 

transversarium, which at levels C1-C6 transmits the vertebral artery. 

Another particularity from the cervical vertebrae is that the spinous processes, from C2 to 

C6, are often bifid, i.e., split into two parts. The seventh cervical vertebra, the vertebra 

prominens, has a single, large spinous process that can be seen and felt at the base of the neck, 

from which it derives its name. 

 

 A B C 

 Figure 2.5 – Cervical vertebrae structure: (A) Atlas, (B) Axis and (C) Typical 

Cervical Vertebrae. Image courtesy of Medical Multimedia Group LLC, 

www.eOrthopod.com. 

2.1.3. The Thoracic Spine 

The thoracic spine (Figure 2.6) is composed of twelve vertebrae. This region is 

characterized  to  be  stiffer  than  the  other  spine  regions  due to the presence of the rib cage 

http://www.eorthopod.com/
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(Figure 2.7), which comprises the sternum, the twelve pairs of ribs, the costal cartilages and 

the twelve thoracic vertebrae.  

 

 Figure 2.6 – Thoracic spine. Image courtesy of Medical Multimedia Group 

LLC, www.eOrthopod.com. 

The ribs are responsible for protecting the heart and lungs, as well as conferring stability 

to the thoracic spine [148,149,150]. Sham et al. concluded, by using a finite element model of 

the thoracic spine with and without the rib cage, that the rib cage diminishes the flexion of the 

spine between 23 to 47% [151]. Furthermore, a study of Watkins et al. in cadavers reinforces 

this idea, since it concluded that the rib cage increases the stability of the thoracic spine by 

40% in flexion/extension, by 35% in lateral flexion and 31% in axial rotation movements 

[152]. Besides the motion limitation of the thoracic column by the rib cage, there can be 

considerable independent movement between the two structures [153]. 

http://www.eorthopod.com/
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 A B C 

 Figure 2.7 – Human rib cage in frontal anterior (A), frontal posterior (B) and 

sagittal (C) view. Image from Gray's Anatomy of the Human Body, 20th 

ed. 1918. 

The thoracic vertebrae (Figure 2.8) are larger and stronger than the cervical vertebrae, 

presenting, near the pedicles, two articular facets, one superior and another inferior, to 

articulate with the ribs [1,146]. The stiffness and limited movements of the thoracic region 

arise from the attachment of the ribs to the sternum. 

 

 Figure 2.8 – Thoracic vertebrae structure. Image from Gray's Anatomy of the 

Human Body, 20th ed. 1918. 

The sternum (Figure 2.9) is a flat, narrow bone located in the center of the anterior 

thoracic wall and consists of three parts: the upper part (manubrium), the middle (body) and 

the lower (xiphoid process). The manubrium articulates with the clavicles and the first and 

second ribs, while the body of the sternum articulates directly or indirectly with the second 

through tenth ribs. On the other hand, the xiphoid process has no ribs attached to it but 

provides attachment for some abdominal muscles [1,146]. 

http://en.wikipedia.org/wiki/Gray%27s_Anatomy
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 Figure 2.9 – The sternum. Image from Gray's Anatomy of the Human Body, 

20th ed. 1918. 

The twelve pairs of ribs make up the sides of the thoracic cavity (skeletal portion of the 

thorax). The ribs increase in length from the first through seventh ribs, then decrease until the 

twelfth rib. Each  rib  articulates  posteriorly with its corresponding thoracic vertebrae (Figure 

2.7-B). The first through seventh pairs of ribs have a direct anterior attachment to the sternum 

by a strip of hyaline cartilage called costal cartilage, the true ribs. The remaining five pairs of 

ribs are called false ribs because their costal cartilages either attach indirectly to the sternum 

or do not attach to the sternum at all. The cartilages of the eighth, ninth and tenth pairs of ribs 

attach to each other and then to the cartilages of the seventh pair of ribs, while the anterior end 

of the eleventh and twelfth false ribs costal cartilage does not attach to the sternum at all 

(floating ribs). Spaces between ribs, called intercostals spaces, are occupied by intercostals 

muscles, blood vessels and nerves. 

The thoracic spine, besides its vertebrae do not have significant differences, can be 

divided in two different regions: the quasi-non-flexible upper thoracic spine comprising the 

first ten thoracic vertebrae and the lower thoracic spine, which is a more flexible structure 

compared with the upper part [148] (Table 2.2). This partition is based upon the type of ribs 

that is attached to the vertebrae, being straightforward that the floating ribs allow a higher 

range of motion, given that they are not attached to the sternum. Hence, a transition to the 

more flexible lumbar spine can be perceived from the presence of this lower thoracic region. 
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Spine Level 

Flexion/Extension Lateral Bending Axial Rotation 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

T1-T2 3 – 5 4 5 6 14 9 

T2-T3 3 – 5 4 5 – 7 6 4 - 12 8 

T3-T4 2 – 5 4 3 – 7 6 5 - 11 8 

T4-T5 2 – 5 4 5 – 6 6 4 - 11 8 

T5-T6 3 – 5 4 5 – 6 6 5 - 11 8 

T6-T7 2 – 7 5 6 6 4 - 11 8 

T7-T8 3 – 8 6 3 – 8 6 4 - 11 8 

T8-T9 3 – 8 6 4 – 7 6 6 - 7 7 

T9-T10 3 – 8 6 4 – 7 6 3 - 5 4 

T10-T11 4 – 14 9 3 – 10 7 2 - 3 2 

T11-T12 6 – 20 12 4 – 13 9 2 - 3 2 

T12-L1 6 – 20 12 5 - 10 8 2 - 3 2 

 Table 2.2 – Range of motion at each thoracic spine level (retrieved from 

[148]). 

2.1.4. The Lumbar Spine and The Sacrum 

The lumbar spine (Figure 2.10) is composed by five vertebrae and is characterized to be 

more flexible than the thoracic spine. 

 

 Figure 2.10 – Lumbar spine. Image courtesy of Medical Multimedia Group 

LLC, www.eOrthopod.com. 

http://www.eorthopod.com/
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The lumbar vertebrae (Figure 2.11) are the largest and strongest in the vertebral column in 

order to bear the weight of the trunk and to control its movements on the pelvis in the upright 

posture [147,154]. In  fact, the  lumbar  vertebral  bodies  and  IVDs are responsible for 

resisting about 80% of the compressive force acting on the spine [154]. The lumbar vertebrae 

several projections are short and thick, and the spinous processes are well adapted for the 

attachment of the large back muscles. Additional processes are present, which serve as special 

sites of muscle attachment, as an accessory process in the proximal, posterior surface of each 

transverse process and the mamillary process, round tubercle on the dorsal edge of each 

superior articular process. The range of movements of each lumbar level is given in Table 2.3. 

 

 Figure 2.11 – Lumbar vertebrae structure. 

Spine Level 

Flexion/Extension Lateral Bending Axial Rotation 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

Limits of 
Range (deg) 

Representative 
Angle (deg) 

L1-L2 9 - 16 12 3 - 8 6 1 - 3 2 

L2-L3 11 - 18 14 3 - 9 6 1 - 3 2 

L3-L4 12 - 18 15 5 - 10 8 1 - 3 2 

L4-L5 14 - 21 17 5 - 7 6 1 - 3 2 

L5-S1 18 - 22 20 2 - 3 3 3 - 6 5 

 Table 2.3 – Range of motion at each lumbar spine level (retrieved from [148]). 



32 2. Anatomo-Phisiology of the Spine 

 

                     

 A B C 

 Figure 2.12 – Sacrum in frontal (A), sagittal (B) and transversal (C) view. 

The sacrum (Figure 2.12) is a triangular bone formed by the fusion of five sacral vertebrae 

and serves as a strong foundation for the pelvic girdle [1,147]. The anterior and posterior 

sides of the sacrum contain four pairs of sacral foramina, through which nerves and blood 

vessels pass. The coccyx is formed by the fusion of the four coccygeal vertebrae. The top of 

the coccyx articulates with the sacrum. 

The spine can have coupled motions (motion about a secondary axis relatively to the axis 

of the applied load) associated to a given principal movement that arises in response to a 

given external load. Along the spine, it can be identified a common coupled motion, more 

specifically, the axial rotation associated with lateral bending, in which the spinous process 

moves in the same or opposite direction of the lateral bending. This coupling motion 

diminishes along the cervical spine (where the spinous process moves to the opposite 

direction), from 0.66 (in C2) to 0.13 degrees (in C7) of coupled axial rotation for each degree 

of lateral bending, until the lower thoracic spine where the spinous process starts to rotate in 

accordance with the lateral bending direction. In the lumbar spine, lateral bending is also 

associated with flexion/extension [148]. Moreover, each motion segment or functional spine 

unit (FSU) defined as the smallest osteoligamentous unit that exhibits generic biomechanical 

properties of the spine (comprising two adjacent bony structures, two articulating 

zygapophyseal joints, an interconnecting disc and a set of ligaments [155]), as an 

instantaneous axis of rotation that varies according to the motion, nonetheless is confined to a 
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relatively small area within the spinal unit [148]. The locations of the instantaneous axis of 

rotation as well as the coupling motions are determined by the facets height [156]. 

2.2. Spinal Joints 

Although the vertebral column allows supporting and conferring rigidity to the torso, the 

soft tissues are responsible for producing movement and granting flexibility to this structure. 

In the vertebral column, each vertebra is united to the following by a set of three joints: an 

intervertebral disc that joins the vertebral bodies (symphysis joints) and a pair of synovial 

joints that link the adjacent articular processes (zygapophyseal joints). These joints, including 

the posterior longitudinal ligaments and capsular ligaments are responsible for sharing 90% of 

the torsional strength in the spine [148]. Also, to help maintaining the column stability, the 

vertebrae are the site of attachment of several ligaments and muscles that allow moving 

actively the bony structure and reduce the loads applied to the other spine components [157]. 

2.2.1. The Intervertebral Disc 

The intervertebral disc (Figure 2.13) is present in all spine levels from C2 to S1 in a total 

of 23 IVDs. Besides each disc grants a small range of motion to the spine, the set of the 23 

intervertebral discs provide the spine with great flexibility and motion. It has the form of a 

biconvex lens, which connects and separates the vertebral bodies allowing them to bend with 

respect to one another, and for this it must be pliable. It must also be strong to sustain the 

compression loads exerted on the interbody joint by the weight of the body above the joint 

and by the back muscles when they act [147]. The disc height changes according to the spine 

regions being considered. It decreases slightly from the cervical column, where is almost 

uniform, until the fifth or sixth thoracic vertebra; after, it increases slowly and it has the 

greater dimensions between the lumbar vertebrae [1].  

The intervertebral disc consists of a nucleus pulposus, located posterocentrally in the disc, 

surrounded by an annulus fibrosus, being both encapsulated between the superior and inferior 

vertebral endplates. The endplates are responsible for the connection between the remaining 

structure of the IVD and the vertebral bodies. 
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 Figure 2.13 – Intervertebral disc. Image courtesy of Medical Multimedia Group 

LLC, www.eOrthopod.com. 

2.2.2. Articular Processes Joints or Zygapophyseal Joints 

A zygapophyseal joint (Figure 2.14) is formed by the inferior articular process of one 

vertebra and the ipsilateral superior articular process of the following vertebrae. Each joint is 

enclosed by a fibrous capsule that is reinforced by the ligamentum flavum, and also the 

posterior ligament in the thoracic and lumbar regions [1]. These types of joints produce a 

synovial fluid that lubricates the joint and diminish the wear between the surfaces when they 

move or glide against each other. Furthermore, these surfaces are covered with hyaline 

cartilage, which diminishes the friction between them (friction coefficient for cartilage 

moving on cartilage has a minimum value of 0.001 [158]). 

The orientation and shape of these articulations differ with the spine region, and, 

consequently, its biomechanical function [83]. In the cervical region this joints are orientated 

obliquely (superior articular facets are orientated upwards and backwards), and so they 

support the weight and preclude forwards translation of the vertebra, while in the thoracic 

region this joints are orientated in the coronal plan (superior articular facets are orientated 

backwards and laterally) precluding forwards translation of the vertebrae. Moreover, in the 

lumbar region they are orientated longitudinally (superior articular facets are orientated 

backwards and medially), and thus they preclude forwards translation and axial rotation of the 

vertebra above [147]. 

http://www.eorthopod.com/
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 Figure 2.14 – Zygapophyseal joint structure. Image courtesy of Medical 

Multimedia Group LLC, www.eOrthopod.com. 

The zygapophyseal joints have great importance to the spine stability since they carry 

about 18% of the total compressive load on a given motion segment, reaching the 33% 

depending upon the spine posture [148].  

2.2.3. Ligaments 

The principal function of the ligaments (Figure 2.15) is to maintain structural stability (by 

restricting the motion at each spine level and, therefore, protecting the neural structures) and 

protecting against excessive movements in case of trauma [159]. In each spine level it is 

common  to  found  a  set  of  seven  ligament  types:  the  anterior (ALL) and posterior (PLL) 

longitudinal   ligaments,   the   interspinous   (ISL)   and   supraspinous   ( SSL) ligaments, the 

ligamentum flavum (LF), the intertransverse ligaments (ITL) and the capsular ligaments (CL). 

These ligaments can be classified, according to the number of spine levels spanned, as 

intersegmental (ligaments that hold several vertebrae together, comprising the ALL, PLL and 

SSL) and intrasegmental (ligaments that hold an individual vertebrae together, consisting of 

the ISL, LF, ITL and CL).  

http://www.eorthopod.com/


36 2. Anatomo-Phisiology of the Spine 

 

 

 Figure 2.15 – Spine ligaments. Image from Gray's Anatomy of the Human 

Body, 20th ed. 1918. 

The  longitudinal  ligaments  resist bending  of the spine, more specifically, the ALL resist 

extension and the PLL resist flexion [160]. The anterior longitudinal ligament originates at the 

base of the occiput and extends over the entire length of the spine into the sacral region (2
nd

 

sacral vertebrae) along the anterior face of the vertebral column, while the posterior 

longitudinal ligament extends along the posterior face of each vertebral body and 

intervertebral disc and anterior to the spinal cord, from the occipital to the first coccygeal 

vertebra. Both ligament fibers attach to each vertebra and to the intervertebral disc 

(reinforcing the annulus fibrosus during movement [160]); particularly to the salient parts of 

the vertebral bodies [161].  

On the other hand, the supraspinous and interspinous ligaments [161] connect the spinous 

processes together, namely, the latter join the superior and inferior edges of two spinous 

processes of adjacent vertebrae. The supraspinous, in contrast, lies along the vertebral 

column, posteriorly to the spinous processes and the interspinous ligaments, attaching to the 

tip of each spinous process. The SSL is considered to be continuous with the ISL and extends 

from the seventh cervical vertebrae to the sacrum. The supraspinous ligament in the cervical 

spine is continued upward to the external occipital protuberance by the ligamentum nuchae 

[1,147]. Also, the transverse processes and articular processes of adjacent vertebrae are joined 

by the intertransverse and capsular ligaments [161], respectively.  

http://en.wikipedia.org/wiki/Gray%27s_Anatomy
http://en.wikipedia.org/wiki/Gray%27s_Anatomy
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The ligamentum flavum is responsible for limiting the interlaminar distances in flexion 

and extension movements, since this ligament connects the laminae of adjacent vertebrae 

[161]. More precisely, it begins bilaterally on the anteroinferior aspect of the lamina of the 

superior vertebra and ends on the posterosuperior aspect of the lamina of the inferior vertebra. 

Additionally, it encloses the spinal cord and offers some protection to this tissue [159]. This 

ligament is present from the C2-C3 to the L5-S1 spine level. 

Besides the biological structures presented previously are the most common across the 

human spine regions, some special and complex regional joints are present that exhibits a 

characteristic and unique biomechanical behaviour. The most important to mention are in the 

upper cervical spine and comprise the occipitoatlantal, the atlantoaxial and the occipitoaxial 

joints. Nonetheless, other structures like the uncovertebral or the sacrovertebral joints are also 

present. 

2.2.4. Occipitoatlantal Joints 

The occipitoatlantal condylian joints (permitting motion in two planes, flexion and 

extension and slight lateral bending) are responsible for connecting the spine to the head. 

More specifically, the concave facet of the superior articular processes of the atlas (glenoid 

cavities) accommodates the two condyles of the occiput. The articular capsules, in each side, 

are reinforced by the lateral occipitoatlantal ligaments.  Also, connecting these bones there are 

the anterior and posterior occipitoatlantal ligaments, which connect the anterior and posterior 

portion of the occipital foramen with the superior portion of the anterior and posterior arch of 

the atlas, respectively [1,147]. 

The curvature of the articular facets allows nodding movements of the head on the atlas, 

but precludes other movements. Therefore, in axial rotation of the head, the head and atlas 

move as a single unit on the axis [147]. Moreover, in this joint, flexion is restrained by the 

contact between the foramen magnum anterior margin and the tip of the dens, while extension 

is limited by the tectorial membrane [148].  
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The occipitoatlantal joint represents 41% to 45% of the flexion movement and 69% to 

71% of the extension movement in the UCS, being the remaining from the responsibility of 

the atlantoaxial joint (for an applied moment of 3.5 N.m) [162]. 

2.2.5. Atlantoaxial Joints 

The atlantoaxial joints (Figure 2.16) can be divided in lateral and median joints, which are 

responsible for flexion and extension movements, as well as axial rotation [148]. The lateral 

joints consist of the inferior articular facets of the atlas and the superior articular facets of the 

axis, while the median joints consist of the odontoid process (also known as dens). 

 

 Figure 2.16 – Atlantoaxial joint structure. Image courtesy of Medical 

Multimedia Group LLC, www.eOrthopod.com. 

The lateral joints connect the inferior articular facets of the lateral masses of the atlas, 

with the superior articular facets of the axis, allowing extensive movements. Each capsule is 

reinforced by the atlantoaxial ligament, also known as the lateral inferior ligament d’Anorld, 

which allows gliding movements for rotation of the head and atlas [1].  

The median joint connects a ring shaped structure, the odontoid process, with the anterior 

arch of the atlas. The union is done by two joints: one, anterior, connecting the anterior arch 

of the atlas and the anterior face of the odontoid process, and the other, posterior, connecting 

the posterior face of the odontoid process and the transverse ligament. The transverse 

http://www.eorthopod.com/
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ligament connects the tubercles of the lateral masses of the atlas, originating an ascendant 

ligament, the occipito-transverse ligament, and a descendent ligament, the transverse-axial 

ligament, being this ligamentous group named as cruciform ligament. Moreover, the 

transverse ligament forms a synovial joint between itself and an articular facet on the 

posterior face of the odontoid process. This joint, during rotation of the head and atlas, 

accommodates the sliding movement of the anterior arch of the atlas around the anterior 

surface of the odontoid process. Furthermore, backwards movement of the atlas is prevented 

by the contact between the anterior arch of the atlas and the odontoid process, while the 

forward movement is prevented by the transverse ligament of the atlas (most important 

ligament since it makes the atlantoaxial joint stable) [1,147,163]. 

The alar ligaments pass laterally from the posterolateral surface, on each side of the 

odontoid process, to the lateral margin of the foramen magnum, not allowing distraction of 

the head from the axis, ipsilateral gliding of the head and atlas on the axis and excessive 

contralateral axial rotation of the head [163], due to their orientation. Also, if there is no 

disruption of the transverse ligament, the alar ligaments do not allow complete forward 

dislocation of the skull and atlas [147]. 

The anterior atlantoaxial ligament attaches on the inferior part of the anterior arch of the 

atlas and on the anterior face of the axis body, while the posterior atlantoaxial ligament 

attaches on the inferior part of the posterior arch of the atlas and on the superior portion of the 

laminae and base of the spinous process of the axis [1]. However, these accessory atlantoaxial 

ligaments have no significant mechanical action, as the apical ligament of the dens or the 

longitudinal band of the cruciate ligament [147]. 

2.2.6. Occipitoaxial Joints 

The occipitoaxial joints connect the axis to the occipital bone of the skull and consist in 

the occipitoaxial (or tectorial membrane) and the occipito-odontoid ligaments. The former 

attaches on the axis body and divides in three portions: one median portion that ends on the 

basilar groove of the occipital (anterior to the occipital foramen), and two lateral portions that 

end on the occipital bone, between the occipital foramen and the internal foramen of the 
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anterior condylian channel. The latter connect the occipital to the odontoid process, stabilizing 

this process in the atlas ring. It also divides in three portions: one median portion that attaches 

on the median portion of the anterior part of the occipital foramen and on the top of the 

odontoid process (the apical odontoid ligament), and two lateral portions that attach on the 

internal face of the occipital condyles and on the lateral portions of the superior extremity of 

the odontoid process (the alar ligaments) [1]. 

The occipitoatlantal and the occipitoaxial union are reinforced by the anterior and 

posterior longitudinal ligaments. In a sagittal section, it can be identified six plans of 

ligaments, from the anterior face of the vertebral column to the rachidian channel: the anterior 

longitudinal ligament, the occipitoatlantal and atlantoaxial ligaments, the occipito-odontoid 

ligaments, the cruciate ligament, the occipitoaxial ligament, and the posterior longitudinal 

ligament [1]. 

2.2.7. Uncovertebral Joints 

In the cervical spine, from C3 to C7, it can be identified another difference, relatively to 

the other spine regions, the union of the vertebral bodies. Each spine level, in addition to the 

intervertebral disc, has two uncinate processes, one in each side (right and left) of the 

vertebral bodies, which form synovial joints and connect them [147]. The articular facets that 

are comprised in each uncovertebral joint are the superior facet of the crochet of the inferior 

vertebra and the lateral inferior facet of the vertebra above. The uncovertebral joints 

contribute significantly to the coupled motions of the spine [83]. 

2.2.8. Sacrovertebral, Sacrococcygeal and Sacroiliac Joints 

The sacrovertebral joint is homologue to the lumbar joints and connects the inferior 

articular processes of L5 to the superior articular processes of S1. This joint in combination 

with the joint ligaments stabilize the articulation. 

The sacrococcygeal joints are responsible for connecting the sacrum to the body of the 

coccyx. This is accomplished by a rudimentary intervertebral disc, in form of symphysis, and 
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by fibrous joints reinforced by the posterior sacroccygeal ligaments, connecting the superior 

articular processes of the coccyx to the cornua of the sacrum [147]. 

The sacroiliac joint is a bilateral synovial joint, between the sacrum and ilium, connecting 

the vertebral column firmly to the lower limb girdle and allowing the gait movements. Also, 

its articular surfaces and ligaments allow the stability of this joint [147]. The ligaments clamp 

the sacrum between the two ilia (interosseous ligaments – dorsal to the joint; ventral sacroiliac 

ligament – anterior to the joint), preventing translations and rotations. Forward rotations, or 

nutation, of the sacrum is further restricted by the sacrotuberous and sacrospinous ligaments. 

2.3. Conclusions 

The spine is a complex bony structure that maintains its structure due to ligamentous and 

muscular systems that also compose the spine. This structure is vital since it supports and 

stabilizes the body as well as enabling physical activities, such as walking, sitting and 

bending, and protecting the neural network. In order to achieve this aim it presents specialized 

components (facet joints, intervertebral discs, ligaments, occipitoatlantoaxial complex) plus 

regions with different and specific morphologies to better adapt to their specific needs and to 

a greater instance to attain the global needs of the spine and the human body. 





 

Chapter 33 

Multibody System Dynamics and Finite 

Element Formulations 

Computational methods are an efficient and economic mode of simulating the several 

conditions that the human body is subjected, conversely to the rare, expensive and limited 

volunteers and cadaver tests. Additionally, the mathematical formulations are characterized 

for their reproducibility, type and quantity of information that complement the limited but 

vital data provided by the in vitro and in vivo clinical studies. Nonetheless, numerical methods 

are considered as complementary studies to the experimental methods since their mechanical 

properties are derived from the results and observations of the latter. 

The Multibody System Dynamics (MSD) and Finite Element (FE) domains are included 

in these computational methods. These domains with the continuous progression of the 

informatics industry (powerful and faster processors) are being improved in what concerns to 

new integration and decomposition algorithms, three-dimensional body representations, 

material formulations available to simulate the mechanical response of the several structures 

of the human body (or other biomechanical systems) and the world around it. These 

adventions make computational analyses more attractive and faster, and allows creating and 

processing more realistic and complex models. 
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As such, in this Chapter a description is given on three-dimensional object representation, 

and multibody system dynamics (focusing on the fully Cartesian coordinates, corresponding 

to those which are being used in the multibody software – APOLLO) and finite element 

methods. 

3.1. Three-Dimensional Object Representation 

In order to perform a mathematical analysis it is necessary to identify the position of the 

points that belong to a given body in the three-dimensional space relatively to their own body 

and relatively to other bodies. Furthermore, this information is indispensable to proceed with 

the post-processing and visualization of the analyses results, including the production of any 

graphical animation [164]. The three-dimensional spatial configuration of a given body is 

determined by its transformation matrix. The bodies’ spatial representation is important due to 

the information content that it makes available at each time instant of the analysis: positions, 

velocities and accelerations. Thus, the computation of the transformation matrix for each body 

of a given system is essential, which can be accomplished using six independent coordinates, 

(three translational and three rotational). The rotational content of the transformation matrix is 

computed using either the Euler parameters or the Euler angles. Notice, however, that the 

Euler parameters allow simpler mathematical formulations and do not have some numeric 

complications as in the case of the Euler angles [165]. 

3.1.1. Transformation Matrix: Application and Computation 

The transformation matrix allows determining the spatial position and orientation of a 

body by establishing a relation between the local (δξε) and global (xyz) coordinate axes. In 

general, and using homogeneous coordinates, the transformation matrix (A
H
) is a 4x4 matrix 

(Eq. 3.1) that can be subdivided in an 1x3 vector r (ai4, i = 1,2,3) with the body’s translational 

information, and a 3x3 matrix A (aij, i,j = 1,2,3) including its scaling and orientation 

information (Eq. 3.2).  
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The translational vector gives the position of the local reference frame relatively to the 

global coordinate system, while the transformation matrix A quantifies the angular relations 

between the respective local and global coordinate axis, assuming that both systems have the 

same origin. Since the transformation matrix A is obtained assuming that both frames have 

coincident origins, each column corresponds to the coordinates of the unitary vectors (u(δ), 

v(ξ), w(ε)) describing the direction of each local coordinate axis (Eq 3.3) and its set forms an 

orthonormal basis. 
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Furthermore, since this unitary vectors are orthogonal, the matrix A is, as well, orthogonal 

(i.e., A
T
 = A

-1
 ⇒ A

T
A = I, where I is the 3x3 identity matrix). Hence, the position and 

orientation of the local coordinate axes can be defined relatively to the global axes using only 

six components, corresponding to the six degrees of freedom of a given body. Therefore, the 

global coordinates of a point p
G
 of a given body B with local coordinates p

L
 can be derived 

from Eq. 3.4. 

 
LG Aprp    (3.4) 

There are several ways of determining the transformation matrix A, either by adopting the 

direction cosines, the Euler parameters or the Euler angles. The more direct and general 

method correspond to find a relation between each coordinate axis of the two reference 
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frames (local and global), the direction cosines method (Figure 3.1). Besides the direction 

cosines are nine (equal to the number of the matrix entries), only three are independent due to 

the orthogonality of A. 

 

 Figure 3.1 – Direction cosines method. 

On the other hand, the Euler angles, define the body’s angular orientation relatively to a 

initial reference frame as a result of a three independent consecutive rotations sequence and, 

therefore, the transformation matrix A is the result of the product of the corresponding three 

matrices defining a specific rotation around a specific axis. As such, due to the product 

between matrices is not commutative, the order of application of the rotations is important. 

Besides the order that the rotations are applied is important and not commutative, there are 

twelve sequences that define the same body’s orientation (sequences are redundant) in a right 

handed coordinate system. Hence, there are several conventions, being the most common the 

x convention (Euler angles, Eq. 3.5) and the xyz convention (Bryant angles, Eq. 3.6). In the x 

(xyz) convention, the angular representation of a body is defined by applying a 

counterclockwise rotation γ (ξ) about the z (x) axis, followed by a counterclockwise rotation β 

(ψ) about the x’ (y’) axis of the resulting coordinate system, and finally by a counterclockwise 

rotation α (δ) about z’’ (z’’) axis of the resulting coordinate system. The γ, β and α are the 

Euler angles, while ξ, ψ and δ are the Bryant angles. 
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The Euler and Bryant angles have numeric difficulties when β = nπ and ψ = nπ + π/2, n = 

0, ±1, ±2,…, respectively, corresponding to a situation in which the first and third axes of 

rotation coincide, and, consequently, the first and third angular rotations are indistinguishable. 

Furthermore, the trigonometric formulations used to obtain the angle values are complex. 

Conversely, the Euler parameters (Eq. 3.7) do not have this complexity and the (clockwise) 

rotation value about a given axis can be defined uniquely, without critical cases in which the 

inverse formulas are singular [165]. 
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The Euler parameters are in number of four and, accordingly to the Euler Theorem, define 

the orientation of a body (Figure 3.2) through a given rotation φ (e0 gives a measure of this 

rotation – Eq. 3.8) about an axis h defined by the remaining three parameters (Eq. 3.9), e = 

(e1, e2, e3). The Euler parameters can be derived from the transformation matrix A as 

described in Section 4.1. 
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 Figure 3.2 – Representation of a body rotation (P) from its initial to final 

position. 
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Additionally, these four values are dependent and at least one of them has to be different 

from zero, accordingly to Eq 3.10.  
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As the Euler parameters, the Euler and Bryant angles can be determined from the 

transformation matrix A entries, namely using the equation systems Eq 3.11 and Eq 3.12, 

respectively. 
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Moreover, to each rotation l there is a corresponding angular velocity vector ωl. The 

angular velocity of the rotation sequence can be determined as the sum of three distinct 

angular velocity vectors, each associated with a specific rotation and axis. As the several axes 

of rotation are not orthogonal, the intermediate transformation matrices are used to obtain the 

vector coordinates relatively to a desired set of axes (Eq. 3.13 for Euler angles and Eq. 3.14 

for Bryant angles). 
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By inverting each system, the angular velocity rates (𝑙 ) for Euler and Bryant angles can be 

determined: 
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For a more detailed description on three-dimensional body representation, the reader 

should consult the work of Nikravesh [165]. 
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3.2. Multibody System Dynamics 

The multibody system domain has an important role in the study of the human and other 

biomechanical system’s motions, namely by using a kinematic or dynamic approach. Hence, 

it is important to gain awareness of the differences between each approach and the 

formulations underneath them. The kinematic approach has the goal of study a given 

movement of a multibody system, more precisely the positions, velocities and accelerations of 

each body at every instant of the analysis, regardless of the dynamical properties of the 

system (bodies’ mass and inertial properties) and the loads exerted on and by it. On the other 

hand, the dynamic analysis has the aim of determining the motion of a given biomechanical 

system as a result of the application of an external load (Forward Dynamics), as well as the 

internal forces developed on each body and the corresponding moments at each articulation 

that are responsible for a particular movement of the biomechanical system (Inverse 

Dynamics), considering its inertial properties. These types of analysis require the prescription 

of some of the rigid body trajectories and/or the possible movements at each joint, although in 

the former this is not strictly necessary. Although, the multibody system model involved in a 

given analysis is necessary, independently of the analysis, to define the model anthropometric 

properties and relations between each rigid body. 

A multibody system consists in a set of two or more rigid bodies interconnected by 

kinematic joints and actuated by external loads. The kinematic joints are responsible for 

defining the restrainable and allowed degree of freedoms between the linked rigid bodies, 

diminishing the total degree of freedoms of a mechanical system. 

The multibody system formulation described in this Chapter and implemented in 

APOLLO [8], the multibody system software, is based on the dependent natural coordinates 

(or fully Cartesian coordinates). According to this type of coordinates, the position and 

orientation of each element of a mechanical system can be described using the Cartesian 

coordinates of specific points (rigid bodies extremities or joints) and unit vectors, not being 

necessary to introduce any type of angular variables. Hence, the configuration of a multibody 

system at a given instant is defined by the vector of generalized coordinates q (Eq.3.17, for a 
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system with N points and M vectors), including all point and vector coordinates used to define 

the model. 

 
 T121 MN vvrrrq   (3.17) 

To these coordinates there is associated a vector of kinematic constraints Φ (Eq. 3.18), 

which is important to the system’s kinematic and dynamic properties. 

 
 T11 rsss nnnn  ΦΦΦΦΦ   (3.18) 

Where ns is the total of scleronomic constraints and nr is the total of rheonomic 

constraints, which differ from the latter due to their explicitly dependency with time. The sum 

of the two types of constraints gives the number of holonomic constraints. 

The vector of kinematical constraints consists in a set of constraint equations, generally, 

nonlinear, representing the dependencies between the several generalized coordinates. The 

constraint equations enclose the rigid body, joint, rotational and translational drivers’ 

constraints. The rigid body constraints are important to maintain a constant length between 

two points of a given element, the joint constraints by their turn are important to maintain the 

points of a joint together and restraining some of their degrees of freedom (defined only when 

the joints are explicit), while the remaining constraints are responsible for prescribing a 

specific movement to the system. 

In a kinematic analysis, it is necessary to solve an initial-value problem, which consists in 

the resolution of the constraint equations (Eq.3.18) in order to the generalized coordinates for 

all time instants of the analysis. Hence, considering the kinematical constraint vector Φ, the 

coordinate vector q and the time t, the problem is given by: 

 
  0qΦ t,

  (3.19) 

The solution of the system Eq. 3.19 gives the coordinates that satisfy the constraint 

equations at each time instant, i.e., the kinematic consistent positions. In order to solve the 

nonlinear equation system, the Newton-Raphson Method [166] can be used (quadratic 

convergence in the vicinity of the solution). This method uses the two first terms of the Taylor 
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expansion of Eq. 3.19 about an initial approximation, qi (this method has a family of 

solutions, so the initial approximation serves to determine one of the solutions): 

 
     0qqqΦqΦ q   iiii 1  (3.20) 

Where Φq is the Jacobian matrix of the constraints. Thus, for a given time instant t, q is an 

approximation of the solution for Eq.3.19, determined by an iterative process until a given 

maximum error limit is achieved. Generally, the error is quantified by the norm of the 

increment experienced by the vector of generalized coordinates at a given iteration i+1, which 

is defined by Eq.3.21. 

 ii qqq  1  (3.21) 

A kinematic analysis consists in the determination of the positions, velocities and 

accelerations of the elements of a mechanical system, so it is necessary to obtain the 

corresponding mathematical expression. Differentiating Eq. 3.19 with respect to time yields 

the velocity constraint equation: 
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Where 𝐪  is the vector of generalized velocities and the derivative of the constraint 

equations in order to the generalized positions defines the Jacobian matrix of constraints (Eq. 

3.23).  
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Rewriting Eq. 3.22, the right side vector 𝛎 of the velocity constraint equation is obtained, 

corresponding to the derivative of the kinematic constraint vector in order to time. The Eq. 

3.24 can be used to determine the vector of generalized velocities for a system at a given time 

instant. 
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Similarly, by differentiation of the equation of velocity constraints in order to time, the 

acceleration constraint equation (Eq. 3.25) can be obtained, which can be rewritten to find the 

right side vector 𝛄 of the acceleration constraint equation (Eq 3.26) (used to obtain the vector 

of generalized accelerations 𝐪 ). 
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(3.26) 

The matrix Φq, and the vectors 𝛎 and 𝛄 are the result of differentiating the kinematic 

constraint equations, and, therefore, have contributions from the several types of constraints, 

namely, rigid body, joint and, translational and rotational driver constraints as described in [8] 

and [166]. 

In a dynamic analysis, namely, in a forward dynamics approach it is necessary to relate 

the external loads applied to the system with the movement of each of its bodies. Hence, the 

equations of motion are determined using the Virtual Power Principle, represented in Eq. 

3.27, which states that the sum of the virtual power produced by the external forces must be 

null at each time instant. 

 0**  fq TP 
 

(3.27)
 

In this expression, P
*
 is the virtual power of the system, 𝐪 ∗ is the virtual velocity vector, 

consistent with the system kinematics ( νqΦq * ) and f is the external load vector (defined 

by Eq. 3.28 and not includes the internal loads since these do not produce virtual power). 

 gqMf    
(3.28)
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Where 𝐌𝐪  represents the inertial forces of the system, being M the system’s global mass 

matrix and 𝐪  the generalized acceleration vector, while g is the vector that contains the 

remaining external loads, including the velocity-dependent inertial loads [166]. 

With the intention of introducing the internal loads on the equations of motion, the 

Langrange Multipliers Method is used (Eq.3.29), being g
i
 the internal load vector of the 

multibody system and λ the Langrange multiplier vector, whose values define the intensity of 

the corresponding internal loads. Notice that the Jacobian matrix rows provide information 

regarding the direction of the internal loads. 

 
λΦg q

Ti 
 

(3.29)
 

Since the contribution of the internal loads to the virtual power is null, the equations of 

motion for a constrained multibody system consist in a system of second-order differential 

equations given by: 

 
gλΦqM q  T

 
(3.30)

 

Assuming a multibody system with ngc generalized coordinates and nh holonomic 

constraints, it can be verified that the system in Eq. 3.30 has a greater number of unknowns 

(ngc + nh, from 𝐪  and λ) than equations (ngc), so it is necessary to use more nh equations, 

which are provided by the acceleration equations (Eq. 3.26), obtaining in this manner the 

following system in the matrix form: 
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To solve this system it is necessary to compute the global mass matrix M of the multibody 

system taking into account its anthropometrical characteristics [8,166]. 

3.2.1. Direct Integration Method 

In a forward dynamic analysis, an initialization step is essential to analyze and check the 

consistency of the initial conditions for the generalized positions and velocities vector. This is 
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accomplished by executing a unique Newton-Raphson Method, as described for a kinematic 

analysis. Posteriorly, and after determining the global mass matrix M of the multibody 

system, the generalized acceleration vector at the current time instant t is determined by 

solving the equations of motion, as well as the Lagrange multipliers. Afterwards, by 

numerical integration of the generalized velocity and acceleration vectors, the generalized 

positions and velocities vector at the next time instant t+Δt are determined, whose values are 

introduced in Eq. 3.31 in case of the next time instant is less than the analysis time to compute 

the  new  Lagrange  multipliers  and  acceleration  vectors at the new time instant (Figure 3.3). 

This is a type of initial-value problem and the integration method is direct. 

Initial System 

Conditions
Consistency Check

Equation of Motion

                 .

Assemble yt

Integration of the ODEs

Adams Moulton 

Integration Method

             

Assemble yt+Δt

         .             

Extract qt+Δt 

and qt+Δt

00

00

)(

)(

qq

qq

 



t

t  

  0

0

0

0





qΦ

qΦ

q





qΦ

gλΦqM

q

q



 T

t

t 









q

q
y






Δtt

dt

t  yy
tt

tt



 









q

q
y



t = t0

t = tEND

tt

tt

tt

tt









qq

qq

 )(

)(

ttt 

 

 Figure 3.3 – Direct integration method in forward dynamic analysis. 

With this method it is possible to characterize the dynamic response of a system in terms 

of positions, velocities and accelerations at each time instant of the analysis, using the values 

of the positions and velocities in the previous instant. From this analysis, the Lagrange 

multipliers also arise for each time instant, which allows computing the internal forces and 

moments at the joints. 
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In order to ensure the method convergence, and simultaneously control and entrap the 

error from the derivatives of the kinematic acceleration constraints (replacing the kinematic 

constraint equations) between some boundary limits, the Baumgarte Stabilization Method 

[8,166,167] is used, although other methods like the Augmented Lagrangean Formulation 

[166] exist.  This procedure limits the error introduced in the system kinematics and ensures 

the satisfaction of the constraint equations, replacing Eq. 3.25 by Eq. 3.32: 

 0ΦΦΦ  22  
 

(3.32)
 

This equation has a general solution given by Eq. 3.33, in which ε and κ are the 

coefficient vectors dependent of the initial conditions, while r1 and r2 are the roots of the 

characteristic polynomial. 

 
trtr 21 ee κεΦ 
 

(3.33)
 

Hence, in each iteration, the right side vector of the acceleration equation is computed 

using Eq. 3.34 instead of Eq. 3.26. For rigid bodies, the parameters α = β ϵ [10;30]. 

 
  ΦνqΦγγ q

2* 2  
 

(3.34)
 

3.2.2. Predictor-Corrector Integration Method 

As described previously in this Chapter, a dynamic analysis of a (bio)mechanical system 

requires the resolution of the equations of motion, which are a set of differential or a set of 

differential and algebraic equations. These equations are generally solved numerically. 

In the current work, the Adams-Moulton method with a variable time step is selected and 

this is an implicit integration method based on a predictor-corrector scheme used to integrate 

the ordinary differential equations (ODEs). This integration method is embedded in the 

Fortran core (Fortran IMSL Library) and consists in computing a rough approximation of a 

given quantity (predictor step) at each instant, while the corrector step refines the initial 

approximation using Eq.3.35 until a defined boundary error is achieved. If this tolerance value 

is attained before a maximum number of iterations steps are exceeded, the method converges 

and a true corrector step is launched. Otherwise, a false corrector step occurs and the method 



3. Multibody System Dynamics and Finite Element Formulations 57 

 

starts all over again with a smaller increment in time relatively to the previous evaluation step 

(Figure 3.4).  
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(3.35)
 

According to this equation it can be verified, that the approximation value obtained is 

dependent of previous time steps, and for a polynomial of order k, the number of starting 

values are k – 1. 
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 Figure 3.4 – Flowchart of the forward dynamic analysis using the Gear 

integration method. 

3.3. Finite Element 

The finite element method was described by Zienkiewicz in the decade of 1960 [168,169] 

and consists in a versatile and powerful procedure in defining the mechanical behavior of 

deformable bodies [170].  

The finite element method involves the subdivision of a continuous domain into several 

finite regions (elements), which share common points (the nodes). The nodes must have a 

continuous solution (the solution for a given node has to be the same for all the elements that 
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contain this node) which satisfies the force equilibrium. After determining the individual 

solution, an assemblage step is necessary to establish the relations between each element in 

order to obtain the total and final finite element solution. The domain consisting of the 

elements connected all together is denominated as mesh. 

Considering a system experiencing two distributed load vectors, one on its domain Ω (F
Ω
) 

and the other on its boundary Λ (F
Λ
), the general relation between forces and displacements 

has the form: 

 
KuFF  

 
(3.36)

 

where u is the degree of freedom value at each node and K is the system’s stiffness matrix, 

that depends on the material and geometric properties of the system elements. Notice that the 

nonlinearity properties introduced are assembled and taken into account in the stiffness matrix 

K according to the corresponding constitutive equations [171], being the solution for each 

iteration found incrementally from the previous iteration, using a tangent direction of the 

Jacobian matrix KT and the difference between the degree of freedom values for consecutive 

iterations Δui at each evaluation n (Eq. 3.37), until a given minimum error ei is achieved, as 

evidenced in Figure 3.5. 
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There are several types of conditions  that  can  be  applied  to  a  finite element model, 

similar to what happens in MSD, more specifically, boundary and loading conditions, being  

the loads (including forces and moments) included either in the internal or load vector and the 

degree of freedom (including displacements and rotations) considered in u. 
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 Figure 3.5 – Non-linear finite element solution at iteration i+1 using the 

Newton-Raphson Method. 

3.4. Conclusions 

The multibody system dynamics and the finite element numerical methods are the most 

used computational methods in studying the dynamic behavior of the several structures 

surrounding us as well as ourselves. The information that these methods provide combined 

with the innumerable situations that they allow to simulate enables to gain knowledge of the 

relations within or between several bodies or systems. Although these methods are very 

different, they can complement themselves and can be used to validate each other, being the 

efforts nowadays and in the future to further approximate these two methods. 





 

Chapter 44 

MSD/FE Co-Simulation 

The advent of computer technology and the augmented network performance allows to 

solve the increasingly complex (bio)mechanical systems by using a modular simulation and 

combined processing through several environments. Furthermore, there is an increasing need 

to develop each system’s component separately in order to be assembled and analyzed by 

different subjects, and using different mathematical formulations and integrators. 

Nonetheless, in distributed simulation it is necessary to couple and synchronize the data from 

the several modules in order to achieve a stable integration. There are several algorithms 

developed for this objective, such as the stiff time integration, the waveform relaxation, 

stabilized constraint, perturbation, and gluing algorithms, which can be found in a 

comprehensive study of Tseng and Hulbert [172] and in the work of Craig [173].  

Other important aim is to increase the analysis efficiency, i.e., defining the specific goals 

and assembling more complex models to the structures which will have more focus in a given 

analysis. With this purpose and taking into account the multibody system dynamics and the 

finite element properties, a co-simulation model integrating simultaneously these two 

formulations and a process for augmenting its efficiency is described. 
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4.1. Co-Simulation Model 

The conjunction between the MSD and FE has been scarcely described and used as an 

alternative approach to the dynamic analysis of mechanical systems. However, the two 

methods can be used simultaneously to overcome their disadvantages in a really synergetic 

link, benefiting of the multibody dynamics formalisms capacity to incorporate other 

disciplines [170]. 

The multibody system models have an implicit simpler geometry relatively to the finite 

element models, since only the points defining the elements geometry and involved in joints 

or other structures are needed. Nonetheless, the multibody and finite element models 

geometry can be obtained from the same measurements made on a specific or a set of 

individuals. Notice that when the geometry of a given structure has to be represented in a very 

precise manner the finite element technique is preferred, namely, by three-dimensional 

reconstruction from medical images [89,91,92]. Furthermore, the material description for the 

finite element formulation is far more complex than that of the multibody systems. As such, 

the multibody formulation is faster and less demanding on computational time than finite 

elements formulation. On the other hand, the MSD define precisely the global and local 

kinematics of a given (bio)mechanical model.  

A major drawback of this multibody formulation is that the elements are considered as 

rigid bodies, which limits its capability to analyze stresses. Consequently, if the goal is to 

investigate the intrinsic mechanical behavior for a specific set of elements considering the 

dynamics of the global structure where they are incorporated, the two methods can be merged 

in order to complement the information from each other and diminish the computational cost 

for a given analysis. 

With the intention of performing a simultaneous execution of the two computational 

domains (MSD and FE), an independent co-simulation model is proposed and developed.  

This  model  allows linking  the  two  domains  using  pairs  of  reference points (RP), through 

which a bidirectional flux of information is established. The usage of more than one pair of 

reference points in the interface between the two methods is necessary to obtain a more 
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complex and real deformation of the flexible bodies. The linkage module described herein is 

based on the gluing algorithm denominated by the X-X method (proposed by Wang et al. 

[64]) and consists in the prescription of the RP kinematics (positions and rotations) by the 

multibody system software (APOLLO) to the finite element software (ABAQUS), which by 

its turn returns the structural response of the flexible body (forces and torques) (Figure 4.1). 

This communication procedure is achieved using files. 

MSD FEM

u, φ

F, M
 

 Figure 4.1 – Co-simulation flux information.  

In each co-simulation model there are only and always two bodies, a constrained Master 

body and a mobile Slave body, which are defined in the multibody system model. The 

boundary, sharing common surfaces with the two rigid bodies, has several pairs of points, the 

RP, which are used to define its deformation and are denominated by Master or Slave point 

according to the body that they belong (Figure 4.2). 

 

 Figure 4.2 – Co-simulation model.  

Considering a pair of reference points of a given co-simulation model, there is a Master 

point (P2) according to which the input is given to the finite element software (being 
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constrained in all six DOF), and a Slave point (P1) that drives the deformation of the model. 

In order to define the motion of the finite element model, a total of six degrees of freedom 

have to be prescribed (three translational and three rotational values), according to the Euler’s 

and, the subsequent, Chasles’s Theorem that states that the most general movement of a body 

is a rotation plus a translation. 

Assuming the global coordinates of the master and slave points (
2Pr  and 

1Pr respectively), 

the translational values (Δ) given as input for ABAQUS are given by: 

 
 

21 PP

T

A rrAΔ 
 (4.1) 

where AA is the transformation matrix of the master body of the co-simulation model. 

On the other hand, the rotational values (φ) are obtained from the Euler parameters (e) 

[165]. The Euler parameters are chosen since they allow determining uniquely the rotations 

that define the body’s orientation relatively to a given frame, conversely to the Euler or 

Bryant angles. In order to compute the parameters’ values, a first evaluation for the value of 

e0 is performed considering the trace of ABA (transformation matrix of the slave body 

relatively to the master body): 
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If the value of e0 is zero, one of the remaining values of the Euler parameters is necessarily 

non-zero and can be determined using the diagonal entries of the transformation matrix ABA: 
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After finding the nonzero parameter, it is necessary to use the non-diagonal entries to 

define the remaining Euler parameters. In summary, the pathway to determine these 

parameters is described and detailed in the flowchart presented in Figure 4.3. 
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 Figure 4.3 – Fluxogram to define the Euler parameters values.  

ABAQUS Manuals refer that the rotation values given as input to ABAQUS/CAE are the 

rotations about the axis of the global coordinate system, or of the axis of another coordinate 

system associated with the specific degrees of freedom. These rotations, afterwards, are used 

to obtain the rotation value  presented in Eq. 4.4 and the respective axis of rotation h defined 

in Eq. 4.5, similarly to the described in Section 3.1. 

 

 Figure 4.4 – Representation of a body rotation from its initial to final position. 
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Comparing this definition (Eq. 4.4 and Eq. 4.5) with the Euler parameters (Eq.4.2 and Eq. 

4.3) and taking into account the trigonometric properties, the following relation can be 

inferred: 
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With the definition of the translational and rotational values, corresponding to the degrees 

of freedom of a given body, as well as the time increment between consecutive analysis 

(velocities and angular velocities are implicitly defined) its motion can be prescribed 

completely.  

Notice that there are two alternative methods to prescribe the boundary conditions to the 

finite element models: displacement-type or velocity-type. The difference between them 

correspond on how the rotations are defined, particularly, in the latter the rotations are defined 

independently from the previous step (time increment can be maintained constant), i.e., the 

current mesh is considered the undeformed mesh, while in the former, the rotations are 

defined relatively to the initial mesh. Moreover, these boundary conditions are given in the 

global coordinate system or in the coordinate system associated with the respective node 

where the rotation is applied. As such, the velocity-type boundary conditions is preferable 

when the rotation as to be made relatively to a different node from the one in the previous 

steps, since it is independent from the rotations this node has suffered to the moment. 

However, as the co-simulation model developed applies rotations always on the same node 

(P1 reference point of the slave body) it is independent from the type of boundary conditions 

used. In this work, the displacement-type boundary conditions are selected. 

4.2. Gluing Algorithms 

The complexity of the mechanical models, nowadays, implies, generally, the 

decomposition of the global model into simpler subsystems, more efficiently treatable. 
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According to Tseng [174] there are two different viewpoints to obtain this goal, divide-and-

conquer or integrate-and-collaborate. These perspectives have an opposite direction, the 

former starts from the whole to the individual components (i.e, there is an active partition of 

the global model – decomposition [175,176]) while the latter focuses on the individual 

components to reach the whole (i.e, the model components are already partitioned – gluing). 

The decomposition allows isolating and reusing each subdomain in different contexts, being a 

general approach to represent them as a black box [177] with specific inputs and outputs. 

Also, each module can be modified independently, or executed in independent software tools 

or platforms, whereas its inputs and outputs remain the same. The APOLLO software, which 

is the multibody core code, is developed based on the modular decomposition, being assigned 

to each structure a black box with limited information entering and leaving the module, which 

contains its mathematical description to represent its dynamic behavior. The data from all 

modules are then gathered and coupled in order to obtain the global system behavior in the 

main core code. 

The gluing algorithms, firstly proposed by Tseng and Hulbert, have four characteristics 

that allow achieving an integrated system simulation: sticky (ensure the satisfaction of the 

interface relations between subdomains), green (not interfere in the subdomains solution), 

inexpensive (not computational demanding) and pretty (numerically correct). The gluing 

algorithm developed by the previous authors [172] is based on the coordinate split technique 

of Yen and Petzold [178] for the numerical solution of the equations of motion for flexible 

mechanism dynamics, and consists in a Newton iteration which allows that the dynamic 

solution and constraint satisfaction can be performed separately. The latter is from the 

responsibility of the coordinator which assembles the data from several parallel executions 

(dynamic solutions of each subdomain of a model) by minor adjustments in their solutions. 

More recently, Wang, Ma and Hulbert [64] improved the concept of gluing algorithms and 

developed three new variants that can be used for static, dynamic and multibody dynamic 

component models of a given (bio)mechanical system. These three-variants only differ in the 

type of data that is provided by the coordinator: kinetic data (the T-T method – Figure 4.5-A), 

kinematic data (the X-X method – Figure 4.5-B), or both (the X-T method – Figure 4.5-C). 
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 Figure 4.5 – Wang et al. variants to the gluing algorithms: the T-T method (A), 

the X-X method (B) and the X-T method (C). 

These types of data at the interface (connections or common surface between two 

subdomains, as the nodes in finite element models or the joints in a multibody model) 

correspond to the kinematic information (represented by a X vector), containing 

displacements, velocities and accelerations, and the load information (represented by a T 

vector), containing action-reaction forces and torques at the interface. These three methods 

proposed by Wang et al., in the point of view of multibody dynamics, have several 



4. MSD/FE Co-Simulation 69 

 

approaches: the T-T method is suitable for inverse dynamics in order to gather the kinematic 

data (X) produced by a given load solicitation T in each subsystem, while the X-X method is 

more convenient for forward dynamic analysis in order to acknowledge the load T necessary 

to apply to each subsystem for producing a given motion characterized by X; the X-T method 

can be used in analyses using both forward and inverse dynamics. Nonetheless, as stated by 

Wang et al., the T-T method provides a more efficient integration process since forces are 

more easily applied and integrated in the subsystem equations. 

The objective of the gluing algorithms is to find a suitable kinematic (kinetic) vector in 

order to bring a quantification σ of the violation associated with the equilibrium equations 

(compatibility conditions) to zero. As such, the kinematic vector (kinetic) vector at iteration i 

can be updated according to a measurement of the kinetic (kinematic) data at the interface: 

  iii
σΛUU 1  (4.7) 

Notice  that  only  the  X-X  variant is represented in Eq. 4.7 and Eq. 4.8, being U the 

DOF values vector at the interface and Λ is the gluing or lambda matrix, which can be 

constant or a function of the kinematic (kinetic) vector according to the set of equations that 

quantify σ are linear or nonlinear, and can be obtained using Eq. 4.8 (Newton-Raphson 

Method), for example.  
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The more important feature of the gluing algorithms is assembling the lambda matrix, 

which varies according to the goal of the analysis and can be found in [64]. The gluing 

algorithms proposed by Wang and coworkers, initially, was adapted for matching nodes at the 

interface between models, however, a recent approach is used to perform the gluing of two 

adjacent models with non-matching nodes using an interpolating scheme which can be 

reviewed in [179]. 
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4.3. Co-Simulation Integration in MSD 

The co-simulation module core is incorporated into the forward dynamic analysis of 

APOLLO while the part responsible for the file management and linkage with ABAQUS is 

developed in Python language. This language is preferred since ABAQUS has a Python 

module which enables to interact with it. The inputs for each finite element link are described 

in Appendix B, whilst the file management and communication is described in Appendix C.  

Considering a given analysis with several external finite element links, the co-simulation 

input data to the FE, described in Section 4.1, is incorporated into a more complex process 

(focused on parallel processing – Table 4.1) comprising three phases:  

A. The kinematic data, namely, displacements and rotations, for each pair of 

reference points are computed and stored in a file for each finite element link; 

B. The finite element analysis is launched and executed simultaneously: they can be 

addressed to distinct computers or can be executed in the same computer until the 

maximum CPU capacity is achieved; 

C. After all finite element analysis are finished, the coordinator receives the files 

from each finite element link with the kinetic data for each pair of reference 

points, and computes them as required. 

This processing is represented in Figure 4.6 for a finite element link. Notice that the 

viscoelasticity can be computed in APOLLO (using the bushing elements module described in 

Chapter 5) in case of the finite element model does not have this property. These calculations 

are parallel to the FEA and are assembled to the loads from the FE after its execution. 
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 Figure 4.6 – Co-simulation module in the multibody system dynamics core. 

LI
N

K
S 

Axial Load Transverse Load 
Number of Steps Time 

(s) 
Time 
per 

Step (s) 

Number of Steps Time 
(s) 

Time 
per 

Step (s) 
Total Predictors Correctors Total Predictors Correctors 

1 698 215 483 3330 4.77 541 216 325 2806 5.19 

2 824 226 598 7419 4.50 460 199 261 4241 4.61 

4 772 168 604 13851 4.49 277 116 161 5156 4.65 

 Table 4.1 – Processing time by analysis step using one, two or four finite 

element links. 

The multibody integration method is characterized by a multi-time step depending on the 

stability of the integrator and the integrator convergence rate in a given analysis. Hence, the 

complexity of the model and, also, the load and acceleration fields exerted over it are 

important in the determination of the integrator time step. In more complex analysis the time 

step  can  reach  a  minimum  of  the  order  of  10
-4

 to 10
-5

s. Moreover, the CPU time spent in 

predicting the biomechanical response of a given structure modeled in finite elements depends 

on its complexity, in terms of geometry and material properties, but is generally much greater 

than when predicted by simpler models in the multibody dynamics core.  Thus, as the co-

simulation module executes a finite element analysis by each step analysis (predictor and 
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corrector) in the multibody integration method, an efficiency procedure is of major 

importance in reducing the real time analysis.  

In the current work, a method that improves the co-simulation efficiency based on a linear 

regression of the finite element data is described. This method assumes that between each 

analysis  step  there  is  a very small variation in the values prescribed to the  FEMs, due to the 

very small time steps. Hence, the output values from the FEMs can be approximated using a 

weighted linear interpolation or extrapolation of the data in their vicinity. 

The efficiency method is implemented in the multibody core and is divided in three steps: 

a starting, a validation and a final step. Taking into account the forward dynamics fluxogram  

(Figure 4.7) described in Section 3.2.2, the efficiency procedure initializes by making a 

backup of the multibody data, and of the input and restart files of the finite element models at 

a given time tpre, when the conditions to start this process are satisfied at the end of a corrector 

step (starting step). These conditions are evaluated at each step of the integrator, after 

evaluating the equations of motion for a given time t (validation step) in order to make the 

decision of starting, continue or possibly ending the efficiency method. The ending step 

consists of two distinct stages, an evaluation and an execution phase, which selects if the 

efficiency procedure continues or terminates according to the bounding error limits are 

exceeded or not. If this process continues, the interpolation or extrapolation process persists to 

the next step, while if it ends the data stored is loaded and the actual analysis time t returns to 

tpre (Figure 4.7). 

More specifically, the method to improve the co-simulation efficiency and consequently 

reduce its computational cost is driven by tolerance values for all three load components, and 

maximum and minimum limits imposed by the user. The latter are limits that control the 

linear regression switch, while the tolerance values must be dependent of the specific model 

in analysis. As such, to determine the tolerance values of the FEMs, a sensitivity analysis has 

to be made, similarly to that used in the inverse dynamic field regarding the input data for gait 

analysis [180]. According to Haftka et al. [181], the sensitivities are expressed as the first 

derivative of a system response relatively to a given perturbed parameter. In the co-simulation 

procedure, the degree of freedom values are prescribed to the FEMs and these return the loads 
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to the multibody system, so the system response correspond to the forces and torques 

computed  by  the  FE software and the six degree of freedoms supplied by the MSD software 

are the parameters perturbed. Hence, the derivatives can be approximated by the finite-

difference Eq. 4.9. 
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Where ∂𝐹 ∂𝑢  is the sensitivity value of a given load component F to the degree of 

freedom u, and where the superscripts (.)
P
 and (.)

NP
 represent the perturbed and non-perturbed 

values for each parameter, respectively. These sensitivity values are, therefore, used to define 

the minimum deviation for each force and moment component that result in a considerable 

deviation of the corresponding degree of freedom value, i. e., which introduces a relatively 

significant change in the biomechanical system. 
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 Figure 4.7 – Forward dynamics fluxogram with efficiency procedure. 
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Initially, the regression process conditions are evaluated only when a minimum number of 

corrector steps (K), and consequently, finite element analysis is achieved. Meanwhile, each 

pair consisting in the degree of freedom n prescribed to the FE and the corresponding load 

component obtained from the FE are putted in a matrix E
n
 by ascending order of the degree of 

freedom and indexed by a given time t. Notice that these values are only stored for the true 

corrector steps of the integrator, predictor and false corrector steps are ignored. 

  nnnn TPUE   (4.10) 

Where P is the load vector, U is the degree of freedom vector and T is the time vector for 

a given degree of freedom n. 

Afterwards, at the end of each corrector step, the difference between the current and the 

last FE load component is compared to the respective sensitivity value defined by the user. If 

the load variation is lower than the sensitivity value, than the current load do not introduces a 

noteworthy change in the biomechanical system and, thus, the linear regression process can 

be initiated. This initialization step consists in keeping an image of the system dynamics at a 

given time instant, tpre. 

The linear regression method consists in selecting the data in the vicinity of the current 

degree of freedom value u
n

t, and which time index is near the current time t. These values are 

used to obtain a weighted slope δ
n
  (Eq. 4.11) according to the least squares method, which, 

then, is used to determine the current load value p
n

t  (Eq. 4.12). Notice that for each step of 

the integrator, this process is repeated. 
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Where u
n

0 is the lower degree of freedom value for the period considered to obtain the 

weighted slope. During this method, the load variation between the current computed load 
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with  the  linear  regression  and  the  last  load  obtained  from  the FEM is compared with the 

sensitivity value, and also the regression process step number and time are evaluated. If the 

sensitivity value is surpassed or one of the other conditions overcome the limits defined by 

the user, the efficiency process stability and precision is verified by prescribing the degree of 

freedom  data  stored  (in  each  corrector  step)  during  this  process  to  the   FEM and, then, 

comparing the resulting load components to the loads obtained from the linear regression 

method at the current time. If the loads are similar, i. e., the difference between them does not 

exceeds a boundary error defined by the sensitivity value, the efficiency method continues 

and the last FEM load values are updated. Conversely, if the difference exceeds the bounding 

error, the system dynamic image saved at time tpre is loaded and the analysis returns to this 

time step. As a consequence, another set of K finite element analysis are executed in order to 

have a more representative data of the finite element models mechanics. This process is 

summarized in Figure 4.8. 
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 Figure 4.8 – Efficiency procedure stages. 
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4.4. Co-Simulation Model Tests 

In order to test the linkage between the two domains, a simple multibody model is 

developed  comprising two  rigid bodies and a flexible body defined in finite elements (Figure 

4.9-A). The flexible body corresponds to a cylinder with a total mass m of 10 kg, radius r of 

10 mm  (corresponding  to  a cross-sectional area A of 314.16 mm
2
) and a height h of 100 mm 

(Figure 4.9-B), while the rigid bodies (assumed to be cylinders) have mass, radius and height 

equal to those of the cylinder. The finite element model of the cylinder has a Young modulus 

E of 31,831 MPa and a Poisson coefficient of zero. The Poisson coefficient is zero in order to 

avoid deformation in the transversal directions. 
 

    

 A B 

 Figure 4.9 – Global multibody test model assembled (A) and finite element 

model of the cylinder (B). 

This test model is subjected to different load situations (flexion, torsion, axial and 

transverse loading – Figure 4.10) in order to evaluate the cylinder dynamic behavior, namely 

its displacements and rotations, using the finite element model and an equivalent multibody 

model. Also, the maximum deformations are compared to the value obtained from the 

mechanical theory assuming a static situation. Notice that the upper surface of the upper rigid 

body is constrained in all six DOF in the tests performed. 
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 A B C D 

 Figure 4.10 – Co-simulation tests: axial loading (A), torsion (B), flexion (C) 

and transverse loading (D). 

To introduce the dynamical behavior in the structure, the moments of inertia are 

determined for each body. Nonetheless, as the finite element analysis is quasi-static and does 

not consider the dynamical properties of the corresponding cylinder, its moments of inertia 

have to be lumped to the center of the rigid bodies.  

The moments of inertia at the center of mass for each rigid cylinder are computed 

according to the following equations, considering a mass m of 15 kg, height h of 150 mm and 

a radius r of 10 mm: 

 2
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4.4.1. Axial Loading 

To test the system response to axial loading, a force of 50 N is applied according to the z 

axis on the lower surface of the lower rigid body, being the interface between the flexible and 

rigid body subjected to the same load. Thus, the maximum deformation δ expected is given by 

Eq. 4.15 and is equal to 0.5 mm, taking into account the finite element model properties. 

 AE

Ph


 (4.15) 

The associated stiffness constant, Kz, to introduce in the multibody model is given by: 

 h

AE
K z 

 (4.16) 

Its value is 1x10
8
 N/mm. 

4.4.2. Torsion 

In torsion, a torque T is applied in the lower rigid body, being the finite element model 

subjected to an equal torque value. Its response φ is determined by the following equation: 

 JG

Th


 (4.17) 

Where G is the transverse modulus and J is the cylinder’s polar moment of inertia, given 

by Eq. 4.18 and Eq. 4.19, respectively: 
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 (4.19) 

As such, the transverse modulus is equal to 15.916 MPa and the polar moment of inertia 

has a value of 15,707.96 mm
4
. Considering a torque T of 125 N.mm applied according to the 
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z-direction, the maximum deformation has to be 0.05 rad. The corresponding stiffness 

constant Kφz to the multibody model is given by Eq. 4.20 and equal to 2.5x10
9
 N/rad. 

 h

JG
K z 

 (4.20) 

4.4.3. Flexion 

Flexion and transverse loading are more complex loading situations in which the cylinder 

structure deforms at more than one direction, being characterized by a displacement and an 

angle deformation.  

The flexion test results from the application of a moment M of 250 N.mm according to the 

y-direction on the lower rigid body of the test model, which is responsible for an angle 

deformation ζ of 0.1 rad, as determined  by Eq. 4.21. The moment experienced by the rigid 

body is equal to that experienced by the cylinder at the middle. 

 EI

Mh


 (4.21) 

Where I is the area moment of inertia corresponding to half the value of the polar moment 

of inertia, due to the cylinder’s symmetry. On the other hand, the displacement deformation κ 

according to the z-direction can be computed recurring to the following equation: 

 EI

Mh

2

2


 (4.22) 

Its value is 5 mm. The corresponding stiffness constants relatively to the y-rotation and x 

and z-displacements are determined using Eq. 4.23 and Eq. 4.24, and have a value of 2.5x10
9
 

N/rad and 5x10
5
 N/mm, respectively. 
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4.4.4. Transverse Load 

The transverse loading consists in applying a load P to the lower surface of the finite 

element cylinder. This load is applied according to the y-direction and has a value of 10 N. 

This complex load scenario requires the resolution of the deformation equation in order to 

gain knowledge of the angle ε about the x-axis and displacement λ deformation relatively to 

the y-direction at the lower surface of the FEM. So, these are determined according to Eq. 

4.25 and Eq. 4.26 and have a value of 0.2 rad and 13.33 mm, respectively. 

 EI
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 (4.25) 
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The corresponding stiffness constants to introduce in the multibody model for this load 

scenario are given by the following equations: 
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 (4.27) 
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 (4.28) 

As such, the value for the y-direction is equal to 7.5x10
5 

N/mm and for the rotations 

relatively to the x and z-axes is equal to 5x10
9
 N/rad. 

For each loading situation, the number and time of the analysis steps are registered (Table 

4.2), as well as the deformation and load values originated by each element type, FE Link or 

Bushing  Element,  and  respective  error  relatively  to  the  expected  values   (Table 4.3). A 

common feature in all four tests is that these variables are greater in FE than in MSD. This is 

a consequence of the different conditions applied to the MSD integrator that results in smaller 

time increments between consecutive steps using finite element models (variable time step), 

relatively to the fixed time increments using bushing elements in MSD. 
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Axial Load Torsion Flexion Transverse Load 

FE MSD FE MSD FE MSD FE MSD 

MSD Time (s) 23.80 6.30 12.50 5.70 37.80 5.70 19.40 5.80 

Real Time (s) 4685.00 8.00 4029.00 8.00 4532.00 10.00 3694.00 16.00 

Steps 982 961 520 267 658 251 769 389 

Correctors 549 659 250 213 429 210 502 299 

Predictors 433 302 270 54 229 41 267 90 

 Table 4.2 – Number, type and time of each analysis step for four loading 

situations: axial, torsion, flexion and transverse loading. 

Comparing the several results, it can be seen that the co-simulation proposed provide good 

results for all loading situations, not exceeding the maximum error the limit of 5%: 1.6% for 

displacements in axial loading, 3.44% for rotations in torsion, 0.92% for displacements in 

flexion and, 4.16% for moments in transverse loading. On other hand, comparing these results 

with that obtained with bushing elements, it can be seen that for more complex loading 

situations (flexion and transverse loading) the co-simulation provide better results. Contrarily, 

the bushing elements provide better results in the other load scenarios (torsion and axial 

loading), nonetheless, the load error using finite element models not exceeds 0.13%. 

 

Axial Load Torsion Flexion Transverse Load 

FE MSD FE MSD FE MSD FE MSD 

UT (m) 0.000500 0.000500 
  

0.005000 0.005000 0.013333 0.013333 

UR (m) 0.000508 0.000498 
  

0.005046 0.005839 0.013264 0.012939 

εU (%) 1.60 0.31 
  

0.92 16.79 0.52 2.96 

URT (rad) 
  

0.0500 0.0500 0.1000 0.1000 0.2000 0.2000 

URR (rad) 
  

0.0517 0.0500 0.1007 0.0978 0.2027 0.1829 

εUR (%) 
  

3.44 0.00 0.74 2.24 1.35 8.57 

FT (N) 50.00 50.00 
    

10.00 10.00 

FR (N) 49.94 49.84 
    

9.75 9.70 

εF (%) 0.13 0.31 
    

2.48 2.96 

MT (N.m) 
  

0.1250 0.1250 0.2500 0.2500 1.0000 1.0000 

MR (N.m) 
  

0.1249 0.1250 0.2508 0.2444 0.9584 0.9143 

εM (%) 
  

0.06 0.00 0.33 2.24 4.16 8.57 

 Table 4.3 – Deformation and load values for each loading situation, and 

respective error. U
 
– displacement, UR – rotation, F – force, M – moment, 

εK – error associated with value K, (.)
R
 – real value, (.)

T
 – expected value. 
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4.5. Conclusions 

Models can be decomposed into several simpler subdomains, which can be treated as a 

black box with specific inputs and outputs. The decomposition of the model allows analyzing 

each subdomain by an adequate module, which can be executed in a different location or 

using different solvers or platforms relatively to the other subdomains. The gluing algorithms, 

based on the data at the subsystem interfaces, enable an efficient integration of the subsystems 

by ensuring the satisfaction of the equilibrium conditions for the action-reaction loads and the 

compatibility conditions for the kinematic data (iterative process). 

In this Chapter, a co-simulation model linking two distinct mathematical formulations, the 

finite elements and the multibody system dynamics, is depicted. The current work’s goal is to 

study the spine dynamics in several loading situations using a forward dynamics approach, so 

a gluing algorithm variant, the X-X method, is employed. In the co-simulation model, the 

coordinator is the multibody dynamics software (APOLLO) that comprises the global model 

to analyze and the subdomains are finite element models (ABAQUS) or/and other multibody 

dynamic modules. The linkage between the APOLLO and ABAQUS softwares are 

established by file communication and using Python language. Special attention has to be 

given to the coordinator integrator in order to implement correctly the process and improve its 

efficiency. The predictor-corrector integration properties in conjunction with the complexity 

of  the  finite  element  models  translates in small time increments between consecutive FEA, 

which do not introduce significant changes in a given biomechanical system and increase 

considerably the time analysis, so an efficiency procedure based on a linear regression of the 

finite element data is developed and described in this Chapter. Presently, the efficiency 

procedure is driven by user defined inputs, nonetheless the goal is to attain an automatic 

method with minimal inputs provided by the user, namely the conditions (the minimum finite 

element steps, the maximum regression steps and the maximum regression time step) that 

overcome the method’s internal validations. 

The conjunction of the two domains is scarcely applied to analyze the multibody 

dynamics of flexible bodies. Nonetheless, recently, the relevance and importance of its 
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employment has increased, namely in applications to the railway industry [65] among others 

[170].  

In spine biomechanics, these two computational domains have been used independently 

and prove to be a good choice when the goal is to obtain the kinematics and loads that the 

spine carries (MSD), or the stress distribution in each spine internal structure (FE). However, 

the combination between the two methods is barely applied, and no studies in this area have 

been perceived of using a real integration and simultaneous execution of the two 

formulations. The studies that use both methods are used to complement the information 

provided by each one of the numeric methods by prescribing a load history (from the MSD) to 

a specific interface of the FEMs in isolated analyses [182, 63]. 





 

Chapter 55 

Intervertebral Disc and Fixation Plate FEM 

The intervertebral disc is an inhomogeneous, anisotropic, porous, nonlinearly viscoelastic 

structure [117,148] that, simultaneously with the articular facets, has an important role in the 

spine biomechanics, namely, in transmitting loads (between 500 and 5600 N for normal discs) 

between adjacent vertebral bodies [183,184], in supporting and attenuate compression loads 

[148,185], as well as, in the spine mobility [184]. The function and ability of the disc to 

support load results from the combination of the applied load magnitude, the swelling 

pressure (that arise from charge-charge repulsion and Donnan osmotic pressure) and the 

response of the collagen-proteoglycan matrix [185,186]. For example, the collagen fiber 

network affects significantly the stiffness of the IVD for flexion and torsion (up to 20%) but 

affects poorly for compression; while the annulus influences the stiffness for all loading 

modes (up to 16%) [111]. 

5.1. Intervertebral Disc  

5.1.1. Anatomy and Physiology 

The intervertebral disc is a kidney-shaped deformable segment, which adapts and 

connects to the adjacent articular surfaces of the vertebrae forming strong joints that allow 

several spine movements, absorb vertical shock (nucleus) and resist tension, shear and torsion 
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(annulus) (Table 5.1). The IVD exists in all spine levels at exception of the C1-C2 and 

comprise 20 to 33% of the entire spine height [148]. Although each IVD confer the spine with 

a limited motion, the set of all  IVDs awards the spine with a considerable wide range of 

motion, which depends on the  IVD properties (geometry and stiffness). In flexion and 

extension, the range of motion allowed increases with the increase of the IVD height and with 

the decrease of its anteroposterior diameter. Similarly, lateral bending increases with the 

increase of the IVD height and with the decrease of its lateral diameter. On the other hand, the 

range of motion decreases with the increase of the IVD stiffness [148].  

Spine Region Motion Load Resistance (%) 

Cervical 

Compression and Flexion 113 

Compression 88 

Left Axial Rotation 75 

Right Lateral Bending 68 

Compression and Extension 14 

 Table 5.1 – Load sustained by the intervertebral disc for several movements in 

the cervical spine (retrieved from [83]). 

In each disc it is possible to distinguish three regions: a peripheral region, the annulus 

fibrosus, consisting of quasi-concentric lamellae of fibrocartilage; a soft and highly elastic 

posterocentral region, the nucleus pulposus; and an upper and lower cartilage (hyaline 

cartilage towards its vertebral surface and fibrocartilage towards its discal surface), 

connecting the annulus and nucleus to the vertebral core [187], the endplates (Figure 5.1). In 

terms of constituents, the intervertebral discs are mainly composed of water, collagen fibers 

and aggrecan molecules (consist in a protein core with sulphated glycosaminoglycan chains – 

chondroitin and keratan sulphate) [186] (Table 5.2). 

 
Water 

(per wet weight) 
Collagen 

(per dry weight) 
Proteoglycans 

(per dry weight) 
Other Proteins 
(per dry weight) 

Nucleus Pulposus 75 – 90 % 25 % 20 – 60 % 15 – 55 % 

Annulus Fibrosus     

- Outer 65 – 75 % 75 – 90 % 10 % 5 – 15 % 

- Inner 75 – 80 % 40 – 75 % 20 – 35 % 5 – 40 % 

 Table 5.2 – Composition of the nucleus and annulus (retrieved from [188]). 
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 Figure 5.1 – Sagittal view of the intervertebral disc and adjacent vertebrae. 

Image courtesy of Medical Multimedia Group LLC, 

www.eOrthopod.com.  

The nucleus pulposus consists mainly of water (70-90% of its wet weight [148,189]), 

proteoglycans (25-60% of its dry weight), and randomly arranged type II collagen fibers (10-

20% of its dry weight) forming a loose network [189,190,191,192]. Although, proteoglycans 

are not the major constituent of the nucleus, they are the most important in determining the 

nucleus water content, namely by their hydrophilic nature and the negative charges in their 

glycosaminoglycan chains [6,183, 186,193] and, also, the pressure applied by external loads 

[6,83]. The position and cross-sectional area occupied by the nucleus depends on the  spine  

level  considered, being  smaller  in the cervical than in lumbar IVDs (ranging from 30% to 

50% [148]). Also, the non-central nucleus pulposus contributes to the dissimilar stress 

distribution in the anterior and posterior regions of the annulus [83]. 

On the other hand, the annulus fibrosus is composed mostly by water (65-75% of its wet 

weight), collagen fibers arranged in a regular manner forming layers (60-70% of its dry 

weight), and proteoglycans and other matrix proteins [185,190,194]. Nonetheless, the 

distribution of these components varies with the position in the annulus, increasing the 

collagen amount, and decreasing the water and the proteoglycans content into the periphery of 

the annulus [183,195]. These variations influence the disc mechanics, for example, the higher 

collagen content at its outer lamellae determines its resistance to axial rotation and lateral 

bending. 

http://www.eorthopod.com/
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The annulus fibrosus has a laminate structure, comprising 15 to 26 concentric layers of 

collagen fiber bundles [117], which resist actively to the tensile loads applied and in which 

number of distinct layers is greater for the lateral regions than for anterior and posterior 

region [196]. Moreover, the laminate structure is not uniform throughout the anterior-

posterior portion, being its anterior portion constituted mainly of complete fiber bundles while 

in its posterior region there are several incomplete and discontinuous fiber bundles [197], 

which determines its less stiff posterior portion. 

The collagen fibers in the annulus are mainly of collagen type I and type II, nonetheless, 

the content of each type varies radially defining a transition zone between the annulus and the 

nucleus [124] (where only collagen type II is found), which accounts for its stiffness radial 

variation [124,183]. Namely, in the outer portion of the annulus the collagen fibers are mostly 

of type I, decreasing gradually into its inner portion where a greater content of collagen type 

II is found [185,187,196]. Collagen type II (small diameter, from 20-200 nm) is found in 

biological tissues subjected to pressure while collagen type I (2-10 μm) is found in tissues 

subjected to tensile or compressive loads [185,189]. Furthermore, in consecutive layers, the 

collagen fibers inclination, with alternating orientation of ±30 deg relatively to a horizontal 

plan [198], defines a crisscross pattern. These orientations represent the direction in which the 

AF experiences tensile strains and are responsible to resist the stresses introduced, for 

example, during compressive loading (exhibiting minimal strains in the outer lamellae 

comparatively to the inner ones). Nonetheless, the fiber orientation varies radially [129] and 

circumferentially within a specific intervertebral disc, and with the region of the vertebral 

column (more accentuated in the lumbar region). Holzapfel et al. [199] measured the 

inclination of the fibers (δ) relatively to the axial axis of the spine at the anterior and posterior 

portion of the annulus, and found a linear decrease in the angle δ from 66.8 deg to 43.4 deg 

for the antero-posterior direction (Eq. 5.1, in which α is the polar angle). Similar observations 

were made by Marchand and Ahmed [196] and Cassidy et al. [129]. Similarly to the fiber 

inclination variation, the thickness of the lamellae also varies throughout the intervertebral 

disc radial direction, being thicker in its innermost layers (0.4 mm) and less thick in its 

outermost layers (0.1 mm) [193,196,197]. 
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  183.0479.69   (5.1) 

In terms of mechanical properties, the annulus is stiffer in its outer anterior portion than in 

the inner posterolateral regions, as in its individual lamella [185]. The inner and middle 

annulus resist compression and its outer portion resist bending and torsion, whereas the 

collagen fibers act like internal ligaments increasing the pressure in the nucleus [154] and the 

resistance of the disc to shear loads [200], which is greater in the outer annulus than in its 

inner regions (3 to 5 times larger) [125]. Furthermore, the lamellae enriched with the collagen 

fibers are responsible for the anisotropy of the intervertebral disc while the extracellular 

matrix, which exhibits hydraulic and osmotic events, are responsible for its viscous behaviour 

[117].  Moreover,  the  collagen  fibers  enhance  the  attachment  of  the  IVD structure to the 

adjacent vertebral bodies, complementing the endplate function: the collagen fibers within the 

inner 3
1  of the annulus interconnect with the cartilaginous endplate and the fibers in the outer 

lamellae are firmly bounded to the epiphyseal ring of the vertebral body (Sharpeys Fibers) 

[183,201,202].  

Similarly to the annulus, the endplates consist of collagen fiber bundles [189,201], which 

arrangement and orientation is not known yet. Nonetheless, the fibers are aligned with the 

transverse plan. These structures are composed mainly of water (70-80% of its wet weight) 

and proteoglycans (7% of its dry weight) and present a height of approximately 0.6 mm. The 

thin cartilaginous endplates are important in the nutrition of the avascular IVD due to their 

permeable nature which allows the diffusion of nutrients from the bone marrow of the 

adjacent vertebrae [189], namely by its capillary beds which receive blood from the vertebral 

body interosseus arteries [6]. With age, the endplates undergo calcification which impedes the 

nutrient source and contributes to the progressive degeneration of the intervertebral disc 

throughout adulthood. 

The interverterbral disc is a viscoelastic structure responding distinctly to different load 

rates, and exhibiting creep, relaxation and hysteresis (responsible for absorbing part of the 

energy shock, increasing its effect with higher loads and decreasing with the number of load 

cycles) [148].  The  viscoelastic  and  poroelastic  nature  of  the  IVD determines the different 
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fluid flows at distinct strain rates, namely, when small strain are applied the fluid flows 

unhindered form the tissue while for higher strain rates part of the fluid is kept within the 

tissue [203]. In what concerns the annulus, it is less stiff and more dissipative at large shear 

strain amplitudes and stiffer and less dissipative at large axial compressive stresses and at 

higher frequencies of oscillations [125]. In the nucleus pulposus, the shear modulus also 

increases with angular frequency [191]. Moreover, the intervertebral disc offers low resistance 

to low loads, becoming stiffer as the load increases [148.203]. As such, it provides flexibility 

at low loads and stability at high loads [148]. 

The intervertebral disc is characterized by a low metabolic rate, as well as a low tissue 

turnover (on the order of months for the glycosaminoglycans and decades for collagen [204]). 

Moreover, the cell density of the IVD is low (0.25 to 0.5% of the tissue volume), nonetheless 

their behavior is important to the disc health since they are responsible for producing and 

maintaining the proteoglycan and protease (and the corresponding inhibitors) content [186], 

which is regulated by growth factors, cytokines [205,206], physical factors and nutrients 

[207]. Any perturbation to the equilibrium between synthesis and breakdown can lead to disc 

degeneration, as supported by Crean et al. [208] which reported an increased level of active 

proteases in degeneration. 

In the spine, the nucleus pulposus of the intervertebral disc is prestressed, as it can be 

evaluated from the findings of Nachemson [209], which compared the nucleus pressure 

before and after removal of ligaments and posterior elements of an unloaded cadaveric spine, 

70 kPa and 0 Pa, respectively. The preload has two origins according to Panjabi and White 

[148]: compressive load that arises from the body weight above a given spine level, and the 

anterior position of the center of gravity of the supported weight relatively to the spine that 

causes a bending moment that is equilibrated by the ligaments and muscles [210] that, by its 

turn, apply compression to the IVD. The compressive preloads cause the spine to become 

stiffer in axial rotation and less stiff in flexion. Moreover, the ligaments’ pretension is 

responsible for higher stresses in the ligaments and lower stresses in the IVD [160,211]. 

In the lumbar spine, during 75% of its range of motion in flexion and extension, the 

intradiscal pressure varies slowly maintaining within an interval comprehended between 1.4 
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and 1.6 MPa while lifting (within this region the compressive loads are supported by the 

IVD). In full flexion the intradiscal pressure increases as a result of the tension in the 

posterior intervertebral ligaments, while in extension the intradiscal pressure decreases since 

the neural arch (namely, the interspinous ligament or the zygapophyseal joints) becomes 

weight-bearing [212]. Also, intervertebral disc height and volume changes during the day by 

about 20%, depending on the physical activity and motions carried [212], reducing the 

intervertebral disc pressure. Intradiscal pressure in the disc decreases due to loss of water 

content and to viscoelastic creep of the collagen fibers in the annulus (responsible for 25% of 

the height loss in the disc) [212]. These variations are recovered during the night rest 

[213,214,215]. Moreover, the intradiscal pressure is greater for flexion, followed by lateral 

bending and extension [216], and reaches maximum values while lifting weights during 

twisting [185]. Hence, there are several loading cases that are most prone to injury then 

others, namely, axial compression coupled with flexion or lateral bending [114,184] (motions 

with higher shear stresses: lateral bending 57.8%, flexion 38.3%, lateral shear 14.4% and 

compression 12.6%).  

Furthermore, Nachemson measured the nucleus pressure in several daily activities and 

found that its value is 1.5 times greater to the applied pressure in the disc [209]. Another 

studies have measured the nucleus pressure in daily actions, namely Wilke et al. [215] 

(contradictory results during sitting) and Schultz et al. [217]. 

5.1.2. Pathology 

The intervertebral disc is a recurrent site of degeneration and injury, which can lead to 

pain or even fracture, and, therefore, decrease the functional ability of the disc. More 

specifically, in burst fractures, the nucleus pulposus migrate into the vertebral body by an 

endplate  fracture  causing  damage  in its internal structure [218], further the IVD 

degeneration can influence the incidence of this type of fractures during a compression load 

(less probable with augmented degeneration [219]). Also, intervertebral disc protrusion or 

herniation, which arises from a migration of the nucleus to the spinal canal or neural foramen 

by a radial fissure in the annulus, causes neck or low back pain, and, eventually, spinal cord 
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injury [220,221]. Several other spine pathologies affect the  IVD structure, such as the Pott’s 

disease (resulting from haematogenous spread of tuberculosis from other sites) which is 

characterized by a height reduction of the IVD followed by a vertebral narrowing and, finally, 

vertebral collapse (occurs mainly in the lower thoracic and lumbar spine). Moreover, the disc, 

due to its viscoelastic properties, responds differently to low and high loading rates and so the 

type of lesion produced is also distinct. Namely, for short duration loading, failure occurs 

when the stress produced at a given point is greater than the ultimate failure stress, while for 

long duration loading, failure occurs by fatigue (a tear develops at a site of relatively high 

stress but inferior than the ultimate stress, and enlarges until complete disc failure) [160]. 

The most common failure of the intervertebral discs occurs in the endplate and in the 

annulus. In the endplate there are three types of fracture: central (in non-degenerated discs), 

peripheral (in degenerated discs) and along the entire endplate (as a consequence of high 

loads) [148]. While in the annulus there are also three types of lesions: rim (parallel to the 

cartilaginous endplate), radial (perpendicular to the endplate cutting through the laminae), and 

circumferential lesions (partition of the lamellae) [113]. The influence of each type of lesion 

on the disc behavior is distinct, namely, a decrease on the rim lesions reduce the resistance to 

motion while radial tears modifies the hysteresis response [222]. 

The fracture of the endplate is a consequence of a high pressure in the nucleus that arises 

as a result of a compressive force [212,223]. Namely, as vertebral bodies are compressed, the 

corresponding nucleus pulposus pressurizes and pushes away the surrounding structures in all 

directions, in order to transfer the loads between adjacent bodies, causing tensile stresses to 

arise in the endplate that are capable of fracturing this structure [154,224]. Part of the tensile 

stresses is absorbed by the collagen fibers in the nucleus [148,202]. In normal intervertebral 

joints, stress is transmitted from the center of the endplate whereas in a degenerated joint, 

stress is transmitted from the peripheral portions of the endplate [6]. Also, in normal discs, the 

pressure is equally distributed to the annulus and endplates as a result of the discs water 

content and hydrostatic behavior [186]. Moreover, between the superior and inferior endplate 

of consecutive IVDs the load is carried by the vertebral body, more specifically its trabecular 

core or dense cortical shell. Nonetheless, almost the entire load fraction is carried by the 
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supporting trabecular bone, which can withstand small strains, so excessive bulging of the 

endplate can result in failure of this structure or in microstructures [225].  

The annulus fissures tend to appear with age or degeneration or due to an applied load 

associated with a non-physiological motion. The regions more susceptible to these fissures 

and, consequently herniation, are the posterior and posterolateral regions of the annulus, 

which is correlated with the annulus lower elastic modulus and the higher interlaminar shear 

stresses on these regions [6,113] (number of incomplete laminae is greater in these portions of 

the annulus). Furthermore, nuclear material can be emitted posteriorly into the vertebral 

foramen, as a consequence of the high pressure it is subjected, and can compress neural 

structures (spinal coord and nerve roots) [224]. Notice that irreversible spinal coord injury 

becomes very probable when the compression exceeds 3
1 of its normal diameter [226]. 

The mechanical properties of the intervertebral disc components are not constant 

throughout the human life due to aging and degeneration [227,228], transforming the mucoid 

like discs into more fibrous structure that behave more like an interosseous ligament than a 

buoyant, hydrodynamic structure [229]. The degenerated disc as a consequence of the 

dramatic changes in its morphology becomes more susceptible to some loading and 

movements (which decreases with degeneration), for example, the failure torque is 25% 

higher for normal discs [148] and the disc becomes herniated at lower pressures. 

There are several reasons that lead to intervertebral disc degeneration, such as load history 

of the disc, abnormalities in collagen and proteoglycan content or endplate modification 

(causing alterations in disc nutrition) [6]. In disc degeneration, the disc height diminishes as a 

consequence of the reduction in the water content of the  IVD to less than 75% of the tissue 

wet weight (originated by a reduction of the proteoglycan content [186, 229,230] which 

decreases to less than 20% of the tissue dry weight), and osteophytes at vertebra-IVD junction 

start to develop. These changes subject the endplate and annulus to higher stresses, which 

simultaneously with the morphologic modifications they are subjected can lead to the 

appearance of fissures or failure. In the annulus, the number and thickness of each lamina 

vary inversely (the number of layers decrease and their thickness increases), while the content 
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of each type of collagen alters, collagen type I is gradually replaced by collagen type II, and 

collagen type III begins to arise [230]. The annulus start to lose its integrity and fissures 

appears, through which the nucleus pulposus material passes to the fibers of the annulus and 

to the spinal canal. The process of degeneration often leads to herniation, which occurs when 

the nuclear material is emitted and compresses the medulla or nerve roots. Furthermore, the 

decreased height tends to increase the loads exerted over the posterior elements, namely the 

articular facets [231]. Herniation can also occur by a gradual prolapsed, which occurs mainly 

in nondegenerated discs due to frequent bending and/or lifting (characterized by a protrusion 

of the PLL and the outer lamellae of the annulus due to the nucleus material until it leaks to 

the spinal canal) [232]. 

A degenerated intervertebral disc presents an abnormal vascularity, as well as an abnormal 

distribution of collagen and collagen crosslinks [6]. More specifically, the arteries on the 

anterolateral surface of the annulus are obliterated and replaced by small and twisted arteries. 

Furthermore, the shear modulus of the NP and AF increases, as the AF compressive modulus, 

and the AF axial and circumferential permeability, while its radial permeability decreases 

[230]. 

5.1.3. IVD FEM 

In the current work, two intervertebral discs finite element models for each region of the 

spine are developed, excepting for the thoracic spine. In the cervical spine, the IVD developed 

correspond to the C5-C6 and C6-C7, while, for the lumbar spine, correspond to the L3-L4 and 

L4-L5. These intervertebral joints present the intervertebral discs most susceptible to injury as 

reported in the studies of Monteiro et al. [7] and Martin et al. [6]. Panjabi et al. [148] and 

Battiè et al. [233] verified that the lumbar spine levels, L4-L5 and L5-S1, are the most 

susceptible and with more incidences of lesions since these levels bear the highest loads and 

undergo the most motion in the spine. Also, the lumbar discs more affected with herniation 

are the L4-L5 (54%) and L5-S1 (38%), followed by the L3-L4 (8%) and the other lumbar 

IVD with a minimum probability of suffering herniation (less than 1%) [234]. Moreover, 
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according to Tanaka et al. [235] a total of 75% of the patients analyzed presented prolapsed 

discs at C5-C6 or C6-C7 spine levels. 

As mentioned previously, these intervertebral spaces are oftenly surgically corrected with 

spine fusion when conservative treatment fails. Nonetheless, several studies demonstrated that 

spine fusion increases stress up to 96% in the adjacent levels for all loading situations leading 

to accelerated degeneration and spinal refusion [4]. Other studies support that fusion and 

plating do not increase motion or intradiscal pressure in adjacent levels [236]. Disregarding 

the cause that leads to spinal refusion, there is an almost constant spinal refusion rate 

throughout the years of 5.75 % (Table 5.3). 

Year Spinal Fusion Spinal Refusion Refusion Rate (%) 

1998 237 000 14 000 5.91 

1999 247 000 11 000 4.45 

2000 234 000   

2001 269 000 15 000 5.58 

2002 296 000 18 000 6.08 

2003 305 000 20 000 6.56 

2004 317 000 17 000 5.36 

2005 327 000 19 000 5.81 

2006 349 000 22 000 6.30 

 Table 5.3 – Number of spinal fusion and refusion in the United States of 

America [237]. 

The IVDs are simulated as viscoelastic models comprising the annulus, the quasi-

incompressible hydrostatic nucleus [189,238] and endplates, being sagitally symmetric. The 

annulus matrix is reinforced by a network of collagen fibers modelled as tension only rebar 

elements, accounting for the radial variation in their inclination and stiffness. 

The annulus fibrosus and nucleus pulposus geometry is obtained using software developed 

for the purpose and a cross-sectional image of the intervertebral disc (Appendix A). The 

software, recurring to a given image, computes the central point (which is used as the 

reference point for the co-simulation model) and stores the points marked by the user to 

interpolate and, hence, define the principal structure geometry (in this case, the annulus). 

Another secondary structure (the nucleus) can be obtained from the principal structure using a 
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scale factor or the cross-sectional area occupied by this structure relatively to the principal 

structure cross-sectional area. In the current work, the nucleus geometry is obtained using the 

latter, namely, the cross-sectional ratio between the nucleus and annulus area is computed 

using the data from Yoganandan et al. [83] for the cervical spine (38 % and 58.2 % for the 

C5-C6 and C6-C7 IVD, respectively) and the data from O’Connell et al. [239] for the lumbar 

spine (27.7 % for both lumbar IVDs). Furthermore, this secondary geometry can be displaced 

relatively to the center of the principal structure. The transverse position of the nucleus 

depends on the spine level [240], besides it is placed centrally in the frontal plan due to the 

assumption of lateral symmetry. As described by Little [241] the geometry of the outer profile 

of the IVD influences its maximum peak stress, as well as the position of the nucleus 

pulposus, being the last responsible for a variation ranging from 21% (anterolateral 

displacement)  to  50%  (posterior  displacement  relatively  to  the   IVD center). The antero-

posterior position of the nucleus, for the lumbar spine, is therefore determined by multiplying 

the IVD depth by a ratio obtained between the disc depth and the antero-posterior offset 

retrieved from the data of O’Connell et al. [239] (corresponding to a ratio of 3.1 %), while for 

the cervical spine, the position of the nucleus is determined from an MRI image. Finally, the 

interpolated points are converted from pixels to milimeters using two parametrization 

measurements: the intervertebral disc mean width and depth (retrieved from the work of 

Panjabi et al. [71,73]) (Table 5.4). This step defines the geometry of the intervertebral disc in 

the transverse plan. 

Spine 
Level 

Endplate Width (mm) Endplate Depth (mm) Intervertebral Disc (mm) 

Upper Lower Upper Lower Width Depth Level 

C5  19.40  17.90 18.95 17.15 C5-C6 

C6 18.50 22.00 16.40 18.50 21.90 18.30 C6-C7 

C7 21.80  18.10     
L3  48.00  34.80 47.30 35.15 L3-L4 

L4 46.60 49.50 35.50 33.90 48.40 34.30 L4-L5 

L5 47.30  34.70     

 Table 5.4 – Upper and lower endplate width and depth, and corresponding 

averaged value used on the model for parameterization. 
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The height of the intervertebral disc is given by the mean height of the posterior and 

anterior measurements made by Nissan and Gilad [76], so it is assumed that the endplates are 

placed parallel to each other. These values are used to define the lumbar L3-L4 and L4-L5 

intervertebral discs, whilst the C5-C6 and C6-C7 IVDs height is retrieved from the work of de 

Jager [57] (Table 5.5). The portion corresponding to the endplate height is assumed to be 

equal to 0.6 mm for the lumbar spine while, for the cervical spine, it is defined as the mean of 

the respective endplate measurements made by Pitzen et al. [242] in all its orientations (Table 

5.5). The inclination of the upper endplate relatively to the lower endplate is considered in the 

multibody model, nonetheless, in future developments the inclination is to be considered in 

both models. 

Spine 
Level 

Intervertebral Disc (mm) Endplate (mm) 

Posterior Anterior Mean Superior Inferior 

C5-C6 7.665 7.665 7.665 0.848 0.943 

C6-C7 7.017 7.017 7.017 0.780 0.908 

L3-L4 7.200 10.300 8.750 0.600 0.600 

L4-L5 7.700 12.000 9.850 0.600 0.600 

 Table 5.5 – Intervertebral disc and endplate height for the spine levels 

modelled using finite elements. 

The collagen fibers are modelled as rebar elements, which are incorporated into surface 

sections (in order to not introduce additional stiffness to the annulus ground matrix besides 

that of the collagen fibers) that simulate the laminate structure. Generally, to define the 

geometry of the rebar elements it is necessary to define their cross-sectional area (A), their 

angle of inclination, their position within individual lamellae and the spacing (s) between the 

fibers for each lamella. Since the section used to define the lamella is a surface, it is not 

necessary to introduce the position of the elements within the lamella (positioned at its 

center). With this data, the thickness (t) of the collagen fibers is computed using: 

 s

A
t 

  (5.2) 
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The geometrical properties defined for these elements are based on the morphologic 

description of the collagen fibers made by Marchand and Ahmed [196] (Figure 5.2) and their 

averaged dimensions (Table 5.6). These experimental values were obtained in an annulus 

fibrosus containing an average of 20 lamellae. 

 

 Figure 5.2 – Morphology of the laminate structure of the annulus. 

The current intervertebral disc models (Figure 5.3) do not have the 20 lamellae of the in 

vivo  annulus,  instead  8  lamellae  are  adopted  for  the  FEM (as in the work of Little [241]) 

(Table 5.6). As such, the geometrical parameters are adapted to translate the mechanical 

properties of the in vivo set to the modelling set.  

 

 Figure 5.3 – Intervertebral disc model: endplate, annulus reinforced with 

collagen fibers and nucleus.  
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To achieve this goal it is necessary to compute the cross-sectional area of the collagen 

fiber bundles (assuming that its shape is an ellipse), and, consequently, the lamellae thickness. 

The lamellar thickness (TL) is given as the result of dividing by N = 8 the thickness of the 

annulus, defined as the mean of four measurements: its anterior, posterior, left and right 

thicknesses. The cross-sectional area (AB) depends on the previous value since the width of 

the fiber bundles (WB) is 59% of the lamellae thickness, and on the fiber bundle thickness (TB) 

which is determined multiplying the finite element lamella thickness by the ratio between the 

bundle and lamella thickness from Marchand and Ahmed (82.35 %) [196]: 

 4

BB

B

TW
A 

  (5.3) 

Spine Level C5-C6 C6-C7 L3-L4 L4-L5 Marchand and Ahmed 

Spacing (mm) 0.2300 0.2300 0.2300 0.2300 0.2300 

Lamela Thickness (mm) 0.4297 0.2931 1.1766 1.1353 0.1700 

Bundle Width (mm) 0.2535 0.1729 0.6942 0.6698 0.1003 

Bundle Thickness (mm) 0.3539 0.2414 0.9689 0.9350 0.1400 

Cross-Sectional Area (mm2) 0.0705 0.0328 0.5283 0.4919 0.0127 

FE Thickness (mm) 0.3063 0.1426 2.2968 2.1386  

 Table 5.6 – Dimensions for the cross-sectional area, thickness and width of a 

bundle of fibers, thickness of an individual lamellae, and spacing between 

fibers within lamellae in the current work and in the work of Marchand 

and Ahmed [196]. 

The fiber bundles are positioned at the center of each lamella in the radial direction, being 

spaced between them within the lamellae by 0.23 mm [196]. Furthermore, to define the fiber 

inclination it is necessary to establish a cylindrical local coordinate axis, since the fibers will 

have the direction of the local x-axis and the inclination is given relatively to this axis (Table 

5.7). The values for this inclination vary with the position of the lamellae as well as its 

material properties. More specifically, the collagen fibers are modelled using linear elastic 

isotropic materials (retrieved from the work of Little [241]), which vary radially in order to 

the stiffness in the innermost layer (Layer No. 1) be 65% of the stiffness in the outer layer 
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(Layer No. 8) [124] (Table 5.7). Once defined the material and geometrical properties of the 

rebar elements, they are embedded into the continuum annulus fibrosus elements. 

Circumferential 
Layer 

Fiber Inclination 
(deg) 

Elastic 
Modulus (MPa) 

Poisson 
Coefficient 

Stiffness Relatively to the 
Outermost Layer 

1 - 2 ±35 426.00 0.30 65.04 

3 - 4 ±32 491.00 0.30 74.96 

5 - 6 ±28 590.00 0.30 90.08 

7 - 8 ±25 655.00 0.30 100.00 

 Table 5.7 – Collagen fibers inclination and material properties. 

Moreover, the endplate is modelled as a near incompressible linear elastic isotropic 

material, while the nucleus and annulus are modelled as viscoelastic materials. The values 

attributed to the endplate material properties are retrieved from the work of Little [241] and 

the corresponding viscoelastic properties are adapted from the studies of Wang et al. [45,46] 

for the lumbar spine (in which an iterative process is used to fit the material properties of the 

L2-L3 motion segment to the experimental data), and Esat and Acar [63] for the cervical 

spine (Table 5.8). 

The viscoelastic materials of the nucleus pulposus and annulus fibrosus are defined using 

the material constants gi
P
, κi

P
 and τi, representing the shear and relaxation modulus ratio, and 

the relaxation time of the prony series (Eq. 5.4 and Eq. 5.5), respectively. The G0 and K0 are 

the instantaneous shear and bulk moduli. 
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In  order  to  avoid  the  specification  of  the  IVD dynamics in the corresponding finite 

element  models,  and  as  the  inertial  properties  of  each  spine level (including the IVD) are 

lumped  into  the  local  reference  frames  of  the  vertebrae,  a  quasi-static  analysis in the 

FE software is performed, in which time-dependent material behavior, like viscoelasticity, is 
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implicitly determined by specifying the displacement or velocity-type boundary conditions. 

Additionally, it is necessary to define an accurate tolerance parameter that limits the 

maximum inelastic strain rate change allowed over an increment (Eq. 5.6), where E is the 

Young modulus and σerr is an acceptable level of error for stress. In the current work the 

tolerance parameter used is equal to 0.1, which corresponds to 10 % of the equivalent 

elasticity modulus for the IVD. 

 E

err
 

  (5.6) 

Finite Element 
Structures 

Material Type 

Elastic Viscoelastic 

Young's 
Modulus 

(MPa) 

Poisson's 
Ratio 

Series 
i 

Shear 
gi 

Bulk 
ki 

Time 
τi (s) 

Fixation Plate Linear Elastic - Isotropic 115000 0.30     

Screw Linear Elastic - Isotropic 115000 0.30     

Cancellous Bone Graft Linear Elastic - Isotropic 100 0.20     

Porous Tantalum Linear Elastic - Isotropic 1570 0.31     

Tricortical Iliac Crest Linear Elastic - Isotropic 3500 0.30     

Intervertebral Disc        

Endplate Linear Elastic - Isotropic 24.0 0.40     

Annulus Fibrosus Matrix Viscoelastic 8.0 
Cervical - 0.35 
Lumbar - 0.45 

1 0.3991 0.3991 3.450 

2 0.0000 0.3000 100.0 

3 0.3605 0.1490 1000.0 

4 0.1082 0.1500 5000.0 

Nucleus Pulposus Viscoelastic 
Cervical - 0.5 
Lumbar - 2.0 

0.49 

1 0.6375 0.0000 0.141 

2 0.1558 0.0000 2.210 

3 0.1202 0.0000 39.9 

4 0.0383 0.0000 266.0 

5 0.0000 0.0000 500.0 

 Table 5.8 – Fixation plate, endplate, annulus and nucleus material properties. 

The vertebral bodies are assumed to be rigid since the deformations of these structures 

correspond to 3
1  or 10

1 of those of the disc [193]. Evaluating the influence of the endplate on 

the intervertebral disc finite element model, and observing other studies like that from Fagan 
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[111], the endplate in the current work is considered also as a rigid body (Table 5.10). 

Nonetheless, no intimate connection between the two structures exists [201]. In order to adapt 

this model to the co-simulation module one reference point is associated with each rigid body 

(modeled as shell elements), simulating the vertebra and endplate, at the superior and inferior 

borders  of  the  intervertebral  discs (Table 5.15). The lower reference point is constrained for 

all six DOF, while the upper reference point DOF is prescribed in each time step. 

This model only considers complete concentric layers, besides there are incomplete layers 

whose number varies with the region of the annulus fibrosus. Namely, the maximum of 

incomplete layers is found in the posterolateral region (53%) which corresponds to the most 

probable site of injury in the IVD, while the anterior region has the minimum number of 

incomplete layers (43%) [148]. Another inaccuracy arise from the  IVD transition between the 

annulus and the nucleus pulposus, which is characterized by a morphologic gradual change 

without a well defined boundary as defined in the finite element model. 

The cervical and lumbar IVD models are optimized relatively to their mesh and integrator 

used in order to obtain acceptable time analysis. There are several integrator methods to use in 

the finite element software ABAQUS, namely the Newton Method, the Modified Newton 

Method, the Quasi-Newton Method. 

The Newton Method is avoided in complex finite element models due to the difficulty in 

obtaining the complete Jacobian matrix, which often involves a high computational effort 

since it cannot be obtained directly. Moreover, this method has a high computational cost 

since the Jacobian matrix is determined and assembled at each iteration. An alternative 

method consists in determining this matrix at specific iterations, being more attractive for 

midly nonlinear with softening behavior problems, however it must not be used in high 

nonlinear problems (Modified Newton Method). Besides the Jacobian matrix is in most cases 

nonlinear, it can be approximated by a symmetric matrix taking into account the quadratic 

convergence of the Newton Method and in the extra computational cost that is necessary to 

obtain the nonlinear Jacobian matrix. Another alternative in almost all nonlinear problems, 

excepting in extreme cases where it requires an increasing number of iterations (residual 
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evaluation), is the Quasi-Newton Method. This method allows decreasing the computational 

effort in the formation and resolution of the Jacobian matrix, being indicated to large systems 

that need a high number of iterations to converge. In summary, the convergence rate of the 

Quasi-Newton Method is smaller than the quadratic convergence of the Newton Method, but 

is greater than the linear convergence rate of the Modified Newton Method. 

In the current work, the forces and moments obtained using different number of elements 

or integrator types are approximately the same, more specifically, the maximum variance 

occurred with the increase of the number of elements in height to 15 (corresponding to 1.7 % 

maximum variance). As such, the only significant difference observed is on the time analysis, 

namely, the time increases with the number of elements (Figure 5.4-A) and decreases by 

59.46 % using the Direct Quasi-Newton method (Figure 5.4-B). Hence, the analyses are 

performed using this integrator and assuming eight layers of elements in height, being the 

total number of elements represented in Table 5.9. 

          

 A B 

 Figure 5.4 – Optimization results: time vs. number of elements (A) and time 

vs. type of integrator varying the tolerance parameter (B).  

Furthermore, Fagan et al. [111] examined the influence of nonlinear geometry and 

nonlinear material on the mechanical behaviour of the intervertebral disc for compression, 

flexion and torsional loading. According to this study, the nonlinear geometry is important in 

compression, whereas the nonlinear material is important for the remaining load conditions. 

As such, these two types of nonlinearities are considered in the current work. 
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Spine 
Level 

Nucleus Pulposus 
Annulus Fibrosus 

TOTAL Matrix Collagen Fiber Layers 

Type Number Type Number Type Number Structure 

C5-C6 3D 8-Node 
Linear Brick, 

Hybrid, 
Constant 
Pressure 

1464 
3D 8-
Node 
Linear 
Brick 

1500 
3D 4-Node 

Quadrilateral 
Surface 
Element 

252 8 4980 

C6-C7 1764 1248 240 8 4932 

L3-L4 1560 1500 240 8 4980 

L4-L5 1512 1800 252 8 5328 

 Table 5.9 – Type and number of elements used to define the finite element 

models of the intervertebral disc. 

The finite element model of the intervertebral disc C5-C6 is validated against the 

experimental data of Moroney et al. [243] (Table 5.10 and Table 5.11), which applied, in 

addition to an axial preload of 49 N to simulate the skull weight, several loads and moments 

to the upper endplate of the IVD to analyze the cervical spine response in compression, shear, 

flexion, extension and axial rotation. The results from validation show that the finite element 

model can predict reasonably the response of the IVD for several loading situations with a 

mean  error  of  9.9%  and  a maximum error of 32.6% in extension. More specifically, the FE 

model mimics the intervertebral disc response in compression, posterior shear and axial 

rotation with great accuracy (error less than 1%). Furthermore, its response to right lateral and 

anterior shear and right lateral bending are also acceptable presenting an error comprehended 

between  5  and  15%. With exception of anterior shear, the movements of rotation of the IVD 

present a greater error, being the model too stiff in flexion and too loose in lateral bending and 

extension. This can be due to the assumption that the endplates are parallel instead of a 

relative inclination between them, which influences the behavior of the collagen network of 

the annulus whose action is only activated in tension. Also, the position of the nucleus is 

based on a cervical IVD MRI of a given subject not taking into account variations from 

subject to subject and consequently increasing the probability of an inaccurate position of the 

nucleus that can provoke a variance of 21 to 50% in the results obtained as described by Little 

[241]. The geometry of the disc is also prone to these assumptions, since it is obtained from 

the same MRI image of the intervertebral disc. 
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The   endplates   are   important   in   the   IVD function since they are responsible for 

transmitting  part  of  the  load  of  the  IVD to the vertebrae and for the nutrition of the disc. 

Moreover, the endplates correspond to the IVD site with greater injury incidence. To evaluate 

the effective influence of the endplate in the disc mechanics and computational time, it has 

been performed a time and functional analysis (Table 5.10). In terms of time analysis, the 

exclusion of the endplate decreases the computational time by a factor of 64%, while in terms 

of the disc mechanics it deteriorates the behavior of the finite element model in 1.7% (for 

translations movements, the difference is 0.030 ± 0.017 mm, and for rotational movements, 

the difference is 0.144 ± 0.057 deg). 

The C6-C7 cervical intervertebral disc is modeled using the same material properties, 

varying only its geometrical properties. As such, it is assumed that the behavior of this disc is 

similar to that of the C5-C6 and therefore it provides a reasonable data to conclude that the FE 

model for this spine level is acceptable. 

Load Case 
Load 

Applied 

Time (s) Moroney 
et al. 

With Endplate W/o Endplate 

With Endplate W/o Endplate Factor DOF Error DOF Error 

Compression (mm) 73.6 N 34.00 13.50 60.29 -0.200 -0.208 4.25 -0.199 0.75 

Anterior Shear (mm) 15.7 N 38.60 14.20 63.21 -0.400 -0.505 26.25 -0.463 15.64 

Posterior Shear (mm) 15.7 N 41.90 16.20 61.34 0.470 0.515 9.65 0.470 0.05 

Right Lateral Shear (mm) 15.7 N 37.90 14.70 61.21 -0.290 -0.332 14.48 -0.307 5.96 

Flexion (deg) 1.6 N.m 114.70 35.30 69.22 7.020 6.188 11.85 6.045 13.89 

Extension (deg) 1.6 N.m 108.70 35.90 66.97 -4.800 -6.532 36.08 -6.366 32.62 

Right Lateral Bending (deg) 1.6 N.m 108.50 34.80 67.93 -5.410 -6.131 13.32 -5.930 9.61 

CCW Torsion (deg) 1.6 N.m 43.60 16.70 61.70 4.180 4.214 0.81 4.148 0.78 

 Table 5.10 – Time analysis with and without the endplate structure for several 

loading cases and comparison with the experimental data from Moroney 

et al [243]. 
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Load Case 
C5-C6 Intervertebral Disc 

Principal Motion Moroney Model Error 

Compression (N) 0.1 mm 39.900 -37.420 6.22 

Anterior Shear (N) 1.0 mm 39.300 -36.630 6.79 

Posterior Shear (N) 1.0 mm 33.400 36.631 9.67 

Right Lateral Shear (N) 1.0 mm 54.100 -54.767 1.23 

Flexion (N.m) 5.0 deg 0.700 1.418 102.62 

Extension (N.m) 2.0 deg 0.500 -0.590 17.90 

Right Lateral Bending (N.m) 4.5 deg 1.100 -1.337 21.53 

CCW Torsion (N.m) 1.0 deg 0.400 0.391 2.24 

 Table 5.11 – Prescribed motions to the finite element model and corresponding 

results from the model and the experimental data retrieved from [243]. 

On the other hand the lumbar intervertebral discs, and more specifically the L4-L5 IVD is 

validated according to the experimental data of Markolf and Morris [193], Brown et al. [223], 

Shirazi-Adl et al. [121] and Virgin [244]. To simulate this situation an axial load of 500 N is 

applied perpendicular to the upper reference point, which simulates the weight above the L3-

L4 intervertebral joint of a 70 kg individual, after introducing a 70 kPa pressure into the 

nucleus to simulate its prestress state. According to these studies, the prestress will originate 

an axial displacement between 0.018 to 0.023 mm, while the compressive load will be 

responsible for a reduced height of the disc by 0.48 mm. The L4-L5 model exhibits good 

results for both cases: the introduction of 70 kPa in the nucleus pulposus originates a 

displacement of 0.021 mm and therefore is between the range defined by the previous studies; 

the compressive load, on the other hand gives rise to a compression of the disc by 0.383 mm 

(76.6% of the reference value). Moreover, the finite element model is validated to flexion by 

prescribing several rotations to the upper surface of the disc and evaluating the corresponding 

outcome relatively to the experimental data of Schmidt et al. [245], and the FEMs of Shirazi-

Adl et al. [246] and Little [241] (Table 5.12). The validation results for rotational values are 

in agreement with the results retrieved from the literature. Namely, it shows similar results to 

those of Shirazi-Adl et al. [246], and Schmidt et al. [245] for median rotational values (less or 

equal than 6.6 deg). Nonetheless, to higher rotation values (12 degrees) the values obtained 

are different from the other studies, which may be partially due to the non-real initial 

configuration of the lumbar intervertebral disc. Besides this factor, the value obtained is 
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relatively near Little’s value due to the proximity in geometrical and material representation 

of the collagen fibers. Therefore, the intervertebral disc is considered to give a good 

approximation of its behaviour for the loading situations validated and, consequently, the L3-

L4 IVD which present the same material properties. 

Prescribed Motion (deg) Model (N.m) Shirazi-Adl et al. (N.m) Schmidt et al. (N.m/deg) Little (N.m) 

5.89 15.74 15.50 
 

8.60 

5.93 15.84 15.50 
 

8.70 

6.50 17.37 20.00 
 

9.70 

12.00 32.06 60.00 
 

22.14 

6.60 2.67 N.m/deg 
 

1.80 2.10 N.m/deg 

 Table 5.12 – Prescribed motions to the finite element model and corresponding 

results from the model and the data retrieved from [241, 245, 246]. 

Besides the emphasis in this Chapter is the finite element models of the intervertebral 

discs,  the  majority  of  the  IVDs  in  the  current  work  are  represented  as  six   DOF linear 

viscoelastic bushing elements. A comprehensive description of this type of joints is described 

in the work of van der Horst [15] and Ferreira [9]. 

In summary, these elements are defined considering two points and their corresponding 

rigid bodies (a master (M) and a slave (S) body), and four stiffness matrixes regarding their 

spring (K) and damper (D) components for translations, (.)T,  and rotations, (.)ζ. With these 

data it is possible to compute the spring, (.)
S
, and damper, (.)

D
, components of the force (F) 

and torques (M) associated with a given intervertebral motion (Eq. 5.7 and Eq. 5.8 for 

translations; and Eq. 5.9 and Eq. 5.10 for rotations, where ζi, ζi
0
 and 𝜃𝑖  are the Bryant angles, 

their initial values and their derivatives for a given direction i, respectively), which will be 

applied to the master and slave body: 
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The bushing element module in the current work is improved to allow the incorporation of 

experimental data for each DOF describing the IVD behavior. This data is interpolated using 

a cubic spline in order to reproduce the spring behavior of the bushing elements. 

5.2. Intersomatic Fusion 

Intersomatic fusion is required when it is necessary to reestablish the intervertebral disc 

function and conservative treatment (consisting in rest, weight control, exercise, physical 

therapy, medications) not produces the intended results. There are several factors, like aging, 

degeneration, incorrect positions or extreme movements that can be responsible for partial or 

total loss of function of this structure, which associated with a decreased disc height and a 

narrowed space between vertebrae can cause back disorders and affect movement. The 

surgical procedure is characterized by the union of two or more adjacent vertebrae through 

replacement of the pathologic disc by an artificial surrogate ( TDR) or a bone graft (autograft, 

from the own’s patient bone, or allograft, bone from a donor different of the receiver, of the 

same species). This surgical procedure, also known as intervertebral body fusion (Figure 5.5), 

was firstly described by Robinson and Smith in 1955 [247] for the treatment of disc 

degeneration with nerve root compression and its goal is to support the spine, maintain 

correction and alleviate pain by diminishing movement [4,248]. Robinson and Smith 

described the anterior intervertebral body fusion (through the abdomen), nonetheless, 

intervertebral body fusion can also occur posteriorly (through the back). The latter applies less 

stress to the muscles and other vertebral structures.  

There are several chirurgical techniques for anterior interbody fusion: the Smith-Robinson 

and the Bailey-Badgley. The later is characterized by higher stresses in the disc and the 

vertebral body, while the former is characterized by higher motion segment stiffness for all 

loading modes [249]. In the Smith-Robinson technique, before inserting the bone graft 

between the endplates, the anterior longitudinal ligament is incised and the disc is removed 

remaining the endplates intact. The Bailey-Badgley is a very similar technique in which 

removal of part of the anterior region of the cortical shell from the corresponding spine level 

also occurs. The bone graft has a cross-sectional area of 65% the endplate area and is not 
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firmly attached to the endplate [250], acting as an axial load-bearing structure and as a 

substract to bone ingrowth. It is also important to notice that endplate strength ensures 

mechanical stability and prevents implant subsidence for interbody fusion implants and disc 

prosthesis, since it is the common site of injury [225].  

 

 Figure 5.5 – Intervertebral body fusion  

The most used disc replacement is the bone graft, which, as mentioned above, can be 

formed from the own’s patient bone, namely, it can be harvested from the iliac crest 

(tricortical iliac crest graft [250]), tibia or fibula, or even from other vertebral sources. Besides 

this type of bone graft as some disadvantages in terms of the probable morbidity associated 

(pain, infection, hematoma, fracture) and the limited quantity that can be collected, especially 

in children, it still remains the gold standard for bone grafts regarding its ideal properties 

(osteogenic and osteoinductive potential). On the other hand, the allograft, the common 

substitute of autologous bone, does not have the limitations regarding the donor site morbidity 

and the quantity of bone cropped. Nonetheless, it has an augmented potential for infection 

(bone not collected of the own’s patient bone) and an over cost relatively to the autograft (due 

to more complex preparation methods that reduce its immunogenicity and structural strength, 

and  further  screening  and  processing to diminish the risk of developing HIV). Additionally, 

allografts are primarily osteoconductives with low osteoinductive potential, though they can 

be combined with osteoinductive agents, as BMP. Besides allografts are not the first choice 

for the bone graft material, structural fibular and femoral ring allografts in cervical and 
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lumbar interbody fusion have high rates of fusion. Moreover, both bone grafts are the result of 

cancellous or cortico-cancellous bone and their incorporation methods are similar, although 

the allograft incorporates faster due to their cancellous particles that provide a larger surface 

area. Other substitutes include synthetic grafts of titanium or tantalum or the artificial 

intervertebral disc which allows preserving the range of motion of the injury site. The 

titanium or tantalum are molded in the form of cylinders, perforated (cage implants) or not 

(core implants), being the perforated cavity filled with cancellous bone.  

In a great number of cases, the stresses experienced by these materials are high and, 

consequently, there is a real danger of being expelled or crushed. To avoid and prevent this 

from happening, fixation devices are incorporated when an intersomatic fusion takes place (in 

the cervical spine, the fixation plate is positioned posteriorly since it provides a more effective 

stabilization [2]). Nonetheless, the fixation devices has some well known disadvantages due 

to the Young modulus of their materials, usually from titanium alloys (E = 115 GPa), which 

are greater than that of the bone (E = 12 GPa, for cortical bone). This result in a phenomenon 

denominated of stress shielding and consists in a diminished vertebral bone density due to a 

reduction of the normal stress supported by the bone (according to the Wolff’s Law, that 

states that bone remodels as a response to the loads it is subjected [251]), which induces a 

non-equilibrated activity of osteoblasts (responsible for bone formation) and osteoclasts cells 

(responsible for bone resorption). In order to overcome the stress shielding event, there are 

several types of fixation plates: the rigid and dynamic fixation plates. Each type provide a 

good stabilization of the spine, nonetheless, the dynamic fixation plate transmits 3
1 less strain, 

which implies that this is supported by the bone graft and remaining spine elements [2] and 

hence provide a greater load sharing and allow to preserve a greater mobility, while the rigid 

have a greater weight bearing. As such, to decide which type of implant and the materials that 

compose the implant two factors have to be taken into account: the implant’s efficiency in 

stabilizing the region where it is inserted by evaluating the region mobility, and the ability of 

the implant to bypass and withstand the forces by evaluating the stress distribution in the 

different parts of the implant [13]. 
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5.2.2. Fixation Plate FEM 

A model of the fixation plate (Figure 5.6) is developed with the objective of reproducing 

the environment in the vicinity of the intervertebral fusion and to analyze how the stresses 

distribute on this structure. The finite element model of the fixation plate is obtained from the 

work of Fernandes [252] and consists of the fixation plate and the corresponding screws, 

which are responsible to connect the plate to the vertebrae. The screws and the plate are 

assumed to be of titanium (Table 5.8). The co-simulation module associated with this 

structure corresponds to two pairs of reference points that are defined at each screw of the 

fixation plate, dividing the latter in its right and left portion (Table 5.15). 

 

 Figure 5.6 – Fixation plate model comprising the titanium fixation plate and 

screws.  

Fixation Plate Screws 
TOTAL 

Type Number Type Number Structure 

3D 4-Node Linear 
Tetrahedron 

17413 
3D 4-Node Linear 

Tetrahedron 
3009 4 29449 

 Table 5.13 – Type and number of elements used to define the finite element 

model of the fixation plate. 

5.2.3. Intervertebral Disc Substitutes 

The finite element models of the intervertebral disc substitutes (Figure 5.7) are rectangular 

structures parameterized with the intervertebral disc width, depth and height. As these 
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materials are inserted into the intervertebral space the height is assumed to be equal to that of 

the IVD and its width and depth is assumed to be 90% of those from the  IVD, being the 

thickness of the cage implant 14.3% of the disc substitute width (this percentage is computed 

according to the width and thickness of the cage implant used by Chen et al. [222,253]). The 

material properties are derived from the work of Guan et al. [254] and Natarajan et al. [250], 

which define the material properties of the bone graft as E = 100 MPa, of the porous tantalum 

as E = 1570 MPa, and of the tricortical iliac crest bone graft as E = 3500 MPa (Table 5.8), 

while the cage implant is assumed to be made of polyetheretherketone (PEEK) whose Young 

modulus is retrieved from the work of Chen et al. [253] and is equal to 3.6 GPa. These 

structures have a co-simulation model similar to that of the intervertebral disc, in which a pair 

of reference points is defined at the geometric center of the upper and lower surfaces of the 

finite element models (Table 5.15). 

 

 Figure 5.7 – Intervertebral disc substitutes’ model  

Spine Level 
Graft – Cube 

Type Number 

C5-C6 

3D 4-Node Linear Tetrahedron 

3671 
C6-C7 4852 
L3-L4 5851 
L4-L5 5928 

 Table 5.14 – Type and number of elements used to define the graft finite 

element models. 
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Structure 
Spine 
Level 

RP 
Pair 

Vertebra 
Reference Point (mm) Initial Offset 

X Y Z ΔX (mm) ΔZ (mm) ΔθY (rad) 

IVD 

C5-C6 1 
C6 8.30 0.00 5.45 

-1.728 7.665 -0.098 
C5 8.10 0.00 -5.70 

C6-C7 1 
C7 8.20 0.00 6.00 

-2.478 7.017 -0.090 
C6 8.30 0.00 -5.45 

L3-L4 1 
L4 17.35 0.00 10.59 

0.070 14.200 -0.248 
L3 16.95 0.00 -12.85 

L4-L5 1 
L5 17.75 0.00 11.42 

-1.390 14.306 -0.115 
L4 17.40 0.00 -12.72 

Fixation 
Plate 

C6-C7 

1 
C7 17.45 7.14 -0.62 

-2.339 19.927 -0.098 
C6 17.45 7.14 -0.68 

2 
C7 17.45 -7.14 -0.62 

C6 17.45 -7.14 -0.68 

 Table 5.15 – Reference points in the co-simulation modules for the 

intervertebral discs and their substitutes, and the fixation plate. 

5.3. Conclusions 

The intervertebral discs are viscoelastic and avascular structures that are present in each 

spine level from C2 to S1, allowing the motion between consecutive vertebrae and the 

absorption of vertical shock, which turns them one of the more important components of the 

spine. In the current chapter a comprehensive description of the intervertebral disc 

composition and function was made, taking emphasis on their constituents: the annulus 

fibrosus, the nucleus pulposus and the endplate. Besides discussing its morphology and 

biomechanics, the principal clinical pathologies associated with this spinal structure are also 

described as well as its influence on the intervertebral disc mechanical response. More 

emphasis is given to aging and degeneration since they often lead to intersomatic fusion 

which is the subject of this thesis and is explained in Section 5.1.2.  

In the current work, it is intended to find the differences in the mechanical behaviour of 

the several spinal structures after intersomatic fusion relatively to a normal cervical or lumbar 

spine, focusing on the intervertebral discs. Hence, in this Chapter it is described the finite 

element models of the intervertebral discs (namely, in the cervical and lumbar levels more 
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affected by degeneration), the bone graft (whose material properties are retrieved from Guan 

et al. [254] and Natarajan et al. [250]) and the fixation plate (retrieved from the work of 

Fernandes [252]). Furthermore, the bushing elements modules used to model the remaining 

intervertebral discs and improved to accept experimental data to describe their mechanical 

behaviour are briefly described. Notice that the intervertebral disc as a different treatment of 

the remaining components, being defined using a software that computes automatically the 

geometry of the outer surface and the region occupied by the nucleus according to some 

inputs of the user. Moreover, it is improved in what concerns the number of elements and 

integrator used to predict its behaviour more effectively and efficiently (Quasi-Newton 

Method) taking into account their time analysis. On the other hand, the material properties 

used are retrieved from from the work of Wang et al. [45, 46] (lumbar IVDs) and from the 

work of Esat and Acar [63] (cervical IVDs). Further improvement includes the removal of the 

endplate in order to reduce the time analysis and due to its influence on the mechanical 

behaviour of the intervertebral disc (this situation is also verified in other studies [111]). 

The intervertebral discs modelled in finite element are validated for several loading 

situations using experimental or other finite element studies. Namely, the lumbar spine are 

validated in compression (500 N simulating the torso weight plus 70 kPa pretension) and 

flexion (applying several rotations to the upper reference point of the IVD) using the studies 

of Markolf and Morris [193], Brown et al. [223], Shirazi-Adl et al. [121], Virgin 

[244],Schmidt et al. [245] and Little [241] presenting good results at exception of the higher 

rotation values, besides it is between the values of Shirazi-Adl et al. [246] and Little [241]. 

The cervical IVD, on the other hand, is compared to the experimental data of Moroney et al. 

[243], which subjected the C5-C6 motion segment to several moments or loads and a 

compressive load of 49 N corresponding to the head weight. According to the validation 

results it can be concluded that the IVD can predict accurately its biomechanics to 

compression, posterior shear and axial rotation. Nonetheless, the model described is to too 

stiff in flexion and too lose in lateral bending and extension, which can be due to the parallel 

initial configuration assumed for the upper and lower surfaces of the intervertebral disc (may 

affect the behaviour of the collagen network). 



 

Chapter 66 

Ligaments and Contacts 

Ligaments and facet joints have great importance on the overall spine stability as they are 

able to absorb energy during normal and traumatic situations [255]. Moreover, the ligaments 

are important in resisting flexion rotation and posterior shear, while facets are responsible for 

resisting large extension rotation and anterior shear [256]. Ligaments work in their toe-in 

region (when spine is under its physiological range of motion), which is characterized by a 

relatively high deformation in response to a small applied load, conferring the spine with its 

neutral zone [257,258]. On the other hand, the articular facets, like the intervertebral disc, are 

the more important load bearing structures of the spine [83]. Hence, in order to represent the 

dynamic of the several structures of the spine independently, and in an ultimate instance 

represent the dynamic of the spine as a whole, specific modules have been developed. In the 

current Chapter, the mathematical formulation representing the mechanical behaviour of 

ligaments and contacts is described. 

6.1. Ligament  

Ligaments are soft tissues that connect two or more bones together and have several 

functions, namely, they are important in joint stabilization, by limiting its possible 
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movements, in maintaining the correct bone and joint geometry [210], and in absorbing 

energy during trauma [255], by developing strain and stress in the ligament. Other function of 

the ligament is proprioception, a typic reflex arc motion (characterized by a not intentional 

muscle contraction) that is caused by a stimulation of the stretch-sensitive mechanoreceptors 

in the ligaments [259,260], for example, to protect against extreme movements. Furthermore, 

ligaments can adapt, like bone and other human tissues, to mechanical variations imposed by 

the surrounding environment as result of failure or damage, disease or exercise [261,262]. 

6.1.1.  Ligament Morphology 

Ligaments, as all the soft tissues in the human body, have a high water content (55% to 

65%), responsible for its viscoelasticity properties [263], and consist mainly of collagen (70-

80% of the ligament’s dry weight), primarily type I and III, and elastin (10-15% of the 

ligament’s dry weight) fibers, and proteoglicans (1-3% of the ligament’s dry weight) [210] 

(for example, the anterior and posterior longitudinal ligament [159]). However, the content of 

each type of fibers varies with the ligament, namely the ligamentum flavum (approximately 

80% of elastin [159]) and the ligamentum nuchae have high elastin content. 

These fibrous connective tissues have a highly hierarchic structure (represented in Figure 

6.1) that determines its mechanical behavior. These complex structures consist of fibers, 

which by its turn contains fibrils. Fibrils are formed by a set of subfibrils and those by 

microfibrils (composed of tropo-collagen fibers). 
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 Figure 6.1 – Ligament hierarchized structure. 

The two types of fibers, elastin and collagen, in ligaments have different characteristics 

regarding their arrangement and their contribution to the mechanical response of the ligament. 

Elastin fibers are organized and arranged in a random manner, while collagen fibers are 

arranged in a more regular way (parallel and linked to each other in several points). 

Furthermore, collagen is stiffer than elastin, which corresponds to a general stretch percentage 

of 10% of its length (E = 16 GPa) comparing to the 200% of elastin (E = 0.6 GPa). 

The structure and organization of these tissues implies an anisotropic behavior and a non-

linear stress-strain relation, primarily due to the collagen fiber wavy pattern in the absence of 

load. 

6.1.2. Ligament Mechanical Behavior 

Ligaments are viscoelastic structures (with hysteresis, stress relaxation under constant 

deformation and crimp under constant load) that only resist when tensioned, producing a force 

in the direction of the applied load (uniaxial structures). The ligament’s viscoelasticity 

explains the dependency of its mechanical response with the load rate, namely, with 

increasing loading rate, its stiffness increases (linearly) as well as the ultimate tensile load 

(nonlinearly with the logarithm of the loading rate) [159,264]. 
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As mentioned in Section 5.1.1, the ligament stress-strain curve is nonlinear [83,171, 

210,257]. A typical ligament’s load-deformation curve [265], disregarding the ligament 

viscoelasticity, is presented in Figure 6.2.  

This curve exhibits three distinct regions, the toe-in region (AB), where a small increase 

in load determines a large deformation of the ligament and its stiffness corresponds primarily 

to the stiffness of the elastin network (collagen fibers are straightened up, i.e., their crimp 

[266] pattern becomes to disappear). As the collagen fibers straighten more force is needed to 

deform the ligament, and when the collagen fibers reach their uncrimped state, a further load 

produces a deformation on the ligament characterized by its linearity, the ligament enters in 

its linear region (BC: the slope of this region determines the stiffness of the ligament, which 

corresponds mainly to the stiffness of the collagen network). In the final region, the ligament 

fibers start to damage and the ligament stiffness starts to decrease, marking the yield point 

(C). If load continues to increase, the ligament fibers start to fail (D) and a remarked decrease 

in the resistance of the ligament to load is noticed, the failure region.  

The physiological range in which the tissue normally functions corresponds to the toe-in 

region, while the other regions correspond to reserve strength of the ligament. 

 

 Figure 6.2 – Ligament’s load-deformation curve. A – Ligament’s rest or pre.-

tensioned state; B – Ligament’s uncrimped state; C – Ligament’s yield 

point; D – Ligament’s ultimate tensile load. 
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6.1.3. Ligament Model 

As a result of the ligament’s morphology and its mechanical response, the ligament is 

modeled as a nonlinear viscoelastic structure. The properties of the ligament can be modeled 

using two basic elements: springs (elastic behavior) and dashpots (viscous behavior). 

In the current work, the elastic behavior of the ligament is simulated using one of two 

methods: the Wisman’s Knee Model [267] or by interpolating a set of points pre-defined by 

the user.  

According to the Wisman’s Model, the ligament is represented by a nonlinear elastic 

spring, which mathematical formulation is based on the observation of experimental data in 

literature. Wisman states that the elastic force module, FE  (Eq. 6.1), in the toe-in region can 

be approximated by a quadratic strain dependent relation [268,269], 
TI

EF   (Eq. 6.2), while in 

the second region can be estimated by a linear strain equation, 
L

EF   (Eq. 6.3).  
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Notice that εB is the transition strain value between the toe-in region and the linear region, 

KN is the stiffness of the ligament in Newton (i.e., is equal to the product of the ligament 

stiffness KNm, in Newton per meter, and its resting length (L0)) and ε is the strain of the 

ligament for a given length at a certain instant, which is given by Eq. 6.4: 
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In order to represent the viscous behavior of the ligament, namely its hysteretic behavior, 

a strain rate dependent force component is introduced, as reported in van der Horst’s model 

[15]. The magnitude of this force, applied only when the strain rate is positive (loading phase 

cycle), is given by the product of the strain rate (  ), the elastic force module, FE, and a 

coefficient C, and consequently, the greater this coefficient, more energy is dissipated in a 

load-deformation cycle. As a result, the total force, FT, exerted by the ligament, depends on its 

loading status, and is given by:  
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Notice that when the strain is negative, the ligament is under compression and it does not 

produce any force; contrarily, when the strain is positive the ligament is being stretched and it 

produces a force that can have a strain rate dependent term (loading phase – 0 ) or not 

(unloading phase – 0 ).  

The developed ligament model considers the use multiple points in the definition of the 

ligament path, as represented in Figure 6.3. This allows a more accurate description of the 

force exerted along the ligament, particularly in what refers the direction according to which 

this force is applied. The position of these viapoints is expressed in the local coordinates of 

the rigid body to which they wrap around. 
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 Figure 6.3 – Ligament model with N segments, with representation of the force 

direction applied along the ligament. 

Considering a ligament defined by N segments, the total force exerted when it is subjected 

to a tensile load depends on its length and its lengthening velocity ( L ), since the strain rate 

depends on its value (Eq. 6.6), as a whole.  
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Therefore, the ligament total length (Eq. 6.7), after determining the global coordinates of 

the insertion points, is given by the sum of each segment length, defined as the norm of the 

difference between the position vectors of the two points that define the segment. 
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Likewise, the ligament total lengthening velocity is defined as the sum of the projection of 

the relative velocity between the points that define each segment on the unitary vector of the 

ligament segment (u
i
). Analytically L  and u

i
 are respectively defined as: 
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Using the ligament length and lengthening velocity values, the strain and strain rate of the 

ligament can be determined using Eq. 6.4 and Eq. 6.6, respectively, and, consequently, the 

ligament force module is computed. This module and the unitary vectors of the ligament 

segments are then applied to compute the force exerted by the ligament in all of its points. As 

it can be seen from Figure 6.3, for isolated points (that only have the contribution of one 

segment (i)) the force is given by Eq. 6.10, while for shared points (that have the contribution 

of two segments (i + 1 and i)) the force value is given by Eq. 6.11. 
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Although this approach was used to represent the ligament mechanics, other methods can 

be developed using rheological models [270], like the Kelvin Solid and the Three-Parameter 

Solid [210], or the Fung’s Nonlinear Viscoelastic Theory [171,271] to represent the first two 

regions of the ligament mechanical response. However, like the model developed in the 

research work, these methods are more phenomenological than mechanistic. Nonetheless, the 

model proposed by Liao et al. [272], which includes the modeling of the ligament’s failure 

region, focus on the mechanic of the ligament, proposing a method that is governed by an 

increasing or decreasing number of ligament fibers recruited at a given instant. Nevertheless, 

there is no data available to define the parameters used to simulate the ligament mechanics, 

so, in the current model, the force produced in the failure region is considered constant and 

equal to the maximum force exerted by the ligament in the linear region. 

The second method implemented depends on the quality of the data introduced by the user 

and can represent all the regions of the ligament mechanical response, including the failure 

region. This option is more useful when experimental data is available, in order to evaluate its 

influence in the in vivo structures and in vivo situations.  
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Usually, the outputs from these experimental studies correspond of force-elongation pairs, 

so the data introduced by the user consists of pairs of equal structure. Internally, the 

elongation (λ), defined as the proportion of the actual ligament length relatively to its 

reference length (
0L

L ), is converted into strain values (Eq. 6.12) in order to compute the 

interpolation polynomials, relating force with strain values, using the function DCSCON from 

the IMSL FORTRAN Library which allows maintaining the concavity characteristics from 

the dataset. 

 1 λε  (6.12) 

This interpolation polynomial computes the force module of the spring component of the 

ligament as a function of strain, being the direction defined by the unitary vector of the 

ligament or ligament segment. As the viscous component of the force module is assumed not 

to be included in the dataset, and, therefore, cannot be extracted from the input data, it is 

computed separately as described before. 

Other functionality introduced in the ligament module is pretension FPT, which is included 

by reevaluating the ligament reference length (L0) and assuming that the ligament has the 

reference length at the initial instant of the analysis (LPT): 
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This ligament property is responsible for the initial stability of the spine, since it causes a 

precompression state (internally) in the components attached to it in order to maintain their 

structural equilibrium [211]. 

6.2. Contact  

The spine joints besides the ligaments present articular surfaces between which contact 

occurs, like the articular facets between adjacent vertebrae or the contacts between the 

occipital condyles, the atlas and the axis. Other contacts can occur as a consequence of the 

relative motion of each spine level, namely between the spinous process (in extension 
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movements [273]). These articulations play an important role in the spine, namely by 

preventing excessive motion and as such are important to develop models to simulate their 

behavior.  

6.2.1. Contact Model 

Due to the importance of the articular facet contacts in the spine biomechanics, and also of 

the upper cervical and head contacts, namely between the atlas, axis and occipital condyles, a 

contact model based on the nonlinear Kelvin-Voigt contact model is developed [8,274], which 

is based on the nonlinear Hertz law [275] and is similar to the contact force model with 

hysteresis damping proposed by Lankarani and Nikravesh [276]. According to this model the 

force, FC, arising from a contact between two structures is given by Eq. 6.14. 

 
 DKF n

C 
 (6.14) 

Where K is the relative stiffness between the surfaces in contact, D is the relative 

hysteretic damping, n is the nonlinearity parameter, δ is the pseudo-penetration and  is the 

pseudo-velocity. The relative stiffness and hysteretic damping depend on the geometry and 

material properties of the surfaces in contact. As the contact model is considered to be 

established between a sphere (i) and a plan (j), these two properties of the contact model are 

given by Eq. 6.15 and Eq. 6.16, respectively: 

 












 





j

j

i

i

EE

r
K








22 11

424.0

 (6.15) 

 

  neK
D 

 )(

2

4

13






 (6.16) 

Where r is the sphere radius, ν is the Poisson coefficient, E is the Young modulus, e is the 

restitution coefficient (which quantifies the energy dissipation during the impact) and )(  is 

the pseudo-velocity before impact. Notice that, contrarily, to the relative stiffness, the relative 
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hysteretic damping varies with time, according to the values of the pseudo-penetration and the 

pseudo-velocity before impact. The sphere and plan are considered to be rigid since the 

deformation caused by contact between them is relatively small compared to the range of 

motion in the joints (as facet, atlantoaxial, occipitoatlantal or occipitoaxial joints). 

The  contact  force  is applied only when contact between the surfaces occurs (Figure 6.4). 

This is determined using two reference points to describe the spatial position of the plan 

(complemented with its normal
Pn , that is used to define its spatial orientation),

Pr , and 

sphere, Sr , and two other parameters (the sphere radius r, and the plan limit PL) to limit the 

contact area of these structures in the three-dimensional space. Notice that the reference 

points and plan normal vector are given in local coordinates of the respective reference frame, 

so it is necessary to convert these to global coordinates, as described in Section 3.1. Using the 

global coordinates of the reference points of the plan and sphere, the distance (d) between the 

two structures can be determined using Eq. 6.17, while the associated relative velocity (𝐝 ) is 

calculated using Eq. 6.18. Hence: 

 PS rrd 
 (6.17) 

 PS rrd    (6.18) 

The calculation of the contact force requires the decomposition of the distance and 

velocity vector on their normal and tangential components. For the distance vector this 

becomes: 
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Similar expressions are used for the calculation of the velocity components. Using the 

tangential and normal components of the distance vector, contact occurs when the two 

conditions, expressed in Eq. 6.21 and Eq.6.22, are verified: 
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 A B C 

 Figure 6.4 – Contact model representation: situations where contact does not 

occur (A, B) and situations where it occurs (C). 

When contact occurs, the pseudo-penetration and pseudo-velocity values are computed 

using Eq. 6.23 and Eq. 6.24. The result is used in Eq. 6.14 to calculate the contact force 

module. 

 nr d
 (6.23) 

 
nd   (6.24) 

Notice that when the distance between the sphere center and the plan reference point is 

greater than the plan limit (Figure 6.5), the pseudo-penetration value is substituted by the 

difference between the pseudo-penetration at a given instant and the lowest point of the 

sphere when the contact between the surfaces is established (Eq.6.25).  

        

 A B 
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 Figure 6.5 – Contact model representation when the distance between the 

sphere center and the plan reference point is greater than the plan limit. 

The two contact phases are represented: the instant where the contact is 

established (A) and the instant where the force is computed, after the 

contact is established (B). 

 12  eff  (6.25) 

The contact force vector is then calculated using the contact force module and the unitary 

normal vector to the plan as expressed by Eq. 6.26. The force is applied at the contact point 

(rAP), which is calculated as the sum of the plan reference point and the tangential component 

of the distance vector, as indicated in Eq. 6.27. However, when the sphere center distance 

relatively to the plan reference point is greater than the plan limit the application will be given 

by Eq. 6.28. 
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The contact model also considers the action of a friction force FF calculated according to 

the Coulomb friction model. The friction force is a resistive force applied in the opposite 

direction of the tangential component of the velocity vector, as: 
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where μ is the friction coefficient and Fc the contact force calculated in Eq. 6.14. 

Although the surfaces considered are geometrically simple, more complex and accurate 

structures, like ellipsis, can be used. Nevertheless, it has subjacent an optimization method 

and a probabilistic analysis to determine if contact exists at each time step [57,170] rather 
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than an instant perception of contact, as in this model (surfaces are assumed to be rigid, so the 

contact between them reduces to contact points). Moreover, considering a local reference 

frame aligned with the surface of the articular facets, it can be seen that it has a low-value at 

the z-axis, so a plan approximation is feasible [57].  

6.3. Conclusions 

In this chapter a nonlinear viscoelastic ligament model and a nonlinear Kelvin-Voigt [8] 

contact model between a sphere and a plan is described.  

The ligament model is based on the work of Wisman [267] and van der Horst [15] and is 

capable of predicting its behaviour in the toe-in and in the linear region. Special features are 

introduced in this model, namely the possibility of using several points to define the 

ligament’s geometry and of introducing pre-stress in their structure. The simpler contact 

model considers the interaction between rigid surfaces and allows predicting the behaviour of 

several joints with few parameters as input. The inputs are related with the spatial position 

and orientation of the sphere and plan and also of its limits in the three-dimensional space. 

More specific details related with the input of these modules can be found in Appendix B. 

These models are used to simulate the behaviour of several joints in the spine, namely, 

those between the articular facets, the occipital condyles of the head and the atlas and axis of 

the spine, and also, between each spine level. 



 

Chapter 77 

Spine Model 

The spine regions developed in the current work are a combination of an adaptation of the 

de Jager’s cervical model and a lumbar model developed with dimensions either retrieved 

from the literature or computed based upon the literature values. The cervical (lumbar) spine 

model consists of 9 (6) rigid bodies defining the head and vertebrae C1-T1 (L1-S1), with 49 

(35) ligaments (ALL, PLL, ISL, SSL, LF, CL), and 23 (15) contacts comprising the articular 

facets and the contact between the spinous processes. Each spine region is developed and 

validated separately. As such a common vertebra between the spine regions is used as a fixed 

base: the vertebra T1 in the cervical spine and the sacrum in the lumbar spine. 

In order to simplify the spine model, it is assumed that the spine is symmetric relatively to 

the sagittal plan, which imposes identical x and z values, and opposite y values for structures 

that exist in both left and right side of the spine. Nonetheless, the spine presents some degree 

of asymmetry; it presents a curve in the coronal plan [148] (due to the presence of the heart) 

and several structures of the spine, as the articular facets, spinous processes and even the 

vertebral body present some degrees of asymmetry [69,70].  
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7.1. Rigid Vertebrae 

The geometry of the vertebrae is important in the definition of a spine model, since it is to 

this bony structure that ligaments and muscles attach [60]. As such, a complex representation 

of the vertebra structure allows assembling a complex spine model as long as the soft tissue’s 

attachment points are known relatively to a local reference frame. The posterior region of the 

vertebral body is aligned with the z-axis of the local reference frame, being the x-direction 

defined as a line traversing the vertebral body from its posterior to anterior region and the y-

direction defined from its right to its left side. This way a right-handed reference frame is 

defined, whose origin is located at the posterior mid-height of the vertebral body (Figure 7.1). 

 

 Figure 7.1 – Representation of the local reference frame associated to a given 

vertebrae and spine level. 

Moreover, the global coordinate system of the multibody spine model for a subject 

standing in a upright posture has its origin at the first sacral vertebral body center, according 

to ISO 2631 (as reported by Stokes et al. [277]), pointing the x-axis forward, the y-axis to the 

left and the z-axis superior. The global coordinates associated to each vertebrae (or local 

reference frame) are adapted from the work of Stokes et al. [277], Gangnet et al. [278], de 

Jager [57] and Ferreira [9]. The first two studies are used to define the initial positions and 

orientations of the lumbar spine while the remainders are used to define the geometrical 

representation of the cervical spine (Table 7.1). 
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Body Number Structure 
Local Reference Frame Position 

Inclination (rad) 
u

G
x (mm) u

G
z (mm) 

1 Head 40.02 186.04 0.0000 

2 C1 -0.68 123.04 0.0000 

3 C2 -0.68 106.54 0.0000 

4 C3 2.52 87.84 0.0000 

5 C4 4.80 69.75 0.0930 

6 C5 4.95 52.24 0.1750 

7 C6 3.05 34.71 0.2650 

8 C7 -1.27 16.80 0.3630 

9 T1 -8.00 0.00 0.1700 

10 L1 -1.55 174.13 -0.2217 

11 L2 7.45 141.73 -0.2618 

12 L3 18.25 108.43 -0.2374 

13 L4 25.05 72.63 -0.1222 

14 L5 23.05 39.53 0.1257 

15 S1 0.00 0.00 0.3700 

 Table 7.1 – Initial positions and orientations of the spine model developed. 

The inertial properties of each body level are computed assuming that they can be lumped 

into the origin of the respective local reference frame (Table 7.3). These body levels represent 

slices of a given region of the body comprising all hard and soft tissues between two 

consecutive intervertebral spaces (i.e., containing only one vertebra) (Figure 7.2).  

 

 Figure 7.2 – Body levels considered in the lumbar spine to compute the 

corresponding inertial properties.  

For the cervical spine, these properties are retrieved from Ferreira [9] which adapted the 

moments of inertia reported by de Jager [57] through the theorem of parallel axes. According 
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to de Jager, the neck is considered a solid cylinder with a total mass of 1.63 kg (average 

density of 1170 kg/m
3
 [279]), which is divided into seven segments whose heights correspond 

to the displacement between adjacent local reference frames. 

On the other hand, the lumbar spine is considered to be divided into five segments, whose 

heights correspond to the vertical distance between two consecutive intervertebral spaces. The 

inertial properties are computed by approximating each level to a solid elliptical cylinder with 

mass M, height Lz, radius Lx and Ly, respectively, using the following equations (assuming that 

the local reference frame origin coincides to the center of gravity): 
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The radius for the x- and y-direction is the same for all lumbar levels, being retrieved from 

the anthropometric model of the code SOM-LA [280], whose data is obtained from the work 

of Chandler et al. [281]. Moreover, the mass of each level is computed using the total mass of 

the lower torso [280], assuming that the lower torso density is uniform. The de Jager’s 

cervical spine model [57] corresponds to a male with a height of 1.70 m and a weight of 70 

kg, while the anthropometric measurements of the code SOM-LA [280] are for a male of 1.73 

m and 78 kg, therefore, it is necessary to determine several scale factors, including length (Eq. 

7.4), mass (Eq. 7.5) and inertia (Eq. 7.6) (Table 7.2), to fit the percentile anthropometry (the 

superscript nth corresponds to the measurements for a given percentile, in this case the 50 

percentile male human) for the lumbar spine. 

 
nth

i

i

L
L

L
i


 (7.4) 



7. Spine Model 133 

 

 
nth

i

i

m
m

m
i


 (7.5) 

 
2

iii LmI  
 (7.6) 

Region 
Height 

(m) 
Weight 

(kg) 

Antero-
Posterior 

Distance (m) 

Center of Mass (m) Inertial Properties (kg.m2) Scale Factors 

Y Z Ixx Iyy Izz Height Weight Inertia 

Lower Torso (L1 
to Sacrum) 

0.275 14.20 0.102 0.094 0.064 0.262 0.135 0.262 
   

Lower Torso (L1 
to Sacrum) – 

Model 
0.266 12.68 0.099 0.091 0.062 0.220 0.113 0.220 0.969 0.893 0.838 

 Table 7.2 – Scale factors and corrected anthropometry measurements. 

Spine Region Body Number Mass (kg) 
Inertial Properties (kg.m

2
) 

Ixx Iyy Izz 

Cervical 

1 4.690 1.8100E-02 1.7200E-02 1.0900E-02 

2 0.220 2.2000E-04 2.0700E-04 4.0700E-04 

3 0.250 2.5000E-04 2.3500E-04 4.6500E-04 

4 0.240 2.4000E-04 2.2500E-04 4.4500E-04 

5 0.230 2.3000E-04 2.1600E-04 4.2600E-04 

6 0.230 2.3000E-04 2.2500E-04 4.3500E-04 

7 0.240 2.4000E-04 2.2300E-04 4.5300E-04 

8 0.220 2.2000E-04 2.0500E-04 4.1500E-04 

9 1.000 2.2000E-04 2.2000E-04 4.3000E-04 

Lumbar 

10 1.486 2.3722E-02 2.4269E-02 6.7085E-03 

11 1.572 1.4860E-02 1.5439E-02 7.0932E-03 

12 1.632 7.9152E-03 8.5155E-03 7.3661E-03 

13 1.664 4.1090E-03 4.7212E-03 7.5120E-03 

14 1.406 3.3372E-03 3.8544E-03 6.3471E-03 

15 4.918 4.7206E-02 4.9015E-02 2.2194E-02 

 Table 7.3 – Moments of inertia for the cervical and lumbar spine. 

Moreover, Stokes et al. [277] determined the global positions and orientations for 

individuals with a height comprehended between 1.65 and 1.8 m and a weight between 45 and 

72 kg. Since no mean values are provided, it is assumed that the measurements fall within the 

region of the spine model assembled and therefore is not subjected to correction. 
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Notice that although the moments of inertia are important in determining the dynamic 

behavior of the spinal structures, small variations in their inertial properties do not change 

their global dynamic as found by de Jager et al. [282] after analyzing the response of the Deng 

model to impacts. 

7.2. Intervertebral Discs 

The intervertebral discs in the current work, as mentioned in Chapter 5, are modeled using 

either finite element links or bushing elements. Nonetheless, the geometrical representation of 

each module is similar, both present two reference points (one in a master and other in a slave 

body) and an initial offset regarding to displacements (H) and orientations (Ω) between the 

master and slave RPs (Figure 7.3). 

 

 Figure 7.3 – Geometrical representation of the reference points and initial 

offset used to define the bushing and co-simulation modules.  

The intervertebral discs are responsible for connecting the adjacent vertebrae from C2 to 

S1 mainly through their endplate. As such, the reference points used in the definition of each 

element are defined as the geometrical center of the lower and upper endplate of a given IVD, 

which is assumed to be, approximately, the geometrical center of the lower vertebral body’s 

surface of a given vertebra and the upper surface of the subsequent vertebra, respectively. The 

points are determined using the external boundaries of the vertebral body, determined in 

Appendix D, and correspond to half the distance of the  VBD and to half the distance of the 
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VBH plus a fraction dependent on the EPI, in the local reference frame. The vertebral body 

depth and endplate inclination are retrieved from the work of Panjabi et al. [71,74].  

The initial translational and angular offset (Table 7.4) between the two reference points 

depends on several factors, namely, the vertebrae and endplate inclination (Figure 7.4). As 

such, after defining the reference points (including the influence of the endplate inclination), 

the coordinates of the slave RP is determined relatively to the master local reference frame 

and subtracted by the master RP to establish the translational offset. The angular offset (with 

angles positive clockwise) is determined subtracting the inclination of the slave body (α1) to 

the master body (α2) and adding the endplate relative inclination (ζ2 – ζ1). This angular offset 

is then converted to the master local reference frame using the inverse transformation matrix 

of the master body. Notice that the angular offset is not zero only for the y-direction, while 

the translational offset and corresponding reference point’s y-direction is zero, due to the mid-

sagittal symmetry. Furthermore, the initial inclination is given in Bryant angles for bushing 

elements, while it is given in Euler angles for the co-simulation module.  

 

 Figure 7.4 – Influence of the vertebrae and endplate inclination in the 

determination of the initial offset. 

Although, several studies, as that from Nissan and Gilad [76] or Shirazi-Adl [216] 

reported the anterior and posterior intervertebral height for the cervical and/or lumbar spine, 

the initial offset is assumed to be determined from the current spine models configurations in 
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order to avoid discrepancies and in the absence of load, the models are only subjected to the 

loads arising from pretension in the ligaments. 

Spine Region Intervertebral Disc Vertebra 
Reference Point (mm) Initial Offset 

X Z ΔX (mm) ΔZ (mm) ΔθY (rad) 

Cervical 

C2-C3 
C3 7.80 5.80 

-3.300 4.000 0.000 
C2 7.70 -8.90 

C3-C4 
C4 7.90 5.70 

-3.545 7.050 -0.093 
C3 7.80 -5.80 

C4-C5 
C5 8.10 5.70 

-2.956 6.483 -0.082 
C4 7.90 -5.70 

C5-C6 
C6 8.30 5.45 

-2.478 7.017 -0.090 
C5 8.10 -5.70 

C6-C7 
C7 8.20 6.00 

-1.728 7.665 -0.098 
C6 8.30 -5.45 

C7-T1 
T1 8.00 7.05 

2.688 3.185 0.193 
C7 8.20 -6.00 

Lumbar 

L1-L2 
L2 17.30 11.10 

-0.499 8.698 0.040 
L1 17.70 -13.10 

L2-L3 
L3 16.30 11.10 

-1.160 11.456 -0.024 
L2 17.50 -12.80 

L3-L4 
L4 17.80 11.40 

-1.390 14.306 -0.115 
L3 17.50 -12.70 

L4-L5 
L5 17.40 10.60 

0.070 14.200 -0.248 
L4 17.00 -12.90 

L5-S1 
S1 26.50 26.10 

-0.252 11.492 -0.244 
L5 16.60 -12.00 

 Table 7.4 – Local coordinates and initial offset of the reference points 

associated to either the co-simulation or bushing element. 

The material properties of the intervertebral discs simulated using bushing elements are 

obtained from Ferreira [9], which adapted the properties reported by van der Horst [15]. van 

der Horst compiled the information retrieved from the literature to define the complete 

behavior of the IVD for several loading directions (compression and tension, anterior and 

posterior  shear,  lateral  shear,  flexion  and  extension,  lateral bending, axial rotation) (Table 

7.5), since there is not a complete study on their behavior. Notice, that similarly to Ferreira [9] 

and contrarily to the nonlinear behavior of the IVD, the stiffness of the bushing elements are 

independent of the load rate (the coefficients used to define the bushing element’s stiffness to 

the several loading situations remains constant throughout the analyses). 
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Load Direction Spine Region Stiffness (N/m) Damping (N.s/m) 

Fx: Anterior Shear 
Cervical 62000.00 1000.00 

Lumbar 260000.00 1000.00 

F-x: Posterior Shear 
Cervical 50000.00 1000.00 

Lumbar 260000.00 1000.00 

Fy | F-y: Lateral Shear 
Cervical 73000.00 1000.00 

Lumbar 260000.00 1000.00 

Fz: Tension 
Cervical 53000.00 1000.00 

Lumbar 213200.00 1000.00 

F-z: Compression 
Cervical 1876500.00 1000.00 

Lumbar 1825000.00 1000.00 

Load Direction Spine Region Stiffness (N.m/rad) Damping (N.m.s/rad) 

Mx | M-x: Lateral Bending 
Cervical 0.33 1.50 

Lumbar 4.57 1.50 

My: Flexion 
Cervical 2.71 1.50 

Lumbar 3.88 1.50 

M-y: Extension 
Cervical 4.11 1.50 

Lumbar 5.88 1.50 

Mz | M-z: Axial Rotation 
Cervical 0.42 1.50 

Lumbar 9.82 1.50 

 Table 7.5 – Material properties of the bushing elements in the cervical and 

lumbar spine regions for several loading directions. 

The studies used to define the properties of the bushing elements for the cervical spine are 

those of Moroney et al. [243], Pintar [283], Eberlein et al. [284] and Camacho et al. [39], 

whilst for the lumbar spine the studies of Markolf [285], Virgin [244], Hirsch and Nachemson 

[286], Brown et al. [223] and Eberlein et al. [35] are used. 

The work of Moroney et al. [243] focused on the response of cadaveric cervical motion 

segments and the corresponding intact discs for several loading situations, being used to 

define the lateral, anterior and posterior shear, and the lateral bending and axial rotation 

stiffness coefficients for the cervical spine. The tension properties are retrieved from the work 

of Pintar [283], which analyzed the tension of cadaveric intervertebral discs throughout all 

spine regions, while the cervical disc stiffness to compression is obtained from the finite 

element study of Eberlein et al. [284], which used the axial force-displacement of a lumbar 

disc to define the material properties of a cervical IVD. The lumbar disc stiffness to 

compression is defined as the mean of the values obtained by Markolf [285], Virgin [244], 
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Hirsch and Nachemson [286] (measurements in vivo of the loads applied in the lumbar discs), 

Brown et al. [223], which applied compression loads to thoracic and/or lumbar constructs 

vertebra-disc-vertebra. On the other hand, the rotational stiffness of the cervical intervertebral 

disc, to flexion and extension, are derived from the moment-angle motion segment responses 

obtained by Camacho et al. [39] by applying different moments to the head, assuming that the 

intervertebral disc is responsible for half the motion of the entire motion segment according to 

Moroney et al. [243]. Since the material properties defined in the current model are constant, 

the stiffness corresponds to the mean value of the stiffness interval (from 0.022 to 5.4 N.m/rad 

in flexion and from 0.022 to 8.2 N.m/rad in extension). The stiffness coefficient for flexion, 

extension, lateral bending and axial rotation for the lumbar spine are obtained using a similar 

method through the experimental data of Eberlein et al. [35] (Figure 7.5). In this study are 

applied several moments ranging from -8 N.m to +8 N.m at the top of the vertebra L2, being 

this data used to determine the mean stiffness of the lumbar spine for each loading case. Since 

in this region there are four intervertebral discs it is assumed that the rotational stiffness of the 

discs is equal to 8
1  of the mean stiffness (taking into account the findings of Moroney et al. 

[243]). Finally, the damping coefficients are retrieved from the work of de Jager [57].  

 

 Figure 7.5 – Moment-angle curves for the lumbar spine (L2-S1) obtained by 

Eberlein et al. [35]. 

Notice  that  the  mid-sagittal  symmetry determines that the IVD response to right and left 

lateral shear and bending as well as right and left axial rotation is equivalent. The material 

properties of the finite element models of the intervertebral discs are described in Chapter 5. 
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7.3. Ligaments 

The ligament model described in Chapter 6 allows defining its geometry using several 

points, besides its origin and insertion points, being used in the lumbar spine to define the 

anterior and posterior longitudinal ligaments with four points. The remaining ligaments in the 

lumbar spine are modeled using two points, similarly to the ligaments of the cervical spine, 

excepting the transverse ligament that is defined using three points in order to represent its 

curvature around the dens. 

The origin and insertion points of the cervical ligaments in the lower and upper cervical 

ligaments  (Table 7.6),  including  the  ALL,  PLL,  ISL,  LF, CL, AM, PM, TL, TM and Alar, 

are retrieved from the work of Ferreira [9], which adapted the points of the de Jager’s cervical 

model [57]. In the lumbar spine, on the other hand, the data is computed using specific points 

in the vertebra as a reference (Figure 7.6). 

Spine Region Ligament Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

Upper Cervical 

AM 

C0-C1 
C1 15.80 0.00 0.00 

19.08 
C0 -32.70 0.00 -45.60 

C1-C2 
C2 14.30 0.00 0.00 

16.58 
C1 15.80 0.00 0.00 

PM 

C0-C1 
C1 -29.80 0.00 0.00 

15.74 
C0 -69.60 0.00 -47.30 

C1-C2 
C2 -20.60 0.00 -0.70 

19.52 
C1 -29.80 0.00 0.00 

CL 

C0-C1 
C1 0.00 ±19.40 3.80 

7.02 
C0 -41.00 ±20.60 -52.30 

C1-C2 
C2 3.90 ±14.30 4.10 

7.14 
C1 4.10 ±16.10 -5.50 

ALAR C0-C2 
C2 6.80 ±3.00 26.50 

11.14 
C0 -34.20 ±13.30 -48.80 

TL C1-C2 

C1 2.50 -10.30 -0.90 

20.76 C2 1.30 0.00 15.60 

C1 2.50 10.30 -0.90 

TM C0-C2 
C2 0.30 0.00 0.00 

34.79 
C0 -35.30 0.00 -45.10 

 Table 7.6 – Points used in the geometrical definition of the upper cervical 

ligaments. 
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 A B C 

 Figure 7.6 – Ligaments modelled in the multibody model of the spine: A – 

Interspinous and supraspinous ligaments; B – Anterior and posterior 

longitudinal ligaments; C – Capsular ligaments and ligamentum flavum. 

The capsular ligaments connect the lower facet of a vertebra to the upper facet of the 

adjacent vertebra, corresponding the origin and insertion points to the geometric center of the 

articular facets (Table 7.7).  

Ligament Spine Region Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

CL 

Lower Cervical 

C2-C3 
C3 -6.80 ±18.00 5.50 

5.85 
C2 -7.20 ±18.00 -8.60 

C3-C4 
C4 -6.50 ±19.20 7.50 

6.47 
C3 -7.30 ±18.90 -4.80 

C4-C5 
C5 -5.60 ±19.20 5.50 

6.44 
C4 -7.30 ±19.00 -6.40 

C5-C6 
C6 -4.90 ±20.00 7.20 

6.35 
C5 -7.10 ±20.30 -5.10 

C6-C7 
C7 -4.60 ±19.30 7.60 

6.65 
C6 -8.00 ±19.40 -5.70 

C7-T1 
T1 -5.50 ±16.60 10.20 

3.77 
C7 -11.00 ±16.80 -7.40 

Lumbar 

L1-L2 
L2 -14.02 ±13.20 12.15 

21.15 
L1 -26.59 ±12.40 -20.25 

L2-L3 
L3 -17.40 ±14.30 11.90 

24.45 
L2 -27.97 ±13.30 -20.55 

L3-L4 
L4 -13.74 ±15.70 12.05 

20.03 
L3 -30.33 ±14.55 -20.10 

L4-L5 
L5 -13.60 ±17.50 11.45 

19.67 
L4 -28.52 ±17.40 -16.35 

L5-S1 
S1 0.00 ±21.32 26.10 

23.96 
L5 -26.23 ±20.30 -14.80 

 Table 7.7 – Points used in the definition of the capsular ligaments in the lower 

cervical and in the lumbar spine. 
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The ligamentum flavum connects the laminae of consecutive vertebrae and consist of 

several continuous fibers that envelop the spinal canal. However this ligament is represented 

by a single fiber in the medial point of this region, being its geometry defined by the most 

posterior point of the spinal canal at the top of the lamina of a given vertebra and the anterior 

point of the lamina at 85% of its height on the vertebra above (Table 7.8).  

Ligament Spine Region Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

LF 

Lower Cervical 

C2-C3 
C3 -16.00 0.00 0.30 

16.20 
C2 -20.60 0.00 -0.70 

C3-C4 
C4 -17.60 0.00 -0.30 

14.20 
C3 -16.00 0.00 0.30 

C4-C5 
C5 -17.40 0.00 -1.70 

14.50 
C4 -17.60 0.00 -0.30 

C5-C6 
C6 -18.30 0.00 -1.90 

13.40 
C5 -17.40 0.00 -1.70 

C6-C7 
C7 -15.30 0.00 -1.50 

14.00 
C6 -18.30 0.00 -1.90 

C7-T1 
T1 -16.00 0.00 5.50 

11.75 
C7 -15.30 0.00 -1.50 

Lumbar 

L1-L2 
L2 -18.20 0.00 4.88 

32.01 
L1 -19.87 0.00 3.58 

L2-L3 
L3 -17.50 0.00 3.98 

33.37 
L2 -19.13 0.00 2.70 

L3-L4 
L4 -18.60 0.00 3.80 

35.76 
L3 -19.34 0.00 1.71 

L4-L5 
L5 -19.70 0.00 2.75 

33.85 
L4 -19.66 0.00 1.76 

L5-S1 
S1 -9.85 0.00 7.83 

37.20 
L5 -20.50 0.00 1.09 

 Table 7.8 – Points used in the definition of the ligamentum flavum in the lower 

cervical and in the lumbar spine. 

The interspinous ligament is responsible for connecting the upper and lower portion of the 

spinous process of adjacent vertebrae, consisting in a continuous band of connective tissue 

delimited  by  the  supraspinous ligament. The ISL is defined using points in the medial upper 

portion of the spinous process of a given vertebra and the medial lower portion of the spinous 
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process of the vertebra above, while the supraspinous ligament is a continuous ligament 

throughout the spine that connects the spinous processes extremities (Table 7.9).  

Ligament Spine Region Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

ISL 

Lower Cervical 

C2-C3 
C3 -27.90 0.00 0.50 

19.38 
C2 -34.00 0.00 -1.20 

C3-C4 
C4 -28.30 0.00 -0.50 

16.58 
C3 -27.90 0.00 0.50 

C4-C5 
C5 -31.90 0.00 -3.20 

17.61 
C4 -28.30 0.00 -0.50 

C5-C6 
C6 -39.30 0.00 -4.10 

16.27 
C5 -31.90 0.00 -3.20 

C6-C7 
C7 -42.60 0.00 -4.60 

15.04 
C6 -39.30 0.00 -4.10 

C7-T1 
T1 -38.40 0.00 2.70 

18.67 
C7 -42.60 0.00 -4.60 

Lumbar 

L1-L2 
L2 -34.10 0.00 -4.03 

41.94 
L1 -25.84 0.00 -12.71 

L2-L3 
L3 -34.03 0.00 -2.90 

41.51 
L2 -27.50 0.00 -12.58 

L3-L4 
L4 -33.42 0.00 -2.19 

42.18 
L3 -27.81 0.00 -10.73 

L4-L5 
L5 -31.47 0.00 -0.54 

39.09 
L4 -26.53 0.00 -9.92 

L5-S1 
S1 -12.81 0.00 3.92 

37.26 
L5 -23.78 0.00 -7.26 

SSL Lumbar 

L1-L2 
L2 -49.99 0.00 -12.94 

36.76 
L1 -46.98 0.00 -13.38 

L2-L3 
L3 -50.56 0.00 -9.78 

35.53 
L2 -49.99 0.00 -12.94 

L3-L4 
L4 -48.24 0.00 -8.17 

34.57 
L3 -50.56 0.00 -9.78 

L4-L5 
L5 -43.23 0.00 -3.83 

31.11 
L4 -48.24 0.00 -8.17 

L5-S1 
S1 -15.76 0.00 0.00 

25.96 
L5 -43.23 0.00 -3.83 

 Table 7.9 – Points used in the definition of the interspinous and supraspinous 

ligaments in the lower cervical and in the lumbar spine. 

The anterior and posterior longitudinal ligaments extend along the anterior and posterior 

region of the spine, respectively, being their geometry defined similarly to the method of 
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Yoganandan et al. [80]. The ligaments are defined in segments connecting the mid-height of 

adjacent vertebral bodies and since they are intimately connected to the intervertebral disc, 

each segment has two more points corresponding to the most anterior points of the upper and 

lower surfaces of the vertebral bodies (Table 7.10 and Table 7.11).  

Ligament Spine Region Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

ALL 

Lower Cervical 

C2-C3 
C3 15.40 0.00 0.00 

18.40 
C2 14.30 0.00 0.00 

C3-C4 
C4 15.70 0.00 0.00 

19.00 
C3 15.40 0.00 0.00 

C4-C5 
C5 15.70 0.00 0.00 

18.05 
C4 15.70 0.00 0.00 

C5-C6 
C6 16.00 0.00 0.00 

18.30 
C5 15.70 0.00 0.00 

C6-C7 
C7 16.20 0.00 0.00 

19.20 
C6 16.00 0.00 0.00 

C7-T1 
T1 16.90 0.00 -3.40 

17.50 
C7 16.20 0.00 0.00 

Lumbar 

L1-L2 

L2 34.75 0.00 -1.70 

33.58 
L2 34.60 0.00 10.03 

L1 35.30 0.00 -14.37 

L1 34.70 0.00 -2.04 

L2-L3 

L3 33.65 0.00 -1.30 

36.18 
L3 32.50 0.00 10.94 

L2 34.90 0.00 -13.43 

L2 34.75 0.00 -1.70 

L3-L4 

L4 34.70 0.00 -2.26 

35.66 
L4 35.50 0.00 9.13 

L3 34.80 0.00 -13.54 

L3 33.65 0.00 -1.30 

L4-L5 

L5 33.95 0.00 -1.19 

34.49 
L5 34.70 0.00 10.12 

L4 33.90 0.00 -13.65 

L4 34.70 0.00 -2.26 

L5-S1 

S1 26.45 0.00 2.05 

51.70 
S1 43.05 0.00 26.10 

L5 33.20 0.00 -12.49 

L5 33.95 0.00 -1.19 

 Table 7.10 – Points used in the definition of the anterior longitudinal ligaments 

in the lower cervical and in the lumbar spine. 
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Ligament Spine Region Spine Level Vertebra 
Points (mm) 

Length (mm) 
X Y Z 

PLL 

Lower Cervical 

C2-C3 
C3 0.20 0.00 0.00 

18.25 
C2 0.30 0.00 0.00 

C3-C4 
C4 0.10 0.00 0.00 

17.55 
C3 0.20 0.00 0.00 

C4-C5 
C5 -0.10 0.00 0.00 

16.80 
C4 0.10 0.00 0.00 

C5-C6 
C6 -0.30 0.00 0.00 

16.90 
C5 -0.10 0.00 0.00 

C6-C7 
C7 -0.20 0.00 0.00 

17.70 
C6 -0.30 0.00 0.00 

C7-T1 
T1 -0.90 0.00 3.40 

14.38 
C7 -0.20 0.00 0.00 

Lumbar 

L1-L2 

L2 0.00 0.00 0.00 

33.64 
L2 0.00 0.00 12.15 

L1 0.00 0.00 -11.90 

L1 0.00 0.00 0.00 

L2-L3 

L3 0.00 0.00 0.00 

35.02 
L3 0.00 0.00 11.90 

L2 0.00 0.00 -12.15 

L2 0.00 0.00 0.00 

L3-L4 

L4 0.00 0.00 0.00 

36.45 
L4 0.00 0.00 12.05 

L3 0.00 0.00 -11.90 

L3 0.00 0.00 0.00 

L4-L5 

L5 0.00 0.00 0.00 

33.18 
L5 0.00 0.00 11.45 

L4 0.00 0.00 -12.05 

L4 0.00 0.00 0.00 

L5-S1 

S1 0.00 0.00 0.00 

45.77 
S1 9.85 0.00 26.10 

L5 0.00 0.00 -11.45 

L5 0.00 0.00 0.00 

 Table 7.11 – Points used in the definition of the posterior longitudinal 

ligaments in the lower cervical and in the lumbar spine. 

Therefore, it is necessary to know the spatial position of several bony structures relatively 

to specific points in the vertebra, which is described with more detail in Appendix D and is 

achieved with experimental measurements of several studies. Namely, the geometry regarding 

the position of the articular facets is retrieved from the work of Panjabi et al. [74], and since 
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the articular facets have to be positioned relatively to the other vertebra structures the data of 

the laminae (height and inclination) is extracted from Xu et al. [75]. On the other hand, the 

spinous  process  spatial position is determined using the data of the vertebral body (VBH and 

EPI) of Panjabi et al. [71,74] and the spinous process length and inclination of Nissan and 

Gilad [76]. Notice that the alar ligaments in the upper cervical spine and the capsular 

ligaments throughout the spine consist in a pair of ligaments, one on each side of the local 

reference frame origin (the ligament on the right has a negative y-coordinate). Furthermore, 

the ligaments’ length are difficult to obtain from the literature due to the different 

measurement methods adopted by the researchers in defining their origin and insertion points 

[287], so in the current spine model it is assumed that the length is the sum of each of their 

segments’ length at the initial configuration of the spine. 

The major differences between the ligaments modeled in the lumbar and lower cervical 

spine  is  the  inclusion  of  the supraspinous ligaments and the definition of the ALL and PLL 

with four points in order to define more accurately their geometry and force direction, and 

avoid penetration of the vertebral body (Figure 7.7). 

 

 Figure 7.7 – Representation of the anterior longitudinal ligament geometry and 

force direction using two (orange) and four points (blue). 
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In the current work, the pretension is included in the ligaments similarly to the finite 

element model described by Kumaresan et al. [211]. This stress state is important in the spine 

biomechanics since it is responsible for a stiffer response of the spine to axial rotation and a 

less stiff response to flexion, as well as a higher stress in the ligaments and lower stress in the 

intervertebral discs [160,211]. The pretension introduced corresponds to 1.8 N and 3.0 N to 

the anterior and posterior longitudinal ligament [160,288], respectively, while the ligamentum 

flavum is subjected to a pretension of 18.0 N [289]. 

In order to define the ligament’s mechanical behaviour it is necessary to define its 

stiffness to tensional loads and the transition strains between its several regions of function, 

namely, between the toe-in region and the linear region (εB), and between the linear region 

and the failure region (εH) (Table 7.12). These properties are retrieved from the work of 

Yoganandan et al. [80] for the middle (C2-C5) and lower (C5-T1) cervical spine, which tested  

motion   segments   where   all   supporting  structures,  including  the  IVD, were transected 

besides the ligaments. For the upper cervical spine, the material properties are retrieved from 

the work of Ferreira [9]. Ferreira adapted the tensional stiffness of the upper cervical 

ligaments obtained in the experimental studies of Pintar [283], similarly to van der Horst [15], 

to achieve the correct motion of this region. Namely, it used the same stiffness of Pintar for 

the tectorial membrane and the alar ligament, multiplied by a factor of three the anterior and 

posterior membrane, and the capular ligaments’ stiffness, and adopted the stiffness of the 

apical ligament (mean more standard deviation) for the transverse ligament. The research 

work of Pintar presented the stiffness of the cruciate ligament which consists of the transverse 

ligament and other fibers above and below; nonetheless this value is not corrected since 

Ferreira presented a validation of the upper cervical spine with acceptable results. On the 

other hand, Ferreira adopted the approximations of van der Horst [15] to determine the 

transition strains assuming that the linear region begins at 20% strain. Notice that for the 

transverse ligament and the tectorial membrane the strain εB is assumed to be equal to 6% 

since the failure strains for these ligaments are near 20%. These approximations are based on 

the relations between εB and εH of Meertens [291], from which the failure strains are retrieved. 
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The material properties of the lumbar spine ligaments are retrieved from a work of Pintar 

et al. [290], which analyzed the ligaments from T12 to S1 providing the stiffness, and the 

stress and strain values at failure for each spine level. Hence, the stiffness and failure strain 

for the lumbar ligaments correspond to the mean values obtained for the lumbar spine. 

Nonetheless, this study does not present the transition strain to the linear region, which is 

determined using the failure strain of Pintar el al. [290] and the ratio 
H

B


 computed using the 

experimental studies of Chazal et al. [257], which evaluated the mechanical properties of the 

ligaments throughout the spine, including several levels of the lumbar spine. The damping 

coefficients are retrieved from van der Horst [15] for the cervical spine and adopted for the 

lumbar ligaments, and from Meertens [291] for the transverse ligament and tectorial 

membrane. 

Ligament Spine Region Spine Levels Stiffness (N/m) Damping (N.s/m) εB εH 

AM Cervical Head-C2 50700.00 0.40 0.200 1.300 

PM Cervical Head-C2 17100.00 0.40 0.200 1.400 

CL Cervical 
Head-C1 97800.00 0.40 0.200 

1.200 
C1-C2 96900.00 0.40 0.200 

Alar Cervical Head-C2 21200.00 40.00 0.200 1.100 

TL Cervical Head-C2 57600.00 40.00 0.060 0.190 

TM Cervical Head-C2 7100.00 0.40 0.060 0.340 

CL 
Cervical 

C2-C5 33600.00 0.40 0.568 1.421 

C5-T1 36900.00 0.40 0.570 1.436 

Lumbar L1-S1 33900.00 0.40 0.261 0.655 

LF 
Cervical 

C2-C5 25000.00 0.40 0.407 1.017 

C5-T1 21600.00 0.40 0.353 0.882 

Lumbar L1-S1 27200.00 0.40 0.226 0.708 

ISL 
Cervical 

C2-C5 7740.00 0.40 0.261 0.653 

C5-T1 6360.00 0.40 0.270 0.679 

Lumbar L1-S1 11500.00 0.40 0.227 0.779 

SSL Lumbar L1-S1 23700.00 0.40 0.271 0.933 

ALL 
Cervical 

C2-C5 16000.00 0.40 0.129 0.321 

C5-T1 17900.00 0.40 0.148 0.369 

Lumbar L1-S1 33000.00 0.40 0.081 0.384 

PLL 
Cervical 

C2-C5 25400.00 0.40 0.111 0.277 

C5-T1 23000.00 0.40 0.112 0.281 

Lumbar L1-S1 20400.00 0.40 0.043 0.145 

 Table 7.12 – Material properties of the ligaments used in the cervical and 

lumbar spine models. 
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The stiffness properties of the ligaments, in the current work, are assumed to be constant, 

independent of the load rate, contrarily to their dynamic behavior [264]. 

7.4. Spinal Contacts 

The models of the cervical and lumbar spine described in the current Chapter, consider the 

contacts  between  the  articular  surfaces (Table 7.13), the spinous processes (Table 7.14) and 

the contacts between the occipital condyles, atlas and axis (comprise the contact between the 

articular surfaces of C2 and C1, the articular surfaces of C1 and the occipital condyles, and 

the contact between the dens and the anterior arch of the atlas) (Table 7.13). As described in 

Chapter 6, it is necessary to define the plan and sphere geometry as well as their spatial 

position and orientation relatively to the local reference frame origin. Notice that the sphere 

correspond to either the low articular facets or the extremities of the spinous processes, and 

the plan correspond to the upper articular facets and the upper medial portion of the spinous 

processes (Figure 7.8).  

 

 Figure 7.8 – Representation of the contacts modelled in the cervical and lumbar 

spine: articular facets (orange) and spinous process (blue) contacts. 

The position and orientation of the upper cervical and the articular surfaces contacts of the 

lower cervical spine are retrieved the work of Ferreira [9], which adapted the de Jager [57] 

data obtained using the measurements on cadavers of Panjabi et al. [74] (include the interfacet 

distance height and width between the upper and lower, and right and left facets, respectively, 

as well as the facet height and inclination). Since Panjabi et al. [74] not determined the 

relative position of the articular facets in the vertebra, de Jager assumed that the distance of 

the upper and lower, right and left facets to the origin of the local reference frame are the 
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same and equal to half the interfacet height and half the interfacet width, respectively. 

Furthermore, de Jager considered that the facets are positioned posteriorly to the vertebral 

body at a distance corresponding to half the facet height. On the other hand, the orientation of 

the articular facets modeled as a plan is determined from the card angles introduced and 

measured by Panjabi et al. [74], which define a rotational sequence composed by a rotation 

about the y-axis followed by a rotation about the z-axis of a card placed in the transverse plan. 

In the upper cervical spine, the normal unitary vectors are obtained from the Bryant angles 

described by de Jager [57]. The radii of the spheres of the cervical spine are retrieved from 

Ferreira [9], whose values are determined in order to the facets are almost in contact at the 

initial configuration of the cervical spine; while the plan limit is considered to be three times 

the value of the respective sphere radius. 

In the lumbar spine, the position used to define the sphere and plan reference points of the 

articular surfaces are the same that are used for the attachment points of the capsular 

ligaments (Section 7.3). The corresponding orientations are determined using the same 

method of the cervical spine and the card angles determined by Panjabi et al. [74] for the 

lumbar spine. Furthermore, the radius of the articular facets are assumed to be half of the 

minimum value between the facet width and height, and the plan limits are considered to be 

equal to the maximum value of these two measurements made by Panjabi et al. [74]. Notice 

that due to the symmetry relative to the sagittal plan and to the existence of the articular facets 

on both sides of vertebra, the y-coordinate is the same for both right and left facets and the 

corresponding normal vector have a symmetric y-coordinate. 

The spinous processes contacts are defined using the geometrical properties of the spinous 

processes described in Appendix D. More specifically, using the experimental data of Panjabi 

et al. [71, 74], and Nissan and Gilad [76], a total of six points are used to describe the 

anatomical features of the spinous process including the most superior and lower point of the 

junction of the spinous process with the lamina, (A, F) the upper and lower most posterior 

points of the spinous process (C, D) and an upper and lower medial points (B, E). The contact 

between the spinous processes of consecutive vertebrae is considered to be defined by a 

sphere that simulates the extremity of the spinous process, being the radius defined 
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accordingly (Figure 7.9), and a plan that is positioned at the upper medial point (B) of the 

adjacent vertebra and whose normal is computed by assuming that the orientation of the 

process is given by the inclination defined between the upper point of the junction with the 

lamina (A) and the upper most posterior point of the spinous process (C). The plan limit is 

considered to be half the distance between the two previous points. 

Body 

Plan 

Body 

Sphere 

Point (mm) Normal Limit 
(mm) 

Center (mm) Radius 
(mm) X Y Z NX NY NZ X Y Z 

C1 0.00 ±20.00 5.70 -0.132 ∓0.280 0.951 8.40 C0 -41.00 ±20.00 -54.20 2.80 

C2 11.70 0.00 2.00 -0.961 0.000 0.276 5.70 C1 9.50 0.00 18.40 1.90 

C2 3.90 ±15.20 5.90 0.000 ±0.465 0.885 11.10 C1 4.10 ±15.20 7.20 3.70 

C3 -8.10 ±18.00 7.00 -0.717 ∓0.228 0.659 5.10 C2 -5.90 ±18.00 -10.10 1.70 

C4 -8.00 ±18.80 8.90 -0.724 ∓0.107 0.682 6.00 C3 -6.00 ±18.90 -6.30 2.00 

C5 -7.10 ±19.20 6.90 -0.708 ±0.115 0.697 6.00 C4 -6.00 ±19.00 -7.90 2.00 

C6 -6.40 ±20.00 8.50 -0.717 ±0.154 0.679 6.00 C5 -5.70 ±20.30 -6.50 2.00 

C7 -6.30 ±19.30 8.70 -0.884 ±0.170 0.509 6.00 C6 -6.40 ±19.40 -6.90 2.00 

T1 -3.40 ±16.60 8.50 -0.882 ±0.063 0.466 6.60 C7 -7.90 ±16.80 -8.90 2.20 

L2 -14.02 ±13.20 12.15 -0.668 ∓0.738 0.092 14.60 L1 -26.59 ±12.40 -20.25 1.44 

L3 -17.40 ±14.30 11.90 -0.729 ∓0.673 0.122 15.95 L2 -27.97 ±13.30 -20.55 1.59 

L4 -13.74 ±15.70 12.05 -0.833 ∓0.533 0.152 16.70 L3 -30.33 ±14.55 -20.10 1.70 

L5 -13.60 ±17.50 11.45 -0.874 ∓0.480 0.078 17.45 L4 -28.52 ±17.40 -16.35 1.80 

S1 0.00 ±21.32 26.10 -0.767 ∓0.596 0.237 17.85 L5 -26.23 ±20.30 -14.80 1.98 

 Table 7.13 – Geometrical properties of the sphere-plan contacts: plan and 

sphere reference point and its corresponding limits for the articular facets 

and the upper cervical contacts. 

 

 Figure 7.9 – Spinous process contact: definition of the sphere geometry in the 

sphere-plan contact. 
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Body 

Plan 

Body 

Sphere 

Point (mm) Normal Limit 
(mm) 

Center (mm) Radius 
(mm) X Y Z NX NY NZ X Y Z 

C3 -26.15 0.00 2.18 -0.020 0.000 1.000 6.99 C2 -26.48 0.00 -5.00 4.98 

C4 -24.42 0.00 3.74 -0.111 0.000 0.994 6.36 C3 -25.73 0.00 -1.27 4.37 

C5 -25.17 0.00 3.26 -0.212 0.000 0.977 7.83 C4 -25.01 0.00 -0.64 4.94 

C6 -28.90 0.00 2.16 0.126 0.000 0.992 10.93 C5 -28.75 0.00 -3.06 4.25 

C7 -31.79 0.00 0.92 0.118 0.000 0.993 15.61 C6 -34.48 0.00 -3.93 5.27 

T1 -28.08 0.00 1.57 0.046 0.000 0.999 11.85 C7 -34.28 0.00 -8.79 7.11 

L2 -49.99 0.00 -12.94 -0.489 0.000 0.872 38.72 L1 -46.98 0.00 -13.38 4.45 

L3 -50.56 0.00 -9.78 -0.384 0.000 0.923 37.49 L2 -49.99 0.00 -12.94 4.28 

L4 -48.24 0.00 -8.17 -0.374 0.000 0.927 33.61 L3 -50.56 0.00 -9.78 3.92 

L5 -43.23 0.00 -3.83 -0.269 0.000 0.963 25.55 L4 -48.24 0.00 -8.17 3.87 

S1 -15.76 0.00 0.00 -0.798 0.000 0.602 9.81 L5 -43.23 0.00 -3.83 3.36 

 Table 7.14 – Geometrical properties of the sphere-plan contacts: plan and 

sphere reference point and its corresponding limits for the spinous process 

contacts. 

The material properties regarding the contact stiffness and nonlinearity constant are 

retrieved from the work of Ferreira [9], which consider that the stiffness is equal to twice the 

maximum disc compression stiffness (5.862.000 N/m) [15] and the nonlinearity constant is 

equal to 1.5. The restitution coefficient is determined using the data of Burgin and Aspden 

[292] that evaluated the mechanical properties of bovine articular cartilage using several 

impactor masses and drop heights in order to simulate impact situations with different 

incident velocities, and determine the maximum stresses and strains, the deformation energy 

as well as the coefficient of restitution developed for each case. In the current model, the 

coefficient of restitution used to define the material properties of the articular cartilages are 

assumed to be equal to 0.476 (corresponding to the mean value of the impact tests performed 

by Burgin and Aspden; the test using an impactor mass of 500 g and a drop height of 50 mm 

is discarded since this impact test caused consistent failure on the substrates analysed). 

Besides the contact model is defined with the option of including friction forces, these are not 

considered since the zygapophyseal joints present synovial fluid that allows an almost 

frictionless movement between the surfaces. 
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7.5. Model Validation  

The cervical and lumbar spine models described are validated against values from several 

studies in order to determine the capabilities of each one to the several loading situations. The 

spine regions are validated separately and have two phases: a global validation on each the 

several spine motions are compared to those from the literature and a local validation that 

focus on the level modeled with a finite element intervertebral disc.  

7.5.1. Cervical Spine 

The cervical spine described in the current work is an adaptation of the de Jager’s [57] 

cervical model, which has been validated by Ferreira [9] for flexion, extension, lateral 

bending and axial rotation. Namely, Ferreira used the data from Moroney et al. [243], Panjabi 

et al. [293] and Goël et al. [294] to validate the motion of several levels of the lower cervical 

spine. The latter study is also used to validate the upper cervical spine, being complemented 

with the data from the finite element study of Puttlitz et al. [295]. According to Ferreira [9], 

the upper cervical spine can mimic the behavior of this complex for lateral bending and gives 

acceptable results for flexion. Nonetheless, the results obtained for extension are far from the 

expected for the C0-C1 articulation (45.3 deg relatively to the 16.5 deg). Furthermore, the 

lower cervical spine exhibit similar results to the upper cervical spine, besides the values for 

extension are relatively near to the experimental values. One of the reasons to explain this 

flexibility to extension is the lack of spinous processes that will limit extreme extension 

movements of the cervical spine. As such, the current cervical spine model includes the 

contacts between the spinous processes. Notice that no alterations are introduced in the upper 

cervical spine since this complex is not the subject of the current study. 

The improved lower cervical spine model is validated for extension and flexion with the 

experimental data of Wheeldon et al. [296], Camacho et al. [39], Nightingale et al. [297,298], 

and Goël et al. [294].  The latter validate only two spine levels of the cervical spine by 

applying a moment of 0.3 N.m (Table 7.15and Table 7.16), while Camacho et al. [39] and 

Nightingale et al. [297,298] used two different formulas to relate the moments (M) with the 
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angle of rotation (ζ) at a specific spine level (Eq. 7.7 and Eq. 7.8, respectively, where A and B 

are the coefficients determined by the corresponding authors). These relations are used to 

determine the angles associated with the moments applied to the head of the cervical spine 

model (ranging from 0.5 N.m to 2.0 N.m for flexion and extension) (Table 7.15, Table 7.16, 

Table 7.17 and Table 7.18) 

 








 1ln

1

A

M

B


 (7.7) 

 
 1ln  BMA

 (7.8) 

Spine 
Level 

Extension 

0.3 N.m 0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Goël Model Nightingale Model Nightingale Model Nightingale Model Nightingale 

C4-C3 (deg) -2.68 -2.90 -4.46 -2.79 -6.78 -4.52 -8.79 -5.78 -8.97 -6.78 

C6-C5 (deg) -2.37 - -3.96 -2.93 -5.94 -4.73 -7.54 -6.03 -8.46 -7.05 

 Table 7.15 – Model rotations at the C3-C4 and C5-C6 spine levels for 

extension and corresponding literature values retrieved from [297, 298]. 

Spine Level 

Flexion 

0.3 N.m 0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Goël Model Nightingale Model Nightingale Model Nightingale Model Nightingale 

C4-C3 (deg) 0.85 3.50 1.42 4.82 4.45 7.12 6.69 8.65 8.29 9.79 

C6-C5 (deg) 1.12 - 1.86 6.88 4.81 9.16 6.98 10.56 8.54 11.58 

 Table 7.16 – Model rotations at the C3-C4 and C5-C6 spine levels for flexion 

and corresponding literature values retrieved from [297, 298]. 

Spine Level 

Extension 

0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Camacho Model Camacho Model Camacho Model Camacho 

C3-C2 (deg) -4.20 -4.85 -6.53 -5.53 -8.37 -5.93 -8.42 -6.21 

C4-C3 (deg) -4.46 -3.78 -6.78 -4.38 -8.79 -4.73 -8.97 -4.98 

C5-C4 (deg) -3.88 -3.19 -5.77 -3.61 -7.45 -3.85 -8.14 -4.03 

C6-C5 (deg) -3.96 -3.87 -5.94 -4.58 -7.54 -5.00 -8.46 -5.30 

C7-C6 (deg) -3.69 -3.00 -4.02 -3.55 -4.24 -3.88 -4.49 -4.11 

 Table 7.17 – Model rotations for the lower cervical spine levels for extension 

and corresponding literature values retrieved from [39]. 
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Spine Level 

Flexion 

0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Camacho Model Camacho Model Camacho Model Camacho 

C3-C2 (deg) 1.33 3.75 4.55 5.03 6.94 5.82 8.65 6.40 

C4-C3 (deg) 1.42 4.23 4.45 5.13 6.69 5.66 8.29 6.04 

C5-C4 (deg) 1.48 4.30 4.49 5.82 6.65 6.77 8.15 7.45 

C6-C5 (deg) 1.86 3.95 4.81 5.09 6.98 5.78 8.54 6.28 

C7-C6 (deg) 1.97 2.70 4.77 3.73 6.74 4.38 8.15 4.86 

 Table 7.18 – Model rotations for the lower cervical spine levels for flexion and 

corresponding literature values retrieved from [39]. 

Furthermore, the experimental data from Wheeldon et al. [296] is used to validate the 

global cervical spine response to applied moments – 0.5, 1.0, 1.5, 2 N.m – to the atlas  to 

simulate the flexion and extension movements (Table 7.19 and Table 7.20). 

Spine Level 

Extension 

0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Wheeldon Model Wheeldon Model Wheeldon Model Wheeldon 

C3-C2 (deg) -2.39 -2.73 -3.78 -4.00 -5.09 -4.36 -6.36 -5.09 

C4-C3 (deg) -2.56 -2.55 -3.89 -3.64 -5.15 -4.36 -6.36 -5.09 

C5-C4 (deg) -2.16 -2.18 -3.23 -3.64 -4.22 -4.73 -5.16 -5.27 

C6-C5 (deg) -2.10 -2.55 -3.17 -3.27 -4.19 -4.00 -5.16 -4.73 

C7-C6 (deg) -2.35 -2.91 -3.39 -4.00 -3.74 -4.73 -3.93 -5.09 

 Table 7.19 – Model rotations for the lower cervical spine levels for flexion and 

corresponding literature values retrieved from [296]. 

Spine Level Flexion 

0.5 N.m 1.0 N.m 1.5 N.m 2.0 N.m 

Model Wheeldon Model Wheeldon Model Wheeldon Model Wheeldon 

C3-C2 (deg) 0.55 4.36 2.88 6.55 4.62 8.00 6.07 9.09 

C4-C3 (deg) 0.63 5.82 2.76 7.27 4.38 8.73 5.75 9.45 

C5-C4 (deg) 0.64 5.09 2.72 6.91 4.30 8.00 5.63 9.09 

C6-C5 (deg) 0.99 5.45 2.98 7.27 4.51 8.73 5.84 9.82 

C7-C6 (deg) 1.05 3.64 2.96 5.45 4.37 6.91 5.57 7.82 

 Table 7.20 – Model rotations for the lower cervical spine levels for flexion and 

corresponding literature values retrieved from [296]. 
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The model exhibits a high stiffness for flexion, presenting small rotations when compared 

with those from the literature for small loads. For increasing loads, the rotations of the model 

display identical or higher (for example, relatively to the data of Camacho et al. [39]) values 

to the experimental ones. This is a consequence of the material properties used to define the 

bushing elements of the spine and the other spinal structures, namely, this properties remain 

constant throughout the analysis and independently of the load value or rate, which translates 

in the same resistance to motion. Therefore, this material representation does not represent the 

real behavior of the spine that becomes stiffer at higher loads [148].  Contrarily to flexion, the 

model exhibits a good correlation with the experimental data of Goël et al. [294] and 

Camacho et al. [39] for small loads (0.3 N.m and 0.5 N.m) for extension. With increasing 

loads, this correlation vanishes and the model begins to be too flexible for extension, 

exhibiting higher rotations than the experimental values. Nonetheless, the contacts between 

the spinous processes limits the extreme extension movements and tends to stabilize to a 

maximum rotation value as represented by the variation of the rotation values between the 

application of 1.5 N.m and 2.0 N.m. 

The C5-C6 cervical spine level is validated according to the experimental data of 

Moroney et al. [243]. As such, a moment of 1.8 N.m is applied to the upper surface of the 

vertebral body plus an axial preload of 49 N in order to simulate the skull weight. The data 

obtained is also compared with the results from Panjabi et al. [293] (Table 7.21). 

C5-C6 Model Panjabi Moroney 

Flexion (deg) 3.26 16.80 5.55 

Extension (deg) 5.28 13.00 3.52 

Lateral Bending (deg) 10.66 9.80 4.71 

Axial Rotation (deg) 8.25 10.20 1.85 

 Table 7.21 – Model rotations for the C5-C6 cervical spine level for several 

loading situations and the corresponding literature values retrieved from 

[243, 293]. 

Evaluating the model results for extension and flexion it can be seen that the model is too 

stiff for flexion and too loose for extension, besides the values are near from the values of 

Moroney et al. [243]. On the other hand, the values obtained for axial rotation and lateral 
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bending are similar to those of Panjabi [293], as such the C5-C6 spine level presents 

acceptable results. 

7.5.2. Lumbar Spine 

The model of the lumbar spine described in the current Chapter is validated for extension, 

flexion, lateral bending and axial rotation using the experimental data of Eberlein et al. [35], 

which applied several moments ranging from -8 N.m to +8 N.m at the top of the vertebra L2 

being the vertebra S1 fixed (Table 7.22). According to these results, it can be concluded that 

the model cannot predict with great accuracy the extension (error of 25.3%) and flexion (error 

of 58.0%) movements, besides the values for extension can be considered to be near the 

values predicted by Eberlein et al. [35] (variance of 2.07 deg) and whose differences decrease 

with the increased moment value. Also, the model is too stiff regarding lateral bending, being 

far from the values obtained by the experimental study with a corresponding error of 71.0%.  

Nonetheless, the model values for axial rotation are near to the values of Eberlein [35]. As 

such, it can be concluded that the lumbar spine model can obtain acceptable results for 

extension and axial rotation. 

Moment (N.m) 
Extension (deg) Flexion (deg) Lateral Bending (deg) Axial Rotation (deg) 

Model Eberlein Model Eberlein Model Eberlein Model Eberlein 

2.00 -9.60 -6.54 13.71 7.58 2.66 11.11 -2.43 -3.06 

4.00 -11.60 -9.62 22.89 15.00 3.62 16.11 -6.79 -4.72 

8.00 -15.02 -13.85 26.22 18.65 8.54 21.11 -10.66 -7.50 

 Table 7.22 – Model rotations for the lumbar spine for several loading situations 

and the corresponding literature values retrieved from [35]. 

On the other hand, the L4-L5 motion segment movements are compared to the 

experimental values obtained by Heuer et al. [299] under moments varying from 1 to 10 N.m 

for flexion, extension, lateral bending and axial rotation  (Table 7.23). The L4-L5 motion-

segment exhibits a mechanical behavior in agreement with the results of Heuer et al. [299], 

being the mean error for all measurements of 8.67%. As in the previous results the axial 

rotation (error of 3.1%) presents the better results, followed by lateral bending (error of 

5.52%), flexion (error of 9.8%) and extension (error of 16.3%).  
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L4-L5 Extension (deg) Flexion (deg) Lateral Bending (deg) Axial Rotation (deg) 

Moment (N.m) Model Heuer Model Heuer Model Heuer Model Heuer 

1.00 1.13 0.66 1.57 0.75 1.46 1.28 0.40 0.36 

2.50 2.71 1.89 2.15 3.13 2.43 2.81 0.76 0.98 

5.00 3.32 3.14 4.12 5.02 3.51 4.19 2.04 1.88 

7.50 3.61 4.10 5.74 6.19 7.96 5.15 2.43 2.70 

10.00 3.60 4.92 6.86 7.14 5.43 6.12 4.42 3.45 

 Table 7.23 – Model rotations for the L4-L5 lumbar spine level for several 

loading situations and the corresponding literature values retrieved from 

[299]. 

7.6. Conclusions 

In the current chapter, the assemblage of the multibody cervical and lumbar spine models 

is described in a detailed fashion. The cervical and lumbar spine models present a high 

complexity including the rigid vertebrae, the ligaments, the intervertebral discs and the 

contacts between the facet joints and the spinous processes. Furthermore, the geometrical and 

material properties of each spinal structure is presented and is explained how they were 

determined. 

These models are validated using several research works and the conclusions are similar 

throughout the studies. The cervical spine model present a high stiffness to flexion and a low 

stiffness to extension, which translates to a good correlation of the model values for extension 

at small loads and a good correlation for flexion at relatively high loads. This is a 

consequence of the constant stiffness properties of the spinal structures that confer the spine 

with the same resistance (disregarding the velocity dependent component of their constitutive 

equations). Nonetheless, the presence of the contacts between the spinous processes is an 

improvement of the cervical spine model limiting the extension movements to a maximum 

value. The lumbar spine, by the contrary, presents a high stiffness to lateral bending and is too 

loose for extension and flexion. According to the validation values, the lumbar spine produce 

acceptable results for extension and axial rotation. Notice, that the models do not possess 

musculature and therefore some differences between the model values and the experimental 

values are expected.  
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The validations of the functional spine units involving the finite element models (for the 

cervical and lumbar spine) exhibit a good correlation with the experimental results, displaying 

a gain of using the co-simulation between the domains of the finite element models and the 

mulibody system dynamics. 
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Results and Discussion 

In order to evaluate the influence of intersomatic fusion in the adjacent levels, two 

common movements of the spine are simulated before and after the chirurgic procedure: the 

extension and flexion movements. The movements are originated by applying a moment of 

1.5 N.m to the head and during a time interval of 400 ms that allows obtaining about 60% of 

the total rotation predicted by the model for extension or flexion. 

Independently of the type of movement, it can be seen that intersomatic fusion reduces the 

movement in the spine level subjected to this procedure almost completely, more even if it is 

complemented with the introduction of a fixation plate. More specifically, in extension, the 

rotation is reduced by 96.38% when an intervertebral disc surrogate is used and is further 

limited by a factor of 98.51% with the fixation plate. In flexion, the movement restriction 

increases, being of 98.34% for the intervertebral disc grafts and 99.41% with the inclusion of 

the titanium plate. Furthermore, the stress that the intervertebral disc substitutes are subjected 

depends on their material properties, being subjected to higher stresses those with an external 

outer shell of PEEK (Figure 8.1). Nonetheless, these increased levels of stress are verified in 

the PEEK structure, which exhibits their primary function of protecting the bone graft 

(cancellous bone or porous tantalum) from an excessive stress when it is inserted into the 
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spine and until it connects with the vertebrae bone (stress shielding). Notice that the stresses 

in the surrogates (2.8 – 3.6 MPa) are lower than those verified on the normal IVD (4.27 MPa). 

 

 A B C 

 Figure 8.1 – Stress distribution in the C6-C7 intervertebral disc (A) and the 

corresponding intervertebral substitutes: cancellous bone (B) and porous 

tantalum (C). 

The intervertebral rotations for the several lower cervical spine levels, for extension and 

rotation, are presented in Figure 8.2 and Figure 8.3, respectively.  

 

 Figure 8.2 – Intervertebral rotation for the lower cervical spine levels in 

extension.  
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 Figure 8.3 – Intervertebral rotation for the lower cervical spine levels in 

flexion.  

Observing these values, it can be seen that intersomatic fusion modifies the biomechanics 

of the spine levels in the vicinity of the fusioned area. Namely, it increases consistently the 

rotational movement on the cervical spine levels in order to compensate the loss of movement 

in C7-C6; nonetheless, the total motion of the cervical spine decreases relatively to the normal 

spine. Notice that the increase is not only verified in the adjacent levels, but also in non-

adjacent spine levels. The rotational increase translates in higher stresses in the adjacent 

intervertebral disc (from 3.58 MPa for the normal cervical spine to 3.99 MPa for the cervical 

spine with bone graft and fixation plate), as can be seen in Figure 8.4 for flexion, which in a 

long-term physiological load can degenerate its structure. Similar observations for 

intersomatic fusion are found in the work of Ivanov et al. [300] for the lumbar spine. The 

fixation plate (Figure 8.5) influence in these studies is not significantly noticed, as such, 

further analyses are necessary to determine its influence in the spine biomechanics. 
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 A B C 

 Figure 8.4 – Stress distribution in the C5-C6 intervertebral disc in flexion: 

normal cervical spine (A), cervical spine with a bone graft (B), and 

cervical spine with a bone graft and fixation plate (C).  

 

 Figure 8.5 – Stress distribution in the fixation plate for flexion.  

Moreover, the single-level fusion not only affects the intervertebral discs but also the facet 

joints in extension. Namely, the load sharing by the facet joints increases (Figure 8.6) as a 

result of an increase in the movement associated with each motion segment, which may affect 

the integrity of this structure and originate additional pathologies, as facet arthropathy. These 

results are in agreement with the results of Guan et al. [254] for the lumbar spine. Besides the 

zygapophyseal joints exhibit this modified behaviour, the ligaments not follow the same 

tendency (Figure 8.7 and Figure 8.8). In the ligaments, no significant alteration between the 

normal cervical spine and the single-level fusion cervical spine is found for extension or 

flexion; nonetheless, it can be observed that the ligament forces are higher in the vicinity of 

the fusioned area, being more noticeable for the ligamentum flavum in flexion (Figure 8.8). 
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Although, to confirm and reinforce these observations further analysis are necessary to ensure 

these structures are not affected by intersomatic fusion. 

 

 Figure 8.6 – Forces exerted over the facet joints for the lower cervical spine 

levels in extension.  

 

 Figure 8.7 – Forces exerted over the ligaments for the lower cervical spine 

levels in extension. 
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 Figure 8.8 – Forces exerted over the ligaments for the lower cervical spine 

levels in flexion.  

Furthermore, in the current work, several types of materials are studied in the cervical and 

lumbar spine. In the cervical spine, the bone graft is compared to the cancellous graft, while 

in the lumbar spine, these two graft materials are also compared to the porous tantalum graft. 

The lumbar spine analyses are performed by applying a moment of 1.5 N.m to the vertebra L1 

and fixing the vertebra S1 during 400 ms. Notice that an additional compressive force of 500 

N is applied to the upper surface of L1 to simulate the torso weight. 

The several types of materials exhibit a similar influence on the spine levels in the vicinity 

of the fusioned area. This is a consequence of the time analysis present a short period of time, 

which not enhances the features that allows to distinguish the different materials. Nonetheless, 

it can be noticed that the higher the elastic modulus, higher is the movement restriction in the 

fusioned level and greater the rotational movement on the other spine levels (Figure 8.9, 

Figure 8.10 and Figure 8.11). 
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 Figure 8.9 – Intervertebral rotation for the cervical spine levels in extension.  

 

 Figure 8.10 – Intervertebral rotation for the cervical spine levels in flexion.  
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 Figure 8.11 – Intervertebral rotation for the lumbar spine levels in flexion using 

several types of graft materials.  

Furthermore, it can be identified that the forces exerted over the facet joints vary with the 

type of material, being greater for the materials that are responsible for a greater motion in the 

motion segments near the one subjected to intersomatic fusion, i.e., with higher elastic 

modulus (Figure 8.12). Notice that this difference is reduced in the current analysis due to the 

short period of time used for the analysis. In the cervical spine with a bone graft, the forces 

exerted over the facets are higher by about 0.75 N relatively to the cancellous graft. As a 

consequence, the stresses induced in the adjacent intervertebral disc structure are higher for 

the cervical spine with bone graft (with a 14.51% increase) (Figure 8.13). 
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 Figure 8.12 – Forces exerted over the facet joints for the cervical spine levels 

in extension.  

 

 A B C 

 Figure 8.13 – Stress distribution in the C5-C6 intervertebral disc in extension: 

normal cervical spine (A), cervical spine with a bone graft (B), and 

cervical spine with a cancellous graft (C). 
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Chapter 99  

Conclusions 

At the present work, it is developed a new tool for the spine analysis. This methodology 

allows assembling two distinct numeric domains that can be used to complement the 

information from each other and, therefore, overcome the disadvantages associated with each 

method. More specifically, the finite element models provide a great amount of data regarding 

the intrinsic behavior of the corresponding structures while the multibody systems confers a 

faster method to obtain the global dynamics of each one of the rigid bodies specified in the 

multibody model. This methodology is based on the algorithm gluing of Wang et al. [64], X-

X variant, and consists on the prescription of the reference point kinematics onto the finite 

element models that will resolve the quasi-static analysis to determine the forces and 

moments, which will be returned to the multibody system in order to compute the system 

dynamics for the next time instant (co-simulation). Hence, in the co-simulation model, the 

coordinator is the multibody dynamics software (APOLLO) that comprises the global model 

to analyze and the subdomains are finite element models (ABAQUS) or/and other multibody 

dynamic modules. The linkage between the APOLLO and ABAQUS softwares are 

established by file communication and using Python language. 
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Initially, this method was defined with only a pair of reference points [301,302], then it 

was improved to include a greater and undefined number of reference points in order to 

prescribe more efficiently and realistically the deformation of the corresponding structures 

(modeled in finite element) [303,304]. In the current research work it is used both co-

simulation modules by using only one pair of reference points to define the co-simulation 

models for the intervertebral discs and bone grafts, and by using two pairs of reference points 

for the fixation plate. These models are used to study the stress distribution on the discs 

adjacent to a single-level intersomatic fusion, as such the movements of the spine are 

analyzed before the fusion (normal spine) and after the fusion with the bone graft and with or 

without the fixation plate. Nonetheless, the co-simulation module can be used for other goals, 

namely it can be used to study the mechanism behind cervical or low back pain, which leads 

to substantial morbidity, disability and economic loss. 

In order to achieve the goals proposed, it was necessary to develop and improve some 

modules (using FORTRAN), which are embedded in the main program of the multibody 

system dynamics, APPOLLO. These modules are responsible for simulating the mechanical 

behavior of the several spinal structures, ligaments, intervertebral discs and contacts that 

culminate with the development of the cervical and lumbar spine. The ligaments are modeled 

using as a nonlinear viscoelastic structure based on the work of Wishman [267] and van der 

Horst [15], and have been improved relatively to the force direction due to the possibility of 

using more than two points to define the geometric properties of the ligaments. Nonetheless, it 

only represents the toe-in region and linear behavior of the ligament mechanics. On the other 

hand, the contact model is simulated as a nonlinear Kelvin-Voigt contact model between a 

sphere and a plan, which is efficient but very simplistic to define some of the contacts in the 

spine, as those in the upper cervical spine [9]. Another module corresponds to the bushing 

elements that simulate the complex behaviour of the intervertebral discs for their six degrees 

of freedom. Finally, the module which manages the predictor-corrector integration schemes, 

and the corresponding kinematic and dynamic information between the two domains. 

The cervical (adaptation of the de Jager’s cervical model) and the lumbar spine models are 

developed or complemented with geometrical properties retrieved from the less number of 
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studies and using the more complete studies in order to minimize the effect of variability 

between individuals or types of measurements. The studies used consist basically in the works 

of Panjabi et al. [71,72,73,74], Nissan and Gilad [76], and Xu et al. [99]. These are used, for 

example, to determine the position of the spinous process on the cervical vertebrae to define 

the contact between them, which are introduced in the adaptation of de Jager’s model to turn 

the cervical spine stiffer to extension than the model presented by Ferreira [9], or even to 

construct the lumbar spine model. Totally, the two spine models comprise 15 rigid bodies 

(nine for the cervical and six to the lumbar spine), 84 ligaments (49 for the cervical and 35 to 

the lumbar spine), 38 contacts (23 for the cervical and 15 for the lumbar spine), and 11 IVD 

(six for the cervical and five for the lumbar spine) being four of them modeled as finite 

elements. The intervertebral discs modeled as FEM correspond to those with greater 

incidence of degeneration and therefore with high probability of being subjected to 

intersomatic fusion. 

The models developed, namely, the finite element models of the intervertbral discs and the 

cervical and lumbar spine model were validated against several experimental studies and 

exhibit good results in the simulation of the mechanical behavior of the corresponding 

structures. The cervical IVD is compared to the experimental data of Moroney et al. [243], 

which subjected the C5-C6 motion segment to several moments or loads and a compressive 

load  of  49 N  corresponding  to  the  head  weight  and  it  can be concluded that the IVD can 

predict accurately its biomechanics to compression, posterior shear and axial rotation. 

Nonetheless, the model described is to too stiff in flexion and too lose in lateral bending and 

extension, which can be due to the parallel initial configuration assumed for the upper and 

lower surfaces of the intervertebral disc (may affect the behaviour of the collagen network). 

The lumbar disc, which is validated for flexion movements with an angle varying from 6 to 

12 deg, exhibits moments that are within the values of Shirazi-Adl et al. [246] and Schmidt et 

al. [245] for small rotations. The models of the spine regions present distinct results, the 

lumbar spine cannot show good correlation with the data of Eberlein et al. [35] for flexion and 

lateral bending, being capable of predicting acceptably for axial rotation and extension. The 

cervical spine model present a high stiffness to flexion and a low stiffness to extension, which 
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translates to a good correlation of the model values for extension at small loads and a good 

correlation for flexion at relatively high loads. This is a consequence of the constant stiffness 

properties of the spinal structures that confer the spine with the same resistance (disregarding 

the velocity dependent component of their constitutive equations) contrarily to what happens 

to the spine [148]. Nonetheless, notice that the presence of the contacts between the spinous 

processes limits the extension movements to a maximum value. Moreover, since the models 

do not possess musculature, some differences between the model values and the experimental 

values are expected. The validations of the functional spine units involving the finite element 

models (for the cervical and lumbar spine) exhibit a good correlation with the experimental 

results, displaying a gain of using the co-simulation between the domains of the finite element 

models and the multibody system dynamics. 

In the current study, the influence of a single level intersomatic fusion by replacing the 

intervertebral disc by a corresponding surrogate is studied, being possible to conclude that the 

alterations subsequent to intersomatic fusion alter the biomechanics of the corresponding 

spine region. Namely, the motion of the level subjected to fusion is highly restricted by using 

only an intervertebral substitute or by complementing with the inclusion of a fixation plate. 

On the other hand, the adjacent levels and the other spine levels near to the fusioned area 

exhibit an increase in their rotational movement (higher in the adjacent levels), which 

translates in higher stresses in the intervertebral disc and an increased load sharing by the 

facet joints.  The higher loads experienced by these structures, posteriorly to fusion, may be 

responsible for their degeneration and, consequently, to spine refusion as reported by other 

researchers. Nonetheless, further studies have to be done to evaluate the influence of the 

several types of graft materials and the influence of the inclusion of the fixation plate in the 

vicinity of the level subjected to intersomatic fusion, since no significant difference is found. 

These studies should have higher time analysis in order to enhance some of the observations 

described in this work and to find others. 
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9.1. Future Developments 

The co-simulation process is prepared to address dynamically the stresses experienced by 

the intervertebral disc, the fixation plate and any other structure and, thus, can be used in the 

future to develop or analyze different types of materials and geometrical designs for the 

orthopaedic implants. This is more important when a study released by The Freedonia Group 

Inc. (Cleveland) that states that the orthopaedic market’s growth will have a value of almost 

$22 billion by 2012 (8.9% annual increase) is taken into account. Regarding the spinal 

implant segment, with a total value of $6 billion by 2012 (a growth of approximately 58%, 

when compared with the spinal implant market value for 2007), the fixation devices and 

artificial discs used in spinal fusion and motion preservation procedures will have the 

strongest growths. Nonetheless an effort has to be done to optimize the co-simulation process 

in order to turn it faster and more efficient (in the current work there is described a method to 

optimize this module however it was no totally implemented and tested). Furthermore, there 

is a problem in the prescription of all degrees of freedom to the finite element models, since 

the convergence of the FE decreases. Namely, if only a movement of flexion occurs and the 

movement is prescribed for all six degrees of freedom, some small loads and moments will 

appear in the other directions that will decay the convergence rate of the multibody integrator 

(the equilibrium is compromised at each time instant). As such, a processing step of the loads 

and moments retrieved from the finite element models have to be created and executed in 

order to satisfy the equilibrium equations. 

The cervical and lumbar spine models have to be further improved. Besides, in the current 

work a complex geometrical and material representation of the cervical and lumbar spine 

regions, including the contacts between the facet joints and the spinous processes, the 

ligaments and the intervertebral discs is attained, the musculature network in these regions is 

not included (passive and active behaviors of the muscles are important in the motion and 

stability of the several spine regions [15,57,227]). Moreover, although the material properties 

used to define the soft tissues and also the contacts are adapted from suitable experimental 

data or adopting approximations used by other authors [15], further improvements have to be 
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introduced as new experimental studies on the corresponding material properties appear. 

Also, the stiffness properties do not take into account the deformation rate, as such a 

definition of a deformation matrix rate to influence the stiffness properties associated with a 

specific structure is necessary. On the other hand, the contact model described is very simple 

and in some times inappropriate to the anatomical structures, namely in the upper cervical 

spine as reported by Ferreira [9]. As such, other contact models as the contact between 

ellipses described by de Jager [57] should be used. Moreover, the ligament module is to be 

improved in order to consider a model that includes the failure region in its description, for 

example the Liao’s model that takes into account the microstructure of the ligament. The aim 

in the near future is to develop and validate a whole spine, by extending the current spine 

model to the thoracic spine, including the ribcage, and the contacts between the vertebrae and 

the ribs, and also other ligaments as the intertransverse and other upper cervical ligaments. 

This model can then be used to study several trauma and impact situations. 

As mentioned in Appendix A, a tool is developed in Blender (open source software) to 

visualize the results of the multibody model APOLLO through its output file. This file has the 

information about the transformation matrix of each rigid body at given time instants, which 

is used to mimic the movements of the multibody model by a scheme of associations with the 

objects in current window of the visualization software. This Python interface has to be 

improved in order to represent the motion and deformation of the soft tissues and also the 

force exerted by and over them at each time instant. These improvements on the visualization 

will allow interpreting qualitatively a significative amount of data in a more intuitive fashion, 

and hence decide which data is more important to quantify and analyze for a specific study. 

Besides, in the current work and owing to the ABAQUS capabilities, the deformation of the 

intervertebral discs is given as a result of the finite element analysis.  

Another objective is to improve the Matlab interface developed in the current work in 

order to assemble automatically a patient specific spine model that is tuned with few basic 

parameters as height, weight and age using probabilistic models and a multibody model of the 

whole spine as a basis. This can be used to study the kinematics and/or dynamics of the whole 
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spine, a spine region or even a spine level using only the multibody system dynamics or the 

co-simulation   module   described   in  the  current  thesis.  Namely,  the  IVD interface was 

developed to define the geometrical properties of the intervertebral discs automatically and 

assemble the corresponding finite element model. This interface is used in the current thesis 

in order to obtain the model of the intervertebral disc using an image. 

 





 

Appendix AA 

Patient Specific Co-Simulation 

In Appendix A an attempt and a global perspective on how to develop a patient specific 

co-simulation analysis of the spine using a pre-existing database of multibody and finite 

element models is described.  
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In the recent years, after an increasing effort in developing finite element and multibody 

models with great geometry accuracy (taking advantage of advances in the imagiology 

techniques – Computed Tomography (CT) and Magnetic Ressonance Image (MRI)) and with 

material properties that describe more realistically the several elements of the spine by the 

researchers and clinicians, the future purpose is to establish a pathway to turn these general 

models into patient specific models that can be used to study the normal, abnormal function of 

the various tissues, and their influence in certain pathologies and lesions, in a clinical, 

research or even in a student basis. With this purpose and considering the goal of analyzing 

stresses in the intervertebral discs, an interface was created using MATLAB in order to define 

a model of a given region of the spine, automatically, based upon a multibody model 

assembled from geometric measurements and with mechanical properties retrieved from the 

literature. However, this interface is still in an initial stage and some functions are not yet 

automatized. 

The MATLAB Graphical User Interface (GUI) has a total of five modules (Figure A.1), 

being four of them responsible to gather information relative to the patient, the spine levels or 

regions to develop, and the material and geometrical properties of the Intervertebral Discs and 

its components, and one responsible to submit the analysis and to perform a post-processing 

phase (results visualization and motion animation of the spine). 

 

 Figure A.1 – MATLAB graphical user interface. 
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In the module relative to the patient information (and the first interacting with the user) it 

is required to attribute a name to the project, being the other information facultative. The 

fields existing in this module allow retrieving information about the patient’s height, weight, 

age and name, and also the date and location of the analysis, being the first three used to 

parameterize  the  patient  spine  model.  In  the following  modules (region, material and IVD 

parameterization) the number of bodies and its mechanical and geometrical characteristics are 

defined, by means of two databases: one that is continuously updating (dynamic) and that 

stores information associated with the patient’s specific IVDs, and other (static) that stores the 

multibody model information and the material properties collected from the literature 

(initializes when the GUI is executed and is not modifiable).  

Note that in the parameterization module, the geometry properties of a given structure is 

based on its image (independently of how it is acquired), thus it is necessary to define two 

scale factors (in mm/pixel) in the two orthogonal directions of the plan image, and the origin 

of the local coordinate axes (corresponding to the reference point which link the multibody 

and finite element codes). The image reconstruction is performed using cubic splines derived 

from 12 to 20 points. If the geometry of an additional structure has to be defined (for 

example, the annulus fibrosus and the nucleus pulposus in the IVD), the geometry of the outer 

structure can be replicated, rather automatically or manually, by an area percentage (based on 

the Riemann’s integral theory [305]) and the geometrical centre of the new structure can be 

modified in the two plan directions (in pixels) (Figure A.2). Afterwards, the point coordinates 

are registered in four sections, according to the angle between the point vector and the x-axis 

unitary vector (horizontal direction) – -45º to 45º, 45º to 135º, 135º to 225º, and 225º to 315º –

, and stored in the dynamic database to use as an input data to a Python file that interacts with 

the finite element software, ABAQUS, and recreate in an automatic manner the steps that 

would be taken in a session of ABAQUS/CAE. 
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Simultaneously, with the purpose of complementing the post-processing module, a GUI in 

a  graphical  rendering  software,  Blender,  was developed [164]. This  GUI is responsible for 

producing the motion animation files, by assigning the bodies in the multibody system to the 

respective bodies in the Blender’s visualization window, and defining the background 

environment (illumination and camera properties) (Figure A.3). In addition, a program 

(CREATE ODB)  is  developed  to  carry  out  the  output  results (IVD stress distribution and 

deformation) assemblage automatically from the finite element software by means of a 

Python file, using as input the finite element command, the report step main filename, the 

total number of steps, and the time associated with each report step file. 

 

 Figure A.3 – Blender graphical user interface. 

 Figure A.2 – Parameterization module graphical user interface. 
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The pathway followed to perform an automatic co-simulation analysis using multibody 

and finite element codes is described in the fluxogram of Figure A.4. Notice that some points 

focused are not yet developed and some need further improvements. In the future, the 

multibody model in the database, based on both male and female geometry, is to be improved 

in order to be sex, weight and age dependent, parameterized according to some measurements 

easily acquired, and include a probabilistic model [47] to take into account some interpersonal 

variations. Also, a more extensive collection of material properties and an improvement in the 

parameterization module is necessary; more specifically, in the latter, the geometry of the 

inner structure can be independent of the outer structure, and they can be obtained in an easy 

and approximated method using the approach described by Little et al. [306], which with 6 

points define each structure (using four elliptical arcs and one cubic spline); moreover, the 

spine curvature in the three-dimensional space can be defined using the method described by 

Vrtovec et al. [307]. 
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 Figure A.4 – Fluxogram of an automatic co-simulation analysis procedure. 

 





 

Appendix BB 

APOLLO Input 

In Appendix B the data necessary for each of the modules developed in the current 

research work are described. The input data for these modules are given as input in the 

modeling file (with extension mdl) for the APOLLO [8] software and is used to simulate the 

behavior of a given structure. 
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The current modules developed or either improved from the work developed by Ferreira 

[9] are used to simulate several structures of the spine, including ligaments, articular facets 

and spinous processes contacts, muscles and intervertebral discs. The modules in order to 

replicate the mechanical behavior of each spinal structure have to gather information 

regarding its geometrical and material properties, being these data supplied by the user. Two 

common characteristics to all modules is that the number of elements being simulated by each 

one of them are provided under the keyword *MAIN PARAMETERS, and that the data 

relevant for each module is given under a specific keyword. 

The *MAIN PARAMETERS keyword retrieves a sequence of numbers defining the 

elements being simulated by each unit and has the following structure: 

NP NV NRB NCYL NPRI NCAR NRDR NTDR NSDA NFT NWHL NSTEER NBM NBE NSPC NLIG NMUS NFEL 
 

Where: 

NP - Number of Points NFT - Number of Forces / Torques 

NV - Number of Vectors NWHL - Number of Wheel-Tyre Systems 

NRB - Number of Rigid Bodies NSTEER - Number of Steering Systems 

NCYL - Number of Cylindrical Joints NBM - Number of Biomodel Systems 

NPRI - Number of Prismatic Joints NBE - Number of Bushing Elements 

NCAR - Number of Cardan Joints NSPC - Number of Sphere-Plan Contacts 

NRDR - Number of Rotational Drivers NLIG - Number of Ligaments 

NTDR - Number of Translational Drivers NMUS - Number of Muscles 

NSDA - Number of Spring-Damper Actuators NFEM - Number of Finite Element Links 

B.1. Ligament Elements 

The number of ligament elements is defined in the 16
th

 position of the APOLLO main 

parameters (NLIG). The data relevant to the ligament module is provided under the keyword 

*LIGAMENTS and has the structure presented below, for a given ligament K (if the ligament 

type is equal to one, additional input data as to be provided – the ligament mechanical 

response is based upon experimental data): 

LIGAMENT = K 

LIGT LIGP 
  

B1 x1 y1 z1 
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B2 x2 y2 z2 

… … … … 

BLIGP xLIGP yLIGP zLIGP 

L0    
KSPR KDMP 

  
FPRE    
ε12 εMAX 

  

    
IF LIGT = 1 

NDP 
  

λ1 F1 

λ2 F2 

... ... 

λNDP FNDP 
 

Where: 

LIGT - Ligament Type 
 

KDMP - Damping Coefficient 

LIGP - Number of Ligament Points 
 

FPRE - Pre-Tension Force 

BJ - Body Number J 
 

ε12 - Strain Transition Between Ligament's 
Toe In and Linear Regions  xI - X Local Coordinate of Point I 

   yI - Y Local Coordinate of Point I 

 

εMAX - Maximum Ligament Strain 

zI - Z Local Coordinate of Point I 

 

NDP - Number of Data Points 

L0 - Rest Length of the Ligament 

 

λM - Elongation Value of Data Point M 

KSPR - Spring Coefficient 

 

FM - Force Value of Data Point M 
 

Notice that the ligament point coordinates are given in the local reference frame of the 

body they belong to. 

B.2. Contact Elements 

The number of contact elements is defined in the 15
th

 position of the APOLLO main 

parameters (NSPC). Although a flag exists in the contact input data to define the type of 

structures in contact, the data relevant to this module is provided under the keyword 

*SPHERE-PLAN CONTACTS since at the moment no other type of contact is defined in 
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APOLLO. The input data to the sphere-plan contact has the structure presented below, for a 

given contact K: 

SPC = K 

SPCT   
BP BS  
xP yP zP 

xS yS zS 

NPx NPy NPz 

PLIM RS  
KSPR E n 

KFRIC 
  

 

Where: 

SPCT - Contact Type 
 

PLIM - Plan Limit 

BP - Plan Body Number 
 

RS - Sphere Radius 

BS - Shere Body Number 
 

KSPR - Relative Stiffness Between Structures 

xI - X Local Coordinate of Structure I 

 

e - Restitution Coefficient 

yI - Y Local Coordinate of Structure I 

 

n - Non-Linearity Degree 

zI - Z Local Coordinate of Structure I 

 

KFRIC - Coulomb Static Friction Coefficient 

NPJ - J Local Coordinate of the Plan Normal 

    
 

Notice that the plan and sphere point coordinates, and the plan normal coordinates, are 

given in the local reference frame of the respective structure. 

B.3. Muscle Elements 

The number of muscle elements is defined in the 17
th

 position of the APOLLO main 

parameters (NMUS). Even though muscle elements are not used in the current spine model, a 

module based on the descriptions made by de Jager [57] and van der Horst [15] was 

developed. The data relevant to the muscle module is provided under the keyword 

*MUSCLES and has the structure presented below, for a given muscle K: 

MUSCLE = K 

MUSP    
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B1 x1 y1 z1 

B2 x2 y2 z2 

… … … … 

BMUSP xMUSP yMUSP zMUSP 

APCS L0 FMAX 
 

σεDAT1 σεDAT2 
 

 
FVDAT1 FVDAT2 FVDAT3  
FLDAT 

   TNEXCT TACT1 TACT2 
 

Tref    
 

Where: 

MUSP - Number of Muscle Points 

 

L0 - Reference Length at Which Active Force is 
Generated More Efficiently BJ - Body Number J 

 
  

xI - X Local Coordinate of Point I 

 

FMAX - Maximum Force at Maximum Activation in Iso-
metric Conditions and at the Reference Length yI - Y Local Coordinate of Point I 

 
  

zI - Z Local Coordinate of Point I 

 

σεDATM - Stress-strain coefficient M to Define Relation 
Curve given by Deng and Goldsmith APCS - Muscle Physiological Cross-Sectional Area 

 
  

TNEXCT - Neural Excitation Time Constant 

 

FVDATM - Active Force-Velocity Relation Coefficient M 

TACTN - Active State Time Constant N 

 

FLDAT - Active Force-Length Relation Coefficient M 

Tref - Reflex Time: Time to Activate a Muscle 

 
  

 
 

Notice that the muscle point coordinates are given in the local reference frame of the body 

they belong to. A detailed and comprehensive description on how this module simulates the 

muscle mechanical behavior can be found in [15,57]. 

B.4. Bushing Elements 

The number of bushing elements is defined in the 14
th

 position of the APOLLO main 

parameters (NBE). The data relevant to the bushing module is provided under the keyword 

*BUSHING ELEMENTS and has the structure presented below, for a given bushing K (if the 

bushing type is equal to one, additional input data as to be provided – the bushing mechanical 

response is based upon experimental data): 
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BUSHING = K 

BET    
  BM BS 

    xM yM zM 
   xS yS zS 

   Δx Δy Δz 
   Δθx Δθy Δθz  

  Kx
SPR Ky

SPR Kz
SPR K-x

SPR K-y
SPR K-z

SPR 

Kx
DMP Ky

DMP Kz
DMP K-x

DMP K-y
DMP K-z

DMP 

Kθx
SPR Kθy

SPR Kθz
SPR K-θx

SPR K-θy
SPR K-θz

SPR 

Kθx
DMP Kθy

DMP Kθz
DMP K-θx

DMP K-θy
DMP K-θz

DMP 

v0 w0   
  

    
  IF BET = 1 

NTAB 
 

  (For Each Input Table Defined) 

TABDOF TABP 

DOF1 F1 

DOF2 F2 

... ... 

DOFTABP FTABP 
 

Where: 

BET - Bushing Element Type 

BM - Master Body Number 

BS - Slave Body Number 

xI - X Local Coordinate of Structure I 

yI - Y Local Coordinate of Structure I 

zI - Z Local Coordinate of Structure I 

ΔM - Translational Offset According to Direction M 

ΔθM - Rotational Offset According to Direction M 

KM
SPR - Spring Translational Coefficient According to Direction M (Positive Displacement) 

KM
DMP - Damping Translational Coefficient According to Direction M (Positive Displacement) 
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K-M
SPR - Spring Translational Coefficient According to Direction M (Negative Displacement) 

K-M
DMP - Damping Translational Coefficient According to Direction M (Negative Displacement) 

KθM
SPR - Spring Rotational Coefficient According to Direction M (Positive Rotation) 

KθM
DMP - Damping Rotational Coefficient According to Direction M (Positive Rotation) 

K-θM
SPR - Spring RotationalCoefficient According to Direction M (Negative Rotation) 

K-θM
DMP - Damping RotationalCoefficient According to Direction M (Negative Rotation) 

v0 - Maximum Linear Velocity for Sinusoidal Reduction 

w0 - Maximum Angular Velocity for Sinusoidal Reduction 

NTAB - Number of Tables (Each Defines a Degree of Freedom)  

TABDOF - Degree of Freedom 

TABP - Number of Data Points 

DOFN - Degre of Freedom Value of Data Point N 

FN - Load Value of Data Point N 
 

Notice that the master and slave point coordinates are given in the local reference frame of 

the respective body and the number of tables defined has a maximum of six (corresponding to 

the mechanical behavior of the bushing element in all six degrees of freedom being defined 

using experimental data). Furthermore, the translational and angular offsets (in Bryant 

Angles) between the two structures are given in the master local reference frame. 

B.5. Finite Element Links  

The number of finite element links is defined in the 18
th

 position of the APOLLO main 

parameters (NFEL). The data relevant to the external finite element link module is provided 

under the keyword *FEM EXTERNAL LINK and has the general structure presented below, 

for a given finite element link K: 

LINK = K 

FECOM FEFILE FEORD  
  FEKEY FET FESTRUCT IDSTRUCT 

  
 

Where: 

FEORD  -  Finite Element Model Order 

FECOM - Finite Element Program Command 

 

FET - Finite Element Type 
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FEFILE - Finite Element Input Filename 
 

FESTRUCT - Structure Type Associated with a Given Link 

FEKEY - Finite Element Key 
 

IDSTRUCT - Structure ID 
 

If the finite element key is equal to one, the finite element analysis will be performed on 

the end of the multibody analysis by prescribing either the loads (FET = 0) or degrees of 

freedom (FET = 1) of the finite element model, so an element has to be associated with this 

link in order to simulate the mechanical behavior of a given spinal structure. At the moment 

the only module associated with the external finite element link is the bushing element, used 

to simulate the intervertebral discs. On contrary, if the finite element key is equal to zero, 

more input data has to be provided by the user in the following manner: 

BM BS     
NRPP 

     
(For Each Reference Point Pair) 

Δx Δy Δz 
   

Δθx Δθy Δθz    
xM yM zM 

   
xS yS zS    

VISKEY      

      IF VISKEY = 0 

Kx
DMP Ky

DMP Kz
DMP K-x

DMP K-y
DMP K-z

DMP 

Kθx
DMP Kθy

DMP Kθz
DMP K-θx

DMP K-θy
DMP 

K-

θz
DMP 

 

Where: 

BM - Master Body Number 

 
ΔθM - Rotational Offset According to Direction M 

BS - Slave Body Number 

 
xI - X Local Coordinate of Structure I 

NRPP - Number of Reference Point Pairs 
 yI - Y Local Coordinate of Structure I 

ΔM - Translational Offset According to Direction M 
 zI - Z Local Coordinate of Structure I 

VISKEY - Viscoelastic Coefficient 

    KM
DMP - Damping Translational Coefficient According to Direction M (Positive Displacement) 

K-M
DMP - Damping Translational Coefficient According to Direction M (Negative Displacement) 

KθM
DMP - Damping Rotational Coefficient According to Direction M (Positive Rotation) 
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K-θM
DMP - Damping RotationalCoefficient According to Direction M (Negative Rotation) 

 

Notice that the master and slave point coordinates are given in the local reference frame of 

the respective body. Furthermore, the translational and angular offsets between the two 

structures are given in the master local reference frame. 

The viscoelastic key is a flag indicating if the model’s viscoelasticity property will be 

simulated in the finite element analsys or in the multibody analysis. If this flag has a value 

equal to zero, than the translational and rotational damping constants have to be given as 

input. 

In order to complement the information provided by the finite element models, a process 

for extracting the maximum and minimum stress, force and torque values, as well as its 

corresponding node can be retrieved by a Python module that is executed in each corrector 

step. To execute this process, the keyword *FEM REPORT has to specified in the input file. 

Additionally, two efficiency methods can be activated in order to reduce the analysis time 

by using two keywords, *ORDER FEMLOADS and *OPTIMIZE FEM_MSD. Under these the 

specific inputs of each efficiency method will be given with the following structure: 

*ORDER FEMLOADS 

LOADS 
     

ORDF ORDM 
    

      
*OPTIMIZE FEM_MSD 

LOADS 
     

Fx
MAX Fy

MAX Fz
MAX 

   
Mx

MAX My
MAX Mz

MAX    

      
STEP 

     
STPI TIMEMAX     

 

Where: 

ORDF - Minimum Order of Magnitude for Forces 

ORDM - Minimum Order of Magnitude for Moments 

FM
MAX - Maximum Force Toleration Value for Direction M 

MM
MAX - Maximum Moment Toleration Value for Direction M 
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STPI - Minimum Number of Finite Element Analysis 

TIMEMAX - Maximum Time for Extrapolation Method 

 



 

Appendix CC  

APOLLO – ABAQUS Communication 

Procedure 

In the current appendix a representation of the communication file structure between the 

two softwares used in this work is presented. These represent the two methodologies, 

multibody system dynamics and finite element, involved in the co-simulation model 

developed and provided in Chapter 4. Also, in this appendix some technical details involving 

file deletion, update and storage are described. 
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C.1. File Dynamic 

Throughout the analysis a dynamic update of the input files is made in order to use 

minimum disk memory and to prescribe to the finite element model the information relatively 

to the current step. Furthermore, to create an output database set of a given analysis the output 

files from the finite element program, when the Adams-Moulton Integration Method is doing 

a corrector step, are stored in a specific directory to future use. Notice that the output database 

from each step is stored in discrete time steps defined by the user. The file update described 

can be seen schematically in Figure C.1. 

Input Files
Run Finite 

Element Module
Restart Files

CORRECTOR ?
Delete Restart 

Files

Create File with 

Step Information

Backup ODB File

Replace Input 

Files by the 

Restart Files

YES

NO

 

 Figure C.1 – File dynamic of the finite element files. 

C.2. File Structure 

As described in Section 4.1, the co-simulation module allows performing finite element 

analysis simultaneously with the multibody dynamics analysis (finite element key equals 

zero) or at the end of the latter (finite element key equals one). The path followed by each of 

these methods differs since the former is a true co-simulation (APOLLO and ABAQUS 

running simultaneously), while the latter is an independent finite element analysis which uses 

as input the degrees of freedom (finite element type equals one) or load values (finite element 

type equals zero) history, similar to what is done by Acar et al. [62,63,182]. 
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Therefore, a distinct set of files is used to perform the linkage between these softwares. 

When the finite element analysis is performed after the multibody dynamic analysis only one 

file is necessary. This file contains the history of the degrees of freedom or load values, 

according to the finite element type, which is prescribed to the reference point pairs of the 

finite element model: 

IF FET = 0 

TIME 
[s] 

FX [N] FY [N] FZ [N] 
MX 

[N.m] 
MY 

[N.m] 
MZ 

[N.m] 

TI FK
xI FK

yI FK
zI MK

xI MK
yI MK

zI 

       
IF FET = 1 

TIME 
[s] 

UX 
[m] 

Uy 
[m] 

Uz 
[m] 

URX [rad] URy [rad] URz [rad] 

TI xK
I yK

I zK
I θK

xI θK
yI θK

zI 
 

Where: 

FET - Finite Element Type 

TI - Total Time at Step I 

FK
HI - Force in Link K at Step I According to H Axis 

MK
HI - Moment in Link K at Step I According to H Axis 

HK
I - Translation in Link K at Step I According to H Axis 

θK
HI - Rotation in Link K at Step I According to H Axis 

 

Conversely, the true co-simulation process requires a constant update of the finite element 

input file in order to bring up to date the degree of freedom values and the step time. To 

achieve this goal, a file is created at each step (predictor or corrector), by the multibody 

dynamics software, providing the degree of freedom data to a Python script responsible to 

restructure the input file: 

ITERATION STPI
FEM ΔTI  

LINK K 
  

PAIR N 
  

 
(For Each Reference Point Pair) 

 
xK

I yK
I zK

I 
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θK

xI θK
yI θK

zI 

*END 
   

 

Where:  

STPI
FEM - Number of the Finite Element Analysis at Step I 

ΔTI - Step Time 

K - Link Number 

N - Number of Reference Point Pairs 
 

Additionally, at each step, after running all the external finite element links it is necessary 

to retrieve the load information of the resulting files from the finite element software. In order 

to know the links executed at a given step it is created a file containing the external link data, 

and also the output filenames and the command associated with the finite element program:  

LINK RP_PAIR STEP COMMAND FILENAME 

K N STPI
FEM FECOM FEFILE 

*END 
    

Where: 

FECOM - Finite Element Software Command 

FEFILE - Finite Element File 
 

At the moment only ABAQUS is compatible, however the process is assembled in order 

to be independent of the FE software. In response to this file, the Python script, responsible 

for retrieving the load data, reports it to the multibody software using another file: 

*LINK 
  NLNK 
  

   LINK = 1 
  K 
  (For Each Reference Point Pair) 

FK
xMI FK

yMI FK
zMI 

MK
xMI MK

yMI MK
zMI 

FK
xSI FK

ySI FK
zSI 

MK
xSI MK

ySI MK
zSI 

 

Where: 
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NLNK - Number of Finite Element Links Reported 

FK
xJI - Force in Link K at Step I According to H Axis for Structure J 

MK
xJI - Moment in Link K at Step I According to H Axis for Structure J 

 

The efficiency procedure developed also requires a file with the values of the degrees of 

freedom since this process took place until its finish, either by the load tolerance value is 

exceeded or the number of extrapolation steps or the extrapolation time reached its maximum. 

The history of the degree of freedom values of the extrapolation procedure is prescribed to the 

finite element model. The file has the following structure: 

ITERATION STPI
FEM ΔTI     

LINK K 
     

PAIR N 
     

       
TIME [s] UX [m] Uy [m] Uz [m] URX [rad] URy [rad] URz [rad] 

TI xK
I yK

I zK
I θK

xI θK
yI θK

zI 
 

In the final step of the dynamic analysis, a file is created to function as an interface with 

other program, the CREATE ODB, which joins the output files from the finite element 

software into a unique file and creates an animation video of the structure deformation 

according to the specifications introduced by the user. This file has the information about the 

output filenames and the total time associated with a given file: 

*FEA COMMAND 

FECOM 
  

   
*ODB FILENAME 

ODBFILE   

   
*DATA 

TIME [s] STEP 
 

TI STPI
FEM 

 
*ODB INPUT 

NFEL STPTOT TINC 

Where: 

ODBFILE - Output Database Filename 
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NFEL - Number of Finite Element Links 

STPTOT - Total Number of Finite Element Analysis 

TINC - Incrementation Time 

 



 

Appendix DD 

Spine Geometry 

In Appendix D it is described how the data retrieved from the literature is used to define 

the anatomic features of the vertebra along the spine. These data is important in the definition 

of the several components of the cervical and lumbar spine model, namely, the ligaments, the 

intervertebral disc and the sphere-plan contacts between the articular facets and the spinous 

processes. Therefore, three structures of the vertebra will have a greater focus in this 

Appendix: the vertebral bodies, the articular facets and the spinous processes. 
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D.1. Vertebral Body 

In order to represent the spine structures along the analysis it is defined the vertebral body 

geometry, which is represented as a rectangular parallelepiped (Figure D.1). The dimensions 

used to define this bony structure are retrieved from the extensive studies of Panjabi et al. 

[71,74] and Ebraheim et al. [103].  

The vertebral body geometry is defined using the measurements from the endplate, 

namely, its width (EPW), depth (EPD) and inclination (EPI), and from the posterior height of 

the vertebral body (VBH). Since the local reference frame origin is at its posterior mid-height 

and at equal distance from its right and left borders, the posterior region points can be defined 

directly from the vertebral posterior height and the endplate width. On the other hand, the 

anterior region points have to take into account the endplate depth and inclination. As such, 

the anterior region x-component is equal to the endplate depth and the z-component is equal 

to the anterior vertebral body mid-height influenced by a ΔH factor derived from the endplate 

inclination (Eq. D.1), while the posterior region x-component is null and the z-component is 

equal to the posterior mid-height. Notice that the y-component is equal in both posterior and 

anterior region, and is equal to half of the endplate width. 

 

 Figure D.1 – Parallelepiped representation of the vertebral body, sagittal and 

transverse view. 

 
 EPIEPDH tan*

 (D.1) 
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The sacrum geometry (Figure D.2) differs from the remaining vertebra due to its origin 

(fusion of five sacral vertebrae) and, also, its structural function (connects the spine to the 

pelvis and it transmits the loads between them). So a different representation is used to 

represent the sacrum, namely, a triangular parallelepiped, which reference frame is located at 

the posterior region of the first sacral foramen. Notice that only the region comprising the first 

sacral vertebra is considered.  

 

 Figure D.2 – Representation of the vertebral body of the sacrum. 

As in all spine vertebrae, the local z-axis is aligned with the posterior region of the sacrum 

vertebral body. The superior anterior region x-component is considered to be at a distance 

equal to the depth of the endplate, while the inferior anterior region component is equal to 3
2  

of this measurement since it is curved upon itself. The posterior height of the first sacral 

vertebra  is  considered  to be  equal  to  the posterior  height of the first sacral foramen ( FSH) 

defined as the distance from the endplate to the first sacral foramen [103]. The remaining 

values used to define the sacrum geometry are obtained similarly to those from the remaining 

vertebrae. Notice, that only a few studies consider the sacrum morphology [78,103], so some 

measurements are adopted from Panjabi et al. [74] measurements for the L5 vertebra 

(endplate depth and width). 
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D.2. Articular Facets 

In the lumbar spine, Ebraheim et al. [103] made measurements of the pedicle axis and of 

its projection in the most posterior region of the vertebra, determining the pedicle axis length 

from the most anterior point of the vertebral body to the projection point. The site of the 

pedicle projection occurs at the junction of the articular facet with the transverse process, so 

the distance of the facet to the posterior region of the vertebral body is assumed to be equal to 

the difference between the pedicle axis length and the endplate depth. On the other hand, the 

x-coordinate of the lower facet is determined subtracting the upper facet by a value (ΔFCx) 

determined using the interfacet height (IFH) of Panjabi et al. [74] and the lamina inclination (

LMI) (Eq. D.2) retrieved from the work of Xu et al. [75]. Notice that the lamina height is not 

used since it is defined as the distance between the most inferior portion of the lower articular 

facet and the most upper portion of the lamina, as such some compensation has to be made 

and therefore the interfacet height is preferred. 

  LMI

IFH
FCx




180tan  (D.2) 

Furthermore, the height of the upper facet is considered to be equal to the mid-height of 

the posterior vertebral height (since the upper facet center is in line with the upper surface of 

the vertebral body), being the lower articular facet height determined by the height of the 

upper facet subtracted by the interfacet height (Figure D.3). 

 

 Figure D.3 – Determination of the z-coordinate of the articular facets. 
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The position of the articular surfaces in the sacrum are computed taking into account the 

Panjabi et al. [74] measurements made for the inferior articular facets of the L5 vertebra and 

some observations of the reconstruction images from VAKHUM [308]. From these 

observations it is assumed that the articular facets of the sacrum are aligned with the upper 

vertebral body surface, as it is observed for the lumbar vertebrae. Also, based on these 

observations it is assumed that the position of the facets relatively to the posterior region of 

the vertebral body is equal to half of the spinal canal depth (considered to be equal to that 

from the L5 vertebra). Due to the mid-sagittal symmetry the y-coordinate of the facets is 

considered to be equal to half the distance of the interfacet width (IFW) (considered to be 

equal to the interfacet width of the inferior facets of the L5 vertebra) (Figure D.4). 

 

 Figure D.4 – Position of the sacral articular surfaces relatively to other 

structures of the sacrum: transverse and frontal view. 

D.3. Spinous Process 

The spinous process is defined using a total of six points (three to define its lower portion 

and other three to define its upper portion) in order to define its geometry and, 

simultaneously, all the soft tissues attachment points. There are three ligaments that connect 

directly to the spinous process, more specifically, the ligamentum flavum (at the junction of 

the spinous process with the lamina), the interspinous (at the middle of the spinous process) 

and the supraspinous ligaments (at the most posterior point of the spinous process). For each 

ligament a total of two distinct points are considered in order to define its origin and insertion 

attachment points, being these points in different spine levels. The supraspinous ligament is a 
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continuous ligament, having coincident points in consecutive spine levels, defined in each 

spine level by a point placed between the two points that define the posterior extremity of the 

spinous process. The extremity is defined using upper and lower points in order to define the 

radius of the sphere used to model the contact between this extremity and the body of the 

adjacent spinous process, which is represented by a plan defined and delimited by the three 

points that define its upper region. The three points determine the surface plan of the adjacent 

spinous process, and consequently, its normal vector and limit, as well as a reference point 

corresponding to the plan center. 

The spinous process begins at the junction with the lamina (A), which corresponds to the 

most posterior portion of the spinal canal. As such, the distance of the upper starting point of 

the spinous process to the local origin is equal to the spinal canal depth (SCD) (Figure D.5). 

This assumption is considered along the entire spine, at exception of the sacrum where it is 

equal to the spinal canal depth of the L5 vertebra. 

 

 Figure D.5 – Points used to define the upper region of the spinous process (x-

coordinate). 

To determine the upper point height at the cervical spine, relatively to the mid-height of 

the vertebral body, the z-coordinate of the lower articular facets as well as its surface 

inclination (FCI) and height is used [74]. With these data the most inferior point of the lower 

facet  is  determined  and  complementing  with  the  height  of  the  lamina  (LMH), the upper 

superior point of the lamina is achieved through Eq. D.3 (Figure D.6). 
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   LMHFCIFCHFCA zz  cos*inf

 (D.3) 

 

 Figure D.6 – Points used to define the upper region of the spinous process (z-

coordinate). 

Nonetheless, in the lumbar spine the upper starting point of the spinous process is 

determined using the superior facet height and its surface inclination. The lower point of the 

spinous process is aligned with the axis of the lamina and is at an offset of 15% of the lamina 

height, relatively to the upper point. 

To compute the spatial position of the spinous process extremity, defined as the median 

point at the spinous process most posterior end, it is used the measurements of Panjabi et al. 

[71,74], and Nissan and Gilad [76]. Although Panjabi et al [71,74] determined the distance 

between the center of the upper endplate and the most posterior point of the spinous process, 

the angle between the endplate upper surface and the line defining the distance measure was 

not determined, and so an accurate position of the spinous process extremity using only these 

measurements is not possible. As such, the dimensions obtained by Nissan and Gilad [76] 

(relatively to other vertebral structures) are used to complement the measurements of Panjabi 

et al. [71,74]]. Nissan and Gilad determined the superior and inferior length (SPL) of the 

spinous process and also its inclination (SPI) relatively to an axis defined by inferior endplate 

surface. Nonetheless, as the local x-axis is defined as a line dividing the vertebral body in two 

equal upper and lower portions, it is necessary to consider the endplate inclination as defined 

by Panjabi et al. [71,74] (Figure D.7). 
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 Figure D.7 – Measurements considered in the determination of the spinous 

process most posterior point. 

Considering these assumptions, the x-coordinates are determined by the following 

equations: 

 

 
 
 




















EPISPI

EPISPI

SPI

if

if

if

EPISPISPL

SPIEPISPL

SPIEPISPL

l

l

l

0

0

cos

cos

cos

 (D.4) 

To determine the height of the spinous process extremity, the same calculi are performed 

but replacing the cosine function for the sine function, being the result considered to have a 

positive or negative contribution according to the spinous process and endplate inclination 

(positive when the endplate inclinations is greater than the spinous process inclination).  

Notice that the height of the vertebral body has also to be considered, as the result of Eq. D.4 

only expresses the position of the spinous process extremity relative to the lower endplate 

surface. Furthermore, to define an upper and lower point at the extremity of the spinous 

process, it is considered that the process thickness is equal to 4
1 of the vertebral body height. 

The upper medial point of the spinous process is at 50% of the distance between the most 

anterior and posterior points of the spinous process while the lower medial point is at 60% 

since it is determined using the distance between the most posterior point of the spinous 

process and the inferior posterior point of the vertebral body. 

In order to compute the center of the sphere used in the contact between the spinous 

processes, two lines uniting the upper medial and the most inferior posterior points, and the 
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lower medial and the most superior posterior points of the spinous process are determined. 

The sphere center corresponds to the intersection of those two lines, while the radius is 

defined as the distance between the center and the medial most posterior point of the spinous 

process (Figure D.8). 

 

 Figure D.8 – Geometry of the sphere used to define the sphere-plan contacts of 

the spinous processes. 

In the sacrum, the initial point of the spinous process is considered to be at mid-height of 

the vertebral body height, while the most posterior point is considered to be at 3
1  (Figure 

D.9). On the other hand, the x-coordinate of the latter corresponds to 2
3 of the distance of the 

spinal canal depth (Figure D.4). 

 

 Figure D.9 – Geometrical considerations to determine the anatomic features of 

the spinous process of the sacrum. 
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