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Abstract 

 

Computational modeling of the lumbar spine provides insights on kinematics and internal load 

development and distribution along the spine. Geometry (size and shape) of the spinal structures 

and more particularly sagittal curvature of the spine governs its response to mechanical loading. 

Thus, understanding how inter-individual sagittal curvature variation affects the spinal load-

sharing between spinal components (discs, ligaments and facet joints) becomes of high 

importance. The load-sharing is an indicator of how spinal components interact together in a 

harmonic synergy to maintain its normal function.  

This study aimed to investigate how the inter-individual sagittal curvature variation affects spinal 

load-sharing in flexed and extension postures using geometrically personalized Finite Element 

(FE) modeling.  

This research used three lumbosacral spines with different curvatures: one hypo-lordotic (Hypo-

L), one normal-lordotic (Norm-L) and one hyper-lordotic (Hyper-L) spines with low, normal and 

high lumbar lordosis (LL), respectively. A 3D nonlinear detailed FE model for the Norm-L spine 

with realistic geometry was developed and validated against a wide range of numerical and 

experimental (in-vivo and in-vitro) data.  

The model was subjected to compressive Follower Load (FL) combined with moment to 

simulate flexed and extended postures. Load-sharing was expressed as percentage of total 

internal force/moment developed along the spine that each spinal component carried. These 

internal forces and moments were determined at the discs centers using static equilibrium 

approach and included the applied load and the resisting forces in the ligaments and facet joints.  
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Sensitivity of the model predictions to a wide range of FL (500-1100N) and moment (0-20Nm) 

magnitudes was performed. Optimal magnitudes that minimized the deviation of the model 

predictions from in-vivo data were determined by optimization. 

Additional FE models were developed for the Hypo-L and Hyper-L spines. Their kinematics and 

load-sharing in flexed and extended postures were compared.  

The kinematics, intradiscal pressure (IDP) and articular facet joint force (FJF) predicted by the 

FE model were in a good agreement with previous FE results and in-vivo and in-vitro data. The 

sensitivity analysis revealed that the intervertebral rotations (IVRs), disc moment, and the 

increase in disc force and moment from neutral to flexed posture were more sensitive to moment 

magnitude than FL magnitude in case of flexion. The disc force and IDP were more sensitive to 

the FL magnitude than moment magnitude. The optimal ranges of FL and flexion moment 

magnitudes were 900N-1100N and 9.9Nm-11.2Nm, respectively. To obtain reasonable 

compromise between the IDP and disc force, our findings recommend that FL of low magnitude 

must be combined with flexion moment of high intensity and vice versa. 

The Hypo-L spine demonstrated stiffer behavior in flexion but more flexible response in 

extension compared to the Norm-L and Hyper-L spines. The excessive LL stiffened response of 

the Hyper-L spine to extension but did not affect its resistance to flexion compared to the Norm-

L spine.  

Result showed that contribution of the facet joints and ligaments in supporting bending moments 

produced additional forces and moments in the discs. Results demonstrated that internal forces 

produced by FL and flexion were mainly carried by the discs (75%) and posterior ligaments 

(25%) while contribution of ligaments in supporting internal moment was higher (70%) 

compared to the discs (20%). Role of the facet joints was negligible except at level L5-S1. This 
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force-sharing was almost similar in all the three spines. In the case of FL and extension, the 

discs, ligaments and facet joints shared spinal force with proportion of 55%, 20%, 25% 

respectively in the Hypo-L spine while facet joints contribution did not exceed 10% at levels L1-

4 and reached up to 30% at levels L5-S1 in the Norm-L and Hyper-L spines. The facet joints 

carried up to 63% of the internal moment in the Hyper-L spine. 

This study demonstrated that spinal load-sharing depends on applied load and varies along the 

spine. It also depends on spinal curvature. The three spines studied demonstrated that inter-

individual curvature variation affects spinal load-sharing only in extended posture while no 

noticeable difference between the spines was found in flexed posture. Analyzing response of 

additional spines in each category under different loading conditions such as gravity load in 

future studies may reveal more significant effects of inter-individual curvature variations.  
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Chapter 1 

 

Introduction 
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1.1. Overview 

The human spine serves as a column to support the body weight, facilitate the movement, and 

protect the spinal cord. It is constantly exposed to complex loads and movements during daily 

activities. The spine is sometimes the origin of human discomfort and disability because of pain.  

A harmonic synergy between the different components of the spine is necessary to maintain its 

normal function. Dysfunction of any spinal component results in system perturbation which may 

lead to immediate compensation from other components, long-term adaptation response and/or 

ultimately injury (Panjabi, 1992). For instance, it has been proved that a degenerated disc loses 

its load bearing efficiency which causes transfer of a major portion of the load toward the neural 

arc in the standing posture (Pollintine et al., 2004). Therefore, understanding the interaction of 

spinal components and their relative contribution in load-bearing (spinal load-sharing) during 

various physical activities is of prime importance for the determination of optimal postures and 

exercises, design of implants, and effective prevention, evaluation and treatment of spinal 

disorders. Moreover, most experts agree that the assessment of spinal curvature is a part of an 

evaluation in patients with lower back problems (Harrison et al, 2000). Thus, understanding the 

effects of inter-individual sagittal curvature variation on spinal load-sharing is also imperative.  

Study the biomechanics of spine experimentally in in-vivo conditions although is ideal but faces 

many challenges and limitations due to its harmful and invasive nature. On the other hand, in-

vitro experiments are costly and use limited number of specimens of elderly donors. Numerical 

tools such as Finite Element (FE) models represent a powerful tool that allows parametric study 

of the spine biomechanics in various loading conditions.  

In the current research, a 3D nonlinear geometrically personalized FE model of the lumbosacral 

spine was created and validated. The model was employed first to determine the load-sharing 

along the spine in flexed and extended postures. FE models of three spines with varied 

geometries were then created. Their responses to mechanical load in terms of kinematics, 

internal loads and load-sharing were compared.  

 

1.2. Hypothesis 

Recognizing that the population inherently has large inter-subject variability it is hypothesized 

that the variation in geometry of the spine influences its mechanical behavior. Not only the size 
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and dimensions of each component of the spine affect the spine behavior but more importantly 

its overall shape defined by the sagittal curvature.  

 

1.3. Objectives 

The goal of this study is to understand how an individual’s lumbosacral spine with its unique 

geometry responds to mechanical loads. The following objectives are defined to achieve the goal 

of this study: 

Objective 1: To determine spinal load-sharing along the lumbosacral spine in flexed and 

extended postures using FE model. 

Specific Aim 1.1: To develop and validate a 3D nonlinear FE model of ligamentous 

lumbosacral spine (Chapter 3). 

Specific Aim 1.2: To predict internal loads (force and moment) developed in the load bearing 

components of the spine (i.e. disc, ligaments and facet joints) using FE model (Chapter 3).  

Specific Aim 1.3: To calculate spinal force- and moment-sharing using equilibrium conditions 

at each segmental level (Chapter 3). 

Specific Aim 1.4: To determine the loading mode that simulates realistically (physiologically) 

the flexed and extended postures (Chapter 4).  

Objective 2: To investigate the effects of inter-individual lumbosacral spine curvature variation 

on load-sharing. 

Specific Aim 2.1: To create 3D geometrically personalized FE models of three lumbosacral 

spines with different curvatures using their CT-scan data (Chapter 5). 

Specific aim 2.2: To compare kinematics, internal loads and load-sharing of the three spines 

(Chapter 5). 

 

1.4. Scope and limitations 

The current research investigated effects of inter-individual sagittal curve variation on load-

sharing of the lower back in flexed and extended postures. FE models of three lumbosacral 

(lumbar spine and sacrum) spines with distinct curvatures were created. The models considered 

3D geometry of the spine and included only passive tissues such as intervertebral discs and 

ligaments. Follower load (FL) in combination with bending moments was used due to lack of 

muscles. Load-sharing of the discs, ligaments and articular facet joint was defined as portion of 
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total spinal force/moment that each structure carried. Only one set of material properties was 

assigned to all models. Time and loading rate dependent properties (e.g. viscosity) of the spinal 

components as well as the fluid-flow phenomenon in the disc and porous bone were not 

considered.  

 

1.5. Research contribution 

The FE model developed in this research stands out among the few existing detailed 3D FE 

models of the lumbar spine (Dreischarf et al., 2014). In addition to the kinematics, intradiscal 

pressure (IDP), force/strain in the ligaments, and contact force in the facet joints assessed by 

these models, the current model predicted the internal force and moment carried by the disc at all 

spinal levels using the equilibrium conditions. Despite some studies predicted total force and 

moment produced at each spinal level using FE models with simplified geometry (Bazrgari and 

Shirazi-Adl, 2007; Arjmand and Shirazi-Adl, 2005; El-Rich et al., 2004), to our best knowledge 

there is no data on force- and moment-sharing of the discs, ligaments and facet joints. This data 

is imperative for understanding how variation in sagittal curvature between individuals affects 

the response of their spines to mechanical load and distribution of spinal loads among discs, 

ligaments, and facet joints. The approach developed used individual’s CT-Scan data to create 

personalized geometry and stress profile which can be correlated with subject-specific clinical 

history (e.g. with/without LBP). This research also revealed that prediction of FE model of the 

spine is sensitive to magnitude of FL and moment. Optimal intensities that minimized deviations 

of predicted results from in-vivo data were determined. Findings were presented in prestigious 

biomechanical engineering conferences such as the World Congress of Biomechanics (invited 

presentation) and Congress of The European Society of Biomechanics and published in high 

ranked scientific journals such as the Journal of Biomechanics. Two manuscripts are under 

review in Spine and in the journal of Biomechanical Engineering. 

 

1.6. Outline of the thesis 

This thesis comprises 6 chapters. 

Chapter 1 

A background on mechanical response of the lumbosacral spine as well as related numerical and 

experimental studies available in the literature is provided. The overall objectives and hypotheses 
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are defined and the scope and limitations of the study are explained. The thesis chapters are 

introduced and the links between chapters are justified since the thesis is written in a paper-based 

format. 

Chapter 2 

Anatomy and function of the lumbosacral spine are described. Details on sagittal curvature and 

the geometrical attributes used in this study to distinguish between the spines modeled are 

specified. A detailed description of the step-by-step procedure used to create the FE model is 

provided. The assumptions and limitations of the material properties and loading scenarios used 

are highlighted.  

Chapter 3 

Validation of the FE model predictions against experimental data as well as comparison with 

other models results are provided. Results of the spinal load-sharing in flexed and extended 

postures are detailed. 

Chapter 4 

Sensitivity of the model predictions to magnitude of FL and moment is discussed as there is no 

consensus on what magnitude simulates more realistically the flexed and extended postures. 

Optimal magnitudes that can simulate physiological conditions are determined by optimization .  

Chapter 5 

FE models of three spines with different curvatures were created. The models were subjected to 

FL and moment with the optimal magnitudes found in chapter 4.  Responses of the three spines 

in terms of kinematics and internal loads produced in each component as well as load-sharing 

were compared.  

Chapter 6 

Findings of the current research are summarized. Conclusions and recommendation are provided.  
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2.1. Overview 

Chance of experiencing low back pain (LBP) in adults is higher than 50% (even up to 80%) in 

the lifetime with about 18% prevalence at any time (Manchikanti et al., 2009; Rubin, 2007; 

Panjabi, 2003; Trainor and Wiesel 2002). Pain in the lower area of the back is more common 

than chest and in particular neck area (Manchikanti et al., 2009; Rubin, 2007). LBP, in fact, has a 

multifactorial etiology, but perhaps mechanical load is the most important single factor (Pope 

and Novotny, 1993). A broad differential diagnosis has been presented for LBP, with estimates 

of prevalence in office practice as 97% and 3% for mechanical and non-mechanical factors, 

respectively (Deyo and Weinstein, 2001). Anyhow, the mechanical factor itself covers a broad 

range of problems such as lumbar strain/sprain, degenerated disc and facet joint, herniated disc, 

spinal stenosis, osteoporotic/traumatic fracture, spondylolysis/spondylolisthesis, congenital 

disease (severe kyphosis, scoliosis or transitional vertebrae), internal disc disruption and 

presumed instability. The relationship between mechanical loads, LBP, and spinal 

shape/anatomy adaptation can be conceptualized as shown in Fig. 2.1. 

 

 

 

 

 

Fig. 2.1. Relationship between LBP, mechanical loads and anatomy of spine. 

 

Influence of the spine shape and geometry (in particular the lumbar curvature) on the LBP has 

been subject of many clinical studies. Nonetheless, the outcome is controversial since some 

believe in correlation of flat spine to the LBP, while others conclude the correlation of LBP with 

excessive curvature (Chaleat-Valayer et al., 2011; Adams et al., 1999; Korovessis et al., 1999; 

Harrison et al., 1998; Christie et al., 1995; Jackson and McManus, 1994). On the other hand, a 

precipitation of pain in the spine may lead to postural adaptations (Christie et al. 1995). There is 

statistically significant association between loss of lumbar curvature and degeneration of the 

disc, vertebral body, and ligaments. Most experts agree that the assessment of spinal curvature is 

a part of an evaluation in patients with back problems (Harrison et al., 2000). 

LBP 

Mechanical 
Behaviour

Spine 
Shape 



9 
 

Shape and geometry of any structure such as the spine govern its response to mechanical load in 

terms of kinematics, internal loads and stability. Posture affects the spinal load-bearing as well. 

Minimal changes in posture (posterior pelvic tilt and lumbar flattening) substantially influenced 

muscle forces, internal loads and stability margin (Shirazi-Adl et al., 2005). Under gravity load 

alone, the lumbar spine needs to adopt optimal posture that minimizes the required muscle forces 

and the resulting spinal loads while maintaining the stability (El-Rich et al., 2004). Moreover, 

given similar external mechanical loads, such as lifting the same heavy objects at work, some 

people experience disabling LBP while others do not.  Although many factors are involved in 

this variation, it is likely that the intensity of stresses on individual lumbar spine elements (such 

as intervertebral disc, endplate, ligaments, or facet joint) contributes. It is obvious that response 

to mechanical load varies based on each patient's spinal anatomy but effects of anatomy variation 

particularly the sagittal curvature on spinal load-sharing are unclear. 

Studying biomechanics of the spine in in-vivo conditions although would deliver the most 

reliable and realistic behavior but is costly and limited by ethics. It may also involve invasive 

experiments with possible risks of degeneration process acceleration, injuries, and pain. In-vitro 

studies, as well, are costly and associated with many constraints such as sample size, age of 

donors, repeatability etc. Besides, there are many parameters that are hardly possible to be 

measured in-vivo or in-vitro. Therefore, complementary computational approaches such as the 

Finite Element (FE) method have been used to efficiently and effectively assist in understanding 

the spine biomechanics. FE model studies have proven themselves as reliable and robust tools 

when combined with in-vivo and in-vitro experiments. FE models are feasible, available, 

repeatable and adjustable to cover wide range of inter-subject variabilities in spine biomechanics 

and at the same time, advanced and sophisticated enough to include multiphysics formulations 

and complex material and structural properties.  

We used FE modelling to seek the relationship between the spine shape and its mechanical 

behavior. The focus was on the lower back, so called lumbosacral spine, since the back pain 

complaints have been mostly reported in this area. The lumbosacral spine will be introduced and 

its geometrical attributes will be explained in the following section. In addition, the FE 

modelling will be elaborated and its essential parameters and assumptions will be clarified. 
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2.2. Lumbosacral spine 

2.2.1. Lumbosacral spine anatomy  

The human spine consists of 24 articulating vertebrae and 9 fused vertebrae in the sacrum and 

the coccyx (Fig. 2.2). It is divided into 4 regions, cervical spine (neck area), thoracic spine (chest 

area), lumbar spine (lower back) and sacrum. The lumbosacral spine includes the lumbar spine (5 

lumbar vertebrae from L1 to L5 and the intervertebral discs) and the sacrum (5 fused vertebrae, 

S1-S5, and the coccyx). Each vertebra is divided into vertebral body, endplates, and posterior 

elements that include the lamina, pedicles, articular facets, spinous and transvers processes. Each 

disc provides the articulation between two adjacent vertebral bodies and is divided into annulus 

fibrosus as an outer ring which surrounds the nucleus pulposus. The vertebrae of the lumbosacral 

spine are attached to ligaments at different locations. The major ligaments are the anterior 

longitudinal ligament (ALL), posterior longitudinal ligament (PLL), capsular ligament (CL), 

intertransverse ligament (ITL), ligamentum flavum (LF), supraspinous ligament (ITL) and 

interspinous ligament (ISL). The spine also includes muscles assisting in its stability and 

locomotion (maintaining and changing posture) (Panjabi, 1992). Though, the muscular system is 

out of scope due to the complexity and redundancy it imposes to the analyses. 

 

2.2.2. Lumbosacral spine curvature  

The lumbar region of the spine is convex anteriorly and its curvature is defined by an angle 

called lumbar lordosis (LL) measured from the superior endplate of vertebra L1 to the inferior 

endplate of vertebra L5 (Fig. 2.3). The sacrum is curved as well, though its curve angle alone 

does not describe its structural behavior, its position with respect to the upper (spine) and lower 

(femur) structures affect the load transfer mechanism (Roussouly and Pinheiro-Franco, 2011). 

The sacral slope (SS) and pelvic incidence (PI) angles are two important geometry attributes 

used to describe the spinal sagittal alignment. The SS angle is measured between the line along 

the S1 endplate and the reference horizontal line. The PI angle is measured between the line 

joining the hip axis (line between two femoral heads) and the center of the vertebra S1 endplate 

and the perpendicular line to the S1 endplate. LL and SS are positional parameters changing with 

the posture while PI is an anatomic parameter and independent of posture. These angles vary 

between individuals and have a broad range even among normal (healthy) subjects (Table 2.1). 

 



11 
 

 

                                           
Fig. 2.2. Lumbosacral spine anatomy (Adopted from http://www.backpain-

guide.com/Chapter_Fig_folders/Ch01_Spine_Folder/1LumbarAnat.html and 

http://pilates.about.com/od/technique/ss/human-spine-anatomy.htm). 

 

 
Fig. 2.3. Geometry attributes of the lumbosacral spine. 
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Table 2.1. Range of geometry attributes of the lumbosacral spine. 

 PI (°) 
(Vrtovec et al., 2012) 

SS (°) 
(Roussouly et al., 2005; 
Roussouly et al., 2003) 

LL (°) 
(De Smet, 1985;  

Propst-Proctor and Bleck, 1983); 
Stagnara et al., 1982) 

Lower Limit PI < 45 SS < 35 LL < 20 
Normal 45 < PI < 62 35 < SS < 45 20 < LL < 61 
Upper Limit 62 < PI 45 < SS 61 < LL 
 

The spine can be classified in four groups based on its geometry attributes (Roussouly, P., 

Pinheiro-Franco, J.L., 2011; Roussouly et al., 2005; Roussouly et al., 2003) (Fig. 2.4). The 

essential parameters in this classification are SS and PI as well as a qualitative description of the 

thoracic and lumbar curves. This classification considers the sagittal curvatures of both the 

lumbar and thoracic spines. Since Types 1 and 2 both have low SS and PI (they differ mostly by 

thoracic curvature), they are considered as one group called Hypo-Lordotic (straight or flat 

spine) in this study. Type 3 is considered as Normal-Lordotic and Type 4 as Hyper-Lordotic 

(highly curved) spine. 

  

Hypo-Lordotic Normal-Lordotic Hyper-Lordotic 

  
SS < 35° 

Low grade PI 
35° < SS < 45° 
High grade PI 

45° < SS 
High grade PI 

Fig. 2.4. Classification of spines based on geometry attributes (Adopted from Roussouly and 

Pinheiro-Franco, 2011). 

 

Geometry attributes relationship  

In this study, the LL, SS, and PI were measured on CT-scans of 24 subjects (age median and 

range: 28 and 20-48 years, respectively). The images were taken from the University of Alberta 

Hospital Database after receiving ethics approval.  Measurements were taken at the median 
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sagittal plane. Figure 2.5 shows how these geometry attributes are related and where each spine 

stands with respect to the normal range defined in Table2.1. It was observed that, both LL and PI 

increased with SS while LL increased with PI which is consistent with the spine classification 

used in this study i.e. Hypo-Lordotic spine is straight whereas Hyper-Lordotic spine is highly 

curved. Three of these subjects with distinct SS, PI, and LL were selected to represent each 

category in spinal load-sharing investigation (Fig. 2.5). 

 

 
Fig. 2.5. Geometry attributes measures of sample group. 

 

2.3. Finite Element (FE) modelling 

This study used a geometrically personalized FE model which can be developed for any subject 

whose CT-scans are available. Meshing a complex 3D geometry such as the spine is very 

challenging if one wants to ensure a good quality and efficient mesh.  A variety of elements was 

used to mesh the spinal structures. Nonlinearity of the material properties was also considered. 

The FE model development step-by-step procedure is explained in the following sections and 

details of the analysis and results are elaborated. 

 

R² = 0.7686

20

30

40

50

60

70

80

20 30 40 50 60 70

PI
 (°

)

SS (°)

a) SS vs PI

R² = 0.7134

10

20

30

40

50

60

70

20 30 40 50 60 70

LL
 (°

)

SS (°)

b) SS vs LL

R² = 0.5659

10

20

30

40

50

60

70

20 30 40 50 60 70 80

LL
 (°

)

PI (°)

c) PI vs LL

10203040506070

20304050607080

Normal Range
Hypo-Lordotic
Norm-Lordotic
Hyper-Lordotic



14 
 

2.3.1. Geometry acquisition 

CT-scans of 2mm thickness taken in horizontal, sagittal and coronal planes (Fig. 2.6a) were 

imported in the medical image processing software MIMICS (MIMICS Research 17.0, 

Materialize, Belgium). The segmentation was performed and 3D geometry of the bony 

components (vertebrae and sacrum) was reconstructed (Fig. 2.6b). Using the Geomagic 

(Geomagic Studio 2014, 3D Systems, USA), the 3D geometry was smoothened and cleaned from 

undesired irregularities and spikes without changing or affecting the individual geometry details. 

Particular attention was paid to the articular facets processes to ensure that the facets surfaces 

were clean with no interference. Some boundaries were introduced to separate the endplates from 

the vertebral body and to locate the regions of attachment to the disc which also helped divide 

the disc into nucleus pulposus and annulus fibrosus (Fig. 2.6c). Also, some boundaries were 

defined in the articular processes so the contact could be assigned. 

           

               
           

     

                    
 

                                                          

Fig. 2.6. 3D geometry acquisition steps of the bony components. a-b) segmentation using 

Mimics, c-d) smoothening and cleaning using Geomagic Studio. 

a) b)

c) d)
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2.3.2. Mesh 

The software Hypermesh (Hyperworks 12.0, Altair, USA) was used to mesh the bone geometry 

and furthermore to create the intervertebral discs and ligaments. The cortical bone which is a 

dense tissue layer covering the outer surface of the vertebra was meshed by 3-node thin shell 

elements with a uniform thickness of 1mm. The endplates which are composed of a layer of 

thickened collagenous bone were also meshed with 3-node shell elements with a uniform 

thickness of 1mm. The Cancellous bone is spongy tissue (trabeculae) at the core of vertebrae. It 

was modelled by 4-node (tetra) solid elements that filled up the volume inside the vertebrae.  

The disc mesh was generated by extrusion seven layers of 8-node (brick) solid elements between 

two adjacent endplates. The annulus ground comprised the 7 outer circumferential layers with 

56% proportion of the whole disc and the nucleus pulposus comprised the remaining 44% inner 

layers (El-Rich et al., 2009; Schmidt et al., 2006). The annulus ground was reinforced by 

collagen fibers which were modeled by unidirectional nonlinear springs distributed in concentric 

lamellae with crosswise pattern close to ±35° (El-Rich et al., 2009; Schmidt et al., 2007).  

The ligaments are bands of tough, fibrous dense regular connective tissue bundles, comprising 

collagenous fibers that are protected by dense irregular connective tissue sheaths. Depending to 

the amount and orientation of the fibers they resist tension but buckle under compression. Two-

dimensional membrane elements can deliver a more realistic behaviour of the ligaments 

particularly if the ligament failure mode is desired (El-Rich et al., 2009). However, they can be 

simulated by sets of unidirectional nonlinear elements at each segmental level (Breau et al., 

1991) in the physiological conditions. Three springs attached to the posterior tips of spinous 

processes represented the SSL and four springs positioned obliquely joining the superior spinous 

process with the adjacent inferior spinous process represented the ISL. The LF was simulated by 

three springs connecting the laminae. The CL at each side was simulated by eight springs joining 

the periphery of adjacent facet processes. The ALL was represented by five springs connecting 

the anterior edge of the endplates and attached to the disc. Similarly, the PLL was simulated by 

three springs connecting the posterior edge of the endplates and attached to the disc.  

A reasonably refined mesh was used particularly for the articular facet joints to ensure accurate 

prediction (Ayturk and Puttlitz 2011) with low sensitivity to mesh size. Details of the FE mesh 

are shown in Fig. 2.7. 
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2.3.3. Material properties 

Vertebrae 

Bone is a nonhomogeneous material comprising of various cells, organic and inorganic 

substances. It is an anisotropic material and shows different mechanical properties in different 

directions. It is a visco-poro-elastic material and its properties are time and loading rate 

dependent. It is also a nonlinear material although in low strains it shows linearity. Despite all of 

the aforementioned complex properties of the bone it can be simplified as homogeneous 

isotropic linear elastic material in the current study because it analyzes the spinal response under 

static physiological loads. In these conditions, deformation of the vertebrae is ignorable. The 

material properties used to model the vertebrae are summarized in Table 2.2. 

 

 

                                  
 

                          

                                                             
Fig. 2.7. Details of the mesh of the FE model. 
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 Table 2.2. Material properties of the vertebrae (Schmidt et al., 2007; Goto et al., 2003). 

 E (MPa) v 
Cortical Bone 12000 0.30 
Cancellous Bone 200 0.25 
Cartilaginous Endplate 23.8 0.40 

 

Discs 

The intervertebral disc is a complex structure that experiences large deformations because of its 

role in resisting and transmitting loads. The nucleus pulposus is a gelatinous material which 

withstands compression while the annulus fibrosus carries tensile forces. Many FE models have 

simulated the nucleus using incompressible fluid cavity and the annulus as solid (Mustafy et al., 

2015; Park et al., 2013; Little et al., 2008). Nonetheless, there are also other FE models that 

simulate the nucleus with solid elements governed by elastic or hyper-elastic material laws low 

stiffness and extremely high poisson’s ratio (v) (Ayturk and Puttlitz, 2011; El-Rich et al., 2009; 

Schmidt et al., 2007; Chen et al., 2001). Both options were tested in the current model and no 

significant difference in the disc behavior was found. Thus, solid elements with hyper-elastic 

behavior were used to simulate nucleus because of its reasonable accuracy and computational 

efficiency. First-order of the Mooney–Rivlin formulation was adopted for the annulus ground 

and nucleus. The coefficients were taken from the literature (El-Rich et al., 2009; Schmidt et al., 

2007) (Table 2.3). Creep/relaxation and swelling/osmolarity (Schmidt et al., 2013) of the disc 

were ignored.  

 

Table 2.3. Material properties of the intervertebral disc. 

 C10 C01 
Annulus Ground Substance 0.18 0.045 
Nucleus Pulposus 0.12 0.030 

 

The annulus ground is made of a multilayer fibrocartilage with highly aligned collagen fiber 

networks within discrete layers. These fibers resist tension only and their stiffness reduces from 

outer layer to inner layer. This change is due to both structural (reduction of the cross section 

area) and material (reduction of the cross elasticity constants) properties as presented in Table 

2.4. The annular fibers make about 16% of the total volume of the annulus ground (Shirazi-Adl 

et al., 1986). The current model used force-displacement curves (Fig. 2.8) as the fibers were 

simulated by nonlinear springs. These curves were derived from the stress-strain relationship 
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proposed by Schmidt et al. (2006) and Shirazi-Adl et al. (1986) and by using the geometrical 

measures of the disc. 

  

Table 2.4. Distribution of the annular fiber properties among layers (Shirazi-Adl et al., 1986). 

 Outer Layer Mid-Layers Inner Layer 
Ratio of Cross Section Area 1.0 0.78 0.62 0.47 
Ratio of Elasticity Constants 1.0 0.90 0.65 0.65 
 

 

 
Fig. 2.8. Force displacement relationship of the annular fibers. 

 

Ligaments 

Each ligament can be simply represented by a set of unidirectional elements resisting tension 

only. Two types of elements are commonly used in FE models to simulate ligaments; elements 

that explicitly include geometrical (cross section area) and material (modulus of elasticity) 

property of the ligament like beam, truss/bar and cable elements (Park et al., 2013; Little et al., 

2008; Chen et al., 2001) or elements that use ligament stiffness like spring elements (Rohlmann 

et al., 2006). However, the former elements will not predict accurately the ligament behavior in 

large deformation conditions if they use small deformation theory (Sharma et al., 1995). The 

advantage of spring elements is that they can have nonlinear stiffness that takes into account a 

wide range of strains. Ligaments of the current model used nonlinear stiffnesses adopted from 

Rohlmann et al. (2006) (Table 2.5). The resulting nonlinear force displacement curves (Fig. 2.9)  

were determined based on the average length of ligaments.  
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Table 2.5. Nonlinear stiffness of the ligaments. 

Ligaments (%) k 
(N/mm) 


(%) 

k 
(N/mm) 


(%) 

k 
(N/mm) 


(%) 

k 
(N/mm) 

ALL  

ε < 0 0 

0 < ε < 12.2 347 12.2 < ε < 20.3 787 20.3 < ε 1864 
PLL  0 < ε < 11.1 29.5 11.1 < ε < 23 61.7 23 < ε 236 
CL  0 < ε < 25 36 25 < ε < 30 159 30 < ε 384 
ITL  0 < ε < 18.2 0.3 18.2 < ε < 23.3 1.8 23.3 < ε 10.7 
LF  0 < ε < 5.9 7.7 5.9 < ε < 49 9.6 49 < ε 58.2 
SSL  0 < ε < 20 2.5 20 < ε < 25 5.3 25 < ε 34 
ISL  0 < ε < 13.9 1.4 13.9 < ε < 20 1.5 20 < ε 14.7 

 

 

 
Fig. 2.9. Force-displacement curves of ligaments. 

 

Articular Facet Joints 

Two adjacent facet processes form the facet joint between two vertebrae. The capsular ligament 

connects the facet surfaces in the periphery boundary to create a closed volume which is filled by 

synovial fluid. The synovial fluid and cartilaginous surfaces of the facet joints provide the 

articulation in the facet joint. This complex structure is difficult to model numerically. It was 

tried in this study to use 2D capsular ligament to cover the joint and assign incompressible fluid 

cavity instead of synovial fluid. Nonetheless, the model would not converge due to distortion of 

the capsular ligament elements and the contact problem between ligaments and facet processes. 

In FE models, generally, the facet joint articulation is simply defined by contact between two 

adjacent articular facets (Dreischarf et al., 2014). Therefore, a frictionless surface to surface 

contact with minimum gap distance equal to 2 mm was used to simulate the facet joint 

articulation. 
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2.3.4. Loading and boundary conditions 

Real loading conditions of the human spine are very complicated and not fully charactrized. The 

loading conditions used in this study were limited to the sagittal movement. Applying the trunk 

weight and taking into account the muscle forces is apprantly the most realistic loading mode 

(Rohlmann et al., 2006; Arjmand and Shirazi-Adl, 2005; El-Rich et al., 2004; Goel et al., 1993), 

though it is very complex due to redundacy of the system. Ignoring the muscle forces and 

applying only trunk weight irrespective of the loading mode (gravity load applied either at one 

level or distributed along the spine) can cause spinal instabilities and result in large deformations 

which is not consistent with physiological conditions (Kiefer et al., 1997).   

In a search for loading configurations that stabilize the spine, the computed passive ligamentous 

lumbosacral and thoracolumbar spinal compression load-bearing capacities were found to 

substantially increase when the compression loads were applied through wrapping cables (i.e. 

cables that pass through the spine to follow the curvature) (Shirazi and Parnianpour, 2000) . This 

was performed by applying follower load (FL) (Renner et al., 2007) or wrapping element 

(Shirazi-Adl, 2006). The FL concept was used in this study because of its simplicity. It is a 

compressive force that passes though the vertebral bodies and follows the spine curvature (Fig. 

2.10). 

 

 
Fig. 2.10. Lateral view of the in-vitro follower load technique (Adopted from Renner et al., 

2007). 

 

In addition to the FL, a bending moment was applied to simulate flexed/extended posture. A 

moment was applied to ensure that the magnitude remains equal and constant at all spinal levels 

and to avoid any artifact deformations (Panjabi, 2007). 
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The FL combined with moment is a simplified loading mode which can simulate the 

flexed/extended posture of the spine when it lacks muscles. It is a reasonable approximation of 

the real loading condition and has been used commonly in the FE studies (Rohlmann et al., 

2009). Nonetheless, there are some concerns regarding the capability of this simplified load to 

deliver realistic physiological conditions. Particularly, the magnitudes of the FL and moment for 

which predictions of the FE models approach better the in-vivo data are still controversial. This 

loading mode will be extensively discussed and elaborated in chapter 4.  

2.4. Spinal response 

Spinal response to mechanical loading is usually characterized by spine kinematics (range of 

motion, intervertebral rotation IVRs) and internal loads (stress/strain, forces, moment) developed 

in the spinal structures. 

 

2.4.1. Kinematics 

The total rotation of the vertebra L1 with respect to the vertebral L5 or sacrum, depending if the 

model considers the lumbar spine only or includes the sacrum, describes the total range of 

motion. By plotting the applied moment versus the total rotation, the flexural stiffness of the 

spine can be determined. The relative rotation of a vertebra with respect to its adjacent vertebra 

is called intervertebral rotation (IVR). Measuring these rotations in-vivo and in-vitro is common 

in experimental studies of the spine (Rohlmann et al., 2001; Lin et al., 1994; Panjabi et al., 1994; 

Yamamoto et al., 1989; Pearcy et al., 1984). This data served to validate most of the lumbar 

spine FE models (Ibarz et al., 2013; Park et al., 2013; Goto et al., 2003; Chen et al., 2001). 

Translational movements due to axial deformation and intervertebral shearing also occur during 

spinal movements. However, their measurement is challenging and involves a lot of 

uncertainties.  

 

 

 

 



22 
 

 

 
Fig. 2.11. Lumbar spine after flexion extension movement (Adopted from Pearcy et al., 1984). 

 

2.4.2. Internal loads 

Stress/Pressure 

Spinal loads refer to loads developed in each load-bearing component of the spine. Intradiscal 

pressure (IDP) which refers to the pressure inside the nucleus pulposus (Fig. 2.12), is one of the 

most important parameters assessed in experimental (Wilke et al., 2001; Sato et al., 1999; 

Brinckmann and Grootenboer, 1991) and numerical studies (Dreischarf et al., 2014). IDP is one 

of the determinant parameters which many FE models use for validation purposes. For instance, 

it was the only parameter studied to determine the magnitude of the FL in the work of Rohlmann 

et al. (2009a,b). Although a relation between disc compression and IDP was reported in an in-

vitro study (Brinckmann and Grootenboer, 1991), it is hardly possible to determine this relation 

in in-vivo conditions (Dreischarf et al., 2013). 

 

                                                                 

 

 

 

 

Fig. 2.12. Schematic intradiscal pressure (IDP) in the nucleus pulposus under various loading 

modes. 

 

IDP 
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Assessing strain of the annular fibers gives an idea about states of stress in the annulus ground 

when the disc is loaded. The pressure developed in the nucleus creates tension in the annulus 

fibrosus (Fig. 2.12) which is mainly resisted by the fibers especially those located in the inner 

layers. The posterior and anterior fibers experience higher strain under flexion and extension 

moments, respectively (Fig. 2.13, Schmidt et al., 2007). 

 

 
Fig. 2.13. Location of the predicted tensile strains in the annular fibers under pure moments 

(Adopted from Schmidt et al., 2007). 

 

Stress also develops in the vertebrae under different loading modes. These stresses are high in 

high rate of impact conditions (Terai et al., 2010; El-Rich et al., 2009; El-Rich et al., 2006) and 

should be considered if failure of bone is of interest which is out of the scope of this research. 

Force/Moment 

The load bearing components of the ligamentous spine are the disc, facet joints and ligaments. 

The ligaments are tension only resisting components while the facet joints are responsible for 

articulation between two adjacent vertebrae in the posterior area. In this articulation a contact 

between two adjacent facet surfaces occurs which creates contact force called facet join force 

(FJF). This articulation plays important role in resisting extension movement and reducing the 

ROM. In flexion movement, the facet surfaces of the same articular joint separate usually which 

create zero contact forces unless the flexion movement is associated with high axial compressive 

forces. The disc is the most important load bearing component which withstands force and 

moment. Finding internal force and moment in discs of a 3D FE model is not straight forward 

due to complex structure which includes nucleus pulposus, annulus ground substance and 

collagen fibers. However, the disc loads can be predicted directly in simplified models that 

simulate the disc with 3D beam element (Arjmand and Shirazi-Adl, 2005; El-Rich et al., 2004). 

Measuring the disc loads in in-vivo conditions is very challenging. To our best knowledge, there 

is no data available on disc loads measured in healthy person. Nevertheless, there are some 
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reported forces measured from implant acting on a vertebral body replacement (Dreischarf et al., 

2015) but these forces may not represent normal persons. Also, there is no in-vivo data on the 

FJF, all the reported values were measured on cadaveric spines (Wilson et al., 2006). Tensile 

strain in ligament is usually measured instead of ligament force. Panjabi et al. (1982) reported 

physiologic strains in the lumbar spinal ligaments measured in-vitro.  

 

2.4.3. Spinal load-sharing 

The discs, ligaments, and facet joints (passive structures) are responsible of bearing spinal loads 

while muscles (active structures) facilitate the movement and are mostly responsible for 

stabilization of the spine. A harmonic synergy between the passive and active components of the 

spine is necessary to maintain its normal function. Dysfunction of any spinal component results 

in system perturbation which may lead to immediate compensation from other components, 

long-term adaptation response and/or ultimately injury (Panjabi, 1992). Therefore, understanding 

the interaction of spinal components and their relative contribution in load bearing is crucial to 

the spine function. 

For instance in-vitro experiments by Pollintine et al. (2004) showed that in a healthy spinal 

segment about 92% of the axial load is carried by the disc and the rest by the neural arch in the 

standing posture (Fig. 2.14). A degenerated disc loses its load bearing efficiency and a major 

portion of the load transfers toward the neural arch. If a healthy segment undergoes forward 

flexion load-sharing of the disc becomes higher and almost no load goes to neural arch which 

reveals that disc load-sharing in forward bending is not effected by the disc status (healthy or 

degenerated) (Fig. 2.14). This finding was found by employing the superposition concept i.e. 

subsequent dissection of the spinal components. Otherwise, measuring experimentally the load-

sharing in an intact spinal segment is difficult due to the indeterminacy of the system. The 

experimental data available are useful for model validation. Spinal load-sharing can be 

determined by optimization with reasonable accuracy if appropriate objective function with 

adequate constraints is defined (Goel et al., 1987). Nonetheless, FE models can predict load-

sharing of not only spinal segment but the entire spine. Load-sharing in three spines with 

different geometry was compared in Chapter 5. 
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Fig. 2.14. The effects of posture and disc degeneration on spinal load-sharing (Adopted from 

Pollintine et al., 2004). 
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Abstract 

A harmonic synergy between the load-bearing and stabilizing components of the spine is 

necessary to maintain its normal function. This study aimed to investigate the load-sharing along 

the ligamentous lumbosacral spine under sagittal loading. A 3D nonlinear detailed Finite 

Element (FE) model of lumbosacral spine with realistic geometry was developed and validated 

using wide range of numerical and experimental (in-vivo and in-vitro) data. The model was 

subjected to 500 N compressive Follower Load (FL) combined with 7.5 Nm flexion (FLX) or 

extension (EXT) moments. Load-sharing was expressed as percentage of total internal 

force/moment developed along the spine that each spinal component carried. These internal 

forces and moments were determined at the discs centers and included the applied load and the 

resisting forces in the ligaments and facet joints. The contribution of the facet joints and 

ligaments in supporting bending moments produced additional forces and moments in the discs. 

The intervertebral discs carried up to 81% and 68% of the total internal force in case of FL 

combined with FLX and EXT, respectively. The ligaments withstood up to 67% and 81% of the 

total internal moment in cases of FL combined with EXT and FLX, respectively. Contribution of 

the facet joints in resisting internal force and moment was noticeable at levels L4-S1 only 

particularly in case of FL combined with EXT and reached up 29% and 52% of the internal 

moment and force, respectively. This study demonstrated that spinal load-sharing depended on 

applied load and varied along the spine.       

 

Keywords: lumbosacral spine; internal loads; load-sharing; spinal synergy; finite element analysis; static 

equilibrium; follower load; extension; flexion.   
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3.1. Introduction 

A harmonic synergy between the load-bearing and stabilizing components of the spine is 

necessary to maintain its normal function. The ligamentous spine (devoid of muscles) which 

includes: vertebrae,  endplates, discs, facet joints and ligaments is responsible for carrying and 

transferring loads to the hip and lower joints whereas the spine muscles provide both passive and 

active actions to maintain the spine stability. The biomechanical response of the ligamentous 

lumbar spine to mechanical load in terms of range of motion (ROM), intervertebral rotations 

(IVR), facet joints forces (FJF), intradiscal pressure (IDP) in the nucleus pulposus, and stress in 

the annulus fibrosus has been comprehensively studied (Park et al., 2013; Schmidt et al., 2010; 

Little et al., 2008; Goto et al., 2003). Forces in the spinal ligaments (Alapan et al., 2014; Wang et 

al., 1999) as well as forces and moments in the discs (Arjmand and Shirazi-Adl, 2006; El-Rich et 

al., 2004) were also predicted. Dysfunction of any spinal component results in system 

perturbation which may lead to immediate compensation from other components, long-term 

adaptation response and/or ultimately injury (Panjabi, 1992). Therefore, understanding the 

interaction of spinal components and their relative contribution in load-bearing (spinal load-

sharing) is crucial to the spine function. 

The load-sharing in cadaveric lumbar Functional Spinal Units (FSUs) subjected to extension 

(Adams et al., 1988) as well as flexion (Adams et al., 1980) has been investigated by removing 

the FSU’s components one by one and then comparing the responses of the altered and intact 

FSUs. Similar approach was used in a numerical study conducted by Sharma et al. (1995) in 

which the effect of ligaments and facet joints partial/total removal on rotational instabilities of 

lumbar FSU was investigated. This approach provided important insights onto the role of each 

spinal component in the functional mechanism of an altered FSU after ligaments removal, 

facetectomy, or nucleotomy (Ivicsics et al., 2014; Noailly et al., 2007; Najarian et al., 2005; 

Sharma et al., 1995). However, using this superposition approach is not appropriate to explain 

the load-sharing in an intact FSU or a whole spine as it neglects the nonlinear interaction 

between spinal components while carrying load. 

On the other hand, static equilibrium equations were used to estimate the forces in lumbar FSUs 

subjected to extension/lateral bending coupled or not with compressive preload (Goel et al., 

1987). The multibody approach was also employed to study the load-sharing of the lumbar L4-5 

FSU under extension/flexion moment (Abouhossein et al., 2011). The load-sharing in cervical 
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FSUs was also studied by comparing the strain energy (Mustafy et al., 2014) and load carrying 

proportion (Panzer and Cronin, 2009; Goel and Clausen, 1998) among the spinal components 

using the Finite Element (FE) method.  

The aforementioned studies have definitely provided valuable insight onto the spinal load-

sharing, however, to our best knowledge there is no information on how spinal load-sharing 

varies with loading mode along the lumbosacral spine. This study aimed to investigate the load-

sharing in the ligamentous lumbosacral spine under flexion (FLX) and extension (EXT) moment 

coupled with compressive follower load (FL) using nonlinear FE modeling. A 3D nonlinear 

detailed FE model with realistic geometry developed at tissue level was used. The responses of 

this model to various loading scenarios were compared to available numerical and experimental 

results (Dreischarf et al., 2014). The equilibrium conditions in all directions were satisfied at 

each spinal level to estimate the internal forces and moments in the spinal components. These 

internal loads were used to calculate the spinal load-sharing. In addition, the ROM, IVR, IDP, 

and strain in the annular fibers, were also determined.  

 

3.2. Materials and methods 

3.2.1. 3D geometry acquisition 

3D geometry of the bony structures which consist of the vertebrae L1 through L5 (L1-5) and the 

sacrum was reconstructed from a 20 years old male CT-Scans of 1 mm thickness taken from the 

University of Alberta Hospital data base. Segmentation was performed using the medical image 

processing software Mimics (MIMICS Research 17.0, Materialise, Belgium). Then, the 

geometry was cleaned from spikes and sharp edges using the software Geomagic Studio 

(Geomagic Studio 2014, 3D Systems, USA) (Fig. 3.1a).  

 

3.2.2. Mesh generation 

The obtained geometry was meshed using the software Hypermesh (Hyperworks 12.0, Altair, 

USA) (Fig. 3.1b). The cortical bone and endplates were meshed using 3-node shell elements with 

a uniform thickness of 1 mm. The cortical bone was then filled with 4-node (tetrahedral) solid 

elements to represent the cancellous core. The mesh of two intervening endplates was used to 

create the disc by extruding 7 circumferential layers of solid elements for the annulus fibrosus 

ground enclosing the nucleus mesh (Fig. 3.1b). These layers were reinforced by unidirectional 
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springs distributed in concentric lamellae with crosswise pattern close to ±35° (El-Rich et al., 

2009; Schmidt et al., 2007) to represent the annular fibers (Fig. 3.1b). The disc volume was 

divided with a proportion according to the histological findings (44%_nucleus and 

56%_annulus) (El-Rich et al., 2009; Schmidt et al., 2006). The ligaments included the Anterior 

Longitudinal Ligament (ALL), Posterior Longitudinal Ligament (PLL), Capsular Ligament (CL), 

Intertransverse Ligament (ITL), Ligamentum Flavium (LF), Supraspinous Ligament (SSL), and 

Interspinous Ligament (ISL) and were modeled by unidirectional springs (Breau et al., 1991). A 

frictionless surface to surface contact with minimum gap distance equal to 2 mm was used to 

simulate the facet joint articulation. A fine mesh particularly in the facet joints areas was used to 

ensure the accuracy of the predicted response (Ayturk and Puttlitz, 2011). 

                                                                                                                                                                      

 

 

 

 

 

 

 

Fig. 3.1. Step-by-step FE model creation. 

 

3.2.3. Material properties 

The behavior of the bony structures and cartilaginous endplates was assumed linear elastic while 

the annulus and nucleus were governed by hyper-elastic material law using the first-order of 

Mooney–Rivlin formulation. The properties are summarized in Table 3.1. Nonlinear force 

displacement curves adopted from Rohlmann et al. (2006) (Table 3.1) were assigned to the 

ligament springs to resist tension only. The annular fibers had nonlinear force displacement 

relationship with stiffness increasing from inner to outer lamella (Schmidt et al., 2006; Shirazi et 

al., 1986).  
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Table 3.1. Material properties of the spinal components. 
Spinal Components Material Behaviour Mechanical Properties Reference 

B
on

e 

Cortical Bone 

Linear Elastic 

E=12000 (MPa) v=0.30 Park et al., 2013;  
Goto et al., 2003 

Cartilaginous Endplate E=23.8 (MPa) v=0.40 Schmidt et al., 2007;  
Goto et al., 2003 

Cancellous Bone E=200 (MPa) v=0.25 Shih et al., 2013;  
Schmidt et al., 2007 

D
is

c Annulus Ground  
Substance Hyper-Elastic 

(Mooney-Rivlin) 
C10=0.18 C01=0.045 El-Rich et al., 2009; 

Schmidt et al., 2007 Nucleus Pulposus C10=0.12 C01=0.030 
 

 
 Strain 

(%) 
Stiffness 
(N/mm) 

Strain 
(%) 

Stiffness 
(N/mm) 

Strain 
(%) 

Stiffness 
(N/mm) 

Strain 
(%) 

Stiffness 
(N/mm) 

Refe-
rence 

L
ig

am
en

ts
 

ALL 

ε < 0 0 

0 < ε < 12.2 347 12.2 < ε < 20.3 787 20.3 < ε 1864 

Ro
hl

m
an

n 
 

et
 a

l. 
(2

00
6)

 PLL 0 < ε < 11.1 29.5 11.1 < ε < 23 61.7 23 < ε 236 
CL 0 < ε < 25 36 25 < ε < 30 159 30 < ε 384 
ITL 0 < ε < 18.2 0.3 18.2 < ε < 23.3 1.8 23.3 < ε 10.7 
LF 0 < ε < 5.9 7.7 5.9 < ε < 49 9.6 49 < ε 58.2 

SSL 0 < ε < 20 2.5 20 < ε < 25 5.3 25 < ε 34 
ISL 0 < ε < 13.9 1.4 13.9 < ε < 20 1.5 20 < ε 14.7 

 

3.2.4. Loading and boundary conditions 

The FE analyses were conducted using the implicit solver of Abaqus (Abaqus 6.13-4, Dassault 

Systems Simulia Corp., USA). To minimize the intervertebral rotations and improve the spine 

stability under compression while it lacks muscles, the model was subjected to compressive FL 

whose line of action followed the spine curvature and passed through the vertebral bodies 

centroids (Fry et al., 2014; Kim et al., 2011, Renner et al., 2007; Shirazi-Adl, 2006). This FL was 

applied using pre-compressed unidirectional springs inserted between the centroids of two 

adjacent vertebral bodies (Fig. 3.1c) (Naserkhaki et al., 2014). 

 

Validation tests 

As the available numerical and experimental data used for validation correspond to the lumbar 

spine, only the segment L1-5 of the current model was used in the comparison (validation) tests. 

It was subjected to a FL of similar magnitude along the spine combined or not with EXT/FLX 

moments (Table 3.2) applied at the centroid of L1’s vertebral body. The model response was 

compared to in-vivo and in-vitro data as well as the median response of eight published FE 

models (Dreischarf et al., 2014). 
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Table 3.2. Loading scenarios. 

 Loading 
Combinations 

FL  
(N) 

Moment 
(Nm) 

References 

Validation Tests 

FL+EXT 100 10 Panjabi et al., 1997 FL+FLX 100 10 
EXT - 7.5 Heuer et al. 2007; Rohlmann et al., 2001 FLX - 7.5 
FL 1000 - Brinckmann and Grootenboer, 1991 

FL+EXT 500 7.5 Rohlmann et al., 2009 FL+FLX 1175 7.5 

Load-Sharing Study FL+EXT 500 7.5 - FL+FLX 7.5 
 

Load-sharing study 

The lumbosacral spine model was fixed at the lower sacrum level and free to move elsewhere 

(Fig. 3.1c). A FL of 500 N was initially applied to the model and then coupled with 7.5 Nm 

EXT/FLX moments.  

 

3.2.5. Load-sharing calculation 

At the deformed configuration, an imaginary section was created at each segmental level and 

Free Body Diagrams (FBDs) of the upper vertebrae were drawn. The internal forces and 

moments in the discs were calculated using the equilibrium equations which included the applied 

loads and the forces in the ligaments and facet joints predicted by the FE model. These forces 

were represented as vectors with known coordinates and directions; the FJF was normal to the 

articular surface at each contact node while the ligament force was aligned with the ligament 

direction at the deformed shape (Fig. 3.2). For instance, the FBD of the vertebra L1 used to 

calculate the forces and moments in the disc L1-2 is shown in Fig. 3.2. These loads were 

calculated as follows:  

 

Ԧܨ∑ ൌ 0ሬԦ 					→ ݏଓܦ					 ܿሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ ൌ ሬሬሬሬԦܮܨ  ሬሬሬሬሬሬሬԦܨܬܨ                         ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ	పݐଓ݃ܽ݉݁݊ܮ∑

ሬሬԦܯ∑ ൌ 0ሬԦ 	→ ௧ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦܿݏଓܦ			 ൌ ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦݐ݊݁݉ܯ	ଓ݈݁݀ܣ  ிிሬሬሬሬሬሬሬԦݎ ൈ ሬሬሬሬሬሬሬԦܨܬܨ  ప௧ഢሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦݎ ൈ      ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ	పݐଓ݃ܽ݉݁݊ܮ
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Fig. 3.2. FBD of the isolated disc, L1 vertebra and ligaments at level L1-2. The FJF vectors are 

normal to the articular surface at each contact node. The FJ resultant force is schematically 

represented in the FBD. 

 

Where ሬሬሬԦ indicates force vector expressed in the global coordinate system X,Y,Z (Fig. 3.1c) and 

i corresponds to the seven ligaments. ݎிிሬሬሬሬሬሬሬԦ is direction vector for the FJF and ݎప௧ഢሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦ is 

direction vector for each ligament force. The moments were calculated about the disc center. 

In addition, these force and moment vectors were defined in the local (disc) coordinates system 

(Fig. 3.2b) to determine the compression, anterior-posterior, and lateral shear experienced by the 

disc.  

The compression, shear and moments in the discs were produced by both the applied loads and 

the resisting action of the ligaments and facet joints. 

The spinal load-sharing was estimated by calculating the percentage of the total internal 

force/moment at each level that the disc, facet joints and ligaments carried. The total internal 

force-sharing was calculated as: 

݁ܿݎܨ	ܿݏ݅ܦ െ ݁ݎ݄ܽܵ ൌ 100ሺ
หܦଓݏ ܿሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦห

݁ܿݎܨ	݈ܽ݊ݎ݁ݐ݊ܫ	݈ܽݐܶ
ሻ 

݁ܿݎܨ	ݐ݊݁݉ܽ݃݅ܮ െ ݁ݎ݄ܽܵ ൌ 100ሺ
∑หܮଓ݃ܽ݉݁݊ݐప,ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦห
݁ܿݎܨ	݈ܽ݊ݎ݁ݐ݊ܫ	݈ܽݐܶ

ሻ 

݁ܿݎܨ	ܬܨ െ ݁ݎ݄ܽܵ	 ൌ 100ሺ
หܨܬܨሬሬሬሬሬሬሬԦห

݁ܿݎܨ	݈ܽ݊ݎ݁ݐ݊ܫ	݈ܽݐܶ
ሻ 

݁ܿݎܨ	݈ܽ݊ݎ݁ݐ݊ܫ	݈ܽݐܶ ൌ หܦଓݏ ܿሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦห  หܨܬܨሬሬሬሬሬሬሬԦห หܮଓ݃ܽ݉݁݊ݐప,ሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬሬԦห 

 

The total internal moment-sharing was estimated using similar equations with the moments of 

the spinal components evaluated at the disc centre.  
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3.3. Results 

3.3.1. Validation test 

The L1-5 total rotation predicted by the model was close to the upper limit and 2.5º less than the 

lower limit of the in-vitro data reported by Rohlmann et al. (2001) under EXT and FLX 

respectively (Fig. 3.3a).  

 

           

                                                      
 

                     

                                                           
 

Fig. 3.3. Model response vs. numerical and experimental data: the numerical data are based on 

the FE studies by Dreischarf et al. (2014), a) ROM (in-vitro data from Rohlmann et al. (2001)), 

b-e) FJFs (in-vitro data from Wilson et al. (2006)), c-f) IDPs (in-vitro data from Brinckmann and 

Grootenboer (1991) and in-vivo data from Wilke et al. (2001), d) IVRs (in-vivo data from Pearcy 

and Tibrewal (1984), Pearcy et al. (1984) and Pearcy (1985)). 
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Variations of IVR at different levels with moment were in acceptable agreement with the in-vitro 

data reported by Heuer et al. (2007) and Guan et al. (2007) but smaller than those reported by 

Panjabi et al. (1994) particularly under FLX (Fig. 3.4). The median of the FJFs predicted at 

levels L1-5 in pure EXT was inside the in-vitro range as well (Fig. 3.3b). The IDP in the disc L4-

5 increased with the FL and followed the in-vitro median value (Fig. 3.3c). Additionally, results 

of the current model fell within the ranges predicted by other FE models (Fig. 3.3a,b,c). 

In case of FL+EXT, the model predicted IVRs in good agreement with the in-vivo values (Fig. 

3.3d). Nonetheless the current model like the other FE models predicted smaller IVRs under 

FL+FLX compared to in-vivo values. At levels L2-3 and L4-5, the predicted FJFs were inside the 

numerical range and 20 N and 63 N higher than their median (Fig. 3.3e). However, the model 

predicted smaller FJFs at levels L1-2 and L3-4. The IDP at all levels agreed very well with the 

median of the numerical results (Fig. 3.3f). The IDP at level L4-5 was 0.09 MPa and 0.33 MPa 

smaller than the in-vivo value in FL+EXT and FL+FLX cases, respectively. 

 

  

  
 

Fig. 3.4. Comparison of the IVRs from current FE model and in-vitro data. 

 

-6

-3

0

3

6

9

12

-10 -8 -6 -4 -2 0 2 4 6 8 10

IV
R

 (º
)

Moment (Nm)

L1-2

-6

-3

0

3

6

9

12

-10 -8 -6 -4 -2 0 2 4 6 8 10

IV
R

 (º
)

Moment (Nm)

L2-3

-6

-3

0

3

6

9

12

-10 -8 -6 -4 -2 0 2 4 6 8 10

IV
R

 (º
)

Moment (Nm)

L3-4

-6

-3

0

3

6

9

12

-10 -8 -6 -4 -2 0 2 4 6 8 10

IV
R

 (º
)

Moment (Nm)

L4-5

Current Study Guan et al., 2007 Heuer et al., 2007 Panjabi et al., 1994

EXT FLX 

EXT FLX EXT FLX 

EXT FLX 



 

42 
 

3.3.2. Response of the lumbosacral spine 

Kinematics 

Applying the FL caused slight flexion. The L1-S1 total rotation was equal to 1.3º, 16.8º, and 

23.5º under the FL, FL+EXT, and FL+FLX, respectively (Fig. 3.5a). The smallest IVRs occurred 

at levels L2-3 (3º) and L1-2 (3.4º) under FL+EXT and FL+FLX, respectively. The largest IVR 

was found at level L4-5 in both load combinations (3.6º for FL+EXT, 5.3º for FL+FLX) (Fig. 

3.5b).  

           

                                                     

Fig. 3.5. Response of the lumbosacral spine to combined loads: a) Moment-rotation curve, b) 

IVRs, c) IDP. 

 
Internal loads in the discs  

FL produced IDP which decreased from level L1 to level L4. Adding EXT decreased the IDP 

whereas an increase in IDP was found in the FLX case (Fig. 3.5c). The disc L1-2 experienced the 

highest IDP while the lowest magnitude was found in the disc L4-5 in all loading cases.  

FL+EXT produced high tensile strain in the collagen fibers particularly in the posterolateral area 

of the outermost lamella and in the anterior area of the innermost lamella. In case of FL+FLX, 

higher strains were developed in the anterolateral area of the innermost lamella and were 

extended to outer lamellae in the discs L4-5 and L5-S1 (Fig. 3.6). 
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 FL+EXT FL+FLX  

L1-2 

L2-3 

L3-4 
 

      

L4-5 

L5-S1 

Fig. 3.6. Tensile strain distribution in the annular fibers at levels L1-S1. 

 
When combined with FL, FLX increased compression by 30% in all discs while EXT 

decreased it by up to 40% at level L5-S1. Sagittal shear occurred in both loading modes and its 

magnitude was higher in case of FL and EXT at levels L4-S1 (it reached up to 110N at level L4-

5). Small lateral shear (up to 28N at level L4-5) was produced at all levels in both loading cases 

(Fig. 3.7a). In general, when coupled with FL, EXT produced higher internal moment in the 

sagittal (up to 3Nm at level L1-2) and axial (up to 1Nm at level L4-5) compared to FLX. 

Magnitude and direction of internal moment in the lateral direction varied with loading mode 

along the spine. The maximum magnitude reached 1.1Nm at levels L4-5 and L5-S1 under FL 

with FLX and FL with EXT, respectively (Fig. 3.7b). Moments in the sagittal direction were 

generally more significant than in the axial and lateral directions.  

 

         
                                

Fig. 3.7. Internal forces (a) and moments (b) in L1-S1 discs. 
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Spinal load-sharing  

In addition to the FL, the discs, ligaments and facet joints resisted additional forces up to 220 N 

and 483 N resulting from coupling FL with EXT and FLX, respectively (Figs. 3.8a-b). Also, the 

resisting forces in these components added extra moments to the applied FLX and EXT 

moments. These extra moments were calculated at the discs centers (Figs. 3.8c-d). The 

magnitudes of the additional forces were greater in case of FL+FLX with highest magnitude in 

the level L5-S1, whereas, the additional moments had counter effect and reduced the applied 

moment by up to 0.5 Nm except at level L5-S1. Unlike FLX, coupling FL with EXT produced 

larger additional moments up to 2.7 Nm and their magnitudes increased from the cranial to 

caudal levels.  

 

 

 

 

 
 

* The total internal force/moment including applied FL+EXT/FLX and spinal components resisting action. 
† Moments evaluated at discs centers. 

 
Fig. 3.8. Internal loads distribution in spinal segments L1-S1 calculated from equilibrium 

considerations. 
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The FL+FLX was mainly resisted by the disc and the CL ligament at all levels. Silent 

contribution of the ligaments LF, SSL, and ISL was found at all levels as well as the facet joints 

except at the level L5-S1. In the EXT case, the load was carried by the disc and CL and ALL 

ligaments at all levels as well as the facet joints particularly at levels L4-S1 (Fig. 3.8). 

The discs resisted almost 80% of the total force produced by the FL+FLX and the ligaments 

carried the remaining 20% at levels L1-5. At level L5-S1, the disc, ligaments, and facet joints 

resisted 66%, 21%, and 13% of the total force respectively (Fig. 3.9). The ligaments resisted 

77% of the total moment (i.e. applied and resulting from the spinal components resistance) 

produced by FL+FLX while the remaining 23% was carried by the discs at levels L1-5. At level 

L5-S1, the ligaments, disc and facet joints carried 81%, 6%, and 13% of the total moment, 

respectively. 

In the case of FL+EXT, the total force was shared by the disc and ligaments in proportion of 

64% and 36% respectively at L1-2 level (Fig. 3.9). At levels L2-S1, the disc, ligaments, and facet 

joints contribution in carrying load varied between 51% and 63%, 15% and 35%, and 4% and 

29%, respectively. The disc resisted 34% of the total moment while the remaining 65% was 

carried by the ligament at level L1-2. At levels L2-S1, the proportions carried by the discs, 

ligaments, and facet joints varied between 24% and 28%, 20% and 68%, 8% and 52%, 

respectively.   

 

       
 

Fig. 3.9. Load-sharing along the spine under all loading cases: a) force-sharing, b) moment-

sharing. 
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3.4. Discussions  

The current study used a 3D nonlinear FE model with real and detailed geometry. To investigate 

the spinal load-sharing in ligamentous lumbosacral spine in flexed and extended posture, FL 

coupled with FLX/EXT moments was applied (Rohlmann et al., 2009). Although the FL concept 

is widely used in experimental and numerical studies of lumbar spine with no muscles, we are 

however aware of its limitations in simulating physiological flexion-extension movement. In 

general, the FL has constant magnitude and is combined with flexion/extension moment whereas 

previous studies have demonstrated that under flexed or extended posture, spinal compression 

substantially increased compared to neutral condition with no external moments (El-Rich et al, 

2004; Arjmand and Shirazi-Adl, 2006). In addition, the FL magnitude of 1175N used by 

Rohlmann et al. (2009) to mimic the IDP in physiological flexion is significantly greater than 

disc force (640N) measured in-vivo recently by Dreischarf et al. (2015) which confirms the 

necessity of thorough investigation of the spinal response sensitivity to FL and moment 

magnitude.  The model was kept free to move out of the sagittal plane to assess the coupling 

lateral and axial responses and it used material properties taken from literature. The time-

dependent properties of the spinal components as well as the fluid-flow phenomenon in the disc 

and porous bone were not considered as the current model studied only the spine response to 

static loads. The disc bulge resulted from the pre-stressed ligaments (Little et al., 2008.) was not 

considered in this study.  

 

3.4.1. Model validation 

The model was validated against various reported in-vitro data by applying similar loading 

conditions. However, the in-vivo measurements available in the literature were rather used to 

verify the model prediction as they resulted from different loading and environment (in-vivo) 

conditions. Also predictions of the current model were compared with the median of eight 

published FE models.  

The ROM produced by pure EXT/FLX moments or FL combined with EXT/FLX fell well 

within the range predicted by previous numerical, in-vitro, and in-vivo studies. However, like the 

majority of the previous numerical models mentioned here, the current model demonstrated 

relatively stiffer response to FLX while its response to EXT compared satisfactory well with 

experimental data reported by Rohlmann et al. (2001) and Panjabi et al. (1994). Nevertheless, the 
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FLX response was in a better agreement with other recent in-vitro data (Guan et al., 2007; Heuer 

et al., 2007). The IVRs produced by the FL+EXT/FLX were also in good agreement with 

numerical results but smaller than the in-vivo data in the FL+FLX case which confirms the 

limitations of applying FL combined with bending moments to mimic the in-vivo conditions. The 

segmental FJFs produced by EXT or FL+EXT compared very well with experimental and 

numerical ranges. However, the model predicted smaller FJFs at levels L1-2 and L3-4 which is 

most likely due to the facet joints geometry. The segmental IDP also matched well the numerical 

and experimental results in all loading scenarios. In general, the response of the current model to 

all loading scenarios was in good agreement with most of the published FE models and its 

predictions were close to in-vivo and in-vitro available data.  

 

3.4.2. Response of the lumbosacral spine  

The model predicted nonlinear response to FL+EXT/FLX with stiffer behavior in EXT due to the 

facet joints role in supporting EXT moment. The IVRs were unequal which might be caused by 

the variation in geometry of the discs and facet joints along the spine (Meijer et al., 2011; 

Dupont et al., 2002; Robin et al., 1994). The FL+FLX increased significantly the IDP (up to 

40%) at all levels which augmented the discs loads (Dolan and Adams, 2001). Whereas, a 

decrease in IDP (up to 23%) was found under FL+EXT particularly at levels L2-3 and L5-S1 due 

to the facet joints support. The IDP produced high tensile hoop stress in the annulus particularly 

in the innermost lamella leading to high tensile strains in the annular fibers. In the FL+FLX case, 

the location of higher tensile strains was found in the posterolateral area of the innermost lamella 

while the FL+EXT load produced high tensile strains in the anterior and anterolateral regions of 

the disc which agreed with previous findings (Schmidt et al., 2007). High tensile strains were 

also found in the posterolateral region of the outermost lamella under FL+EXT indicating the 

potential location of disc bulge (Adams et al., 1988). Adding FLX/EXT to the FL affected the 

compression and produced sagittal shears and internal moments with variable magnitude and 

direction at all disc levels. It also produced lateral shears and moments as well as axial moments 

due to the spine asymmetry and the boundary conditions applied. 

Internal loads and load-sharing  

Understanding the spinal load-sharing is very relevant in clinical applications (Adams, 2004). In 

the current study, it was determined as the percentage of the total internal forces or moments 
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produced along the spine that each spinal component carried. These internal loads were 

calculated at each level using the equilibrium considerations to account for the applied load as 

well as the resisting actions of the spinal components. Results demonstrated that spinal load-

sharing varied along the spine and depended on the applied load. The contribution of the facet 

joints and ligaments in supporting bending moments produced additional force in the disc which 

explains the significant increase of IDP under FL+FLX loading. There were also additional 

moments which their magnitudes depended on the ligaments and facet joints locations with 

respect to the discs centers. These findings revealed a trade-off between the contribution of 

ligaments and facet joints in load support and the amount of forces and moments that they 

produced in the discs in addition to the applied load. Moreover, due to its posterior location with 

respect to the discs centers (Kim et al., 2011); the FL produced small moments at the discs 

centers. These moments increased under FL+EXT as the distance between the FL and the discs 

centers increased but they decreased in the FL+FLX case.  

In the FL+EXT case, small contribution of the facet joints was found at cranial levels (L1-L4) as 

the internal forces and moments were mainly resisted by the discs and ligaments, respectively. 

This study demonstrated the resistance of the ligament CL and facet joints to extension 

movement which agreed with in-vitro findings (Dolan and Adams, 2001; Adams et al., 1988). At 

the caudal levels (L4-S1), the role of the facet joints was more evident particularly in carrying 

internal moments. While the discs moment-sharing was almost similar at all levels, contribution 

of the facet joints in resisting moment was more significant at levels L4-S1 which reduced the 

ligament moment-sharing at that levels. . Similarly, the internal forces and moments produced by 

FL+FLX were mainly supported by the discs and ligaments, respectively. Only at level L5-S1 

the facet joints and the discs shared small portion of the internal forces and moments while the 

ligaments contribution remained similar at all levels. Results of the current study not only 

confirmed the resistance of posterior ligaments to flexion moment (Dolan and Adams, 2001; 

Adams et al., 1980) but also revealed their beneficial role in reducing the discs moments. 

In conclusion, load-sharing in ligamentous lumbosacral spine subjected to FL combined with 

FLX/EXT varied along the spine and depended on applied load.  
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Abstract 

The Follower Load (FL) combined with moments is commonly used to approximate 

physiological flexed/extended posture of the lumbar spine in absence of muscles in Finite 

Element (FE) and in-vitro studies. A wide range of magnitudes was used to simulate the flexed 

posture but there is a lack of consensus as to what magnitudes simulate better the physiological 

conditions. These magnitudes were selected such that the intradiscal pressure (IDP) and/or 

intervertebral rotations (IVRs) predicted or measured mimic the in-vivo values while the disc 

loads were ignored due to lack of in-vivo data. In this study, sensitivity of the spinal response to 

different FL and flexion moment magnitudes was investigated using a 3D nonlinear FE model of 

ligamentous lumbosacral spine. Optimal magnitudes of FL and moment that minimize deviation 

of the model predictions from in-vivo data were determined. Results revealed that the spinal 

parameters i.e. the IVRs, disc moment, and the increase in disc force and moment from neutral to 

flexed posture were more sensitive to moment magnitude than FL magnitude in case of flexion. 

The disc force and IDP were more sensitive to the FL magnitude than moment magnitude. The 

optimal ranges of FL and flexion moment magnitudes were 900N-1100N and 9.9Nm-11.2Nm, 

respectively. The FL magnitude had reverse effect on the IDP and disc force. Thus, we could not 

find single magnitude for FL or flexion that minimizes the deviation of all the spinal parameters 

together from the in-vivo data. To obtain reasonable compromise between the IDP and disc force, 

our findings recommend that FL of low magnitude must be combined with flexion moment of 

high intensity and vice versa. In addition, it is speculated that applying FL with increasing 

magnitude from level L1-2 to level L5-S1 will improve the FE model predictions and simulate 

better the neutral and flexed postures of the lumbosacral spine. 

 

Keywords: Lumbosacral spine; sensitivity; optimal load; follower load; finite element study. 
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4.1. Introduction 

Although muscle forces were predicted in some studies of spinal response (Rohlmann et al., 

2006; Arjmand and Shirazi-Adl, 2005; El-Rich et al., 2004; Goel et al., 1993), most of in-vitro 

(Fry et al., 2014; Rohlmann et al., 2001) and Finite Element (FE) studies (Naserkhaki et al., 

2015; Dreischarf et al., 2014; Schmidt et al., 2010; Rohlmann et al., 2009b; Goto et al., 2003) 

have omitted the muscular system due to its complexity and redundancy and have used the 

concept of Follower Load (FL) (Patwardhan et al., 1999) as an approximation to physiological 

conditions. It is well known that FL minimizes the intervertebral rotations (IVRs) and improves 

the spine resistance to high compressive force when it lacks muscles. Among the various 

simplified loading modes applied to simulate the complex behavior of the lumbar spine, a FL 

with magnitude of 500N was found to be the best loading mode to simulate standing posture for 

which the intradiscal pressure (IDP) predicted by FE model agreed well with in-vivo data 

(Rohlmann et al., 2009a). It was also demonstrated that applying upper body weight, FL, and 

muscle forces together or FL combined with a bending moment to simulate flexion and extension 

delivers results in good agreement with in-vivo data (Rohlmann et al., 2009b). Bending moment 

was applied to ensure that its magnitude remains equal and constant at all spinal levels (Panjabi, 

2007; Rohlmann et al., 2001; Oxland et al., 1992).  Moreover, in previous in-vitro studies a wide 

range of bending moment magnitudes was applied to simulate the physiological movement of the 

lumbar spine accurately. These magnitudes varied between 4.0Nm (Guan et al., 2007), 7.5Nm 

(Niosi et al., 2008; Sawa and Crawford, 2008; Rohlmann et al., 2001) and 10Nm (Kiapour et al., 

2012; Yamamoto et al., 1989). In FE studies, moments with magnitudes of 7.5Nm (Dreischarf et 

al., 2014; Woldtvedt et al. 2011; Rohlmann et al., 2009b) and 10Nm (Chen et al., 2013; Park et 

al., 2013; Goto et al., 2003; Robin et al., 1994) were applied on the most superior vertebra of the 

lumbar spine to simulate flexion/extension movement. A higher magnitude of moment equal to 

15-20Nm was applied to investigate the response of the lumbar spine to sagittal/lateral moments 

(Wang et al., 1999; Shirazi-Adl, 1994). In most of these studies, moments with similar 

magnitude but opposite directions were applied to simulate flexion/extension.  

In a recent study that compared the IVRs predicted by eight published FE models of intact 

lumbar spine with in-vivo data, it was found that applying 7.5Nm moment is inadequate to 

simulate flexion (Dreischarf et al., 2014). Optimal load combinations of 700N FL and 7.8Nm 

lateral bending (Dreischarf et al., 2012) as well as 720N FL and 5.5Nm axial moment 
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(Dreischarf et al., 2011) were found to have the best agreement with averaged in-vivo IVRs and 

IDP data. Furthermore, Rohlmann et al. (2009b) suggested that a 500N FL produces reasonable 

IDP in extension while higher magnitude (1175N) is needed to predict realistic IDP in flexion. 

Other magnitudes of FL ranging from 265N to 500N were also considered in FE models 

(Naserkhaki et al., 2015; Chen et al., 2013; Park et al., 2013; Goto et al., 2003) which 

approximately represent the compression in the discs in neutral standing posture (Kim and Kim, 

2008; El-Rich et al., 2004).   

The FL was found to increase the IDP in lumbar discs, slightly reduces the IVRs for axial 

rotation, and hardly affects IVRs for lateral bending and flexion/extension loading modes 

(Rohlmann et al., 2001). Nevertheless, force and moment produced in the intervertebral discs 

were not assessed in previous studies of loading modes that simulate physiological conditions 

which is probably due to lack of in-vivo data. Moreover, our recent study has revealed that 

resistance of ligaments to flexion creates additional compressive force and moment in the lumbar 

discs, while a reduction of compressive force was found in the extension case due to the articular 

facet joints contribution (Naserkhaki et al. 2015). Thus, magnitude of the FL and combined 

moment should consider not only the IDP and IVRs, but also the internal force and moment 

developed in the discs. 

This study aimed to investigate sensitivity of the mechanical response of ligamentous 

lumbosacral spine to magnitudes of FL and combined flexion moment using FE modeling. It also 

sought to define optimal ranges of FL and flexion moment magnitudes that produce spinal 

response in terms of IVRs, IDP, and disc force and moment in agreement with in-vivo data.     

 

4.2. Materials and methods 

4.2.1. FE model 

A validated FE model of ligamentous lumbosacral spine (Naserkhaki et al., 2015; Naserkhaki et 

al., 2014) was employed in this study. Briefly, it consisted of five lumbar vertebrae L1 to L5 

(L1-5), sacrum, intervening discs, and surrounding ligaments (Fig. 4.1a). The behavior of the 

cortical and cancellous bones was assumed linear elastic while the nucleus and annulus were 

modeled using hyper-elastic material law. The annular fibers and ligaments were simulated using 

nonlinear springs which resist tension only. The material properties are summarized in Table 4.1. 

The facet joint articulation was simulated by frictionless surface to surface contact. 
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Table 4.1. Material properties of the spinal components. 

Spinal Components Material 
Behaviour 

Mechanical Properties References 

B
on

e 

Cortical Bone 

Linear Elastic 

E=12000 (MPa) v=0.30 Park et al., 2013;  
Schmidt et al., 2007;  

Goto et al., 2003 

Cartilaginous 
Endplate E=23.8 (MPa) v=0.40 

Cancellous Bone E=200 (MPa) v=0.25 

D
is

c Annulus Ground  
Substance 

Hyper-Elastic 
(Mooney-

Rivlin) 

C10=0.18 C01=0.045 El-Rich et al., 2009; 
Schmidt et al., 2007 Nucleus Pulposus C10=0.12 C01=0.030 

 

Annular Fibers Nonlinear Force Displacement Curve Schmidt et al., 2006; 
Shirazi-Adl et al., 1986 

Ligaments Nonlinear Force Displacement Curve Rohlmann et al. (2006) 
 

Only the lower sacrum was constrained in all degrees of freedom while all other components 

were free to move (Fig. 4.1b). A FL with constant magnitude along the spine was applied using 

preloaded unidirectional springs inserted between two adjacent vertebral bodies (Fig. 4.1b). The 

flexion moment was applied at the centroid of the vertebra L1. In separate cases, four 

magnitudes (500N, 700N, 900N or 1100N) of FL combined with flexion moment which 

increased from 0 to 20Nm were applied to the model. The moment increased with automatic 

increments not exceeding 0.05Nm. The IVRs and IDPs were predicted by the FE model while 

the forces and moments produced in the discs were calculated at the discs centers by satisfying 

the equilibrium conditions (Naserkhaki et al., 2015). 

 
 

Fig. 4.1. 3D FE Model of the lumbosacral spine. 

a) 3D Mesh b) Boundary and 
Loading Condition  

Flexion
Etension 

FL 

Completely 
Fixed
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4.2.2. Optimization 

Optimal magnitudes of FL and combined flexion moment were determined by minimizing the 

deviation (error) of the predicted disc force, disc moment, increase in disc force, and increase in 

disc moment at level L1-2 as well as IDP in the disc L4-5 and IVRs at levels L1-S1 considered 

together from their corresponding mean in-vivo values as follows: 

ைܨ ൌ ܽ ቈሺ
ܦܫ ܲସିହಷಶ െ ܦܫ ܲସିହି௩௩

ܦܫ ܲସିହି௩௩
ሻଶ  ܾ   ሺ

ಷಶܴܸܫ െ ି௩௩ܴܸܫ
ି௩௩ܴܸܫ

ሻଶ
ହିௌଵ

ୀଵିଶ

൩

 ܿ ቈሺ
ଵିଶ_ிாܨ െ ଵିଶ_ି௩௩ܨ

ଵିଶ_ି௩௩ܨ
ሻଶ  ሺ

ଵିଶିூ_ிாܨ െ ଵିଶିூ_ି௩௩ܨ
ଵିଶିூ_ି௩௩ܨ

ሻଶ

 ሺ
ଵିଶ_ிாܯ െ ଵିଶ_ି௩௩ܯ

ଵିଶ_ூି௩௩ܯ
ሻଶ  ሺ

ଵିଶିூ_ிாܯ െ ଵିଶିூ_ି௩௩ܯ

ଵିଶିூ_ି௩௩ܯ
ሻଶ 

Where: 

 ܨଵିଶ_ிா and ܯଵିଶ_ிா are the predicted magnitudes of internal force and moment in the disc 

L1-2 in flexed posture, respectively.  

 ܨଵିଶ_ି௩௩ and ܯଵିଶ_ି௩௩ are the in-vivo magnitudes of internal force and moment in 

the disc L1-2 in flexed posture, respectively. They were measured on vertebral body implants 

in patients with fractured vertebra (Dreischarf et al., 2015) (Table 4.2).  

 ܨଵିଶିூ_ிா and ܯଵିଶିூ_ிா are the predicted increase in magnitudes of internal force and 

moment in the disc L1-2 due to change from upright to flexed posture, respectively.  

 ܨଵିଶିூ_ି௩௩ and ܯଵିଶିூ_ି௩௩ are the in-vivo increase in magnitudes of internal 

force and moment in the disc L1-2 due to change from upright to flexed posture, respectively. 

They were measured on vertebral body implants in patients with fractured vertebra 

(Dreischarf et al., 2015) (Table 4.2).  

 ܦܫ ܲସିହ_ிா is the predicted IDP in the disc L4-5 in flexed posture.  

 ܦܫ ܲସିହ_ூି௩௩ is the in-vivo IDP in the disc L4-5 in flexed posture reported by Sato et al., 

(1999) (Table 4.2).  

 ܴܸܫ_ிா are the predicted IVRs along levels L1-S1 in flexed posture.  

 ܴܸܫ_ି௩௩ are the in-vivo IVRs along levels L1-S1 in flexed posture reported by Lin et al. 

(1994) (Table 4.2).  

 ܽ ൌ 0.5, ܾ ൌ 0.3 and ܿ ൌ 0.2 are the weight factors. 
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 Additional IDP in-vivo values measured in the disc L4-5 (Wilke et al. 2001) and IVRs along 

levels L1-S1 (Pearcy et al., 1984) were used for comparison only (Table 4.2).  

 

Table 4.2. In-vivo values in flexion. 

In-vivo data L1-2 L2-3 L3-4 L4-5 L5-S1 Reference 
 ሺܰሻ	ଵିଶ_ି௩௩ܨ

450 
(440-640)* - - - - 

Dreischarf et al., 
2015 

 ሺܰሻ	ଵିଶିூ_ି௩௩ܨ
330 

(210-350) * - - - - 

 - - - - ሺܰ݉ሻ 2.6	ଵିଶ_ି௩௩ܯ
 - - - - ሺܰ݉ሻ 2	ଵିଶିூ_ି௩௩ܯ

ܦܫ ܲସିହ_ூି௩௩	ሺܽܲܯሻ 
- - - 1.32 (±0.22) - Sato et al., 1999 
- - - 1.1 - Wilke et al., 2001 

 ሺ°ሻ	_ି௩௩ܴܸܫ
5.7 (±2.3) 7.6 (±3.3) 10.5(±2.8) 12.6 (±3.5) 8.4 (±3.6) Lin et al., 1994 

8 (±5) 10 (±2) 12 (±1) 13 (±4) 9 (±6) Pearcy et al., 
1984 

± Standard deviation, * Lower-upper limit 

   

4.3. Results 

4.3.1. Spine response 

Applying various FL magnitudes combined with similar flexion moment produced almost equal 

IVRs but slightly different facet joint forces (FJF), ligaments force and discs moment. The IDP 

and discs force values varied substantially with FL magnitude at all spinal levels, though their 

patterns remained almost unchanged. Thus, as a typical result, only spinal response to a 500N FL 

combined with wide range of flexion moment is shown in Fig. 4.2.  

- FL alone 

The FL alone created small IVRs (less than 0.4°) but no force in the ligaments along the spine. 

However, it produced constant force (500N) and variable moment (ranged from 0.9Nm to 

1.5Nm) and IDP (ranged between 0.44MPa and 0.55MPa) in all discs. The FJF occurred at levels 

L4-S1 only and the magnitude did not exceed 40N. 

- FL with flexion 

The IVRs, IDP, ligaments force, and disc force and moment increased with flexion at all spinal 

levels (Fig. 4.2). However, up to 1.2Nm flexion, the moment in the discs decreased and then 

increased afterwards (Fig. 4.2d). The IDP and disc force as well as ligaments force at levels L1-5 

increased similarly; almost linearly with flexion (Figs. 4.2b,c,e), whereas, a jump in ligament 
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force and FJF occurred at level L5-S1 (Figs. 4.2e-f). Also, greater increase in IVRs and disc 

moment was noticed at levels L2-S1 (Fig. 4.2a) and L1-2 (Fig. 4.2d), respectively.   

  

 

 

 

 

 

 
Fig. 4.2. Spinal response to a 500N FL combined with variable flexion moment.  
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4.3.2. Optimal magnitudes of FL and flexion moment 

Deviations of the predicted values for each parameter from the corresponding in-vivo data are 

shown in Fig. 4.3. In all FL and moment combinations the predicted disc force was higher than 

in-vivo value. When combined with low moment magnitudes (10Nm), all FL magnitudes 

underestimated the remaining parameters. Increasing the flexion moment magnitude up to 15Nm 

improved the model predictions except for the disc force and moment. Deviations of disc 

moment and IVRs were almost unaffected by the FL magnitude (<3% change). Also, the FL 

magnitude had negligible effects on the increase in disc moment and increase in disc force 

(<15% change). The most sensitive parameters to FL magnitude were disc force and IDP. 

Deviation of the predicted disc force from in-vivo value increased with FL and moment 

magnitudes. It reached 240% in case of 1100N FL combined with 20Nm flexion moment. 

Inversely, higher FL (1100N) and moment (20Nm) magnitudes produced IDP with a good 

agreement with in-vivo value (deviation <13%).  

 

 

 

 
Fig. 4.3. Deviation of the FE predicted spinal parameters from in-vivo values: +ve and –ve errors 

indicate that predicted values were higher and lower than in-vivo values, respectively. 
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Variations of the objective function value with FL and moments magnitudes are shown in Fig. 

4.4. For each FL magnitude the combined moment magnitude that minimized the deviation 

(objective function) is reported in Fig. 4.4. Optimal predictions (with smallest deviation) were 

found in case of 500N and 700N FL combined with 15.7Nm and 13.5Nm moment, respectively. 

High FL required small flexion moment to minimize the objective function and vice versa. 

Magnitude of 9.9Nm was necessary in case of 1100N FL while in case of 500N FL magnitude 

the required moment was 15.7Nm.  

  

 

 
Fig. 4.4. Variations of the objective function with flexion moment magnitude for different FL 

cases. 
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Fig. 4.5. Comparison of FE predicted spinal parameters with in-vivo values/ranges. 

 

4.4. Discussions  

There is a lack of consensus as to what magnitudes of FL and flexion moment simulate better the 

in-vivo flexed posture. This study investigated sensitivity of the spinal response to four FL 

magnitudes (500N, 700N, 900N and 1100N) combined with a wide range (0-20Nm) of flexion 

moment using a validated FE model of ligamentous lumbosacral spine (Naserkhaki et al., 2015). 

Optimal magnitudes of the FL and flexion moment that mimic in-vivo spinal response in flexed 

posture were determined. Particularly, these optimal magnitudes ensured the agreement with in-

vivo data of not only the IDP and IVRs but also the internal loads developed in the disc. These 

optimal magnitudes minimized the deviation of all spinal parameters together from their 

corresponding in-vivo values.   

There were some limitations associated with this study. Geometry and material properties of the 

employed FE model do not represent general population. The geometry was reconstructed from 

CT-Scan data of one individual and the material properties were taken from literature. The time-

dependent properties of the spinal components as well as the fluid-flow phenomenon in the disc 

and porous bone were not considered as the current model studied only the immediate response 

of the spine to static loads.  

Although the combination of FL and moment has been widely used in FE (Dreischarf et al., 

2014; Chen et al., 2013; Park et al., 2013; Rohlmann et al., 2009b; Goto et al., 2003) and in-vitro 

(Fry et al., 2014; Rohlmann et al., 2001) studies of spinal response to mechanical load in the 

absence of muscles, it is a simplified loading scenario and does not simulate realistically the in-
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vivo loading conditions. The FL concept (Patwardhan et al., 2001) while minimizing the 

intervertebral rotations only considers the compressive component of muscle force and neglects 

the shear one. Moreover, it imposes a constant compressive force along the spine, while the 

actual compressive force increases from cranial to caudal levels in both standing and flexed 

postures (Kim and Kim, 2008; Arjmand and Shirazi-Adl, 2005; El-Rich et al., 2004). In addition, 

previous studies have demonstrated that internal moments vary along the spine in upright (El-

Rich et al., 2004) and flexed posture (Arjmand and Shirazi-Adl, 2005). 

To account for uncertainties of in-vivo data (Table 4.2) particularly the disc loads and IVRs, 

smaller weights were assigned to these parameters compared to the IDP. Half of the total weight 

(ܽ =0.5) was assigned to the IDP since its measurement is more accurate and does not use skin-

mounted device (Sato et al., 1999). Thirty percent (ܾ =0.3) of total weight were assigned to IVRs 

at levels L1-S1 and the remaining 20% (ܿ =0.2) of total weight were assigned disc loads (disc 

force, increase in disc force, disc moment, and increase in disc moment). Due to lack of in-vivo 

data of spinal loads in normal spine, the current study utilized data measured from implant used 

in vertebral body replacement (Dreischarf et al., 2015) which justified the low percentage of total 

weight assigned to spinal loads compared to those of IDP and IVRs. Other combinations of 

weight factors changed slightly the optimal magnitudes but did not affect the general conclusion. 

Findings were not sensitive to weight factors. The objective function used in-vivo data of IDP 

and IVRs taken from works done by Sato et al. (1999) and Lin et al. (1994), respectively as they 

covered large sample size compared to values reported by Wilke et al. (2001) and Pearcy et al. 

(1984) whose values were only used to compare results of the current study. 

For a given FL magnitude, all spinal parameters increased more or less (with different slopes) 

with magnitude of flexion moment, while the IDP and disc loads were mainly affected by the FL 

magnitude.  

Results showed that the disc force and IDP were very sensitive to FL magnitude than moment 

magnitude (resisting action of the ligaments against moment increased both disc force and IDP). 

The IVRs were mainly affected by the moment magnitude.   

Our findings suggest that a FL of small magnitude (e.g. 500N) must be combined with large 

flexion moment (e.g. 15.7Nm) whereas a FL of large magnitude (e.g. 1100N) must be combined 

with smaller flexion moment (e.g. 9.9Nm). The first loading combination predicted disc force 

closer to the in-vivo value but highly underestimated the IDP. Contrariwise, the latter one 
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predicted IDP in acceptable agreement with in-vivo data but highly overestimated the disc force. 

This agrees with the magnitudes of 1175N for FL and 7.5Nm for flexion moment used by 

Rohlmann et al. (2009b). Nevertheless, applying small FL and relatively great moment e.g. 10 

Nm (Chen et al., 2013; Park et al., 2013; Goto et al., 2003) may also produce spinal parameters 

in reasonable agreement with in-vivo data.  

Results revealed that the two loading combinations of 900N FL and 11.2Nm moment as well as 

1100N FL and 9.9Nm could deliver IDP in good agreement with in-vivo values (Wilke et al. 

2001; Sato et al. 1999). Determination of optimal FL and moment magnitude should not only 

consider IVRs and IDP but also the disc load as this latter can hardly be found from the IDP 

(Dreischarf et al., 2013). The optimal combinations of 900N FL and 11.2Nm moment and 1100N 

FL and 9.9Nm moment produced compressive force of 1126N and 1285N at level L1-2 

respectively which is in acceptable agreement with the value of 1171N predicted by a FE model 

that included muscle forces (Arjmand and Shirazi-Adl, 2005).  

Although the magnitude of FL did not affect directly the IVRs, it was found that the smallest FL 

(500N) produced relatively higher IVRs as it necessitated large moment magnitude (15.7Nm) to 

mimic the in-vivo data. This confirms that small FL which implies small muscle stabilization 

force not only requests high resisting action of ligaments but also results in large IVRs (less 

stability). Flexion moment of magnitude smaller than 9.9Nm will not realistically simulate in-

vivo condition. For instance, ours (Naserkhaki et al., 2015) and eight other published FE models 

(Dreischarf et al., 2014) have demonstrated that combining 7.5Nm flexion moment with 1175N 

FL underestimates the IVRs. 

In conclusion, the current study demonstrated that IDP and disc force and moment predicted by 

FE model are more sensitive to magnitude of FL while the IVRs are mainly affected by intensity 

of the combined moment. It suggested that applying FL with magnitude greater than 900N will 

produce more realistic compression force in flexed posture. Since the disc force and IDP were 

measured at levels L1-2 and L4-5 respectively, we speculate that applying FL with magnitude 

that increases from level L1-2 to level L5-S1 to account for external load (e.g. gravity load) and 

muscles forces will improve the FE prediction. In addition, the intensity of flexion moment must 

be selected based on the FL magnitude; the lower the FL the higher the moment and vice versa. 

However, a minimum magnitude of 9.9Nm is recommended to better simulate the flexed posture. 
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Finally, it is important to mention that our study did not intend to support the combination of FL 

and moment as best loading mode to simulate in-vivo flexed posture; it rather provided insights 

on the sensitivity of spinal response to magnitudes of these combined loads which are largely 

used in spinal behavior studies. 
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Abstract 

There is a large, at times contradictory, body of research relating spinal curvature to Low Back 

Pain (LBP). Mechanical load is considered as one of the most important factors in LBP etiology. 

Computational modeling of the lumbar spine provides insights on kinematics and internal load 

development and distribution along the spine. Geometry (size and shape) of the spinal structures 

and sagittal curvature of the spine in particular govern its mechanical behavior and load-sharing. 

Thus, understanding how inter-individual sagittal curvature variation affects the spinal load-

sharing becomes of high importance in LBP assessment. This study compared kinematics and 

load-sharing in three ligamentous lumbosacral spines: one hypo-lordotic (Hypo-L), i.e., flat 

spine, one normal-lordotic (Norm-L), and one hyper-lordotic (Hyper-L), i.e., with high lordosis 

spine, in flexed and extended postures using Finite Element (FE) modeling. These postures were 

simulated by applying Follower Load (FL) combined with flexion or extension moment. The 

Hypo-L spine demonstrated stiffer behavior in flexion but more flexible response to extension 

compared to the Norm- and Hyper-L spines. The excessive lordosis stiffened response of the 

Hyper-L spine to extension but did not affect its resistance to flexion compared to the Norm-L 

spine. In despite of different resisting action of the posterior ligaments to flexion moment, the 

increase of compression in the disc was similar in all the spines leading to similar load-sharing. 

However, resistance of the facet joints to extension was more significant in the Norm- and 

Hyper-L spines which reduced the disc compression. The internal forces produced by FL and 

flexion were mainly carried by the discs (75%) and posterior ligaments (25%) while contribution 

of ligaments in supporting internal moment was higher (~70%) compared to the discs (~20%). 

Role of the facet joints was negligible except at level L5-S1. In the case of FL and extension, the 

discs, ligaments and facet joints shared spinal force with proportion of 55%, 20%, 25% 

respectively in the Hypo-L spine while facet joints contribution did not exceed 10% at levels L1-

4 and reached up to 30% at levels L5-S1 in the Norm- and Hyper-L spines. The facet joint 

carried up to 63% of the internal moment in the Hyper-L spine. The spinal curvature strongly 

influenced the magnitude and location of load on spinal components and also altered the load-

sharing particularly in extension. Consideration of the sagittal curvature should be an integral 

part of mechanical analysis of the lumbar spine. 
 

Keywords: lumbar spine; load-sharing; Lumbar Lordosis; Sacral Slope; Pelvic Incidence; Inter-

Individual Variation; Finite Element Model; Spine Geometry; Spine Sagittal Curvature.   
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5.1. Introduction 

The chance of experiencing Low Back Pain (LBP) in adults is higher than 50% in the lifetime 

with about 18% prevalence at any time (Panjabi, 2003; Trainor and Wiesel, 2002). There is a 

large, at times contradictory, body of research relating spinal curvature to LBP. For instance, 

higher risk of LBP has been reported for relatively flat spines (Chaleat-Valayer et al., 2011; 

Barrey et al., 2007; Rajnics et al., 2002; Tsuji et al., 2001; Adams et al., 1999; Korovessis et al., 

1999; Harrison et al., 1998; Jackson and McManus 1994) compared to normal ones, though the 

reverse observation has been reported as well (Gautier et al., 1999; Tüzün et al., 1999; Christie et 

al., 1995). The sagittal curvatures of the spine which determine its balance are thought by some 

to be one of the main mechanical factors leading to degenerative change (Roussouly and 

Pinheiro-Franco, 2011). Since mechanical load is one of the most important factors in LBP 

etiology (Deyo and Weinstein, 2001; Pope and Novotny, 1993), determining the effects of inter-

individual sagittal curvature variations on the spinal mechanical response in terms of kinematics 

and load-sharing becomes essential. 

Previous investigations have been carried out to understand the kinematics and internal loads 

development in the spine and their relation to change of Lumbar Lordosis (LL) with posture 

(Putzer et al., 2015; Bruno et al., 2012; Arjmand and Shirazi-Adl, 2005; Keller et al., 2005; 

Shirazi-Adl and Parnianpour, 1996). For example, Bruno et al. (2012) reported that age-related 

increase in thoracic kyphosis was compensated by increase in pelvic tilt or LL to maintain 

stability which resulted in increase in vertebral compressive force. Another study by Arjmand 

and Shirazi-Adl (2005) demonstrated that alterations in the LL in lifting resulted in significant 

changes in the muscle forces and internal spinal loads. Furthermore, it has been demonstrated 

that variation of morphological spinal parameters such as Pelvic Incidence (PI) which is not 

affected by the posture or the pelvis position and is considered as invariable for a subject after 

the end of growth (Barrey et al., 2007), and the Sacral Slope (SS) affected the load transfer 

mechanism in the lumbar segment L5-S1 (El-Rich et al., 2006a,b). Nevertheless, effects of the 

inter-individual lumbar spine curvature (LL, SS and PI) variations on spinal response to 

mechanical load are not yet fully understood. 

This study aimed at understanding how variation of the sagittal alignment parameters LL, SS, 

and PI in three lumbosacral spines with different geometry affects spinal response to flexion and 

extension by using Finite Element (FE) models with personalized geometry. Particularly, 
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kinematics, internal forces and moments, and load-sharing at all levels of these spines were 

predicted and compared. 

 

5.2. Materials and methods 

5.2.1. Measurement of the sagittal alignment parameters  

In this study, the LL, SS, and PI were measured on CT-scans of 24 subjects (age median and 

range: 28 and 20-48 years, respectively). The images were obtained from the University of 

Alberta Hospital Database after receiving ethics approval for retrospective study. Measurements 

were taken at the median sagittal plane. The measured values showed that LL and PL increased 

with SS (Fig. 5.1). The normal ranges reported for these parameters (Vrtovec et al., 2012; 

Roussouly et al., 2005; Roussouly et al., 2003; De Smet,1985; Propst-Proctor and Bleck, 1983; 

Stagnara et al. 1982) are limited by the green rectangles. Spines of three subjects (35 years old 

female, 20 years old male, and 24 years female) with distinct sagittal alignment parameters were 

selected which are identified by different markers in Fig. 5.1. These spines were categorized as: 

Hypo-Lordotic (Hypo-L), Normal-Lordotic (Norm-L), and Hyper-Lordotic (Hyper-L) spines. 

The Hypo-L spine has lower while the Hyper-L spine has higher SS, PI and LL comparing to the 

Norm-L spine (Fig. 5.2). 

 

 
Fig. 5.1. Sagittal alignment parameters relationship. 
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Fig. 5.2. Values of the sagittal alignment parameters in the three selected spines. 

 

5.2.2. FE models 

A geometrically personalized FE model was developed for each of the three selected spines (Fig. 

5.3). Geometries of these models were reconstructed from the subjects CT-Scan data. The model 

of the Norm-L spine was created and validated in previous study (Naserkhaki et al., 2014; 2015). 

The kinematics, intervertebral rotations (IVRs), intradiscal pressure in the nucleus (IDP), and 

contact force in the facet joints (FJF) predicted by this model were compared to in-vivo and in-

vitro measurements. In brief, the model consists of five lumbar vertebrae, five intervertebral 

discs, sacrum, and seven surrounding ligaments (Anterior Longitudinal Ligament, ALL, 

Posterior Longitudinal Ligament, PLL, Capsular Ligament, CL, Intertransverse Ligament, ITL, 

Ligamentum Flavum, LF, Supraspinous Ligament, SSL, and Interspinous Ligament, ISL). 

The cortical shell was meshed by 3-node elements with a uniform thickness of 1 mm and the 

volume inside was filled with 4-node (tetrahedral) solid elements to represent the cancellous 

bone. The disc mesh was generated by seven layers of solid elements between two adjacent 

endplates. Each disc was divided into nucleus pulposus and annulus fibrosus with a proportion 

according to the histological findings (44%_nucleus and 56%_annulus) (El-Rich et al., 2009; 

Schmidt et al., 2006). The annular fibers were simulated using nonlinear unidirectional springs 

inserted in a crosswise pattern close to ±35° (El-Rich et al., 2009; Schmidt et al., 2007). The 

ligaments were also modeled by nonlinear unidirectional springs (Breau et al., 1991). Material 

Hypo-L Norm-L Hyper-L
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properties of the spinal components (Table 5.1) were taken from the literature (Park et al. 2013; 

Shih et al 2013; El-Rich et al. 2009; Schmidt et al. 2007; Schmidt et al. 2006; Rohlmann et al. 

2006; Goto et al. 2003; Shirazi et al. 1986). The minimum gap distance between two adjacent 

articular facets was set at 2 mm and frictionless surface to surface contact was used to simulate 

the facet joint articulation. 

 

 
 

 

 

 

 

 

 

 

Fig. 5.3. FE models of the three selected spines: a) 3D mesh, b) Loading and boundary 

conditions.  

 
Table 5.1. Material properties of the FE models. 

Spinal Components Material 
Behaviour Mechanical Properties 

Bone 

Cortical Bone 

Linear Elastic 

E=12000 (MPa) v=0.30 
Cartilaginous 

Endplate E=23.8 (MPa) v=0.40 

Cancellous Bone E=200 (MPa) v=0.25 

Disc 
Annulus Ground 

Substance Hyper-Elastic 
(Mooney-Rivlin) 

C10=0.18 C01=0.045 

Nucleus Pulposus C10=0.12 C01=0.030 
Collagen Fibers Nonlinear force- displacement relationship (resisting tension only). Ligaments 

 

In the current study, the models were subjected to 500N follower load (FL) combined with 

12.5Nm flexion moment or 7.5Nm extension moment to simulate flexed and extended postures, 

respectively (Naserkhaki et al., 2015) while the lower sacrum region was completely fixed (Fig. 

Extension 
(7.5 Nm) 

FL 
(500N) 

Completely 
Fixed 

Flexion 
(12.5 Nm) 

Hypo-L Norm-L Hyper-L
a) b)
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5.3). The FL whose line of action followed the lumbar spine curvature was applied by preloading 

(compressing) unidirectional nonlinear springs whose ends were connected to the vertebral 

bodies (Naserkhaki et al., 2014; 2015) (Fig. 5.3). The moments were applied to the centroid of 

the vertebral body of L1. Two cases were studied. In case 1 only the discs resisted load while the 

ligaments were removed from the model and the contact in the facet joints was deactivated. In 

case 2 the intact spine was studied. The analyses were performed using the FE solver Abaqus 

6.13-4 (Abaqus 6.13-4, Dassault Systems Simulia Corp., USA). 

The FE models predicted spinal response to applied load in terms of total rotation (L1-S1), IVRs, 

IDP, strains in the collagen fibers, FJF, and ligament forces. In addition, the disc force and 

moment developed at each spinal level were calculated at the disc center using the equilibrium 

equations of the Free Body Diagram (FBD) of that spinal level (Naserkhaki et al., 2015). Load-

sharing was expressed as percentage (fraction) of total internal force/moment developed at each 

spinal level that each spinal component (i.e. disc, facet joints and ligaments) carried (Naserkhaki 

et al., 2015). 

 

5.3. Results 

Case 1 

Results indicated that under both flexion and extension the Hypo-L spine was stiffer while the 

Hyper-L spine was more flexible than the Norm-L one (Fig. 5.4).  

Case 2 

Adding ligaments and facet joints stiffened responses of the three spines to both flexion and 

extension. The total rotation reduced by 37°, 67°, and 80° in the Hypo-, Norm- and Hyper-L 

spines respectively under flexion. In the extension case, it decreased by 12°, 22° and ?° (not 

converged) the Hypo-, Norm-, and Hyper-L spines respectively. Total rotations of the Hyper- 

and Norm-L spines were almost similar but greater than the Hypo-L one in the flexion case (Fig. 

5.4a). However under extension, the Hypo-L spine had the largest rotation followed by the 

Norm-L then the Hyper-L spines. Under flexion, median of the IVRs (5.7°, 5.9° and 5.1° for the 

Hyper-, Norm- and Hypo-L spines, respectively) followed similar trend as the total rotation. In 

the extension case, the Hypo-L spine had the largest IVRs (median 4.1°) compared to the Norm-

L (median 3.5°) and Hyper-L (median 2.7°) spines. 
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Fig. 5.4. Comparison of range of motion in the three spines: a) Total rotation-moment curves, b) 

IVRs. 

Under the FL alone , the Hyper-L spine experienced the highest IDP at all levels except L5-S1 

(Fig. 5.5). Results showed that IDP generally decreased from the cranial to caudal levels for all 

spines except for level L5-S1 of the Norm-L spine. 

In flexed posture, IDP increased almost similarly for all spines at all levels (median increase was 

0.35MPa). Extension decreased IDP remarkably at all levels of the Hyper- and Norm-L spines. It 

amplified IDP slightly at level L4-5, reduced it at level L2-4, and did not affect it at all at levels 

L-2 and L5-S1 for the Hypo-L spine. 
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Fig.5.5. Comparison of IDP in the three spines. 
 

For all spines, tensile strain in the annular fibers was higher in the flexion case (~3%) (Fig. 5.6b) 

compared to extension (~1.7%) (Fig. 5.6). In the flexion case, maximum magnitude was located 

in the posterolateral area of the inner lamellae and expanded toward the outer lamellae at all 

levels of the Hypo- and Norm-L spines but only at levels L1-5 of the Hyper-L spine (Fig. 5.6b). 

Maximum magnitudes (~3%) occurred at levels L1-2 and L1-4 of the Hypo- and Norm-L spines 

respectively, whereas, a small strain value was predicted in the annular fibers of the Hyper-L 

spine.    

In the extension case, lamellae located in the anterior region of the annulus at all levels of the 

three spines experienced high tensile strain except at level L5-S1 of the Hyper-L one. Great 

strain magnitude was also predicted in the outer layers of the annular fibers at all levels of the 

three spines (Fig. 5.6a). 
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Fig. 5.6. Comparison of annular fibers strain in the three spines.  
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Adding flexion to the FL increased compression in the disc by ~52% at all levels of the three 

spines (Fig. 5.7). The Hyper-L spine experienced a slightly smaller increase compared to the 

other spines. Small (up to 65N) sagittal shear occurred at level L4-5 and no noticeable difference 

was found between the spines. Conversely, adding extension to the FL reduced compression in 

the discs particularly for the Norm- and Hyper-L (up to 36% at level L5-S1) spines. Compression 

also dropped by ~25% at levels L2-4 of the Hypo-L spine while it remained almost unchanged at 

levels L1-2 and L4-5 (Fig. 5.8). A high sagittal shear in the disc was produced at all levels of the 

Hypo-L spine (up to 135N at level L4-5) compared to the other spines. The Norm-L one also 

experienced high shear (up to 108N) at levels L4-S1 whereas the maximum value in the Hyper-L 

spine did not exceed 48N. Lateral shear was negligible in all discs of three spines in both, flexion 

and extension cases.    

In the flexion case, sagittal moment was more significant in the Hyper-L spine at all levels (it 

reached up to 4Nm at level L1-2) compared to the other spines. The Norm-L spine experienced 

the lowest moment magnitude at almost all levels. The maximum value did not exceed 2.5Nm 

and 2.7Nm in the Hypo- and Norm-L spines, respectively. Almost no moment was produced at 

level L5-S1 of the Hyper- and Norm-L spines (Fig. 5.7).   

In the extension case, discs of the Hyper-L spine experienced the lowest sagittal moment (less 

than 2.3Nm) while the largest magnitude (~3.6Nm) occurred at levels L4-S1 of the Hypo-L one 

(Fig. 5.8). All discs of the three spines resisted relatively small lateral bending moment and axial 

torque. 
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Fig. 5.7. Spinal force (N) and moment (Nm) in the three spines under flexion. The arrows and 

solid rectangles represent the actual direction and location of forces and contact respectively. The 
column charts indicate the discs force and moment as well as ligaments and contact forces of 

three spines normalized to one (Norm-L spine). AC, SS and BM are axial compression, sagittal 
shear and bending moment in the disc, respectively. Contribution of the ligaments PLL and ITL 

in load-sharing was very small. 
 

 
Fig. 5.8. Spinal force (N) and moment (Nm) in the three spines under extension. The arrows and 
solid rectangles represent the actual direction and location of forces and contact respectively. The 

column charts indicate the discs force and moment as well as ligaments and contact forces of 
three spines normalized to one (Norm-L spine). AC, SS and BM are axial compression, sagittal 

shear and bending moment in the disc, respectively. 
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Contribution of the discs (75%) and ligaments (25%) in resisting the total spinal force was 

almost similar at levels L1-5 of the three spines in case of flexion (Fig. 5.9a). The facet joints 

had no contribution at those levels but carried up to 12% of the spinal force at level L5-S1 which 

reduced the disc contribution. Contribution of the discs and ligaments in resisting spinal moment 

was reversed (Fig. 5.9b). The ligament resisted 73%, 88%, and 90% of the moment at level L5-

S1 of the Hypo-, Norm-, and Hyper-L spines, respectively. Similar trend with lower percentage 

was found at all discs of the three spines. Resistance of the facet joints to spinal moment was 

negligible at all levels except L5-S1 of all spines.       

A more noticeable variation in force- and moment-sharing was found when comparing the spines 

in the extension case (Fig. 5.9). Force-sharing was almost similar at all levels of the Hypo-L 

spine. The discs carried up to 58% of the spinal force while the remaining portion was carried 

almost equally by the ligaments and facet joints.  

 

 

 
 

Fig. 5.9. Comparison of a) force-sharing and b) moment-sharing at different levels of the three 

spines. 
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Contribution of the disc in resisting spinal force was also remarkable and reached up to 68% 

compared to the discs and facet joints in the Norm- and Hyper-L spines. The remaining 

percentage was shared between the ligaments and facet joints with higher contribution of the 

facet joints at levels L4-S1.   

Moment-sharing varied along the Norm- and Hyper-L spines while almost similar contribution 

was found in the discs, ligaments and facet joints of the Hypo-L spine. Ligaments resisted major 

portion of spinal moment at levels L1-4 while contribution of the facet joints was more important 

at lower levels particularly at level L5-S1 of the Hyper-L spine and levels L4-S1 of the Norm-L 

one. 

 

5.4. Discussions  

Prediction of a personalized spinal response to mechanical load is very challenging due to inter-

individual variability of geometry, material properties, and loading conditions. It is almost 

impossible to develop a model that uses geometry and material properties of the same individual. 

Therefore, if studying the effects of only inter-individual geometry variation on spinal response 

is of interest for example, then it will be more feasible although not very realistic to use similar 

material properties and loading conditions. In the current study, we measured the sagittal 

alignment parameters LL, SS and PI from CT-scan data of 24 subjects lying in supine position 

with slight gravity effects which were ignorable (Meakin et al., 2013). There were association 

between these parameters where all of them were smaller for flat but larger for more curved 

spine as compared to the normal range (Vaz et al., 2002). Three spines with distinct sagittal 

alignment parameters were selected and modeled for load-sharing analyses. One with normal LL 

(Norm-L), one flat with smaller LL (Hypo-L), and one very curved with greater LL (Hyper-L). 

Realistic geometry with no simplification or modification was created for the three spines. 

Particular attention was paid to morphological details such as facet joints and endplates 

orientation, and distance between two adjacent spinous processes to detect any anomaly that 

might result from low or excessive LL (Aylott et al., 2012; Jentzsch et al., 2013). FL which 

minimizes intervertebral rotations and improves capacity of the ligamentous spine to resist 

compression (Fry et al., 2014; Kim et al., 2011, Renner et al., 2007; Shirazi-Adl, 2006) was used. 

Flexion and extension moments were added to the FL to simulate flexed and extended posture 

respectively.  
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Kinematics of the three spines was affected by the geometry variation. In case 1, the flexible 

behaviour of the Hyper-L spine might be due to the small area and height (thickness) as well as 

the high wedge angle of its discs compared to the other spines which affected the resistance of 

the annular fibers to bending. In the extension, the sharp wedge angle caused high element 

distortion under large extension which caused some numerical issues in Hyper-L spine. 

Geometry of the discs of the Hypo-L spine had reverse effects and produced smaller rotations. 

Overall, the geometry (size and shape) and orientation (horizontal vs. inclined) of the disc 

affected the spine kinematics in flexion and extension movement (Niemeyer et al., 2012; Meijer 

et al., 2011; Dupont et al., 2002; Natarajan and Andersson, 1999; Lu et al., 1996; Robin et al., 

1994).  

Geometry of the ligaments (i.e. location, orientation and length), discs (size and shape) and facet 

joints (location and orientation) was dissimilar in the three spines which affected their kinematics 

in flexed and extended posture. The greatest IVRs occurred at the caudal and proximal levels of 

the Hypo-L spine while the mid-levels of the Hyper-L spine experienced higher IVR which 

agrees with clinical findings (Keorochana et al., 2011). The stiffer behaviour of the Hyper-L 

spine and more flexible response of the Hypo-L spine to extension compared to the Norm-L one 

corroborate previous clinical findings (Keorochana et al., 2011). In the flexion, the behaviour 

was reversed and Hypo-L spine became the stiffest spine which can be related to the posterior 

ligament properties. The ligaments SSL, ISL, LF and ITL were longer in the Hypo-L spine 

compared to the Hyper- and Norm-L spines which affected the ligament resistance to flexion. 

Forces in the ligaments SSL and ISL were higher in the Hyper-L spine which reduced the total 

rotation found in case 1 by 80° whereas in the Hypo-L and Norm-L spines the total rotation 

decreased by 67° and 37° respectively. These two ligaments affected significantly the spine 

stiffness due to their large moment arms. The ligament CL, despite its shorter moment arm, also 

played a significant role in reducing the rotations due to its high stiffness and short length. 

Forces produced in this ligament were relatively high in all three spines. Interaction of these 

posterior ligaments was noticeable. Higher resistance of ligaments SSL and ISL to flexion was 

combined with lower contribution of ligament CL in the Hyper-L spine compared to the Norm-L 

spine while reversed trend was found in the Hypo-L spine. 

In extended posture, the force in the facet joints was almost similar along the Hypo-L spine 

while high magnitudes were found in the caudal levels of the Norm- and Hyper-L spines which 
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may lead to facet joint arthritis and more sagittal orientation of the facet joint (Fig. 5.8,9) 

(Jentzsch et al., 2013). Due to their locations with respect to the disc, the forces in the ligaments 

ALL and CL counterbalanced those developed in the facet joints which reduced the disc 

compression. In the extension case, results demonstrated that IVRs increased in the Hypo-L 

spine and decreased in the Hyper-L one comparing to the Norm-L spine. Thus, the excessive 

lordosis in the Hyper-L spine stiffened response to extension compared to the Hypo-L spine 

which is confirmed by the moment-total rotation curves. Moreover, it is worth mentioning that 

the high LL in the Hyper-L spine reduced the gap between the spinous process of the vertebra L5 

and the dorsal wall of the sacrum and limited rotation of L5 in extended posture. The inferior 

articular and spinous processes of the vertebra L5 touched the dorsal wall of the sacrum creating 

contact force (Fig. 5.8). This phenomenon is known as Basstrup or kissing spine syndrome 

(Filippiadis et al., 2015). 

The FL concept did not demonstrate significant difference in response to compressive load 

between the spines as the FL followed the spine curvature. The discs of all spines experienced 

similar compressive but slightly different shear forces at all levels when subjected to flexion. 

Variation of shear was mainly due to the ligaments and facet joints forces components that 

aligned with shear direction. These components depended on the ligaments orientation and 

length which varied between the three spines as well as the contact location in the articular joints 

(Fig. 5.7,8).  

Effects of the sagittal alignment parameters variation on the discs forces were more evident in 

extended posture. In particular, orientation of the contact forces in the facet joints of the Hypo-L 

spine produced higher sagittal shear compared to other spines (Fig. 5.8). 

Noticeable difference in force- and moment-sharing was found between the three spines in the 

case of extension compared to flexion. Resistance of the facet joints to extension was similar 

along the Hypo-L spine while their force-sharing was more significant at the lower levels of the 

Norm- and Hyper-L spines particularly at level L4-5. This might be caused by the change in the 

facet joints orientation (more horizontal) with increased LL (Jentzsch et al., 2013).  

The moment-sharing was almost similar at all levels of the Hypo-L spine while a more 

significant contribution of the facet joints was found at levels L4-S1 and level L5-S1 of the 

Norm- and Hyper-L spines respectively due the great moment arms of the contact forces 

measured from their lines of action to the discs centers. These moment arms were small in the 
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Hypo-L spine comparing to the other two. Variation of ligaments length and location with 

respect to discs centers in the three spines also affected the ligament load-sharing. For instance, 

the force in the ligament ALL was significantly higher in the Hypo-L spine compared to the 

others spines in case of extension while the CL experienced in general greater force in the 

Hyper-L spine under the same load.   

In conclusion, this study demonstrated that internal forces produced by FL and flexion moment 

were mainly carried by the discs (~75%) and posterior ligaments (~25%) including the CL while 

contribution of ligaments was significantly greater (~70%) in resisting internal moments 

comparing to the discs (~20%). Role of the facet joints was negligible except at level L5-S1. 

This force-sharing was almost similar in all the three spines while the effects of inter-individual 

sagittal curvature variation were observed in the interaction between the posterior ligaments in 

particular CL, ISL and SSL.  

In the case of FL combined with extension, results revealed that spinal load-sharing varies with 

the sagittal alignment parameters considered in this study. The discs, ligaments and facet joints 

shared spinal force with proportion of 50%, 25%, 25% respectively in the Hypo-L spine while 

facet joints contribution did not exceed 10% at levels L1-4 and reached up to 30% at levels L5-

S1 in the Norm- and Hyper-L spines. The facet joint carried up to 63% of the internal moment in 

the Hyper-L spine.  

Analyzing response of additional spines in each category under different loading conditions such 

as gravity load in future studies may reveal more significant effects of inter-individual curvature 

variations on the load-sharing.   
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6.1. Summary 

This research aimed at understanding: 1. How spinal load-sharing varies along the lumbosacral 

spine and 2. How inter-individual sagittal curvature variation affects spinal load-sharing in 

flexed and extended postures.  

Three lumbosacral spines with different curvatures were created: one hypo-lordotic (Hypo-L), 

one normal-lordotic (Norm-L) and one hyper-lordotic (Hyper-L) spines with low, normal and 

high lumbar lordosis (LL), respectively. 

A 3D nonlinear FE model of the Norm-L spine was created and validated against experimental 

studies. The model predictions in various loading scenarios were compared with in-vivo, in-vitro 

and other numerical data. The spine kinematics was in a satisfactory agreement with reported 

data. The overall rotation (L1-S1) and IVRs both fell inside the in-vitro and numerical ranges. 

Nonetheless, like the majority of previous FE models, the current model demonstrated relatively 

stiffer response to flexion with smaller rotations compared to in-vivo data which might be due to 

the applied load. The IDP and FJF were in a very good agreement with published values. 

The model was subjected to FL combined with moment to investigate load-sharing along the 

spine in flexed and extended posture. Spinal load-sharing was defined as the percentage of total 

internal force/moment that each spinal component carried at each level. 

FE models were developed for the Hypo-L and Hyper-L spines to investigate effects of inter-

individual sagittal curvature variation on load-sharing. Their responses in flexed and extended 

postures were compared.  

 

6.2. Conclusions 

6.2.1. Load-sharing along the spine in flexed and extended posture (Objective1, Chapter 3) 

The contribution of the facet joints and ligaments in resisting bending moment produced 

additional forces and moments in the discs. The discs carried up to 81% and 68% of the total 

internal force in flexed and extended postures, respectively. The ligaments withstood up to 67% 

and 81% of the total internal moment in extended and flexed postures, respectively. Contribution 

of the facet joints in resisting internal force and moment was noticeable at levels L4-S1 only 

particularly in case of extension and reached up 29% and 52% of the internal moment and force, 

respectively. Results demonstrated that spinal load-sharing depend on the applied load and 

varied along the spine. 
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6.2.2. Sensitivity of spinal response to FL and moment magnitudes (Objective 1, Chapter 4) 

The optimal magnitudes of FL and moment were defined as the magnitudes for which deviation 

of the model predictions from in-vivo data was minimized.  

The IVRs, disc moment, and the increase in disc force and moment from neutral to flexed 

posture were more sensitive to the moment magnitude than FL magnitude in case of flexion. The 

disc force and IDP were more sensitive to the FL magnitude than moment magnitude. The FL 

magnitude had reverse effect on the IDP and disc force. To obtain reasonable compromise 

between the IDP and disc force, our findings recommend that FL of low magnitude must be 

combined with flexion moment of high intensity and vice versa.  

 

6.2.3. Effects of inter-individual sagittal curvature variation on spinal load-sharing 

(Objective 2, Chapter 5) 

Kinematics of the three spines was affected by the curvature variation. In the flexion case, the 

Hypo-L spine demonstrated stiffer behavior whereas no significant difference was found 

between the Norm-L and Hyper-L spines. In the extension case, the excessive lordosis stiffened 

the spine against extension while the Hypo-L produced reverse effect comparing to Norm-L 

spine. 

The three spines studied demonstrated that inter-individual curvature variation affects spinal 

load-sharing only in extended posture while no noticeable difference between the spines was 

found in flexed posture. Analyzing response of additional spines in each category under different 

loading conditions such as gravity load in future studies may reveal more significant effects of 

inter-individual curvature variations.  

 

6.3. Recommendations for the future research 

- The current FE model as well as other models of the ligamentous spine showed stiffer response 

to flexion compared to in-vivo data which might due to the loading condition and/or material 

properties, in particular ligament properties. Sensitivity of the predictions to properties of the 

ligaments should be investigated. 

- The simplified loading mode which consists of FL combined with moment needs to be 

improved to mimic better the physiological conditions. For instance, increasing magnitude of 
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the FL from the cranial to caudal levels instead of using constant magnitude to simulate flexed 

posture will yield more realistic results.  

- Considering muscle forces can be a great improvement to the model especially if the muscle 

forces are personalized. It is expected that effects of lumbar curvature variation on load-

sharing become more significant if personalized muscle forces are considered.  

- Comparison of additional spines responses to more realistic loading mode such as gravity load 

may reveal more significant difference which will help find correlation between spinal 

curvature and mechanical response. Furthermore, personalized spinal stress profile can be 

correlated with the individual clinical history (for example effect of disc degeneration can be 

considered). 
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