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ABSTRACT 

 

The population of obesity is expected to increase especially in developed country. The 

excess human weight compared to normal weight produce extra force to the lumbar 

spine .Therefore, the increased load originated from the human weight change the 

mechanical properties of the intervertebral disc which can lead to damage in nucleus 

pulposus and annulus fibrosus. However, this project intended to investigate the 

biomechanical effect of human weight on intervertebral disc at human lumbar spine using 

finite element analysis. The compressive load of 700 N, 900 N and 1100 N with flexion and 

extension were exerted to the human lumbar spine model that represent the population of 

normal, overweight and obese. From the result obtained from ABAQUS, the pressure and 

stress distribution in intervertebral disc increases from normal to obese compressive load. 

The highest pressure in nucleus pulposus obtained from the analysis was 2.7 MPa during 

extension motion in L2-L3 lumbar segment under obese compressive load tended to cause 

disc degeneration disease. Additionally, the highest percentage difference of annulus stress 

distribution resulted 108.12 % compared to normal weight load during flexion motion in L2-

L3 lumbar segment. This increasing weight condition elevated the risk for annulus fibrosus 

to rupture and damage. 
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ABSTRAK 

 

Populasi obesiti dijangka akan meningkat terutamanya di negara maju. Keberatan manusia 

yang berlebihan berbanding dengan keberatan badan biasa menghasilkan daya tambahan di 

tulang belakang lumbar. Oleh itu, peningkatan beban yang berasal daripada keberatan badan 

manusia akan mengubah sifat-sifat mekanikal cakera intervertebral yang akan merosakan 

pulposus nukleus dan anulus fibrosus. Selain itu, tujuan projeck ini adalah untuk menyiasat 

kesan biomekanik kepelbagaian keberatan manusia pada cakera intervertebral di tulang 

belakang lumbar manusia menggunakan analisis unsur terhingga. Beban mampatan 

sebanyak 700 N, 900 N dan 1100 N dengan kombinasi aksi akhiran dan lanjutan telah 

dikenakan pada model tulang belakang lumbar manusia yang mewakili populasi normal, 

berat badan berlebihan dan obes. Keputusan yang diperolehi dalam ABAQUS menunjukkan 

kenaikan taburan tekanan dan tekanan dalam cakera intervertebral dari normal kepada beban 

mampatan obes. Tekanan tertinggi di pulposus nukleus diperolehi daripada analisis adalah 

2.7 MPa semasa lanjutan gerakan dalam L2-L3 segmen lumbar bawah beban mampatan 

gemuk cenderung untuk menyebabkan penyakit degenerasi cakera. Selain itu, perbezaan 

peratusan tertinggi agihan tegasan anulus sebanyak 108.12% tinggi berbanding dengan 

beban berat badan normal semasa akhiran gerakan dalam L2-L3 segmen lumbar. keadaan 

berat badan yang semakin meningkat ini meninggikan risiko untuk merosakkan and 

memecahkan  anulus fibrosus. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

Low back pain (LBP) is one of the public health disorder experienced by human race 

and it is reported to be 75 % of the population in developed countries experience this 

musculoskeletal disorder (Viera 2008). Moreover, it threats the health care system and 

socioeconomics of the countries (Koh et al. 2010). Simplistic, the uncomfortable pain faced 

by the patient will affect their life quality and daily activities such as climbing, pulling, 

pushing and lifting or running. 

Degeneration Disc Disease (DDD) is declared as the trigger of LBP (Smith et al. 

2011). The DDD is originated from the losses of water content and crack condition of IVD 

tend to reduce its strength to absorb external stresses (Unal et al. 2011). Therefore, the 

biomechanical behavior changes in IVD maneuver the severity of DDD. 

The intervertebral discs (IVD) is a fibrocartilage consist of annulus fibrosus (AF) 

and a centrally located nucleus pulposes (NP) that can withstand and support the loads from 

internal and external (O'Connell et al. 2011). Dehydration in the IVDs are known as 

degenerative disc disease will change the mechanical properties of the IVD and result in 

structural failure as time goes by (Smith et al. 2011). 

Generally, the probability of vertebral to be damaged is depend on the IVD health 

condition which has the ability to distribute compressive load from human weight (Hussein 

et al. 2013). However, the attention of this project is to focus on the relationship between the 

human weights on the biomechanical effect of lumbar spine. 



2 
 

Likewise, the model of the lumbar spine (L1-L5) is constructed using CAD software 

and the model is simulated by implementing finite element analysis (FEA) which is one of 

the computational technique to estimate and anticipate the effect of weight on the lumbar 

spine. The FEA software is worth to be implemented as the results from the simulation can 

be obtained precisely, faster and economically. 

Occasionally, the kinematic motions of the healthy lumbar spine model in flexion, 

extension, lateral bending, and axial rotation are vitally important to be determined as it will 

influenced the mechanical properties of the intervertebral disc (Denoziere & Ku 2006). 

Therefore, this project seems vitally essential as the result obtained are practicable and 

fabrication of artificial IVD for total disc replacement (TDR) will be more accurate. 

1.2 Problem statement 

The expanding numbers of obesity and overweight population currently seem to 

become the norm in the country like China and United State will worsen the severity of the 

LBP in the nation (Porto et al. 2012; Gordon-Larsen et al. 2014). One of the causes of the 

LBP is DDD as the mass of water content in IVD decreases via DDD. However, the heavier 

human weight tends to weaken the strength of disc to withstand the compressive loads and 

tensile stresses (Silva & Claro 2015).Therefore, it is extremely important to investigate the 

biomechanical effect of human weight on the disc using FEA of various BMI. 

1.3 Objectives 

The specific objectives of this project are as follows: 

1) To develop a finite element model of the lumbar spine. 

2) To investigate the biomechanical effects of IVD at various human weight 

using FEA.  
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1.4 Scope 

The original three dimensional (3D) model of L1 to L5 lumbar spine was obtained from 

UTM Faculty of Bioscience and Medical Engineering for simulation purposes. The L1-L5 

lumbar spine model was developed and simulated using ABAQUS. The ligaments were 

neglected in the simulation.  The biomechanical effects of normal weight, overweight and 

obesity were focused on the IVD with intradiscal pressure and von-Mises stress. 
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CHAPRER 2 

 

LITERATURE REVIEW 

 

2.1 Overview 

 This chapter describes the background of LBP and human lumbar spine. The 

development of the FE model of human lumbar spine shows significant effect in future 

research in mitigating the problems faced by the actual human lumbar spine.   

2.2 Spine biomechanics 

Biomechanics of the spine define the movement pattern of human spine that causes 

by force in the body structure. It exposes the functions and principles of the vertebral 

structures, tissues, ligaments and discs in providing spine stability. Generally, the kinematic 

and dynamic stability of human spine depend on the motion and muscle. The validation of 

the mechanical stability will be failed if the muscle or motion is not considered in the human 

spine simulation and experiments (Bergmark 1989). Therefore, any misunderstanding and 

misconception of biomechanics of the spine will lead to nervous system damages. 

 The kinematic motions of the spine can be divided into extension, flexion, and lateral 

bending as shown in Figure 2.1. This motions are capable to influence the biomechanical 

effect of the lumbar spine under certain loads (Wong et al. 2003; Panjabi et al. 1994). 
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Figure 2.1 The 3D coordinate system used to describe lateral bending (MZ), axial rotation 
(MY), extension and flexion (MX). Adapted from Panjabi et al. (1994). 

2.3 Anatomy of the human spine 

 The best way to know the function of lumbar spine is to understand the structure and 

components in the spine. The structure of the human spine can be simplified into five region 

which is cervical, thoracic, lumbar, sacrum and coccyx region as shown as Figure 2.2. 

 
Figure 2.2 Cervical, thoracic, lumbar, sacrum and coccyx regions of the human spine. 

Adapted from Aleti & Motaleb (2014). 

Cervical region 

Thoracic region 

Lumbar region 

Sacrum region 

Coccyx region 
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The cervical spine is comprises of seven vertebrae from C1-C7. Furthermore, the thoracic 

region is the combination of 12 vertebrae from T1-T12 and the lumbar spine contains 5 

vertebrae from L1-L5. Likewise, the region of sacrum and coccyx contain 5 and 4 fused 

vertebrae. The curve shape and structure of the human spine enhance the mechanical 

flexibility and act as a shock absorber to support the body (Kurtz & Edidin 2006). This 

combination of regions ensure the spine is maintained in the stable state during walking, 

climbing, lifting, pulling, pushing and running. 

2.4 Human lumbar spine 

 The main function of human lumbar spine is to withstand the weight of the upper 

body and maintain the extensibility and stability of the body in daily activities (Han et al. 

2011). Nevertheless, the human lumbar spine is located between the thoracic and sacrum 

region and comprises of five rigid vertebrae connect with each other via facet joints and 

IVDs was shown in Figure 2.3. Additionally, the human lumbar spine is made up of vertebral 

body, posterior element, facet joints, intervertebral discs, ligaments, muscles and motion 

segments (Kurutz M. 2010). 

 

 
Figure 2.3 The model of lumbar spine. Adapted from Netter (2006). 
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2.4.1 Lumbar vertebrae body 

 The vertebral body of the lumbar spine is comprises of thicker or denser and strong 

cortical bone on the outside and relatively thin cancellous bone on the inside of the vertebrae 

(Denoziere & Ku 2006). Moreover, the cancellous bone can be classified as porous 

biomaterials that create sponge-like network due to the horizontal and vertical struts 

reinforcement as shown in Figure 2.4 (Netter 2006).  

 
Figure 2.4 The illustration of cancellous bone and cortical shell. Adapted from Netter 

(2006). 
 

 The natural process of human such as aging tends to change the morphological 

structure and reduce the density of bone mineral (Ferguson & Steffen 2003). Otherwise, the 

flexible characteristic of cancellous bone enhance the ability for vertebrae body to avoid 

large deformation in shape. Therefore, the interaction between the IVD and vertebrae body 

will be affected when loadings are apply in the lumbar spine region (White & Panjabi 1990). 

2.4.2 Intervertebral disc 

 The IVD is a soft tissue that has high water content and assumed to be incompressible. 

It is located between two adjacent vertebras body and act as shock absorber when the 

external loads are acting on it was shown in Figure 2.5. Generally, the IVD contributes 

approximately 25 % of the spinal column height (Adam 2004). Since it is a shock absorber, 

ability to sustain sudden loads has become the key function of IVD in lumbar spine. 
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Figure 2.5 The upper image shows the location of IVD between two adjacent vetebrae and 

ligament. The lower image illustrates the structure of IVD comprises of NP and AF. 
Adapted from Adam (2004). 

 
  The IVD is comprised of nucleus pulposus (NP) and annulus fibrosus (AF) which lie 

at the center and outside portion of IVD (Khan et al. 2012). Therefore, the increases in body 

weight will vastly rise the magnitude of distribution load in the IVD and leads to decrease 

in height and volume of IVD (Araujo et al. 2015). Likewise, the Young modulus (E) and 

Poisson’s ratio (υ) are the most crucial parameter in the disc’s mechanical properties when 

assigning the value in the healthy disc model during finite element simulation (Khalaf et al. 

2015). Otherwise, the hyperelastic behavior of IVD in term of Mooney-Rivlin concept can 

be assigned in the simulation to obtain better validation result (Schmidt et al. 2007). 

Moreover, this study aims to analyze the biomechanical behavior of healthy IVD under body 

weight from normal, overweight and obesity population. 

2.4.3 Facet joint 

 The spinal facet joint is called as Zygapohyseal is located at the spinal column to 

link the vertebra together as shown in Figure 2.6. It is comprised of different type of soft 
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and hard tissue that can reduce the friction when the lumbar spine is exerted by different 

loading direction (Jaumard et al. 2011).  

 

Figure 2.6 (a) Lateral view and (b) transverse view of facet joint in lumbar spine (Jaumard 
et al. 2011). 

 The changes of mechanical properties of facet joint tends to weaken the lubricant 

effect will lead to LBP. Therefore, the changes in flexibility of the lumbar spine will affect 

the range of motion verification of the model (Panjabi et al. 1994). The loading amount of 

10% to 40%  in the lumbar spine can be tranmitted to facet joint via various spine posture 

(Nabhani & Wake 2002). 

2.4.4 Ligaments 

There are seven ligament link to the lumbar spine, which are anterior longitudinal 

ligament (ALL), posterior longitudinal ligament (PLL), ligamentous flava (LF), supraspinal 

ligament (SSL), interspinous ligament (ISL), capsular ligament (CL) and intertransverse 

ligament (ITL) as shown in Figure 2.7. 
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Figure 2.7 The ligaments existed in the lumbar spine. Adapted from Loudon (2012). 
 

The ligaments constructed in the lumbar spine model are assumed to be in tension not 

pressure and their mechanical behavior is assignment during simulation state as shown as 

Table 2.1. 

Table 2.1 The material porperties of ligaments. Adapted from Yu (2015) 
Ligaments name MOE/MPa Poisson ratio Sectional surface Units 

ALL 20 0.3 75.9 4 

PLL 20 0.3 75.9 4 

LF 19.5 0.3 8.7 2 

SSL 11.6 0.3 75.7 1 

ISL 15 0.3 6.1 4 

CL 32.9 0.3 102.5 6 

 

2.5 Low back pain 

 Generally, the normal human is declared as LBP patient once the trunk feel pain for 

six week continuously (Koes et al. 2006). LBP tends to limit the mobility of the patients due 

to the instability of the lumbar spine (Panjabi 2003). There are various causes of LBP such 

as smoking, aging, genetic, working environment and others. Likewise, the most common 
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cause of LBP originates from degeneration of IVD (Shiri et al. 2010). Furthermore, the 

heavier spinal load originated from muscular force, height and weight worsen the severity 

of disc degeneration and decreases the intersegmental rotation of normal lumbar spine or 

contributes to spinal instability (Fujiwara et al.2000; Han et al. 2011). 

2.5.1 Obesity 

 The increasing population of overweight and obesity tend to worsen the severity of 

low back pain worldwide (Porto et al. 2012). Likewise, recent studies indicate obesity 

population has higher risk to face LBP and leg pain compared to normal weight population 

(Djurasovic et al. 2008). The continuously trend of overweight and obesity population show 

significant effect in rising risk of disc degeneration via Magnetic Resonance imaging 

(Vismara et al. 2010). The loading condition of lumbar spine which comprises of muscle 

effect has the linearly behavior against body height and weight or BMI (Han et al. 2011). 

Therefore, the simulation of various human weight at constant height on the FE lumbar spine 

is vitally important in predicting the outcomes of various load to decrease the 

musculoskeletal pain (Martin et al. 2001). 

2.5.2 Intervertebral disc degeneration 

 Degenerated discs diseases (DDD) means at least one of the IVD between two 

adjacent vetebrea unable to distribute the load normally as severe dehydration occurs in 

nuclues propulsus (NP) and annulus fibrosus (AF) (Tashtoush 2015). When the severity of 

dehydration reaches optimum level, the NP losses the ability to distribute the compressive 

load consistently to the AF. However, the water loss in nucleus reduce the height and 

mechanical properties of IVD tend to influence the biomechanics behaviour of lumbar spine 

(Smith et al. 2011; Park et al. 2013). Normally, the FE model of various severity level of 

IVD in human lumbar spine is fully simulated to obtained intersegmental rotation of lumbar 

spine, intradiscal pressure of IVD and force in facet joints (Park et al. 2013). Additionally, 
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recent FE studies indicated the flexion motion of lumbar spine created greatest IDP in the 

degenerated disc (Schmidt et al. 2007). 

2.6 Computational Method 

 The FEM is the technique frequently implemented in the industry in mitigating 

complex problem in the structure and design that cannot be solved using fundamental 

theories. Generally, provides an insight view to study the effect of various load into the 

lumbar spine with assignation of materials (Silva & Claro 2015; Kim et al. 2014; Schmidt et 

al. 2007; Denoziere & Ku 2006; Lu et al. 2014). The FE study was used to determine the 

shear and compression outcomes of the IVD between L4 to L5 to enhance the rehabilitation 

and prosthesis technology (Schmidt et al. 2013). Likewise, the speed of simulation on the 

complex model can be enhanced by using high performance computer. The persistently 

simulation and investigation of FEA on the lumbar spine model can enhance the 

understanding of its biomechanical effect under various type and group of prosthesis. 

2.6.1 Material properties of the human lumbar spine 

 The vertebral body consists of cortical and cancellous bones. Moreover, the average 

thickness of cancellous and cortical bones are estimated to 0.35 mm and 0.5 mm in the 

lumbar spine region (Denoziere & Ku 2006). The mechanical properties of the bone 

structures are frequently assumed as isotropic elastic material in the lumbar spine (Kim et al. 

2014; Schmidt et al., 2007; Rohlmann et al. 2009).  

 The IVD is comprises of nucleus pulposus (NP), annulus fibrosus (AF) and annulus 

fibers (Kim et al. 2014). The IVD enable the lumbar spine to withstand sudden forces from 

the kinematic motion. The mechanical behavior of the IVD is assumed to be incompressible 

when reacting with the load (Kim et al. 2015). Likewise, the most recommended way to 

illustrate the incompressible material behavior of IVD is assigning Mooney-Rivlin model in 

simulation (Schmidt et al. 2007; Kim et al. 2014; Park et al. 2013).  
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 The facet joint is made up of superior and inferior processes of two adjacent vetebral 

body. It ensures lumbar spine under stable state when torsional force is applied (Kim et al. 

2014). In the simulation process, the contact surface is normally assumed to be surface-to-

surface contact elemtents by ignoring the existence of friction (Schmidt et al. 2007). 

 Generally, the ligaments of the lumbar spine are modeled as spring element 

(Rohlmann et al. 2009; Schmidt et al. 2007) or truss element (Kim et al. 2014) which are 

connected at the FE lumbar spine model. 

 Furthermore, the material properties of each part of the FE lumbar spine model have 

been set up according to their mechanical behavior. The material properties assignation in 

previous studies are shown in Table 2.2. 
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Table 2.2 The assignation of material properties for FE lumbar spine model in previous studies 

Source Cortical bone Cancellous 
bone 

Annulus 
fibrosus 

Nucleus 
Pulposus Annulus fibers Ligament Cartilage of  Facet 

Joint Solver 

Park et al. 
(2013) 

E = 12000 MPa 
ν= 0.3 

E = 100 MPa 
ν= 0.2 

Hyperelastic 
Mooney-Rivlin 

C1 = 0.18 
C2 = 0.045 

Incompressible 
fluid-filled 

cavity 

Non-linear 
dependent on 
distance from 
disc centre, 

6 layers criss-
cross pattern 

Non-
linear 
stress 
strain 
curve 

Hard frictionless 
contact, 

E = 11 MPa, 
ν = 0.4, 

Initial gap = 0.5 mm 

Abaqus 6.10 
(SIMULIA 

Inc, 
Providence,  

Rhode Island, 
USA) 

Rohlmann 
et al. 

(2007) 

E = 10000 MPa 
ν = 0.3 

E1 = 22000 MPa 
 

E1 = 200 MPa 
E2 = 140 MPa 

ν1 = 0.45 
ν2 = 0.315 

 

Hyperelastic 
Neo-Hookean 
C1 = 0.3448 

C2 = 0.3  
 

Incompressible 
fluid-filled 

cavity 

Non-linear 
dependent on 
distance from 
disc centre, 

14 layers criss-
cross pattern  

 

Non-
linear 
stress 
strain 
curve 

Soft frictionless 
contact, 

Initial gap = 0.5 mm  
 

Abaqus 6.10 
(SIMULIA 

Inc, 
Providence,  

Rhode Island, 
USA) 

Schmidt et 
al. (2007) 

E2 = 11300 MPa 
ν1 = 0.484 
ν2 = 0.203 

 

E1 = 200 MPa 
E2 = 140 MPa 

ν1 = 0.45 
ν2 = 0.315 

 

Hyperelastic 
Mooney-Rivlin 

C1 = 0.56 
C2 = 0.14 

Incompressible 
fluid-filled 

cavity 

Non-linear 
stress- strain 

curve, 16 
layers criss-
cross pattern 

Non-
linear 
stress 
strain 
curve 

Hard frictionless 
contact, E = 35 MPa, 

ν = 0.4, 
Initial gap = 0.4 mm 

Abaqus 6.10 
(SIMULIA 

Inc, 
Providence,  

Rhode Island, 
USA) 
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Table 2.2 The assignation of material properties for FE lumbar spine model in previous studies (continued) 

Source Cortical bone Cancellous 
bone 

Annulus 
fibrosus 

Nucleus 
Pulposus Annulus fibers Ligament Cartilage of  

Facet Joint Solver 

Kim et al., 
(2014) 

E1 = 22000 MPa 
E2 = 11300 MPa 

ν1 = 0.484 
ν2 = 0.203 

 

E1 = 200 MPa 
E2 = 140 MPa 

ν1 = 0.45 
ν2 = 0.315 

 

Solid 
E = 4.2 MPa 

ν = 0.45 
 

Incompressible 
fluid-filled 

cavity 

Non-linear 
stress- strain 

curve, 8 layers 
criss-cross 

pattern 

Non-linear 
stress strain 

curve 

Hard frictionless 
contact, 

E = 35 MPa, 
ν = 0.4, 

Initial gap = 0.5 
mm 
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2.7 Finite element studies for human lumbar spine 

 The kinematic motion of the lumbar spine can be illustrated in 3 rotational and 3 

translational motion (Panjabi et al. 1994). The three rotation motions stated are flexion-

extension, lateral bending and axial rotation of the spine.  

2.7.1 Range of Motion 

 The range of motion (ROM) is the measured constraint when the lumbar spine 

undergoes various rotation motion and it is indicated in term of angle (Kim et al. 2015; Li et 

al. 2009). However, the ROM illustrates the kinematic motion of the lumbar spine which can 

demonstrate the motion difference between normal spine and injured spine (Li et al. 2009). 

The trend of ROM in FE healthy lumbar spine model pattern is vitally important to be 

investigated to obtain the accurate result in future studies.  

2.7.2 Intradiscal pressure of the nucleus pulposus 

 The magnitude of intradiscal pressure (IDP) of IVD plays an important role in 

predicting the loading condition of the FE lumbar spine model (Sato et al. 1999). The 

standing posture is frequently recommended to replace sitting posture in daily life. The 

reason is sitting posture tends to rise the pressure of NP nearly 40 % compared to standing 

posture (Wilke et al. 1999). However, the spine specialist concludes that the IDP of disc 

lumbar spine is incomparable to the other spine such as thoracic, cervical, sacrum, coccyx 

region due to different biomechanical environment (Polga et al. 2004). Thus, the verification 

of the lumbar spine uses the IDP of healthy IVD in vitro studies to validate the reliability of 

FE lumbar spine model for further simulation purposes (Markolf & Morris 1974; Ranu 1990). 

2.7.3 Stress analysis of the annulus 

 Generally the DDD is normally declared as the causes of LBP. Therefore, the stress 

changes in the annulus in the IVD has significant effect on the biomechanical properties on 
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the lumbar spine (Ruberte et al. 2009). In FE studies, the assignation of material properties 

of the disc is controlled to reduce the disc height that include severe disc degeneration on 

the lumbar spine simulation (Rohlmann et al. 2006). The reason is defected disc that 

comprises of weak annulus unable to receive extra compression normally from the body 

reduces the height of disc and can cause catastrophes effect to the other part of the lumbar 

spine (Palepu et al. 2012). Otherwise, the stresses exist in the center of the disc were 

predicted to be the greatest for the normal IVD (Rohlmann et al. 2006). Therefore, stress 

analysis in the annulus is vitally essential to be carried out to reduce the risk of disc 

dehydration. 

2.8 Summary 

 However, the increasing trend of obesity population in the world exerted external 

load on the lumbar spine and capable to reduce the biomechanical properties of the IVD 

which causes low back pain. Likewise, the biomechanical effect of IVD at various human 

weight is worth to be investigated and studied using FEA at various BMI. 
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CHAPTER 3 

 

MATERIALS AND METHODS 

 

3.1 Overview 

 This chapter illustrates the methods and procedures implemented to develop FE 

model of human lumbar spine and validated through the verification from previous studies. 

The verified FE model was then simulated to investigate the biomechanical effects of IVD 

with various human weight. The flow chart for this study is shown in Figure 3.1. 

 
Figure 3.1 The flow chart of the methodology. 
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3.2 Finite element model of the lumbar spine 

 The FE lumbar spine model obtained from the Faculty of Biosciences and Medical 

Engineering UTM is simulated using ABAQUS. This lumbar spine is originated from male 

volunteer which is 21 years old, 173cm height and 70 kg weight which equivalent to BMI 

of 23.4.  The FE lumbar spine model is developed using finite element software of ABAQUS 

14.0 for verification and biomechanical effect purposes as shown in Figure 3.2. 

 
Figure 3.2 The FE model of lumbar spine. 

 

3.3 Material properties assignation of FE lumbar spine 

 The assignation of FE model’s material properties is one of the criteria to yield 

precise and accurate biomechanical effect of lumbar spine. The list of material properties 

used in this FE model was shown in Table 3.1. 

Table 3.1 The list of material properties of the FE model 

Parts Material properties Reference 

Cortical bone E = 12000 MPa, v = 0.3 (Park et al. 2013) 

Cancellous bone E = 100 MPa, v = 0.2 (Park et al. 2013) 
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Articular cartilage E = 35 MPa, v = 0.4 (Kim et al. 2014) 

Nucleus pulposus E = 1.0 MPa, v = 0.4999 (Schmidt et al. 2007) 

Annulus ground substance E = 4.2 MPa, v = 0.45 (Schmidt et al. 2007) 

 

3.4 Verification of the finite element model 

 The verifications of the FE model were executed in term of intersegmental rotation 

of the lumbar spine and compression of IVD. However, the difference of geometry structure 

of FE with real human lumbar spine and material properties assignation tend to influence the 

reliability of the model (Xiao et al. 2010) .Otherwise, the verified results determines the 

accuracy of the FE lumbar spine model to operate in vivo studies. The verification results 

from the FE model are compared with the vitro experiment result to ensure it is developed 

with minimum difference in real condition (Jones & Wilcox 2008). The verification must be 

succeeded before further simulation of biomechanical effect of lumbar spine in various 

human weight are investigated. 

3.4.1 Intersegmental rotations of the lumbar spine 

 The ROM of FE model was compared with previous studies under pure moment of 

7.5 Nm for flexion extension (Panjabi et al. 1994). This verification aims to ensure stability 

of the FE model. The equation of the moment yields the force couple magnitude in Table 

3.2 as shown in Equation (1) (Nordin & Frankel. 2001). 

M = F × d 

Where M is the moment, F is the resultant force and d is the distance between anterior and 

posterior vertebral body. The equation of moment was further expanded to determine Fy and 

Fz as shown below: 
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𝐹 =
7.5 𝑁𝑚

0.03 𝑚
 

𝐹 = 250 𝑁 

Since 𝐹 = √𝐹𝑦2 +  𝐹𝑧2 

Let Fy = 0.3 Fs (30 % of force acting on y-axis) 

And Fz = 0.7 Fs (70 % of force acting on z-axis) 

250 = √(0.3𝐹𝑠)2 + (0.7𝐹𝑠)2 

Fs = 328 N 

Therefore; 

Fy = 98 N 

Fz = 230 N 

Table 3.2 The magnitude of force in y and z direction on the FE model 

Loading 

direction 

Anterior point Posterior point 

Fy (N) Fz (N) Fy (N) Fz (N) 

Flexion -98 -230 98 230 

Extension 98 230 -98 -230 

  

 

Moreover, all nodes at the bottom surface of L5 vertebrae body were constrained in all 

direction which representing the boundary condition of the model. However, the loadings 

were set at the upper surface of L1 vertebrae in posterior and anterior point. The loading and 
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boundary condition of the FE model in ROM verification in ABAQUS was shown in Figure 

3.3. 

 
Figure 3.3 The loading and boundary condition of the FE lumbar spine model in extension 

moment. 
3.4.2 Compression of IVD 

The varication of IVD was validated by comparing the IDP and axial displacement of IVD 

to the previous studies (Markolf & Morris 1974; Ranu 1990). Moreover, the FE model is 

exerted with the axial compression load to determine the relationship between the axial 

compressive laod with displacement as these two parameters are highly correlated (Xiao et 

al. 2010). Furthermore, the The upper surface of the L4 vetebrae was subjected to 1100 N 

vertical compressive load and the the bottom surface of L5 vetebrae was set as boundary 

condition by limiting the rotation and translation as shown in Figure 3.4. 
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Figure 3.4 The loading and boundary condition of L4-L5 FE model in IVD verification. 

3.5 Finite element analysis of the lumbar spine model at various human weight 

 The approximate 60 % of the human weight contributes to the compressive force in 

the lumbar spine (Kurutz & Oroszvary 2010). The various human weight comprise of normal 

weight, overweight and obesity with 55 kg, 80 kg and 110 kg (Walpole et al. 2012). The 

external load of 200 N from muscle effect is added in the weight of 500 N, 700 N and 900 

N in the intersegmental rotations of the FE model (Rohlmann et al. 2009). Nevertheless, the 

compressive load of 700 N, 900 N and 1100 N will be implemented in the simulation to 

investigate the biomechanical effect of lumbar spine model. 
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CHAPTER 4 

 

RESULT S AND DISCUSSION 

 

4.1 Overview 

 This chapter discusses the results obtained from the lumbar spine models simulation. 

The verification of the finite element model is validated to assure the results are trustworthy. 

Furthermore, it is followed by the biomechanical effects of various human weight on the 

finite element model. 

4.2 Verification of the L1-L5 lumbar spine model 

 The verification of the FE model was necessary to be executed on the flexion and 

extension motion of the lumbar spine, disc axial displacement and nucleus IDP of IVD. The 

verification process of the FE model is crucial to be carried out to replicate similar lumbar 

spine movement behavior. 

4.2.1 Intersegmental Rotation of lumbar spine 

 The FE model of L1-L5 lumbar spine was verified in term of flexion and extension’s 

ROM at pure moment of 7.5 Nm (Panjabi et al. 1994). The simulation of the FE model of 

lumbar spine shows comparable and curve trend with previous results as shown in Figure 

4.1 (Panjabi et al. 1994). The percentage difference of the ROM in flexion reached 23.7 % 

at 7.5 Nm. The significant percentage difference of ROM was detected between 5 Nm, 2.5 

Nm and -2.5 Nm, the percentage difference of the ROM was increased to 2.2 % when 

reaching -7.5 Nm. The most significant range of motion occurred during flexion was caused 
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by the missing of ligaments which influenced the intersegmental rotation of the lumbar spine 

(Zander et al. 2004).  

 
Figure 4.1 The comparison of total ROM of the lumbar spine between FE model and 

previously published paper result (Panjabi et al. 1994) under pure moment from –7.5 Nm 
to 7.5 Nm. 

According to the ROM result simulated from the FE model, the FE model could yield reliable 

flexion and extension motion of the lumbar spine expecially when the motion reached to -

7.5 Nm. 

4.2.2 Intervertebral Disc 

 The axial displacement and IDP of the FE IVD shows comparable trend with 

previous studies as shown in Figure 4.2 and Figure 4.3 (Markolf & Morris. 1974; Ranu. 

1990).The percentage difference of axial displacement and IDP of the IVD with previous 

studies revealed 22.3 % and 1.1 % under compressive load of 1100 N. The most significant 

of the axial displacement was caused by the anterior longitudinal ligaments constraint which 

capable to restrict the deformation of IVD in the largest compressive load (Marchi et al. 

2012).  According to the FE studies, the future results obtained from this FE model is capable 
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to produce accurate axial displacement trends and future analysis using computational 

method. 

 
Figure 4.2 Comparison of FE model and previous studies of the IVD axial displacement 

under 1100 N. 
 

 
Figure 4.3 Comparison of FE model and previous studies of the IVD intradiscal pressure 

under 1100 N. 
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4.3 Biomechanical effect of IVD of various human weight on FE model 

 The biomechanical effect of normal, overweight and obesity on the IVD was 

analyzed under intersegmental rotation of the verified FE human lumbar spine model. 

However, the biomechanical effect of IVD can be divided into intradiscal pressure in nucleus 

pulposus and VMS in annulus fibrosus. 

4.3.1 The intradiscal pressure of nucleus pulposus under various human weight. 

 The intradiscal pressure of nucleus pulposus of normal weight, overweight and obese 

under flexion and extension motion are illustrated in Figure 4.4 and Figure 4.5. The highest 

intradiscal pressure of nucleus pulposus occurs in the L2-L3 segment under combination of 

obese compressive load and extension motion with 2.70 MPa. Meanwhile, the segment of 

L1-L2 shows lowest intradiscal pressure of nucleus pulposus with 1.27 MPa under flexion 

motion and exerted with obese compressive load.  
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Figure 4.4 The intradiscal pressure of nucleus of normal, overweight and obese under 

flexion motion. 

 
Figure 4.5 The intradiscal pressure of nucleus of normal, overweight and obese under 

extension motion. 
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 Additionally, increasing trend of IDP in nucleus pulposus was shown under flexion 

and extension motion. However, there was significant difference presented in L2-L3 and L3-

L4 segment in flexion and extension motion. Moreover, the intradiscal pressure of nucleus 

pulposus under overweight and obese in L2-L3 segment were 53.8 % and 107.7% greater 

than normal weight. Nevertheless, extension motion resulted difference with 14.7 % and 

17.7 % in L3-L4 segment. 

Furthermore, the IDP trend of L1-L2, L2-L3 andL3-L4 segment in flexion motion tend to 

shows comparable trend of healthy disc to degenerative disc which were 16.9-34.7 %, 53.8-

107.7 % and 34.9-69.8 % (Park et al. 2013). Therefore, the non-symmetrical stress 

distribution in IVD tends to elevate the IDP in nucleus resulted in disc dehydration (Urban 

& Roberts 2003). 

 
4.3.2 The annulus fibrosus stress of IVD under various human weight 

 The highest VMS of annulus fibrosus resulted during extension motion which was 

3.10 MPa in L2-L3 segment when exerted to obese load as shown in Figure 4.7. Nonetheless, 

the lowest VMS of annulus fibrosus observed during flexion motion was 1.56 MPa in L1-

L2 segment under obese compression loading as shown in Figure 4.6. Otherwise, the biggest 

difference during flexion motion was occur in L2-L3 segment which up to 53 % and 108.12 % 

higher than normal weight loading condition and the L3-L4 segment in extension motion 

resulted 13.3 % and 15.3 % greater than normal weight. 

Other than L2-L3 segment in flexion, the difference of other segments resulted 5.74-11.50 %, 

34.7-69.5 % and 32.6-61.3 % compared to normal weight condition. In extension motion, 

difference lumbar segment other than L3-L4 segment were 7.9-7.8 %, 9.9-11.2 % and 8.7-

11 % respectively compared normal weight loading.  
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Figure 4.6 The annulus fibrosus stress under normal, overweight and obese human weight 

in flexion motion. 
 

 
Figure 4.7 The annulus fibrosus stress under normal, overweight and obese human weight 

in extension motion. 
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The stress distribution in annulus fibrosus under various human weight during flexion and 

extension motion were illustrated in Figure 4.8 and Figure 4.9. It can be summarized that the 

annulus fibrosus increases in the heavier human weight in intersegmental rotation of lumbar 

spine. The increases of stress in annulus fibrosus will elevates the risk for the disc to undergo 

dehydration and rupture easily (Adams et al. 1996). The increasing trend of VMS of annulus 

fibrosus intended affect the morphological structure of the IVD and caused LBP (Evans & 

Sun 2006). 

 
Figure 4.8 The stress distribution in the nucleus pulposus under normal, overweight and 

obese in flexion. 
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Figure 4.9 The stress distribution in the nucleus pulposus under normal, overweight and 

obese in extension. 
. 
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CHAPTER 5 

 

CONCLUSIONS AND RECOMMENDATION 

 

5.1  Conclusion 

 This project aims to investigate the biomechanical effect of IVD by using FE model 

under various human weight. A validated FE lumbar spine model presently produced reliable 

and accurate result in the lumbar spine model especially in term of kinematic motion, stress 

distribution and intradiscal pressure. Therefore, the effect of normal, overweight and obese 

on the IVD can be analyzed during intersegmental rotation. Throughout the studies, obese 

population has higher risk to face LBP as the increasing trend of stress and pressure 

distribution in IVD which lead to DDD.  

5.2 Recommendation for future studies 

 This FE model can be improved by changing the elastic properties of the IVD to 

hyperelastic properties. This properties is expected to provide better trend of range of motion 

against flexion and extension motion. Furthermore, the ligaments with specific properties 

and area are encouraged to be included in the FE model so that the stress distribution of 

whole lumbar spine model can be more equivalent and accurate. Otherwise, these two factor 

is crucial future research such as prosthesis that highly rely on the reliability of this FE 

lumbar spine model. Nevertheless, the future studies should include the other motion such 

as lateral bending and axial rotation in IVD so that all motion is taken seriously in analysis. 
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APPENDIX A 

The raw data of verification of the lumbar spine model 
 Flexion 

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

0 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 227.86 -225.3 1901 260.55 -232.4 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

2.5 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 220.4 -226.2 1901 253.83 -229.8 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

5.0 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 212.94 -227.1 1901 247.11 -227.3 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

7.5 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 205.48 -228 1901 240.4 -224.7 

 

 Extension 

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

0 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 227.86 -225.3 1901 260.55 -232.4 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord Y Coord Z 

-2.5 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 234.91 -224.4 1901 266.88 -234.7 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord_Y Coord_Z 

-5 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 241.32 -223.5 1901 272.64 -236.9 
        

Moment Part 
Nodes 
(1,3) 

Coord Y Coord Z 
Nodes 
(2,4) 

Coord_Y Coord_Z 

-7.5 
L5 339 217.21 -386.7 28648 249.68 -378.5 

L1 5454 247.33 -222.7 1901 278.03 -238.9 
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Moment Rom(deg) 
Difference 

(%) 
Moment Panjabi Error (deg) 

-7.5 -15.65 -2.157 -7.5 -16 2.6382 

-5 -10.86 -16.48 -5 -13 3.0806 

-2.5 -5.696 -36.71 -2.5 -9 1.9494 

0 0 0 0 0 0 

2.5001 6.0207 -45.27 2.5001 11 4.089 

5.0002 11.911 -33.83 5.0002 18 4.2379 

7.5002 17.557 -23.66 7.5002 23 3.9357 
 

 

L4_17130 

   
Compressive load 

(N) 
Axial displacement 

(mm) 
Error (%) 

Compression 
load (N) 

Markolf 
(mm) 

0 0 0 0 0 

400 0.3397 -15.08 400 0.4 

800 0.6728 1.9447 800 0.66 

1100 0.9206 18.029 1100 0.78 

 

L4-L5 nucleus propulsus_1191    
Compressive load 

(N) 
Intradiscal Pressure 

(MPa) 
Error 

Compressive 
load (N) 

Ranu 
(MPa) 

0 0 0 0 0 

400 0.2851 -4.968 400 0.3 

800 0.5604 0.0659 800 0.56 

1100 0.7632 -0.883 1100 0.77 
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APPENDIX B 

The raw data of the effect of human weight on the lumbar spine model 

Flexion      

IVD 

VMS (MPa) 

Normal Overweight Obese 
Change of overweight 

(%) 
Change of obese 

(%) 

L1-L2 1.4062 1.487 1.5679 5.7474 11.498 

L2-L3 1.1407 1.7449 2.3741 52.966 108.12 

L3-L4 1.3663 1.8398 2.3164 34.66 69.54 

L4-L5 1.4561 1.9306 2.3488 32.591 61.311 

 

Extension 

IVD 

VMS (MPa) 

Normal Overweight Obese 
Change of overweight 

(%) 
Change of obese 

(%) 

L1-L2 1.979 2.1354 2.1327 7.9031 7.7687 

L2-L3 2.7963 3.0732 3.1089 9.9043 11.181 

L3-L4 2.3703 2.6851 2.7331 13.277 15.303 

L4-L5 2.1239 2.3091 2.3575 8.7222 10.997 

 

Flexion      

IVD 

IDP (MPa) 

Normal Overweight Obese 
Change of overweight 

(%) 
Change of obese 

(%) 

L1-L2 2.305 2.4175 2.5299 4.878 9.7561 

L2-L3 2.1753 3.5711 4.9637 64.167 128.19 

L3-L4 2.4925 3.6373 4.7295 45.933 89.751 

L4-L5 3.1375 4.244 5.2027 35.268 65.825 

 

Extension 

IVD 

IDP (MPa) 

Normal Overweight Obese 
Change of overweight 

(%) 
Change of obese 

(%) 

L1-L2 1.899 2.0485 2.0454 7.8743 7.7116 

L2-L3 2.4196 2.6669 2.7041 10.221 11.756 

L3-L4 1.7454 2.0004 2.0543 14.608 17.698 

L4-L5 2.1325 2.3349 2.3689 9.4903 11.086 

 


