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ABSTRACT 

In order to improve our understanding of the dyna

mic characteristics of the human lumbar spine, both experi

mental and finite element methods are called for. In the 

experimental part, using a MTS Bionix testing machine, the 

axial steady state response, resonant frequencies, and dam

ping of seven lumbar motion segments are measured under an 

upper body mass of 40 Kg. The influence of the presence of 

posterior elements and different magnitudes of compression 

preload on the response is also studied. 

To supplement the measurements, using the ADINA 

program, linear and nonlinear, axisymmetric and 3-D finite 

element models of a L2-L3 disc-vertebra unit are developed 

to predict the free and forced vibration response. The step 

and harmonie loadings in axial direction are considered for 

the forced vibration analysis. The effects of the presence 

of the body mass and compression preloads are also exami

ned. In the axisymmetric model, the annulus is represented 

as a homogeneous orthotropic mixture of fibres and matrix. 

A nonhomogeneous composite of collagenous fibres embedded 

in a matrix of ground substance is however taken for the 

3-D modelling. The nucleus, in both models, is simulated by

either displacement-based or potential-based fluid ele-
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ments. 

The results of experimental and finite element stu

dies appear to be in good agreement with each other. They 

indicate that the system resonant frequencies are reduced 

considerably with the addition of a body mass of 40 Kg and 

increase significantly (p<.005) as the compression preload 

increases. The compliance at both low and resonant frequen

cies decrease with increasing compression preload. Removal 

of the facet joints tend to slightly decrease the segmental 

resonant frequencies irrespective of the magnitude of com

pression preload (p<.1). 

The finite element model studies show quasi-static 

response under harmonie loads with periods much larger than 

the fundamental period of the segment and under ramp loads 

with slow rising times. Under a step load without the body 

mass, the nucleus pressure varies with both location and 

time and reaches a maximum of about 2.7 times that under 

equivalent static load. Addition of a 40 Kg mass, in this 

case, renders a single degree-of-freedom response with the 

pressure nearly remaining constant with location inside the 

nucleus. The stresses and strains throughout the segment in 

this case increase by about twice in comparison with equi

valent static values. 
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The effect of the dise degeneration on the resonant 

frequency is also studied by reducing the value of the 

nucleus bulk modulus and nucleotomy in the finite element 

models. The results predict a decrease in the resonant fre

quency by removing the nucleus or reducing its bulk modulus 

value. 

The results indicate that the most vulnerable ele

ment under axial vibration loads is the cancellous bene 

adjacent to the nucleus space. Fatigue fracture of bene as 

a cumulative trauma and the subsequent loss of nucleus con

tent likely initiate or accelerate the segmental degenera

tive processes. The annulus fibres do not appear to be vul

nerable to rupture when the segment is subjected to pure 

axial vibration. 



RÉSUMÉ 

Les maux de dos constituent la deuxiéme cause 

d'absentéisme au niveau des accidents de travail en Améri

que du nord. Il a été rapporté que les maux de dos, les 

blessures et les maladies dégénératives de la colonne 

vertébrale se retrouvent le plus fréquemment chez les per

sonnes sujettes à des chargements dynamiques (choc et 

vibration). 

Les vibrations généralement rencontrées, notamment 

dans l'industrie, sont d'origines diverses et peuvent être 

classées en quatre catégories : vibrations produites par un 

processus de transformation, vibrations liées aux modes de 

fonctionnement des machines et matériels, vibrations dues à 

des défauts de machines ou à de mauvais fonctionnements, 

vibrations résultant de phénomènes naturels (comme, le 

vent, la houle et les séismes). 

Dans le cas de vibrations produites par un proces

sus de transformation ou de vibrations transmises à 

l'ensemble du corps, les symptômes pathologiques les plus 

courants se situent au niveau de la colonne vertébrale, 

assez fréquemment chez les conducteurs de tracteurs agrico

les, de camion, de pilotes d'hélicoptères, etc. Lombalgies, 
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lombosciatiques, cervicalgies, hernies et pincements dis

caux sont les troubles les plus souvent cités. Ils appa

raissent après un certain temps d'exposition aux vibra

tions; de plus, les vibrations sont souvent un facteur 

d'aggravation de lésions rachidiennes pré-existantes. 

Pour étudier le comportement de la colonne 

vertébrale, on considère habituellement un ensemble vertè

bre-disque-vertèbre. Cet ensemble est appelé segment fonc

tionnel ou unité fonctionnelle. Le disque intervertébral 

est essentiel pour assurer le maintien et la mobilité de la 

colonne vertébrale. Agissant comme une sorte de joint uni

versel, il permet des mouvements dans plusieurs directions. 

Lors d'une activité normale, le disque est soumis à des 

contraintes mécaniques considérables. Cette situation 

répetée des centaines de milliers de fois tout au long 

d'une vie, peut être la cause de dégénération, d'hernie ou 

de déplacement du disque et peut entraîner des blessures 

chroniques de la colonne vertébrale. 

Afin d'améliorer notre compréhension de la 

caractéristique dynamique de la région- lombaire de la 

colonne vertébrale de l'être humain, une étude expérimen

tale ainsi qu'une méthode d'éléments finis ont été uti

lisées. Dans l' etude expérimentale, la réponse axiale sta-
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tionnaire, la fréquence de résonance et l'amortissement de 

sept segments fonctionnels de la région lombaire ont été 

mesurés, sous une masse de 40 kg et à l'aide d'une machine 

MTS bionix. L'influence de la présence des facettes articu

laires et de différents niveaux de compression initiale sur 

la réponse est aussi etudiée. 

Pour compléter les mesures expérimentales, des 

modéles linéaire et non linéaire, axisymétriques et tridi

mensionnels d'une unité vertèbre-disque-vertèbre L2-L3, 

sont utilisés pour prédire les réponses des vibrations 

libres et forcées. Les chargements en échelon et sinusoïdal 

sont considérés pour l'analyse de la vibration forcée. Les 

effets dûs à la présence de la masse corporelle et de la 

compression initiale sont aussi examinés. 

Pour le modèle axisymétrique, l'anneau fibreux est 

representé par un modèle orthotropique homogène et pour le 

modéle en trois dimensions, il est representé par un 

matériel non homogène de fibres collagènes dans une sub

stance matricielle. Le noyau dans les deux modèles est 

simulé par les élément fluides. 

Les résultats d'études expérimentales et d'éléments 

finis semblent bien concorder. Ils indiquent que les 
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fréquences de résonance du système sont diminuées nettement 

avec l'addition de la masse corporelle (40 Kg) et augmen

tent de facon significative (p < 0.005) avec la charge ini-

tiale. La compliance et l'amortissement interne 

(hystérésis) à des fréquences beaucoup plus basses que la 

frequénce de résonance diminuent avec l'augmentation de la 

charge initiale. 

En l'absence des facettes articulaires la fréquence 

de résonance du segment fonctionnel diminue un peu, et ce 

résultat n'est pas influencé par l'ampleur de la charge 

initiale (P < 0.1). 

Le taux d'amortissement visqueux à la fréquence de 

résonance est mesurée par trois méthodes différentes 

(Méthode- 11V211, Méthode d'amplification, la perte d'énergie

par cycle). Sa valeur varie entre 0.05 et 0.13 et l'effet 

de la charge initiale n'est pas significatif. 

Les études des modèles d'éléments finis indiquent 

une réponse quasi-statique sous une charge sinuso1dale avec 

des périodes beaucoup plus grandes que la période fondamen

tale du segment fonctionnel et sous une charge en rampe 

avec un temps d'élévation lent. Sous une charge en échelon 

sans la masse corporelle, la distribution de pression dans 
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le noyau change avec le temps, et elle atteint une valeur 

maximale, d'environ 2.7 fois la valeur atteinte dans le cas 

statique. Avec l'addition d'une masse de 40 Kg, la réponse 

du système est celle d'un système à un degré de liberté, et 

la distribution de pression est constante dans l'anneau. 

Les contraintes et les déformations dans ce cas sont cepen

dant deux fois plus élévées que dans le cas statique équi

valent. 

L'effet de dégénération du disque sur la fréquence 

de résonance est representée par la réduction de la valeur 

de module de volume du noyau pulpeux dans les modèles 

d'éléments finis. Les résultats prédisent une diminution de 

fréquence de résonance avec la réduction de la valeur de 

module de volume. 

Si l'on étudie par éléments finis l'état des con

traintes et des déformations dans le corps vertébrale, les 

résultats indiquent que l'élément le plus vulnérable sous 

une charge (axiale et vibratoire) est l'os spongieux près 

de l'anneau. La fracture de l'os spongieux et une perte de 

matière du noyau pulpeux peut-être le commencement de la 

dégénération du segment fonctionnel. De plus les résultats 

indiquent que l'anneau fibreux est moins susceptible aux 

vibrations axiales. 
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1.1 GENERAL 

CHAPTER 1 

INTRODUCTION 

Disorders of the lumbar spine are among the most 

common medical problems in western countries which affect 

from 50 to 80% of the population (34,108]. Besides the 

grave human suffering involved, the economical impact of 

low-back pain on society is enormous. It has been estimated 

that the total economic burden of this disorder in the Uni

ted States exceeds $10 billion annually (108]. It is fur

ther reported that, among chronic conditions in the United 

States, impairments of the back and spine are the most fre

quent cause of activity limitation in persons under age 45 

years (61]. 

In spite of considerable effort by a large number 

of researchers, the determination of the causes of low-back 

pain in the majority of cases continues to remain a formi

dable challenge. In many instances, the exact cause of low

back pain cannot be determined despite thorough evaluation 

of the patient by a capable clinician (108]. In order to 

advance the understanding and treatment of this problem, 

the need for multi-disciplinary investigation in the areas 

such as epidemiology, anatomy, biochemistry, neuromechanics 

and biomechanics has been recognized [108]. Although tne 
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natural history of dise disorders is a matter of uncer

tainty, epidemiological and biomechanical studies indicate 

that mechanical factors (such as; heavy manual handling, 

vibration and impact) play a prominent role [14,18,21,33, 

43,44,58,80,99,107,108]. 

The human spine is a complicated dynamic system 

which during daily activities is exposed to static loadings 

with vibration and impact superimposed. Previous epidemio

logical studies have suggested an increased risk of low

back pain in truck drivers, bus drivers, air crew and gene

rally in people with occupations involving vibration and 

multiple impacts [17,21,25,32,43,44,81]. It is therefore 

difficult to minimize the need for consideration of the 

mechanical factors when dealing with low-back disorders. 

Consequently, the biomechanical aspects of the lumbar joint 

have been the subject of considerable experimental and 

mathematical investigation. The majority of the investiga

tions, experimental as well as mathematical aim at analy

sing the behaviour of the spinal segments under static or 

quasi-static loadings. Compare to static analyses, the 

reported literatures on the dynamic analysis of the motion 

segments are a few, and the biomechanics of the spinal seg

ments under dynamic loadings still needs to be further cla

rified. 
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Under static loadings, there has been many experi

mental investigations reported on the measurements of the 

state of deformation in various joint components 

[7,8,28,65,75,79,100,104] 

[57,66,102]. 

and the intradiscal pressure 

In experimental dynamic analysis of the spine, 

considering the likely role of vibrational environments in 

the causation of the low-back pain and spinal disorders, 

there has been a considerable interest in the measurement 

of the whole body vibration response. In these tests, the 

subject is usually seated in various postures, and accele

rations at the lumbar level and/or head are recorded while 

the seat is subjected to vertical impact or vibrations 

[11,13,36,37,65,69,70,71,72,74,84,85,111]. These in-vivo 

studies have demonstrated that the resonant frequency of 

the body in the axial direction is at about 4-6 Hz which is 

noted to be in the range of frequencies at which many vehi

cles operate [43,44,111]. This emphasizes the need to 

modify the seat design and the posture in order to avoid 

potentially harmful frequencies and hence reduce risk of 

injury. 

A number of in-vitro experiments on the single or 

multi-motion segments of the spine have been carried out in 
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order to better understand the dynamic charateristics of 

the intervertebral joints. Hirsch [28] performed impact 

tests on lumbar dises by free falling weights and analysed 

the effect of preload and falling height on the segmental 

response. For a constant falling height, he noted a 

decrease in the initial shock compression as the preload 

increased. This stiffening behaviour of the motion seg

ments due to an increase in the preload was also reported 

by Kazarian [30]. In his studies, Kazarian measured steady 

state impedance data (magnitude and phase angle) for diffe

rent motion segments under axial compression at a frequency 

range of 5 to 50 Hz. The recorded quasi-static response 

under these frequencies demonstrated that motion segments 

should have higher fundamental frequency. Sorne L5-S1 speci

mens, however, appeared to have resonant frequencies at 

about 30 to 40 Hz. Assuming a single degree-of-freedom sys

tem, Markolf [53] carried out axial resonant tests to eva

luate the equivalent axial damping factor. A resonant fre

quency of about 240 Hz was found in the presence of an 

added mass (simulating the head) on top of the segment. 

Long-term vibration response analyses of the motion segment 

have shown an increase in the segmental stiffness [94] and 

creep rate [110) and a decrease in the hysteretic damping 

(94]. Koeller et al [38] studied the segmental response to 

axial dynamic compression as a function of the age. They 

found however that the age of subjects markedly influences 
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the dise biomechanics so far as the axial deformability and 

creep response are concerned. 

1.3 PREVIOUS FINITE ELEMENT STUDIES 

To supplement the foregoing experimental investiga

tions, a number of researchers have carried out finite ele

ment studies. Due to the inhomogeneous structure of the 

lumbar joints with highly irregular geometry, the classical 

stress analysis is unsuitable. Hence, the finite element 

method of structural analysis becomes a particularly appro

priate technique to evaluate the state of strain and stress 

in such a body with complex shape, loading and material 

behaviour. In response to the need for investigation in the 

areas such as artificial joint replacement, fracture fixa

tion methods, and lumbar dise disorders, the finite element 

method has long proved its usefulness and potential as a 

tool in orthopaedic biomechanics. For the purpose of the pre

sent project, only those analyses related to the single or 

multi-motion segments of the spine are intended to be dis

cussed and evaluated. 

Various finite element models have been developed 

for the study of spinal motion segments which are based on 

elastic, viscoelastic and poroelastic response [4,22,40,41, 

48,87,89,92,93,96]. In static analyses, Considering the 

elastic models, an oversimplified axisymmetric finite ele-
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ment model of the disc-vertebra unit taking annulus as a 

linear homogeneous isotropie material was reported by Spil

ker et al (95). The nucleus was assumed as an incompressi

ble inviscid fluid with its generated pressure taken as an 

unknown. The model was used te examine the effect of gross 

dise geometry and material properties on the predicted 

intradiscal pressure, radial dise bulge, and vertical 

deflection under compressive load of 400 N. The first 

detailed report of an elastic finite element model of the 

disc-vertebra unit is by Belytschko et al [4]. These 

authors modelled the unit as an axisymmetric body, the 

annulus as layers of homogeneous linear orthotropic mate

rial and the nucleus pulposus was assumed te be an incom

pressible inviscid fluid. Since then more progress bas been 

made such that the report by Shirazi-Adl et al [89) con

tains the details of a nonlinear three-dimensional model 

where the annulus has been represented as a composite of 

collagenous fibres embeded in a matrix of ground substance. 

Liu and Ray (48) reported a linear viscoelastic 

axisymmetric finite element model of an intervertebral 

joint in order te predict the creep response under constant 

compression load. 

For finite element dynamic response analysis, Hakim 

and King [22] used a linear three-dimensional model of a 
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vertebra-disc unit in which the dise was represented by a 

number of uniaxial elements. They computed a fundamental 

frequency of 846 Hz for the unit. A nonlinear three dimen

sional axial dynamic response analysis of a disc-vertebra 

unit was performed by Natali and Merio [60]. Under the axial 

load considered in their study, the model predicted a qua

si-static response with a time variation similar to that of 

the applied axial load. Simon et al [92,93] studied the 

steady state response of an axisymmetric model of the disc

vertebra unit in which the tissues were modelled as linear 

poroelastic materials. For frequencies about and above 1 

Hz, they concluded that the pore fluid remained trapped 

inside the solid phase resulting in no relative fluid-solid 

motion. They compared their computed results with the qua

si-static experimental data of intervertebral dises repor

ted by Kazarian [JO]. Goel et al [20] used a linear three

dimensional finite element model for frequency analysis of 

the lumbosacral spine and predicted a resonance frequency 

of about 5.8 Hz. The experimental results of the same seg

ments reported by Kazarian [30) however showed higher reso

nance frequencies ( JO to 40 Hz). There are also some other 

dynamic models of the spine reported in the litrature 

[26,39,49,73,112). These models study the overall response 

of the spine and do not give any information about the 

state of stress and strain in the intervertebral dises. 
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1.4 PRESENT STUDY AND ITS OBJECTIVES 

In the foregoing studies, for example, the presence 

of the upper body mass has often been neglected. Apart from 

the mass, the effect of the presence of facet joints and 

that of various magnitudes of the compression preload on 

the response need also to be considered. These factors 

influence the stiffness of the system and hence its time

dependent characteristics. Moreover, in some studies, the 

rising time or the vibration period of the applied compres

sion load is much larger than the fundamental periods of 

vibration of the intervertebral dises. These cases require 

only a quasi-static analysis in which the inertia and dam

ping effects are negligible and the time variation of the 

predicted results closely resembles that of the applied 

load. It is therefore clear that there is a need for fur

ther detailed experimental and finite element investiga

tions on the dynamic behaviour of spinal motion segments. 

The objectives of the present research work have 

been set as follows: (1) Experimental measurement of the 

basic dynamic characteristics (such as: steady state res

ponse, resonant frequencies, damping) of spinal motion seg

ments in the axial direction. The mass of the upper body is 

accounted for in the tests, and the role of the posterior 

elements, in particular facet joints, on the response is 

examined by repeating the tests following the removal of 
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these elements. Moreover, the response is measured under 

different magnitudes of the compression preload to evaluate 

the influence of upper-body weight, external loads carried, 

and muscle contraction forces on segmental dynamics; (2) 

Linear and nonlinear, dynamic, axisymmetric and three

dimensional finite element model studies of a L2-L3 disc

vertebra unit. The model studies are performed to supple

ment the experimental part (with the posterior elements 

removed). Both frequency and forced response analyses are 

performed. In the frequency response analyses of the 

models, natural frequencies and corresponding mode shapes 

are computed, these results are then used to predict the 

forced vibration responses of the models. 

1.5 ORGANIZATION OF THE PRESENT REPORT 

General scope of the problem, reported experimental 

studies, previous finite element models of the lumbar joint 

and objectives of this study have already been dealt with 

in this chapter. 

A short review of the literature relating to the 

anatomy and structure of a lumbar intervertebral joint 

including its various components and loading is presented 

in chapter 2. 

Chapter 3 presents experimental and finite element 
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methods. Experimental method describes specimen prepara

tion, test equipment, and test procedure. The methods used 

to measure the system damping is also explained in this 

section. In describing the finite element method, first a 

brief discussion about the problem formulation (fluid-solid 

interaction) is presented. This is then followed by discus

sing the developement of the axisymmetric and three

dimensional models. 

The experimental measurements of static deforma

tions, resonance frequencies, steady state response, dam

ping, and their corresponding finite element predictions 

under different preloads are presented and discussed in 

chapter 4. The finite element predictions also include the 

variation of intradiscal pressure, and stresses at diffe

rent parts of the joint. 

Chapter 5 deals with the in-depth discussion of the 

results of the analyses presented in the previous chapter. 

This includes comparison of the experimental and finite 

element results with each other and with those of previous 

works, and discussions on frequency response, damping cha

racteristics, effect of the posterior elements, and finite 

element models. The vulnerable sites of the lumbar joint 

under different loadings are also identified and correlated 

with the results of clinical studies. 
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Chapter 6 provides a short sununary of the prominent 

features of the analyses, conclusions, and some directions 

for further research. 



CHAPTER 2 

GENERAL ANATOMY AND STRUCTURE OF THE LUMBAR INTERVERTEBRAL 

JOINTS 

2.1 INTRODUCTION 

This chapter presents a short review of the litera

ture relating to the anatomy and structure of the interver

tebral joints (89]. Familiarity with the content of this 

chapter will prove helpfull in comprehension of succeeding 

ones. 

The vertebral column, having a length of about 70 

cm, consists of seven cervical vertebrae, twelve thoracic 

vertebrae, five lumbar vertebrae, five fused sacral verte

brae and three to four fused coccygeal segments. The ante

rior and lateral views of a vertebral column are shown in 

Fig. 2.1. The vertebrae are joined by the intervertebral 

ligaments and the intervertebral dises. The dises are 23 in 

number and constitute about 25% of the column length. This 

ligamentous column, then, is markedly stiffened by the rib 

cage and the trunk muscles. 

2.2 A LUMBAR INTERVERTEBRAL JOINT 

As is shown in Fig. 2.1, the lumbar spine is that 

part of the spine located in between the thoracic and the 

sacrum regions and is distinguished by its sagittal curva-
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Fig. 2.1 Vertebral column. (a) Anterior or frontal view, 
(b) Lateral or sagittal view [89,101].
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ture referred to as lumbar lordosis. The designations of 

the lwnbar vertebrae from top to bottom are usually Ll, L2, 

LJ, L4 and LS respectively while those of the lumbar dises 

are Ll-L2, L2-L3, L3-L4, L4-L5 and LS-S1 respectively. 

A lumbar intervertebral joint is defined to consist 

of two adjacent vertebrae including the bony posterior ele

ments together with the interconnecting dise and liga

ments. However, neglecting the bony posterior elements and 

ligaments, the rernaining structure is referred to as the 

dise-body unit. 

Although the exact geometrical characteristics of 

the joint cornponents are subject to sorne variations in dif

ferent lumbar levels, their basic shape rernains essentially 

unaltered. The following sections present discussions of 

each of the constituent components of a typical lumbar 

intervertebral joints. 

2.2.1 Lumbar Vertebrae 

Superior and lateral views of a lurnbar vertebra are 

shown in Fig. 2.2. Each vertebra consists of an anterior 

body which is cylindrical in shape and a posterior ring, 

known as the neural arch. The neural arch consists of two 

pedicles and two larninae, from which arises articular, 

transverse and spinous processes. The superior and inferior 
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surfaces of a vertebral body, being slightly concave, are 

the vertebral end-plates. The whole vertebra is a mass of 

cancellous bone contained in a relatively thin shell of 

cortical bone. The central part of the vertebral end-plate 

is composed of a thin plate of hyaline cartilage separating 

the central portion of the dise from the adjacent cancel

lous bone of the vertebral body. However, with advancing 

age the central cartilage undergoes calcification and 

replacement by bone [103]. 

The posterior articulating processes of two adja

cent vertebrae, known as facets, together with their carti

laginous articular surfaces and capsular ligaments form 

posterior joints which are often refered to as the facet 

joints. The articulating surfaces of the facet joints are 

usually curved, the inferior ones being convex, and the 

superior ones concave. There is considerable variation in 

orientation of the facet joints in different levels of the 

lumbar spine. 

2.2.2 Lumbar Dises 

The lumbar intervertebral dises are subjected to a 

variety of loadings during physiological activities. Due to 

its structural characteristics, the dise provides suffi

cient flexibility to the trunk and hence, under various 

loadings, it undergoes relatively large deformations. 
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Fig. 2.2 Lumbar vertebrae. (a) Superior view, (b) Right
lateral view [99,101] 
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The intervertebral dise is comprised of three dis

tinct parts, the nucleus pulposus, the annulus fibrosus, 

and the cartilaginous end-plates. As is illustrated in Fig. 

2.3, the nucleus pulposus is located nearly in the central 

portion of the dise, occupying about 30 to 60 percent of 

its cross-sectional area (53,55,109]. The nucleus pulposus 

of the normal or slightly degenerated dises, having water 

content of 80 to 90 percent, is generally confirmed to act 

as an incompressible fluid (55,56,103]. This has been done 

by both biochemical analyses of the constituent materials 

of the nucleus and direct measurements of the intradiscal 

pressure at different locations inside the nucleus. The 

nucleus water content is highest at birth and decreases 

with age, reaching a minimum of about 70 percent. After 

middle life, with a loss of water and an increase in colla

gen, the normal gelatinous nucleus becomes semi-solid and 

exhibits a fibrous viscous structure. Therefore, although 

at young age the annulus and nucleus are quite distinct, 

with advancing age they tend to merge with a less distinct 

transitional zone so that it becomes nearly impossible to 

ascertain where the nucleus ends and annulus begins 

[77,83]. 

The annulus fibrosus, illustrated in Fig. 2.3, gra

dually becomes differentiated from nucleus and forms the 

outer boundary of the dise. This structure is comprised of 
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a series of concentric laminated bands. Each band or layer 

contains strong collagenous fibres embedded in an amorphous 

'I... •• , ,. 
A,,,IU.J..A• 

fibres are inclined with respect to the horizontal plane of 

the dise, the angle of inclination changing alternately 

from one band to the next. The range of variation of this 

angle is reported to be from 24 deg. to 45 deg., with an 

average value of 29 deg. to 30 deg [14,19,109]. since the 

ground substance is a relatively soft material, the defor

mation behaviour of the annulus in tensile loadings can be 

expected to be dependent directly upon the amount of colla

genous fibres present in the annulus. Therefore, on the 

basis of comparison of the strengths of the annulus samples 

with those of isolated collagenous fibres, Galante (19) 

suggested a collagen fibre content of about 16% of the 

volume of the annulus. This value is in general agreement 

with biochemical investigations [24,98]. It has been repor

ted that the collagenous fibres are present mainly in the 

outer layers of the annulus [98]. Because of their high 

tensile strength, the collagen fibres appear inextensible 

relative to the deformation of the ground substance. The 

pure collagenous fibre first behaves elastically with a 

Young's modulus of up to 1000 MPa or more [24,82], and then 

begins to soften as strains increase beyond 3 to 7 percent 

[76,106], reaching an ultimate tensile strength of about 

100 MPa or more (24,82]. On the basis of the foregoing, it 
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appears clear that the fibres of the annulus, because of 

their strength and orientation, play a major role in deter

mining the deformation response of the dise. 

In the inner zone, the annulus fibres are attached 

to the cartilaginous end-plates, while in the more periphe

ral zone they attach directly to the vertebral bodies. The 

outer attachment to the vertebrae, as expected, are stron

ger than the more central ones. The water content of the 

annulus is lower than that of the nucleus and with advan

cing age reduces slightly to 70 percent by middle age. 

The cartilaginous end-plate is composed of a thin 

plate of hyaline cartilage separating the central portion 

of the dise from the adjacent cancellous bone of the verte

bral body. As noted earlier, with advancing age this struc

ture undergoes calcification and replacement by bone. 

2.2.3 Lumbar Ligaments 

The main constituents of ligaments are collagen and 

ground substance. Ligaments as uniaxial structures are most 

effective in carrying tensile loads along the direction of 

their fibres. The seven ligaments that connect two adjacent 

lumbar vertebrae together with their fibre directions are 

shown in Fig. 2.4. Due to their material characteristics, 

initially, ligaments are easily stretched and, therefore, 
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allow adequate motions during physiological activities. 

However, at larger tensile strains, they become increasin

gly stiffer and thereby perform their protective function 

of limiting the deformations in traumatic situations. 

The most anteriorly located ligaments are called 

the anterior longitudinal ligaments which are wide fibrous 

sheets and are attached to the anterior surfaces of the 

vertebral bodies. At the dise level, they blend with the 

outer fibres of the dises. The posterior longitudinal liga

ments are also blended intimately with the outer layers of 

the dises and are attached strongly to the posterior edges 

of the vertebrae, but very poorly to the posterior surfaces 

of the vertebrae. The intertransverse ligaments pass bet

ween the transverse processes. The adjacent spinous proces

ses, from root to the apex, are connected by the interspi

nous ligaments while their tips are attached by the supras

pinous ligaments. The capsular ligaments attach the articu

lar processes, while the ligamenta flava extend from the 

edges of the upper laminae to those of lower laminae and 

bridge the intervening gaps. 

2.3 INNERVATION OF LUMBAR SPINE 

The lumbar spine, protecting the crucial spinal 

cord, is itself supplied with nerves branching out of the 

cord. It is evident that any element of lumbar spine which 
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is innervated, may well be a potential source of pain. A 

knowledge of the lumbar innervation is thus of fundamental 

importance in the diagnosis and treatment of low-back pain. 

The innervation of the lumbar spine has been studied by 

various investigators [14,51,59,103,114,116]. These studies 

indicate the presence of the nerve endings in cartilaginous 

and ligamentous tissues as well as bony elements of the 

lumbar joints. In terms of the dises, recent studies (116] 

have supported the earlier reports (51] that the dise annu

lus is innervated at its outer layers. The inner layers of 

the annulus as well as the nucleus pulposus are generally 

believed to be devoid of nerve endings. 

2.4 DYNAMIC LOADINGS ON LUMBAR SPINE 

The lumbar spine during the course of daily acti

vity is subjected to a variety of static and dynamic loa

dings consisting mainly of axial compression. 

Dynamic loads on the spine are mainly, either in 

the form of compressive impacts (for example, due to a car 

accident, falling, pilot ejection) or whole-body vibrations 

which are caused by driving motor vehicles or operating 

industrial machineries [21,43,44]. These vibrations are 

mainly vertical with different basic frequency bands. Most 

of the large motor vehicles possess similar vibration spec

tral shape characteristics. For example, The basic truck 
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vibrations are in the O to 10 Hz frequency band while the 

basic bus vibrations are in the o to 15 Hz band. Mean acce

leration levels typically range from 0.03 to O.Jg [21). 

Whole-body vibration is most likely to be applied to vehi

cle operators in the vertical direction. Studies of the 

mechanical response of the human body in the vertical (seat 

to head) direction have shown that the major whole-body 

mechanical effects are produced in the frequency range 3 to 

7 Hz, with the whole-body resonance occuring around 5 Hz 

[21]. At this frequency, the human body being vibrated in 

the sitting erect position absorbs more mechanical energy 

than at any other frequency. 



3.1 INTRODUCTION 

CHAPTER 3 

MATERIALS AND METHODS 

This section presents both the experimental proce

dure and the finite element model used in this study. The 

experimental part deals with the application of an axial 

sinusoidal force to the lumbar motion segments (with a mass 

of 40 Kg on top) under different compression preloads, with 

and without the posterior elements, in order to investigate 

their steady state compliance response and damping charac

teristics. Mechanical compliance is defined as the complex 

ratio of the resulting displacement to the applied sinusoi

dal force where the force and displacement are taken in the 

same direction and at the same point. The finite element 

part, on the other hand, presents the details of a number 

of axisymmetric and three dimensional models employed to 

predict the linear and nonlinear response of a dise-body 

unit under impact and vibration. 

3.2 EXPERIMENTAL INVESTIGATION 

3.2.1 Preparation and Evaluation of Specimens 

One thoracolumbar (T12-Ll) and six lumbar (L2-L3) 

motion segments have been removed from 6 fresh human cada

veric columns. The subject sex, age, cause of death, and 
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dise degeneration rating are listed in Table 3.1. The spe

cimens are dissected free from surrounding soft muscular 

structures while the posterior structures (facet joints and 

ligaments) are left intact. After dissection, each specimen 

is wrapped in a saline soaked bandage and inserted into a 

plastic bag. The bag is then vacumed, sealed, labelled and 

placed in the deep freeze. Prier to testing, specimens are 

removed from the freezer and thawed for about 14 heurs in a 

refrigerator. Throughout the thawing period the specimens 

have remained sealed in their plastic bag. Prier to tes

ting, the distal and proximal vertebrae of the thawed spe

cimens are firmly embedded in two aluminium cups (upper and 

lower cups) using formatray powder and three side screws 

for each cup (Figs. 3.1-3.2). The specimens are positioned 

in the cups in a manner that the horizontal surfaces of the 

cups and the dise horizontal mid-planes remain perpendicu

lar to the axis of the actuator. The specimens are kept 

moist during the preparation and testing procedure by using 

liberal amount of saline solution. At the end of all the 

tests, the intervertebral dises are sliced at the mid

height plane. The degeneration rating is then done by the 

visual inspection according to the following conventional 

classification system [16,31]. 

Grade o: Disks without changes visible to the unai

ded eye and with gelatinous shiny nucleus pulposus which 
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can easily be distinguished from the grossly unruptured 

annulus. 

Grade 1: Disks with the nucleus pulposus somewhat 

more fibrosus but still clearly distingushible from the 

intact annulus fibrosus. 

Grade 2: Dises with gross changes in both the 

nucleus pulposus and annulus fibrosus. In this case the 

nucleus is fibrotic but still soft, and the annulus has 

some fissures. The two are less clearly, yet perceptibly, 

demarcated. 

Grade 3: Dises with marked gross changes in the 

form of fissures or cavities in both the nucleus pulposus 

and the annulus fibrosus. 

Scores of 2 or 3 were taken as evidence of dise 

degeneration. The photographs of the gross appearance of 

the eut surfaces of the dises are shown in Figs. I.1-I.7 of 

Appendix I. 
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Table 3.1. Test specimens 

-----------------------------------------------------------

Specimen Cadaver Sex Age Dise Dise Cause of 
No. No. level grade death 

--------------------------------------- ·-------------------

1 1 M 65 L2-L3 0 Cardiac failure 
2 1 M 65 T12-Ll 2 Cardiac failure 
3 2 M 62 L2-L3 1 Cardiac Failure 
4 3 M 41 L2-L3 0 NA 

4 M 65 L2-L3 2 Cardiac Failure 
5 F 85 L2-L3 1 NA 
6 F 65 L2-L3 2 NA 

3.2.2 Test Eguipment 

The test apparatus used in this study is shown in 

Fig. 3.3 and consists of a MTS Model 858 Bionix Low-Force 

Mechanical Test System (A). The applied force is measured 

by a MTS load cell (B), with a range of+/- 2500 N, which 

records only the axial loads. The load cell is installed on 

the MTS actuator (C) in order to measure the driving force 

to generate a force feedback signal for a force control 

test. A linear variable differential transducer (LVDT) on 

the actuator supplies the stroke feedback signals to the 

system electronic control console (D). The actuator motion 

is controlled by the console which consists of an AC con

troller for displacement control and a DC controller for 

force control. The load cell and displacement transducer 

readings are recorded and stored using a PC computer and 

related hardwares (E) with the Assyst data acquisition 
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Fig. 3.1 Upper and lower cups with the side screws. 

Fig. 3.2 Front view of the motion segment fixed in the
upper and lower cups. 
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Fig. 3.3 Test apparatus used in the experirnental studies. 
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software. They have also been monitored on the MTS micro

console display. 

The mass of the upper body has been represented by 

6 metal plates (F) with a total of about 38.5 Kg weight 

which are connected together by 3 screws and spring was

hers. Taking also into account the mass of connections, 

upper cup and that of the load cell below its sensing part, 

the total vibrating mass on top of the upper vertebra rea

ches a value .of about 40 Kg. The added mass is connected to 

the load cell at top (top constraint) by a connecting 

assembly (G). The bottom of the lower cup is fixed to the 

MTS base (H) (bottom constraint). 

3.2.3 Test Procedure 

For positioning the specimens into the cups, first 

the superior end of the top vertebra is fixed and casted 

into the upper cup in a way that the bottom surface of the 

cup is parallel to the horizontal midplane of the dise. 

Then the assembly is inverted and installed on the actua

tor. By lowering the actuator gently, the inferior end of 

the bottom vertebra is placed into the lower cup which is 

secured on the base. It is then fixed by the screws and 

casted. In this way, the top surface of the upper cup and 

the bottom surface of the lower cup and the dise horizontal 

midplane are parallel to each other and perpendicular to 
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the axis of the actuator. After the cast is solidified and 

the actuator is released from the upper cup, the steel pla

tes constituting the upper body mass are mounted on the 

upper cup and they are fixed to the load cell at top 

through the connecting assembly. The time required to 

install the steel plate is about 10 minutes. Prior to tes

ting, the weight of the added mass on top of the specimen 

is counterbalanced by applying a tensile force (in the 

upward direction). After 15 minutes (the time allowing the 

specimen to recoil after installation), this loading condi

tion is then chosen as the experiment base-line from which 

the compressive preload on the motion segment is measured. 

The intact specimens are subjected to axial sinu

soidal force with frequencies ranging from 0.5 to 50 Hz. 

The amplitude of the applied force is kept low (an average 

of about 20 N) in order to generate a linear response. A 

frequency sweep technique is employed to collect compliance 

data. Data are recorded at 1 to 5 Hz frequency intervals at 

frequencies distant from the resonant frequency and at 0.5 

Hz intervals at frequencies approaching the resonant fre

quency. The above procedure is performed at different com

pression preloads of 30 N, 230 N, 390 N, 530 N and 680 N.

After these tests the loading is set to the base-line and 

creep tests are performed for three of the specimens under 

a compression force of 400 N and for a period of 60 minu• 
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tes. The posterior elements including the facet joints are 

then removed, the system loading is set to the base-line 

and the entire foregoing test procedure is repeated. This 

time at the end of the tests each specimen is creep tested 

for periods of 20 or 60 minutes. 

For each preload, after its application, there is a 

waiting period of about 10 minutes in order to have a rela

tively stable displacement reading. The time needed to col

lect the data at each compression preload is about 15 minu

tes. A recovery period of about 90 minutes is considered 

each time the system loading is set to the base-line. That 

is before the creep tests of intact specimens and the tests 

with no posterior elements. These recovery periods are 

expected to diminish the possible role of creep on the 

vibration measurements. These experiments have been desi

gned to examine the role of both compression force carried 

by the spine and the presence of facet joints on the dyna

mics of motion segments. 

3.2.4 Oamping Measurements 

In view of the viscoelastic behaviour of interver

tebral joints, the segmental damping character involves 

both hysteretic and viscous energy losses. The level of 

energy dissipated in a segment at low frequencies (1 Hz in 

this analysis) is determined using hysteresis curves of the 



33 

load-displacement data. The ratio of the dissipated energy 

divided by the amount of energy input during each loading 

cycle is defined as the hysteresis value. Figure 3.4 shows 

a typical hysteresis loop in these experiments in which the 

loop area Ais equivalent to the lost energy and the area 

(A + B) is the energy input into the specimen during a loa

ding cycle [38,95]. In this figure the dynamic stiffness of 

joint is estimated from the change in force DF divided by 

the change in displacement DD. 

For linear, single degree-of-freedom systems with 

a small amount of viscous damping, equivalent viscous dam

ping ratio could be evaluated from the normalized frequen

cy-response curves using either of the following methods: 

free-vibration decay, resonant amplification, half-power 

(bandwidth), or energy loss per cycle at resonant frequency 

(3]. In the present work, the latter three methods are used 

to calculate damping. For the use in the finite element 

analysis, the equivalent viscous damping defined in terms 

of the energy loss per cycle at resonance is chosen. This 

method provides a reasonable approximation of experimental 

results [3], since the energy loss is measured directly 

from the force-displacement curve. Figure 3.5 shows a typi

cal force-displacement curve at resonance from which the 

equivalent viscous damping ratio is calculated as (10], 

W / 2 1r m w2 a2 
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Fig. 3.4 A typical hysteresis loop at 1 Hz frequency. 
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where W = energy loss per cycle (the area enclosed by the 

force-displacement diagram) , m = mass, w = resonance fre

quency and a = maximum amplitude 

3.3 FINITE ELEMENT MOOELS 

As was discussed earlier, a lumbar intervertebral 

joint is a complex structure consisting of various compo

nents with irregular geometries and different materials 

ranging from the soft matrix substance of the annulus to 

hard cortical shell of the vertebra. Stiffening effects of 

dise fibres (which carry the tensile forces only in the 

direction of their fibres), and state of nucleus incompres

sibility which changes as the age advances are the additio

nal complicating features of the joint. Consideration of 

the above joint characteristics is essential in the develo

pement of a realistic model which can be relied upon to 

predict the joint behaviour accurately. 

The present chapter deals with the development of 

such a model for static and dynamic analyses of the joint 

by discussing the appropriate finite element formulations 

and models. Material properties of different components, 

finite element grid representation and loadings are discus

sed for each model (axisymmetric & 3-D). The geometry of 

the models is based on direct measurements of a L2-L3 spe

cimen of a 29 year old female available in the literature 



[87,89,91]. 

3,3.1 Finite Element Formulation 

The finite element package program used in this 

analysis, 

Analysis) 

li ADINA {Automatic Dynamic Incremental nonlinear 

li [2], uses the standard displacement-based 

finite element formulation for analyses of solid structu

res. For an in-depth knowledge in this case, the reader 

should refer to the numerous reported specialized litera

ture [1,118]. The program also employes two different for

mulations namely, displacement-based [63] and potential

based [64], for the analysis of compressible, inviscid 

fluids which experience only small displacements. Here only 

a brief discussion on the equilibrium equations governing 

the fluid region is presented. 

In this study the nulceus pulposus is modelled by 

fluid elements in order to simulate its hydrostatic beha

viour. Since the rest of the structure is modeled by solid 

elements, we have a llfluid-solid" dynamic interaction pro

blem. According to the type of relative motion between the 

fluid phase and the solid phase, there are different types 

of formulations reported in the litrature [3,5,6,15,23,35, 

50,54,63,64,113,117]. Considering the limited fluid displa

cement in this study, three types of fluid formulations 

namely displacement-based, potential-based and nearly 
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incompressible solid are investigated. 

Figures 3.6 (a) and (b) show the general systems 

under consideration. In these figures region s represents 

the solid phase, region F contains the fluid and surface I 

defines the fluid-structure interface. On the boundary B 

all displacements and velocities are zero. 

The equilibrium equations in the matrix form for 

the solid parts are 

Ms Ü + Cs Ù + K
8 

U + F� + F: = 0 (1) 

where U is the vector of unknown nodal displacements. M
8

, 

C5 and K5 are respectively mass, damping and stiffness 

matrices of the solid. F! and F! stand respectively for 

forces due to the interaction with the fluid regions and 

those due to external forces. Since in general the tangen

tial forces exerted by the fluid are negligible, the vector 

F! can be given in terms of pressure p along the common 

interface I as 

F1 = Jn 
s 

1 
p ds (3) 

where n is a unit normal outward into the fluid at the 

interface. 

In the case of displacement-based formulation 

[63,117], displacements are the nodal variables in both the 

solid and fluid regions (Fig 3.6 (a)), and in an identical 
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manner to the solids, the governing equations for the fluid 

regions are given as (1), i.e., 

M
1 

Ü + C
1 

Ü + K
1 

U + F� + F: = 0 

The continuity of interface displacements, i.e. u
l 
f 

(4) 

=

and the equilibrium of interface forces, i.e. F! + F! = o.,

are then used to assemble the overall structural equations 

from the foregoing regional equations. 

In the above, the fluid is assumed to be elastic 

with a uniform hydrostatic pressure of 

p = - B div(u) (5)

where Bis the bulk modulus and the shear modulus G is 

taken as zero. This results in some spurious modes, and the 

number of these so called "circulation modes" increases as 

the mesh becomes finer [23]. These modes can be separated 

from the real modes by observation of the mode shapes. An 

alternative to this is to admit the inviscid nature of the 

fluid and its corollary which states that the motion (star

ting from rest) must remain irrotational in the absence of 

shear stresses and the irrotationality constraint can be 

imposed in a penalty manner. This, however, might result in 

an over stiffened structure. 

Figure 3.6 (b) shows the system used in the poten

tial-based formulation [64]. Considering the compressible, 

inviscid fluid which experiences only small displacements, 
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Fluid F 

<a> 

Fluid F 

Fig. 3.6 Fluid-Structure problem geometry.

(a): Displacement Based (b): Potential Based 
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the finite element formulation is derived using Euler equa

tions [42,64]. In this case, velocity potentials (cf,) are 

used as the nodal variables in the fluid, and a hydrostatic 

pressure variable (P
0

) is introduced at one node in each 

fluid region. Oisplacements (U) stay the nodal variables in 

the solid. The coupled system of equations becomes, 
.. 

MX + D X +  K X = pE 
(6)

in which X is the vector of nodal variables i.e., 

xr = [ u ' <P ' Po ] (7) 

Matrix D couples the fluid to the solid and links the pres-

sure to the velocity potential in the fluid region. 

In the case of simulating nearly incompressible 

solid, the fluid region is modelled by standard solid ele

ments with a Poisson's ratio V with a magnitude very close 

to 0.5, making an almost incompressible elements with a 

hydrostatic state of stress. The modulus of elasticity E is 

computed from the following equation, by choosing the desi

red bulk modulus B. The values of E and the shear modulus G 

reach toward zero as the Poisson's ratio approaches 0.5. 

B = E / 3(1 - 2V) (8)

3.3.2 Axisymmetric Model 

Figure 3.7 shows the axisymmetric finite element 

model of a vertebra-disc-vertebra unit of the L2-L3 lumbar 

segment. Symmetry about both the vertical axis Z and the 
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horizontal plane (Z=O) is utilized. The present experimen

tal results (Fig. 4.3) as well as those of other studies 

[90,115] indicate that, under low levels of axial compres

sion considered in this study, the load is primarily car

ried by the dise and not the facet joints. The posterior 

elements are therefore neglected. In this model, the struc

ture is divided into five distinct regions, namely the 

annulus fibrosus, nucleus pulposus, cartilaginous end

plate, cancellous bone and cortical bone. The annulus 

fibrosus is modelled as a homogeneous orthotropic mixture 

of fibres and matrix with direction dependent mechanical 

properties. Transverse isotropy is assumed in the plane 

normal to the direction of the fibres. Geometric data and 

orthotropic material properties are based on the nonhomoge

neous composite models of the dise reported in the litra

ture [87]. Figure 3.8 shows a typical fibre reinforced 

layer. To preserve the axisymmetric nature of the analysis, 

the adjacent fibres in both +a and -a directions are com

bined in a single equivalent layer [4,87,97]. 

The annulus region is simulated by seven layers, 

using 28 six node isoparametric solid elements. The evalua

ted material properties for the innermost and outermost 

layers are listed in Table 3.2. The properties for the 

remaining layers vary in between those of forgoing boundary 

layers. The other material properties which are in common 
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Fig. 3.7 Axisymmetric model of the disc-vertebra unit. 

Fig. 3.8 A typical fibre reinforced layer of the annulus. 
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with the three-dimensional model are listed in Table 3.3. 

The nucleus pulposus is considered as an invisid 

fluid with the bulk modulus of 2200 MPa (i.e. equal to that 

of the water) and is modelled by 40 six-node displacement

based [63) or potential-based [64) fluid elements. In this 

case, 2 x 2 reduced integration rule is used in order not 

to have too stiff elements [63]. By changing the bulk modu

lus of these fluid elements, the dise compressibility can 

be changed, making it possible to simulate loss of the dise 

fluid content. The rest of the structure is modelled by 76 

three and four-node solid elernents. In sorne analyses the 

upper body mass is modelled by concentrated nodal masses 

for the nodes on top of the upper vertebra. The axial load 

(static, sinusoidal and impact) are applied uniformly on 

top of the upper vertebra. 

For verification purposes a static analysis is ini

tially performed. In dynamic analysis of the models, first 

natural frequencies and corresponding mode shapes are com

puted. This is then followed by steady state analyses to 

find the response of the structure under sinusoidal axial 

compression in a frequency range from 1 to 50 Hz. The rnodel 

is also subjected ta a step load to simulate impact. In 

this case, the pressure variation in the nucleus region of 

the dise is investigated. 



Table 3.2. Orthotropic material properties for the 
annulus layers in the axisynunetric model 

Innermost 
layer 

outermost 
layer 

El 
(MPa) 

25.90 

66.23 

E2=E3 

(MPa) 

4.83 

4.94 

G31 
(MPa) 

1.38 

1.38 

V31 

0.084 

0.034 

0.75 

0.79 
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* orthogonal axes (1,2,3) represent the material principal
directions with (1) being in the direction of fibres. 

Table 3.3. Material properties 

Material 

Cortical bone 

Cancellous bene 

Cartilagenous 
end-plate 

Nucleous 

Annulus 

Ground Substance 

Collagen Fibres 

Elastic Modulus 
MPa 

12000. 

100. 

24. 

4.2 

Poisson's 
ratio 

0.3 

0.2 

0.4 

0.45 

Density 
Kg/m3

418. 

418. 

1060. 

1000. 

1060. 

1000. 

1200. 
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Figure 3.9 shows the 3-D finite element grid used 

in the present study. It models the geometry of an L2-L3 

motion segment which is based on in vitro measurements 

[91]. Assuming symmetry of the motion segment about its 

sagittal plane, for the loading considered, the deforma

tions remain symmetrical about this plane and hence only 

half of the segment needs to be modelled. The representa

tion of the annulus as a composite of collagenous fibres 

embedded in a matrix of ground substance is shown in Fig. 

3.10. The fibres of the annulus are modelled by 240 axial 

elements and are arranged in eight layers in a criss-cross 

pattern, making an angle of, on an average, 29 degrees with 

the horizontal plane of the dise. The distribution of col

lagenous fibre properties among layers are listed in table 

3.4 for the linear model and in table 3.5 for the nonlinear 

model. Figure 3.11 shows a typical stress-strain curve for 

the collageneous fibres considered in the analysis [89]. 

The ground substance is modelled by 90 twelve-node solid 

elements. The nucleus region is represented by 48 twelve

node displacement-based [63] and potential-based [64] fluid 

elements, and the rest of the structure is modelled by 276 

eight-node solid elements. The model contains 741 nodal 

points. The remaining material properties listed in table 

3.3 which are based on data reported in the literature 

[19,22,24,91,92]. 
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Fig. 3.9 Three dimensional model of a L2-L3 disc-vertebra 
unit. 
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Nonhomogeneous composite representation of the 
dise annulus [891. 
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In general, concentrated nodal masses for the top 

nodes on the upper vertebra are used to model the upper 

body mass, and the load is applied uniformly on top of the 

upper vertebra. In simulating the experimental analysis, 

the upper body mass is represented by 56 eight-node solid 

elements, the connecting assembly attaching the mass to the 

load cell is modelled by a beam element and the load is 

applied axially to the center of the upper mass through the 

connecting assembly. 

Both linear and nonlinear analyses of the model are 

performed. As in the axisymmetric model, static, frequency 

and steady state, analyses are performed. The results of 

the linear model were compared with the axisynunetric model. 

In this case, the top surface of the upper vertebra is 

constrained to move only in the Z direction, and The bottom 

surface of the lower vertebra is fixed. 

In order to accurately model experimental tests 

under various magnitudes of compression preload, 3-D nonli

near static analyses are performed a priori to set up the 

initial stress stiffness matrices required for the subse

quent frequency analyses. Employing the computed mode sha

pes and the measured damping factor, the steady state com

pliance analysis of the model has also been performed under 

different compression preloads. 
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Table 3.4. Properties for the collagenous layers 
used in the linear 3-D model 

Cross-sectional 
area (mm2 ) 

Modulus of 
elasticity (MPa) 

Layers 1,2 Layers 
outermost 3,4 

0.8 1.14 

292 262 

Layers Layers 7,8 
5,6 innermost 

0.79 0.27 

232 202 

Table 3.5. Distribution of collagenous fibre 
properties among layers92

Ratio of cross
sectional areas 

Elasticity 
constant ratio 

Layers 
1 & 2 

1.0 

1.0 

Layers 
3 & 4 

0.78 

0.9 

·Layers
5 & 6 

0.62 

0.75 

Layers 
7 & 8 

0.47 

0.65 



4.1 INTRODUCTION 

CHAPTER 4 

RESULTS 

In this section, at first, the experimental results 

of the frequency and damping analyses are presented. These 

are then followed by the predictions of the linear and non

linear dynamic finite element model studies. 

4.2 EXPERIMENTAL RESULTS 

4.2.1 Static and Creep Response 

The axial deflections of the specimens under 400 N 

compression force are measured to be 0.6(+/-.08} mm for 

intact specimens and 0.73(+/-.17} mm for the specimens with 

no posterior elements. These values are the average of the 

immediate static response (the response after 5 seconds} of 

the specimens +/- their standard deviation. The long-term 

creep response of the specimens under 400 N axial compres

sion are shown in Figs. II.1-II.3 (Appendix II} for intact 

specimens and Figs. II.3-II�l0 (Appendix II} after removing 

the posterior elements. The static response of each speci

men can also be seen in these figures (the response after 5 

seconds}. The results are comparable with previous works 

reported in the literature (9,31] and they show that the 

intact specimens are stiffer than the specimens without the 



posterior elements, but not significantly (p<.2). 

4.2.2 Frequency Response Analyses 

53 

Figure 4.1 shows typical (not scaled) force and 

displacement responses at a frequency. In this figure dis

placement response and force response are superimposed to 

measure the phase angle. Figure 4.2 shows typical axial 

compliance response plots (specimen No. 2) carrying a mass 

of 40 Kg and different magnitudes of compression preload. 

In this figure, the compliance magnitude and its phase 

angle are shown as a function of frequency. It is noted 

that as the compression preload on the motion segment 

increases, the compliance magnitude decreases whereas the 

resonant frequency increases. These demonstrate the stiffe

ning effect of the compression preload on the segmental 

response in the axial direction. In Fig. 4.2, for each 

curve, there are two peaks relating to two different natu

ral modes of vibration. The first one corresponds to an 

axial mode while the second one is primarily a lateral mode 

with a secondary component in the axial direction. Although 

the experimental set-up was designed for axial motions 

only, the lateral flexibility of the loading system resul

ted in the second mode. This was verified by a finite ele

ment model of the whole specimen-loading system. Figures 

III.1-III.7 of Appendix III show the compliance magnitudes

versus frequency for the specimens with and without the 
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A typical axial compliance response (intact spe
cimen #2) with a mass of 40 Kg and different com
pression preloads. (a) Phase angle 

(b) Compliance magnitude
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posterior elements. 

The measured variation of the resonant freguency 

with the compression preload in the presence of a 40 Kg 

mass is shown in Fig. 4.3 for the specimens with and 

without posterior elements. It is seen that an increase in 

the compression preload significantly increases the reso

nant frequency for both intact segments and segments with 

posterior elements removed (p<.005). On the other hand, in 

comparison with the intact segments, the removal of poste

rior elements tends to slightly decrease the resonant fre

quency irrespective of the magnitude of the compression 

preload considered (p<.1). 

The variation of the mean compliance with the com

pression preload for the specimens with and without poste

rior elements are shown in Figs 4.4 and 4.5 under vibration 

at low frequencies (i.e. quasi-static conditions) and at 

resonant frequencies respectively. 

It is worth noting that in the tests with the 

intact specimens, at a certain preload for some of the spe

cimens, the rate of the freguency increment is much higher 

than that of its previous preloads. At this preload it 

seems that the facets are engaged, resulting in a relati

vely large increase in the specimen stiffness. This preload 
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Fig. 4.3Measured variation of the resonant frequency with 
the compression preload, for the segments-with and 
without posterior elements. The bars denote one 
standard deviation above or below each mean value. 
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Fig. 4.4 Measured variation of the compliance at quasi
static frequencies (1 Hz) with the compression 
preload , for the segments with and without pos
terior elements. The bars denote standard devia
tion above or below the mean value. 
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in these experiments is mostly between 530 N and 680 N. In 

these cases, the measured values are not cosidered in the 

statistical analysis. 

4.2.3 Damping Measurements 

Figures 4.6 and 4.7 show respectively the varia

tions of hysteresis and dynamic stiffness values with the 

compression preload for the motion segments without poste

rior elements. It is seen that as the compression preload 

increases, the hysteresis decreases (p<.005) while the 

dynamic stiffness (at 1 Hz) increases (p<.005). The pre-

sence of posterior elements slightly increases the 

stiffness and decreases the hysteresis (p<.1). 

axial load-displacement curves presenting hysteretic 

dynamic 

Typical 

loops 

of a motion segment at three different compression preloads 

are shown in Fig. 4.8. In these tests the applied load has 

a frequency of 1 Hz and reaches a peak to peak value of 

about l00N. The dynamic components of force and displace

ments are only shown in this figure. 

Table 4.1 lists magnitudes of the equivalent vis

cous damping factor measured at different compression pre

loads using three distinct methods of calculation, that is 

half-power (bandwidth), resonant amplification, and energy 

loss per cycle at resonance. Since the resonant response of 

the segments closely resembles that of a single degree-of-
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Measured variation of hysteresis with the compres� 
sion preload for the segments without posterior 
elements. The bars denote standard deviation below 
the mean value. 
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Fig. 4.7 Measured variation of dynamic stiffness at qua
si-static frequencies (1 Hz) with the compression 
preload for the segments without posterior ele
ments. The bars denote standard deviation below 
the mean value. 
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Fig. 4.8 Typical measured load-displacement curves at qua
si-static frequencies (1 Hz) for different com
pression preloads. 
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freedom system, the measurement of viscous damping using 

the energy loss per cycle method is preferable, and it 

agrees very well with the damping ratios evaluated based on 

the resonance amplification procedure. Use of the half

power method yields lower damping ratios. 

The normalized compliance magnitudes (dynamic 

magnification factor) at resonant frequencies for various 

compression preloads are shown in Fig. 4.9. This figure 

presents the dynamic magnification factor which is defined 

as the ratio of the response amplitude at resonant fre

quency to the low-frequency (quasi-static condition) res

ponse. Damping ratio is closely related to the dynamic 

magnification factor. A sudden decrease in the magnitude of 

the normalized compliance is noted to occur at the preload 

of 680 N (p<.005), while the differences are not signifi

cant for the remaining preloads (p<.2). 



Preload 

Table 4.1. Equivalent viscous damping 
using different methods 

Energy Loss Resonant Half-Power 
per cycle amplification (band-width) 
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-----------------------------------------------------------

P=30 N .08(.018)* .08(.02) .06(.02) 

P=230 N .07(.019) .07(.012) .06(.012) 

P=390 N .07(.016) .08(.017) .05(.016) 

P=530 N .07(.016) .08(.013) .05(.012) 

P=680 N .13(.04) .13(.04) .06(.00) 

* Standard Deviation
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Fig. 4.9 Variation of dynamic magnification factors with 
the compression preload for the specimens without 
posterior elements. The bars denote standard 
deviation below the mean value. 
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4.3 FINITE ELEMENT RESULTS 

4.3.1 Static Analyses 

The axial displacement of disc-vertebra unit (under 

400 N compression force) predicted by the axisymmetric 

model and the linear three-dimensional model are respecti

vely 0.52 mm and 0.48 mm which are comparable with the 

experimental measurement of 0.73(+/- 0.17) mm. Table 4.2 

lists some of the overall results of the models. These 

results are noticed to be in general agreement with other 

in-vitro measurements [7,45]. 

Table 4.2. Overal linear static response of the models 

Models Compressive Axial Horizontal Intradiscal 
Force Displacement Dise Bulge Pressure 

(N) (mm) (mm) (MPa) 
-----------------------------------------------------------

Axisy- 400. .52 .53 .28 

mmetric 

3-D 400. .48 . 50* . 25 

* At the posterior region.

The predicted variation of the normal stresses and 

strains in the annulus matrix of the axisymmetric model 

along the radius at the dise mid-height horizontal section 

is shown in Figs. IV.1-IV.2 of Appendix IV which are in 

agreement with previous axisymmetric model studies (40,88]. 
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The distribution of stresses and strains in the 

axisymmetric model are shown with the vector plots of prin

cipal stresses and strains (Figs. IV.3-IV.4 of Appendix 

IV). In these figures, the vectors are porportional to the 

stresses or the strains at the points they are representing 

and are normalized relative to their maximum value. 

The predicted variation of axial displacement, 

horizontal dise bulge and intradiscal pressure with axial 

compression force for the nonlinear three-dimensional model 

is shown in Figs 4.10-4.12. These are found to be in agree

ment with the previous studies [91]. 

4.3.2 Free Vibration Analyses 

The first five natural frequencies of the axisymme

tric and top constraint three-dimensional models using 

various fluid elements, with and without the upper body 

mass of 40 Kg, are listed in Table 4.3. As was mentioned 

before, by using displacement-based fluid elements some 

circulation modes arise which their number increases as the 

mesh becomes finer [23]. These modes can be separated from 

the real modes by inspection of the mode shapes [15,23]. 

Figure 4.13 shows the first four mode-shapes of the axisym

metric model (without the added mass) using displacement

based fluid elements. The first mode in this figure is a 

typical circulation mode in which only the fluid region of 
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Fig. 4.10 Predicted variation of axial displacement versus 
static compressive force (nonlinear 3-D model). 
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�i�. 4.11 Pr;dicted variation of posterior horizontal dise 
bulge at its mid-hight section with axial com
pressive force (nonlinear 3-D model). 
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Fig. 4.12 Predicted variation of the intradiscal pressure 
versus axial compressive force (nonlinear 3-D 
model). 
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Fig. 4.13 The first four mode shapes of the displacement
based axisymmetric model without the added mass. 
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the nucleus is disturbed and the solid regions do not dis

place. Therefore, since the load is applied on the solid 

part of the structure, the effect of these circulation 

modes in total response of the structure is negligible. In 

this case, the second mode of the model is the fundamental 

mode. The first four mode-shapes of the axisynunetric model 

(without the added mass) with potential-based fluid ele

ments are shown in Fig. V.1 of Appendix V. In these figu

res, no displacement in the fluid region is observed 

because in the formulation there is no displacement degree 

of freedom for the fluid region. In the 3-D model with 

displacement-based fluid elements, there is no circulation 

mode, probably due to the coarse mesh used. The first 4 

mode-shapes of the 3-D top-constrained model (without the 

added mass) are shown in Fig. V.2 of Appendix V. By adding 

the upper body mass the fundamental frequency of the com

pression mode of the models reduces dramatically. Figure 

V.3 of Appendix V shows the first 4 mode-shape of the axi

synunetric model with the upper body mass on top and displa

cement-based fluid elements. 

The natural frequencies for the unconstrained 3-D 

model with and without body mass are listed in Table 4.4. 

The mode shapes corresponding to these frequencies are 

shown in Fig. 4.14 for the model with the body mass and Fig 

V.4 (Appendix V) for the model without the upper body mass.
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3-D model with the upper body mass (no preload).
(F = Frequency)
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As is seen, the first frequencies in Table 4.4 are associa

ted with rotation whereas the second frequencies correspond 

ta the axial mode. The natural frequencies significantly 

decrease with the addition of the body mass. 

Table 4.3. Natural frequencies of constrained 
models with no preloads (Hz) 

Axisymmetric m=O Kg 
displacement 
-based m=40 Kg 

Axisymmetric m=O Kg 
potential-
based m=40 Kg 

Axisymmetric 
incompressible 
solid m=O Kg 

3-D displacement 
-based m=O Kg 

Mode 
#1 

983 

32. 2*

1281* 

31. 9*

1281* 

1158* 

Mode 
#2 

1280* 

982.9 

3979 

3231 

2951 

1256 

* Fundamental frequency of the structure

Mode 
#3 

2608 

2602 

4364 

4556 

3508 

1853 

Mode 
#4 

2923 

2753 

5393 

5135 

3694 

1902 

Table 4.4. Natural frequencies of unconstrained 
3-D displacement-based model (Hz)

Mode 
No. 

No preload 
m= 0 Kg 

657.9 
1163 
1259 
1723 

No preload 
m= 40 Kg 

6.1 
23.4 
30.9 
58.2 

Mode 
#5 

3216 

3213 

6766 

6544 

4251 

1980 



Finally in order to directly 

tions with the measurements, the 
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compare the predic-

3-D model is analysed 

under the body mass of 40 Kg and different compression pre

loads of ON and 680 N. In this case the top of the model 

is constrained to move only in the Z direction. The compu

ted natural frequencies of the first four modes are listed 

in Table 4.5. The first four mode shapes of this case with 

no preload are shown in Fig. 4.15. 

In order to show the possible effect of the dise 

degeneration on the dynamic response of the motion segment, 

the bulk modulus of the dise is reduced and frequency ana

lyses are performed to find the natural frequencies. The 

natural frequencies of the 3-D m6del for different bulk 

moduli are listed in Table 4.6. From this table we can see 

that, reducing the nucleus bulk moduli (dise degeneration) 

markedly affects the axial mode frequency. Figure 4.16 

shows the variation of the axial frequency of the model 

(with the added mass) with the bulk modulus. In this figure 

the model with no nucleus is considered as the model with 

zero bulk modulus. 
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Fig. 4. 15 The first four mode shapes of the top constrained 
3-D model with the upper body mass (no preload}.
(F = Frequency)
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Fig. 4.16 Variarion of the resonant frequency (3-D model 
with the upper body mass) with the bulk modulus. 
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Table 4.5. Natural frequencies of the 3-D model simulating 
experiments with 40 Kg mass (Hz) 

----------------------------------------------------------

Mode No. 

1 
2 

3 

4 

No preload 

23.5 
1058. 
1353. 
1446. 

680 N preload 

26. 
1330. 
1977. 
2028. 

Table 4.6. Natural frequencies (Hz) of the 3-D model for 
different bulk moduli (B) for the nucleus 

Mode Dise with B=.22 B=2.2 B=22. B=2200. 
No no nucleus (MPa) (MPa) (MPa) (MPa) 

------------------------------------------------------------

1 5.1 5.1 5.2 5.3 6.1 
2* 15.8 16.1 18.0 21.4 23.4 
3 25.3 25.2 25.6 26.0 30.9 
4 58.1 58.1 58.2 58.2 58.2 
5 77.3 77.1 77.4 77.4 77.9 

* Axial mode

4.3.3 Forced Vibration Analyses 

Initially the axisymmetric model without the body 

mass and compression preload is used to perform steady 

state response analyses. As expected, the model_predicts 

quasi-static behaviour when the frequency of the applied 

harmonie load remains much lower than the fundamental fre

quency of the system. The effect of the presence of damping 

in such cases turns out to be negligible. In Fig. 4.17, the 

steady state impedance results of the model are compared 
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with the experimental data reported by Kazarian [30]. This 

figure shows mechanical impedance and phase angle versus 

frequency for different dises of the lurnbar spine. The 

phase angle indicates the phase relation between the force 

and the velocity. As is shown in Fig. 4.17 the numerical 

results of the model which is related to the L2-L3 dise 

agree very well with the experimental results. 

In order to excite as many modes as possible, a 

step load with a short rising time of 1.E-05 second and an 

amplitude of 400 N is applied and the linear transient res

ponse is computed. In this case the implicit time integra

tion technic of Wilson-0 rnethod with a time step of l.E-05 

second, and consistent mass rnatrix have been used. Figure 

4.18 shows the pressure variation at three different points 

in the nucleus region under a step load of 400 N. The 

intradiscal pressure is found to vary both with location 

inside the nucleus and with time and reaches a maximum of 

2.7 times that evaluated under equivalent static loading. 

The band-plots of the pressure variation in the 

nucleus (Figs. IV.5 of Appendix IV) also show the gross 

pressure distribution in the nucleus at different time 

steps. In these figures different colors show different 

pressure intensities. As is shown, the pressure reaches its 

maximum first at the center of the nucleus along its ver-
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Comparison of the steady state impedance results 
of the axiymmetric model with the experimental 
results reported by Kazarian [30]. 
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Fig. 4.18 Pressure variation in the nucleus with time and 
location, under 400 N step load (axisymmetric 
model without the upper body). 
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tical centerline and then as the time passes the maximum 

pressure shifts to the sides along the annulus-nucleus bor

der. The maximum values of the axial displacement, horizon

tal dise bulge, and tensile hoop stress in the dise annulus 

are computed to be about twice larger than those in the 

equivalent static condition. When the body mass of 40 Kg 

is added on top of the model, a single degree-of-freedom 

behaviour is predicted under the step load. In this case, 

the nucleus pressure remains unchanged with the location 

and reaches a maximum of nearly twice the value of that in 

the equivalent static case. 

The steady state compliance response of the 3-D 

model with the body mass is shown in Fig. 4.19 for diffe

rent compression preloads. The results are computed using a 

measured equivalent damping ratio of .08. The compression 

preload is noted to have increasing effect on the resonant 

frequency and decreasing effect on the resonant amplitude. 

The effect of dise nucleus material on the dynamic 

response of the motion segment is also shown in Fig. 4.20 

by comparing the steady state compliance response of the 

3-D model with and without the nucleus. The results for the

remaining cases with the bulk modulus varying from zero 

(i.e. nucleutomy) to 2200 MPa (i.e. normal) are computed to 

be in between the cases shown in Fig. 4.20. 
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Fig. 4.19 Predicted steady state compliance response of the 
3-D model with the upper body mass of 40 Kg and 
different compression preloads. 
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Fig. 4.20 Predicted steady state compliance response of the 
3-D model with and without the nucleus, and with
the upper body mass of 40 Kg.



5.1 INTRODUCTION 

CHAPTER 5 

DISCUSSION 

This study has been performed to investigate the 

mechanical response of lumbar motion segments under dynamic 

loading situations such as those associated with impact and 

vibration. Although the frequencies of vibration are eva

luated for both axial and nonaxial (i.e., lateral and rota

tion) modes, the response analyses are executed only under 

axial time-dependent loads. This is justified for the rea

sons that the axial mode of vibration inputs experienced by 

workers for example during the operation of motor vehicles 

is of prime importance. The effect of vibrations with 

nonaxial components on the flexed segments, however, needs 

to be studied separately. 

Despite of the low number of specimens (7 motion 

segments), the power of the t-Tests [46] show that the sam

ple size is adequate, specially for the comparison of the 

means at different preloads. In this case, since the sam

ples related to different means are not independent, Mat

ched Pairs t-Tests are used, and the computed powers are 

found to be 0.99 at a significant level of 0.5 percent. 

Considering a two-sided test, the powers for the tests 

(mean values of resonant frequency, compliance, etc.) are 
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about 0.95 with an allowance of 10 percent of the mean 

value at a significant level of 5 percent. 

In contrast to the experimental part, the present 

finite element studies consider only the disc-vertebra unit 

with no posterior elements. The effect of the presence of 

facets on the state of stress and strain throughout the 

segment could also be the subject of another study which is 

planned for future investigations. Moreover, in the present 

study, only a single motion segment is considered. Accurate 

evaluation of the dynamic characteristics of the whole lum

bar spine is however believed to be possible when based on 

the knowledge gained during the research on single motion 

segments. 

5.2 FINITE ELEMENT MODELS 

In this section some of the experiences using dif

ferent fluid elements are presented. As mentioned before, 

displacement-based fluid formulation yields some spurious 

modes, which can be eliminated by either checking the mode 

shapes or using a penalty method for irrotationality of 

displacement in the fluid [15,23,63]. In both cases, to 

avoid over-stiffening behaviour, reduced integration order 

for the fluid elements is recommended [23,63]. In this 

study, using penalty on irrotationality or full integration 

order resulted in over-stiffened elements with nucleus 
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pressures larger than those reported in the experimental 

results (about 10 times). Considering no irrotationality 

constraint with reduced integration yielded satisfactory 

results in bath mode superposition and time integration 

methods. In this case, under static loads, pressure values 

at the integration points in an element, are not uniform 

and pressure smoothing [27) are performed by averaging 

these values in each element [63]. It is also worth noting 

that refining the axisymmetric model by increasing the num

ber of its fluid elements resulted in more circulation 

modes while in the three-dimentional model with a relati-

vely coarse mesh, no circulation mode was 

agrees with the previous observations 

litrature [23). 

observed. This 

reported in the 

As expected, no circulation mode is observed in the 

models with potential-based fluid elements. In this case 

the results obtained with the time integration method is 

satisfactory and preferable to the displacement-based 

method, since no pressure smoothing is required. But in 

the mode superposition technique, the displacement-based 

formulation is found to be more economical when the steady 

state displacement response of the structure is computed. 

In this case, the mode shapes are normalized relative to 

the mass (10), and they can be used directly to calculate 

the steady state displacement response by hand. 
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In modeling the fluid region with incompressible 

solid elements, although reasonable results are obtained in 

the static case, the computed stresses in dynamic analysis 

are less reliable than those based on displacement-based or 

potential-based methods. This is likely due to the possible 

numerical errors caused by choosing the value of the Pois

son's ratio very close to O.S. 

5.3 FREQUENCY RESPONSE - COMPARISON OF RESULTS 

The mean measured resonant frequencies (Fig. 4.3) 

for the case without facets are 23.5 Hz and 33. Hz for the 

compression preloads of 30 N and 680 N respectively. The 

fundamental frequencies in the axial vibration computed 

using the nonlinear 3-D model that simulates the experimen

tal set up is listed in the first row in Table 4.5 for two 

different preloads. These frequencies are 23.5 Hz and 26. 

Hz under compression preloads of ON and 680 N respecti

vely, and are found to compare with the foregoing measured 

frequencies. Bath results indicate the stiffening effect of 

compression preload on the response. The computed and mea

sured results for the ON compression preload compare very 

well, but for the 680 N preload the computed frequency (26 

Hz) is less than the measured frequency (33 Hz). Therefore, 

by increasing the preload, the motion segment appears to 

become stiffer than its finite element model. This likely 
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suggests the existance of other stiffening effects besides 

the nonlinear material property of the collagenous fibres 

accounted in the nonlinear model. Apart from the frequen

cies, the measured and predicted steady state compliance 

data of Figs. 4.2 and 4.19 are also found to be in general 

agreement with each other. 

Steady state measurements by Kazarian [30) indicate 

that the axial resonant frequency of motion segments 

(without any added mass) is well above the tested range of 

5 to 50 Hz. Sorne of his L5-Sl multi-motion segments demons

trated resonant frequencies in the range of 30 to 40 Hz. 

Markolf (52) measured axial resonance of about 241 to 245 

Hz for a L2-L3 dise with a mass simulating the head. 

Moreover, a fundamental axial frequency of 864 (Hz) was 

computed in a free vibration model study of a disc-vertebra 

unit [22). The foregoing results qualitatively agree with 

those of the present study that, without a mass, the axial 

frequency is about 1200 Hz and that the presence of a mass 

on top of the model markedly decreases this frequency. 

The in-vivo whole body axial vibration studies have 

indicated that the resonant frequency of the body is at 

about 4 to 6 Hz [44,70). It is known that the axial fre

quency of a bar element is inversely proportional to its 

length. Simulating the whole spinal column as a uniform rod 
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[26), the evaluation of a resonant frequency of about 31.8 

to 34.5 Hz (Fig. 4.3) for a single motion segment with a 

mass of 40 Kg and compression preloads of 390 N to 680 N 

respectively appears, therefore, to be in qualitative 

agreement with these in vivo tests. 

The magnitude of magnification factor for the pre

loads up to 530 N is about 6 (Fig. 4.9) which is about 

three times larger than that of in-vivo whole-body vibra

tion measurements [65,111). This shows that in the linear 

range, the response of the system (displacements and 

strains) at resonance is about 6 times higher than its 

equivalent static case. The linear range in this analysis 

is considered when the applied force bas a peak to peak 

value of less than 50 N. 

Considering the nonlinear behaviour under high 

amplitude vibrations, the intervertebral joint is expected 

to act as a bard or soft spring. Therefore, under relati

vely large applied loads causing a nonlinear response with 

a large amplitude, the natural frequency of the system will 

be different from that of the linear system, and it might 

vary with the amplitude of vibration (12]. In this case the 

dynamic magnification factor might not become as large as 

that in the linear system. 
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Using the half-power (bandwidth) method, Markolf 

[52] evaluated an equivalent damping ratio of 0.04 to 0.08

which compares well with the values of 0.05 to 0.06 of the 

present work. On the other hand, hysteresis values of about 

0.13 to 0.22 which varies with age [38] and 0.37 which 

decreases with time to less than 0.10, due to long-term 

loadings (94], have been reported by other investigators. 

These are noted to be larger than the value of 0.05 under 

compression preload of 390 N shown in Fig. 4.6. such diffe

rence could be due primarily to the vibrating loads of 540 

N and 250 Nin the foregoing studies which are much larger 

than the load of about 50 Nin the present study. This 

resulted in a higher magnitude of displacement response as 

well as the hysteresis value which is proportional to the 

displacement response. The hysteresis damping significantly 

reduces as the preload increases. However, the variation of 

equivalent viscous damping of the system (which is propor

tional to the inverse of magnification factor Fig. 4.9) 

with preload is not significant. 

5.5 EFFECT OF THE POSTERIOR ELEMENTS 

The effect of facet joints in increasing the stiff

ness of segments and hence their fundamental frequency is 

corroborated by a number of static and dynamic investiga

tions on the biomechanics of motion segments (7,28,30,90 
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,115). 

As mentioned in section 4.2.2 at certain preloads 

for some of the intact specimens (specimens #1 and #5) the 

stiffness increment considerably increases. The results at 

these preloads are not accounted for in the statistical 

analyses. This suggests that the effect of the facet joints 

is not significant up to a certain preload (between 530 N 

and 680 Nin these experiments). The value of this preload 

seems to depend on the structure of the posterior elements, 

particularly the facet articular surfaces and the way the 

top of the specimen is constrained in the tests. This is 

also shown by Yang and King (115) who performed some tests 

on isolated facet joint and concluded that in extension or 

compression of the facets, the joint stiffens rapidly with 

deformation, reaching a stiffness of 1.3 KN/mm at a defor

mation of 2.2 mm. They stated this as an indication of bony 

interaction through a thin intervening layer of soft tis

sue. Thus, the mechanism of load transmission is due to the 

bottoming-out of the tip of the inferior facet on the pars 

interarticularis of the vertebra below. 

5.5 EFFECT OF POSTURE. VIBRATION AMPLITUDE AND PRELOAD ON 

THE WHOLE BODY RESONANCE FREQUENCY 

Previous studies [13,71,105) have shown that varia

tions of muscle activities during different postures, 
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vibration amplitude of the applied force, and compression 

preload on the spine can change the whole-body resonance 

frequency. 

Fairley and Griffin (13] used five postures of sit

ting position and found a maximum increase of 1.5 Hz in 

resonance frequency over what was an extreme range of pos

tures. They also found that the mean resonance frequency 

decreased from 6 Hz to 4 Hz when the amplitude of the input 

vibration was increased by a factor of eight. 

Vogt et al (105] investigated the linearity of the 

seated body by measuring the mechanical impedance under 

different preloads in the form of different magnitudes of 

zero-frequency longitudinal {Z-axis) acceleration in a cen

trifuge. The.main resonance frequency increased from 5 to 8 

Hz as the acceleration was changed from lg to 3g. They con

cluded that the stiffness of the body in the spinal direc

tion had increased and proposed a linear relationship bet

ween the stiffness of the body and the force acting on it. 

It was argued that any frequency change due to muscle con

traction alone would be less noticeable. In Fig. 4.3, it is 

also seen that, the resonance frequency of the motion seg

ment increases with increase in the preload, but its slope 

is not linear. In this figure, the rate of increment in 

resonance frequency with preload decreases as preload 
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increases. 

5.7 CLINICAL IMPLICATIONS 

Previous static studies have demonstrated that 

under pure axial compression the most vulnerable elements 

of a normal disc-vertebra unit are the cancellous bone and 

the subchondral end-plate adjacent to the nucleus space and 

not the dise annulus (68,78,86,89,103). The present finite 

element study predicts that the dise pressure and adjacent 

cancellous compressive stress may increase by as much as 

2.7 times of that in static situation depending on the 

nature of the applied load (Figs. IV.5 of Appendix IV). 

This predicts the possible vulnerability of the end-plate 

and adjacent cancellous bone to fracture. 

In axial impact experiments on single motion seg

ments, localized end-plate fractures and compression frac

ture of the vertebral body occurred in about 34% of speci

mens tested [68). Fracture of the bone adjacent to the 

nucleus space under axial vibration loads, occurring sud

denly or cumulatively as in fatigue, results in the loss of 

dise confined fluid which could then initiate or accelerate 

the process of segmental degeneration (47,49,88,103). 

It has been observed that the rate of creep increa

ses with vibration (30.37,38]. The vibration, therefore, 
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may alter the dise properties such as permeability in order 

to facilitate the fluid flow. This likely meehanism appears 

to be advantageous in playing a positive role in the nutri

tion of the intervertebral dises [29]. In order to prevent 

injury, the vibration should, however, be limited to a safe 

range not to generate exessive stresses in the spinal ele

ments. 

Neuropharmacological effects of vibration on the 

dorsal root ganglion of rabbit have been studied to under

stand the possible relationship between vibration and the 

development of back pain [107]. A decrease in dorsal root 

ganglion substance P, a known pain mediator, and an 

increase in VIP, another pain modulator, were observed fol

lowing low frequency vibration. These variations are compa

tible with those following peripheral nerve injury. The 

possible effeet of vibration frequeney and amplitude on the 

nerve injury, however, needs to be further clarified. 

The present finite element studies predict that 

dise degeneration could cause a decrease in the resonance 

frequency (Table 4.6) and an increase in response amplitude 

(Fig. 4.20) of the motion segment. This suggests a deterio

rating role of vibration in the degenerated dises. That 

is, in an already degenerated dise, the response under 

vibration markedly increases resulting in higher stresses 
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and strains and hence higher risk of further dise degenera

tion. 



6.1 CONCLUSIONS 

CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

Steady state response, resonant frequency, and dam

ping of seven lumbar motion segments in axial direction are 

experimentally determined under an upper body mass of 40 

Kg. The influence of facet joints and different compression 

preloads on the response is also measured. To supplement 

the measurements , axisymmetric and 3-D models of a L2-L3 

disc-vertebra unit are developed and the response under 

impact and vibration is predicted. The effect of the pre

sence of a mass of 40 Kg and a number of different compres

sion preloads on the results are also computed. The 

salient conclusions of the present work are as follows: 

1) There is a good agreement between the experimen

tal and finite element results. The results are found to be 

comparable with those of the other studies. 

2) The addition of the upper body mass of 40 Kg

significantly decreases the segmental frequencies, irres

pective of the magnitude of compression preload. 

3) As the compression preload increases, the seg

mental frequencies markedly increase while the compliance 
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magnitudes decrease. 

4) Up to a certain preload (mainly 530 N to 680 N

in these experiments), removal of the facet joints slightly 

decreases the axial resonant frequency. 

5) The viscous damping ratio of the segment is eva

luated to be in the range of 0.05 to 0.13, using three dif

ferent methods (half-power Bandwidth, Energy loss per cycle 

and Resonance amplification). 

6) Vibration loadings with frequency close to the

resonant frequency of the system and impact loading mar

kedly increase the response and hence the state of stress 

and strain throughout the segment. The most vulnerable ele

ment is found to be the cancellous bone adjacent to the 

nucleus space. 

7) A decrease in the value of the nucleus bulk

modulus reduces the axial resonance frequency of the motion 

segment. Therefore, due to the degeneration, the dise beco

mes softer. 

6.2 DIRECTION FOR FURTHER RESEARCH 

The experimental part of the present research work 

can be continued by dynamic testing of different spinal 
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units consisting of a number of vertebrae and interverte

bral dises in order to investigate the effect of other 

parameters such as spinal curvature and level on the reso

nance frequency and damping. 

The dynamic load distribution between various com

ponents can be investigated by measuring the intradiscal 

pressure and bone strains. In this way the biomechanical 

role of different elements under vibration can be better 

understood. 

The hardening or softening behaviour of the motion 

segment due to the high amplitude vibrations can also be 

investigated by applying high amplitude sinusoidal force or 

displacement and studying the nonlinear response of the 

structure. 

The complementary finite element studies are sug

gested for the above experimental works. Also by modelling 

the facet joints, the effect of the facets contact at high 

preloads on the system resonance frequency can be investi

gated. 
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APPENDIX I: The photographs of the gross appearance 

of the eut surfaces of the intervertebral 

dises used in the experiments. 

(Figs. I.1-I.7) 



Fig I.l The photograph of the gross appearance of 
the eut surfaces of the dise (specimen #1 
, grade O). In the above picture the red 
spots on the eut surfaces are blood, and 
they are not due to the dise degeneration. 
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Fig I. 2 

Fig I. 3 

The photograph of the gross appearance of 
the eut surfaces of the dise (speeirnen #2 
, grade 2). 

The photograph of the gross appearance of 
the eut surfaces of the dise (specimen·#3 
, grade 1). 

. 122 



Fig I.4 The photograph of the gross appearance of 
the eut surfaces of the dise (specimen #4 
, grade O). 

Fig I.5 The photograph of the gross appearance of 
the eut surfaces of the dise (specimen #5 
, grade 2). 
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Fig I.6 

Fig I.7 

The photograph of the gross appearanee of 
the eut surfaces of the dise (speeimen #6 
, grade 1). 

The photograph of the gross appearanee of 
the eut surfaces of the dise (speeimen #7 
, grade 2). 
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APPENDIX II: Creep responses of the specimens. 

(Figs. II.l-II.10) 
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Creep response of the specimen #3 under 400 N 
axial compressive force (intact specimen). 
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axial compressive force (specimen without the 
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APPENDIX III: Compliance responses of the specimens. 

(Fig. III.1-III.7) 
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Fig. III.1 Compliance magnitude versus frequency for the 
specimen #1. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. III. 2 Compliance niagnitude versus frequency for the 
specimen #2. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. iII.3 Compliance magnitude versus frequency for the 
specimen #3. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. III.4 Compliance magnitude versus frequency for the 
specimen #4. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. III.5 Compliance magnitude versus frequency for the 
specimen #5. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. III.6 Compliance magnitude versus frequency for the 
specimen #6. a: intact specimen b: specimen 
without the posterior elements. 
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Fig. III.7 Compliance magnitude versus frequency for the 
specimen #7. a: intact specimen b: specimen 
without the posterior elements. 



APPENDIX IV: Some of the results related to the 

axisymmetric model. 

(Figs. IV.1-IV.5) 
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Fig. IV.1 The predicted variation of the normal stressesa 
in the annulus matrix of the axisymmetric 
model along the radius at the dise mid-height 
horizontal section. 
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Fig. IV.2 The predicted variation of the normal strains€ 
in the annulus matrix of the axisymmetric 
model along the radius at the dise mid-height 
horizontal section. 
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Vector plots of principal stresses at different 
parts of the structure ( stresses are normalized 
relative to their maximum value). 



OEFœt'EO .____., 1 . 057 
TIME 1.000 

STRRIN Tll'IE 1.000 

�=::!: ! 0.106 

148 

Fig. IV.4 Vector plots of principal strains at different 
parts of the structure ( strains are normalized 
relative to their maximum value). 
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Fig. IV.5 Band plots of the pressure (Pa) distribution in 
the nucleus of the axisymmetric model, under a 
step load of 400 N with a rising time of l.E-05 
Sec. (a-h) for different time steps (Sec). 
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Fig. IV.5 Band plots of the pressure (Pa) distribution in 
the nucleus of the axisymmetric model, under a 
step load of 400 N with a rising time of l.E-05 

Sec. (a-h) for different time steps (Sec). 
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Fig. IV.5 Band plots of the pressure (Pa) distribution in 
the nucleus of the axisymmetric model, under a 
step load of 400 N with a rising time of 1.E-05 
Sec. (a-h) for different time steps (Sec). 
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Fig. IV.5 Band plots of the pressure (Pa) distribution in 
the nucleus of the axisymmetric model, under a 
step load of 400 N with a rising time of l.E-05 
Sec. (a-h) for different time steps (Sec). 



APPENDIX V: Sorne of the mode shapes of the finite 

element models. 

(Figs. V.1-V.4) 
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Fig. V.2 The first four mode shapes of the top constrained 
'3-D model without the added mass. (F = Frequency) 
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Fig. V.3 The first four mode shapes of the displacement
based axisymmetric model with the added mass. 
(F = Frequency) 
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