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, ABSTRACT

T M

. ) LN
¢ ° \

-~ }' Many of the problems associated with the hugan spine are partly
structural in nature. Scoliosis, for example, involves.a significant’
- . . .

deformation of the spine due to instability. Internal fixation is

gmployed in the management..of ,spinal fracturgs. To agsist In the
underétandin; of these structural problems, detailed modeliﬁg of spine
mechanics is essential. ' )

This study intends to derve as\a.first‘stage of‘ﬁodeling spine
fixatigﬁ systems by:investigating fundamental behaviour, of a disc-body

)

.

unit. ] ' " ‘
A three-dimensional finite elemept packaged program ADINA (fluid-
o 7 ; d

structure compatible) is used.including both geometric and material
nonlinearities. Five hundred and ,twelve eleients, eighteen hundred and

nine degrees of freedom, are employed in this study.
. . [ v : -
Validatiomn of the‘mbdel,by a comparison of i'ts predictiohs with

reported results of "in vitro" measurements inditates good agreement.
) . . . M - .

S

,#\\\\Tnéiagiscaf,boundary conditions are verified through investigating

stress disﬁributién on the end-plate énd enQ—piate deflections.’ EurEhgr

7

.sophistication of the model to capture important cha:acteristics %f the
spine behauiaur is suggested. This includes simplification of some of

the non-critical components in order to simplify calculations.
- - - . - 4
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1-1: FUNCTION OF THE SPLI’NE._.' S

&

/ : CHAPTER 1: INTRODUCTION
e /

An axial endoskeletal Structure, the.ﬁertebral columnu is ' one of

the major distinguishing characteristlcs of Vertebrates (Fig 17 -1,

/

As. the mos t advanced vertebrate thefhuman has a body structure (Fig
, .

1.1- 2), ;ncludlng the vertebral column which 1s the result of 500

- . . C. - e B o i

million years of “evolutlonr o o 'j': e nd‘ ' _(

The spine is a mechanfcalfSCructu e; The_uertebrae articulate w%th
each other in a controlled mhnner thrg gh a r‘omplex system of j01nts
discs ligaments and soft/tlssues

</
markedly stlffened by the r1b cage. Although the splne has some inherent

‘In the thorac1q reglon the spine is

llgament stablllty /yechanlcal stabillty is malntalned primarily by a.

highly developed dynamlc neuromusoular structure and'lts control

B, ~«
/ : - . b - B v

/

_system, , / o ,

The“spine performs at least three fundamental biomechanical+

'fuhctions.rFirst, it transfers the weight and the bending moment’ of "the .

o N o
. head and. trunk to the pelvis. Second, it allows physiological motion

. ) : : .
between these three body parts. Finally and most importantly, it

: protects the delicate splnal cord from potentially damaging forces or

motions produced?by trauma. These functlons are accomplished through the
highly.specielized mechanical propertles of the mormal spine anatomy.

-
N
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1.2 ANATOMY OmFlTHEA HUMAN SPINE \ ‘

The spine consists of.seven,cerviéai.(neck) ve;pebrae, twelve
thoracic;(chest) vertebraé,'five lumbar (low back) verfebrag; and t?ree
zto,fdur.fuséd Foccygeai fegments. Viewed from the ffont, the spine
gcner?119 appears st}aight and,symﬁétricél. in the lateral or sagittal
plane there are four ﬁorﬁal curveé. These curves are convex anteriorl&
in the cervicals and lumbar regions and conN;x posteriorly in the 1
thofacic ahd sacral regigng (Fig.l.2-1$. _2, K¥\\_,/““

. ) X - N . 'y . . ‘ . , 3
- Anatomical considerutlons telating the whole splne are important,

¥
but it is also'necessary to observe, study, and - Cfn31der the reglonal

_characterlstlcs of the spine. The 1umbar region is unlque in that it is
most.likely to be injured-due to the f;ct that the lumbar segment,

‘ ’ 5 . \ - '
~unlike ;he thoracic segment, is not suppbérted by the rib cage.

. ) K ~
Therefore, it supports very high loads. G ‘
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o -
1-3: THE BASIC UNIT OF THE SPINE SYSTEM: THE MOTION SEGMENT
The functional unit.of the spine is the motion segment, which '

consists of two vertebrae, the articular joint, the intervertebraltgisc

and seven 1igéments“(Fig. 1.3-1). A vertébra consists of anteribr
Block of bone, the body, and a posterioy bohy'ring, knowl7:s the neural

arcﬁ; confaining articular, transverse, apd spinous processes (Fig; 1.3-
2,r1.3—3).(The neural arch consists of two bedicles ahd two 1aminae from

which. arise seven%rocesses. The arches and the verqébral bodies form

the vertebral canal, which protects the spinal cord.

o1
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1-4: THE RELEVANT.Aé‘TOMY OF A MOTION SEGMENT
Thé intervertegyél disec 1é’comprised of three distinct parts: the
nucleus pulposus, ‘
(Fig. 1.4-1).
% . :
,{&:atrnetwork of fine fib{és that lie ip-a '
mucoprotein gél containfﬁglva:ioﬁs mucopolysaééharides. The" fine

collagen fibres play a part in stabillization g% the gel. The fluid is

primarily immobilized by the mucopolysaccarides. The wéter content .
ranges from 70 to 90 percent; it is highest at birth and tends to
decrease with age. The lumbar nucleus fills 30 to 50 percent of the
total dj ro;s-sectional area. In the lumbar region, the nucleus is
located nore posteriorly. IE is believed that the nucleus 1s readily
deformable because of its jelly-like nature and can trgnsmiﬁ appliéd
loaiato a thrust on the annulus (Nachemson, 19695. It';s, therefore,

important for optimal function of the disc that the nucl?us remains

fluid.
\

The annulus fibrosus is the outer region of the intervertebral
disc. There is a gradual- transition of material structure from the

nucleus to the annulus, $ha through the annulus itself. ‘'The distinction

between annulus and nucleus, although pronounced, is not Eharply

defined, “but a gradual change does occur from théwjelly—like nucleus to

the more fi%rous'annulﬁs. The annulus is cohposed of fibrosus tissue

in concentric laminated bands. The collagen fibres provide strength and

- ) -
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stif‘hbss to the annulus tissue. The groﬁnd substgucp, a gelatinous
material, reduces frictiod getween the,collageﬁ fibres (Frankel and
Nordin, 1980). The collagen fibres are arranged in a helicoid manner so
that in a4 given gand the fibres have a relatively constant direction. |
The fibres in an adjacent band are aligned inlthe opposite direction.
They are oriented at 30 degg&és to the -disc plane and therefore at 120
degrees to each othér in adjacent bands. The laminated structure is
uniquely adapted to provide both mobility and an ability to wi;hstand
the gensile strain that occur from compression, bending and rotation:.
With increasing compressi;e ioad, bulging of the annulus causes the
layers to tighten and bind together/so that tension in the collagen
fiber withstands pressure developed in the nucléus pulposus.

" The cartilaginous end—plate‘is composed of hyaline cartilage. It
separates the other two components of the disc from the verteﬁ%a} body
(Fig. 1.4-2). Physiologicallyn cartilage is virtually an isolated
tissue. It is devoid of blood and lymphatic :.ipplies as well as nerves,
and its cellular density is less th%n in @ost othe{ tissues. The main
functions of cartilage are to distrfbute.the loads applied to the joint
so that thaey are tra#gg;tted over a large area and thus reduce contact
stresses and to allow relative mo;ement of the opposing surfaces with

“

minimum friction;ind wear.

The vertebral body is a roughly cylindrical mass of Cancellous bone

contained in a thin shell of cortical bone (Fig. 1.3-3). These two bone
, .
types can -be considered as one material whose porosity varies over a

wide range (Carter_ and Haygs 1977). (Porosity is the proportion of the

/,

e



. Y
bone's volume occupled by nonmineralized (non bone) tissues). Cortical

bone is stiffer than cangellous bone; {t can w%thstand greater stress
but less strain before failure. Cortical boné fractur®s "in vitro" when
the strain excdeds 2% of the original length; cancellous bone does ﬁot
-
fracture until the strain exceeds 7%. Because of its porous structure,
cancellous bone has-been shown to have avhigh energy §£orage capacity
(Carter and Hayes, 1976). Both cortical bone and cancellous sone are
anisotropic materials (material properties are different in all
_directlions at é point in the body). The strength and stiffness are

greatest in thesdirection in which loads are most commonly imposea on

the bone (Cowin, 1983).



1-5: KINEMATICS OF THE SPINF

\ The coordinate system ®mployed in this study i{s defined as Fig.
1.5-1. The ri;ht-handed or?hog?ngl, or Car:fsinn coordinate system 1s
defined for precise orientatlion with respect to the body: In Fig. 1.5-1,
the human body is shown in the anatomic position (hpright‘%osit(on with
éhe eyes and toes directed forward and the arms hanging at the sides,
with the palm; forward) . The sagittal, frontal and horizonal planes are
represented by x-z, y-z and x-y planes respectively. Motion is descrlbvd
in terms felative to the inferior (the lower) vertebra.

Ddring physiological activities, motion can be d¢scribed as

rotation, translation, or a combination of them. The clinical

nomenclature of spine movement in the defined coordinate system is (Fiy.

1.5-1):

Flexlon: : clockwise rotation about Y-axis.
Extension: ° anticlockwise rotation about the Y-axis.
Axial rotation: rotation about Z-axis.

Lateral bending: rotation about X-axis.

Axial compression: translation in negative Z-axis direction.

13
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- Extension.
b

Flexion

3
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Figure 1.5-1: COORDINATE “SYSTEM DEFINED -
(Human figure in anatogjs position) - '
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©1-6: LOADS ON THE MOTION SEGMENT

. o
&

b . : o |
' %%e intervertebral disc is subjected to a consfderabfé variety of -
’ . A ' . » . . =
forces and moments. It is responsible for carrying a large part of the
\U . . N BN ) . . ©.
cgﬁpressive }oads applied to the trunk (Nachemson, 1960). Wheri a person
i <

“is standing in the anatomic pésitibn{ muscular activity causes greater
force on a . disc than the superiof weight of the body. In addition, yith

~any actiyi£y where dvnamic 1oadsﬁare.inv61véd (e;g. jumping or trauma)
;he actugl.Ioads L interverﬁebial EiBC are much higher than the
static load. Thes. =zr Adiply compressive loads; prsddciﬁgrcompreésive

stresses in the disc. The disc is also subjected to other types of loads

A
4

. ) : . . i .
and stresse%; Tensile stresses are produced in certain portigns of the
: ; , : X

\
- .

disc during physiologic motions of compression, flexion, extension, and

lateral begding. Axial rététiop of the ‘torso with»regpect to the pelvis
céuses'torsiOnai Idéas wbich result.in shear étrgsses in the disci‘Due
'-to the 1amiﬁated asymmetfic structure of the annulus fibrosus, rotation
ahd‘bending a£e'knownftp be'coupled.‘This.resulgs in a combinétfonvof
‘ tenéiie? cbmpréssive,"and’sheaé stresses in ‘the disc &Ueno gndeig?‘
1985; Shirazi-Adl et al, 1986). |
. The loads can Be dividéd into two ma{n categories‘aécofding to the. .
:time dufationhof appiiégtion.ﬁfhére are short duration loads of high
‘émplitude ke;g.‘jefk Iiftiﬁg):éﬁd long duration: low’hagnitudé-loadé due
vtoimqrejnérmai.physichl %éti&itx;_fhis division is important,~since the
‘disciéxhibits percain”tihe?deﬁéﬁdént behavioqr such as fatigue aﬁd”

. vigcoelasticity which can‘be characterized by creep and rélaxation.
. oA canve . | : )



©1-7: IMPORTANCE OF SPINAL BIOMECHANIGS

fncernal fixation_is employed increasingly in the managemeht of

’

spinal fractures. Posterior stabiliZation_teqhniques,based on the use of
Harrington-compression fods, Harfington-distraction rods and Luque
segmentél ingstrumentation etc.vare-frequenqu used. In the thoracolumbar

spine, posterior stabilization has usuaily involved fixation from as
’ ~

many as_thfee vergebrae above to twéror three gélpwithe damaged level,
Investigétions_havé been carried oﬁt*;oitéSt and compare the

effectivéness of various possible posterior.techniques in resisting

| idifferent kinds of loads. There are th w;ys of examining the avaiiable 

spinal surgery déﬁices, namely experimental and analytical methods.

*  For experiméntal work, the use of cadaver spines seems the most’

obvious choice but has the inherent disadvantages of. large variation in

¢

age, size and strength. Although experimental w;rk'has‘been done to

Ay

measure the intradiscal pressure, end-plate and disc bulging, surface

o~

#train of -the disc and the vertéb;a etc., little Has been done using

cadaver spine to evaluate qpé effectiVeness of the different fixation
. .‘ . c . ’.
devices' (McAfee et al, 1985). An appropriate "in vitro" animal model

providing qualitative values for fixation{ihfthe‘human spine may be
suitable for the comparison of techniques. An anaiytical model, if done
properly can provide a direct and less expensive'way to demonstrate the

: E v ,
effectiveness of available. fixation devices, Furthermore, it can serve

as a measure to design new instruments. The analytical model can also be

i

used to describe the behaviour of an uninjured spinal épiumn, which is

important reference information for the'study of a'instrumented spine.

16
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1-8: CHALLENGES OF MODELING THE SPINE FIXATION SYSTEMS

- The successful modeling af the spine-fixation device systefi depends

-

.6n four ‘main aspects:

-‘21) mbdeiipg the human spine, especiélly the intervertebral
disé ﬁehaviour; |

(2) modeling tﬁg intradiscal boundary conditions;

(3) mogeling the érticdlar facet goundarv conditions; and

(4) model;né éf the intefaqtion between spiné model and‘

fixation devices.

.
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1-9: OBJECTIVES OF THIS STUDY
The present study .intends to Serve.as a first sfage of modelling

the spine fixation systems by investigating the fundamental behaviour of -

3 .

a motion segment under different loading'co@d&tibns, It is 'expected
that, as a result of this work, the boundary conditions-and the

4
contributions of the disc to the whole spinal column, can be verified.

Further sophistication of the model .to capture the important

N

characteristics of the spine behaviour, can be sugges

ted after this
4

study,

18
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CHAPTER 2: NUMERICAL MODEL FOR THE LUMBAR )

INTERVERTEBRAL BODY-DISC-BODY UNIT

2-1: REVIEW OF PREVIOUS WORK -
Mathematical models of the disc have been constructed to provide - .

behavioral details which are not easily measured. Some disc models

provide complete displacement, stress, and strain’'distributions to

"evaluate gross .disc behaviour, annular tearing, end-plate fracture, and

subsequent material remodeling. Disc models also lead readily to
parémeter studies, so that the influences of geometry and material

. . ¢ . .
property variations on disc behaviour can be gauged; i.e., to identify

those parameters wﬁich are significant determiﬁants 6f disc response;‘-
Disc models.sfn incorpoféte varidus degregg of sophist?cétion.
',Two-prim;ry categories of thg inﬁefverteﬂ%alydisc modelé which have
appeared in the literatures arg analytical models and numerical models.
In general, the analytical'models-attempt to establish simple analytic’
relatiohs between the,fundamental parameters o{_fhe disé modél, such as
pressuré iﬁ éhe nucleus versus applied compressive pressure, bulging(
versus change in disc height, etc.. Early models were developed by
Nachemson(l960)’§nd Sonnersup(1972). TheSe'models assumed that the
nucleus and the annulus/form two ¢oncentric aircular cylinders. The:

Y

stress distribution in the annulus was studied using this model. More



recehtly, Hickey and Hukins(1980) constructed a simple semianalytic

\.

model which identifies fiber involvement in 1hyers of incompreééible
[ . .

a

fluid in the annulus. They compared response under compression and
torsional loading with results obtained experimentally. Broberg and Von
Esson(lQBO)‘also 1ncluded fibres (with nonlinear force-elongation‘

relations) imbedded in éompartme%ts (layers) of incompregsible fluid.

°

They compared model responses under compressive loading with those

obtained experimentally. The model was extended by Brdberg(1983)-to .

s . $ .
include torsional and bending.loads. Analytic models have "the advantage

of s;mplicity by 1dentifyiﬁg'explicit1y'the major constituents of the

3

,disc (e.g.,'fibe:; fluig). However, assumptions must be made to maintain
. \ .

simpﬁigity, for example, interaction between fibres, or between the
fibres and the ground substance .cannot be easily accounted for.

The second general category of models are those which are based on

' Ty
numerical methods of mechanics. Analytic solutions to these complex

-

models of the disc are generally not available. Thus a computational

v

approach such as the finite element method has been.used to obtain the

o 3

‘solutions. Belytschko et al.(1974)FcOnstfﬁzzéd\anTaxisymmetric model. of
thg disc with adjacent truncated vertebral bédies, and: studied its ‘
response under compression loads. The model included a lgneér fibet-
reinforcéd cqmﬁosi;é description of the annulus. The model was extended
to allew for nonlfhéar.material résponse by Kulark‘et al;(1976). Lin et
al.(1978) constructed a threeydimensional (3-D) model of the disc

including a l'inear orthotropic description of the annulus (which was not

related directly to fiber layer properties), and  studied model response



+)

—

" under compression loading. Shirazi-Adl et al.(1984,1985,1986) also

el :
15
developed a 3-D model of the disc and adjacent truncated vertebral

‘bodies, and: studied response under compression, torsion and bending
. * . ? .

¢ ) '
_loads etc. In their model, fiber involvement in the annulus was included

by supefimposing a how?geneous isotropic material, representing the
ground substance, and';xial members, representing the fibres. They

’ 4 .
allowed.for large (nonlinear) deformation and nonlinear material
résponsé. Ueno and Liu (1985) used a similar 3-D model with'fibreﬁ
modeled as cables (which cannot suséain cohpreséive loads), aAd a
commercial finite element progfam. They investigated model behaviour
under different loads and the effecﬁs of variation inAﬁodel maperial
properties, However,'a‘reL;tively_coarse’mesh was used because ofhthe
exteﬁsi;e representation’ of the‘substructures of the mqtion\;egment.
Simmon et al. (1984) studied.the transient.response.of a rheéus-monkey”
motion segment by using a poroelastic repFésentation and the
correspondiﬂg'finite element solution. Their approach recognizes the
role(of ﬁoth solid and fiuid components in the disc. Spilker et al.

®

(1980,1984,1986) constructed a simple axisymmetric finite element model

of a motion segment and carried ot parametric studies of its ‘response

’

to axisymmetric compression. M- -+ ity enabled extensive studies
of the effects of disc geomet - "+ t lisue properties on behaviour.
The model was latér extended .~ ...lker «: al, to allow nonaxisymmetric
o . . . . ot
loading using a Fourier series 1. .res :.ion which retained the

)

: , ‘ )
computational advantages of a two-dimensional analysis. Spilker et al.

further extended the modél.by incbrporating an anisotropic des%riptioﬁ\/

o

=

21
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of the annular materfal, the annulus was considered to be a layered
fiber-reinforced composite. The model was used to idéntify a set of

layer material constants (linear) which could lead to model predictions

v

in reasonable agreement with experimental measurements of gross §egment

motions under compression, torsion, shear, and bending loads.

¥
’ \

/
*®
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2-2: TECHNICAL ASPECTS OF MODELING THE INTE&VERTEBRXL DISC

Since the disc material exhibits both geometric and matefial
nonlinearities, ig is important that the analysis procedure is general
in nature and capaBle of dealing with both types of nonlinearities
simultaneously. The nucleus pulposus behaves as an incompressible
inviscid fluid (Nachemson, 1960)956 that the fluiq-structure }nteractlon
has to be iﬁcluded in the analygis.

(The problems of fluid-structure rnteraétion can be categorized into
differeﬂ£ behaviour groups:
(1) Interaction with large motion govern;d by flutd characteristics.
(2) Interaction with relatively limited .motion and short time duration,
such as shock or impact. . |
(;) Interactién with relggively limited motion and long time
duration.

The present study. considers the motion segment to expé}ience static
physiological motion and belongs to the third grouﬁ mentioned abgve.
fraditionally, these problemsjarerolved in a two-step procedure
(Sunddvﬂst, 1983)  ;;rst, the pressure predicted on a rigid model of the
structure is solved using a finite-diffé}ence approach; then‘this
pressure is applied«to an elastic model of.tke structure in a finite-
element model.. This method has itsbdrawb;cks. For example, the pressure
ohtaiﬁed is, in most cases, conservative anQ\can lead to overestimation
kSundqvist, 1983):’Rec6gnizing theldrawbacks, efforts have beeny
. N ,

directedto develop solution algorithms that directly solve the

interactions between the flqid and the structure.



T4
There are two methods of dealing(with this. The Légrangian
N

displacement approach assumes three fundamental displacement ﬁﬁknowns at
a node of a fluid element,%;kile the/pressure method assumes a scalgr
pressure unknown at a node of the fluid element. The pressure form has
the disadvantage of resulting in a stiffness matrix without the
symmetrical banding, but needs fewer degrees of freedom. The chief

. : L ]
ndvantage of the displacement form is that interfaces to the structural

elements~ are properly maintained because the procedurg for formulation .
of the fluid element mgtrices is similar to tiwet of the‘structural

" elements. HoweQer, a special constitutive law, which relates the stress
¥gd strain by"the material matrix, must be defined for the fluid

element. This study used the'tarangian displacement formulation, since

it is incorporated~in thE‘av§ilable finite €lement code, ADINA °

(Automgtic Dynamic fnc;emental Nonlinear Analysis) at the University of

Alberta.



2-3: A FLUID-STRUCTURE COMPATIBLE FOR&ULATION

In this analysis the ;otipn of the body (both structural an fluld)
in a fixed (stationary) Cartesian coordihaﬁe gystem {s consldered as
displayed in Fig. 2.3-1. Bathe and Hahn (1979) developed a fluid-
structure compatible formulation‘incor§6iated in the ADINA program. (All
kinematic and‘static variables are measured in this coordinate system

using tensor notation. Coordinates of a generic point, P, in the body at

t t

o X1, X2, tX3; and at time t+At

time 0 are °xy, ®x2, ®x3; at time t are

t+Atx1§ t+Atx2, t+AtX3; where the left superscripts refer to the #

are
configuration of the body and the right subscripts to the coordinate
axes. The notation for the displacementaof the body is similar to the
notation for the coordinates; namely , at time t the displacements are

tui, i=1,2,3 and at time t+At the displacements are t+Atui, i~1,2,3.

Therefore:
X = xX_+ u, ' [ 2.3-1 )

i=1,2,3
X = x_+ u ' : ([ 2.3-2 ]

The increments in the displacements.- from time t ‘to time t+At are

déhoted as: N » x
u = u, - u, i=1.2,3 [ 2.3-3 ]

During motion of the body, its volume, surface area, mass density,

i -,
stresses, and strains are changing continuously. The specific mass,

area, and voldhe of thd<body at time 0, t and t+At are denoped as 9p,

[y

9.
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t+At t+AL t+At
PO

B4
./’/’
0] 0
PO x , x_, Configuration
at time t+At
. \
~
Confjguration
at time t
Configuration o Tt t+At
at time O ~ - xl, xl, Xl
'
? -
B -

#
- ¢ \

Figure 2.3-1: MOTION OF BODY IN STATIONARY CARTESIAN COORDINATE SYSTEM
. ' ]



t,, tHht,. °A, ty, tHAtp. and Oy, ty, tHAty. respectively. Analogous to
the hotgtion uéed for coordinates and displacements, a left superscript
indicates the configuration in which the quantity (body force, surface
traction, stress, etc.) being considered; in addition, a lgft subscript
indicates the configuration-with respect to which the quantity is
measured. If &he quantity under consideratibg occurs in the same

configuration in which it is also measured, the left subscript may not. -

-

" be used; e.g., for the Cauchy stresses

t+AL t+At
g = g,
ij  t+ar ij
N

In the formulation of the governing equilibrium equations
] . g.:a
derivatives of displacements and coordinates are required. In our,

notation a comma denotes differentiation witH respect to the coordinate

following, and the left subscript denoting time indicates the

v

. v
configuration in which this coordinate is measured for example,

t+At
u
i -
t+AL
u, -
o i
)J o
d x,
J
and s
o .
9 x dg\*
m g
le) T /)
X - - N
t+At m,n
t+AtL =
- d X
- . n

Using these conventions new symbdls are defined when they are first

’

encountered.

Using a Lagrangian formulation, in principle, a total or updated



formufétfqn can be employed, but considering the numerical operations
.requiféd for a fluid system, an ﬁpdatéd Lagfangian‘(ﬁ.ﬁ.)‘formulation is
~more effective (Bath and Hahn, 1979). Consider a body of fluid-or

eformations and assume that the solutions

structure undergoing large d
- ) /

28

are known at all discrete times, namely 0, At, 2At, ... t, The basic aim -

of the formulation is to establish an equation of virtual work from

which tge unknown static variables in .tHe “sonfiguration at time t+At can
. L . ’ . R .J' ’ .
be solved. Since the displacement based.finite element procedure . is

'employed for numerical solution, the prfnciple of virtual displacements
Y e B . . - . N .

is used to express theﬂeQﬁilibriumvof'botH structural and fluid bodies:

t+At At .t t+AL

e ) e dv = E - [ 2.3-4 ]

Y teij ot ij
ty P S
-~ ‘
@0 t+At, tHAt ‘ S ‘
in which - Si' and € . are the 2nd Piola-Kirchhoff stress tensor
- c-ij- - t ij . : ' -

and Lagrangian-Green strain tensor respectively, which, ég time t+At,are

\'\

referred to the configuration time, t.

For a structural element:

°

- t R : .« N ,
t+At P t t+AL t : .
S = X : o CX ‘ [ 2.3-5 ]
" - ‘ :
L1 CHAL t+Af ,m mn t+A; ,n . -
p g
and. for a fluid elemeng{ ’
2
\' L4 t
t+AL P Tt t+AL ' t :
S o= X (-p) X . [ 2.3-6 ]
t ij t+At . i,in . t+At j,m



- X Al
. .\ N )
For both "struct:ural and fluid elements:

t+At 1 i . .
€ = -8 (C y. .+ u + u u ) [ 2.3-7 ]
tij 2. . ti,] t j,i tk,itk,]

I1f incremental decomposition is introduced then the stress 1is given by:

N
N

t+AL t . . , .
S = o % S . (for structural element) S, [ 2.3-8 )
t ij ij tij ‘ . : | .

- tH+AE t . o i
S . =-pX, _+ S (for fluid element) - [.2.3-9 ]
t ij ij t ij :

where ’\1/_1, is the Kronecker delta; and the strain (for both structural

L

< o>
and fluid ,glenfents), by:

t+AL A L
: € = €. ' ‘ ' [ 2.3-10 ]
ti) . t1i] : ' .
A ) €. = €  + n L » i 4 [ 2. 3—'1}.{1".*]({;:.3&
! t ij t ij -t ij . . o
where - | ' ‘ - C
e = - ( u + u ) IS [ 2.3-’12 ]

and
- ¢ ) P 2.3-13 ]
= - u ©u . ? . - 2.3-
45 2 e ki tkj | |
Substituting équatior_ls- [2.3-8] to [2.3-11] into the motion equation

[ 2.3-4 ] and using 6 e =6 e _ as well.

t 1] t 1]
~for a structural® element: S SN
t t t t+At t t
s © S, 6e B+ |- o  6n  daV= . E - o -6 e dVv.
oty e iy ij tij T i Te iy
v tv : . ty E o ty



and for a fluid element:
E t t t+At t t
-8 6 e . dV - pén  dV = E + pée av
- oe4di e ijn o t ii t ii
tv '
‘ “ " [ 2.3-15 ]
By using 1inear7hpbroximate equations;

¢

for a structure element: S = ¢ e ; o [ 2.3-16 ]
2 t ij -t ijrs ¢t rs

and for a fluid element : S.= k e X {2.3-17 )
. _ : t ij -t mm 1ij. : '

The following approximate equations of motion are obtained;

for a structural element:

ot Tt S tHAL t ot
- C e b e dV + g 5 n dv = - E - o 6 e dv
t ijrs t rs t ij ij tij ' - ij [t 1ij
CV ) . R ' tv - ’ tv |
[2.3-18 ]
and forfa'fluid element:
: LA .
£ ‘5 oo | Ssn fave % © 5 tdvz
¢ @ e - - , = + | e :
a% t 3 tii PO s PO
cv,’g" ' ty : ‘ ‘ty
w < : ' [ 2.3-19 ]

her ; he i : L . ’ .

where tcijrs is the 1ncremepta1 material property tensor at time t
referred to the configuration at time t. %k is the fluid bulk modulus at
time t referred to the configuration time t. tojj and tp “are the known

.Cauchy_stress tensor and the pressure at time t. teij. thij are the

30
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. linear and nonlinear ingremental parts of the Lagrangian-Green strain

tensor referred to the configufétiqn at cime t.

. the solution, which may be

1

The linearization procedure Jestribed above introduces errors in f&h

large if the time step’ié r@lgtively large.

To redugce the solution efrrors and/or to avoid numerical instabilities,

equilibrium iteration is used. The following equations are employed to

.solve for the .incremental displacements;

(note: equations'f2.3-21],

‘

k=1 )

.\T‘*\,‘ !\a
for a sﬁructural element: '
5 & -t o (k) t.
: C o Ae 6 e dv + o § An .
t ijrs t rs t.ij N % R -
< gaes® At e+t (k-1) (k-1) t+At  (k-1)
' - E .- ‘ o, 5 ‘A eij dv
y - ) i ij t+At
S i - " _t_+AtV(k D .
& [ 2.3-20 )
for a fluid element:
t (k)- Tt t (k) t
k Ae 5§ e av - p 68 n dv
t i t ii ¢ i .
tv * tv 1
t+AL t+At‘ (k-1) (k-1) t+At  (k-1)
= E + ) ) A e dv .
: t+At i1 -
‘ t+AtV(k'1)
[ 2.3-21 )
where '
tHAt (k) t+At (k-1) (&)
u. = u, “+ Au [ 2.3-22 )
3 ’ J J

[2.3-22] reduce to [2.3-19], [2.3-20] when
' ' /
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. o . \
Using finite element discretization, the basic assumptions for an
]

~element are:

ko ' '
e Xx = 2 h x : _ [ 2.3-23. ] "
u - T h u i=1,2,3 [ 2.3-24 ]

. - _
Au = T h Au ' [ 2.3-25 ]
i k=1 ' - ,

where n is the number of nodes of the element being considered, hy-.are

: ‘ 1 tk tk
the element interpolation functions, and the x , u and Au_  are the
- i i ‘ i "

coordinates, displacements and incremental displacements of the nodal

point k at time t. Substituting the relations in equations from [2.3-23]

©

to [2.3-25] into equations {2.3-20] , [2.3-21] and adding them together,

the governing finite element equations are obtained:

t t (1) t+At  t+AE (i-1) : o
[ K + K  ]AU = R - . F [ 2.3-26 ]
.t L t NL t+At
The terms on equatiqﬁ\[2.3t26] are: N
.t t ) ‘ : .
KL , KNL : linear, nonlinear stiffness matrix in the configuration at
t t : :
time t.
AU : vector of incremental nodal point displacements. ”
t+At \ ' :
R : vector of external loads at time t+At,
t+At . o , '
oA F : vector of nodal point forces at time t+At.
t+At . ~

‘and the superscript (i) indicates "i"th iteration.
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TABLE 2.3-1: FINITE ELEMENT MATRICES FOR UPDATED LAGRANGIAN FORMULATION-

LY .

Insegral )

Matrix Evaluation

sT tfat s o

‘t+At ‘t+At s s o t+At
- ’ f Su R H f dA
0i i - . 0
Op * op o
T '
. t+At b o t+At b o
+ f 6u dav + H f dv
0i ¢t 0
OV o OV : ’
P [ S t t p [ ceT ¢t ¢
pX C e § e dav K - 3 ‘B «C B dV
-1 J t ijrs t rs t ij t L =1 tLt-tL
ty - ‘ ty
. .
q t t . q tTt t ¢t
+ b kX X e § e dv + pX B k B dv
h=1 ij rs trs t ij s he=l t L t L
ty Tty

tTt t. ¢t
r

« p
K -3 . B B dv
tNL ;.1 | tNL ¢tNL
tv : tV
q t . t q tT ¢t t ¢t
+ z - P A § n dav + z B -p B dav
h=1 iy t'ij he=1 t NL . t NL
ty ty -
P [ t+at t+At t+At | t+At T t+At t+At
z o e av F = B r dav
m=1 : ij t+At ij t+At m=1 t+At L
t+AtV t+A tv
q [ t+At t+At q Ct+At T t+At  t4+AL
+ = - PX _§ e dv + = | B - av
h=1 |- ij t+At ij hel t+At L -
t+AtV : t+AtV
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The following nétation is used for calculation of the element &

)
matrices: .
. 1
. 5 - } ‘ , , -
H, H . : Surface and volume displacement -interpolation matrices.
t+At s t+At b \ o . '
Of , Of : Vector of surface and body forces defined per unit area
and(per unit volume of the element at time O.
t t - s '
BL, BNL : Linear and nonl&near strain-displacement transformation
N . matrices,
G : Stress-gtrain material property matrix. ~
. t . .
r : Matrix of Cauchy stresses.
P : Number of structural elements._
q : Number of fluid elements.

Using the above formulation, 8 nodal 3-D elastic and fluid

° elements, 2 nodal cable eiements are g1sed by ADINA in tpreeodimensional

analysis of vertebral motion segment. !

<
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g-&: SOME ASPECTS CONCERNING MATERIAL AND GEOMETRIC PROPERTIES

*.1The finite element grid used in this study corresponds to the
A Y

general geometry of a lumbar bod&-discfbédy assuming\symmetry across the
sagittal plane. Table 2.4-1 lists the overall dimensions of the grid
kShirazi-Adlz et al, 1984). Thé pbsteribf‘élements, 1igamegbs_and
muscles are not incléded in the present modelf Thirty two 8-node, -3-D .
inviscid, inéompressible elements were used for the nucleus pulposus;

eighty 8-node, 3-D elastic elemgnts for the cortical bone; 144 8-node 3-

D elaétic elemehts for the cahcelious bone; and 112 %~node 3-D elggtic

elements for the bony end-plate. Thé annulus f1b£osus is represented by

144 2-node nonlinear élastic cable elements Scoliégenbus fibreS) , '\\//
embedded in 80 8-node 3-D elastic element (groﬁnd substance;). |

t

TABLEﬁZ;A-l: OVERALL DIMENSIONS OF THE LUMBAR VERTEBRAL MODEL

1

Diameters * Disc:thickness . Cross-sectional area
(mm). ' (mm) .- (mn?)
~Lateral Sagittal ' .~ Digec Nucleus
v v .
48 .0 34.0 - 10.0 41369.250 710.462 o

The incompressibil&ty of the nucleus puiposus is accomplished by
imposing a large bulk modulus ta in a linear relation between pressure
and volumetric strain.

p=-a — | | (2217



, o

) e
in which ta is four orders of magnitude larger than the other stiffness
terms. Th; annulus is modellad as 'a composite material of collagenous
fibres embedded in a matrix of ground substance. R collagenous fiber
content of 16% of annulus volume was assuméd (Galante, 1967), The
collagenous fibres.are distributed through six layers. Thé ratio of-the
cross-sectional area is listed in Table 2.4-2 (Byickley-Parsons and.

o

Climcher, 1984) .

TABLE 2®4-2: DISTRIBUTIONS OF THE COLLAGENOUS FIBRES AMONG LAYERS

Layer 1 and 2  Layer 3 and & Layer 5 and 6

Ratio of
cross-sectional area: 1.0 o 0.7 0.42

Fig 2.4-1 shows the stress-strain curve for the collagenous fibres
. in the disc’:This curve is based .on the results reported by a number of

3
¢ .

investigatofs (Abrahams, 1967, Sanjeevi et al., 1982, Haut é@ al.,
1;72). The material properties'uéed.for the bony patts and the a u&us
ground substance arexlisted in Table 2.4-3. The bony'ﬁart§ are modeled
. 3

by homogeneous, elastic elements with different material propértié; for
cortical béné;‘cancelIbUS borie and énd-flate. In Viéw of the sméli
gtrains'éxperieqéed by the bonyfélements, it is assumed ‘that they obey a

: . N

{relation that does not depend on the state of strain. The generalized

Hooke's law is émployed:

3
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N

¢ e . :
. tCijrs - ¢ Xij Arg + 4 ( Aqy Ajs + g Ajr ) [ 2.4-2 ]

where ¢ and v are the Lame constants and Aij is the Kronecker delta, and

!
E v .
:;> - [ 2.4-3 ]

(1l +v) (1 - )

oo E .
po- [ 2.4-4 ]
s 2 (1 +v) . G

The material properties of the annulus\ground substance were extracted
from the initial portion of the stress-g&rain curve on the basis that
initially the ground substance is the main carrying component of the

annulus fibrosus (Wu and Yao, 1976).

TABLE 2.4-3: MATERIAL'PROPERTIES OF THE BONY PARTS AND THE ANNULUS %

Py

Mb&qlus of Modulus of Poisson'’s y
elasticity (MPa) rigidity (MPa) ratio

Cortical “ Brown et al.(1981)
bone 12000.0 4615.0 0.3° Burstein et al.(1976)
‘ Evans (1973)
. Shirazi-Adl et al.
(1984)
€Cancellous * 100.0 : 41.7 . 0.2, Lindahal (1975)
bone - : _7« Yemada (1970)

{* . .¢Shirazi-Adl et al.

i

Tl (1984)

S 1 .

. ' \:J¢’ i
Ground ‘ c v Yamada (1970) ,
Substance 4.2 1.6 0.45 Wu and Yao (1976)

(Annulus) Shirazi-Adl et al.
R (1984) |
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2-5: LOADING AND BOUNDARY CONMS

Compres§iqé)'axial torsion, flexign, extension and lateral bending
. 1o;ds were separately applied to the body-disc-body model® As the
posterior parts, the ligaments, and the muscles are not”included in the
present model, the numerig!l results obtained simulates the behaviour of
the body-disc-body unit only.

The finite element‘ﬁesh includes a disc and two adjace;b\vertebrae

-

(Fig.2.5-1). The inferior vertebré is truncated. Since under axial

tofﬁion, flexion, extension and lateral bending, the.rotation centre and

th distribution of the stresses in the vertebra is unknown. It is

importéant, because of Saint-Venant’s principle, to include a sufficient

length of vertebra to allow the transmission of the stresses through the

endplate. Consequently, a total vertebra is builton the top of the
disc. The fixed boundary condition is applied at the bottom of the
underlying truncated vertebra.

The arial torque, flexion, exten;ion and-lateral.bending moment are
repreéen£ed by distributed 1qad on the cortical bone at the top of the
upper vertebra. This is based on the knowledge that 1he.cb:tica1~hgp2 is

the major bony part to wighstand'loading. The elastic modulus the
_ ' -
cortical bone.is comparatively larger than that of the cancellous’ bone

rd

(Yamada, 1970).

An axial torque of 10 N'm is represented by a linearly varying
» i .

L ‘ -
distribution of Qérizonal,loads (in both X and Y diredtions) acting on

e

the top of the upper vertebra and causing zero net shear forces (Fig.

™ 9.5.2). \
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Flexion, extension and the lateral bending moments of magnitude 10
N'm are represented by similar loads in the X and Y direction
rées{)eccfvely (Fig. 2.5-3, 2.5-4, 2.5-5).

This torque ( 10 N'm ) is greater than a normal value
physiologically applied torque on the motion segment ( White and
vPanjabi, 1978) .

fn compression, since Ehe vertebral body is stiff compafed to the
disc; the Qertebral rigidity is modeled as a boundary condition in which
the surface of the vertebra is applied as a uniform displacement load,
corresponding to a compressive load of 1600 N.

Loads are inéreased incrementally from zero to their maximum

<

values.
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- CHAPTER 3: NUMERICAL RESULTS : -

3-1: VALIDATION OF THE FINITE ELEMENT MODEL
Since analytical solutions for motion segment response are not

availablé, the best way to verify the model is to compare present
“,“ - . ,-";F}

- predictions with those obtained from experimental work. The most

complete data in the published literature describes disc-body

-

(truncated) unit response under compressive load and are presented in

V

terms of gross displacement behavioﬁr (Virgin, 1951} Markolf, 1972;
Markolf and Mdrris, 1974), or intrédisca} pregéuée (Rolander, 1966; Ranu
et al, 1979). |

4In,ggmparing pregent predictions with experimental results, . the *
.emphasiggggs been plgced én.gésulté 6b§ained from lumbar intervertebral
mot Lon segments tested with;ut pbsterior elements. It needs to be
stresged that‘published r;suIts exhibit consid;rable'scatﬁérﬁ Teﬁce; and
" Ahmed (1981) mnoted that such discrepanéies are not only due to
unavoidaﬁle biologic variation amoﬁg épeciﬁens, but alsé to differences
in the experimental techniqﬁes'and methods.employed'by different
invescigatdré; However, tﬁe experiméntal work agrées qualitatively..

Fig. 3.1-1 shows thé predicted vértical displaéement of'thgﬂdigg
under Eompressiop. Tﬁe stifféning'effect of’increas;ng 1Qad on gﬁe.giéc

is evident; due primarily, to the collagenous fibers of thé annulus.
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‘These fibers are subjected to tensile strain.as a result of tran;verse
bulging of the disc and‘present stiff‘consfitutive béhaviour in tension
(Abrahams, 1967). This effecﬁ‘reéists further horizontal deformation and
hence additional vertical displacement of the disc. Moreovef, thé
increa;e in the cross-sectional area of the whole disc, the décreasé in
_ the slope (with reséect to the horizonal plane) of the annulus fibers,
and an increase in'the generated nucleus pressure, ail contribute to the
stiffening behaviour of the disc with compressive lgad. It can be seen
Jthaé the présent model prqvides results siﬁ@larvto thoée from "in vitro"
measurements.

Variation of intfadiscél pressure with compressive load frbm the
collected resulfs of "in vitré" metisurements are compared in Fig. 3.1-2.
Alﬁhough gross displacement beh;viour.bf the disc tends to be nonliwear, -
intradiscalvpfégsure increases ;: a nearly linear manner with increasing
.’combressive load. This implies that substitution can be made by a
distributed pfessﬁre applied on the walls of the annulus and the bony -
end-ﬁlate, the nuéleus is not analyzed. The pfeséure can be represented

Ve
as a linear function of the increasing compressive load.
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3-2: STRESS DISTRIBUTION ON THE END-PLATE

As mentioned in $1-8, one ¢ éllenge of modeling spine fixation
systems deals with a correct séii;fication éf the.iqtrﬂhﬁfsel_bouhdary
conditions. Since the end-plate, anatomicaliy, is the interaction regién

between the digc and the vertebra, predictions of the stress )
-&isﬁf;buqion on an internal end-plate and the ehd-plate Qefofmation from
a multiple body model may subsequeqtly'be used for intradiscal boundary
conditions, The loading style on future spine fixation systems can be
defined in this way. - .

Nondimensional X coordingtes are defined for convenience of
comparing the stressés 9ijr because sagittal diameters change across the
inte;vertébral bbdy. Distance from the‘origin to the periphery is 1 and

"each elémeét iength is 0.333. 1In this nondimensional coordinates system,
1.0 to -0.667 and 0.667 to 1 refer to the cortical’region; -0.667 to
0.667 refer Zo‘the cancellous bone; -1.0 to -0.333 and 0.333 to 1.Q
refér‘to the annulud; and -0.333 to '0.333 refers to the nucleus regioﬁ
(Fig. 3.2-1). S ‘ o )

Fig. 3.2-1 shows the ndrmal itress'ozz-transmissidn through the
intervertebral bbdy glong‘the X axis. The stress was défined at the
Gauss integration output points'in the vertebral elements. It can be
seen that'o;, is uniformly distributed on the end-plate adjacent to the
nucleus. Th%{%gniformity agrees with fhérassumption that the nucleus is
incompressible. On the outer boundary of the end-plate, adjacent to the

Qbstériof and anterior ﬁe;ions, o,, is greater than‘those on the

central region of the end-pléte. This Ehange starts in the interaction

ol
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region between the nucleus and the annulus (nondimensional X coordinates

equal to -0.333 or 0.333). This distribution results from the fact that
the elastic modulus of the cortical bone is comparatively 1argeﬂ than

that of the cancellous bone. The stiffer the component is, the larger

i

proportion of lead it will carry.

Fig. 3.2-2 shows the shear stress 0,4 distribution along the X
. o . !

axis. It is apparent that the shear stress is zero on the central end-
plate‘regionh adjacent to the nucleus pulposus. This is not suiprising
since the nucleus pulposus was assumed to be an inviscid fluid. This

4
plot reflects the restriction of the vertebra on the horizontal bulging

of the intervertebral disc. This restriction exists primarily around the
I . !
perimeter of the end-plate. Due to the geometry of the inteyvertebral
' o
disc, the shear stress o,y is greater at the posterior part (with
positive X coordinates) than at anterior part (with ne%pt;ve X
coordinates). This implﬂes that more restriction occurs

A

.2-5 show the normal stress o), transmission

part preventing the disc\from horizontally bulging.

Fig. 3.2-3 to Fig.

.

through the vertebra undegp flexion, extension, and right lateral

bending. Fig. 3.2-6 inditates the shear stress ”zy transmission under
¢

axial rotation. It can be seen that through the vertebral body, both

tﬁe normal stress o, and shear stress Izy distribute gradually. from

‘noncontinuous curve (iayer 1 or 2) to continuous one (on the end-plate).

This means that.vertebral body height is .sufficiently great to allow the

uniform distribution of stresses through the layers:

't thé posterior
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N Fig. 3.2-3 to Fig. 3.2-6 indicate the general phemBmenon of either
nox:mal sfress 0,7 (compression, flexion, extension and lateral bending)

or shear stress Ozy (axial torsion) distribution: the stresses

distribute uniformly in the central end-plate region; Starting from the

interface of the nucleus and the annulus, the stresses increase and
i : :

nearly uniform through the outer border. The periphery end-plate region,
adjacent to t#e annulus pulposus, bc;ars a larger amount of load than the

central end-plate region.
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3-3: END-PLATE DEFORMATION

. Fig. 3.3-1 shows the end-plate uanrd bulging under compression; A’
nonaimcnsional bulging paraméter B/D was defined as the ragio of maximum
end-plate“bulge'éo disc height decrease. In Fig. 3.3-2, B/D is nearly
linear versus the increasing compressive load. End-plate bulging
phenomenon was also experimentally measured by Rolander and Blair
(1975), Reuber et al (1980). The nondimensionallparameter B/D can be
used for specifying the displacement boundary conditions for spine
fixation systems. When the load is small, the contributions of the
vertebrae on the top and bottom of our spine fixa;ian systems can be
represenéed by a rigid body. However, with the compyessive. load
increases, a convex shape for tﬂe end-plate" g;specified.

Fiz. 3.3-3 showsfthe sagittal end-plate.Aefiection under
%gcompressio:, extensioh‘and fleWion. The bony end-plate'defleéteg as a

.

rigid body for a compression load of 1000 N. Results were also obtained
f
when extension (8 N'm) or flexion (8 N'm) bending moment are applied,

close to physiological range (White and Panjabi, 1978). These are also

shown on Fig. 3.3-3.
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3.4: COLLAGENOUS FIBER STRAIN AND DISC BULGING
4 RELATED 'TO CLINICAL SYMPTOMS

Collagenous fiber strain and horizontal bulging of the
’iptervertebral disc occur when spine motion segments are subjected to
: ‘ o : o )
mechanical 1bads. Although the extent to which ;he‘intervertebral disc

acts as a source of low-back pain is not clear, annulus rupture and disc’

bulging/are knowh to relate to low-back pain (Jayson, 1976).'&§§ﬁQﬁgh

,/ 2

not, ‘fncluded in the obJectlves of this study, its results mayicontribute

to understandlng cllnlcal symptoms mentioned above

3

Fig. 3.4-1 shows a’'posterior view of the-relationship of lumbar
é

nerve roots to the vertebral body and the inESrQertebrel disc. The
spinal nerve rqote leave the spinai cord and croee the posteroletenél
aspect of the disc to exit. If the anﬁﬁlus experiences a eefious .
rupture,. the. disc may severely compress the netrve root (Flg 3.4-2).

4 bl

This s;udy can provide some 1nformation to explgln reasons of posterior

+ or peeterolaCegay annulus fupture;

'AFig: 3.4i3 and'Fig. 3.214 illustrate the posterior and.
postero}ateral cohlagenous fiber strain under dlfferent loading -

‘conditions_ This study confirms that w1th dally phys1ologicai metlon

'correspohding to a compressive-load of about 1QOO Ni;;he posterior and

qusterolatefal collagenous 'fibers do not expgriehce'severe étnain.(about
\*FI:S%). Based on tﬁis infprmation, Ferfan-(1970) shggested that axial
rotaeion may be theﬂmaiﬁ reason for p;sterio; aenulug’rupture. Fng 3.4-
é and 3.4-4 indicate that axialfrotation‘and fféxion.cahse~large.streins
ingthevposserior and po;te;blaeeral eellagenogs fibers.-Thisisuggesés

4 . . ;
1

58



Page 59 has been removed due to copyright restriction. This page

contained:

o e

- POSTERIOR RELATIONSﬂ;P OF LUMBAR NERVE ROOT

(From\QeP%Lma.ahd Rothman, 1970)
o ; .

A SEQUESTRRED DISC MAY COMPRESS THE NERVE ROOT

(From DePalma and Rothman, 1970)

o
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that axial rotation and flexion together may cause thé&%

s

posterolateral annulus failure.

This model also predlcted that the posterior region cxpexicncos tHe

a ot

largest horlzontal bulging (Flg 3.4-5).
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3-5: GROSS DISC BEHAVIOUR UNDER SEPARATE LOADS

The gross disc Sehaviour with respect to extension, flexion,
lateral bending and'axial éorsion are plotted in Fig. 3.5-1. Compared to
flexiog, éxtension and lateral bending, the disc ré§ponse is more stiff
with reséeét to axial torsion. All this information has an ;ﬁplication/
for'simplifying‘che‘model of the intervertebral disc in spine fixation
system. Thé disc can be replaced by multi-string syétems which héve
different‘stiffnesses with respect to applied forces amd torques. Its
stiffnesses K, (compression stiffness), Ko (extension stiffness), Kfv
(flgxion stiffness), K (lateral bendiﬁg stiffnesss and K, (rotation
stiffness) can be piecewisely apbroximated from Fig. 3.5-1. These
stiffness parameters can be used in conét}tutive relations.when;fhe disc

is .modeled ‘in a simple manner. Siich a simplied model of some discs could.

. reduce the computationalHrequirements'fof a model' of the coﬁplete spine.
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CHAPTER 4: MODELING THE ANNULUS FIBROSUS

4-1: INTRODUCTION

In published 1inerature, there are two ways of modeliné'the annulus
.fibrosus using ﬁhe finite element method. Some inveStigators ‘(Belychko
et ;1, 1974; Kulak et al, 1976; Spilker et al, 1986) represented thei
~annulus which is compnsed of collagenous fibers and ground substance by
a composite material (composite model) Others (Ueno et al, 1982'
Shirazi-adl et al, 1984, 1986) used a cable element for the collage¥OUS

v ’,
fiber and an elastic element for the‘ground substance. .The ends of the
cable element are embedded in the elastic element (finer-reinfqrced
ﬁodel).‘ | .

Yhis study used the fiber-reinforced model,—because of the lack of
nonlinéar composite material moduli in the puBliéned literature.

As mentioned in 1-8 a consideyation in modeling the spine fixation
system is the 1ntrg§xscal boundé@% cquftlon The concern was whether
different annulus models affect the normal stress distribution in the
end-plate. ‘

To compare two dlfferentlmodels of the annulus fibrosus, the
annulus fibrosus iggggodeled by 80 8-node 3-D orthotropic comp051te

{

linear elastic efﬁEEhts The composite model is geometrically 1dent1ca1

“with the fibeqsre?nforced model The orthotroplc materjal moduli were



reported by Spilker et al (1986). Comparisons were made between these
two models, especially their effects on the stress distributions in the

end-plate.

6Y



4-2:STRESSES IN THE END-PLATE IN TWO DIFfRERENT MODELS

Fig. 4.2-1 shows that there are no great differences betﬁeen the
models for two models for the normal stress 0,7 distribution along the
X—axis.b . / Y

Fig. 4.2-2 shows the shear stress 0zx distribution along the Y-
axis. It is apparent that both models showed zerp shear stress o,y in
the céntrai ené-plate region, ;djacent to the ngéleus bulpesus. The non-
shear stress region in the end-plate of the fiber-reinforced model is
larger than that of the composite model. This implies that for the
fiber-reinforce& model, the vertebra restriction to tﬂe hdrizontai
bulging of the annulus is achieved primarily by the outside fib;}s of
. D :
Fhe annulus which are-attached to the end-plate. However for the
composite‘model; this restriction exists uni formly through thevthickneSS
of the annulus. The highest value of shear stress o,4 of the fiber-
’reinforced model is about double that for the composite model.

‘Aﬁother difference between the two models is the stress
distriﬁution in the annﬁlus. Subjecting the fiber—rginfqrced‘modél to a
compressive load causes tension in the fibers and triaxial compression
in the ground substance. The annulus fibrosus experiences

‘circumferential tension in the composite model, because the annulus

fibrosus is represented as a uniform material.
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Ton 50 10.0 15.0 20.0
Y COORDINATES (mm)
FIG. 4.2-7: SHEAR STRESS oy DISTRIBUTION

(With two different models)
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4-3:MODELING THE SLIDING”BETWEENJTHE;COLLA
- A

ik
ENOUS FIBERS .

AND THE GROUND SUBSTANCE

As.mentioned in 1-3, one of the basic functions of the ground

BN o

substénce is to lubricate (Frankel and Nordin, 1980) the col}agenous

-

fibers. Other investigators (Spilker et al, 1986) also stated the

’

necessity of accounting for the interaction bet%yen the collagenous

fibers and the ground substances. In this fiber-reinforced disc model,

4

the ends of collagenous cable ele@ents are embedded in-3-D.elastic
!
elements representing the' ground substance. At each node, the

collagenous fiber and the ground substance are fixed together (Fig. 4.3-
1). Physically this means that the fiber-reinforced model (Ueho:etjaf; )
1983; Shirazi-adl et al, 1984, 1986) can not account for ground
substance .lubrication._ | | J

Using the fiber-reinforced model,‘sliding between the collagenous'
and the grouhéﬁsubstance can be accommodated by specifying two hé%esrgti,ld
the interface; one node f;; the collagenous .fiber and anothgr fof\thé
ground substance. For each pair of nodes, a local coordinate systeaiiﬁji‘t‘~
’get up ;o that one axis isAthé tangent to the sliding interface and the
~other is normal to the sliding interface. In the normal directi;n, theu»i'
two node ﬁoints will have the same motion, however in the direction OE;]‘

.the tangent the nodes will have separate motion, thus enabling the two

materials to slide on each other (Fig. 4.3-2).



04

FIG. 4.3-1: GOLLAGENOUS FIBER ELEMENTS AN
GROUND SUBSTANCE ELEMENT FIXED TOGETHER

« #  Two nodes allowed to
s P slide on each other

‘.
-

FIG. 4.3-2: TWO KINDS OF ELEMENTS ALLOWED TO SLIDE ON EACH OTHER
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o 4 4 MODELING THE ANNULUS FIBROSUS' N -

Anatomically the collagenous fibers are inclined w1th respect to

‘the horizZontal plane. The angle of 1nc11nat10n changes alternatlvely

from ofe band to the next. The range of yafiation of this angle is from

-

- 249 to 459, with an average of 300 (Whlte and Panjabi, *1978; Horton
S

1958). S1mce the ground substance is relatlvely soft the deformation

. behaviour of the annulus in'tension is dependent dLréctly on the
» . . . s

4 i . . . ' : . R
‘'reinforced model. It was found that the specified alignment of -

' increaSes 54% from 0. 010& to 0.0168, under compresslve dlsplacement load

' tovards the inneiflayers{wﬁowever, they oid‘not s

- ~

collagenous fibers. 3 v

. experimentally found maximum tangential strain of the annulus occurred

a . o ¥

' at‘ghe posterolateral surface. Based -on this information, it can be-

estimated that posteérior or .posterolateral collagenous fibers experience

the ¥ maximum tensiOn‘straiR:_This resdlt Was not obtained”by<thetfiper-

>

collagenous »fiber signiflcantly affects the collagenous strain - -
dlstﬁ}botion‘in different locations. For example, when the inclination
o W , ‘ R T

of the,posterolateral fibérkaecreases from'30° to 27.5°, strain .

1 ¢

1. O mm. Although Shlra21 Adl et al K1984) computed that the collagenous

>_fibers oanllsiayers,undergo tensile‘stralns whenithe dlsc,ls subJecteo

L : IR R N 4

=

w e : : - : P
vt

ggsteriof orKOther‘regions-vof the maximum strains.

- L,,

. o | R S
When the disc is subjected to compressive load, Shah et al (1970) -

to compression, they found minimum strains at-the.fi:;layersé,increasing
. : . . 8 . ) . . . . . N
ta

. . ) . :
the locations, for

70

» The greatest discrepancy among the dlfferent 1nvest1gators 1nvolves N

)
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-the prediction of annulus strain. Therefore a more phys}ologicalwmodefﬁgx

of the annulus is needed. - .
A n . ' ' DR

. .
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CHAPTER 5: DISGUSSION AND CONCLUSION

S o ‘ g
" 5-1: Material .Properties 4
As mentioned in l-4, both cortical. and cancellous bone are

' i . ¥ ) " ' 3 ).
dnisotropic material but a lack of published data on the anisotropic--

'matefial properties required the use of isotropic elastic elements in

7 > -

the model. This was done primérily to simplify the finite element model

without sacrificing the overall effects of these parts on the segment

behaviour. In view of the small strains experienced by the bony elements
and the negligible ratios of the,final‘strééses to the moduli, other
constitutive “gelations are not expected to make any noticeable

) : : r's

o

différence in the predictions.-The annulus grbund substance undergoes
large strains. reaching stresses whigh are of the same order.of'magnituée
A y- ‘ .o co. .

‘as’ its moduli. However, becéuséuof a lack of published-data on the

i

-

| N ) ) . .
material properties of the annulus ground substance, it was assumed to

i - .c ' . ) ] . ) Co ,f..——-\ .
obey a constitutive relation independent of the state of stress.

-
/ e

)
a4
o
©
B3

:




5-2:’ STREséés ON ’THﬁ END;I\’LATE‘: AND END-PLATE BULGING

Although measuremeéts have heen‘done on nucleus pressure.
(Nacheﬁsbn,'1960, 1981), mechanical properties of the anhuius fibrosus
.(Galante 196;' ﬁu end Yao, 1976), and annulus.fibresus strains (Shah et
al 1978), little work has been done on -the strﬁ/s‘state of the end—.
plate Theoretlcai models of the loaded body disc unlt are supported

only in one point by experimental stress data: Nachemson's measurement

3

<4
‘of the preesure in the?nucleus pulposus A complete stress anélysis.df ‘11

tpe body d1sc unit requlres knowledge of the three normalflf

éheat stress components for each volume element..It is unlik [y that it
ol ’ - . : : ) K
will be possible to measure all these six stress.components

. : . ‘ .4
-simultaneously. Horst and Brinckmann (1981) measured the normal stress

distribution on the end:plate of the vertebral body by the aid of
. ? . . :
miniature’ piezoelectri¢ pressure transducers. To the author's knowledge,

this is the only report on' experMgental measurement of stresses on the

Fin

end-plate. Therefore they become the\only basis to supﬁort predictions

in this thesis! As mentioned in 3-2, cbmpressive load causes normal

J

stress that'are unifdrmly dzztributed-on the central end-plate region,
adjacent to thevnuclegs pulposus;=1n the peripheraf'end-piate reéiqn,

the normal stress o,, becomes greater, starting from the interface

between -the nucleus and the annulus, and remain uniform throughout the
. . . o ) U] »- ' ;
- »
outer region of the end—plate Thls is contrary to that of Horst and.
y C .
Brlnckmann They found the normal stress aZ;‘Bistrlbuted unlformly

" throughout the whole crossTSectlon‘pf the end-platef Qﬂ%ﬂorst and

v - 5 S o . 3
.Brinckmann's experiment; only five pressure transducetrs: ere used to



]

.
.

sample the stregs distribution simultaneously on the end-plate. The

transducers had a sensitive area of 6 mm in diameter (the sagittal
. . ; \ : ,

diameter of the present model is 34 mm). As weil, equipment set-up may

{ 4 .
! . U . it :
have affected the accuracy of measurements. More experimental work is

required to detail the stress distribution on the end-plate.

- Ny
i X .
‘ f
- N N id

.
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" flexion, extension, lateral bending and axial rotation. In 1i€e,‘the
’ . * . . *

o

5-3: LIMITATIONS OF THIS STUDY

The motion segment model in fﬁis stud& did not include ﬁosterior

- \

elements,; ligaments and musclem, "In vitro" measurements on intact
g . 5 e

7/

lumbar motion segment have shown. that even under pure axial compression,
' L B . “ 3

v

smitted through the articular facets (Nachemson,
: . - EIEATEN “

. N ey L

1960) gt true "in-vivo", then the present dhalysis must be
. ) _..‘ - . ) . . . B - “ ,

.. considere s PProximation. This was not unexpected since this study

4i ’ ’. - ol . . T PR
was intended to be a first step in the development of a more -

. ,' N L - i V] . . . . -
sophisticated model. . ) P : =

, This study did not take into account the rate-dependent response.

v . . [N a .
‘e

behaviour of the disc-body unhit. Therefore the predictions of stresses

"=

and strains in the unit can be interpreted only in terms of- those
' S : ' A ' '

external loading conditions for whirh the assumptions of static or

’

‘- q tatic analysis are justified. This limitétign xcludes

L C o ] < T B AN -
‘°édﬁ§idératipn of such dynamic situations as vibration and impact.

> ~

o '

—

‘it must be emphasized that the,present'analysﬁs is concernedlwith

', the response of the lumber motion segment only under pure compression,
: ' : ] “

motion segment seldom experiences only one kind of load. A

.

75



‘17 N >

5-4: CONCLUSIONS R ‘ ,
e . y .

" A three dimensional finiﬁelement program was used to analyze a

a .
.model of the lumbar dlSC body unxt The piggram included both geometrlc

and material nonlinearities The annulus;‘f rosus w, _ I;IOdg,],ed as a A ;;ﬂ
*a g ak L
composite with collagenous flbere embeddéd in a ma%rlx’of grouﬂd,.f,, ’
substz‘mce The nucleus pulposus was represented by‘an 1nv}g§@idw asf?f ».x;
1n0isﬁtes§ible fluid Pure Complession load, flex1on, exteos;Lﬁ 1a£ef31'W:'

be ngf and axial torslon 1oads were applied to the disc- body unit.
X )

-

g

“Vak}datlon of the model by a comparlson of its predictlons with '
reported results of "in vitro" measurements indicate good_agreement.‘ ~ '!
. d . 3 N ‘ ’
’ fgis study predicted the existence of large strains and defor'?tions in
«the unit "ev\en~ qndsoderate loads, so ‘that 1arrg\e strain and deformation
~ . o . , _ .

analysis is required. ) i

TS

This gtudy concludes the‘follpwing:“ v

(1) The disc -body unlﬁyexhlblts a stlffenlng behav1ou§ é! 1ncrea51ng
loads. The bony elements-experlence low stresses (belog 1% of

their elastic modull) compared to the 1nterverteb1*dtsc (about

» & . - A ,
100% of thelr elastlc moduli). . L - . L e
(2) The end- plate deformed as a rlgid body: compared !tl‘i'the large

, deformatlon eXper:.enced by the aptervertebral disc. This rigidity

' exrsts, in ‘ell loading cases. ﬂ ' : b

(3)-In, generalg’%;the stresses are uniformly distributed on the central
.D‘;‘ .‘ ) » ‘ ‘ . . ‘. ‘
endv-pl'at?e region, starting f/rom the interface between the o

“.
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nucleus and the annulus, stnesses change to. a greater magnd tude
- and stay nearly uniform on the periphery of the end-plate.

(4) There exist a non-shear stress area on central end-plate region,

i

. ‘ : 5 A
adjacent to the nucleus pulposus.

(5) The fntradiscal bouﬁdary conditions can be modeled as either

L4

dlsplacement or force boundary conditions. The rigid surface can,

<7 $°~
be speq;fied on elther top or bottom of. spine fixation systems ”f’* %

. . vv . o . ch,w vy
\-\rm, DT ,‘H’i . .
“Baged - on the stress distfﬁbutlon on the end pldfe loads can "be
. *
applied in similar manner. - .
. L]

\ ) ) : ) ) ‘ PO
Further development,of this model and some suggestions are included
-~ .

~—-

as following:

(1)

tter represehtation of collagenous fi?ef inclination angle is o

¥
‘needed. 1hls can be done through X-ray examinatlon of cadaver

’

specimen. The annulus model caﬁ be ldentlcal to experimental ' , .

oA

results. . : L . N’P
(2) Posterior elements need to be attached fo the modela Three-
dimensional digitizipg system eaﬁ‘be used té\obtain detailed .

geometry of posterior'elements. Ligaments and deep muscles are

also need to be includéd. After this, posterior joint

interaction can be studied.

x : : ‘ : -



(3)

(4)

(3)

behaviour around the crack tip.

In.a spine fixation model, 'vertebrae can b*odeled as rigid'bodies
in non-critical regions. Intervertebral disés can be replaced by
mdlti-strings in sgghe fixation systems where their gross

stiffnessesv can be piecewise approximated from results on this

O A
wh

study. ¥ ' ‘ R
| " oo n
In fractured vertebra, special distorted high-order isoparametric
. &is S

0

-
B

elements (Henshell .and Shaw, 1975; Barsoun, lQ@g)ycan be
o . . @.
employed at a crack tip. This kind of elément contains stress

singularities and enable to investigate detailed motion
. & -
. N

e

| : . . . . .
Representation of different fixation techniques™dnd their action on
| . . [ :

sﬁing should be studied as well.

After all these studies, the model can be extended to time

.
.

dependent behaviour‘study such, as dynamic\and relaxation etec.. Effective

78

fixation teéhniques can be evaluated by a suitable finite element model. -
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¥~ .. APPENDIX A: INTRODUCTION OF ADINA
N ‘ V e, '

\'\ N - ) ) \ - . :‘, " la +
CThis appendix introduces the use of the finite element computer }

'program ADINA (Automatic Dynamic Incremental Nonlinear Analysis). ADINA

L » s
is a computer program for the static and dynamic displacement and stress <®

analysis of structures and fluid-structure systems The'program can be
employed'to perform linear and nonlinear analysis. The‘program has been

designed to perform a linear analxeis yvery effecfivelyu Following a

) . N b — ' .
linear analysis, a nonlinear analysis can then bé, carried out with

relatively few data input changes : . fﬁ R .
N The program ADINA is the main module of the' ADINA system The S

complete ADINA system consists currently of the program ADINA for

displacement and stress analysis, ADlNAT for analysis of heat transfer

‘and Q}elq\prqblems, ADINA-IN_for preparaﬁion and display of the»input
data and -ADINA-PLOT foradisplay of the'caculated solution resultsu The

‘ .

objective in. this introduction is to brlefly overview the current use of .
 ADINA. ' : o L
e ‘ ' -
Incremental Equilibrium Eguations: '

The basic equations that ADINA used.in'this nonlinear elastic

2

.

static analysis are: Co ~ L . .
t t CTt (1) t+At ' t+At (1 1) : :
[ K + K 1Ay "= - R - , (11+
t L ‘t NL . - t+At .
a *
. r® H
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'\
. ) -
The' terms f% equ. [ 1/] are: , .
} | .
t . L 5 ®.. Ve - f
'K , K ¢ linear, nonlinear stiffness matrix ‘in the configuration at
t L' tNL j o o .
time t. : , : . *
* ' .,
. ) AU ;" vector of incremental nodal point displacements. »)
t+at - B :
R : vector of exterffal loads at time t+At,
t+At C ] g o
F ! vector of nodal .point forces at time t+At.
t+At : - S :
' anid the superscript (i) indicates "i"th iteration. L L
. - [ R 3
Solution oft Equations: . h ' « .

-,

-« 0f much concern is the stability and accuracy of the incremental

solution of nonlinear equations. In ADINA ‘the solution of'equ{.{ 1.] can

-

be obtained uﬁingfthé modified or full.Newton-Rapson methods with or
without 1ine searcﬁéﬁf'The BEFGS mifhod (ADINA ﬁsers Manual). This study

o V. . —_— B
employs the BFGS method (Bathé, 1982), the algorithm used is

.- . ’ . AN ,,-'
o ‘ - (\,_ »
(1) t+At t+At (1-1)
& AU - R - F . [ 2]
, t+AL
} t+AL . +AL . . T :
VTR o TRRGAD D) e

where tK* ig'an upda;;}'stiffness (linear and nonlihear).matrix (based_

o &'

- on the iteration history) and f is an accelerating factor determined By
a-lire search in the direction of AU(1), .
S ' - oot T N

. The convergence criteria for successful iteration are'satisfied

_when both_iﬂ' : o ; ‘ P . a



e v ' " : :
= T t+At .. t4AE : : .
N r - r-y ],

S— — < RTOL [ 4]

[N RNORM ) * / “ ‘

f
, ‘ +At CEHAE )
: aud) ¢ t; R -y Fli-1y ) ‘ .
. ‘ - ) ~ < ETOL [ 5]
' | CtHAE | ' ~
;Auzl) ¢ - R\

" where 112 denqtes‘the Euclidean norm of vector f, hence
”; ||2—(;1+,2+- + o '1/2 in equ. \['4 ]; ETOL is defined

by ETOL = 10 x DTbL x RTOL, swhere DTOL is are relative displacement

»

tolerance and RTOL is relative ferce tolerance. Thus equ. [ 5 ] embodies

- '

thgidisplacement convergence check. In this study, DTOL and ﬁiOL are

specified as 0.01 and 0.1 respectiveixithrough the input data file.

<

Constraint Equations:- .
SR ———— , _

In this study, it is necessary to prescribe displacement et some

nodal points,'and/or\impose constraints between some nodal displacement

components. In ADINA the following felationshié;.can be ‘specified

Up - f1(0) IR

and

where f4(t) is;a'general time functionn(input'to ADINA) that prescribes
. ) [ ) )

the nodal displacement Uj. The constraints in equ. [ 3 ] are s%ecified
g - _ 3

as rigid links, in which case éhe program establishes the constraint

equations automatically. ' .



v

N * ' ’

o - e =\ 3

-+ The program AstA contains a uniﬁue and effective elements ‘which

can be used'to model 2 large variety of problems. Element‘librariﬁgnd

material models are s f aried as following (ADINA System Theory aﬁd

T

'Modeiing Guide, 1984):

t

EIement Library:

,j ’ )
Truss and cable elements

-~

. ; Twoedimensional solid elements.

Y

Three-dimensiopal solid elements ‘,1

o

, Beam element, , i
. _ )
1 . . o

Isoparametric beam elements
! Co _vPléte/shell element

% Shell elements

. ‘Pipe element. S - v

[} 1]

" General elements B : . : '
Two- and ‘three-dimensional fluid elements. ’

Material Models: . = e . - h
Linear elastic models

Thermo—elastic~modeli‘”“f,

T [ . &

v 4 .
Curve des¢ription model - : o _ -



Fs

Concrete model
Isothermal plasticity models

'} - Rubber elasticity model o {

-~

Trusaunonlinear elastic model

N

The nonlinear elastic tﬁﬁss elements, 3-D elastic elements gnd 3-D

fluld element are used for this analysis of\fluid-structure interaction.

v In the 3-D elhﬁtic element, two-poiﬁtlinteg&ation is employed.

For the truss eiéﬁ;nc, ghe stréss-str#in rélationship is defined
as piecewise iinear The stress is uniquely defined as functlon of the
st;ain only, hence for a spec1fic strain, which is rea%hed in loading of

y unloading, a unique stress is.pbtagped by eR{ering the stress-strain |
curve. One-point integFation is used fox the truss element according to
. the as;umption that force fs constant in the two;node trus§.
-Simply stated, the 3-D-fluid element cag bé:éhopéht of ;; derived

\}rom the‘soliq 3-D element by using an.elastic stress-strain relation °

with a bulk modulus fa and a zero shear modulus. The pressure is_

evaluated using the following relation: : .
) ? Av ! v
‘ P - Ta [ 8]
- Vo‘ ] P . . » _

)

-

v o '
where AV/V, is the volumetric strain.

Using onglpoint integration integfation order in fluid element,

.- : - A

91

Thermo-'elast;o-plasticiq‘lb creep models -
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.
-

\ constaﬁt-pressure in each element, fulfills  the priﬁcip}e that fluld'is

/ .
P -
.

incompressible. ' §
: ) !

‘Support ter he WD em: N

. : ' .
For the ADINA system the following documentation 1s available:
b o

Ll

Users manuals gives the usérs manuals of the ADINA, ADINAT, ADINA-

IN and ADINA-PLOT .programs.

-~

Theory and Mgdelingvguigg describes the theory in ADMA and ADINAT
&

computer prograﬁs" It also provide a bridge between the practical - -

application of ADINA system and the detailed documentation of the -
theory. The report prbyides a compact @escription of the mé;hodsiand
assumpfigns used ana gives in-detail references for further stud?.

" The Verificatfon Manual is‘meant'to help the uéer in studies of
the capabilities of the ADINA sysfém, while at the same time it is used
to verify the installation of the ;&ogfam on a specific computer. The

description, solution and data input for a large number of problems are

given in the manual. .



