VEDECKE SPISY VYSOKEHO UCENI TECHNICKEHO V BRNE

Edice PhD Thesis, sv. 446
ISSN 1213-4198

Ing. Zdenka Sant

Mechanical Properties
of Thoracolumbar and Lumbar
Spine Fixation Device



BRNO UNIVERSITY OF TECHNOLOGY
FACULTY OF MECHANICAL ENGINEERING

Institute of Solid Mechanics, Mechatronics and Biomechanics

Ing. Zdenka Sant

MECHANICAL PROPERTIES OF THORACOLUMBAR
AND LUMBAR
SPINE FIXATION DEVICE

Mechanické vlastnosti hrudniho a bederniho patefniho fixatoru

SHORT VERSION OF Ph.D. THESIS

Study field: Engineering Mechanics
Supervisor: Ing. Zden¢k Florian, CSc.
Opponents: prof. Ing. Dugan Simsik, Ph.D.

prof. Ing. Pfemysl Janic¢ek, Ph.D.
MUDr. Jan Kocis, Ph.D.

Presentation date: 13. 12. 2007



Key words

Biomechanics, posterior spinal fixation, spinal segment, fusion, finite element
analysis

Klicova slova

Biomechanika, posteriorni patefni fixator, patetni segment, fiize, metoda
kone¢nych prvki

Storing place of the thesis

Oddéleni pro védu a vyzkum
FSI VUT v Brné, Technicka 2896/2, Brno, 616 69

© Zdenka Sant, 2008
ISBN 978-80-214-3586-5
ISSN 1213-4198



CONTENT

I INTRODUCTION .....oiiiiiiiee et e e st e e e s st e e e e e 5
2 ANALYSIS OF THE PROBLEM SITUATION ..ottt 5
2.1  Pedicle screw FiXation dEVICE.........ueiiuieiuieiiiieiiiiiiieiiie ettt ettt 6

3 THE AIM OF THE THESIS AND METHODOLOGY OF SOLUTION.............. 6
4 RESEARCH ADVANCES IN LUMBAR SPINE.......cocooiiiiiiieeeeeeeeee, 7
5 COMPUTATIONAL MODREL .....ooiiiiiiiiiieeiee ettt 8
T B € 1570 ) s Ul A 14 Lo T 1< PSPPSR 8

S 1.1 MeSH GERETALION. ...ttt et e e et eeensaeeennae e 9

5.1.2  Model Of the CONMIACT...............ccceeieieiiieiieeie et 9

5.2 Material MOAEL.......c.coiiiiiiii et 9
5.3 Boundary CONAItIONS ......ccueeriiiiiiiiiiiieiieiie et eete et e steeteeeaeebeessaeeseessseesseessseeseesnseeseesnnes 10
54 MOAELI0AA ... .eiiiiiiiee et ettt e eneas 10

6 RESULTS SUMMARY ..ottt et s 11
6.1 Stability of the spine with fixation deVICE ........c.cevviiieiiiieiiieeeece e 11
6.2 The fuSION SIt€ ANALYSIS......cccuieiiiiriieitieeiieiie ettt et eree e steeebeestaeebeesaaeesseessseensaesssaennas 11
6.2.1 The Strain at the fUSTON SITE.............ccoecvueecueeeiieiieeie et 11

6.2.2 The relative motion at the fUuSiON STte...............cccoeeieioieiiiiniiiiesie e 13

6.2.3  The Stress At the fUSION SITE ..........cc.oeeeeueeeeeieeeiee e e e et saaeeeaaeeeaeeessee e 14

6.3 Analysis of the screw — implant interface............ccoecveviieiieniiiiiieiieeee e 15
6.3.1  Model MO QRALYSIS ..........cccueeiiiiiiiiiee s 15

6.3.2  Model M7 QRALYSTS ..........ccooeeiieeiiieeiie et 15

6.3.3  ANGLIYSIS Of TN SCFOW ...t e e eneeeens 16

6.4  Analysis OF the TOA ......cooiiiiiieeeeee e e e e e 17

6.4.1  Displacement ANALYSIS.............cc.cccueiieieeiiiiieeiee et eveeeerae e 17

0.4.2  SUFESS ANALYSIS .....ccuveeieee ettt 17

7T CONCLUSION ..ottt ettt et e et e st e e et e e e sebee e sabeeeenseesenseesnnnns 18
LITERATURE ..o et aae e 21
AUTHOR’S PUBLICATIONS ..o e, 28
CURRICULUM VITAE .. et 29
AB S T R A CT L e 30






1 INTRODUCTION

The task to evaluate the spinal strength has started during WWII, and is in
progress even today. The major interest of the research is to help to understand and
improve the treatment by means of design of new medical devices used to treat
various spinal disorders or trauma. The new knowledge is achieved either via
experiments in vivo or in vitro or by means of analytical or numerical computation.

The musculo—skeletal system formed by bones, muscles, tendons, ligaments and
other soft tissues represents very complex biomechanical system. The spine, formed
by 24 vertebrae connected via intervertebral discs, and fused sacral vertebrae, is the
largest part of the skeleton to which all limbs are attached. It provides mobility
together with load bearing ability. It has three fundamental biomechanical functions:

e Protection of the spinal cord and the nerve roots coming out

e Ability to transfer the load to the pelvis

e Enabling movement and ensuring the stability

Large number of people is experiencing low back pain (LBP) problems caused by
intervertebral damage that affects the redistribution of load transferred through the
segment and might initiate collapse of vertebral body. LBP is associated as well with
trauma caused due to spinal overload because of either traffic accident or fall.

One of the most reliable ways to reduce LBP is to fuse the spinal segment. Spinal
fusion is a surgical technique in which one or more of the spine vertebrae are fused
so that the relative motion no longer occurs between them. Spinal fusion rate is
affected by the mechanical stability of the involved segment therefore to increase
fusion rates the internal posterior/anterior spinal fixation device is used. The non-
union of fusion mass reaches 10—15% especially when hardware loosening or failure
occurs.[1] Complications that could prohibit complete union of the segment include
implant failure either due to fracture or migration, and fusion problems related to
pseudarthrosis and non—union. This indicates that more studies are required to gain
better knowledge that would give us the ability to quantify patient’s response to
treatment.

2 ANALYSIS OF THE PROBLEM SITUATION

The desired complete fusion would take place if the stability of spinal segment
were satisfied together with dynamic transfer of the load through the segment to
enhance the fusion process that is highly influenced by systematic factors, fusion
enhancers, and local factors. The local factors, mainly the mechanical stability and
loading character can be influenced by means of fixation device selection.[2] The
fusion process can be described as deposition on new bone and remodelling of the
present bone surrounding the implant. Since the formation of new bone obeys
Wolff’s law, thus the implant design has direct influence on the fusion.



2.1 PEDICLE SCREW FIXATION DEVICE

The manufacturing company tests the implant prior to clinical tests and mass
production. The comparison of mechanical properties of various fixation devices is
very difficult since the standards were not available until ASTM F 2267-04
“Standard Test Method for Measuring Load Induced Subsidence of an Intervertebral
Body Fusion Device Under Static Axial Compression” was approved in late 2004.
The results depicting the flexural rigidity/stiffness, bending strength and the fatigue
of the fixation device are available in the literature [3], [4] without possibility to
compare various constructs due to differences in procedure and loading. The local
strain at the bone — implant interface represents another attribute that could help to
predict the outcome of fusion process. Unfortunately, this information is not
provided by manufacturers thus, it is difficult to foresee problems that could lead to
non—union.

3 THE AIM OF THE THESIS AND METHODOLOGY OF
SOLUTION

During surgical treatment of LBP the AO USS, implants are used mainly
posterior in St. Luke’s Hospital, Malta. The applied fixation device remains in its
position even after the complete fusion is reached. The interaction between fixation
device and the spinal segment influences the fusion process, and determines the
success of the surgery. There are published works comparing different implants
from the point of their stability, strength, and fatigue but no works determined the
stress/strain distribution as it will developed as a biomechanical feedback to loads
simulating the affect of various activities on the segment stabilized with AO USS
spinal fixation device. All this formed the background to formulation of the aim of
the thesis as to:

Investigate the stress and strain distribution induced due to transfer of the
load through the spinal segment with inserted spinal implant AO USS and the
biomechanical feedback at the bone — implant interface, and at the fusion mass
interface by means of computational simulation. Further to this computation
the comparison between the single oval shaped megacage fusion mass and two
cylindrical fusion masses supporting the vertebral body will be carried out.

The problem is going to be solved by means of computational modelling using
finite element analysis with the following tasks:

1) Create computational model consisting of a composition of bodies
representing vertebra, AO USS spinal fixation device for trauma made up of
pedicle screw, side—opening sleeve, nut, and rod inserted into a vertebra via
pedicle and completed with

a) one or

b) two fusion masses



2) Provide the analysis of stress and strain distribution on the interface between
bone — fixation device, and bone — fusion mass due to applied load
representing various positions of the spine for both versions a) and b).
Finally, compare the effect of the two fusion masses on the stress and strain
distribution within the vertebra, mainly at the fusion site.

4 RESEARCH ADVANCES IN LUMBAR SPINE

The biomechanical studies are targeting the quantification of spinal loads and
movements, analysing the load distributions and injury mechanisms with prospect to
develop the best therapeutic interventions. The interaction between intervertebral
disc and adjacent vertebrae, development of medical devices, prosthetics and tissue—
engineered discs, and spinal function assessment during rehabilitation are the three
main research areas in lumbar spine biomechanics. The problems of interaction
include the contribution of cancellous and cortical bone to load transfer, the function
and properties of intervertebral disc, the contribution of facet join to load bearing
function, the properties of ligaments and contribution of muscles to the complex
function of the lumbar spine, and the magnitude of load transferred through the
intervertebral disc and facet articular processes [4], [5], [6], [7], [8], [9], [10], [11],
[21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [40],
[93]. The development of medical fixation devices and prosthetics and its use to
investigate the spinal load in vivo [29], [30]. The spinal functionality includes the
kinematics of the spine, evaluation of the range of motion, relation between the
position of instantaneous axis of rotation and the stability of the spine, [4], [5], [7],
[12], [13], [14], [15], [L6], [17], [18], [19], [20], [22], [27], [41], [43], [45]. The
degenerative process accompanying the ageing causes changes in the form and
composition of spinal tissues causing internal disruption of intervertebral disc or the
stress shielding [2], [5], [47], [48], [49]. Mechanism of spinal injury are discussed in
works [3], [19], [51], [52], [53], [54], [55]. Due to complexity of the problems and
inability to provide large amount of tests in vivo there are number of papers
discussing experimental, and computational simulations of the spine behaviour [27],
[32], [35], [36], [37], [38], [39], [42], [44], [45], [46], [71], [72], [82], [83].

The material properties of cortical and cancellous bone tissue and the influence of
various factors on the properties, together with tests methods are presented in [19],
[40], [50], [56], [57], [58], [59], [60], [61], [62], [63], [64], [65], [66], [67], [68],
[69], [70], [71], [72], [73], [74], [75], [76], [77], [78], [79], [80], [81], [84], [85],
[86].

Surgical implants, their properties, and factors influencing the success of the
surgery are discussed in number of papers related to mechanical properties,
geometry factors, surface treatments, and tests of surgical implants [2], [3], [4], [54],
[87], [88], [89], [90], [91], [92], [93], [94], [93], [96].



S COMPUTATIONAL MODEL

The goal is solved by means of computational modelling and use of finite
elements method that is developed from variation principles of mechanics. Due to
the complexity of the geometry and the whole system, a 3D solid model will be
created in finite element software package ANSYS, high university version with
128000 nodes limit, and solved as a direct task. The real system of two vertebrae
and implant bridging the traumatic vertebra was modelled with assumption of
symmetry with respect to medial and transverse plane. One quarter of the system
was created consisting of half of the vertebra L2 with pedicle screw inserted via
pedicle and fastened by means of nut securing the sleeve that locks the rod in the
position. The task includes contacts between parts of the implant that are involved in
the load transfer.

5.1 MODEL OF GEOMETRY

Creation of computational model consists of three steps: creation of geometry,
application of boundary conditions, and loading of the model.

During the first step the geometry model of vertebra was created based on the data
of vertebra geometry that were achieved by means of direct measurement of vertebra
outline from the wooden model.

The geometry of USS spinal fixation device was obtained from manufacturing
company Mathys—Medical after the confidential agreement was signed. The
geometry model of fixation device omits some of the details such as the hole for
manipulation with the screw, grating of the edges for better grip with the rod, and
bone. These features play insignificant role in the task as outlined above.

The side—opening screw was modelled as a sequence of discs attached together
while the profile of each disc varies according to the position on the screw axis as
the thread varies its profile in reality. The outer thread on the screw head was
omitted from the model. In fact, the screw and nut assembly was considered as a
single element of the system. The sleeve and the nut were modelled according to the
original drawings received from the company except for the thread as mentioned
earlier.

nnnnnn

Fig. 5-1: Model M6 — single cage  Fig. 5-2: Model M7 — two cages



The fusion mass that is created in two different models M6 and M7 as a half of
the single ovalshaped cement column and as the small circular column respectively,
is finalizing the whole system of vertebrae and implant.

5.1.1 Mesh generation

During the discretization, known as generation of the mesh, the basic rule of
continuity of the solid model was observed so no overlaps between nodes would
occur and connectivity between them would be satisfied.

Type of element used to mesh each item of the system is listed in Table 1.

5.1.2 Model of load transfer

The numbers of contact regions were identified and contact pairs were created
with Surface — to — Surface contact type. The standard condition of contact
behaviour was set for all pairs together with penalty contact algorithm.

The normal penalty stiffness and penetration tolerance was set for each contact and
tuned to the reach convergence criteria.

The contact at the thread screw — bone interface was not modelled due to hardware
and software limit. Therefore, the behaviour at this region was controlled via
coupling equations.

5.2 MODEL OF MATERIAL

The vertebra model consists of two types of bone — cortical and cancellous bone.
The bone is modelled as a continuous linearly elastic material in both cases. This
assumption is reasonable in all static investigations or non-impact conditions of

Material properties of the model components
: Young's Poisson's ratio | Element
Component material modulus -] Type
E [MPa]
cortical bone 14100 0.3 SHELL93
vertebra | cancellous bone| 160 0.3 SOLID95
endplate 600 0.3 SHELL93
screw titanium alloy | 105000 0.31 SOLID45
titanium alloy | 105000 0.31 SOLID95
sleeve titanium alloy | 105000 0.31 SOLID95
nut titanium alloy | 110000 0.31 SOLID45
rod titan hard 105000 0.342 SOLIDA45
fusion mass cement 2500 0.3 SOLIDA45

Table 1: Model attributes




loading. The cortical bone is covering all external areas of the vertebra except of the
superior and inferior endplates. The cortical bone thickness was assumed 1 mm. The
endplate thickness of 1 mm was assigned isotropic material properties thus,
modelling the cartilage covered by subchondral bone as continuum.

The material properties for USS implant were found from the literature based on
information received from Mathys-Medical Company. Screw, nut and sleeve
material is TiAlgNb; with tensile strength 900 MPa and stretch 10% for screw and
sleeve while nut has tensile strength 1100 MPa and stretch of 10%. The rod material
is ‘TiCP hart’ with tensile strength of 800-900 MPa. The fusion mass was made of
cement without the cage consideration.

5.3 BOUNDARY CONDITIONS

The boundary conditions prescribed to the model have to specify the model
behaviour in the space. Due to the assumption of ideal symmetry along the median
plane together with symmetry with respect to transverse plane is imposing the
boundary symmetry condition to be applied. All degrees of freedom were taken
away for all nodes on the median plane and on the transverse plane passing through
the mid — span of the rod.

5.4 MODEL OF THE LOAD

The validated data, based on the computation and tuned according to measured
data that were published recently [27] were used to load vertebra while the affect of
ligamentous structures and muscles on the spine behaviour is passive. The data were
applied to the model through the node associated with bonded contact pair on top of
the vertebra, to simulate the upright and flexed position with or without carrying
load of 180 N in hands. The position of the node corresponds to the midplane of the
adjacent intervertebral disc, where the intradiscal pressure was measured and
corresponding forces were computed. The vertebra was loaded on the superior
endplate with forces and moment corresponding to load at L1 - L2 intervertebral
disc. Different load models were not considered because the contribution of the
abdominal and thoracic cavity pressure to load bearing ability is still not understood.
As well as load by means of displacement prescribed to the structure would involve
the affect of ligamentous structures including the muscle contribution, and
abdominal pressure.

The task was solved as a non-linear problem using Newton-Raphson numerical
method, running on PC with following configuration:

Intel P4, RAM 0.9 GB, HDD 120 GB, OS Windows XP.
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6 RESULTS SUMMARY

The computation was done for two models M6 and M7, each model loaded with
three different flexion angles with/without carrying load of 180 N. Thus twelve sets
of results were analysed and the two models were compared.

6.1 STABILITY OF THE SPINE WITH FIXATION DEVICE

The stability of the spine can be evaluated based on the position of instantaneous
axis of rotation (IAR). The position of IAR reflects the spine activity thus for
various positions of the spine the point that experiences zero movement can be
identified and compared with general location for IAR. The position of IAR in
traumatic spine varies according to the disruption of the spinal column. Thus, the
reverse process of establishing stability can use the same principle of IAR.

Model M6 Model M7

B S — — —
0 . 180565 361171 .541756 .722342 AEEEEED 206465 - 406094 .605723 . 805352
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn mnesan ansias

Fig. 6-1: Comparisson of the IAR position set up in M6 and M7, under
the spine flexion65° without carrying load.

6.2 THE FUSION SITE ANALYSIS

The main aspect of fusion site evaluation is the ability to promote fusion that is
closely related to bone deposition and bone remodelling. The two important
quantities that have to be investigated are the relative motion between the vertebra
and fusion mass and the principal stress/strain developed at the fusion site due to
applied load.

6.2.1 The strain at the fusion site

Formation of new bone takes place in two ways. The first way involves direct
remodelling under the tissue strain that would not exceed 2%. The second way of
the healing process comprises of a combination of intramembranous and
endochondral ossification while the tissue strain reaches 2% to 10%, according to
the healing theory. Strain above 10% results in fibrous tissue formation and
ultimately in non—union if the tissue strain reaches 100%.[97]
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Analysis of model M6
The maximum strain €; due to compressive load reached 0.010555 at the anterior

site of the vertebral body under the flexion of 65° while carrying load 180 N. In case
of the same flexion of 65° without any load applied, the strain reached 7.37E-03 at

the anterior site of the vertebral body.

Strain dis tribution with carying load 180 N

1.20B-02 pm--mm - e
o —— 180N-0de
= 1.00E-02 [
S —— 180N-40deg
N HEE 000 R IR
2 8.00E-03 180N-65deg

6.00E-03 -

4.00B-03 +---------- oo

2.00E-03 -

—
OOOE+00 rrrr1rrrrr1rorrrrrrrrrrT Tt T T T T T T T T T T T T T T T T T T TT T rTT

position on fusion site [mm]
Fig. 6-2: Strain &, distribution at the fusion site on model M6

The minimum strain reached &€; = -0.00028452 and &; = -0.000046824, due to
spine flexion by 65° while carrying load and without load respectively.

Analysis of model M7
Strain under flexion 0, 40, 65 degrees and load 180 N
1.20E-02 7= ——180N-Odeg —~— o
1.OOE-02 -~ —— 180N-40deg o
T 8.00E-03 -+ 180N-65deg
-§ 6.00E-03 -
S 4.00E-03 -
2.00B-03 4= feee -
_— - N\
O.OOE—\LOO T T TTT ITT T T T T ITT T T I T T T I r T T T I T T T T I T T T I T T T TT T T T T T T ITl

Q .9 AN b X » v 0 O % 0
AHECEEA SN AN SN . oM AR SR S

position on fusion site [mm]

Fig. 6-3: Strain &, distribution at the fusion site on model M7
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The maximum strain in model M7 without carrying any load reached
€; = 0.0066564 while flexed by 65° and minimal strain e = -0.042826 due to
compressive load under the same flexion of 65° without carrying load. Both extreme
values appeared at anterior site of the vertebral body.

The maximum strain at flexion 65° carrying 180 N loads reached &, = 0.0098829

and the minimum strain reached €; = -0.061819 at the anterior part of the vertebral
body.

6.2.2 The relative motion at the fusion site

Another factor that influences the successful fusion is the relative motion between
fusion mass and the bone. ‘Micromotion as little as 100 to 500 um between bone
and implant is sufficient to inhibit bone ingrowth and result in a fibrous membrane
forming between the two, resulting in a mechanically unstable implant.’[58] Due to
excessive motion at the fusion site the callus cannot be transformed into a solid
mineralised bone.

Analysis of the relative motion between vertebra and fusion mass were done
along the path P1 passing through the four nodes on the sagittal plane of the vertebra
and fusion mass for model M6, and path P2 for model M7, passing through the four
common nodes on the fusion site of the vertebra and fusion mass that is slightly
tilted with respect to the median plane.

Analysis of model M6

The relative motion between vertebra and fusion mass evaluated on the path P1
reaches the maximum of 0.05881 mm during the flexion 65° without carrying load.
The minimal relative motion of 0.000521 mm occurs again during the flexion 65°
while carrying load of 180 N.

Total relative displacement on M6 —— ON-Odeg
—— ON-40deg
0.08 - ON-65deg
180N-0deg
= 0067 — 180N-40deg
£ 0.04 —— 180N-65deg
5
= 0.02 - -
V)
S 0
~ I I I J I I I I I I I I ! 1
S -0.02533 o N S SERPY S T
-0.04 -

position on the fusion path [mm]

Fig. 6-4: The distribution of total relative displacement along the
path P1 on M6
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Analysis of model M7
The relative motion between vertebra and the fusion mass was evaluated on the path
P2 passing through the common nodes at the fusion site of the vertebra and fusion
mass. The relative motion between vertebra and fusion mass is negligible along the
path reaching zero micromotion at the centre of the fusion mass. The highest relative
motion is recorded at the periphery of the fusion mass and does not exceeds 0.06 mm
and 0.05 mm for flexion without and with carrying load 180 N respectively.

6.2.3 The stress at the fusion site

Analysis of model M6

The stress distribution was mapped on the fusion path P3 created by two nodes.
One node lays on the sagittal plane while the other is positioned at the first node
away from sagittal plane to record the highest stresses that occur at the location very
close to sagittal plane.

Stress G5 distribution at the fusion site

2.00E+00 -
~
~
S 0.00E+00 e :
Py > — @ <
$-2008+00 T 7 7
o]
J4.00B+00 | T odee
—— ON-40deg
-6.00E+00 - ON-65deg
180N-Odeg
-8.00E+00 | —— 180N-40deg
L00Es0] |~ 1SON-Gsdeg

position along fusion site [mm]

Fig. 6-5: Stress distribution at the fusion site on M6

Distribution of the third principal stress is important for bone remodelling process
and orientation of trabeculae during mineralization process. Regions that are
exposed to tensile stresses that are represented mainly by first principal stress are
more likely to have trouble during the fusion process.

The maximum stress 63 occurred at the anterior portion of vertebral body where
the fusion mass is in the contact with the bone, under the flexion 65° reaching
7.75 MPa and 8.85 MPa in compression without carrying load and 180 N load
respectively.

Analysis of model M7
The stress distribution was mapped on the fusion path P4 created in a way that
extreme stress can be recorded.
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The location of extreme stress is positioned on the anterior site of the vertebra at
the location of the vertebra edge contact with fusion mass. It corresponds to the
position of the maximum stress on the model M6. The highest compressive stress
reached 13.41 MPa and 9.26 MPa under the flexion of 65° carrying 180 N and
without load respectively.

6.3 ANALYSIS OF THE SCREW - IMPLANT INTERFACE

The pedicle screw is part of the bypassing construct through which the load is
redirected from the superior vertebra via posterior screw — rod system to the inferior
vertebra. Excessive stress at the interface would cause micro damage to trabeculae at
that location and consequently results in implant loosening.

The screw is exposed to the bending stress. Once again the third and first
principal stresses are of the importance.

6.3.1 Model M6 analysis

The maximum compressive stress o3 reaching the value of 2.58 MPa is produce
under the spine flexion of 65° while carrying 180 N loads. The maximum tensile
stress occurs again during the flexion of 65° reaching 0.58 MPa. The minimum

0 N_ 65 degrees NODAL SOLUTION

-Z.465 -1.71%9 -.973 -. 227 . 518
-Z2.092 -1.346 -.6 146

Fig. 6-6: Comparison between model M6 and model M7 distribution of o3
under 65 flexion angle without carrying load

tensile stress o3 is reaching 0.08 MPa occurs during upright straight standing
position. The position of maximum stress varies according to the angle of flexion.
The minimum stress is located at the third screw thread disc for all flexions.

6.3.2 Model M7 analysis

The maximum compressive stress 63 reached 3.17 MPa under the spine flexion of
65" while carrying 180 N loads. The maximum tensile stress under the same
condition reached 0.52 MPa. The minimum tensile stress occured during upright
straight standing position and reached 0.07 MPa. The minimum stress is located at
the third screw thread disc for all flexions while the position of maximum stress
varies according to the angle of flexion.

15



180 N — 65 degrees

-3.602 -2.734 -1.866 -.998 S E]
-3.168 -2.3 -1.43Z -. 564 . 304

Fig. 6-7: Comparison between model M6 and model M7 distribution of
03 under flexion 65” while carrying load180 N

6.3.3  Analysis of the screw

The excessive stresses within the implant may cause failure of that component,
which may result in failure of the whole construct prior to successful fusion. The
pedicle screw is exposed to bending stresses. The most critical case under the
flexion 65° and the load 180 N, will give the rise to bending stresses reaching
89 MPa and 126.54 MPa in model M6 and M7 respectively. Bending stresses don’t
represent the maximum stress that develops in the screw. The maximum stress
occurs in a very small region where the contact between the screw and the rod takes
place. The point contact develops stress up to 403.23 MPa and 319.7 MPa in model
M7 and M6 respectively. These stresses are below the yield tensile stress of
790 MPa for given screw material. Therefore, it can be concluded that the yield
stress is not exceeded in any of the computed flexion positions.

NODAL SOLUTION AN

ETEr=1

2B =327
TIME=z0

SEQV (AWG)
DM =. 673138
SMN =.190563
SM =403 227

E—
. 190569 §9.754 179.318 268,881 358,445
44, 972 134.538 2z4.1 313.663 403,227

Fig. 6-8: Distribution of von Misses stress on the screw in M7
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6.4 ANALYSIS OF THE ROD

The connecting rod plays very important role in bridging construct. It is exposed
to high compressive stresses that could lead to buckling failure of the rod.

6.4.1 Displacement analysis

The maximum displacement that occurred due to different load conditions was
evaluated with respect coordinate system associated with the model. The maximum
displacement in the direction of x-axis, posterior direction in the lateral plane,
reached 0.39613 mm in the model M6 and occurred at the superior top of the rod
while loaded with 65° flexion, and carrying 180 N loads.

The maximum displacement in y-direction, lateral direction in frontal plane,
reached value 0.17149 mm that occurred in the caudal direction on the plane where
boundary condition of symmetry were prescribed to the rod while loaded by 65°
flexion and carrying 180 N load applied to model M7.

The maximum displacement in z-direction, inferior direction in the lateral plane,
reached 0.003062 mm at the inferior end of the rod while model M7 was loaded
with 65° flexion and 180 N load.

The maximum total displacement occurred in model M7 at the superior end of the
rod under 65° flexion and load 180 N.

5 402
SE55 365
SE5% 4
g s i USUM

-159 242

-157 201

125 16
¥
o093 /”-’ ot /
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M6 M7

_nzg i 03T Iz
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-.o02 -.on4
o 1z.228 24678 27.014 49352 E1.63 0 12338 676 IT014 40352 6169
6169 15.507 20845 40182 EE.521 6.169 15.507 30845 43,183 55531

DIST DIST

Fig. 6-9: The influence of fusion mass shape on displacement under 65
degree flexion, carryingl8ON load

6.4.2 Stress analysis

The maximum von Misses stress occurred at the rod’s plane of symmetry
reaching 31.46 MPa in model M7 while carrying load 180 N while the spine is
flexed by 65°. The yield stress of the rod’s material reaches 790 MPa and therefore

there is no potential danger that the stress would be exceeded for any of the
simulated tasks.
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M7 von Mises stress distribution
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Fig. 6-10: The influence of fusion mass shape on stress
distribution under various flexion positions and load

7 CONCLUSION

The task, to model and simulate load transfer through the spinal segment and
surgical fixation device inserted via pedicle screw completed with the fusion mass,
was accomplished. The computation was run successfully and results indicated
following outcomes:

1. The two small circular fusion masses give rise to the higher stresses developed
at the fusion site reaching 13.41 MPa in compression. On the other hand this set — up
results in minimum relative motion between fusion mass and vertebra. The
minimum relative displacement is equal to zero at the centre of the fusion mass, and
the maximum strain of 0.0098829 that does not exceed 2%, proposes the first mode
of bone healing process.

Stresses developed within the fusion site might differ in reality and further
analysis are required with respect to cage model as well as material model of the
bone at the region where contact between the cage and bone occurs.

2. The maximum compressive stress developed at the bone — fusion mass
interface in model M6 reached 8.85 MPa while spine was flexed by 65° with load of
180 N applied. The relative motion in model M6 reached its maximum value of
0.05881 mm while the spine was in the same position without carrying load. This
magnitude of micromotion that does not exceed 0.5 mm promotes the fusion
process. The maximum strain in model M6 reached 0.010555 while spine was flexed
by 65° carrying 180 N loads. Therefore it can be concluded that the fusion is going
to be promoted. This is based on the strain developed at the interface and relative
motion at the same region, The healing process would follow the second mode when
a combination of intramembranous and endochondral ossification is taking part in
the process.
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3. The maximum compressive stress developed within the pedicle screw — bone
interface reached the highest value while the spin was flexed by 65° while carrying
180 N load. The value of maximum stress reached 3.17 MPa in model M7 and
2.58 N in model M6. These values should be compared to some clinical data that are
not available at the present time. “The physiological stress levels for bone are
generally below 1MPa.” [59] This fact can’t be used to compare computed values
and the clinical observation since the bone material model was based on bone as a
continuum with isotropic properties. It is well known that cancellous bone helps to
redistribute the stress from cortical bone in more uniform manner. Therefore the
stresses within the cancellous bone might be reduced. The assessment of the bone
stresses based on the single trabecula failure stress does to lead to correct conclusion
neither since the strength of the single trabecula is measured along the longitudinal
axis thus it is not possible to extrapolate to the strength of the bone as a continuum.

4. Analysis of the rod revealed that the largest movement of the rod takes place in
model M7 under the flexion of 65° carrying 180 N loads. It occurs on the superior
part of the rod where the total displacement due to vertebra movement together with
deformation reaches 0.4022 mm. The highest von Misses stress with magnitude of
31.46 MPa develops on the inferior site of the rod in transverse plane that
corresponds to the second plane of symmetry, under the same load conditions. The
second highest stress occurs at the superior part of the rod at the location of the
contact with the sleeve/screw. The stress at this location does not exceed 2.5 MPa in
model M7.

5. The screw analysis revealed that the highest bending stress develops in model
M7 under the flexion of 65° while carrying 180 N load. It reached 126.54 MPa and
developed at the mid — span of threaded part of the screw. This stress is not the
highest stress developed in the screw. The highest von Misses stress on the screw
reaches up to 403.23 MPa at the contact region under the same load condition. Due
to the complex motion of the screw and vertebra with respect to the rod and
deformations that develop in the whole system, the contact region is reduced to an
edge contact between sleeve and the rod that would give the rise of such a high
stress.

6. The highest von Misses stress developed in the sleeve of model M7 is due to
flexion 65° while carrying 180 N load and reaches 175.53 MPa at the region of
contact with the rod.

The comparison of the two fusion masses showed differences in the healing
fusion process based mainly on the micromotion and strain developed at the site. In
both cases, the fusion is promoted but the quality of bone would differ.

The highest stresses 403.23 MPa is developed within the implant made of
titanium alloy with the yield stress reaching 790 MPa. The comparison of the stress
developed within the implant and the yield stress gives the answer about possibility
of implant failure due to plastic deformation. Therefore, all stresses that develop in
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the implant due to spine flexion 0, 40, and 65° fall below yield limit and the yield
stress 1s not going to be exceeded for any of the mentioned load conditions.

All results related to fusion site or the bone — implant interface should be
analysed very carefully while keeping in mind the limitations of the created model.

For that reason, the distribution of the stresses might indicate the sites with
high/low interaction between bone and implant or fusion mass. The stress related to
the site should be considered only as an instructive value since the bone material
model was assumed as a continuous isotropic material.
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ABSTRACT

Stabilita patefe je zdkladnim piedpokladem zdravého normalniho Zivota.
Degenerativni procesy spole¢né s urazy mohou ohrozit normalni funkci patete, coz
se projevuje bolestmi zad v lumbdarni ¢asti patefe. Jednou z moznych terapii je tzv.
fize patefniho segmentu. Diky fiizi dochazi k znehybnéni problémového c¢lanku
patefe a tim 1 odstranéni bolesti. Flzi patefe je mozné docilit operativné a nebo
konzervativnim pfistupem, ktery je zdlouhavy a pacient je vyfazen na dlouhou dobu
znormalniho Zivota. Operativni pfistup vyzaduje stabilizaci pomoci spinalniho
fixatoru s uzitim kostniho §tépu ¢i cementu. V ptipadech operativni 1éCby je stale
pomérné vysoké procento (10 — 15%) ptipadii, kdy nedojde k fiizi a pacient musi
podstoupit reoperaci. Fize je ovlivnéna nékolika faktory, jednim z vyznamnych
faktordi jsou mechanické pomeéry v oblasti flize, které jsou podminény vlastnostmi
fixatoru. Mechanické vlastnosti fixatoru, které ovlivituji chovani ¢lanku a silové
poméry v dané oblasti, mohou byt vySetfovany ,in vivo‘ nebo ,in vitro‘. Jednou
z method ,in vitro‘ je poc¢itacova simulace chovani soustavy. Pocitacové modelovani
vyzaduje vytvoieni pocitaového modelu na urovni odpovidajici poznatkim doby,
hardwarovému a softwarovému vybaveni pracoviste.

Na zdklad¢ analyzy problému spojenych s nedostateCnou fiizi byl navrzen postup
feSeni pomoci pocitatového modelovani. S pfedpokladem symmetrie vzhledem
k medidlni roviné a transversni roviné prochdzejici stredem ¢lanku, na kterém se
faze provadi, byl vytvofen ctvrtinovy model ¢lanku. Tento model zahrnuje polovinu
obratle L2 s fixatorem sloZzenym z pedikalniho Sroubu, pievle¢ného zamku, matice a
tyCe, doplnéné o cementovy sloupec. Byly vytvofeny dv¢ varianty cementu, z nichz
jedna varianta modeluje ,obfi‘ vypln sitky ve tvaru elipsy, zatimco druhd varianta
modeluje situaci, kdy jsou pouzity dvé mensi valcové vyplné sitky. Bylo provedeno
porovnani téchto dvou variant tvaru a rozméru cementu a jejich vlivu na dilezité
mechanické parametry ovliviiujici ispésSnou fiizi.

Na zaklad¢ vysledki feSeni bylo konstatovano, Ze v obou piipadech mechanické
vlastnosti fixdtoru podporuji fiizi. V piipadé dvou cementovych sloupcti relativni
pohyb spolu s relativnim pfetvofenim v misté flize podporuje remodelaci kostni
tkan€, zatimco v ptipad¢ jednotlitého eliptického sloupce bude kostni tkan vytvarena
osifikaci tzv. callusu.
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