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ABSTRACT

The goal of this reseach is to obtain the optimumdesign
of a new interbodyfusionimplantfor usein lumbar spine xa-
tion. A new minimallyinvasivesumical techniquefor interbody
fusionis currentlyin development.The procedue malesuseof
aninterbodyimplantthatis insertedbetweertwo vertebal bod-
ies. Theimplantis paded with bonegraft material that fuses
the motion sggment. Theimplant mustbe capableof retaining
bonegraft and supportingspinal medanical loadswhile fusion
occurs. Finite element-basedptimizationtechniquesare used
to drive the design. The optimizationprocessis performedin
two stages: topolagy optimizationand shapeoptimization.Four
independenioad conditionsare analyzed:compession, e xion,
extensionandlateral bending Theresultingoptimalgeometries
for each load conditionare superimposedo geneate an opti-
mumdesignthat is convertedto a candidateimplant geometry
suitablefor manufacturing

NOMENCLATURE

Xe Designvariable.

ro Original densityof thematerial.

Ep  Original Young's modulusof the material.
re Densityof theelement.

Ee  Young'smodulusof theelement.

e Elementhumbersubscript.

GraduateResearctssitant.
TProfessqrASME Fellov
*AssociateProfessqrASME Member

N Numberof ( nite) elements.
p  Penalizatiorpower.
Fc Globalnodeforcevector
Us Globalnodedisplacementector
Kg  Globalstiffnessmatrix.
Y Total potentialenegy.
U Internalportentialenegy.
W  Externalpotentialenegy.
Ue Elementnodedisplacement.
ke Elementstiffnessmatrix.
M Total mass.
f Objective fuction.
Xmin Lowerlimit for thedesignvariable.
Xmax Upperlimit for thedesignvariable.
ko Original elementstiffnessmatrix of the material.
q RatiobetweerEni, andEg.
Emin  Minimum valueallowedfor Young's modulus.
S Von Misesstress.
St Fatiguestress.

INTRODUCTION

Lower backpainis oneof themostcommonandsigni cant
musculoskletal problemsin the world. It hasbeenestimated
that80% of Americanswill experiencdower backpainin their
lifetime. Currently thereare 600,000surgeriesperformedper
yearin USA, with a 50% of failure rate. This high failure rate
hasmotivatedthe developmentof new sumgical procedureghat
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arelessinvasive andmoresuccessfulOneof theleadingcauses
of lower backpainis relatedto disc disorders.Spinaldiscsare
locatedbetweeneachvertebrain the spineand are designedo
act as shock absorberswithin the spine. In somecases,with
time, they deteriorateandlosetheir shockabsorbingcapabilities
causingpainin the spineand/orvertebra.Figurel depictssome
discdisorderghatcanoccurin the spine.
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Figure 1. DISC DISORDERS

For mary discdisorderst is dif cult to treatthemthrough
non-sugical methods.The mostcommonsumical practiceto al-
leviatethe painassociatedavith thesedisorderds lumbarfusion.
Theobjectie of this techniquss to eliminatetherelative move-
mentacrossa motion sggmentof the spine,or a seriesof motion
segmentsthathave degeneratedo the point of causingpain.

Lumbarspinalfusioninvolvesthe useof bonegraft material
and xation instrumentatiorto preventmotionin thepainfulver
tebralsegment. The bonegraft grows betweerthe two vertebral
bodiesandfuseshemotionsegment.Spinesugeryinstrumenta-
tion likeplatesrodsandcagesareusedto provide xation aspart
of the fusion suigery process.Thereare several typesof spinal
fusion surgery optionsdescribedn literature[1]. Theresearch
presentedh thisinvestigatiorrelateso anew sumgical procedure
for lumbarspine xation thatis currentlyin development.The
newv minimally invasie sugical proceduranvolvesthe useof a
novelinterbodyfusionimplant. Thefunctionof thisimplantis to
housethe bonegraft materialwhile insuring structuralstability
of the motion sggment,while the bonegraft heals. The healing
processantake severalmonths.

Our goalin this work is to obtainthe optimal geometryof

the interbodyfusion implant. One wantsto maximizethe vol-

umeavailablefor bonegraft materialwithin the implant, while

supportinghe structuralloadsimposedon the system.The opti-

mizationprocesss performedn two stagesThe rst stageseeks
to minimizestrainenegy undermasdractionconstraintsisinga

topologyoptimizationtechnique Thesecondstageseekso min-

imize massunderstressconstraintausinga shapeoptimization
technique.GENESIS,a nite element-basedptimizationsoft-

ware,is usedo drivetheoptimumdesign.Increasinglytopology
optimizationis beingusedto nd preliminary sometimesom-

pletely innovative, structuralcon gurationsthat meetsspeci ¢

conditions(i.e. objective functionandconstraints).Shapeopti-

mizationis usedto tunethe preliminarydesignusinga morede-

ned geometry Theautomotveindustryregularly usesopology
andshapeoptimizationsoftwaretools for the designof innova-

tive structures.

FINITE ELEMENT-BASED OPTIMIZATION

Finite element-basedptimizationtechniquesvere rst de-
velopedby UCLA ProfessarLucien Schmitin the 1960s. He
recognizedthe potentialof combiningoptimizationtechniques
with nite elementanalysisfor structuraldesign. Today three
typesof nite element-basedptimization approachesre of-
ten available within commercialFEA software: sizing, shape
andtopologyoptimization.Theseapproachefor structuralopti-
mizationaredifferentiatedy the useof differentdesignvariable

types.

Sizing optimization

Sizing or parameteroptimization typically useselement
cross-sectiongbropertiesasdesignvariableg2]. Theseinclude
parametersuchas plate thickness,areaand momentof inertia
of abeamcrosssection.

Shape optimization

Shapeoptimizationinvolvesdeterminingheoptimalpro le
(i.e. boundary)of a structuralcomponent.in this techniquethe
grid is perturbedn orderto nd its optimumshape.The design
variablesarerelatedto the amountof deformation.Approaches
to shapeoptimizationinclude: basisvectorandgrid perturbation
approach.

Basis vector approach Thisapproachrequireshedef-
inition of severaltrial designscall basisvectors.Thedesignvari-
ablesare the weight parametershat de ne the participationof
eachbasisvectorin thedesignprocess.

Grid perturbation approach This approachrequires
thede nition of vectorsto de ne the directionof a perturbation
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in thegrid. Thedesignvariablesarethevaluesthatdeterminghe
amountof the perturbatiorin the designprocess.

Basisand perturbationvectorscanbe automaticallygener
atedin programdike GENESIS[3]. Thetechnicalchallengeas-
sociatedwvith thisapproachs themeshparameterizatiorSpecif-
ically, how do we relatethe displacemenbf the grid duringthe
perturbation.Figure2 depictsa perturbatiornover a squaregrid,
and illustrateshow the meshis parameterizedo createa new
smoothgrid.

@) (b)

Figure 2. (a) ORIGINAL GRID (b) PERTURBED GRID

Topology optimization

Topology optimizationinvolvesthe optimal distribution of
materialwithin a structure. Unlike shapeand sizing optimiza-
tion, topology optimizationdoesnot requirean initial design.
Typically, thedesignprocesstartswith ablock of materialcalled
the designdomain. The designdomainis comprisedof a large
numberof candidateelements,and the topology optimization

processselectvely removesfrom the domainthoseunnecessary

elementsThedesignvariablesin topologyoptimizationdepend
onthetypeof materialmodelusedin the nite elementanalysis.
Therearetwo generalpproachesdensityandhomogenization.

Density approach In the density approach,presented
by Bendsgd4], the designvariablesxe arethe elementrelative
densitiesor volumefraction(fractionof solid material). Thema-
terial model,for each nite element,is basedon heuristicrela-
tionshipsbetweendesignvariablesand materialproperties(i.e.
densityand Young's modulus). Simplerelationshipghat have
beenused.are

Fe= Xel 0 1)
Ee = (Xe)Eo; 2

wherex. is thedesignvariabler o andEg aretheoriginal density
andYoung's modulusof the material,r ¢ andE, arethe density
and Young's modulusof the element,subscripte is the element
number andp is the penalizatiorpowerwherep 1. This ma-
terial modelleadsto anisotropicmaterial[5]. In theoryEqgns.

(1) and(2) aretrueonly if thedesignvariablesare0:0 or 1:0. If
Xe = 1:0 thentheelements neededif xe = 0:0 thentheelement
canberemovedfrom themodel[6].

Homog enization approach Inthehomogenizatiomp-
proach,presentedy BendsgeandKikuchi [7], eachelementis
amicrostructure The designvariablesarethe parametersf the
microstructure.In two dimensionsthe microstructureconsists
of millions of unit squarecells orientedat ananglea. Eachcell
hasa rectangulahole de ned by sidelengthsa andb. Thede-
sign variablescorrespondo the threeparametersa, b anda.
Theseparameterareillustratedin Fig. 3. In this approactthe
modelleadsto a moregenerabrthotropicmaterial.

Figure 3.  HOMOGENIZATION APPROACH

Thecode,Optistruct,originally developedby Kikuchi etal.,
andnow beingenhancedby Altair Computing,usesthe homog-
enizationapproacH8]. The software GENESIS,from VR&D,
useghedensityapproach6].

TOPOLOGY OPTIMIZATION

The rst stagein theoptimumdesignof theinterbodyfusion
implantis to performatopologyoptimizationoverthedesigndo-
main. Theideais to obtaina rst approximatiorof theoptimum
geometryto betunedusingshapeoptimization.

Optimization problem
Thetopologyoptimizationproblemis developedthroughan
elasticityanalysisof the nite elementmodel.Usinglinearelas-
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ticity andthe principle of virtual work, we have,
Fe = KgUg; (3)

whereUg and Fg are the global node displacementind force
vectors,Kg is the global stiffnessmatrix. The total potential
enegyis givenby

V=U+W 4

whereU andW arethe internaland external potentialenepgies
respectiely [9]. Theinternalor strainenegy for N ( nite) ele-
mentsis

1
U= éa ug Kele; ©)
e=1

whereug is the elementnhodedisplacementectorandke is the
elementtiffnessmatrix. Now, thetotalmassM is the sumof the
elementamasses ¢ de ned by Eqgn. (1), thisis

N
M= § re: (6)

e1

The designtaskis formulatedas a topology optimizationprob-
lem wherethe objective function seeksto minimize both strain
enegy U andmassM de ned by Eqns. (5) and(1). The opti-
mizationproblemcanbe statedas

9
3
min f= & Ulg)+ M2
=1 .
s.t. KgUg = Fg 3’ ()

Xmin X 1.0 '

wheref is the multiobjecti/efunction Xmin 1S thelower limit for
the designvariables,ande= 1;:::; ;;N. Thesubind& c= 1;2;3
representshe load case: e X|on/e<ten3|on,lateral bendingand
compressionNormally differentweight valueswill beimposed
on the termsof a multiobjective function. Sincetopology opti-
mizationis meantto give an approximationof the nal design,
theweightvaluesaretakenequalto one. Eachtermin the mul-
tiobjective function is normalizedsuchthat the initial value of

eachoneis equalto one. Thenthe initial conditioncorresponds

tof=14
Using the densityapproactgivenby Eqns. (1) and(2), the
optimizationproblemcan be expressedn termsof the design

variablesxe. In particular the elementstiffnessmatrix ke canbe
written as,

ke = (X)8ko; (8)

wherekg is the original elementstiffnessmatrix of the mate-
rial. The penalizationpower is typically p = 3. This approach,
usedby Sigmund[10], requiresa non-zerodesignvariableto
avoid singularity conditions, typically xmin = 0:001. The soft-
ware GENESIShasimplementedseveral differentrelationship
functionsbetweendesignvariablesand materialpropertieg[6].
By defaultit usesEqgn. (1), but insteadof Eqgn. (8) it uses

ke= oko+ (1 0)(X)Eko; ©)

wherethe penalizatiorpoweris typically 220 p 3:0. Wede-
ne the parametenq = Emin - \here Epin is the minimum value
that Young's modulusis allowed to take, where0:0< q 1.0,
givesatypical valueof g= 10 . Thereareseveralapproaches
to solve the structuraloptimizationproblemgivenby Eqn. (7).
Some of the most commontechniquesinclude: Approxima-
tion conceptdor structuraloptimization[11], Optimality Criteria
(OC) [12], SequentiaLinear Programming SLP), and Method
of Moving Asymptotes(MMA) [13]. GENESIShasincorpo-
ratedapproximatiortechnique$6].

Finite Element Model

The nite elementanalysisandtopology optimizationsoft-
ware GENESISis usedto drive the topology designof the in-
terbodyfusionimplant. Theimplantwill beinsertedwithin the
annulus brosus of the disc after removal of the nucleuspulpo-
sus(i.e., percutaneousuclectomy).Figure4 providesaconcep-
tualillustrationof theimplantwithin thediscin across-sectional
(trans\erse)view.

Annulus Fibrosus
Yy TN
s .‘\ .

u\‘ ) /\

Annulus Fibrosus

Bone Graft

Nucleus Pulposus o Implant

(@) (b)

Figure 4. INTERVERTEBRAL DISC (a) NORMAL (b) IMPLANTED

Thedesigndomainfor topologyoptimizationis constrained
by the geometryof the annulus brosus. The maximumlengths
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for the designdomainde ne a volumeof 40 mm length,30 mm

width and8 mmheight.In this study asFig. 5 depictsasymmet-
ric designdomaincomposeaf 8256eight-nodedsolid CHEXA

elementsaand 9928 grid nodesis used. The mechanicaproper

ties: Young's modulusEy, densityr o andPoissors ratio n, cor-

respondto that of the polymethyl methacrylat§ PMMA) bone
cement.

Figure 5. DESIGN DOMAIN

The vertebralbodiesabore andbelon theimplant,arecon-
sideredrigid elements.The lower vertebrais modeledby fully
constraininghe bottomof the designspace.The uppervertebra
is modeledby onerigid elementRBE2 that spansthe compres-
sive half of theimplant. Theindependenhode thatcontrolsthe
motion of the rigid element,is locatedin the centerat the top
surfaceof the uppervertebra. The dependenhodesare on the
uppersurfaceof theimplant. Figure6 illustratesthe shapeand
the relative (rotational)motion of the rigid elements(vertebral
bodiesL4-L5).

(A)

Figure 6. MOTION SEGMENT (A) NATURAL POSITION (B) ROTATED

Normal load conditionsfor an intervertebrallumbar disc,
which are mostoften reportedin literature,[14] [15], [16], are
400 N for the compressie load, and 7.5 Nm for the moment
loads. Thesemomentsare appliedin the centerof the upper
vertebralocated25 mm above the uppersurfaceof the design
domain.

Figure7 shovsthethreeloadconditionsusedfor Thetopol-
ogy optimization: e xion/extension(Mx), lateralbending(My),
andcompressiorfFz). Symmetryconditionsareimposedor the

N

Figure 7. LOAD CONDITIONS

model.The nal topologyof theimplantmustprovide maximum
volumefor thebonegraft materialto grow into thevertebrabod-
ies. Previousimplant designsshow that this spacecorresponds
to amasdractionnot higherthan50%,andusuallyaround35%.

Results

Thetopologyoptimizationproblemis solvedfor threeload-
ing conditions:compression g xion/extension andlateralbend-
ing using Egn. (7). The optimum solutionis foundin fteen
iterationsasshawvn in Fig. 8.
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Design Cycle

Figure 8. OBJECTIVE FUNCTION EVALUATION

Figure 9 shows the optimumshapefor the load conditions
applied.This solutionis usedto obtainthe nal topologyapply-
ing symmetryconditions.

Analysis

To illustrate the bene t of applyingtopology optimization
for the designof the interbodyfusion implant, the resultsob-
tainedin this studyarecomparedo candidatadesignggenerated
usinga trial and error approachfor geometrydesign. A nite
elementanalysisof the bestimplant generatecdy trial and er-
ror is comparedo the new candidatémplantproposedrom the
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(A) (B)

Figure 9. TOPOLOGIES (A) INITIAL (B) TUNED

topologyoptimizationstudies.Thecombinedoadingconditions
of the nite elementanalysisarethe compressie load (400N),

the e xion/extensionmoment(7.5Nm), andthe lateralbending
moment(7.5Nm). The vertebrais modeledasa rigid element.
The lower surfaceof theimplantis completelyconstrainedTa-

ble 1 compareghe valuesof the nite elementanalysisfor the
optimalimplanttopologyto that of the previous bestdesignus-
ing relative valueslisted asa percentageThe analysisincludes
maximumnodal displacemenand maximumvon Mises stress.
We obsereasigni cant decreaséi.e.,improvement)n all three
metricsof performance The maximumvon-Misesstressnodal
strainenegy andnodaldisplacemenéaresigni cantly lower for

theoptimumtopology

Table 1. TOPOLOGY OPTIMIZED IMPLANT ANALYSIS AND PER-
CENTAGE VALUES RELATIVE TO THE TRIAL AND ERROR IMPLANT

Displ [m] SEnegy[Pa] | vM StresqdPa]
Compr 3.5e-6| 87% | 0.3e3| 75% | 1.84e6| 92%
Flexion 20.1e-6 | 44% | 24.0e3| 85% | 11.4e6| 35%
Extension| 20.1e-6| 79% | 24.0e3| 75% | 11.4e6| 26%
L. Bend 16.4e-6| 67% | 9.75e3| 42% | 7.2e6| 73%

SHAPE OPTIMIZATION

An initial geometryof the optimum structurehasbeende-
ned in topologyoptimization. The geometricfeaturesvereset
in orderto obtaina modelto be optimizedin a more detailed
scale.Oncethegeometnyis de ned for the new implant,we can
applythe shapeoptimizationstrateyy.

Optimization problem
The nal designtaskis formulatedasa shapeoptimization
problemwheretheobjectivefunctionis to minimizemassav con-

strainedby a maximumelementalon Misesstresss,

min: M

st 180 < g _
KeUc=Fc 3
Xmin  Xe  Xmax’

IW ©

(10)

wherethe superind& ¢ = 1;2;3 representshe load case: e x-
ion/extension,lateral bendingand compressionand S; is a fa-
tigue stress. According to datapublishedby Lewis relatedto
bonecementpropertied17], anamplitudeof uniaxialcompres-
sive load S¢ = 7:5 MPa, allows for a minimum of 65,970to a
possiblemorethan1.5 million of stresscycles. Thenthis value
will be usedto constrainthe maximumvon Misesstressin the
shapeoptimizationproblem.

To perform shapeoptimization, the grid perturbationap-
proachis usedin this work. The perturbationvectorsare ap-
plied on the limit of speci c setof nodes(i.e. domain). The
deformatiorof thegrid in thedomainsde nesthe nal shapeof
theimplant. Figure 10 illustratesthe domainsandthe perturba-
tion vectorscorrespondingo a quarterof theimplant. Symmetry
conditionsareimposedon this model.

l

Figure 10. DOMAINS AND PERTURBATION VECTORS

The designvariablesx; and xp, correspondo the magni-
tudesof perturbationvectors.They controlthethicknessesf the
implant. Appropriatedomainsare relatedwith the designvari-
ablesin orderto maintainthe geometricrelationsof the inner
boundaryof the implant. Theinitial valuede ned for the mag-
nitude of x; andxy is setequalto zero. Their upperandlower
limits Xmax andxmin arechoserasbig asthe geometryallows.

Finite Element Model

In orderto determinenal dimension®ftheimplant,amore
detailed nite modelis obtained.Thisis new modelis composed
by 6751 six-nodedsolid CPENTA elementsand 4585 nodes.
Onceagain,the vertebrawasmodeledasa rigid elementacting
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in compressionSymmetricboundaryconditionsareimposecdto
themodel.Figure 11 depictsthe new layout.

Figure 11. FINITE ELEMENT MODEL

Results

The shapeoptimizationproblemis solvedfor thethreeload
conditionsandthe two de ned designvariables.Theinitial con-
dition of the modelis infeasiblesincethe maximumvon Mises
stresss is greatethantheimposedconstrainSs = 7:5 MPa. Af-
ter six iterationsthe optimumvaluesfor thedesignvariablesare
X1 = 1:650mm, andx, = 1:516mm. Figure12 shovstheobjec-
tive valuesof the objective function andthe constraintviolation
alongthe shapeoptimizationprocess.

Analysis

As a resultof the shapeoptimization,the massof the im-
plantincreased 4% respecto theinitial design(from thetopol-
ogy optimization). The additionof materialis to avoid the risk
of fatiguefailurein theimplant. The nal analysisis performed
usingthe normalvaluesfor loading: compressie load (400N),

e xion/extensionmoment(7.5Nm), andthelateralbendingmo-
ment(7.5Nm).

The vertebrais modeledasa rigid element. The lower sur
faceof theimplantis completelyconstrainedFigure13themass
andthe von Misesstressfor the load conditions. We obsene a
signi cant improvementfrom the rst trial anderror design,to
theshapeoptimizedone.

SUMMARY AND CONCLUSIONS

A candidategeometryfor an interbody fusion implant is
obtainedusingtopology and shapeoptimizationmethods. The
topology optimizationseeksto minimize strain and massfrac-
tion. This initial structureis ne tunedusinga shapeoptimiza-
tion technique. This techniqueseeksto minimize masscon-
straineby a maximumvon Misesstress.The implantis subject
to threedifferentloading cases.Theseload casesare analyzed

Figure 12. OBJECTIVE FUNCTION AND CONSTRAINT VIOLATION
EVALUATION

Figure 13. COMPARATIVE RESULTS

alongthe optimizationprocess. The implantis designedo re-
strainbonegraftmaterialwhile maintainingproperintervertebral
spacingduring spinalfusion. In comparisorto previousimplant
designstudiesusing nite elementanalysis,the new candidate
geometryprovidesbetterstructuralstability for the load condi-
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tionsof compression e xion/extensionandlateralbending.
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