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ABSTRACT
The goal of this research is to obtain the optimumdesign

of a new interbodyfusionimplant for usein lumbar spine�xa-
tion. A new minimally invasivesurgical techniquefor interbody
fusionis currently in development.Theprocedure makesuseof
an interbodyimplantthat is insertedbetweentwovertebral bod-
ies. The implant is packed with bonegraft material that fuses
the motionsegment. The implant mustbe capableof retaining
bonegraft andsupportingspinalmechanical loadswhile fusion
occurs. Finite element-basedoptimizationtechniquesare used
to drive the design. The optimizationprocessis performedin
two stages: topologyoptimizationandshapeoptimization.Four
independentloadconditionsareanalyzed:compression,�exion,
extension,andlateral bending. Theresultingoptimalgeometries
for each load conditionare superimposedto generate an opti-
mumdesignthat is convertedto a candidateimplant geometry
suitablefor manufacturing.

NOMENCLATURE
xe Designvariable.
r 0 Original densityof thematerial.
E0 Original Young'smodulusof thematerial.
r e Densityof theelement.
Ee Young'smodulusof theelement.
e Elementnumbersubscript.

� GraduateResearchAssitant.
†Professor, ASME Fellow
‡AssociateProfessor, ASME Member

N Numberof (�nite) elements.
p Penalizationpower.

FG Globalnodeforcevector.
UG Globalnodedisplacementvector.
KG Globalstiffnessmatrix.
V Totalpotentialenergy.
U Internalportentialenergy.
W Externalpotentialenergy.
ue Elementnodedisplacement.
ke Elementstiffnessmatrix.
M Totalmass.
f Objective fuction.
xmin Lower limit for thedesignvariable.
xmax Upperlimit for thedesignvariable.
k0 Originalelementstiffnessmatrix of thematerial.
q RatiobetweenEmin andE0.
Emin Minimum valueallowedfor Young'smodulus.
ŝ VonMisesstress.
Sf Fatiguestress.

INTRODUCTION
Lowerbackpainis oneof themostcommonandsigni�cant

musculoskeletalproblemsin the world. It hasbeenestimated
that80%of Americanswill experiencelower backpain in their
lifetime. Currently thereare 600,000surgeriesperformedper
yearin USA, with a 50% of failure rate. This high failure rate
hasmotivatedthe developmentof new surgical proceduresthat
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arelessinvasiveandmoresuccessful.Oneof theleadingcauses
of lower backpain is relatedto discdisorders.Spinaldiscsare
locatedbetweeneachvertebrain the spineandaredesignedto
act as shockabsorberswithin the spine. In somecases,with
time, they deteriorateandlosetheir shockabsorbingcapabilities
causingpainin thespineand/orvertebra.Figure1 depictssome
discdisordersthatcanoccurin thespine.

Figure 1. DISC DISORDERS

For many discdisordersit is dif�cult to treatthemthrough
non-surgicalmethods.Themostcommonsurgicalpracticeto al-
leviatethepainassociatedwith thesedisordersis lumbarfusion.
Theobjectiveof this techniqueis to eliminatetherelativemove-
mentacrossa motionsegmentof thespine,or aseriesof motion
segments,thathavedegeneratedto thepoint of causingpain.

Lumbarspinalfusioninvolvestheuseof bonegraftmaterial
and�xation instrumentationto preventmotionin thepainfulver-
tebralsegment.Thebonegraft growsbetweenthetwo vertebral
bodiesandfusesthemotionsegment.Spinesurgeryinstrumenta-
tion likeplates,rodsandcagesareusedto provide�xation aspart
of the fusion surgeryprocess.Thereareseveral typesof spinal
fusion surgeryoptionsdescribedin literature[1]. The research
presentedin this investigationrelatesto anew surgicalprocedure
for lumbarspine�xation that is currentlyin development.The
new minimally invasive surgical procedureinvolvestheuseof a
novel interbodyfusionimplant.Thefunctionof this implantis to
housethe bonegraft materialwhile insuringstructuralstability
of themotionsegment,while thebonegraft heals.Thehealing
processcantakeseveralmonths.

Our goal in this work is to obtainthe optimal geometryof

the interbodyfusion implant. Onewantsto maximizethe vol-
umeavailablefor bonegraft materialwithin the implant, while
supportingthestructuralloadsimposedon thesystem.Theopti-
mizationprocessis performedin two stages.The�rst stageseeks
to minimizestrainenergyundermassfractionconstraintsusinga
topologyoptimizationtechnique.Thesecondstageseeksto min-
imize massunderstressconstraintsusinga shapeoptimization
technique.GENESIS,a �nite element-basedoptimizationsoft-
ware,is usedto drivetheoptimumdesign.Increasingly, topology
optimizationis beingusedto �nd preliminary, sometimescom-
pletely innovative, structuralcon�gurationsthat meetsspeci�c
conditions(i.e. objective functionandconstraints).Shapeopti-
mizationis usedto tunethepreliminarydesignusinga morede-
�ned geometry. Theautomotiveindustryregularlyusestopology
andshapeoptimizationsoftwaretools for thedesignof innova-
tivestructures.

FINITE ELEMENT-BASED OPTIMIZATION
Finite element-basedoptimizationtechniqueswere�rst de-

velopedby UCLA Professor, Lucien Schmit in the 1960s. He
recognizedthe potentialof combiningoptimizationtechniques
with �nite elementanalysisfor structuraldesign. Today, three
types of �nite element-basedoptimization approachesare of-
ten available within commercialFEA software: sizing, shape
andtopologyoptimization.Theseapproachesfor structuralopti-
mizationaredifferentiatedby theuseof differentdesignvariable
types.

Sizing optimization
Sizing or parameteroptimization typically useselement

cross-sectionalpropertiesasdesignvariables[2]. Theseinclude
parameterssuchasplatethickness,areaandmomentof inertia
of abeamcrosssection.

Shape optimization
Shapeoptimizationinvolvesdeterminingtheoptimalpro�le

(i.e. boundary)of a structuralcomponent.In this techniquethe
grid is perturbedin orderto �nd its optimumshape.Thedesign
variablesarerelatedto theamountof deformation.Approaches
to shapeoptimizationinclude:basisvectorandgrid perturbation
approach.

Basis vector appr oach Thisapproachrequiresthedef-
inition of severaltrial designscall basisvectors.Thedesignvari-
ablesare the weight parametersthat de�ne the participationof
eachbasisvectorin thedesignprocess.

Grid per turbation appr oach This approachrequires
thede�nition of vectorsto de�ne thedirectionof a perturbation
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in thegrid. Thedesignvariablesarethevaluesthatdeterminethe
amountof theperturbationin thedesignprocess.

Basisandperturbationvectorscanbe automaticallygener-
atedin programslikeGENESIS[3]. Thetechnicalchallengeas-
sociatedwith thisapproachis themeshparameterization.Specif-
ically, how do we relatethedisplacementof thegrid during the
perturbation.Figure2 depictsa perturbationover a squaregrid,
and illustrateshow the meshis parameterizedto createa new
smoothgrid.

(a) (b)

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

Topology optimization
Topologyoptimizationinvolvesthe optimal distribution of

materialwithin a structure. Unlike shapeandsizing optimiza-
tion, topology optimizationdoesnot requirean initial design.
Typically, thedesignprocessstartswith ablockof materialcalled
the designdomain. The designdomainis comprisedof a large
numberof candidateelements,and the topology optimization
processselectively removesfrom thedomainthoseunnecessary
elements.Thedesignvariablesin topologyoptimizationdepend
on thetypeof materialmodelusedin the�nite elementanalysis.
Therearetwo generalapproaches:densityandhomogenization.

Density appr oach In the density approach,presented
by Bendsøe[4], thedesignvariablesxe aretheelementrelative
densitiesor volumefraction(fractionof solidmaterial).Thema-
terial model,for each�nite element,is basedon heuristicrela-
tionshipsbetweendesignvariablesandmaterialproperties(i.e.
densityandYoung's modulus). Simple relationshipsthat have
beenused,are

r e = xer 0 (1)

Ee = (xe)pE0; (2)

wherexe is thedesignvariable,r 0 andE0 aretheoriginaldensity
andYoung's modulusof thematerial,r e andEe arethedensity
andYoung's modulusof theelement,subscripte is theelement
number, andp is thepenalizationpower wherep � 1. This ma-
terial model leadsto an isotropicmaterial[5]. In theoryEqns.

(1) and(2) aretrueonly if thedesignvariablesare0:0 or 1:0. If
xe = 1:0 thentheelementis needed,if xe = 0:0 thentheelement
canberemovedfrom themodel[6].

Homog enization appr oach In thehomogenizationap-
proach,presentedby BendsøeandKikuchi [7], eachelementis
a microstructure.Thedesignvariablesaretheparametersof the
microstructure.In two dimensions,the microstructureconsists
of millions of unit squarecellsorientedat ananglea. Eachcell
hasa rectangularholede�ned by sidelengthsa andb. Thede-
sign variablescorrespondto the threeparameters:a, b anda.
Theseparametersareillustratedin Fig. 3. In this approachthe
modelleadsto amoregeneralorthotropicmaterial.

Figure 3. HOMOGENIZATION APPROACH

Thecode,Optistruct,originally developedby Kikuchi etal.,
andnow beingenhancedby Altair Computing,usesthehomog-
enizationapproach[8]. The softwareGENESIS,from VR&D,
usesthedensityapproach[6].

TOPOLOGY OPTIMIZATION
The�rst stagein theoptimumdesignof theinterbodyfusion

implantis to performatopologyoptimizationoverthedesigndo-
main.Theideais to obtaina �rst approximationof theoptimum
geometry, to betunedusingshapeoptimization.

Optimization problem
Thetopologyoptimizationproblemis developedthroughan

elasticityanalysisof the�nite elementmodel.Usinglinearelas-
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ticity andtheprincipleof virtual work, we have,

FG = KGUG; (3)

whereUG and FG are the global nodedisplacementand force
vectors,KG is the global stiffnessmatrix. The total potential
energy is givenby

V = U + W; (4)

whereU andW arethe internalandexternalpotentialenergies
respectively [9]. The internalor strainenergy for N (�nite) ele-
mentsis

U =
1
2

N

å
e= 1

uT
e keue; (5)

whereue is theelementnodedisplacementvectorandke is the
elementstiffnessmatrix. Now, thetotalmassM is thesumof the
elementalmassesr e de�ned by Eqn. (1), this is

M =
N

å
e= 1

r e: (6)

The designtaskis formulatedasa topologyoptimizationprob-
lem wherethe objective function seeksto minimize both strain
energy U andmassM de�ned by Eqns. (5) and(1). The opti-
mizationproblemcanbestatedas

min f =
3
å
j= 1

U (c) + M

s.t. KGUG = FG
xmin � xe � 1:0

9
>>=

>>;
; (7)

wheref is themultiobjectivefunction,xmin is thelower limit for
the designvariables,ande = 1; :::;N. The subindex c = 1;2;3
representsthe load case:�e xion/extension,lateralbendingand
compression.Normally differentweightvalueswill beimposed
on the termsof a multiobjective function. Sincetopologyopti-
mizationis meantto give an approximationof the �nal design,
theweightvaluesaretakenequalto one. Eachtermin themul-
tiobjective function is normalizedsuchthat the initial valueof
eachoneis equalto one. Thenthe initial conditioncorresponds
to f = 4.

Using thedensityapproachgivenby Eqns. (1) and(2), the
optimizationproblemcan be expressedin termsof the design

variablesxe. In particular, theelementstiffnessmatrix ke canbe
writtenas,

ke = (x)p
ek0; (8)

wherek0 is the original elementstiffnessmatrix of the mate-
rial. The penalizationpower is typically p = 3. This approach,
usedby Sigmund[10], requiresa non-zerodesignvariable to
avoid singularityconditions,typically xmin = 0:001. The soft-
ware GENESIShasimplementedseveral different relationship
functionsbetweendesignvariablesandmaterialproperties[6].
By default it usesEqn. (1), but insteadof Eqn.(8) it uses

ke = qk0 + (1� q)(x)p
ek0; (9)

wherethepenalizationpower is typically 2:0 � p � 3:0. We de-
�ne the parameterq = Emin

E0
, whereEmin is the minimum value

that Young's modulusis allowed to take, where0:0 < q � 1:0,
givesa typical valueof q = 10� 6. Thereareseveralapproaches
to solve thestructuraloptimizationproblemgivenby Eqn. (7).
Someof the most common techniquesinclude: Approxima-
tionconceptsfor structuraloptimization[11], OptimalityCriteria
(OC) [12], SequentialLinear Programming(SLP),andMethod
of Moving Asymptotes(MMA) [13]. GENESIShasincorpo-
ratedapproximationtechniques[6].

Finite Element Model
The�nite elementanalysisandtopologyoptimizationsoft-

wareGENESISis usedto drive the topologydesignof the in-
terbodyfusion implant. The implantwill be insertedwithin the
annulus�brosus of thediscafter removal of thenucleuspulpo-
sus(i.e.,percutaneousnuclectomy).Figure4 providesaconcep-
tual illustrationof theimplantwithin thediscin across-sectional
(transverse)view.

(a) (b)

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

Thedesigndomainfor topologyoptimizationis constrained
by thegeometryof theannulus�brosus. Themaximumlengths
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for thedesigndomainde�ne a volumeof 40 mm length,30 mm
width and8 mmheight.In thisstudy, asFig. 5 depictsasymmet-
ric designdomaincomposedof 8256eight-nodedsolid CHEXA
elementsand9928grid nodesis used. The mechanicalproper-
ties: Young'smodulusE0, densityr 0 andPoisson's ratio n, cor-
respondto that of the polymethylmethacrylate(PMMA) bone
cement.

Figure 5. DESIGN DOMAIN

Thevertebralbodiesabove andbelow theimplant,arecon-
sideredrigid elements.The lower vertebrais modeledby fully
constrainingthebottomof thedesignspace.Theuppervertebra
is modeledby onerigid elementRBE2 that spansthecompres-
sive half of theimplant. Theindependentnode,thatcontrolsthe
motion of the rigid element,is locatedin the centerat the top
surfaceof the uppervertebra. The dependentnodesareon the
uppersurfaceof the implant. Figure6 illustratestheshapeand
the relative (rotational)motion of the rigid elements(vertebral
bodiesL4-L5).

(A) (B)

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

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

Figure7 showsthethreeloadconditionsusedfor Thetopol-
ogy optimization:�e xion/extension(Mx), lateralbending(My),
andcompression(Fz). Symmetryconditionsareimposedfor the

Figure 7. LOAD CONDITIONS

model.The�nal topologyof theimplantmustprovidemaximum
volumefor thebonegraftmaterialto grow into thevertebralbod-
ies. Previous implant designsshow that this spacecorresponds
to amassfractionnothigherthan50%,andusuallyaround35%.

Results
Thetopologyoptimizationproblemis solvedfor threeload-

ing conditions:compression,�e xion/extension,andlateralbend-
ing using Eqn. (7). The optimum solution is found in �fteen
iterationsasshown in Fig. 8.

Figure 8. OBJECTIVE FUNCTION EVALUATION

Figure9 shows the optimumshapefor the load conditions
applied.This solutionis usedto obtainthe�nal topologyapply-
ing symmetryconditions.

Anal ysis
To illustrate the bene�t of applying topologyoptimization

for the designof the interbodyfusion implant, the resultsob-
tainedin thisstudyarecomparedto candidatedesignsgenerated
usinga trial anderror approachfor geometrydesign. A �nite
elementanalysisof the bestimplant generatedby trial ander-
ror is comparedto thenew candidateimplantproposedfrom the
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(A) (B)

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

topologyoptimizationstudies.Thecombinedloadingconditions
of the �nite elementanalysisarethecompressive load(400N),
the �e xion/extensionmoment(7.5 Nm), andthe lateralbending
moment(7.5 Nm). The vertebrais modeledasa rigid element.
The lower surfaceof the implant is completelyconstrained.Ta-
ble 1 comparesthe valuesof the �nite elementanalysisfor the
optimal implant topologyto thatof thepreviousbestdesignus-
ing relative valueslistedasa percentage.Theanalysisincludes
maximumnodaldisplacementandmaximumvon Misesstress.
Weobserveasigni�cant decrease(i.e., improvement)in all three
metricsof performance.Themaximumvon-Misesstress,nodal
strainenergy andnodaldisplacementaresigni�cantly lower for
theoptimumtopology.

Table 1. TOPOLOGY OPTIMIZED IMPLANT ANALYSIS AND PER-

CENTAGE VALUES RELATIVE TO THE TRIAL AND ERROR IMPLANT

Displ [m] S Energy [Pa] vM Stress[Pa]

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 optimumstructurehasbeende-

�ned in topologyoptimization.Thegeometricfeatureswereset
in order to obtain a model to be optimizedin a more detailed
scale.Oncethegeometryis de�ned for thenew implant,we can
applytheshapeoptimizationstrategy.

Optimization problem
The �nal designtaskis formulatedasa shapeoptimization

problemwheretheobjectivefunctionis tominimizemassM con-

strainedby a maximumelementalvonMisesstressŝ ,

min : M
s.t. : ŝ (c) < Sf

KGUG = FG
xmin � xe � xmax

9
>>=

>>;
; (10)

wherethe superindex c = 1;2;3 representsthe load case:�e x-
ion/extension,lateralbendingandcompression,andSf is a fa-
tigue stress. According to datapublishedby Lewis relatedto
bonecementproperties[17], anamplitudeof uniaxialcompres-
sive load Sf = 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 set of nodes(i.e. domain). The
deformationof thegrid in thedomains,de�nesthe�nal shapeof
the implant. Figure10 illustratesthedomainsandtheperturba-
tion vectorscorrespondingto aquarterof theimplant.Symmetry
conditionsareimposedon this model.

Figure 10. DOMAINS AND PERTURBATION VECTORS

The designvariablesx1 and x2, correspondto the magni-
tudesof perturbationvectors.They controlthethicknessesof the
implant. Appropriatedomainsarerelatedwith the designvari-
ablesin order to maintainthe geometricrelationsof the inner
boundaryof the implant. The initial valuede�ned for themag-
nitudeof x1 andx2 is setequalto zero. Their upperandlower
limits xmax andxmin arechosenasbig asthegeometryallows.

Finite Element Model
In orderto determine�nal dimensionsof theimplant,amore

detailed�nite modelis obtained.This is new modelis composed
by 6751 six-nodedsolid CPENTA elementsand 4585 nodes.
Onceagain,thevertebrawasmodeledasa rigid elementacting
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in compression.Symmetricboundaryconditionsareimposedto
themodel.Figure11depictsthenew layout.

Figure 11. FINITE ELEMENT MODEL

Results
Theshapeoptimizationproblemis solvedfor thethreeload

conditionsandthetwo de�ned designvariables.Theinitial con-
dition of themodelis infeasiblesincethemaximumvon Mises
stressŝ is greaterthantheimposedconstrainSf = 7:5 MPa. Af-
ter six iterationstheoptimumvaluesfor thedesignvariablesare
x1 = 1:650mm,andx2 = 1:516mm. Figure12showstheobjec-
tive valuesof theobjective functionandtheconstraintviolation
alongtheshapeoptimizationprocess.

Anal ysis
As a resultof the shapeoptimization,the massof the im-

plantincreased14%respectto theinitial design(from thetopol-
ogy optimization). The additionof materialis to avoid the risk
of fatiguefailurein theimplant. The�nal analysisis performed
usingthenormalvaluesfor loading: compressive load(400N),
�e xion/extensionmoment(7.5Nm), andthelateralbendingmo-
ment(7.5Nm).

Thevertebrais modeledasa rigid element.The lower sur-
faceof theimplantis completelyconstrained.Figure13themass
andthevon Misesstressfor the load conditions.We observe a
signi�cant improvementfrom the �rst trial anderror design,to
theshapeoptimizedone.

SUMMARY AND CONCLUSIONS
A candidategeometryfor an interbody fusion implant is

obtainedusingtopologyandshapeoptimizationmethods.The
topologyoptimizationseeksto minimize strainandmassfrac-
tion. This initial structureis �ne tunedusinga shapeoptimiza-
tion technique. This techniqueseeksto minimize masscon-
straineby a maximumvon Misesstress.The implant is subject
to threedifferentloadingcases.Theseload casesareanalyzed

Figure 12. OBJECTIVE FUNCTION AND CONSTRAINT VIOLATION

EVALUATION

Figure 13. COMPARATIVE RESULTS

alongthe optimizationprocess.The implant is designedto re-
strainbonegraftmaterialwhile maintainingproperintervertebral
spacingduringspinalfusion. In comparisonto 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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