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ORTHOTROPIC MODEL OF CANCELLOUS BONE.
APPLICATION TO SIMULA TION OF ADAPTIVE REMODELLING

P. Kowalczyk
Instituteof FundamentalTechnological Research, Warsaw, Poland

1. Intr oduction

A numericalmodelthatallows to simulatetheprocessof anisotropicremodellingof cancellous
boneis presented.Theboneis treatedascontinuumwith linearelasticorthotropicmechanicalprop-
erties.Elasticconstantsandrelative densityareexplicitly known functionsof geometricparameters
of microstructure. The parametersare nonuniformly distributed in the bonevolume. The remod-
elling rule is anoptimizationproblemin which the“cost” functionalis a time rateof a certainglobal
measureof bonequality at a givenloadstate.Instantaneousratesof theparametersaresupposedto
minimizethefunctional.Thenumericallypredictedevolution of theparametersis obtainedfrom the
time integrationof theresultsof theinstantaneousoptimizationproblem.

2. Methods

Cancellousboneis amacroscopicallycontinuousmediumthatexhibitsorthotropicelasticprop-
ertieswithin thephysiologicalrangeof smalldeformations.Macroscopicmechanicalpropertiesare
directly relatedto geometryandmechanicalpropertiesof trabecularmicrostructure.The latter are
subjectto evolution — this is the way boneadaptsto changing(in the long time scale)mechanical
conditions.For modellingof theevolution it is crucial to know (i) themechanismof tissuechanges
and(ii) thewaymechanicalpropertieschangealongwith thechangesin microstructure.

Most constitutive modelsknown for cancellousbonedo not directly definethe dependence
betweenmaterialconstantsandmicrostructurecharacteristics.In the following research,cancellous
bonewill be modelledwith the useof the parametricconstitutive model describedby the author
in [2]. In this model,macroscopicelasticconstantsare tabularizedfunctionsof certaingeometric
parameters
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Thefunctionsarederivednumericallyfor a family of idealized,repeatablebone-likemicrostructures.
Boneremodellingis understoodasevolutionof trabecularmicrostructurewithin theprescribed

occupieddomain ( in a way ensuringthe fastestpossibleimprovementof bonequality at given
loadingconditionsandat certainlimitations resultingfrom bonephysiology. In particular, it will
be assumedhereafter [4] that bonequality is identifiedwith the total strainenergy accumulatedat
agivenloadandcorrespondingdisplacementfield ) ���+* � ,,.- )0/ � �0�21 ��324 !5 ) �76 	8��
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Employing the finite elementdiscretizationand introducingan incrementaltime integration
procedure,we can replacethe functional
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with its incrementalapproximateat the time interval- ��� � ������� 1 , = ��� � �
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where � denotesnodaldisplacementvector, � is anarrayof parametervalues
���

at elementintegra-
tion points,and

�
is thestiffnessmatrix.

=
is goingto beminimizedat thetime interval with respect

to theincrement	�� .
The minimization problemis subjectto constraints: the equilibrium equation
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, prescribedtotal mass,andphysiologicalconstraintson
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and ;��� . Seedetailsin [3].
Theprocedurehasbeenimplementedin anauthor’s finite elementcodefeaturingdesignsensi-

tivity analysis.Optimizationateachtime stepis performedwith theuseof theHOPDMroutine[1].

3. Results

Figure1 presentsresultsof computersimulationof massandanisotropy distribution in ahuman
femur (2D model). Initially boneis assumeduniformly filled with isotropicmaterial. Application
of threestaggeredload casescorrespondingto real every day activities stimulatesthe remodelling
processwhichfinally leadsto a distributioncloselyresemblingpatternsobservedin naturalbones.
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Figure1. Evolutionof massandanisotropyin aF.E. modelof ahumanfemur.
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