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ORTHOTROPIC MODEL OF CANCELLOUS BONE.
APPLICATION TO SIMULATION OF ADAPTIVE REMODELLING

P. Kowalczyk
Instituteof Fundamentalfechnolagical Reseath, Warsaw Poland

1. Intr oduction

A numericalmodelthatallows to simulatethe procesf anisotropiaemodellingof cancellous
boneis presentedTheboneis treatedascontinuumwith linear elasticorthotropicmechanicaprop-
erties. Elasticconstantandrelative densityareexplicitly known functionsof geometricparameters
of microstructure. The parametersare nonuniformly distributedin the bonevolume. The remod-
elling rule is anoptimizationproblemin which the“cost” functionalis a time rateof a certainglobal
measureof bonequality at a given load state. Instantaneousatesof the parametersire supposedo
minimize the functional. The numericallypredictedevolution of the parameterss obtainedfrom the
time integrationof theresultsof theinstantaneousptimizationproblem.

2. Methods

Cancellousdoneis amacroscopicallgontinuousnediumthatexhibits orthotropicelasticprop-
ertieswithin the physiologicalrangeof small deformations.Macroscopianechanicapropertiesare
directly relatedto geometryand mechanicalpropertiesof trabeculamicrostructure. The latter are
subjectto evolution — this is the way boneadaptsto changing(in the long time scale)mechanical
conditions.For modellingof the evolution it is crucialto know (i) the mechanisnof tissuechanges
and(ii) theway mechanicapropertieschangealongwith the changesn microstructure.

Most constitutve modelsknown for cancellousbonedo not directly definethe dependence
betweermmaterialconstantsand microstructurecharacteristicsIn the following researchgancellous
bonewill be modelledwith the use of the parametricconstitutve model describedby the author
in [2]. In this model, macroscopicelasticconstantsare tatularizedfunctionsof certaingeometric
parametergy,} — thicknessesf trabeculabars/platesindorientationanglesof principaldirections
of orthotropy,
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Thefunctionsarederivednumericallyfor afamily of idealized repeatabldone-like microstructures.
Boneremodellingis understooasevolution of trabeculamicrostructurewithin the prescribed
occupieddomain (2 in a way ensuringthe fastestpossibleimprovementof bone quality at given
loading conditionsand at certainlimitations resultingfrom bonephysiology In particular it will
be assumedereafter [4] that bonequality is identifiedwith the total strainenegy accumulatedat
agivenloadandcorrespondinglisplacementield ; (x),
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andthusthe evolution of parameterg., tendsto minimize therateof this functional
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Employing the finite elementdiscretizationand introducing an incrementaltime integration
procedure we can replacethe functional & with its incrementalapproximateat the time interval

[tn ) tn+1]1

4) ¥(qs, Aq,m,, Am) = AG = % q£+l K(mpi1) Goia — % qg K(m,)q,,
whereq denotesiodaldisplacementector m is anarrayof parameteraluesyu, atelementintegra-
tion points,andK is the stiffnessmatrix. ¥ is goingto be minimizedat thetime interval with respect
to theincrementAm.

The minimization problemis subjectto constraints:the equilibrium equationK,, ;1,41 =
f.+1, prescribedotal massandphysiologicalconstrainton p,, andj, . Seedetailsin [3].

The procedurehasbeenimplementedn anauthors finite elementcodefeaturingdesignsensi-
tivity analysis.Optimizationat eachtime stepis performedwith the useof the HOPDM routine[1].

3. Results

Figurel presentsesultsof computersimulationof massandanisotroyy distributionin ahuman
femur (2D model). Initially boneis assumediniformly filled with isotropic material. Application
of threestaggeredoad casescorrespondingo real every day actities stimulatesthe remodelling
processwhichfinally leadsto a distribution closelyresemblingpatternsobsenedin naturalbones.

Figure 1. Evolution of massandanisotropyin a F.E. modelof a humanfemur
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