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ORTHOTROPIC MODEL OF CANCELLOUSBONE.
APPLICATION TO SIMULATION OF ADAPTIVE REMODELLING
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Institute of Fundamental Technological Research, Warsaw, Poland

1. Introduction

A numerical model that allows to simulate the process ofaropic remodelling of cancellou
bone is presented. The bone is treated as continuum with lineaceaastdtropic mechanical proyg.
erties. Elastic constants and relative density are efiglichown functions of geometric paramete
of microstructure. The parameters are nonuniformly disted in the bone volume. The remo
elling rule is an optimization problem in which the “cost” fttional is a time rate of a certain glob
measure of bone quality at a given load state. Instantane@ssofithe parameters are supposet
minimize the functional. The numerically predicted evatof the parameters is obtained from t
time integration of the results of the instantaneous optition problem.

2. Methods

Cancellous bone is a macroscopically continuous medium thétiexbrthotropic elastic prop
erties within the physiological range of small deformasioiMacroscopic mechanical properties
directly related to geometry and mechanical propertiesaifetcular microstructure. The latter €
subject to evolution — this is the way bone adapts to changinghérdng time scale) mechanic
conditions. For modelling of the evolution it is crucial todw (i) the mechanism of tissue chang
and (ii) the way mechanical properties change along witlcttanges in microstructure.

Most constitutive models known for cancellous bone do not diveddfine the dependenc
between material constants and microstructure charstitsti In the following research, cancello
bone will be modelled with the use of the parametric constitutigeleh described by the authe
in [2]. In this model, macroscopic elastic constants areltaized functions of certain geometr
parametergy, } — thicknesses of trabecular bars/plates and orientatigtearf principal directions
of orthotropy,

(1) Oij = Dz‘jkl Ekl Dijkl = Dijkl(/ip)a p=1, Np-

The functions are derived numerically for a family of ideali, repeatable bone-like microstructur

Bone remodelling is understood as evolution of trabecularastructure within the prescribe
occupied domairf2 in a way ensuring the fastest possible improvement of bone quality ah
loading conditions and at certain limitations resultingnfr bone physiology. In particular, it wil
be assumed here after [4] that bone quality is identified with aked strain energy accumulated
a given load and corresponding displacement fig(et),
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and thus the evolution of parametgrstends to minimize the rate of this functional

: 1 ODijn1 . .
(3) \IJ = G = /Q |:2 Ui,j < aujkl ﬂ’p) uk,l =+ ui,j Dijkl(ﬂp) uk’l dQ
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Employing the finite element discretization and introducing rrarémental time integratiol
procedure, we can replace the functiodalwith its incremental approximate at the time inten
[tn 9 tn+1]1

(4) W(an, AG, M, Am) = AG = @l K(mair) it — 5 0 K(ma) a,
whereq denotes nodal displacement vectarjs an array of parameter valugs at element integra
tion points, an is the stiffness matrix®¥ is going to be minimized at the time interval with respt
to the incremenfAm.

The minimization problem is subject to constraints: the Bouum equationK,, ;1q,+1 =
f.+1, prescribed total mass, and physiological constraintg,csndy, . See details in [3].

The procedure has been implemented in an author’s finite eternde featuring design sens
tivity analysis. Optimization at each time step is performétth the use of the HOPDM routine [1].

3. Resaults

Figure 1 presents results of computer simulation of mass asdtaopy distribution in a humau
femur (2D model). Initially bone is assumed uniformly filled wittotropic material. Applicatior
of three staggered load cases corresponding to real evgradiizities stimulates the remodellin
process which finally leads to a distribution closely reskmgtpatterns observed in natural bones.

Figure 1. Evolution of mass and anisotropy in a F.E. model of a human femur.
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