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SUMMARY

Using morphological data provided by computed tomografimte element (FE) models can
be used to compute the mechanical response of bone andikemadterials without describing
the complex local microarchitecture. A constitutive lavhere developed and proposed for this
purpose. It captures the non-linear structural behaviobafe-like materials through the use
of fabric tensors. It also allows for irreversible strairsng a plastic material model, allowing
hardening of the yield parameters. These characteristicexgpressed in a constitutive law based
on the anisotropic continuum damage theory coupled witlrap@ elastoplasticity in a finite
strains framework. This law is implemented into Metaforam4tinear FE software. Simulations
of cylindrical samples undergoing stepwise compressierpegsented.
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1 INTRODUCTION

Within the diverse approaches that have been adopted tolrmatecular bone remodeling pro-
cesses, most of them are qualified as phenomenological modéley are models whose goal
is to predict the global mechanical behavior (displacemsmins and stresses) of a tissue or an
organ, taking into account the applied loads, its micrastme and the constraints imposed at the
boundaries. Most of these models assume the existence wéa giechanical stimulus (input)
that produces bone apposition or resorption (output) i sugvay that the stimulus tends to a
physiological level in the long-term (homeostasis). Thasenomenological models are therefore
build on constitutive material laws linking non-local sses to global strains with internal vari-
ables representative of the evolving local microstructiiteese models therefore need not only to
be validated against remodeling data but the global coristt law itself needs to be validated as
well.

The goal of this work is therefore to present a non-local titutive law that can be used in bone
remodeling simulations. The constitutive law thereforasat describing the mechanical behavior
of trabecular bone in the range of small to moderate compeessains, considering accumulation
of plastic deformation and possible low softening due tolkimackling of the microstructure.
Under compressive load, the mechanical behavior of trdaebone shows characteristics of an
elastoplastic cellular solid, hence, the proposed globathranical behavior is to be validated
against experimental data obtained for compressive téstalmecular bone as well as materials
with bone-like microstructure.



2 METHODS

The original remodeling law which is proposed is built on endge/repair model, first proposed by
Doblaré and co-workers [1]. It is enhanced to be coupled®astoviscoplastic material behavior
in a finite strains framework. It can therefore capture perené strains of the tissue beyond the
ones due to the density variation. However, we present hdyelte purely mechanical part of the

constitutive law, no damage variation due to remodelingtoanted for.

The bone tissue (global level) is considered as an anisotfoanization” of elastoplastic tra-
beculae (local level). This “organization”, as proposedlil is measured through a mean bone
density and its anisotropy uses the concept of fabric tg@$orhe continuum damage framework
is used not to capture actual damage at the local level, iieroraracks of the trabeculae, but to
represent the bone macroscopic porosity and thereforeureettee volume fraction. In terms of
morphological data provided by computed tomography, danisgherefore to be understood as
a measure of the apparent density of the tisgdisvhile the anisotropy is measured by the fabric
tensor (the fabric tensd is normalized in such a way that (H) = 3). The undamaged mate-
rial is therefore the ideal virtual situation of bone witHImorosity and perfect isotropy. We use a
tensor damage variabld, formulated so that it retrieves an isotropic definitionlas 1 — E/Ey,

E being the Young’s modulus of the bone tissue dfydthe Young’'s modulus of the trabeculae
and depends on the morphological parameters :

d=1-p"AH

where A is a calibration parameter to retrieve the damage definitiagotropy ands is defined
so that the tissue young’s modulus is related to the densityZp) o p”

For an elasto-plastic material in an hypoelastic formatatithe basic assumption consists in an
additive split of the strain rate into two parts : an elastid eeversible parD® and an irreversible
plastic partDP. The constitutive model defines an effective stressacting on the effective
area of the material. The effective stress rate is linkedhéoelastic strain rate by the generalized
Hooke’s law :

c=C: (D - DP)

whereC is the elastic stiffness tensor. The strass={ s + pI) is obtained by taking into consid-
eration the effect of the structural morphology represtbtethe damage tensor [3] :

- p

o=dev(HsH)+ ——1I

( T Sdp
where,H = (I — d)‘l/2 andn is the degree of anisotropy. This reduces, when an isotfapitc
is considered, a& = o /(1 — d).
The plastic part of the strain ra#®@” can be calculated through the normality rule on the plastic
criterion (associated plasticity) expressed in term aéaffe stress. This is therefore the plastic
criterion one would get from a single trabeculea mecharbeslavior. It is here assumed to be
pressure independent and therefore a simple Von-Misezrioritis chosen, leading, when only
isotropic hardening of the internal variable is allowed, to
3\

DV =~ 2 dev(H3H)
Oeq
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where ) is the rate of plastic multiplier anél., is the equivalent stress used for the Von-Mises
criterion.

The constitutive law is integrated in a finite element frarognaccording to an iterative staggered
scheme [4] and is implemented in Metafor [5], a in-house atbjgiented finite element code.



3 RESULTS

This homogeneous formulation has been applied to severalriaa, all showing bone-like mi-
crostructure. For each type of material, cylindrical spems were used. Images of the struc-
ture were acquired using a micro-tomographic imaging syst€hese images were analyzed to
extract the morphological data needed to compute the paeesnef the presented constitutive
law. The samples were also compressed along their mainragisniechanical testing device and
load/displacement data were acquired.

The first material that has been tested is a porous aluminiloy @uocel 6101-T6, ERG, Oak-
land, CA). The specimen used (8 mm in diameter and 16 mm irhheigth an apparent volume
density of 11.8%) was arbitrarily chosen among 15 comptease imaged specimens [6]. The
compression was realized in a stepwise fashion from 0% tod@8arent engineering strain. The
second material is PLA (polylactic acid) foam, i.e. a polyiméoam based on biodegradable and
biocompatible polyester (prepared by the CERM, Universtity.iege [7]). The specimen used
(8.2 mm in diameter and 12.5 mm in height, with an apparenirael density of 15%) was com-
pressed from 0% to 42% apparent engineering strain. Therlasdrial presented is cancellous
tissue of a deer antler [8]. The specimen used (7.8 mm in demaad 11.96 mm in height, with
an apparent volume density of 18.7%) was compressed fromo044dle6 apparent engineering
strain.

The experimental data (Figure 1(a) to (c) - dashed linesyshibat, within the testing range, both
the aluminium foam and PLA foam specimens show apparerd yiehavior. However, the tra-
becular antler bone only shows a stiffening of an appareeal behavior. The three specimens
described earlier were each modeled as cylinders with nmézdiaparameters (Young’s modu-
lus, yield stress) as found in the literature for their bullterial and morphological parameters
(apparent density and fabric tensor) derived from the C&.d&b represent the testing boundary
conditions, a displacement was applied on one side of thedgy (vertical displacement with free
in plane movement) while the other side of the cylinder wasl@hd to be in contact (frictionless
conditions) with a rigid plane. On the contact plane, ondra¢émode of the cylinder was con-
strained in the horizontal plane to prevent rigid body modBse computed external force was
finally compared to the experimental one. The morphologizah was initially computed as a
mean over the all volume of the specimen. However, such a hatldess only for the represen-
tation of the linear apparent behavior and of the appareitl tress value (Figure 1(a) and (b)
- plain black line). When extracting morphological data ama#ier regions of interest (ROI), the
apparent yield strain is retrieved as well (colored plamedi on the same figures). When using up
to 16 divisions per specimen, one can also retrieve the padyyield behavior showing apparent
softening of the specimens. For the trabecular antler bBiggi(e 1(c)), increasing the morpho-
logical accuracy allows a better representation of theodlinearity apparent behavior. While the
simulations using a large number of ROl show promising tesgbme effort has still to be done
on the convergence rate of these simulations as the saftenito well accounted for numerically.

4 CONCLUSIONS

We presented a homogeneous constitutive law based on mogidal data acquisition. It pro-
vides a non-linear model of the mechanical response of bkaenaterials, accounting for early
post-yield behavior of the structure. This constitutivedmlohas been applied to three materials
presenting bone-like morphology undergoing stepwise cesgion. Using this model for mor-
phological data extracted for regions of interests smalligh, one can retrieve not only the linear
behavior of the structure but also the apparent yield saiedstrain and early post yield softening.
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Figure 1: Computed (plain lines) and experimental (dashmess) forces [N] vs. compressive
engineering strains [-]. plain black : morphological datadmputed for 1 ROI per sample ; plain
blue : morphological data is computed for 8 ROI per samplainpled : morphological data is
computed for 16 ROI per sample
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