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ABSTRACT: Osteoporosis is a bone disease relataatj¢o it weakens bone structure by
deterioration of the trabecular architecture andcdeases the cortical envelop width and
increases its porosity. Hip fractures are the mogeurrent consequences of osteoporosis,
and are the cause of morbidity and increase the @tmortality. The fracture risk due to
osteoporosis, is undertaken with Dual-Energy X-rdysdkptiometry (DEXA) which is an
average of bone mineral density measurement, withaking into account the bone
structure.

The objective of this study was an experimentalttestlicit the human proximal femurs by a
physiological configuration (one leg stance phadewalking) to retrieve the clinical
osteoporosis fractures and analysis the contributid both cortical envelop and trabecular
bone in the strength of femur structure. For thiansversely isotropic finite element models
were developed from CT scan acquisition. The failo@d assessment was insured by
anisotropic yield behaviour criteria based on disian energy criterion (Hill's criterion) and
taking into account the difference between tensioth @@mpression yield properties (Tsai—
Wu’s criterion).

The results found in this study showed the sigmifiegpart of anisotropic yield behaviour of
bone on proximal femur. The difference between cesspn and tension behaviour of
human cortical bone, taken into account in the F@&i’s criterion, hold possible to predict
the failure load.

Key-WoRrDs 3D- reconstruction, finite element model, anispic yield behaviour.

1. Introduction

Osteoporosis is a worldwide health problem withwahbr00 fractures per day
only in Europe {orld Health Organisation Related to age, this disease weakens
bone structure by deterioration of the trabeculahitecture (Hajjar R.R., and
Kamel H. K., 2004) and also decreases the coréinaélop width and increases its
porosity (Bell el al., 1996). Hip fractures are tmre recurrent consequences of
osteoporosis, and are the cause of morbidity acr@ase the rate of mortality.

In spite of the important incidence on the publiealth, assessment of hip
fracture risk is usually undertaken with Dual-Ener-ray Absorptiometry
(DEXA), but this has the limitation that only thetegral bone mass and the areal



bone density (grams per square centimeter) can dssumed, without taking into
account the bone structure.

In order to improve the assessment of fracture fiskestigators have turned to
develop non—invasive methods based on densitomgtdperties of human bone
(Lockmuiller et al., 2002), geometric and structwadineering properties of human
proximal femur (Beck et al., 1990). These techniqueave been somewhat
successful, but their precision for estimating tinae load and identifying subjects
with high fracture risk is limited by their inahifi to take into account the complex
geometry, heterogeneity, and anisotropic behavabbhluman bone.

In order to obtain more sophisticated evaluationgazture load, finite element
models were developed in mechanical study of praki@mur. The finite element
models used linear analysis to assess the strassbdiion under physiologic
loading, in bone tissue (Lotz et al., 1991a), on tinear models of bone behaviour
to evaluate fracture loads (Lotz et al., 1991b,yd&eet al., 2002). Those models
don't take into account either the orthotropic bétar of human bone (Pithioux M.,
2000) or the anisotropic yield behaviour of hum@aZzayirlioglu et al., 1985).

Our aim was to develop an experimental test tocisalhe human proximal
femurs by a physiological configuration (one legnste phase of walking) and to
analyse the contribution of both cortical envelop &rabecular bone in the strength
of femur structure. For this, transversely isotcofinite element models were
developed from CT scan acquisition. The failuredl@ssessment was insured by
anisotropic yield behaviour criteria based on digia energy criterion (Hill's
criterion) and taking into account the differenegvileen tension and compression
yield properties (Tsai—Wu'’s criterion).

2. Material :

The study involved 3 proximal femurs of human denobtained from the
Anatomy laboratory of La Timone Hospital, MarseslleThe Femurs conservation
was insured by Winkler injection and a —20 °C fiegz CT scan of femurs was
performed by helicoid scanner acquisition with ,6&m native cuts thickness
(General Electric LightSpeed Pro 16, 140 Kv; Mebigwmgery service of LaTimone
hospital, Marseilles).

For testing in one leg stance position, femurs weeed by an Epoxy resin
device designed in PVC sleeves with respect of iplogical orientations in both
sagital and frontal planes. This device alloweddapt femurs to vertical loading
(fig.1). The mechanical testing was performed byiIMBTRON machine equipped
with cell load (measure loads going up to 1000 £&AKRN), under quasi—static load
with a controlled displacement (2mm/min). The logals applied on femora heads
with an indenter equipped with an elastomer ring dobetter repartition of load
within contact surface.



Figure 1: Fixation device of proximal femur :
1-screw 2-PVC sleeve 3-Epoxy resin F1 4-Treadkd ro

The CT scan was used to generate voxel finite elemedel by CT2FEM
(CT2FEM, 1996). This method allows to assign tohegenerated voxel, a density
described by grey level from CT scans. Thus, edement has an effective bone
density. The apparent density of the bone was [zl according to the method
described by Taylor et al., 2002.

Figure2. (a) Voxel based mesh model of the first femur.



Two separated tissues were considered in the madetical bone and
cancellous bone. The cortical bone was separated fthe cancellous bone by
apparent density threshold. For an apparent degsiigter than 0.2g/cm3, the bone
was considered cortical; under it was consideredelbous (Bessho et al 2006).

The cortical bone was considered transverselydpatr(Huiskes et al., 1981,
Katz and Meunier, 1987, Pithioux, 2000). In thisdab the cortical bone elastic
properties were calculated from density by a polaer described by Keyak et al.,
2005. The grey level reported in scanners waseelat apparent density by a linear
interpolation. The apparent density was then usezhlculate the Young modulus in
principal direction for cortical bone (Eqg. 1).

= :1490()061;55?k [1]

Moreover, the elastic properties of th& &lement in the other direction {E;
Gjx), were given function of the calculated Young moduin the principal
direction E;x) according to experimental data (Pithioux M., 2002

E,x = Esx = 06E;, ; Gy =Gy, = 025E,, [2]

The cortical bone was considered brittle with di#fece in tension and
compression. The longitudinal yield limit in compsé@n was correlated to apparent
density with Keyak’s power relation described in Eq{Keyak et al, 2005).

c _ 1,86
Ul.k _102papp,k [3]
By the same way, yield limits of thé"lelement and"i direction, in tension,

compression and shear, were given by empiric atiogl according to experimental
data reported by Pithioux M., 2002.

Cc _ T ..,C _ ~C _ C . — C
O-i,k - 20-|k ’02,k - JS,k - o'60-l,k ’O-ij k= Ozw-lk [4]

The cancellous bone was assumed to present adeafge-isotropy (Brown and
Ferguson, 1980), with strong variability accordiogstudied region. This variation
is strongly dependant on the orientation of tratexun this model, the spongy part
was considered isotropic and its elastic modulus @aculated from bone mineral
density by the Keyak’s power law (Eq. 1). The vadfi€oisson coefficient (= 0.3)
was taken from experimental data (Black and HastirP8).

E, =1490Q0;, (5]

The boundary condition and load case represergxperimental conditions. The
load was applied to a restricted region of the fexhbead as in mechanical tests
according to Yoshida et al. 2002. The governingagiqas of the model were solved
using standard finite element method (ABAQUS, HithhKarlsson and Sorensen,
Inc.).



The failure load fgg) was predicted by failure criteria and compared to
experimental results. The failure occurs when @ameht reach a limit define by a
stress function. The general form of failure fuontis

f(oy) =1 [6]

In this model, the Hill and the Tsai—-Wu criteria reveused. The first is an
extention to orthotropic materials of Von—Misesldeg criteria, the second is an
extension of Hill criteria taking into account tldfference in compression and
tension behaviour of cortical bone.

The general form of the Hill criteria for thé' element, in case of transversely
isotropic material is

f(0) =[F((gy,—0)° +(0;,-0,)") + H(oy, - 07,)° +

7]
+2L((7)" +(15)°) + 2N(7,)°T"

Where Ui'-(are the stress componerk8 elment andF, H, L and N are
coefficients calculated from yield limits of thikeenent.

2F =]/(Ufk)2 ;2H = 2/(0-;1()2 _]/(Ufk)z ;

(8]
2L :]/(0'12*)2 ; 2N :]/(Uzs,k)z

The general form for the Tsai—Wu criteria for tregsely isotropic material is
f(0) =[Fo. + Fy(0y, +0,) + Fi(04)* + Fyl(oy,)® +(0,)%) +

k k k k ~k k +k k ~kq1/
+ F66(Tyz)2 + F44((Txy)2 + (sz)z) + 2F12(Jxxayy + Jxxazz) + 2F230-yy0-zz v

[9]

WhereF; ; F,; F11; Fao; Fas ;Feg are coefficients calculated from yield limits of
K" element and-y, ; Fp3 are determined experimentally. In this model, thnare
accepted to be equal to zero.

F.=Yo -Yor ;F,=Yo;, -y o5, ;
Fi :]/(Jzkafk) ; Fyy :]/(J;,kazc,k) ; [10]
Fu=Y05 Fes =102,
3. Results

The three femurs sustained a sub—capital neckufieetith a vertical bifurcation
after rupture (fig.3). The failure force was 256dfX the femur—1, 300daN for the
femur—2 and was 466daN for femur—3.



Fig. 3. Rupture profiles obtained. (A) Rupture line of fenLwbserved by photo acquisition
system. (B) Schema of femur-1, femur—2 and femusp8ure profile.

The predicted failure loads estimated by Hill fedlwcriteria was 227daN for
femur-1, 368daN for femur-2 and 678daN for femurFBe Tsai—-Wu failure
criteria estimation was 244daN for femur—1, 248daNfemur—2 and 483daN for
femur—3. Figure 4 shows a comparison between axgetal and numerical failure
loads.

@ Exp OTsai_Wu mHill

Fig. 4. Experimental and numerical failure loads compari@aiN).

The location of the first element with reachedufel limit in both failure criteria
was in femoral neck. For femur-1, the element @aated in superior face of
cortical neck bone, at sub—capital section. Forféheur—2 and femur-3, the element
was located in inferior face of cortical neck boimegervical section (fig.5).



Fig. 5. Location of the first element with reached faillinait.

4. Discussion

The goal of this study was to assess the powenigbaopic failure criteria to
predict fracture load of the proximal femur. Foisththe strength of three femurs
was measured in—vitro by an original test, desigieedimulate one leg stance of
human walking. The results obtained were comparaiith those obtained in
vertical loading by Lochmiiller (44268daN for men, 2993daN for women).
Moreover, the rupture profiles obtained in this exgnce were close to the
clinically observed fractures (sub—capital necktinges, see Fig.3).

The finite element models used were CT scan basedels which elastic
properties were directly related to grey level obsd in scans. The cortical bone
was considered transversly isotropic to better kEiteuhe orthotropic behaviour of
human bone (Pithioux M., 2000). Furthermore, théufa criteria used were
designed for orthotropic materials, Hill’s critemiowith anisotropic yield behaviour
Tsai—Wu's criterion. For the first femur, the TSAl#'s and the Hill’s criteria have
the same prediction of failure. For the second #edthird femur, the Tsai-Wu's
criterion was more predictive than the Hill's criten. In comparable study, Keyak
et al., 2000, found that the Von—Mises’s criteriwas the most robust in failure
prediction. In spite of the fact that the Hill'siterion is an extension to orthotropic
materials of the Von Mises’s criterion, we havewhahat the recognition of the
difference between compression and tension behawbhuman cortical bone in
the Tsai—-Wu’s criterion,gave better prediction aildre load. In both criteria, the
first element reaching the failure limit was lochia cortical envelop of the femoral
neck, as observed experimentally in similar section

The results found in this study show the signifa@mart of anisotropic yield
behaviour of bone on proximal femur strength angeap in agreement with the
results found by Cezayirlioglu et al., 1985 fortomal bone samples under combined
loading.



Finally, the present work shows the results oféhiemurs. In further study six
other femurs tested under the same configuratioiisb& added to the present
results. Moreover, to improve the accuracy of ttigeiga models, an experimental
identification of Tsai—Wu’s criterion coefficientybcombined testing of cortical
bone samples may improve the rupture prediction.
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