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Abstract

For the needs of forensic medicine the knowledge of mechanical behavior of the whole
bonesis of high importance. Mechanical properties, such as Young's modulus of elasticity
and Poisson’s ratio have already been measured using small pieces of bones, which is for
the needs of forensic medicine useless. Moreover, these characteristics are age-dependent
and therefore usually considered as the average comparative values. The aim of thework is
to describe the possible relationship between the mechanical fracture of the bonein relation
to age and sex for different bones and types of mechanical loading. For the assessment we
use both mechanical testing in vitro and mathematical modeling.

1 Introduction

The “traditional” conceptin bone biomechanicgs to assessnaterial propertiesof bonetis-
sueexperimentallyusingsmallspecimensBonetissueis thenconsideredo be homogeneous,
isotropicmaterialwith only two materialparameterso be describedYoung’s modulusof elas-
ticity E andPoissons ratio i. This approachhowever, is neglectingtwo importantaspectof
the bonetissue:its very high inhomogeneityandanisotropy, thatcould be describedasmate-
rial orthotrogy. While it is very difficult to includethe materialorthotrogy in the mathematical
modelsthereis a possibilityto useatleastvaryingisotropicmaterialpropertiegshroughouthe
boneaccordingto the varyingdensityof the bonetissue.

The informationon the bonetissuedensityis easyto obtaindirectly from the Computer
Tomographyscansor thereis alsoa betterpossibilitywith the help of bonedensitometry

Forensicmedicineis looking for anothelinformation: whatis theultimatestrengthin accor
danceto differenttypeof loading,differenttype of bone ,age,sex andvariousotherparameters.
Therefore the approactof consideringonly one parameteto describesucha variety of bones
would be just uselessand anotherapproachhasto be established.Experimentaimodelingis
very expensve and becausene are seekingthe ultimate valuesof strength(thereforeevery
specimenis destryed during the experiment)we decidedto useso called “mixed-method”.
The procedureincludesexperimentalmodelingusing three-pointbendingtestand numerical
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modelingof several otherloading conditionsthatwould be difficult to modelexperimentally
e.g.torque.

2 Methods

To assesshe mechanicapropertiesof a bonewe useboth experimentaland numericalmod-
eling. The cadaeric materialfor the experimenalstudy was obtainedfrom the Institute of
ForensicMedicine, 2" Faculty of Medicine, CharlesUniversity in Prague. Immidiately af-
ter extractionthe boneswerewrappedinto a towel wet with salinesolutionandfrozento the
temperaturef -18°C. Beforethe experiment.the specimensverethavedto theroomtemper
ature. ThetestingmasineusedwasInstron4301adjustedo therangeof 1000N.Experiments
proceedeaith the crossheadelocity setto 5Smm/min.

Figurel: Three-pointbendingtestof a specimen

Three-pointbendingtestis carried out for every specimen. The loading conditionsare
shavn in theFig. 1. Both the proximalanddistalendsof the bonearefixedin a specialdevice
enablingsmall elasticdeformationsof the supportsin the direction of the load. The elastic
deformationf the supportsaremeasuredThe specimerns alsoprestresseah the axial direc-
tion accordinglyto thebodyweight. Every specimens preconditionedor severalcompression
cyclesandthenfully loadedup to the failure to eliminatethe initial yeilding involving mi-
crostructuraldamage[l. To find out the placesof strain concentratiorleadingto the tissue
damagewe usestraingaugemeasurementFor every specimerwe evaluatethe stress-strain
relationshipto beincludedin thenumericalmodeling.
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Figure2: Preconditioningandforcevs. displacemendliagram



Everytestedspecimens scannedisingcomputeitomographydevice (SomatonPlus)anda
geometricaimodelof thatspecimens reconstructedThenwe conducta simplefinite element
analysiswith the3-D modelto obtainapredictionof thefailureload. Thesestepsareconducted
prior theexperiment.In thenumericalpartof thework, we reconstructhegeometricamodelof
every testedspecimerusingthe computertomographyscansandalgorithmssuchasMarching
CubesAlgorithm [2] andDelaunayspaceriangulation.MarchingCubesAlgorithm is capable
of reconstructiorof any organsurfacerepresentetdy a setof triangles.Becausehis algorithm
producesvery large amountof trianglesfor a simple organ(millions), we needto reducethe
numberof the verticesby applying Decimationalgorithm. This algorithmreduceghe number
of triangleseliminatingthe trianglesthat are co-planarandretriangulatinghe newv gap. Then
thevolumeof the organ(representedy the setof triangles)is filled with tetrahedraklements
usingthe Delaunaytriangulation. Becausehe mechanicapropertiesof the boneare depen-
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Figure3: Exampleof the numericalresults(three-pointbendigandtorque- o)

denton the tissuedensity it is possibleto defineYoung’s modulusfor every finite elementof
the modelasa function of apparentiensityobtainedfrom the appropriateCT-scanin theform
E = E(z,y,z p). We considerthe materialof the boneto be non-linearlyelastic, but with
materialpropertiesvarying throughoutthe bone. It is alsoknown thatthe materialproperties
of the cancellousonecanalsovary accordingto the strainrate[3], but this featureis not yet
includedin our models. The modelsprovide good predictionof the critical load accordingto
the experimentallymeasuredalues,but for betterunderstandingf the failure modea better
materialmodelis neccessaryo be considered.The mostimportantthing on the mathematical
modelingis thefact, thatwe areableto conductseveralloadingconditionson the samespeci-
men(FE model)sowe areableto specifydifferentloadingconditionsthatwould be difficult or
evenimpossibleto modelexperimentally

3 Resaults

Procedures$or bothexperimentalandnumericalassessmertf the materialpropertiesof bone
hasbeenshortly describedn the paper The describedalgorithmsenableaisto conductreally
broadrangeof experimentalandnumericaltestsandto derve hugeamountof dataneededo
specifyrelationshipbetweenthe ultimate stressof bonein accordanceo the type of loading
(and several otherimportantcharacteristicas mentionedearlierin the paper). We are able
to adaptthe numericalmodelto fit the experimentalresultsfrom the three-pointbendingtest
(especiallythe boundaryconditions)andto applythe otherload steps.

Sofar we areableto testlarge numberof bonesrequiredfor the statisticalevolution and
to conductthe numericalanalysesvith requiredspeedthanksto the described-econstruction



algorithms. As anotherexample,the field of the first principal stressesn caseof uniaxial
compressionestis presentean Fig. 4. The resultsfrom the numericalanalysisof the femur
well correspondo the experimentalanalysisdoneby Jirova et al [4]. We can concludethat
computertomography-basefihite elementmodellingcanbe successfullyusedin predictionof
thefailute of singleboneunderbroadrangeof loadingconditions.

Figure4: Principalstrainsand stressesn the femur (uniaxial compressiongxperimentalvs.
FEA results

Whatasfor the future, we would lik e to improve the mathematicatiescriptionof the bone
material,especiallythe materialorthotropy shouldbeincluded,but it is very difficult to define
the directionsof the orthotrophy We arealsoawareof the shortcomingof the testsasit is not
possibleto testthe samespecimerunderseveralloadingconditionsaswe are seekingfor the
ultimatevaluesandthereforeevery specimens damagediuringthetest.
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