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Abstract

For the needs of forensic medicine the knowledge of mechanical behavior of the whole
bones is 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 the work is
to describe the possible relationship between the mechanical fracture of the bone in 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 bonebiomechanicsis to assessmaterialpropertiesof bonetis-
sueexperimentallyusingsmallspecimens.Bonetissueis thenconsideredto behomogeneous,
isotropicmaterialwith only two materialparametersto bedescribed:Young’smodulusof elas-
ticity E andPoisson’s ratio � . This approach,however, is neglectingtwo importantaspectsof
thebonetissue:its very high inhomogeneityandanisotropy, thatcouldbedescribedasmate-
rial orthotropy. While it is very difficult to includethematerialorthotropy in themathematical
models,thereis apossibilityto useat leastvaryingisotropicmaterialpropertiesthroughoutthe
boneaccordingto thevaryingdensityof thebonetissue.

The informationon the bonetissuedensityis easyto obtaindirectly from the Computer
Tomographyscansor thereis alsoabetterpossibilitywith thehelpof bonedensitometry.

Forensicmedicineis lookingfor anotherinformation:whatis theultimatestrengthin accor-
danceto differenttypeof loading,differenttypeof bone,age,sex andvariousotherparameters.
Therefore,theapproachof consideringonly oneparameterto describesucha varietyof bones
would be just uselessandanotherapproachhasto be established.Experimentalmodelingis
very expensive and becausewe are seekingthe ultimate valuesof strength(thereforeevery
specimenis destroyed during the experiment)we decidedto useso called “mixed-method”.
The procedureincludesexperimentalmodelingusing three-pointbendingtestandnumerical
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modelingof severalother loadingconditionsthatwould be difficult to modelexperimentally,
e.g.torque.

2 Methods

To assessthe mechanicalpropertiesof a bonewe useboth experimentalandnumericalmod-
eling. The cadaveric material for the experimenalstudy was obtainedfrom the Institute of
ForensicMedicine, ���
	 Faculty of Medicine,CharlesUniversity in Prague. Immidiately af-
ter extractiontheboneswerewrappedinto a towel wet with salinesolutionandfrozento the
temperatureof -18� C. Beforetheexperiment,thespecimenswerethawedto theroomtemper-
ature.ThetestingmasineusedwasInstron4301adjustedto therangeof 1000N.Experiments
proceededwith thecrossheadvelocity setto 5mm/min.

Figure1: Three-pointbendingtestof a specimen

Three-pointbendingtest is carriedout for every specimen. The loading conditionsare
shown in theFig. 1. Both theproximalanddistalendsof thebonearefixedin a specialdevice
enablingsmall elasticdeformationsof the supportsin the direction of the load. The elastic
deformationsof thesupportsaremeasured.Thespecimenis alsoprestressedin theaxial direc-
tion accordinglyto thebodyweight.Everyspecimenis preconditionedfor severalcompression
cycles and then fully loadedup to the failure to eliminatethe initial yeilding involving mi-
crostructuraldamage[1]. To find out the placesof strainconcentrationleadingto the tissue
damagewe usestraingaugemeasurement.For every specimenwe evaluatethe stress-strain
relationshipto beincludedin thenumericalmodeling.
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Figure2: Preconditioningandforcevs. displacementdiagram



Everytestedspecimenis scannedusingcomputertomographydevice(SomatomPlus)anda
geometricalmodelof thatspecimenis reconstructed.Thenwe conducta simplefinite element
analysiswith the3-D modelto obtainapredictionof thefailureload.Thesestepsareconducted
prior theexperiment.In thenumericalpartof thework,wereconstructthegeometricalmodelof
every testedspecimenusingthecomputertomographyscansandalgorithmssuchasMarching
CubesAlgorithm [2] andDelaunayspacetriangulation.MarchingCubesAlgorithm is capable
of reconstructionof any organsurfacerepresentedby asetof triangles.Becausethis algorithm
producesvery large amountof trianglesfor a simpleorgan(millions), we needto reducethe
numberof theverticesby applyingDecimationalgorithm.This algorithmreducesthenumber
of triangleseliminatingthe trianglesthatareco-planarandretriangulatingthenew gap. Then
thevolumeof theorgan(representedby thesetof triangles)is filled with tetrahedralelements
usingthe Delaunaytriangulation. Becausethe mechanicalpropertiesof the bonearedepen-

Figure3: Exampleof thenumericalresults(three-pointbendigandtorque- 
�� )
denton the tissuedensity, it is possibleto defineYoung’s modulusfor every finite elementof
themodelasa functionof apparentdensityobtainedfrom theappropriateCT-scanin theform�������������������! #"

. We considerthe materialof the boneto be non-linearlyelastic,but with
materialpropertiesvarying throughoutthe bone. It is alsoknown that the materialproperties
of thecancellousbonecanalsovary accordingto thestrainrate[3], but this featureis not yet
includedin our models.Themodelsprovide goodpredictionof thecritical loadaccordingto
the experimentallymeasuredvalues,but for betterunderstandingof the failure modea better
materialmodelis neccessaryto beconsidered.Themostimportantthing on themathematical
modelingis thefact, thatwe areableto conductseveral loadingconditionson thesamespeci-
men(FEmodel)soweareableto specifydifferentloadingconditionsthatwouldbedifficult or
evenimpossibleto modelexperimentally.

3 Results

Proceduresfor bothexperimentalandnumericalassessmentof thematerialpropertiesof bone
hasbeenshortlydescribedin thepaper. Thedescribedalgorithmsenablesusto conductreally
broadrangeof experimentalandnumericaltestsandto derive hugeamountof dataneededto
specifyrelationshipbetweenthe ultimatestressof bonein accordanceto the type of loading
(andseveral other importantcharacteristicsasmentionedearlier in the paper). We are able
to adaptthe numericalmodelto fit the experimentalresultsfrom the three-pointbendingtest
(especiallytheboundaryconditions)andto applytheotherloadsteps.

So far we areableto test large numberof bonesrequiredfor the statisticalevolution and
to conductthe numericalanalyseswith requiredspeedthanksto the describedreconstruction



algorithms. As anotherexample, the field of the first principal stressesin caseof uniaxial
compressiontestis presentedon Fig. 4. Theresultsfrom thenumericalanalysisof the femur
well correspondto the experimentalanalysisdoneby Jírová et al [4]. We canconcludethat
computertomography-basedfinite elementmodellingcanbesuccessfullyusedin predictionof
thefailuteof singleboneunderbroadrangeof loadingconditions.

Figure4: Principalstrainsandstressesin the femur (uniaxial compression)experimentalvs.
FEA results

Whatasfor thefuture,we would like to improve themathematicaldescriptionof thebone
material,especiallythematerialorthotropy shouldbeincluded,but it is very difficult to define
thedirectionsof theorthotrophy. We arealsoawareof theshortcomingof thetestsasit is not
possibleto testthesamespecimenunderseveral loadingconditionsaswe areseekingfor the
ultimatevaluesandthereforeeveryspecimenis damagedduringthetest.
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