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MechanicalpropertiesofAchillestendonsandage

YoshinaoNakagawa

Abstract

linvestigatedthemechanicalpropertiesofrabbitAchillestendon

frombirthtosenescence.Thecross-Sectionalareaandmaximumload

increasedwithgrowthandaging.Thesechangesmaybeinfluencedby

increaseinbodyweight.Thoughthetensilestrengthofmaturetendon

(67MPa)wasmuchhigherthanthatofimmaturetendon(23MPa),We

foundnocleardifferencewhenitwascomparedtothatofoldtendon(66

MPa),Theaverageelasticmodulusofmaturetendon(618MPa)was

higherthanthatofimmature(281MPa)andold(530MPa)tendon.The

averagesofelongationatfailurewereapproximately16% strainfor

Achillestendonfrom birthtosenescence.Theseresultssuggestthat

rabbitAchillestendonbecomesmuchstrongerandstifferthroughgrowth,

thenbecominglessstifffrommaturitytosenescence.

Introduction

InjuriestotheAchillestendonthrough sportorphysicalactivity

occurfrequently emphasizing the importance ofprevention.The

mechanicalpropertiesofthetendonplayanimportantroleinthe

aetiologyofsportsmedicineandhealthscience.

Limitedinvestigationontheeffectofexercisetrainingonthe

tensilestrengthofAchillestendonhasbeenreported.Viidik(1982)has

reportedthattheavulsionforceatthecalcaneous(muscle-tendoncom-
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plex)andtheultimateloadofisolatedAchillestendonincreasedafter

40-weeksoftraininginrabbits.Brafred(1971)showedahigherultimate

loadofAchillestendonforwildratsascomparedtodomesticrats.Also,

Vilartaetal.(1989)foundthattheAchillestendonofratsthathad

undergoneexerciseshowedhighertensilestrengthvaluesthanthatof

controlrats.Itseemsthattheseauthorsusedratherinaccuratemethods

formechanicaltesting;andinaddition,thesereportsdon'tanalyzethe

tensilepropertiesofthetissuesubstanceoftheAchillestendon.

Itiswellknownthattensilestrengthincreasesinthetendonwith

growth.Shadwich (1990)hasreportedthatmaturedigitaltendon

becomesmuchstronger,stiffer,lessextensible,andmoreresilientthanat

birth.Walkeretal.(1976)demonstratedincreasedstrengthandstiffness

withageincaninelegtendon,asdidHautandLittle(1972)forrattail

tendonduringaging.Similardataforthedigitaltendonofminiature

swinehasbeenproposedbyWooetal.(1980).Themechanicalproperties

ofAchillestendonareanimportantaspectincrashoriI血ryresearch,but

age-dependentchangesinthemechanicalpropertiesofAchillestendon

remainunknown.Wooetal.(1980,1982)measuredstrainwithavideo

dimensionanalyzerandshowedthetensilestrengthofisolateddigital

tendoninminiatureswineusingnewerapproachesandtheories.We

havemadesimilarmeasurementsonrabbitAchillestendon.

Thepurposeofthisstudyistoexaminethemechanicalproperties

ofrabbitAchillestendonfrombirthtosenescence.

Materia一sandMethods

lmmature[n-4,age3wk,weight380±28(SE)g],mature(n-4,8-

10month,4.1±0.3kg),andold(n-5,4-5yrs,5.1±0.2kg)Japanesewhite

rabbitswereobtainedfromAgingColonyfromHakkaidoUniversityand
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Weretreatedaccordingtotheirguidebookforthecareanduseof

laboratoryanimals.Therabbitsweremaintainedindividuallyincages

(30×48×35cm).Theywerehousedatanambienttemperatureof23oC,

placedona12:12hourlight-darkcycle,andprovided女ithstandard

rabbitchowandwateradlibitum.Theanimalswereanesthetizedwith

pentobarbitalsodium(5mg/100g)injectedintoanearvein.Aftersacri-

fice,theirlefthindlimbswereresected,wrappedingauzesoakedina

salinesolution,givenafurtherwrappingofplasticfilm,andthenstored

at-320Cuntiltesting.Topreparefortesting,thespecimenswerefirst

thawedovernightat40Candthenatroomtempertureonthetestdate.

TheAchillestendonwasthencutatthecalcaneusandmuscle-tendon

junctioninabout5cm (matureandoldtendons)and2.5cm (immature)

lengthstobeusedastestspecimensandthesurroundingtissueswere

removed.Carewastakentokeepthetendonmoistatalltimesduring

measurement.

Thecross-ssectionalareaoftheisolatedAchillestendonwas

measuredatauniformpressureof0.12MPausinganarea一micrometerat

theproximal,middle,anddistalregions,andthentheaveragecross-

sectionalareawasCalculated(Yamamotoetal･1992)･Eachsectionof

tendonwasmarkedwithacenterlinecrosswisetoit'slength,followedby

twomoreparallellinesatadistanceof5mmbothdistalandproximal

fromthisfirstlineusingadye(nigrosine).Theoutertwolineswereused

asgauge-lengthmarkersfordetermlnlngthesurfacestraininthesub-

stanceofthetendon.Strainmeasurementsweremadeusingavideo

dimension analyzer(VDA)(HTV-C1170,Hamamatu PhotonicsCo.)

(Fig.1).

Specialclampsweredesignedandusedsothatnoslippingoccured

whenthetendonwasstretched.Thisclampingsystemwasdesignedso
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thatthetensileloadapplieddirectlyinthelongitudinaldirectionofthe

tendonsubstance.Thetendonspecimenwasthenclampedandmounted

onaconventionaltensiletester(PTM-250W,OrientecCo.,Tokyo).The

gripsweresetatadistanceof20mm.Apreloadof0.5Nwasappliedso

thatthetendonwasnotlaxatthebeginningofthetest.TheAchilles

tendonwassubjectedto10cyclesofpreconditioningforeachtendonatan

extensionrateof20mm/min.Then,atesiletestwasperformedatthe

sameextension.Duringthemechanicalteststhetendonwaskeptmoist

withasalinesolutionatroomtemperature.Forcewasmeasuredcontin-

uouslybyastraingaugeloadcell.Bothtensileloadandstraindatawere

recordedonanX-Yrecorder.Fromthesedata,thestress-straincurves,

maximum load,tensilestrength,andelongationatfailurewerecalcu-

lated.Inallthetests,thetensile.Stresswascalculatedasthetensile

force(inNewton)/cross-sectionalarea(inm2)andexpressedinmegapas-

cal(1MPa-106N/m2). Thestrainwascalculatedasthechangeinthe

length/initiallength,asmeasuredbetweenthetwosurfacemarkersin

thetestswiththevideodimensionanalyzer.Thevideoinformationwas

taperecordedandcanbeusedforrepeatedstrainanalysisifnecessary.

Theelasticmodulus,ameasureoftheelasticstiffnessofthetendon,was

calculatedasthegradientofthestress-straincurve(usingthelinearofthe

toepart)andexpressedinmagapascal.

SinceAchillestendoniscomposedofthreeseparetetendons

(medialandlateralgastrocnemiustendonsandsoleustendon),tensile

testswereperformedforeachtendon.Foreachsectionoftendona

portionof10mminlengthwascutlengthwisefromboththerightandleft

sidesbetweenthenigrosinemarkesmadepreviouslyinordertocause

failureofsubstance.Thetendonthicknessremalnlngbetweenthem

measuredabout1mm inwidth.ForthewholeAchillestendon,the
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maximumloadwasshownasthesumoftheaveragevaluesofthethree

separatetendons;theothermechanicalpropertieswasshowninthethree

separateaveragevalues.

Student'spairedt-testwasusedforthestatistics.P<0.05was

takenasstatisticallyslgnificant.

Results

lnallthetensiletests,failureofmidsubstanceinthetendon

occured.Figs.2-7Showthedataforeachmechanicalproperty.The

measurementoftendonsizeandmaximum loadshowedanincrease

duringage(Figs.3and4).Thecross-Sectionalareaandmaximumload

oftendonwashigher(p<.01)inmaturetendonthaninimmaturetendon,

butlowerinoldtendon.Fig.2showstheaveragestress-straindatafor

immature,matureandoldtendon.Thestress-Straincurveexhibiteda

lineartoeregion.Afteranapproximately3-7%strain,thestress-Strain

curveischaracterizedbylowstiffness(i.e,arelativelylargeincreasein

strainwithasmallincreaseinstress).Alltheregionsshowedagradual

increaseinstiffnesswithincreaslngStrain.Theelongationatfailure

obtainedfrom tendonareshowninFig.5.Therewerenosignificant

differencesinelongationatfailureamongthethreegroups.Fortensile

strength,significantdifferenceswereobservedintendonsubstance

betweentheimmatureandtheothertwogroups(p<.01).Theaverage

tensilestrengthinthemature(67MPa-682kg/cmZ)groupwashigher

thanthatinimmature(23MPa-235kg/cm2) andold(66MPa-673

kg/cm2)groups(Fig.6).Theelasticmodulusisshownbytheslopeofthe

stress-straincurveinFig.7.Therewerenosignificantdifferences

amongthethreegroups.Theaverageelasticmoduluswashighestin

maturetendon(618MPa)comparedtothatinimmature(281MPa)and
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Fig.1Experimenta一apparatususedtodeterminethemechanicalp｢ope｢ties
ofAchiHestendon.
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Fig.2 Stress-StraincurvesofthemechanicalpropertiesofAchillestendon

withaging.Valuesareexpressedasmeanandstandarde｢｢o｢･
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Fig.3 Changesinthecross-Sectiona一areaofAchillestendonduringaging.

Valuesareexpressedasmeanandstandarderror.*Significant
differencefrom3wk-oldrabbits(p<.01).#Significantdifferencefor
between8-10mon-oldand4-5yr-oldrabbits(p<.01).
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Fig.4 Changesinthemaximum loadofAchiHestendonduringaging･Values

areexpressedasmeanandstandarderror.*Significantdifference
from 3wk-oldrabbits(p<.01).
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Fig･5 ChangesintheelongationatfailureofAch川estendonduringaging･
Va山esareexpressedasmeanandstanderderror.
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Fig･6 Changesinthetensi一estrength ofAchillestendon during aging･

Valuesareexpressedasmeanandstandarderror･*Significant
differencefrom 3wkl0ldrabbits(p<.01).



MechanicalpropertiesofAchillestendonsandage 263

0nU6

(p
d
jW

0

0

0

0

4

2

S
n

rn
P
O
L
u

a
.[]
SeJ3

3wk 8-10mon 415yr

Fig.7ChangesintheelasticmodulusofAchiHestendonduringaging.Values
areexpressedasmeanandstandarderror.

old(530MPa)tendons.

Discussion

Themainpurposeofthisstudywastostudythemechanical

propertiesofrabbitAchillestendonfrombirthtosenescence.Inallthe

teststhebreakoccurredinthecentralregionofthetendon.Typical

stress-Straincurvesobtainedfromtensileforcetestsonthetendonconsist

ofaconcavetoepartwitharapidlyincreasingslope,thenimperceptibly

becominglinearwithonlyaslightlyincreasingslope(Wooetal.1980).

However,inthisstudy,thestress-Straincurvesarecharacterizedaby

sigmoidcurve.Thatistosay,thestress-Straincurvesexhibitedlinear

behaviorwithaninitialportioncharacterizedbyhighstiffness.After

abouta3-7%strain,lowerstiffnessvalueswerereached.Asimilardata
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forequinetendonhasbeenproposedby(ReimersmaandSchamhardt

1985).Thereasonthatourresultsdifferfromthesedatamaybedueto

thetrimmingofthetendonperformedinthisexperiment.

Age-dependentalterationsinthetensilestrengthofotherkindsof

mammaliantendonhavebeen reported.Forexample,thetensile′

strengthofhumantendonincreasesfrom30MPaininfantsto100MPain

adults(Elliot1965).Viidik(1982)demonstratedthetensilestrengthofrat

tailtendontobe30MPaat1monthincreasingto100MPaat4months.

Similarly,increasingtensilestrengthduringgrowthincaninelegtendons

(Walkeretal.1976)andthedigitaltendonofminiatureswine(Wooetal.

1982)hasalsobeenreported.Skeletallymaturerabbitswereusedinthis

study.Withgrowth,thetensilestrengthofmaturetendonwasmuch

higherthanthatatbirth;whereasthetensilestrengthofoldtendonwas

notfoundtobeclearlydifferentfromthatofmaturetendon.Changesin

tensilestrengthreachedaplateau(unchanging)formmaturitytooldage.

Severalinvestigationshavereportedanonuniformstrainonten-

don.Wooetal.(1981,1982)reportedanaveragefailurestrainof9%for

digitaltendoninadultswine.Herricketal.(1987),wholoadedthewhole

leginvitro,stateda12%Strainforthedigitaltendonoftheforelimbof

ahorse.InthisexperimentonAchillestendon,age-relatedalterationsin

theaverageelongationatfailurewereequivalentto15.7%atimmaturity,

16.3%atmaturityand16.3%atoldage.Comparedtotheotherstudies,

WefoundAchillestendontobehighlyextensileduringgrowthandaging.

Theelasticstiffnessoftendoncanbededucedfromthedependence

oftheelasticmodulus(i.e.theslopeofthestress-straincurve).Walker

etal.(1976)foundanincreasedstiffnesswithage.Also,Viidik(1982)

mentionedanincreaseintheelasticmodulusofrattailtendonthrough

growth.Inourdata,thetrendfortheaverageelasticmodulusofmature
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tendontobehigherthanthatofimmatureandoldtendonseemsto

correlatemarkedlywiththebiologlCalageoftheanimals.

Thecross-Sectionalareaandmaximumloadincreasedfrombirth

tosenescence.Thesechangesmaybeinfluencedbyphysiologicalage,

increaseinbodyweight,Orgroundreactionforcewithgrowthandaging,

ratherthanbythegeneralincrease(ingrowth)anddecrease(insenes-

cence)ofmetabolicactivities.

Ithinkthatindividualvariationsinthemorphologicalandbio-

chemicalfactors,alignmentofthecollagenfibrils,tissuedistortionand

anatomicallocomotionscontributetothedifferencesinthemechanical

propertiesoftendon.Duringgrowth,tendonhasamuchhighertendon

size,maximumload,tensilestrengthandelasticmodulusthanatimmatu-

rity.From maturity tosenescencethemechanicalparametersof

Achillestendonalmostshowedaplateau,butstiffnesswaslower.These

resultssuggestthatrabbitAchillestendonbecomesmuchstrongerand

stifferthroughgrowth,andlessstiffwithsenescence.

IamgratefultoProfessorK.Hayashi(OsakaUnivリDept.Mechanical

Engineering)andProfessorK.Nagashima(HokkaidoUniv.SchoolofMedicine)

fortheuseoftheirlaboratoryfacilitiestocarryoutportionsofthisworkand

toDr.N.Yamamoto(OsakaUniv.,°ept.MechanicalEngineering)fortechnical

help.
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