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Tama opinndytetyo tehtiin biohajoavia implantteja valmistavalle Inion Oy:lle. Opinnay-
tetyon tarkoituksena oli valmistaa standardoidut menetelméohjeet biohajoavien implant-
tien mekaaniseen testaukseen. Tyon lahtokohtana oli Inion Oy:n tarve saada Kirjalliset
3-pistetaivutus-, 4-pistetaivutus- ja leikkausstandardit biohajoaville materiaaleille ja
tuotteille. Ty6ssa haluttiin todentaa oikeiksi aineenkoetuskoneen ohjelman kayttdmat
laskukaavat eri parametreille etsimalla parametreille laskukaavat ja laskemalla niiden
arvot manuaalisesti biohajoavan aihion eri muodoille. Tydssa haluttiin lisaksi maarittaa
oikea piste materiaalin myotokohdaksi taivutuskokeissa biohajoaville tuotteille ja mate-
riaaleille. Tyon tavoitteena oli myds luoda naille mekaanisille kokeille siséiset mene-
telmapohjat aineenkoetuskoneen ohjelmaan.

Aineenkoetuskokeen ohjelman kéyttamat laskukaavat eri parametreille todennettiin oi-
keiksi vertaamalla manuaalisesti laskettuja tuloksia ohjelman antamiin tuloksiin. Bioha-
joavan materiaalin myotokohdan laskentakaava taivutuskokeissa saatiin myos maaritet-
tya tuotteille ja materiaaleille. Luodut sisdiset menetelméohjeet 3-pistetaivutuskokeelle,
4-pistetaivutuskokeelle ja leikkauskokeelle hyvaksyttiin ja niitd tullaan kéyttdmaan Ini-
on Oy:ssa. Mekaanisten kokeiden sisdiset menetelmapohjat saatiin myés luotua aineen-
koetuskoneen ohjelmaan.

Tyossa luotujen mekaanisten testien sisdiset menetelmépohjat mahdollistavat aineen-
koetuskoneen ohjelmaan vahemmankin perehtyneen henkilon sujuvan materiaalien ja
tuotteiden mekaanisen testauksen. Opinndytetyon tuloksena syntynyt Kirjallisuusmalli
menetelmdohjeille voi toimia jatkossa kirjoitettavien menetelmdohjeiden kansainvalise-
nd mallina.
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This thesis was made in cooperation with Inion Co. The purpose of the thesis was to
produce standardized procedure instructions for mechanical testing of biodegradable
implants. The starting point of the thesis was the need of Inion Co to have written me-
chanical testing procedure instructions of three-point and four-point bending test and
shear test for biodegradable materials and products. In the thesis, the aim was to manu-
ally authenticate the equations of the parameters that the material testing machine uses
for different shapes of the biodegradable rods. Another aim was to determine the actual
yield point in bending tests of biodegradable products and materials. The objective of
this study was also to create internal procedure bases of mechanical testing to the soft-
ware of the material testing machine.

The equations for different parameters used by the software of material testing machine
were authenticated by comparing the manually calculated results to the results given by
the software of material testing machine. The equation of actual yield point in bending
tests for different biodegradable materials and products was also determined. The creat-
ed internal procedure instructions for both three-point and four-point bending test and
shear test were approved and they will be used in Inion Co. The internal procedure ba-
ses of mechanical testing were also created to the software of material testing machine.

The created internal procedure bases of mechanical testing enable people to do mechan-
ical testing easily and smoothly. In the thesis produced literature model of procedure
instructions can act as a model for further written international procedure instructions.

Key words: mechanical testing, implant, biodegradable.
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1 JOHDANTO

Kirurgisia siirranndisia eli implantteja valmistetaan ladketieteen sovelluksiin muovista,
metallista, keraamisista materiaaleista sekd biohajoavista polymeereistd. Muovisia ja
metallisia implantteja on ollut markkinoilla useiden vuosikymmenten ajan, kun taas
biohajoavasta muovista valmistetut implantit ovat osa uuden ajan polymeeriteknologiaa.
Kéytettaville implanttimateriaaleille ja -tuotteille tehd&d&n viranomaisten vaatimia me-
kaanisia aineenkoetuskokeita, joilla méaaritetddn niiden ominaisuuksia ja mekaanista
kestavyyttd. Metallisille ja eraille muovisille implanteille on olemassa kansainvéliset
standardoidut mekaanisen aineenkoetuksen menetelmaohjeet, mutta johtuen biohajoavi-
en implanttien uutuudesta ladketieteessa, ei biohajoaville implanteille ole vield olemassa
kansainvélisia mekaanisen aineenkoetuksen menetelméohjeita. Implanteille tehtavét
mekaaniset aineenkoetuskokeet ovat samat kaikille materiaaleille, mutta kokeiden pa-

rametrien arvoja sovelletaan testattavan implantin ja sen materiaalin mukaan.

Opinnaytetyon tarkoituksena oli valmistaa standardoidut sisdiset menetelméohjeet bio-
hajoavien implanttien mekaaniseen testaukseen 3- ja 4-pistetaivutuskokeelle ja leikka-
uskokeelle. Luotujen menetelmdohjeiden tuli mukailla sisélloltd&dn metallisien ja muo-
visien implanttien kansainvélisia ASTM- ja ISO -standardeja, joita yrityksessa oli ai-
emmin sovellettu biohajoavien implanttien mekaaniseen testaukseen. Tydssa tehtiin
mekaaniset testit biohajoavalle pyoredlle aihiolle ja lattalevylle, jotta voitiin todentaa
oikeiksi aineenkoetuskoneen ohjelman haluttujen parametrien arvot laskemalla paramet-
rien arvot manuaalisesti. Tydssd haluttiin myds maarittdd oikea piste biohajoavan im-
plantin myo6tokohdalle luomalla laskukaavat pisteen maarittamiseksi erilaisille kokeille
ja materiaaleille. Tyossé haluttiin lisaksi luoda sisdiset mekaanisen testauksen menetel-
mapohjat 3- ja 4-pistetaivutuskokeille sekd leikkauskokeelle aineenkoetuskoneen oh-
jelmaan. Kaytannossa tdma tarkoittaa tyhjia testipohjia, joissa on kaikki yleisimmét pa-

rametrit valmiina materiaalien tai tuotteiden aineenkoetuskokeita varten.

Opinnaytety6 tehtiin biohajoavia implantteja ja kirurgisia sovelluksia valmistavalle Ini-
on Qy:lle, jonka laboratoriossa suoritettiin menetelmaohjeiden kirjoittamista varten teh-
dyt mekaaniset aineenkoetuskokeet biohajoavalle aihioille. Luodut menetelmé&ohjeet

tehtiin yleisimmin kéytossé oleville implanttien mekaanisille aineenkoetuskokeille.



2 BIOHAJOAVAT IMPLANTIT

2.1 Biohajoavat polymeerit

Biohajoavilla polymeereilla tarkoitetaan polymeerejd, jotka hajoavat elimistossa ja pois-
tuvat elimistOsta aineenvaihdunnan mukana. Synteettiset biohajoavat polymeerit hajoa-
vat elimistosséd mikrobien, veden, lammon ja kosteuden vaikutuksesta pieniksi partikke-
leiksi ja edelleen monomeereiksi, jotka poistuvat elimistdsta aineenvaihdunnan mukana
erittyméll& tai metaboloitumalla. (Middleton & Tipton 2000, 2342.) Hajoamisen seura-
uksena polymeerit menettdvat molekyylipainoaan, mika saa aikaan materiaalin mekaa-
nisten ominaisuuksien heikkenemisen (Waris ym. 2004, 674). Nama biohajoavat poly-
meerit ovat laaketieteen sovelluksissa kéytettavia synteettisia polymeerejd, joista val-
mistettavien tuotteiden poistoon elimistdsta ei tarvita Kirurgisia toimenpiteitd (Michaeli
& von Oepen 1992, 21).

Laaketieteen sovelluksissa yleisimmin kéytetyt polymeerit ovat polyestereitd, jotka
koostuvat glykolidin ja laktidin homopolymeereista tai kopolymeereistd (Middleton &
Tipton 2000, 2336). Ominaisuuksiltaan erilaisia biohajoavia kopolymeereja on mahdol-
lista sekoittaa toisiinsa, jolloin materiaalille saadaan mahdollisimman hyvét ominaisuu-
det kayttokohteeseensa. Sekoittamalla jaykkia ja elastisia kopolymeereja toisiinsa voi-
daan parantaa materiaalin mekaanisia ominaisuuksia, jolloin muutoin lujasta, mutta hau-
raasta materiaalista saadaan lujia ja sitkeitd materiaaleja, joista voidaan valmistaa mm.
muotoiltavia levyjd. Seostamalla kopolymeereja voidaan myos optimoida materiaalin

hajoamisnopeutta k&yttokohteen mukaan. (Pohjonen 2013b.)

2.2 Implanttimateriaalit

Biohajoavissa implanteissa eli Kirurgisissa siirrdnnéisissa yleisimmin kaytetyt biohajoa-
vat synteettiset polymeerit ovat maitohapon alifaattiset polyesterit polylaktidi (PLA) ja
polyglykolidi (PGA), joista kdytetddn molempia maitohapon peili-isomeereja (L ja D)
sekd polytrimetyleenikarbonaatti (PTMC). Muita kaytettdvia polymeereja ovat mm.
poly-e-kaprolaktoni (PCL) sekd PLA:n ja PGA:n kopolymeeri PLGA. (Pohjonen
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2013a.) Lapsilla kaytetddn nopeammin liukenevia implantteja, jotka valmistetaan poly-

glykolidin ja polylaktidin kopolymeerista (Waris ym. 2004, 673-674).

Implanttimateriaalit ovat rakenteeltaan kiteisia tai amorfisia. Implantin materiaali vali-
taan kayttokohteessa tarvittavien mekaanisten ominaisuuksien seka toivotun hajoamis-
ajan mukaan. Puolikiteisilla polymeereilld on parempi vetolujuus ja ne ovat jaykempié
kuin amorfiset polymeerit johtuen puolikiteisen polymeerin s&&nnollisista jatkuvista
yksikoistd, jotka antavat ketjujen laskostua tiiviiksi alueiksi eli kidealkioiksi. Mikéaéan
polymeeri ei voi olla kokonaan Kiteinen, joten jokaisessa materiaalissa on amorfisia
alueita. Puolikiteisestd polymeeristd pystytadn muotoilemaan aihioita tai valamaan kap-
paleita, kun polymeerin lampdétila nousee yli sen sulamispisteen. Rakenteeltaan amorfi-
silla polymeereilléd ja puolikiteisten polymeerien amorfisilla alueilla on lampétila, jota
kutsutaan lasisiirtymaksi, jossa polymeerin fysikaalinen rakenne muuttuu. Polymeerin
ylittdessa lasisiirtymalampdétilan se on olomuodoltaan kumimainen ja alittaessaan lam-
potilan polymeeri muuttuu lasimaiseksi. Mikéli amorfisen polymeerin lasisiirtymalam-
potila on elimiston lampdtilan suuruinen, polymeeri on pehmeampi ja muovattavampi
implantoituna kuin mitd se on huoneenlamma@ssa. Namé ominaisuudet voivat vaikuttaa
implantin mekaanisiin ominaisuuksiin seké hajoamisaikaan. (Middleton & Tipton 2000,
2340.)

2.2.1 Polylaktidit (PLA)

Polylaktidi on synteettinen elimistdssa liukeneva maitohapon syklinen dimeeri, jota
valmistetaan renkaanavauspolymerisaation avulla kahden maitohappomolekyylin (2-
hydroksipropaanihappo) muodostamasta dimeeristd, dilaktidista (3,6-dimetyyli-1,4-
dioksaani-2,5-dioni). Polylaktidia tavataan kolmena optisena isomeering, L-muotona
(PLLA), D-muotona seké raseemisena D, L-laktidina (PDLLA). (Middleton & Tipton,
2000, 2337; Gunatillake & Adhikari 2003, 4.) Polylaktidin L-muoto esiintyy luonnos-
taan ja D, L-muoto on synteettisesti valmistettu D- ja L-laktidin sekoitus. L-muoto on
puolikiteinen polymeeri, sill4 on korkeahko sulamispiste (173-178 °C) ja sen hajoami-
nen elimistossa kestaa yli kaksi vuotta, joten sitd kdytetdan yleisesti murtumien kiinnit-
tdmisessd ja pehmytkudosten, kuten janteiden kiinnittdmisessa luuhun. (Polso 2008, 11—
12.) Polylaktidin L-muodon k&ytté implanttimateriaalin komponenttina parantaa mate-

riaalin lujuutta ja pidentaa lujuuden séilyttamista (Pohjonen 2012).
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Polylaktidin D, L-muoto on rakenteeltaan amorfinen ja sen kayttd implanttimateriaalin
osana rikkoo kiteisyyttd ja hidastaa implantin hajoamista (Polso 2008, 12; Pohjonen
2012). D, L-muodon hajoamisaika elimist6ssa on vuodesta puoleentoista vuoteen. Tyy-
pillisesti sitd kaytetadn ladkevalmisteissa (Polso 2008, 12). Polylaktidi on hyvin ku-
dosyhteensopiva ja elimiston hyvin sietdma materiaali, koska sen hajoaminen tapahtuu

normaaleja aineenvaihduntareitteja pitkin soluravinteiksi (Térmél&d ym. 2003, 59).

2.2.2 Polyglykolidit (PGA)

Polyglykolidi on yksinkertaisin lineaarinen alifaattinen polyesteri, jota valmistetaan
renkaanavauspolymerisaatiota kayttden. PGA on osittain kiteinen (45-55%), silla on
korkea vetolujuus ja korkea sulamispiste (220-225°C), mika vaikeuttaa materiaalin pro-
sessointia. Polyglykolidi ei liukene useimpiin orgaanisiin liuottimiin sen voimakkaan
kiteisen rakenteen takia, mutta liukenee hyvin fluoripitoisiin orgaanisiin liuottimiin.
Polyglykolidin kuidut ovat todella lujia ja niill& on suuri Kimmomoduuli, mutta ne ovat
kuitenkin liian jaykkia kaytettavéksi kirurgisissa ommellangoissa yksistaan, joten sita
kopolymerisoidaan muiden monomeerien kanssa, jolloin siitd saadaan vahemman jayk-
k& materiaali kéytettavaksi ommellangoissa. Polyglykolidia kdytetddn myds mm. osteo-
synteesivalineissd ja kontrolloidussa ladkkeen luovutuksessa. (Middleton & Tipton
2000, 2335-2336; Torméla ym. 2003, 58-59.)

2.2.3 Polytrimetykleenikarbonaatti (PTMC)

Polytrimetyleenikarbonaatti on amorfinen ja biohajoava polyesteri. Silla on matala lasi-
siirtymélampétila (-14 — -20 °C), korkea molekyylipaino sekd kumimaisia ominaisuuk-
sia huoneenlammaossa. (Song ym. 2009, 1270; Burdick & Mauck, 2011, 96.) Polytrime-
tyleenikarbonaattia voidaan valmistaa renkaanavauspolymerisaation avulla omista syk-
lisistd dimeereistddn. Elimistossé se hajoaa vaarattomiksi yhdisteiksi hydrolyysin ja
entsyymitoiminnan avulla. (Polso 2008, 15.) Polytrimetyleenikarbonaattia kaytetaan
hyvin vahan puhtaana polymeerind, sen sijaan sitd kdytetddn kopolymeerikomponentti-

na implanteissa (Pohjonen 2013b).
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2.3 Implantin hajoaminen elimistéssa

Biohajoavien polymeerien hajoaminen elimistdssa tapahtuu yleensa hydrolyysin vaiku-
tuksesta, jolloin polymeeri hajoaa monomeereikseen, jotka poistuvat elimistosta eritty-

malla tai metaboloitumalla (Polso 2008, 18).

Biohajoava polyesteri hajoaa elimistdsséd depolymeroitumisen kautta neljéssa eri vai-
heessa. Ensimmaisesséd vaiheessa implantin rakenteeseen tunkeutuva vesi rikkoo poly-
meerin molekulaarisia sekundaarisidoksia. Polymeerin alkaessa hajota, sen moolimassa
pienenee, jolloin materiaalin mekaaniset lujuusominaisuudet huonontuvat. Materiaaliin
alkaa muodostua sargja, kun sen lujuus laskee likimain nollaan, jonka jalkeen se mure-
nee pieniksi paloiksi. Seuraavassa vaiheessa, jolloin materiaalin massa alkaa pienentyé,
vesi pilkkoo pitkia polymeeriketjuja lyhyemmiksi vesiliukoisiksi fragmenteiksi. Kol-
mannessa vaiheessa materiaalin moolimassa pienenee sellaiselle tasolle, jossa materiaali
muuttuu geelimaiseksi. (Térmald ym. 2003, 58-59.) Viimeisessd vaiheessa polymeeri
pilkkoutuu monomeereiksi, jotka metaboloituvat luonnollisten aineenvaihduntareaktioi-
den kautta vedeksi ja hiilidioksidiksi (Térmald ym. 2003, 59; Inion Oy 2013).

Biohajoavien polymeerien hajoamisreaktioon elimistossa vaikuttavat useat eri tekijat,
kuten polymeerien kemiallinen koostumus, rakenne, moolimassa, hydrofiilisuus, steri-
lointimenetelmd, puhtaus, Kiteisyys ja huokoisuus. Implantin ollessa biologisessa ympa-
ristossd, sen hajoamisnopeuteen vaikuttavat myds entsyymitoiminta, verenkierto, ai-

neenvaihdunnan nopeus ja mekaaninen rasitus. (Pohjonen 1995, 97.)

2.4 Biohajoavat implantit

Laaketieteellisissa sovelluksissa kaytetddn erilaisia biohajoavista polymeereistéd valmis-
tettuja implantteja, joilla on erilaisia kayttokohteita elimistossa. Niitd voidaan kayttaa
korvaamaan, yhdistdaméén ja tukemaan kudoksia, ohjaamaan kudosten kasvua seka erot-
tamaan kudoksia toisistaan. Biohajoavasta materiaalista valmistettuja implantteja kayte-
t&d4n mm. haavan sulkemisessa, verisuonikirurgiassa, kosmeettisessa kirurgiassa, kudos-
ten korjauksessa ja la&keaineen viemisessd elimistoon esimerkiksi antibioottiruuvilla.
(Pohjonen 2012.) Yleisimmin valmistettuja implantteja ovat ommellangat, ruuvit, levyt

ja pinnit (Pohjonen 2013b). Biohajoavan implantin materiaali ja muoto valitaan hoidet-
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tavan kudoksen paranemisnopeuden ja tyypin mukaan (Middleton & Tipton 2000,
2336).

Biohajoavan implantin kayton edellytyksenéd on kudoksen paraneminen niin, etta jossain
vaiheessa implantti j&a tarpeettomaksi. Implantin tulee liueta kayttokohteessaan kaytto-
tarkoituksen mukaisesti, jonka vuoksi erilaisissa kayttokohteissa kéytetdan liu-
kenemisominaisuuksiltaan erilaisia implantteja. Implantti ei saa menettdd mekaanista
lujuuttaan ennen kuin korjattava kudos on parantunut, mutta materiaalin on havittava
riittdvan pian luutumisen jalkeen, jotta kudoksen kasvu ja muokkaantuminen eivat hai-
riintyisi. (Waris ym. 2004, 674.) Parantumisen aikana implantti menettd4 lujuuttaan
asteittain luovuttaen rasitusta luulle. Implantti hajoaa itse samanaikaisesti ja poistuu
elimistdstd, kun kudos on parantunut. (Claes 1992, 41; Waris ym. 2004, 673.) Bioha-
joava implantti liukenee, joten implantin poistoleikkausta ei tarvita, miké vahentda kus-
tannuksia, potilaalle aiheutuvaa kipua ja infektioriskid (Suuronen & Asikainen 2004,
2003).

Inion Oy kehittda ja valmistaa biohajoavia laéketieteellisia implantteja sek& muita bio-
materiaalien kirurgisia sovelluksia kasvo- ja kallokirurgiaan, selkdrangan kirurgiaan,
hammaskirurgiaan sek& polven eturistisiteen kiinnitykseen (kuva 1). Inion Oy:n tuottei-
ta ovat biohajoavat levyt, ruuvit, pinnit ja membraanit, joita kdytetadn tehostamaan luun
tai pehmytkudoksen paranemista korjaavassa kirurgiassa ja traumatologiassa. (Inion Oy,
2013.) Tuotteilla on yli kymmenen vuoden kliinisen k&ytdn kokemus ja Inion Oy:n im-
plantteja on kéytetty yli 150 000 leikkauksessa (Pohjonen 2012). Inion Oy kayttaa im-
planteissaan materiaaleina L-laktidia, D, L-laktidia, glykolidia seka trimetyleenikarbo-
naattia. Implantit valmistetaan tehtaan puhdastilassa ekstruusion, ruiskuvalun ja ahtopu-

ristuksen avulla.

KUVA 1. Inion Hexalon-ruuvi (inion.fi)
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2.5 Biohajoavien implanttien valmistusmenetelmat ja sterilointi

Biohajoavien implanttien prosessointimenetelmét vaikuttavat oleellisesti niiden fysikaa-
lisiin ja kemiallisiin ominaisuuksiin seké biologiseen kayttdytymiseen (Waris ym. 2004,
675). Biohajoavien polymeerien prosessointi on haastavaa, sill& polymeerit ovat usein
herkkid lammolle ja leikkausvoimille. Prosessoinnin haasteena on polymeerin molekyy-
lipainon aleneminen johtuen polymeerisidosten hydrolyyttisesta herkkyydesta seka sta-
bilointiaineiden kayttokiellosta. (Michaeli & von Oepen 1992, 21; Middleton & Tipton
2000, 2341.) Kosteus valmistuksen aikana voi johtaa polymeerin molekyylipainon alen-
tumiseen sekd muuttaa valmiin polymeerin ominaisuuksia. Jotta néilta haitoilta valtyt-
téisiin, on huolehdittava polymeerin kuivaamisesta ennen termisté prosessointia ja vél-
tettdva polymeeriin koskemista valmistuksen aikana. Nailla toimenpiteilld ehkaistaan
kosteuden muodostumista polymeeriin. (Middleton & Tipton 2000, 2341.) Sterilointi
asettaa tuotteille omat haasteensa, silla implanttien tulee olla steriileja, mutta esim. s&-

teilytyssterilointi ei saa vahingoittaa polymeereja liikaa (Polso 2008, 33).

2.5.1 Prosessointi

Biohajoavista polymeereista voidaan prosessoida implantteja ekstruusion, ruiskuvalun
ja ahtopuristuksen avulla (Middleton & Tipton 2000, 2340-2341). Ekstruusiolla valmis-
tetaan aihiota, kuten tankoa, josta valmistetaan isoja ruuveja sorvaamalla ja itselujitettu-
ja ruuveja polymeerin orientointikoneen ja sorvauksen avulla. Ruiskuvalamalla valmis-
tetaan ruuveja, levyja seka pinneja, joille ei tarvita hyvin suurta lujuutta. (Pohjonen
2013b.)

Ekstrudoimalla eli suulakepuristamalla voidaan valmistaa biohajoavien implanttien
valmistamiseen pyoOreda tai latta-aihiota. Ekstruusiossa polymeeriraaka-aine plastisoi-
daan ja muotoillaan jatkuvana prosessina suulakkeen lapi halutun profiilin muotoiseksi
ja paksuiseksi aihioksi. Talla tavoin valmistetaan jatkuvaa profiilia, jota katkotaan sopi-
van mittaisiksi aihioiksi. Ekstruuderi sulattaa, kuljettaa ja homogenoi muovigranulaatit
sekd plastisoi ne leikkausvoimien, paineen, kitkan ja ldammon avulla. Sen siséll4 oleva

ruuvi tyontaa sulan muovin suuttimen lapi, jonka jalkeen muodostunut profiili jadhdyte-
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tdén ja kalibroidaan. (Muovimuotoilu 2013.) Lopuksi aihio hiotaan ja sorvataan moni-

karatyostokoneella valmiiksi tuotteiksi eli ruuveiksi.

Itselujitettu aihio ekstrudoidaan, jonka jalkeen aihio vedetdan orientointikoneen suulak-
keen lapi eli fibrilloidaan. Talldin aihion pituus seka lujuus kaksinkertaistuvat, johtuen
molekyyliketjujen jarjestaytymisestd yhdensuuntaisiksi. Polymeerin fysikaalinen raken-

ne muuttuu kemiallisen koostumuksen sdilyessd muuttumattomana. (Pohjonen 2013b.)

Lattalevyja valmistetaan ahtopuristamalla latta-aihiota. Ahtopuristamisen jalkeen levy

tyOstetdan haluttuun muotoon eli lopullisiksi tuotteiksi.

Ruiskupuristuksessa eli ruiskuvalussa annostelusylinterin sisalla pyoriva ruuvi ottaa
polymeerin syottdaukosta ja plastisoi materiaalin leikkausvoimien, paineen, kitkan ja
lammon avulla. Kierukan pyoriessa ruuvi litkkuu samanaikaisesti taaksepéin, kunnes
ruuvin eteen on kertynyt riittdvd maéra polymeerimateriaalia. Sen jalkeen ruuvi puristaa
sylinterissé olevan materiaalin mannén tavoin edessa olevaan suulakeosaan ja kanavien
kautta sylinterin edessa olevaan suljettuun muottiin. Polymeerin muovauduttua muot-
tiin, kone poistaa valmiin tuotteen ruiskupuristimesta jaahtymisajan jalkeen. (Véliaho
39.)

2.5.2 Sterilointi

Ladketieteellisissd sovelluksissa kaytettavien implanttien ja ladkeaineiden tulee olla
steriileja, joten sterilointi on valttamatonta implantoitaville tuotteille (Davis 2003, 18).
Ladkeainetta sisdltavien implanttien ladkeainetta ei kuitenkaan tarvitse steriloida, mikali
valmistusmenetelma itsessadn on taysin aseptinen. Sterilointimenetelmén on oltava niin
tehokas, etté se tappaa eldavat mikro-organismit ja virukset, mutta se ei saa muuttaa eika
vahingoittaa ld&kevalmistetta. (Davies 2003, 18; Polso 2008, 35.) Polymeerituotteen
steriloinnissa materiaalin molekyylipaino ei saa laskea liikaa. Tuotetta voidaan kutsua
steriiliksi silloin, kun todennédkdisyys eldvan mikrobin olemassaololle tuotteessa on
korkeintaan yksi miljoonasta. (Davies 2003, 18.) Polyesterit ovat herkkid lammodlle,
kosteudelle ja sateilylle, joten on térke&a valita sopiva sterilointimenetelmd. Hoyry- ja
kuivalammitys saattavat muuttaa implantin muotoa, mika ei ole sallittavaa, joten téllai-

set sterilointimenetelmét eivat ole mahdollisia biohajoavien implanttien sterilointiin.
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(Buschow ym. 2001, 7668.) Implantin steriiliys on saavutettava validoidun sterilointi-
prosessoinnin aikana ja yllapidettava tiiviin pakkauksen avulla siihen asti, kunnes tuote
on implantoitu (Hench & Jones 2005, 242). Kaytetyimmat biohajoavien implanttien
sterilointimenetelmat ovat gammasterilointi, joka pienentda polymeerin molekyylipai-
noa seka etyleenioksidisterilointi (EtO), joka ei vaikuta polymeerin molekyylipainoon
(Pohjonen 2013b).

Gammasterilointi on nopea ja edullinen sterilointimenetelmad, silla gammasteriloimalla
pystytéan steriloimaan suuria méaaria tuotteita kerralla. Menetelméan tehokkuus perustuu
gammasateiden erinomaiseen penetroitumiskykyyn, jolla pystytdén varmistamaan koko
materiaalin steriloituminen. (Massey 2005, 2.) Gammasterilointi pienentdd biohajoavan
implantin molekyylipainoa ja siksi haurastuttaa implanttimateriaalia, mik& on otettava

huomioon jo implantin tuotekehitysvaiheessa.

Kaasusterilointia kaytetddn sterilointimenetelmand vain siind tapauksessa, ettei mikaan
lampoon tai sateilyyn perustuva sterilointi ole mahdollista (Middleton & Tipton 2000,
2342). Etyleenioksidi on toksinen kaasu, jota kaytetdan yhdessa hiilidioksidin kanssa
steriloimaan tuotteita (Gordon & Joseph 2003, 162-163). Etyleenioksidia kéytetadén
kaasusteriloinnissa johtuen sen ominaisuudesta steriloida matalassa lampétilassa (50-60
°C) ja haihtua nopeasti, mikali kaasua paasee absorboitumaan (Massey 2005, 2). Kaa-
susterilointi etyleenioksidilla tapahtuu suljetussa kammiossa ja steriloinnin paatyttya on
varmistuttava siitd, ettd kaasu poistuu tuotteesta kokonaan, ennen kuin tuote on mahdol-
lista pakata (Gordon & Joseph 2003, 163). Etyleenioksidisteriloinnin haitta on sen hita-
us, silla steriloinnin jalkeen kaasun hdviamien tuotteesta vaatii pitkéaikaisen kuivauksen
vakuumissa. Muita haittoja ovat etyleenioksidin toksisuus sek& epdily sen karsinogeeni-
syydestd. (Polso 2008, 36.) Etyleenioksidisterilointi ei vahingoita tai muuta biomateri-
aalista valmistetun implanttituotteen rakennetta, mik& on sterilointimenetelman huomat-

tava etu esimerkiksi verrattuna gammasterilointiin (Rogers 2005, 206).

2.6 Itselujitettu ja itselujittamaton implanttimateriaali

Itselujitetulla polymeerilla tarkoitetaan polymeerid, jonka mekaanisia ominaisuuksia

parannetaan orientoimalla sen mikrorakennetta. Ekstrudoidusta biohajoavasta aihiosta

valmistetaan fibrilloinnin avulla itselujitettua aihiota, jolla on hyva mekaaninen kesté-
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vyys ja lujuus. Itselujitetun implantin taivutusmoduuli voi olla aluksi teréslevyjen myo-
t0lujuutta vastaava (300—400 MPa). (Waris ym. 2004, 675.) Itselujittamisen avulla pys-
tytaén lissaméaan polymeerin mekaanista kestavyytta ilman implantin koon huomattavaa
kasvua. Levyja, joilla on itselujitettu komposiittirakenne, voidaan taivuttaa huoneen-
ldammaosséd haluttuun muotoon ilman erillistd lammityslaitetta. (Waris ym. 2004, 675;
Suuronen & Asikainen 2004, 2004.) Itselujitetusta materiaalista valmistettua implanttia
on mahdollista muotoilla nelja kertaa ennen kuin sen mekaaniset ominaisuudet heiken-
tyvéat (Kontakis ym. 2007, 161). Materiaalille on ominaista myos sitkeys, korkea lujuus
sekd sopiva luuta vastaava elastisuus (Rokkanen ym. 1996, 123). Tuotteita, joilla voi
olla itselujittuvuusominaisuus, ovat mm. biohajoavat levyt seké ruuvit ja pinnit (Pohjo-
nen 2013b).

Itselujittamattomalla implanttimateriaalilla tarkoitetaan sulatydstettyd materiaalia, jota
ei ole orientoitu. Tallaisilla implanttimateriaaleilla on haluttu mekaaninen kestavyys jo
itsess@an. Tuotteita voivat olla mm. osa ruuveista, levyt, membraanit ja pinnit. (Pohjo-
nen 2013b.)

2.7 Biohajoavalle implanttimateriaalille asetettavat vaatimukset

Laaketieteen sovelluksissa kaytettaville polymeerisille biomateriaaleille on asetettu vaa-
timukset, jotta niiden kaytto olisi turvallista. Vaatimukset koskevat implantin mekaani-

sia ominaisuuksia, Kliinisia ominaisuuksia seka kudosyhteensopivuutta.

Biohajoavasta materiaalista valmistettu implantti on kosketuksissa kudosten kanssa,
joten sen on oltava kudosyhteensopiva, veren kanssa yhteensopiva, ei-karsinogeeninen,
ei-toksinen, ei-allergiaa aiheuttava seka ei-mutageeninen (Gogolewski 2000, 28). Muita
implanttimateriaalille asetettuja vaatimuksia ovat steriloitavuus, kemiallinen inerttiys ja
stabiilius tai sen hallittu biohajoaminen riittdvalla nopeudella. Implantilla on myos olta-
va riittdvat mekaaniset ja fysikaaliset ominaisuudet kéyttokohteeseensa, sopiva koko ja
muoto. (Tormald ym. 2003, 42.) Implanttimateriaalin on pysyttdvd muuttumattomana
sdilytyksen ajan ja sen tulee olla helposti prosessoitavissa haluttuun muotoon (Polso
2008, 23). Biohajoavan implantin on myos liuettava ja poistuttava elimistostd, kun se on
tayttanyt tehtdvanséd kudoksen tukijana (Middleton & Tipton 2000, 2336). Laakeimplan-
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teissa kéytettdvan laékeaineen on sovittava yhteen matriisimateriaalin kanssa seké olta-

va riittavan tehokas, jotta implantin koko ei muodostu ongelmaksi (Polso 2008, 23).

2.8 Biohajoavalta implantilta vaadittavat mekaaniset ominaisuudet

Biohajoavia implantteja kaytetddn useissa eri kayttokohteissa, joten implanteille on

myaos erilaisia mekaanisia vaatimuksia kayttokohteen mukaan.

Implantin on séilytettava riittava lujuus elimistdssa, kunnes ymparoiva kudos on paran-
tunut (Middleton & Tipton 2000, 23). Sen tulee hajota ja poistua elimistosta taytettydan
tehtdvansa luun tukijana, jotta luun kasvu ja muokkaantuminen eivat kérsisi (Waris ym.
2004, 674). Biohajoavalla implanttimateriaalilla on oltava mekaanisia ominaisuuksia
kuten puristus-, taivutus, veto- ja vasymislujuus seka kovuus (Tormala ym. 2003, 19).
Niiltd vaaditaan myos kestavyyttd, jaykkyyttd, sitkeyttd, pientd kokoa sekd sopivaa im-
plantin hajoamisaikaa, mutta implanttien ideaaliset ominaisuudet vaihtelevat kuitenkin
kudos- ja sovelluskohtaisesti (Pohjonen 2013a). Mekaaniseen kestdvyyteen voidaan
vaikuttaa k&yttamalla erilaisia maitohappopolymeerin ja polyglykolihapon yhdistelmié.
(Torméalad ym. 2003, 19-20.) Tuotteiden mekaanisten ominaisuuksien on oltava myos
sellaiset, ettd luukudosta muodostuu implantin kannattamalle alueelle. Implantin taytyy
pysya myos rakenteellisesti muuttumattomana uuden luukudoksen muodostumisen al-
kuvaiheessa. (Navarro ym. 2008, 1147.)
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3 MEKAANINEN TESTAUS

3.1 Mekaanisen testauksen maarittely

Mekaanisella testauksella tarkoitetaan materiaalin tai tuotteen mekaanisten ominaisuuk-
sien madrittdmistd sekd materiaalin ja laitteiden kayttaytymistd. Mekaanista testausta
voidaan myos kutsua prosessiksi, jossa kdytetdadn voimaa, puristusta, siirtymista ja lam-
pOa tai muita samankaltaisia mekaaniseen systeemiin kohdistuvia arsykkeita ja niiden
vasteiden mittaamista. Arsykkeen on mahdollista olla joko syklisesti muuttuva tai staat-
tisesti muuttumaton ja se voi esiintyd paikallisena tai hajautettuna yhdessé tai useassa
kohdassa. (Test Machines 2013.)

Testaus tarjoaa tietoa laadunvalvontaan, tuotteen tai materiaalin hyvéksymiseen tai hyl-
kaamiseen kayttotarkoitukseensa sekd tutkimus- ja tuotekehitykseen. Mekaanisella tes-
tauksella voidaan maarittad materiaalin elastisia ja dynaamisia ominaisuuksia kayttéen
materiaaliin kohdistuvaa ulkoista arsykettd, joka on yleensd voima. Testaamalla nah-
daén soveltuuko materiaali tai tuote sille suunniteltuun kéyttotarkoitukseen mittaamalla
erilaisia materiaaliominaisuuksia, kuten elastisuutta, murtojdykkyyttd, lujuutta seka
myotorajaa. (Element 2013.) Mekaanista testausta voidaan kéayttad myos todentamaan
jonkin teorian tarkoituksenmukaisuutta ja tarkkuutta (Test Machines 2013). Jotta me-
kaanisissa testeissé saataisiin luotettavat testitulokset ja riittdvan kattava otos esimerkik-
si prosessista, on testikappaleita oltava standardien mukaan véhint&dan kolme kappaletta.

3.2 Biohajoavien implanttien mekaaniseen kestavyyteen vaikuttavat tekijat

Biohajoavien implanttien mekaaniseen kestavyyteen vaikuttavat monet seikat. Implan-
tin prosessointimenetelma vaikuttaa oleellisesti sen mekaaniseen kestavyyteen, sill4
esimerkiksi itselujitetettu implantti kestdd paljon enemman mekaanista rasitusta itselu-
jittamattomaan implanttiin ndhden (Waris ym. 2004, 675). Prosessointi vaikuttaa myos
implantin molekyylipainoon, kiteisyyteen seké puhtauteen. Mitd korkeampia ndma teki-
jat ovat, sitd parempi on implantin mekaaninen kestavyys. (Gogolewski 2000, 30.) Bio-
hajoavien implanttien mekaaniseen kestavyyteen vaikuttaa liséksi sterilointitapa, silla

yleisesti kdytossd oleva gammasterilointi haurastuttaa implanttia ja ndin heikentad im-
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plantin mekaanista kestavyytta. Implanttimateriaalin mekaaniseen kestévyyteen vaikut-
taa myds polymerointiprosessissa mm. monomeerin ja katalysaattorin valinta sek& apu-
aineiden kayttdminen. N&ma tekijat puolestaan vaikuttavat polymeerin hydrofiilisyy-
teen, kiteisyyteen, sulamis- ja lasisiirtymalampdétilaan, molekyylipainoon, molekyyli-
painojakaumaan, paateryhmiin seka jaljella olevien monomeerien tai apuaineiden lasna-
oloon. (Middleton & Tipton 2000, 2336.)

3.3 Mekaaniset testausmenetelmat

Biohajoavia implantteja testataan sekd huoneenldammdssé etté laboratorio-olosuhteissa
(in vitro). Vertailutesteissd méaéritetdadn polymeerin kemialliset ja mekaaniset muutokset,
kuten polymeerin pehmeneminen. Testejd tehdaan fysiologisissa puskuriliuoksissa, jotta
nahdaan miten implantit ja nain ollen testitulokset muuttuvat implanttien ollessa kehon
sisalla. (ISO 15814, 1; Pohjonen 2013b.) Implantteja testataan laboratoriotestien liséksi
myos eldimilla (in vivo). Edelld mainituilla implanttien testausmenetelmilla saaduista
tuloksista ei voida kuitenkaan aina tehdé paatelmié implanttien sopivuudesta ihmiselle.
Tulokset eivat myoskdan anna taysin luotettavaa kuvaa implantin ominaisuuksista tie-
tyissé kliinisissé olosuhteissa. Kliininen tutkimus onkin ainoa tapa jatkaa tutkimuksia
elainkokeiden jalkeen. (Rokkanen ym. 2000, 2608.)

Opinndytetyon aineenkoetuskokeet tehtiin Inion Oy:n tutkimus- ja tuotekehityslaborato-
riossa aineenkoetuskoneella Zwick Z020/TH2A, 10 kN anturilla (kuva 2). Ohjelmana
aineenkoetuskoneelle toimi testXpert V 11.0. Kokeissa kaytettiin koekappaleina ekstru-
doitua itselujitettua 7 mm:n paksuista pyoreda polylaktidiaihiota sekd samasta pyoreésta
aihiosta ahtopuristimella puristettua 3,1 mm:n paksuista levya. Kokeet suoritettiin Inion
Oy:lle luotujen standardien mukaisesti ja kaytetyt testijigit valittiin aineenkoetuskokeen
mukaan. Kokeet suoritettiin huoneenlammadssé. Menetelmdohjeet ovat esitetty liitteind

(liite 1), (liite 2) ja (liite 3) opinnaytetyodn lopussa.
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KUVA 2. Aineenkoetuskone (Kuva: Tiia Junno 2013)

3.3.1 3-ja4-pistetaivutuskoe (3-point and 4-point bending test)

Taivutuskokeiden tarkoituksena on maarittaa itselujitetun ja itselujittamattoman bioha-

joavan kappaleen taipumisominaisuuksia.

3-pistetataivutuksessa kuormitus tulee kolmeen pisteeseen horisontaalisesti kannattimi-
en paalla lepaavalle koekappaleelle (kuva 3). Ulkoinen kuormitus tulee kannattimien ja
nain ollen tukivélin (L) keskelle, mahdollisimman lahelle koekappaleen keskiosaa.
(ASTM D790-10.) 4-pistetaivutuksessa kuormitus tulee neljaén pisteeseen horisontaali-
sesti kannattimien paalla lepaavélle koekappaleelle (kuva 3). Ulkoinen kuormitus tulee
kannattimien ja tukivalin kahteen pisteeseen, samalle etdisyydelle tukipisteista. 3- ja 4-
pistetaivutuksen eroina ovat taivutusmomentin maksimikohta (Fmax) seké koekappaleen
pituussuuntaisen sdikeen maksimijannitys. 4-pistetaivutuksessa maksimi taivutusmo-
mentti (F) ja tastd johtuvan aksiaalisen jannityksen ja venymén maksimi ovat jakautu-
neet tasaisesti tukivélilla taivutuspainimien valilla. 3-pistetaivutuksessa maksimi taivu-
tusmomentti ja tastd johtuvien aksiaalisen jannityksen ja venyman maksimit sijoittuvat
tukivalilla taivutuspainimen alle. (ASTM D6272-10.)
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KUVA 3. Taivutusmomenttijakauma 3- ja 4-pistetaivutuksessa (sciencedirect.com,

muokattu)

3-pistetaivutuskoe on yleinen testausmenetelma biohajoaville aihioille ja tuotteille. 4-
pistetaivutusta on mahdollista kayttaa vain sellaisille tuotteille ja aihioille, jossa implan-
tin koko suhteessa kokeen tukivalin pituuteen on riittavé, silla kahden taivutuspainimen
on mahduttava tukivalille taivuttamaan koekappaletta. (Pohjonen 2013b.)

Taivutuskokeissa haluttiin maarittdd pyorean aihion ja lattalevyn kimmokerroin (E),
myotovoima (Rp x), venyméa voimalle (¢ Rm), lujuus voimalle (Rm), maksimi voima
(Fmax) ja jaykkyys (k). Aineenkoetuskoneen ohjelma TestXpert laski arvot aihion ja le-
vyn jaykkyydelle (k), kimmokertoimelle (E) ja maksimi taivutusvoimalle (or) kayttaen
ohjelman omia laskukaavoja. Kaavat ja parametrien arvot todennettiin oikeiksi laske-
malla arvot manuaalisesti kdyttaen implanttien muovi- ja metallistandardeista ja muual-

ta otettuja laskukaavoja.

3.3.2 Leikkauskoe (shear test)

Leikkauskokeen tarkoituksena on méarittaa itselujitetun ja itselujittamattoman bioha-
joavan leikattavan kappaleen suhteellinen lujuus. Leikkauskokeessa koekappale leik-
kautuu osiin ylospdin vetavéan ulkoisen voiman (F) vuoksi. Leikkauskoe voidaan tehda
yksi- tai kaksipuolisena (kuvio 1). Yksipuolisessa leikkauksessa koekappale leikataan
kahteen osaan, jolloin muodostuu yksi repéisypinta. Kaksipuolisessa leikkauksessa tes-

tikappale leikkautuu kolmeen osaan, jolloin muodostuu kaksi repdisypintaa.
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KUVIO 1. Yksipuolinen ja kaksipuolinen leikkaus

Valmistetussa menetelméohjeessa pyoredlle aihiolle suoritettiin yksipuolinen leikkaus-
koe ja lattalevylle kaksipuolinen leikkauskoe. Yksipuolista leikkausta kdytetadn paaasi-
allisesti pienten ruuvien leikkauskokeissa, silla niiden pituus ei riitd leikattavaksi kah-
desta kohdasta. Kaksipuolisella leikkauksella madritetdan isojen ruuvien seka pinnien,
levyjen ja aihioiden lujuutta. Leikkauskoe on yksinkertainen ja nopea mekaaninen ai-

neenkoetusmenetelma. (Pohjonen 2013b.)

Leikkauskokeessa maéritettiin pyoreén aihion yksipuolisen leikkauksen maksimi voima
(Fmax), venyma voimalle (¢ Rm) ja lujuus voimalle (Rm) ja kaksipuolisesti leikatulle
lattalevylle néiden liséksi leikkauslujuuden maksimi (o). Aineenkoetuskoneen ohjelman
TestXpertin laskemat arvot leikkausvoiman maksimille (c) kéyttden ohjelman omaa
kaavaa todennettiin oikeiksi laskemalla arvot manuaalisesti implanttien muovi- ja me-

tallistandardien leikkausvoiman laskukaavojen avulla.
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4 POHDINTA

Tyon tavoitteena oli luoda sisdiset standardoidut mekaanisen testauksen menetelmaoh-
jeet 3- ja 4-pistetaivutuskokeille ja leikkauskokeelle. Luotujen menetelméohjeiden tuli
kirjoitusmalliltaan mukailla muovisten ja metallisten implanttien kansainvalisid stan-
dardoituja menetelmaohjeita. Ndma tavoitteet saavutettiin ja biohajoaville implanttima-
teriaaleille ja -tuotteille luotuja sisdisia mekaanisen aineenkoetuksen menetelméohjeita
tullaan kéyttdmaan tutkimus- ja tuotekehitysosastolla Inion Oy:ssd. Menetelméohjeet
ovat englanninkieliset, joten niiden on mahdollista palvella kansainvélisen yrityksen
kaikkia mahdollisia mekaanisten testien parissa tyoskentelevid tyontekijoitd. Tydssa
luotua menetelméohjeiden kirjallisuusmallia voidaan kayttada Inion Oy:ssa jatkossa laa-
dittavien muiden mekaanisten aineenkoetuskokeiden menetelmaohjeiden pohjana. Luo-
tuja menetelmdohjeita voidaan kayttdd myos kansainvélisind malleina biohajoavien im-

planttien mekaanisten testien standardoiduille menetelméohjeille.

Opinnaytetytssa haluttiin  todentaa aineenkoetuskokeen ohjelman 3- ja 4-
pistetaivutuskokeissa ja leikkauskokeessa kayttdmat parametrien laskukaavat oikeiksi.
Parametrien laskukaavat etsittiin muualta ja parametrien arvot laskettiin manuaalisesti
laskimella. Manuaalisesti maaritettyja parametrien arvoja verrattiin aineenkoetuskoneen
antamiin arvoihin ja tulosten ollessa samat, voitiin aineenkoetuskoneen todeta kéayttavan

oikeita laskukaavoja tutkittujen parametrien laskemiseksi.

Tyon tarkoituksena oli myos luoda sisdiset menetelmépohjat aineenkoetuskoneen oh-
jelmaan. Menetelmdpohjien halututtiin siséltdvan vain tietyt, useimmiten tarvittavat
parametrit, jolloin néité testeja olisi aineenkoetuskoneeseen vahemmankin perehtyneen
henkilon helppo tehdd, kun halutut parametrit olisivat jo valmiina testipohjassa. Aiem-
min jokaista mekaanista testausta varten oli luotu oma menetelmépohja, johon oli valit-
tu halutut parametrit tai tyhjennetty aikaisempi saman mekaanisen testin menetelmapoh-
ja parametrien arvoista ja tehty koe tyhjennetylle menetelmépohjalle. Siséiset menetel-
méapohjat saatiin luotua ja tallennettua aineenkoetuskoneen ohjelmaan ja niita tullaan

kéayttaméaéan laboratorion mekaanisten aineenkoetuskokeiden menetelmépohjina.

Tyossa haluttiin lisdksi maarittdd biohajoavan implantin myétokohdan laskukaava eri-

laisissa taivutuskokeissa erilaisille materiaaleille ja tuotteille. Myo6tokohdan laskukaavat
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saatiin méaritettya ja ne lisattiin tehtyjen mekaanisten testien menetelmépohjiin aineen-

koetuskoneen ohjelmaan.

Tutkimus- ja tuotekehitysosastolla seka laboratoriossa tydskentelevien asiantuntevat
mielipiteet, kommentit ja kehittdmisideat myo6tavaikuttivat opinnaytetyon edetessa sii-
hen, ettd menetelmdohjeista saatiin tehtyd toimivat ja halutunlaiset. Opinnaytetyon te-
keminen oli kokonaisuudessaan hyvin opettavaista ja mielenkiintoista ja tyon tekeminen
sujui suunnitellusti. Tyota tehdessdni paasin tutustumaan syvallisemmin biohajoaviin
implantteihin ja mekaaniseen testaukseen. Tyd toteutettiin Inion Oy:sséd tammikuun ja

maaliskuun 2013 vélisena aikana.
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1 Scope

This test method covers the determination of flexural properties of unreinforced and
reinforced biodegradable polymers in the form of round solid rods and rectangular solid
plates. This test method is generally applicable to both rigid and semirigid materials. This
test method utilizes a three-point loading system applied to a simply supported beam.

2 Definitions

For the purposes of this standard, the following definitions apply.

Maximum bending stresso : The flexural stress developed when the force reaches a

maximum. It is calculated according to the equation (7-4). It is expressed in megapascals,
MPa.

Deflection £ The distance over which the top or bottom surface of the test specimen at
mid-span has deviated during flexure from its original position. It is expressed in
millimeters, mm.

Deflection at the maximum flexural stress: The deflection is developed when the force
reaches a maximum. It is expressed in millimeters, mm.

Slope: Slope of a load-deflection curve equals stiffness (k). Stiffness is a measure of the
amount of deflection that a load causes in a test specimen. Stiffness is calculated
according to the equation (7-1). Stiffness is expressed in Newton per millimeter, N/mm.

Load: A measure of the applied load to a test specimen. It is expressed in Newtons, N.

Young's modulus (E): A measure of stiffness of an elastic material and is a quantity used
to characterize materials. It is calculated according to the equation (7-2). It is expressed in
megapascals, MPa.

Strain: Strain in the surface of the specimen in percent, %.

Rp x: The yield load at 3,5 % strain in the outer surface of the test specimen. It is
determined at deflection value of 1,5 x (diameter of solid rod or the thickness of
rectangular solid plate test specimen). Rp x is expressed in Newtons, N. Respective yield
stress in MPa at 3,5% strain can be calculated using equations (7-4.1 and 7-4.2).
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Note 3,5% strain in the outer surface occurs at a foresaid deflection value if support
separation is 16 times diameter of solid round rod or the thickness of solid rectangular
plate test specimen. If support separation is different than 16:1, calculate multiplier n in
fx = n-d using equations (7-3.1.2 and 7-3.2.2).

3 List of Standards

Standard Description

ASTM D790-10 Standard Test Methods for Flexural Properties of
Unreinforced and Reinforced Plastics and Electrical
Insulating Materials

ISO 178:2001 Plastics — Determination of Flexural Properties

ISO 13781:1997 Poly(L-lactide) resins and fabricated forms for surgical
implants — In vitro degradation testing

ISO 15814:1999 Implants for surgery — Copolymers and blends based on
polylactide — In vitro degradation testing

Table 1. List of standards

4 Significance

This method may provide data for quality control, for acceptance or rejection in
accordance with the terms of specifications and for research and development.

Flexural properties may vary with specimen depth, temperature, atmospheric conditions
and the difference in rate of straining.

5 Procedure

Three-point bending test is carried out to determine the flexural strength properties of the
billets following the guidelines of the standards ISO 178:2001 and ASTM D790-10.
Below is listed on the table (see table 2) the biodegradable implants that this standard
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applies.
Internal Standard | Type Temperature
M250 Billet RT
M251 Billet 37°C

Table 2. Internal standard of three-point bending of Inion Oy biodegradable implants

According to Internal standard M250 the test specimen is kept in ambient room
temperature before testing. Test follows the guidelines ISO 13781:1997 and ISO
15814:1999. Testing is performed in dry conditions at RT.

According to Internal standard M251 the test specimen is kept in phosphate buffer
solution at 37°C for 24 hours before testing, following the guidelines ISO 13781:1997
and ISO 15814:1999. Testing is performed in water at 37°C.

Determine the actual dimensions of each test specimen. Preferable test five test
specimens, deviations of this can be accepted when separately explained. Align the
loading nose and supports so that the axes of the cylindrical surfaces are parallel and the
loading nose is midway between the supports. Calculate the rate of crosshead motion as
follows and set the machine for the rate of crosshead motion calculated by equation (5-1):

R= ZI?/6D (5-1)
where:

R = rate of crosshead motion in mm/min;

L = support separation in mm. L shall be equal to 16 x D;

D = diameter of sample of round rod in mm or thickness of rectangular plate in mm;
Z = rate of straining of the outer fiber in mm/mm min. Z shall be equal to 0,01.

According to the equation (5-1), the test speed shall be 0,427 x D in mm/min. However
the test speed shall be at least 5 mm/min. The support separation shall be 16 x the
diameter or thickness of the test specimen and the radius of the supports and the loading
nose are 5 mm (see figure 1). Cut the billet (to length of support separation + 2 x
overhanging) before testing. The specimen shall be long enough to allow for overhanging
on each end at least 10 % of the support separation, but in no case less than 6.4 mm on
each end. Overhang shall be sufficient to prevent the specimen from slipping through the
supports. Record the load in Newtons and corresponding deflection of the test specimen
at the middle of support separation in millimeters.
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Determine the stiffness of the test specimen from the slope of the tangent to the initial
straight-line portion of the load-deflection curve in N/mm (see figure 2 and equation 7-1).
The modulus of elasticity (Young's modulus) in bending of the test specimen is
calculated using formula (7-2). Formulas (7-3.1 and 7-3.2) determine the relationship
between the strain & (%) of the outer surface of the test specimen at midspan and the
deflection fx in millimeters. The yield load (N), the maximum load (N), the
corresponding strains (mm), the stiffness (N/mm) and failure mode of test specimen are
recorded. Maximum bending stress can be calculated using formulas (7-4.1 and 7-4.2).

Support separation (L)

Figure 1. Three-point bending test of a round test specimen

g bz
150 T Rp x Max bending load
Z 100 T
£ E
] F2
s 4
-
50 T
i F1
0 i A —iA——————F——4
0 5 10 15 20

Displacement in mm

Figure 2. Load-deflection curve of three-point bending
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6 Apparatus

Testing Machine - Mechanical testing is performed using Zwick Z020/TH2A universal
materials testing machine with 10 kN load cell. Manufacturer is Zwick GmbH & Co
/Ulm, Germany. Laboratory also has another material testing machine, Zwick/Roell
BZ005/TN2A 5 kN. Material testing machines are calibrated. The testing equipment is
summarized below (see table 3).

Equipment Method/use

Zwick Z020/TH2A universal materials testing machine:
10 kN load cell, measuring range 20-10 000 N in class 1

Jig. Number: BX070220-317/315 (RS) Mechanical testing,
BX070220-316/314 (R2) see jig register for
100065 and 100000 (R1) more information

Table 3. The testing equipment

Loading Noses and Supports — The loading nose and supports shall have cylindrical
surfaces. The default radii of the loading nose and supports shall be 5.0 = 0.1 mm. When
other than default loading noses and supports are used, in order to avoid excessive
indentation, or failure due to stress concentration directly under the loading nose, they
must comply with the following requirements: The minimum radius of 3,2 mm for all
specimens. For specimens 3,2 mm or greater depth, the radius of the support may be up to
1.6 times the rectangular specimen depth and up to 1.6 times the round specimen
diameter. The arc of the loading nose in contact with the specimen shall be sufficiently
large to prevent contact of the specimen with the sides of the nose. The maximum radius
of the loading nose shall no more than four times the specimen depth. The loading nose
must be centered in the middle of the supports when three-point bending is performed.

Slide Caliper — Suitable slide calipers for measuring the dimensions the test specimen
and for measuring the support separation, to an incremental discrimination of + 0,05-0,03
mm or better should be used. Inion’s calibrated digital slide calipers have electronic
digital display with 0,01 mm resolution and + 0,02 mm accuracy. Certain inaccuracy is
acceptable when measuring test specimens.




35

8 (23)

Inion Oy Standard Test Method Page 8 of 11
Three-point Bending Test

7 Calculation

Stiffness (k) of round and rectangular test specimen can be calculated using formula (7-1)

_ (F2-F1)
B (f2—£1) (=

Where F| is selected lower bending load in N;
F; is selected higher bending load in N;
/1 is the deflection at loading point in mm at lower load in N;
/2 is the deflection at loading point in mm at higher load in N.

Fi and F; are selected from the deepest straight-line portion of the load-deflection curve.
The deflections F; and F, are obtained according to the test sample from the load-
deflection curve (see figure 2).

Young’s modulus (E) can be calculated using formula (7-2)

k-L?
E = = (7-2)
Where L is support separation in mm;
I =7zD"/64 is moment of inertia for round specimen in mm®*;
D is the diameter of round rod in mm.
I=1bd*12 is moment of inertia for rectangular specimen in mm®;
b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

Strain & (%) of the outer surface of the round test specimen at midspan at any deflection
fx:
600 -fx-D
gRe—g— (7-3.1.1)
Where L is support separation in mm;
D is the diameter of round rod in mm.
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Strain & (3,5 %) of the outer layer of the round test specimen at deflection fx:

fx=n-D
_ 35, (£)2 (7-3.1.2)
600 \D

Where L is support separation in mm;
D is the diameter of round rod in mm;
n is the multiplier of diameter of round rod, which determines the deflection
fx = n - D ,when the strain of the outer layer is 3,5%.

Strain & (%) of the outer layer of the rectangular test specimen at midspan at any
deflection fx:

600 fx-d
Fr e (7-32.1)

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm.

Strain € (3,5 %) of the outer layer of the rectangular test specimen at deflection fx:

fx=n-d
35  [L\2 ) (7-32.2)
o @

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm;
n is the multiplier of thickness of rectangular plate, which determines the
deflection fx = n - d ,when the strain of the outer layer is 3,5%.

Max bending stress o, of round specimen can be calculated using formula (7-4.1)

8 Fmax -L
D3

oF = (7-4.1)
Where F4 is the maximum bending load in N;

L is support separation in mm;

D is the diameter of round rod in mm.
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Max bending stress o, of rectangular specimen can be calculated using formula (7-4.2)

3 Fpax"L

9 = opaz

(7-4.2)

Where F,,, is the maximum bending load in N;
L is support separation in mm;

b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

8 Reporting and saving the results

8.1  Report the following information:

8.1.1 Complete identification of the material tested, including type, source,
manufacturer’s code number, form, principal dimensions, and previous history,

8.1.2  Specific test method used: M250 or M251,

8.1.3 Direction of cutting and loading specimen, when appropriate,
8.1.4 Conditioning procedure,

8.1.5 All dimensions of specimen,

8.1.6 Support separation length,

8.1.7 Support separation ratio if different than 16:1,

8.1.8 Calculate the multiplier n in equations (7-3.1.2 and 7-3.2.2) if support separation
is different than 16:1.

8.1.9 Radius of supports and loading noses if different than 5 mm. When support and
and/or loading nose radii other that 5 mm used, the results shall be identified as
being generated by a modified version of this test method and referring
specification referenced as to the geometry used.

8.1.10 Rate of crosshead motion,

8.1.11 Load-deflection curve i.e. deflection at any given load,
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8.1.12

8.1.13

8.1.14

8.1.15

8.1.16

8.1.17

8.1.18

8.1.19

8.1.20

Three-point Bending Test

If specimen is rejected, reason(s) for rejection,
Deflection at maximum load in mm, average value and standard deviation,
Rp x: The yield load at 3,5% average value, standard deviation strain,

Stress at any given strain up to and including 3,5 % (if desired), with strain used,
average value and standard deviation,

Max bending stress, average value and standard deviation in MPa,
Young’s modulus in bending, average value and standard deviation,
Bending stress at break (if desired), average value and standard deviation,

Type of behavior, whether yielding or rupture, or both, or other observations,
occurring within the 5 % strain limit,

Load limits for determination of stiffness in N,

8.1.21 Stiffness in N/mm average value, standard deviation, and

8.1.22

Date of specific version of test used.
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APPENDIX

1 THREE-POINT BENDING TEST SETUP IN ZWICK MATERIAL TESTING
MACHINE

1.1

Procedure

The used software is testXpert V 11.0. Mechanical testing is performed using Zwick
Z020/TH2A universal materials testing machine.

The procedure of mechanical testing can be found from Zwick:

V-drive - Laboratory > Tamplates > Zwick R&D_pohjat > 3-point bending

When opening the procedure from Zwick, a new window opens (see figure 1).

LA e | r 28, |
& 3% EE® B
| | wee | 2 @ | A = - |
Mache | Foce0 13 START | STOP | Statpostio Pt | Wewd |
VahioF2 72 F3_ Vahowl0  FI0 CulF3 CuleF1
[WSew: | Wserms Diameter 0| A |oLow | o Hh |E-Mockaus | Frmax. | Rpx | eRm | Rm - [Stittnes [Pre comme
| =xi 10 N mn  fmwt | N | N | GPa | N | N | mm | Ma | N
8
< >
Series [Dameter 0| A Fmax. | Rpx | eRm | R [Sttnes
8 neo| mm |mw | N | N | GPa | N | N |mn|wa|Nmm
z s
v
3
L}
4
Next specimen Mandaloy input
L Disrmeter A E m v
X Pre comenents
X Poxt comments:
; 0
| 0 | 2 3
| Displacement in mm
\TexfCorbgre/ ==
F CT abs LE
2wick [Roell 1 Y2 e 492,688 5, 18,227
Diive system eady Usec: Taa Juno

Figure 1. Zwick opening window

Wizard-button opens a new window, where you can set the needed parameters for the test
experiment (see figure 2).
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Verification v

E-Modulus

Yield and proof stress
Test / test end
Break investigation
LE Positions

Actions after test

Test data memor,

Gradient

150 178:2001, ASTM D790M-10.

TW0KN

BX070220.317,BX070220.315 |

Net> | [ Cose ][ Hep

Figure 2. Parameters for protocol

Parameters needed to fill to the protocol of procedure:

- Responsible company

- Orderer

- Testing date

- Tester/operator

- Sample

(- Sample type)

(- Sterilization Lot Number)
(- Material)

- Internal test standard

- International test standard
- Load cell

- Specimen grips

- Support separation

- Test speed

- Testing temperature

- File name

- Remarks, if needed

2/12
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1.2 Note

Used radii and length of support separation in three-point bending of rectangular plate
were performed deviating from the standard. The radius of the supports and the loading
nose were 1 mm and support separation 60 mm.

1.3 Verification of the Test Method

To ensure that the testXpert software uses correct parameters and formulas to calculate
the test results of round billet and rectangular plate, five test specimens were tested
according to the procedure of both types of billets. Test specimens were @ 7,0 mm round
reinforced polylactide rods and 3,1 mm thick rectangular plates of the same material.
Rectangular plates were produced by compression moulding of @ 7,0 mm round
reinforced polylactide rods. Test parameters and results are shown in the test report on the
following pages.

3/12
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1.3.1 Three-point bending results of round rod using testXpert software

Standard Test Method

g I

M250 and M251

Parameter table:

Responsible company : Inion Oy

Orderer : Timo Pohjonen

Testing date :29.1.2013

Tester / operator : Tiia Junno

Sample : Round specimen, D 7 mm
Sterilization Lot number  : -

Material g

Shelf life follow up time  : -
In-vitro follow up time S

Internal test standard : M250/M251
International test standard: ISO 178:2001, ASTM D790M-10
Load cell : 10 kN

Specimen grips : BX070220-317, BX070220-315
Machine data : 20TH2A WN: 145422
Crosshead travel monitor WN: 145422
Load cell ID:0 WN:145423 10 kN
Support separation $ 112 mm
Test speed o8 mm/min
Testing temperature (°C) : 23,0
File name : 3-point bending, standard test method

Three Point Bending

Flexural Properties of Unreinforced and Reinforced

Remarks
Results:
Diameter dO A o Low | o High | E-Modulus| Rp x | Fmax. | ¢ Rm Rm | Stiftnes
Nr mm mm? N N GPa N N mm MPa | N/mm
99 38,37 | 40,00 | 78,00 4,95 73,46 178,08 32 |148,71] 19,81
2 99 38.37 | 40.00 | 78.00 5,33 5118572 28 |155,09] 21.33
.99 38,37 | 40,00 | 78,00 4 72,86|176,77| 12.03 |147,61| 19.99 _
4 6.99 38,37 | 40,00 | 78,00 79,46 | 184,91 68 | 154.41| 21,06
5 6,99 38,37 | 40,00 | 78,00 73,58178,01 .11 1148,65] 19,98
Page 1/2

3-point bending standard test method.ZSE

4/12
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Standard Test Method

Biodegradable Implants

Three Point Bending

M250 and M251

Flexural Properties of Unreinforced and Reinforced

Statistics:
Series|Diameterd0| A |o Low|o HighlE-ModqusiStiffnesi Rpx |Fmax.|e Rm| Rm
n=5 mm mmz | N | N GPa | Nmm| N | mm | MPa
X 699  [38,37 140,00/ 78,00 510 | 20,43 |176,10/180,70|12,29]150.90
s 0,00 0,000 0,00/ 000 018 | 070 | 389 025/ 356
Series |¢ Break ¢ Fmax
n=5 mm_ | mm
X - 11225
s - | 025
Series graphics:
=
<
B
S
o 5 10 15
Displacement in mm
o Page 2/2
3-point bending standard test method.ZSE

512
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1.3.2 Manual calculation of three-point bending results of round rod

To ensure that the calculations of the parameters of round specimen, which the computer

calculates according to set formulas in testXpert, are correct, it is needed to check them
by calculating the results manually. Manually calculated results of round specimen no.1
are presented below.

Stiffness (k) can be calculated using formula (7-1)

(F2—F1)

7-1
(r2-r1) )

(100,003 - 49,984)N
~ (5,032- 2,471)mm

k=19,531 N/mm

Where F1 is 50 N bending load;
F2 is 100 N bending load;
f1 is the deflection at midspan in mm at 50 N load

f2 is the deflection at midspan in mm at 100 N load.

Deflection points are obtained from the load-deflection curve.

Young's modulus (E) can be calculated using formula (7-2)

k-L3
E = — (7-2)

19,531 mm - (112 mm)3
481

19,531 mm - (112 mm)3
(. (6,99 mm)*
= (” —64—)

E =4878.200 N/mm” = 4,88 GPa

Where L is support separation in mm;
I=nD"/64 is moment of inertia for round specimen in mm®*;
D is the diameter of round rod in mm.

6/12
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Strain & (%) of the outer surface of the round test specimen at midspan at any deflection
5%

600 fx-D
E= Q0 (7-3.1.1)
_ 600 +1,5 +6,99mm - 6,99 mm
B (112 mm)?

= 0,

Where L is support separation in mm;
D is the diameter of round rod in mm.

Max bending stress o, of round specimen can be calculated using formula (7-4.1)

_ 8:Fmax'L

= — (7-4.1)
_ 8-178,08 N -112mm

T T x- (699 mm)?
- 2 _

Where F, . is the max bending load in N;

L is support separation in mm;
D is the diameter of round rod in mm.

1.3.3 Comparison of three-point bending results of round rod

Results from testXpert and manually calculated results are shown in the table below (see
table 1).

Results from testXpert | Manually calculated results
Stiffness (k), N/mm 19,81 19,53
Young's modulus (E), Gpa 4,95 4,88
Max bending stress (of), Mpa 148,71 148,71

Table 1. Three-point bending test values of round rod

7/12
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1.3.4 Three-point bending results of rectangular plate using testXpert software

Standard Test Method

Flexural Properties of Unreinforced and Reinforced

Three Point Bending

_..M250 and M251

Parameter table:

Responsible company : Inion Oy
Orderer : Timo Pohjonen
Testing date 1 21.2.2013
Tester / operator : Tiia Junno
Sample

: Rectangular specimen, thickness 3,1 mm

p!
Sterilization Lot number
Material
Shelf life follow up time
In-vitro follow up time
Internal test standard
International test standar SO 178:2001, ASTM D790M-10
Load cell : 10 kN
Specimen grips : BX070220-317, BX070220-315
Machine data 1 20TH2A WN:145422
Crosshead travel monitor WN:145422
Load cell ID:0 WN:145423 10 kN

M250/M251

Support separation : 60 mm

Test speed - mm/min

Testing temperature (°C) : 22,0

File name : 3-point bending, standard test method

Remarks 2

Results:
Specimen thickness a0 | Specimen width b0 A o Low | o High | E-Modulus| Rp x | Fmax.
Nr mm mm mm? N N GPa N
1 90 40,12 60,00 4,36 132,04 | 160,62
2 , 12 87 40,1 60, 4,29 131,10/158,38
3 14 .04 40,9 60, 4,14 |129,74|158,85
4 3,10 .37 41,4 60,00 4,36 133,85|159,54_
5 S .82 39,8 60,00 4,27 126,97 154,94
& Rm Rm | Stiffnes
Nr mm MPa N/mm
1 .12 5,86 1.3
2 .08 4,50 1.0
3 17 1.20 0.9
4 89 1,75 2,1
5 8,30 2,46 0.47
T Page 1/2

3-point bending standard test method_plate_ RT.ZSE

8/12
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Standard Test Method

Three Point Bending

_ M250 and M251

Statistics:

Flexural Properties of Unreinforced and Reinforced
Biodegradable Implants

Series | Specimen thickness a0 | Specimen width bO| A |o Low|o High|E-Modulus | Stiffnes
n=5 mm mm mm? N N GPa N/mm
X 3,12 13,00 40,51/ 25,00 60,00 4.28 31,19
s 0,02 0,22 0,66/ 0,00 0,00 0,09 0,63
Series| Rpx |Fmax. |e Rm| Rm | Break|e Fmax
n=5 N N mm | MPa mm mm
x__|130,74|158,67] 8,11 [113,15 - 8,08
s 2,59 2,18| 0,15 1,96 - 0,15
Series graphics:
150 - P———
= 100
=
B
|
50
0 t e
10 12
Displacement in mm
S e mpe———— Page 2/2
3-point bending standard test method_plate_ RT.ZSE

9/12
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1.3.5 Manual calculation of three-point bending results of rectangular plate

To ensure that the calculations of the parameters of rectangular plate, which the computer
calculates according to set formulas in testXpert, are correct, it is needed to check them
by calculating the results manually. Manually calculated results for rectangular specimen
no.l1 are presented below.

Stiffness (k) can be calculated using formula (7-1)

(F2-F1)
(f2-r1)

(7-1)

(59,983 - 24991)N
~ (1,885 - 0,768)mm

k=31.327 N/mm

Where F; is 25 N bending load;
Fis 60 N bending load;
/1 is the deflection at midspan in mm at 25 N load;
/> is the deflection at midspan in mm at 60 N load.

Deflection points are obtained from the load-deflection curve.

Young’s modulus (E) can be calculated using formula (7-2)

k-L?
E = T (7-2)

N % 3
31,327 — - (60 mm)

L1290 mm - (3,11 mm)3
12

48

= ’=4,36 GP

Where L is support separation in mm;
I=bd*12 is moment of inertia for rectangular specimen in mm®;
b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

10/12
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As the three-point bending radii and the length of support separation of rectangular plate
were performed deviating from the standard, the multiplier n of fx must be calculated to
be able to determine the deflection fx = n - d ,when the strain of the outer layer is 3,5%.

3,512
fr=m-d=_—= (7-3.12)
a1 _ 3,5 - (60mm)?
S = 00~ 3L man
n=217

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm.

Strain € (3,5 %) of the outer layer of the rectangular test specimen at deflection fx:

600 -fx-d
£= —~a (7-3.2.1)
_ 600-217-3,11mm 3,11 mm
- (60 mm)2

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm.

Max bending stress o, of rectangular specimen can be calculated using formula (7-4.2)

3 Fpax L

o = —o (7-42)
_ 3-160,62 N - 60 mm

% = 271290 mm - (3,11 mm)?

= m2=

11/12
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Where Fpax is the maximum bending load in N;
L is support separation in mm;
b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

1.3.6 Comparison of three-point bending results of rectangular plate

Results from testXpert and manually calculated results are shown in the table below (see
table 2).

Results from testXpert | Manually calculated results
Stiffness (k), N/mm 31,31 31,33
Young’s modulus (E), Gpa 4,36 4,36
Max bending stress (of), Mpa | 115,86 115,86

Table 2. Three-point bending test values of rectangular plate

1.4  Conclusion

Formulas and used parameters of the round rod and rectangular plate of testXpert are
verified to be correct as the results of manually calculated results and results from
testXpert can be said to be equal.

12/12
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Liite 2. 4-point bending test

1 (25)

Standard Test Method

Flexural Properties of Unreinforced and Reinforced
Biodegradable Implants

Four-point Bending Test

Methods M270 and M271

Testing Laboratory: Inion Oy
Ladkarinkatu 2
FIN-33520 Tampere
Tel. +358-3-230 6600
Fax. +358-3-230 6601
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Inion Oy Standard Test Method Page 2 of 12
Four-point Bending Test
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Four-point Bending Test

1 Scope

This test method covers the determination of flexural properties of unreinforced and
reinforced biodegradable polymers in the form of round solid rods and rectangular solid
plates. This test method is generally applicable to rigid and semirigid materials. This test
method utilizes a four-point loading system applied to a simply supported beam.

2 Definitions

For the purposes of this standard, the following definitions apply.

Maximum bending stress o : The flexural stress developed when the force reaches a

maximum. It is calculated according to the equation (7-4). It is expressed in megapascals,
MPa.

Deflection f: The distance over which the top or bottom surface of the test specimen at
mid-span has deviated during flexure from its original position. It is expressed in
millimeters, mm.

Deflection at the maximum flexural stress: The deflection is developed when the force
reaches a maximum. It is expressed in millimeters, mm.

Slope: Slope of a load-deflection curve equals stiffness (k). Stiffness is a measure of the
amount of deflection that a load causes in a test specimen. Stiffness is calculated
according to the equation (7-1). Stiffness is expressed in Newton per millimeter, N/mm.

Load: A measure of the applied load to a test specimen. It is expressed in Newtons, N.

Young’s modulus (E): A measure of stiffness of an elastic material and is a quantity used
to characterize materials. It is calculated according to the equation (7-2). It is expressed in
megapascals, MPa.

Strain: Strain in the surface of the specimen in percent, %.

Rp x: The yield load at 3,5 % strain in the outer surface of the test specimen. It is
determined at deflection value of 1,5 x (diameter of solid rod or the thickness of
rectangular solid plate test specimen). Rp x is expressed in Newtons, N. Respective yield
stress in MPa at 3,5% strain can be calculated using equations (7-4.1 and 7-4-2).
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Note 3,5% strain in the outer surface occurs at a foresaid deflection value if support
separation is 16 times diameter of solid round rod or the thickness of solid rectangular
plate test specimen. If support separation is different than 16:1, calculate multiplier n in
fx = n-d using equations (7-3.1.2 and 7-3.2.2).

3 List of Standards

Standard Description

ASTM D6272-02 Standard Test Method for Flexural Properties of
Unreinforced and Reinforced Plastics and Electrical
Insulating Materials

ISO 178:2001 Plastics — Determination of Flexural Properties

ISO 13781:1997 Poly(L-lactide) resins and fabricated forms for surgical
implants — In vitro degradation testing

ISO 15814:1999 Implants for surgery — Copolymers and blends based on
polylactide — In vitro degradation testing

Table 1. List of standards

4 Significance

This method may provide data for quality control, for acceptance or rejection in
accordance with the terms of specifications and for research and development.

Flexural properties may vary with specimen depth, temperature, atmospheric conditions,
and the difference in rate of straining.

5 Procedure

Four-point bending test is carried out to determine the flexural strength properties of the
specimens following the guidelines of the standards ISO 178:2001 and ASTM D6272-02.
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Below is listed on the table (see table 2) the biodegradable implants that this standard
applies.

Internal Standard |Type Temperature
M270 Billet RT
M271 Billet 37°C

Table 2. Internal standard of four-point bending of Inion Oy biodegradable implants

According to Internal standard M270 the test specimen is kept in ambient room
temperature before testing. Test follows the guidelines ISO 13781:1997 and ISO
15814:1999. Testing is performed in dry conditions at RT.

According to Internal standard M271 the test specimen is kept in phosphate buffer
solution at 37°C for 24 hours before testing, following the guidelines ISO 13781:1997
and ISO 15814:1999. Testing is performed in water at 37°C.

Determine the actual dimensions of each round test specimen and width and depth of
each rectangular specimen. Preferable test five test specimens, deviations of this can be
accepted when separately explained. Use an untested specimen for each measurement.
Set the test specimen to rest on two supports and load it with two points (by means of two
loading noses). Align the loading noses and supports so that the axes of the cylindrical
surfaces are parallel, each an equal distance from the adjacent support point. The
distance between loading noses (the load span) is either one third or one half of the
support separation. This parallelism may be checked by means of a plate containing
parallel grooves into which the loading noses and supports will fit when properly aligned.
Center the specimen on the supports, with the long axis of the specimen perpendicular to
the loading noses and supports. A support span-to-depth ratio of 16:1 shall be used unless
there is reason to suspect that a larger span-to-depth ratio may be required. The loading
nose assemble shall be of the type which will not rotate.

Calculate the rate of crosshead motion as follows, and set the machine as near as possible
to that calculated rate for a load span of one third of the support separation:

0,185ZL?
R= (5-1.1)
d
For a load span of one half of the support separation:
0,167ZL?
R= IT (5-12)
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where:

R = rate of crosshead motion in mm/min;

L = support separation in mm. L shall be equal to 16 x D;

d = diameter of round rod in mm or thickness of rectangular plate in mm;

Z = rate of straining of the outer fibers in mm/mm min. Z shall be equal to 0,01.

In no case shall the actual crosshead rate differ from equation (5-1 or 5-2) more than + 10
%.

According to the equation (5-1.1), the test speed shall be 0,427 x D in mm/min. However
the test speed shall be at least 5 mm/min. The support separation length shall be 16 x the
diameter of the test specimen and the radius of the supports and the loading nose are 5
mm (see figure 1). Cut the billet (to length of support separation + 2 x overhanging)
before testing. For flatwise tests, the depth of the specimen shall be the thickness of the
material. For edgewise tests, the width of the specimen shall be the thickness of the sheet
and the depth shall not exceed the width. Specimen width shall not exceed one fourth of
the support separation for specimens greater than 3.2 mm in depth. Specimens 3.2 mm or
less in depth shall be 12.7 mm in width. The specimen shall be long enough to allow for
overhanging on each end at least 10 % of the support separation, but in no case less than
6.4 mm on each end. Overhang shall be sufficient to prevent the specimen from slipping
through supports. Record the load in Newtons and corresponding deflection of the test
specimen at the loading points in millimeters.

Determine the stiffness of the test specimen from the slope of the tangent to the initial
straight-line portion of the load-deflection curve in N/mm (see figure 2 and equation 7-1).
The modulus of elasticity (Young’s modulus) in bending of the test specimen is
calculated using formula (7-2). Formulas (7-3.1 and 7-3.2) determine the relationship
between the strain € (%) of the outer surface of the test specimen between loading noses
and the deflection fx in millimeters. The yield load (N), the maximum bending load (N),
the corresponding deflection (mm), the stiffness (N/mm) and failure mode of the
rod/plate are recorded. Maximum bending stress can be calculated using formulas (7-4.1
and 7-4.2).
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Loading speed 5 mm/min
for @ 7,0 mm round specimen ! e

e

=

Support separation (L)

Figure 1. Four-point bending test of round test specimen, one third of support separation

3 w2
250 P '\\
200 \ Max bending stress
ik Rp x
z 150 1
= j
- 1
S 100
50 7
0 - ‘ i it i —
0 5 10 15 20

Displacement in mm

Figure 2. Load-deflection curve of four-point bending
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6 Apparatus

Testing Machine - Mechanical testing is performed using Zwick Z020/TH2A universal
materials testing machine with 10 kN load cell. Manufacturer is Zwick GmbH & Co
/Ulm, Germany. Laboratory has also another material testing machine, Zwick/Roell
BZ005/TN2A 5 kN. Material testing machines are calibrated. The testing equipment is
summarized below (see table 3).

Equipment Method/use

Zwick Z020/TH2A universal materials testing machine:
10 kN load cell, measuring range 20-10 000 N in class 1

Jig. Number: BX070220-317/315 (R5) Mechanical testing,
BX070220-316/314 (R2) see jig register for
100065 and 100000 (R1) more information

Table 3. The testing equipment

Loading Noses and Supports — The loading noses and supports shall have cylindrical
surfaces. The default radii of the loading nose and supports shall be 5.0 + 0.1 mm unless
otherwise specified or agreed upon between interested parties. When other than default
loading noses and supports are used, in order to avoid excessive indentation, or failure
due to stress concentration directly under the loading nose, they must comply with the
following requirements: The minimum radius of 3,2 mm for all specimens. For
specimens 3,2 mm or greater depth, the radius of the support may be up to 1.6 times the
rectangular specimen depth and up to 1.6 times the round specimen diameter. The arc of
the loading nose in contact with the specimen shall be sufficiently large to prevent
contact of the specimen with the sides of the nose. The maximum radius of the loading
nose shall no more than four times the specimen depth.

Slide Caliper — Suitable slide calipers for measuring the dimensions of test specimen and
for measuring the support separation, to an incremental discrimination of + 0,05-0,03 mm
or better should be used. Inion’s calibrated digital slide calipers have electronic digital
display with 0,01 mm resolution and + 0,02 mm accuracy. Certain inaccuracy is
acceptable when measuring test specimens.
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7 Calculation

Stiffness (k) of round and rectangular test specimen can be calculated using formula (7-1)

(F2—F1)
(f2-r1)

(7-1)

Where F| is selected lower bending load in N;
F, is selected higher bending load in N;
/i1 is the deflection at loading point in mm at lower load in N;
/> is the deflection at loading point in mm at higher load in N.

F; and F; are selected from the deepest straight-line portion of the load-deflection curve.
The deflections F; and F, are obtained according to the test sample from the laod-
deflection curve (see figure 2).

Young’s modulus (E) can be calculated using formula (7-2)

K Lp? - (3L—4Ly)
121

E= (7-2)

Where L is support separation in mm;
L, is distance between loading nose and support point in mm. L, = L/3 for a load
span of one third of the support separation. L, = L/4 for a load span of one half of
the support separation;
I =zD* /64 is moment of inertia for round specimen in mm4;
D is the diameter of round rod in mm.
I=bd*/12 is moment of inertia for rectangular specimen in mm®*;
b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

Strain € (%) of the outer surface of the round test specimen between loading noses at any
deflection fx:

540 fx-D
€= — (7-3.1.1)

Where L is support separation in mm;
D is the diameter of round rod in mm.

Strain & (3,5 %) of the outer layer of the round test specimen at deflection fx:
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fx=n-D
35 (L\2 (7-3.1.2)
= Sa0 (5)

Where L is support separation in mm;
D is the diameter of round rod in mm;
n is the multiplier of diameter of round rod, which determines the deflection
fx = n - D ,when the strain of the outer layer is 3,5%.

Strain € (%) of the outer surface of the rectangular test specimen between loading noses
at any deflection fx:

540 fx-d
£= —0F— (7-3.2.1)

Where L is support separation in mm;
d is the thickness of rectangular plate in mm.

Strain € (3,5 %) of the outer layer of the rectangular test specimen at deflection fx:

fx=n-d
35 (L2 (7-32.2)
* o ()

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm;
n is the multiplier of diameter of rectangular plate, which determines the
deflection fx = n - d ,when the strain of the outer layer is 3,5%.

Max bending stress o, of round specimen can be calculated using formula (7-4.1)

= 16 Fmax -L

/AR e (7-4.1)

Where £, is the maximum bending load in N;
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L is support separation in mm;
D is the diameter of round rod in mm.

Max bending stress o, of rectangular specimen can be calculated using formula (7-4.2)

F, +L
op = % (7-4.2)

Where F,y is the maximum bending load in N;
L is support separation in mm;

b is the width of rectangular plate in mm;
d is the thickness of the rectangular plate in mm.

8 Reporting and saving the results

8.1  Report the following information:

8.1.1 Complete identification of the material tested, including type, source,
manufacturer’s code number, form, principal dimensions, and previous history,

8.1.2 Specific test method used: M270 or M271,

8.1.3 Direction of cutting and loading specimens including machining or other
alterations that result in asymmetrical specimen preparation.

8.1.4 Conditioning procedure,

8.1.5 All dimensions of specimen,

8.1.6 Load span length,

8.1.7 Support separation length,

8.1.8 Support separation ratio if different than 16:1,

8.1.9 Calculate the multiplier n in equations (7-3.1.2 and 7-3.2.2) if support separation
is different than 16:1.

8.1.10 Radius of the supports and loading noses if different than 5 mm. When support
and and/or loading nose radii other that 5 mm used, the results shall be identified

11
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8.1.11

8.1.12

8.1.13

8.1.14

8.1.15

8.1.16

8.1.17

8.1.18

8.1.19

8.1.20

8.1.21

8.1.22

8.1.23

Four-point Bending Test
as being generated by a modified version of this test method and referring
specification referenced as to the geometry used.
Rate of crosshead motion,
Load-deflection curve i.e. deflection at any given load,
If specimen is rejected, reason(s) for rejection,
Deflection at maximum load in mm, average value and standard deviation,
Rp x: The yield load at 3,5% average value, standard deviation strain,

Stress at any given strain up to and including 3,5 % (if desired), with strain used,
average value and standard deviation,

Max bending stress, average value and standard deviation in MPa,
Young’'s modulus in bending, average value and standard deviation,
Bending stress at break (if desired), average value and standard deviation,

Type of behavior, whether yielding or rupture, or both, or other observations,
occurring within the 5 % strain limit,

Load limits for determination of stiffness in N,
Stiffness in N/mm average value, standard deviation, and

Date of specific version of test used.
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APPENDIX

1 FOUR-POINT BENDING TEST SETUP IN ZWICK MATERIAL TESTING
MACHINE

1.1 Procedure

The used software is textXpert V 11.0. Mechanical testing is performed using Zwick
Z020/TH2A universal materials testing machine.

The procedure of mechanical testing can be found from Zwick:
V-drive - Laboratory - Tamplates > Zwick R&D_pohjat = 4-point bending

When opening the procedure from Zwick, a new window opens (see figure 1).

& 3% BE® &S

Mochee | Foce0 | LE | START | STOP | Sttposio P | Wexd |
VahiowF2 F2 F3 VahiooF10 F10 CuleF3 CuleF1
| M Sene: | Bseres Diameter 0| A |oLow | High |E-Moduus |Fmax. | Rpx | tRm | Rm [Stttnes [Pre comme
‘[ Xi 10 N mn | N N GPa N | N | nm | s | himm
8
< >
6 Seres. A |oLow|oHgh [E. Rpx | =Rm Rm [Stttnes
n=0 men. mn' N N GPa. N N mmn | MPa | Ninn
§ v
- |
4
Next specimen: Mandatory nputs
K Diametes 0 FE m v
X Pre comments
X Post comments:
o
o 1 2 3
Drsplacement n men
\TeaCarzac/
¥ CTabs LE
2wick [ Roell fy 474,55 492,688 18,227
Drive system ready User: TiaJuno

Figure 1. Zwick opening window

Wizard-button opens a new window, where you can set needed parameters for the test
experiment (see figure 2).

1/13
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Overviore These parameters appearinthe standardprotocl
Nodookon ¥ T Responsble Irion Oy S
o company
S e
?ﬁm M Testing date 1322013
Yield and oot stess | WTester/operator  [Tiadunno
&eg;mm y -,;’~ M Sample Round specimen, D 7 mm
aal ‘ } i | Mintemal test standard 270/M271
_hﬁ or protocol e n:umtm 150 178:2001, ASTM D6272-02

MLoad cell 10KN

HSpecimengips | BX070220-317. BX070220-315

[ <Back [ New> ][ Cose [ Hep |

Figure 2. Parameters for protocol

Parameters needed to fill to the protocol of procedure:

- Responsible company

- Orderer

- Testing date

- Tester/operator

- Sample

(- Sample type)

(- Sterilization Lot Number)
(- Material)

- Internal test standard

- International test standard
- Load cell

- Specimen grips

- Support separation

- Test speed

- Testing temperature

- File name

- Remarks, if needed

2/13
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1.2 Note

Used radii and length of support separation in four-point bending of rectangular plate
were performed deviating from the standard. The radius of the supports and the loading
nose were 1 mm and support separation 60mm.

13 Verification of the Test Method

To ensure that the testXpert software uses correct parameters and formulas to calculate
the test results of round rod and rectangular plate, five test specimens were tested
according to the procedure of both types of billets. Test specimens were @ 7,0 mm round
reinforced polylactide rods and 3,1 mm thick rectangular plates of the same material.
Rectangular plates were produced by compression moulding of @ 7,0 mm round
reinforced polylactide rods. Test parameters and results are shown in the test report on the
following pages.

3/13
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1.3.1 Four-point bending results of round rod using testXpert software

Standard Test Method

Flexural Properties of Unreinforced and Reinforced
Biodegradable Implants

Four-point Bending

M270 and M271

Parameter table:

Responsible company : Inicn Oy

Orderer : Timo Pohjonen

Testing date 1 13.2.2013

Tester / operator : Tiia Junno

Sample : Round specimen, D 7 mm
Sterilization Lot number  : -

Material D-

Shelf life follow up time  : -
In-vitro follow up time

Internal test standard : M270/M271

international test standard: 1ISO 178:2001, ASTM D6272-02
Load cell : 10 kKN

Specimen grips : BX070220-317, BX070220-315
Machine data : 20TH2A WN: 145422

Crosshead travel monitor WN:145422
Load cell ID:0 WN:145423 10 kN

Support separation : 112 mm
Test speed 26 mm/min
Testing temperature (°C) : 23,0
File name : 4-point bending standard test method
Remarks 3
Results:
Diameterdo| A o Low | o High | E-Modulus| Rpx | Fmax. | € Rm Rm | Stifiness
Nr mm N GPa N N mm MPa N/mm
6.98 5,15 |242,54|253,76 55 | 144,42 7.09
i 6.98 5,77 257,21|269,80 ,81 | 153,54 0,34
2 6,97 574 253,68 265. 42 | 151,58 0,01
4 6.97 5,65 253,38267,32| 13,88 | 152,79 9.57 _
5 6,98 5,35 247,32|260,35! 13,59 | 148,16| 28,13

S Page 1/2
4-point bending standard test method.ZSE

4/13
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Standard Test Method

Flexural Properties of Unreinforced and Reinforced
Biodegradable Implants

Four-point Bending

~ M270 and M271

Statistics:
Series | Diameter dO A !o Low| ¢ High | E-Modulus | Stiffness| Rp x | Fmax. | £ Rm
n=5 mm mm* | N N GPa N/mm N N _ | mm
X 6.98 38,22 _ |50,00|125,00] _ 5.53 29,03 |250,83|263.29|13,65
s 0,01 0,06001| 0,00 0,00 0,27 I

1.37 584 6,36/ 0,19

Series| Rm |& Fmax

n=5 MPa mm
X 150,10| 13,66
s 3,79 0,21

Series graphics:

300

200
-
<
B
8
100
o e et — ; =
0 5 10 15 20
Displacement in mm
S P ee———  Page 2/2
4-point bending standard test method.ZSE
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1.3.2 Manual calculation of four-point bending results of round rod

To ensure that the calculations of the parameters of round specimen, which the computer
calculates according to set formulas in testXpert, are correct, it is needed to check them
by calculating the results manually. Manually calculated results of round specimen no.1

are presented below.

Stiffness (k) can be calculated using formula (7-1)

_ (F2-F1)
o= (f2—£1) 1)

_ (125.032 - 50,002)N
" (4,538- 1,786)mm

k=27264 N/m
Where F; is 50 N bending load;
F,is 125 N bending load;

J1 is the deflection at loading point in mm at 50 N load
/2 is the deflection at loading point in mm at 125 N load.

Deflection points are obtained from the load-deflection curve.

Young’s modulus (E) can be calculated using formula (7-2)

Kk -La%-(3L-4Ly)
121

E= (7-2)

27,264 (38 mm)? - (3 112 mm - 4 -38 mm)
5. I (6,98 mm)*
—

1

E=5180,859 N/mm*= 5,18 GPa

Where L is support separation in mm;
L, is distance between loading nose and support point in mm;
I=zD"/ 64 is moment of inertia for round specimen in mm?*;
D is the diameter of round rod in mm.

6/13
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Strain & (3,5 %) of the outer layer of the round test specimen at deflection fx:

3,5-L?
fx—n D =D (7-3.1.2)
468 _ 35 -(112mm)?
T = e 6,98 mm
n=1669

Where L is support separation in mm;
D is the diameter of the round rod in mm;
n is the multiplier of diameter of round rod, which determines the deflection
fx =n - D ,when the strain of the outer layer is 3,5%.

Strain & (%) of the outer layer of the round test specimen at midspan at any deflection fx:

540 fx-D
&= L—z (7-3.2.1)
__540-1,669-6,98 mm-6,98 mm
(112 mm)?

Where L is support separation in mm;
D is the diameter of the round rod in mm.

Max bending stress o, of round specimen can be calculated using formula (7-4.1)

16 FpmaxL

of = (7-4.1)

16 253,76 N -112mm
%= T 37 (698 mm)?

g = 141,881 N/mm? = 141,88 MPa

7413
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Where £, is the maximum bending load in N;

L is support separation in mm;
D is the diameter of round rod in mm.

1.3.3 Comparison of four-point bending results of round rod

Results from testXpert and manually calculated results are shown in the table below (see

table 2).

Results from testXpert

Manually calculated results

Stiffness (k), N/mm 27,09 27,26
Young’s modulus (E), GPa 5,15 5,18
Max bending stress (o), Mpa 144,42 141,88

Table 2. Four-point bending test values of round rod

8/13
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1.3.4 Four-point bending results of rectangular plate using testXpert software

Standard Test Method

Flexural Properties of Unreinforced and Reinforced

P

Four-point Bending

_M270 and M271

Parameter table:

Responsible company : Inion Oy

Orderer : Timo Pohjonen

Testing date :13.2.2013

Tester / operator : Tiia Junno

Sample : Rectangular specimen, thickness 3,1 mm
Sterilization Lot number : -

Material e

Shelf life follow up time  : -
In-vitro follow up time i

Internal test standard : M270/M271

International test standard: ISO 178:2001, ASTM D6272-02
Load cell : 10 kN

Specimen grips : 100065, BX070220-318
Machine data 1 20TH2A WN:145422

Crosshead travel monitor WN:145422
Load cell ID:0 WN:145423 10 kN

Support separation : 60 mm
Test speed : 5 mm/min
Testing temperature (°C) : 23,0
File name : 4-point bending standard test method_plate_RT
Remarks 3
Results:
Specimen thickness a0 | Specimen width b0 A o Low | o High | E-Modulus| Rp x | Fmax
Nr mm mm mm? N N GPa N N
1 |_____sas 13,23 41,41 | 25,00 | 90,00 4,26 74,57 | 205,63
2 .10 13.00 40,30 | 25,00 0,00 4,29 1169.62 (201,81
3 12 23 41,28 | 25,00 30,00 4,37 75,89|204,57
4 .10 .10 40,61 | 25,00 | 90.00 4,29 70,65(202,57
8 .31 .10 43,36 | 25,00 | 90,00 3,70 77.02|208,67
e Rm Rm | Stiffness
Nr mm MPa N/mm
1 9| 43,19
.2 2 | 41,56
3 1 43,88
i . 54| 41,90
5 4 | 43,98
Page 1/2

4-point bending standard test method_plate RT.ZSE
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Standard Test Method
Flexural Properties of Unreinforced and Reinforced
Biodegradable Implants
Four-point Bending
M270 and M271
Statistics:
Series | Specimen width b0 | Specimen thickness a0| A |o Low|c High| E-Modulus | Stiffness
n=5 mm mm mm? N N GPa N/mm
X 13,13 3,15 41,39(25,00| 90,00 4,18 | 4290
s 0,10 0,09 1,19 0,00 0,00 0,27 1,12
Series| Rpx |Fmax. | e Rm| Rm |& Fmax
n=5 N N mm | MPa | mm
% 173,55|204,65| 7,92 |94,24| 7.90
s 3,26 2,72{ 0,12 | 3,99| 0,12
Series graphics:
200 -
150
=z
€
g 100
S
50
(o] S T
15
Displacement in mm
T e S )
4-point bending standard test method_plate RT.ZSE
10/13
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1.3.5 Manual calculation of four-point bending results of rectangular plate

To ensure that the calculations of the parameters of rectangular plate, which the computer
calculates according to set formulas in testXpert, are correct, it is needed to check them
by calculating the results manually. Manually calculated results for rectangular specimen
no.l1 are presented below.

Stiffness (k) can be calculated using formula (7-1)

_ (F2-F1)

k=
U2-11)

(7-1)

(89,983 — 25,027)N
~ (2,075 —0,570)mm

k=43.160 N/mm

Where F; is 25 N bending load;
F,is 90 N bending load;
/1 s the deflection at midspan in mm at 25 N load
/> is the deflection at midspan in mm at 90 N load.

Deflection points are obtained from the load-deflection curve.

Young’s modulus (E) can be calculated using formula (7-2)

kLp? - (3L—4Ly)
121

E= 7-2)
43,1601 - (20mm)? - (360 mm — 4 - 20 mm)
F =22 mm

13,23 mm - (3,13 mm)3
12

E =4255,480 N/mm’ = 4,26 GPa

12

Where L is support separation in mm;
L, is distance between loading nose and support point in mm. L, = L/3 for a load
span of one third of the support separation. L, = L/4 for a load span of one half of
the sugpon separation.
I=bd*/12 is moment of inertia for rectangular specimen in mm®*;
b is the width of rectangular plate in mm;
d is the thickness of rectangular plate in mm.

11/13




74

24 (25)

As the four-point bending radii and the length of support separation of rectangular plate
were performed deviating from the standard, the multiplier n of fx must be calculated to
be able to determine the deflection fx = n - d ,when the strain of the outer layer is 3,5%.

3,5 L2
fr=n-d=2= (7-32.2)
i 3,5 - (60mm)?
m MM =y 3,11 mm
n=241

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm.

Strain € (3,5 %) of the outer layer of the rectangular test specimen at deflection fx:

_ 540-fx-d

£="—7 (7-32.1)

_540-2,41-3,11mm-3,11 mm
(60 mm)?

Where L is support separation in mm;
d is the thickness of the rectangular plate in mm.
Max bending stress o, of rectangular specimen can be calculated using formula (7-4.2)

Fmax 'L

g = “mez= (7-4.2)

205,63 N - 60mm
~ 13,23 mm - (3,13 mm)?

or

- 2
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Where F), is the maximum bending load in N;
L is support separation in mm;
b is the width of rectangular plate in mm;
d is the thickness of the rectangular plate in mm.

1.3.6 Comparison of four-point bending results of rectangular plate

Results from testXpert and manually calculated results are shown in the table below (see
table 2).

Results from testXpert | Manually calculated results
Stiffness (k), N/mm 43,19 43,16
Young’s modulus (E), Gpa 4,26 4,26
Max bending stress (of), Mpa 95,19 95,20

Table 2. Four-point bending test values of rectangular plate

14 Conclusion

Formulas and used parameters of the round rod and rectangular plate of testXpert are
verified to be correct as the results of manually calculated results and results from
testXpert can be said to be equal.

13/13
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Standard Test Method

Determination of Shear Strength of Unreinforced
and Reinforced Biodegradable Implants

Shear Test

Methods M450 and M451

Testing Laboratory: Inion Oy
Ladkarinkatu 2
FIN-33520 Tampere
Tel. +358-3-230 6600
Fax. +358-3-230 6601
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Inion Oy Standard Test Method Page 2 of 9
Shear Test

Table of contents:

Definitions ...
List of Standards
Significance.........
PLOCEAUE! cusuavacssvsvinsossssssosssivs sasssaosss o st oS S o T S s e S TS
APDATALUS.......evvieeieieeetriieeeae sttt ese e eesssses st e ss s s s e s s s s s s s aeseseneaeas s esesenns
Calculation

O B WN -




78

3 (18)

Inion Oy Standard Test Method Page 3 of 9
Shear Test

1 Scope

This test method covers the determination of the shear strength of unreinforced and
reinforced biodegradable polymers in the form of round solid rods and rectangular solid
plates. This test method is generally applicable to both rigid and semirigid materials.

2 Definitions

For the purposes of this standard, the following definitions apply.

Deformation: The distance over which the surface of the test specimen has deviated
during shearing from its original position until the test specimen fractures. It is expressed
in millimeters, mm.

Deformation at the maximum shear stress: The deformation is developed when the force
reaches a maximum and the test specimen breaks. It is expressed in millimeters, mm.

Load: A measure of the applied load to a test specimen. It is expressed in Newtons, N.

Maximum shear load: The load developed when the force reaches a maximum and causes
the test specimen to fracture. It is expressed in Newtons, N.

Shear stress: The abili:zy of a material to resist force that the load causes. It is expressed in
Newton per millimeter’, N/mm? or megapascals, MPa.

Maximum shear strength ¢: The maximum shear stress of the test specimen persists
before fracture. It is calculated according to the equation (7-1 and 7-2). It is expressed in
Newton per millimiter?, N/mm? or megapascals, MPa.
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Inion Oy Standard Test Method Page 4 of 9
Shear Test

3 List of Standards

Standard Description

BS 2782: Part 3: Method 340B Determination of shear strength of sheet material
ISO 8749-1986 Pins and grooved pins — shear test

ISO 13781:1997 Poly(L-lactide) resins and fabricated forms for

surgical implants — In vitro degradation testing

ISO 15814:1999 Implants for surgery — Copolymers and blends
based on polylactide — In vitro degradation testing

Table 1. List of standards

4 Significance

This method may provide data for quality control, for acceptance or rejection in
accordance with the terms of specifications and for research and development.

Shear strength test results serve mainly to compare the relative strengths of different
types of specimen or different diameters of the same type of the test specimen.

Properties of the test specimen may vary with specimen depth, temperature and
atmospheric conditions.

5 Procedure

Shear strength test follows the guidelines of the standards BS 2782 Method 340B and
ISO 8749-1986 and records the maximum load the test specimen withstands before
fracture. Below is listed on the table (see table 2) the biodegradable implants that this
standard applies.

Internal Standard | Type Temperature
M450 Billet RT
M451 Billet 37°C

Table 2. Internal standard of shear strength test of Inion Oy biodegradable implants
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Inion Oy Standard Test Method Page 5 of 9
Shear Test

According to Internal standard M450 the test specimen is kept in ambient room
temperature before testing. Test follows the guidelines ISO 13781 and ISO 15814.
Testing is performed in dry conditions at RT.

According to Internal standard M451 the test specimen is kept in phosphate buffer
solution at 37°C for 24 hours before testing, following the guidelines ISO 13781 and ISO
15814. Testing is performed in water at 37°C.

Determine the actual dimensions of each test specimen. Preferable test five test
specimens, deviations of this can be accepted when separately explained. Position the test
specimen in the shear text fixture. Mount the tool assembly between the anvils of the
testing machine and apply force to the test specimen by crosshead motion of the punch so
that the test piece fractures between 15-45 seconds. Test specimen shall be loaded with
constant speed that is sufficient to cut the test specimen in above-mentioned time in
mm/min. In shear fixture, the shear testing curve shows the maximum shear load (Fpnay)
that is recorded in Newtons (N). Maximum shear strength of the test specimen can be
calculated using formulas (7-1 and 7-2) depending whether the test specimen is cut one-
sided or two-sided (see figures 1 and 2).

Test sample
F
e
Z 1 TN
Test

sample

N—

- —

Figure 1.0ne-sided shear testing. The test specimen is cut into two parts i.e. one fracture
surface.
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Inion Oy Standard Test Method Page 6 of 9
Shear Test
Test sample
F
1
v
Test
sample
"
a4

Figure 2. Two-sided shear testing. The specimen is cut into three parts i.e. two fracture
surfaces.

< Max shear load
3000 +
2000 +
= -+
£
=
il
5
1000 +
0 + + —t —t—t
0 1 2 3 4

Displacement in mm

Figure 3. Shear testing curve of a copolymer rod
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Inion Oy Standard Test Method Page 7 of 9
Shear Test

6 Apparatus

Testing Machine - Mechanical testing is performed using Zwick Z020/TH2A universal
materials testing machine with 10 kN load cell. Manufacturer is Zwick GmbH & Co
/Ulm, Germany. Laboratory has also another material testing machine, Zwick/Roell
BZ005/TN2A 5 kN. Material testing machines are calibrated. The testing equipment is
summarized below (see table 3).

Equipment Method/use

Zwick Z020/TH2A universal materials testing machine:
10 kN load cell, measuring range 20-10 000 N in class 1

Mechanical

testing, see jig

Jig. Number: 101024 and 101023 (round specimen) register for more
B15980, B16140, B16060 (rectangular specimen) information

Table 3. The testing equipment

In two-sided shear strength test the clearance between the two pieces of test block must
not exceed 0,15 mm in order to maintain a straight line of shear. The shear planes must be
at least one diameter of round rod or thickness of rectangular plate from the end of the
test specimen, and at least two diameters/thicknesses apart. The load must not be applied
at a rate of 10 mm/min.

Slide Caliper — Suitable slide calipers for measuring the dimensions of test specimen and
for measuring the support separation, to an incremental discrimination of + 0,05-0,03 mm
or better should be used. Inion’s calibrated digital slide calipers have electronic digital
display with 0,01 mm resolution and + 0,02 mm accuracy. Certain inaccuracy is
acceptable when measuring test specimens.

7 Calculation
Maximum shear strength (o) of round rod in one-sided shear test can be calculated:

% Fmax 2
g= - (7-1.1)
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Inion Oy Standard Test Method Page 8 of 9
Shear Test

In two-sided shear test:

_ Fmax
o= 2% (7-1.2)

Where F is the recorded maximum load in N;
)

A is the area of cross-section of a round sample in mm?.

Maximum shear strength (o) of rectangular plate in one-sided shear test can be
calculated:

- Fmax
o= 2= (7-2.1)

In two-sided shear test:

_ Fmax %
g= os (7-2.2)

Where Fax is the recorded maximum load in N;
B is the mean width of the rectangular plate in mm;
T is the mean thickness of the rectangular plate in mm;

8 Reporting and saving the results

8.1  Report the following information:

8.1.1 Complete identification of the material tested, including type, source,
manufacturer’s code number, form, principal dimensions, and previous history,

8.1.2 A reference to the used standards,
8.1.3  Specific test method used: M450 or M451; one-sided or two-sided,
8.1.4 Conditioning procedure,

8.1.5 Direction of cutting and loading specimen, when appropriate,
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Inion Oy Standard Test Method Page 9 of 9
Shear Test

8.1.6  All dimensions of specimen,

8.1.7 Rate of crosshead motion,

8.1.8 Maximum shear load, average value and deviation in Newtons,

8.1.9 Maximum shear strength, average value and standard deviation in MPa,
8.1.10 Displacement-load curve i.e. displacement at any given load,

8.1.11 The individual test results,

8.1.12 If specimen is rejected, reason(s) for rejection, and

8.1.13 Date of specific version of test used.
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APPENDIX

1 SHEAR TEST SETUP IN ZWICK MATERIAL TESTING MACHINE

1.1 Procedure

The used software is testXpert V 11.0. Mechanical testing is performed using Zwick
Z020/TH2A universal materials testing machine.

The procedure of mechanical testing can be found from Zwick:
V-drive - Laboratory - Tamplates > Zwick R&D_pohjat - Shear test

When opening the procedure from Zwick, a new window opens (see figure 1).

&% B E W e k2

Machne | LE St | Sp | Stposio Wasd | Preter |
R ] VshoF10  FI0 CubF3 CubeF1
[MISete: Wseres Diameter d0| SO | Fmax [cFmax | Rm  [Pre comment [Post comment
xi 5001 N nn  fom | N | om | s
004
|
Series |Diameter d0 | Fmax [cFmax. [Shear str. [Wup to Fmax.
‘ n=0 mn N men Ninen® Nren.
| 325 | TN R [T |
200+ s | S | 1
|
z
<
g
2001 Next spacimen: Mandstory inputs

X Diameter &0 637 e »

X Pre comment
X Post comment
100

o

\TetfCorligue/~ DTN LSS el T RS —
L L] SRR V.| SRS RRI | ] e < |
Dirve system sconnected . User. TiaJunno

Figure 1. Zwick opening window

Wizard-button opens a new window, where you can set needed parameters for the test
experiment (figure 2).

1/9
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IionOy
T Potien
E-Modulus (required intemnall
Test / test end 2522013
Break investigation
LE Positions
Actions after test
Extensometer (strain)

Test data of

Tia Junno

Round specimen, D 7 mm

M Shelf life follow up
time:

Hinvio follow up time|.

M Post processing Drawn billet

{ <Bacﬂ[ Next > I[ Close ][

Hep |

Figure 2. Parameters for protocol

Parameters needed to fill to the protocol of procedure:

- Responsible company

- Orderer

- Testing date

- Tester/operator

- Sample

(- Sample type)

(- Sterilization Lot Number)
(- Material)

- Internal test standard

- International test standard
- Load cell

- Specimen grips

(- Support separation)

- Test speed

- Testing temperature

- File name

- Remarks, if needed

2/9
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1.2 Verification of the Test Method

To ensure that the testXpert software uses correct parameters and formulas to calculate
the test results of round billet and rectangular plate, five test specimens were tested
according to the procedure of both types of billets. Test specimens were @ 7,0 mm round
reinforced polylactide rods and 3,1 mm thick rectangular plates of the same material.
Rectangular plates were produced by compression moulding of @ 7,0 mm round
reinforced polylactide rods. Test parameters and results are shown in the test report on the
following pages.

3/9
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1.2.1 One-sided shear test results of round rod using testXpert software

Standard Test Method

and Reinforced Biodegradable Implants

Shear Test

Methods M450 and M451

Determination of Shear Strength of Unreinforced

Parameter table:

Responsible company : Inion Oy

Orderer : Timo Pohjonen

Test date 1 25.2.2013

Tester / operator : Tiia Junno

Sample : Round specimen, D 7 mm
Sample lot number S

Material B

Shelf life follow up time T~
In-vitro follow up time T -

Post processing : Drawn billet

Internal test standard : M450/M451

International test standards:

Test speed :10  mm/min

Load cell : 10kN

Specimen grips : B15980, 101023, 101024
Machine data : 20TH2A WN:145422

Crosshead travel monitor WN: 145422
Load cell ID:0 WN:145423 10 kN

Testing temperature (°C) 24,0
File name : shear test, standard test method
Remarks i-
Results:
Diameter dO| SO Fmax |e Fmax.| Rm |Pre comment|Post comment
Nr mm mm? N mm MPa
1 6.97 8,16 187,39 .55 83,54
2 .95 7,94 | 3022,86 74 79,68
3 97 B 2 1 .50 | 84,69
4 6,97 38,1 113,84| 1,50 |8161
5 6,97 38,1 005,94 49 | 78,78
Statistics:
Series | Diameter dO| Fmax |e Fmax.|Max. Shear force | W up to Fmax.
n=5 mm N mm N Nmm
X 6,966 3112.31 1,55 3112,31 3455.,43
s 0,008944 98,95 0,10 98,95 263,17

Shear test_one-sided_standard test method.ZSE

~ Page 172

4/9
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1.2.2 Manual calculation of one-sided shear test result of round rod

To ensure that the calculation of the parameter, which the computer calculates according
to set formula in testXpert, is correct, it is needed to check it by calculating the result
manually. Manually calculated one-sided shear test result of round test sample no.1 is
presented below.

Maximum shear strength (c) of round rod of one-sided shear test can be calculated using
formula (7-1.1)

F,
o= % (7-1.1)
_ 3187,39N
9= 3814mm?
o =83,571 N/mm®

Where Fa is the recorded maximum load in N;
A is the area of cross-section of a round sample in mm?

1.2.3 Comparison of one-sided shear test results of round rod

Result from testXpert and manually calculated result is shown in the table below
(see table 1).

Result from testXpert | Manually calculated result
Max Shear strength (¢), MPa 83,54 83,57

Table 1. One-sided shear test values of round rod

6/9
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1.2.4 Two-sided shear test results of rectangular plate using testXpert software

Intelligent Solution

Standard Test Method

Determination of Shear Strength of Unreinforced
and Reinforced Biodegradable Implants

Shear Test

Methods M450 and M451

Parameter tabl

Responsible company
Orderer

Test date

Tester / operator
Sample

Sample lot number
Material

Shelf life follow up time
In-vitro follow up time
Post processing
Internal test standard
International test standar
Test speed

Load cell

Specimen grips
Machine data

Testing temperature (°C)
File name

e:

Inion Oy

: Timo Pohjonen
1 28.2.2013
: Tiia Junno

Compressed sample
: M450/M451

ds:

: 10  mm/min
: 10kN
: B15980, B16060, B16140
: 20TH2A WN:145422
Crosshead travel monitor WN: 145422
;gaod cell ID:0 WN:145423 10 kN

: Rectangular specimen, thickness 3,1 mm

2 shéar test, two-sided standard test method

Remarks T -
Results:
Width b0 | Thickness a0| SO0 Fmax |Max. Shear force | e Fmax. | Shear str. | Pre comment
Nr mm mm mm? N N mm N/mm?
,88 L1t 40,06 |6718,61 359,30 .33 3,86
2 12,92 ,12 40,31 [6595,49 297,75 .26 1.81
3 12,94 A1 40,24 [6550,86 275.43 27 1,39
4 .88 12 40,19 |6640,35 320,17 .26 2,62
5 12,85 ,15 40,48 (6805,00 402,50 32 4,06

Post comment

olalwln

Statistics:
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Standard Test Method

Determination of Shear Strength of Unreinforced
and Reinforced Biodegradable Implants

Shear Test

e _____Methods M450 and M451

Series graphics:

3000

2000

Loadin N

1000

(o] 2 4 6 8 10
Displacement in mm
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INION

: lﬁtelllge_nt So)ﬁtion

Standard Test Method

Shear Test

Determination of Shear Strength of Unreinforced
and Reinforced Biodegradable Implants

Methods M450 and M451

Series | Width b0 | Thickness a0 SO0 Fmax |Max. Shear force | e Fmax. | Shear str.
n=5 mm mm mm? N N mm N/mm?
X 12,89 3.12 40,25 6662,06 3331,03 1,29 82,75
s 0,04 0,02 0,1556| 101,12 50,56 0,03 1,19
Series graphics:
6000
Z 4000
o -
©
S L
2000 -+ Y 4
0 0 - t i {
o 2 4 6 8 10

Displacement in mm

Shear test_two-sided_standard test method.ZSE
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1.2.5 Manual calculation of two-sided shear test result of rectangular plate

To ensure that the calculation of the parameter, which the computer calculates according
to set formula in testXpert, is correct, it is needed to check it by calculating the result
manually. Manually calculated two-sided shear test result of rectangular test sample no.1
is presented below.

Maximum shear strength (o) of rectangular plate of two-sided shear test can be calculated
using formula (7-2.2)

F,
o= ﬁ (7-2.2)
6718.61 N
B 2-12,88mm - 3,11 mm
o = 83,864 N/mm’

Where F), is the recorded maximum load in N;
B is the mean width of the rectangular plate in mm;
T is the mean thickness of the rectangular plate in mm;

1.2.6 Comparison of two-sided shear test results of rectangular plate

Result from testXpert and manually calculated result is shown in the table below
(see table 2).

Result from testXpert | Manually calculated result
Max Shear strength (), N/mm’ 83,86 83,86

Table 2. Two-sided shear test values of rectangular plate

1.3 Conclusion
Formulas and used parameters of the round rod and rectangular plate of testXpert are

verified to be correct as the results of manually calculated results and results from
testXpert can be said to be equal.
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