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Abstract. Several biodegradable polymers are used in maogywsts with short life cycle. Aliphatic polyestessch as
polylactic acid (PLA), polyglycolic acid (PGA),pehprolactone (PCL), polydioxone (PDO) and otheravén been
commonly used in biodegradable products. Importgpglications of these are found in the biomeditaldf where
biodegradable materials are applied on manufactgracaffolds that temporarily replace the biomecbkahfunctions
of a biologic tissue, while it progressively regeates its capacities. In the case of commodity potgl biodegradable
plastics claim clear environmental advantages inesal brief use applications, mainly in their finatage of life
(waste disposal), which can clearly be evident tigio life cycle assessment. Performance of a delépends of its
behavior to a mechanical, thermal or chemical apglstress. It is mostly conditioned by the matsrsadlection and
dimensioning of the product. For a biodegradabledarct, performance will decrease along its degraatFrom the
final user point of view, performance should bewgtofor the predicted use, during all its life @/cBiodegradable
plastics can present short term performances simtitaconventional plasticsHydrolytic and/or enzymatic chain
cleavage of these materials leadsitbydroxyacids, which, in most cases, are ultimaéslgimilated in human body or
in a composting environment. However, each of tiesesome shortcomings, in terms of mechanicalgt®s and
degradation time, which restrict their applicationshe combination of these materials, by copolyna¢ion or
blending, or using a composite solution of sevenaterials with different degradation rates, enab&esange of
mechanical properties and degradation rates. Theseroaches can improve or tune the original projsrtof the
polymers. The mechanical behaviour of biodegradabéterials along its degradation time, which is iamportant
aspect of the project, is still an unexplored suabjelhe failure criteria for maximum strength asfianction of
degradation time have traditionally been modeledaading to a first order kinetics. In this work, ggr elastic
constitutive models, such as the Neo-Hokean, thenB\gRivlin modified and the second reduced ordéralgo be
discussed. An example of these is shown for a ldemgbosed of polylatic acid (PLA) and polycaprotenet (PCL). A
numerical approach using ABAQUS is presented, whte material properties of the model proposal are
automatically updated in correspondence to the dégtion time, by means of a User Material subraaitfftd MAT).
The parameterization of the material model propdsal different degradation times were achieved itynf) the
theoretical curves with the experimental data ofstie tests made on PLA-PCL blend (90:10). The nzdtmodel
proposal presented here could be used as a desigfiot generic biodegradable devices.

Keywords: biodegradable, materials, selection, dimensionitesign
1. INTRODUCTION

There are many biodegradable polymers commerdcaifjlable to produce a great variety of plasticdoias, each
of them with suitable properties according to tppleation. However the design process is slightenaomplex. It
must contemplate besides the mechanical stresadkggrn, also defined as the time-dependent cuivelateversible
damage, such as fatigue or creep damage, the @digradue to hydrolysis. In this work, importannsaerations will
be elucidated about biodegradable product desigimei phase of material selection and dimensioning.

Biodegradable polymers can blassified as either naturally derived polymersymthetic polymersA large range
of mechanical properties and degradation ratep@ssible among these polymers, for many applicatiomriefly used
products. However, each of these may have somécsinaings which restrict its use in a specific apgion, due to
inappropriate stiffness or degradation rate. Blegdicopolymerization or composite techniques ar&emely
promising approaches which can be used to tun®riiggnal mechanical and degradation propertieshef golymers
(Aslanet al, 2000) according to the application requirememntee most popular and important class of biodegradab
synthetic polymers are aliphatic polyesters, sushpalylactic acid (PLLA and PDLA), polyglycolic ati(PGA),
polycaprolactone (PCL), polyhydoxyalkanoates (PHAded polyethylene oxide (PEO) among others. Theay loe
processed as other thermoplastic materials.

The polye-hydroxyesters, PLA, PGA and their copolymers aeerhost popular aliphatic polyesters that have been
synthesized for more than 30 years. The left-harfdethctide) and right-handed (D-lactide) are the enantiometric
forms of PLA, with PDLA having a much higher dega#idn rate than PLLA. An intensive overview was ediy
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Auras et al. (2004). PLLA is a rather brittle polymer with awodegradation rate, and compounding with PCL is
frequently employed to improve mechanical propsrtleCL is also hydrophobic with a low degradatiatey much
more ductile than PLA (Sédergard and Stolt, 2002 A, since it is a hydrophilic material presentigh degradation
rate. The combination of PGA with PLA is usually gloyed to tune degradation rate (Nair and Lauren2007).
Polyhydoxyalkanoates (PHA's) is the largest clasaliphatic polyesters, comprising poly 3-hydroxyjrate (PHB),
copolymers of 3-hydroxybutyrate and 3-hydroxyvaleréPHBYV), poly 4-hydroxybutyrate (P4HB), copolyrmesf 3-
hydroxybutyrate and 3-hydroxyhexanoate (PHBHHXx) paly 3-hydroxyoctanoate (PHO) and its blends. @tenging
PHA compositions also allow favourable mechanicalpprties and degradation times within desirabigetiframes
(Chen and Wu, 2005). Natural polymers used in lgoagable products include starch, collagen, sitkinate, agarose,
chitosan, fibrin, cellulosic, hyaluronic acid-basetterials, among others. In table 1, some phygicaperties are
presented for different aliphatic polyesters.

Table 1. Material properties of biodegradable thegiastics: Tm, melting temperature; Tg, glass ftams
temperature; Mw, number average molecular weigbting Modulus; Tensile Strength and Maximum Elorayati

Mw Young Tensile | Maximum
Material | Tg (°C)| Tm (°C) (g/mol) Modulus | Strength | Elongation References
(MPa) (MPa) (%)
62 138 ( Agarwatt al, 1998)
3400 60 (Oksmaret al, 2003)
PLA 59 3.34x10 (Navarreet al, 2005)
45-60 150-162 350-350( 21-60 2.5-6 (Van de Veldal, 2002)
3300 57.8 (Yevet al, 2005)
4.5x10 (Zhanget al, 2007)
53 170-180 (Mohantyet al, 2000)
PLLA 65 175 1.1x1® | 3200-3700 55-60 (Zuideveld et al., 2006
55-65 170-200 2700-4140 15.5-150 3-10 (Van de &etdil, 2002)
60 178 2x10 (Todoet al, 2007)
PGA 37 (Ashammaktet al, 1995)
35-45 220-233 6000-7000 60-100 1.5-2( (Van de &etdil, 2002)
PDO 1.5x18 139 62 (Honget al, 2006)
3.25x10 (Tsuji and Ikada, 1996)
PDLLA 51,6 2800 26 11.4 (Chex al,2003)
50-60 1000-345( 27.6-50 2-10 (Van de Vedtial, 2002)
PDLGA 1.2x10 (Zilberman, 2007)
-60 2.7x10 (Tsuji and Ikada, 1996)
pCL 53.1 2.7x16 (Cheret al, 2003)
-60--65 58-65 210-440 20.7-42 300-1000 (Van dal¥et al, 2002)
-60 60 1.2x10 (Todoet al, 2007)
PFE)(';‘Q' 40-60 1000-4340  41.4-55.2 2-10 (Van de Vadtial, 2002)
F;,GC?_' 1.5x16 192.1 55 (Hongt al, 2006)
3x1@ (Fanet al, 2003)
PEO 10-8x10P 390 (Ferrettet al, 2005)
-64 (Nagarajast al, 1998)
PHB 5-15 168-182 3500-4000 40 5-8 (Van de Veltal, 2002)
PELA 14 26-31 (Cohat al, 2005)
PESu -11.5 104 (Bikiaret al, 2006)
PPSu -35 44 (Bikiarist al, 2006)
PBSu -44 103 (Bikiarist al, 2006)

Exploratory experiments in degradation environmmatlels that represent the service conditions casabéd out
as a preliminary step to assess the performaneebiddegradable device design. But such studie®sept a costly
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method of iterating the device dimensioning. Thechamical behaviour of biodegradable materials aldtsg
degradation time, which is an important aspecthef project, is still an unexplored subject. Theufai criteria for
maximum strength as a function of degradation tiaee traditionally been modeled according to d @rsler kinetics.
Many examples of this kind of design challenge barfound in the medical field, ranging from biodedgmble sutures
(Laufman and Rubel, 1977), pins and screws foropldic surgery (Pietrzadt. al, 1997), local drug delivery devices
(Langer, 1998), tissue engineering scaffolds (Lbeeg and Langer, 2004), biodegradable ligamentsi@iet. al.,
2009), biodegradable endovascular (Colombo andd{ary 2000) and urethral stents (Tamela and Ta(ag3).

In this work, hyper elastic constitutive modelsclsias the Neo-Hokean, the Mooney-Rivlin modified dahe
second reduced order will also be discussed. Ampia of these is shown for a blend composed oflatityacid
(PLA) and polycaprolactone (PCL). A numerical agmo using ABAQUS is presented, where the materigpgrties
of the model proposal are automatically updateaddrrespondence to the degradation time, by mears Ober
Material subroutine (UMAT). The parameterizationtlod material model proposal for different degramatimes were
achieved by fitting the theoretical curves with theperimental data of tensile tests made on PLA-Blehd (90:10).
The material model proposal presented here coulgsbd as a design toll for generic biodegradableds.

2. DEGRADATION AND EROSION

All biodegradable polymers contain hydrolysableogydable bonds. This makes the material sensitiveadisture,
heat, light and also mechanical stress. Theseréiffetypes of polymer degradation (photo, thermagchanical and
chemical degradation) can be present alone or ewdbiworking synergistically to the degradationuélly the most
important degradation mechanism of biodegradablignpers is chemical degradation via hydrolysis ozyene-
catalysed hydrolysis (Gopferich, 1996). Hydrolysites are affected by the temperature or mechastiess, molecular
structure, ester group density as well as by tlggadkation media used. The crystalline degree may treicial factor,
since enzymes attack mainly the amorphous domédiagpolymer. The most important is its chemicalisture and the
occurrence of specific bonds along its chains, lifkese in groups of esters, ethers, amides, etachwimight be
susceptible to hydrolysis (Nikoliet al, 2003; Herzoget al, 2006).

Another important distinction must be made betwerrsion and degradation. Both are irreversible ggses. But
while the degree of erosion is estimated from thassnloss, or COconversion, the degree of degradation can be
estimated by measuring the evolution of moleculeightt (by size exclusion chromatography [SEC] drpggmeation
chromatography [GPC], or the tensile strength etiaru(by universal tensile test). So the hydrolytiegradation
process is included on the erosion process.

The erosion process can be described by phenonggcalaiffusion-reaction mechanisms presented i Ei An
aqueous media diffuses into the polymeric matevidlile oligomeric products diffuse outwards to beerth
bioassimilated by the host environment. Then weehaaterial erosion with correspondent mass lossth@mother
hand, degradation refers to mechanical damage apdnds on hydrolysis. Within the polymeric mattiydrolytic
reactions take place, mediated by water and/orreagy While water diffuses rapidly well inside thaterial, enzymes
are unable to do it, and so they degrade at surface

PLA Polymer
Biodegradation Bicassimilation
e T e L
A e i e
e e

: PLA Polymer

H20

ENZTMES

Figurel. Scheme of erosion process (Vieira, 2010)
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2.1. Diffusion

After immersion of a biodegradable polymeric devicean aqueous medium, the very first event whicbues is
water uptake, up to a saturation of water concéatrahat depends on the hydrophilicity of the poéyr, its crystalline
degree and the temperature, pH and flow of the a€lhie penetrating water rapidly creates a negafiadient of
water concentrations from the surface to the ceadrexpected from a pure diffusion viewpoint. Hoarethis gradient
vanishes in a couple of days, when the specimamatas. Diffusion of small molecules like waterrégher fast as
compared with degradation. Therefore, one can denghat hydrolysis of ester bonds starts homogesig@long the
volume from the beginning. Water uptake can alsal [ further recrystallization of the polymer. \&faticts as a
plasticizer, lowering the glass transition tempamaiand softening the material.

The water concentrationv] along the thickness, and during incubation, isexdeined using Fick's equation,
presented for 1D:

w_p 0'w

= (1)
dt ox?
or for 3D:
2, 2, 2,
dW—DM+D M+DM (2)

dt - tox® foy? Cor

The diffusion raté® of the material can be determined by measuringi@ absorption increased weight during
incubation. In the case of isotropic polymers,ifon has no preferential direction, gD ,=D3=D.

2.2. Hydrolysis

The macromolecular skeleton of many polymers cosegrichemical bonds that can go through hydrolysife
presence of water molecules, leading to chainistissIn the case of aliphatic polyesters thisssoiss occur at the
ester groups. A general consequence of such agwasehe lowering of the plastic flow ability dfet polymer, thus
causing the change of a ductile, tough behaviar &nbrittle one. If the behavior was initially let we will assist an
increase in the brittleness. In Fig. 2 is presetetheme of the most common hydrolysis mecharksoh polymer
molecule, with its own carboxylic and alcohol ermdups, is broken in two, randomly in the middleaagiven ester
group. So, the number of carboxylic end groups imitrease with degradation time, while the molesidee being
splited by hydrolysis.

Ester group J

Carboxyl end group J
i
]

[ ot
r ~H_ e
/\/\)LOH

HO

Alcohol end group

Figure 2. Acid catalyzed hydrolysis mechanism (ket al, 2010)

Hydrolysis has traditionally been modeled usingrst order kinetics equation based on the kinetezhanism of
hydrolysis, according to the Michaelis—Menten sce€Bellengeket al, 1995). According to Farrar and Gillson (2002)
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the following first-order equation describes thedtofytic process relative to the carboxyl end gug), ester
concentrationE) and water concentration);:

% =kEwC=uC 3)

whereu is the medium hydrolysis rate of the materiais the hydrolysis rate constaiandw are constant in the early
stages of the reaction. In addition, water is spieat uniformly in the sample volume (no diffusicontrol). Using the
molecular weight, and since the concentrationsadbaxyl end groups are given Byx1/M,; the equation 3 becomes:

M, =M e 4)

whereM,; andM,q, are the number-average molecular weight, at a diveat and initially att=0, respectively. This
equation leads to a relationshifn =f(t). However, in the design phase of a biodegradablécd, it is important to
predict the evolution of mechanical properties ligasile strength, instead of molecular weighhds been shown by
Vieira et al. (2010) that the fracture strength follows the samed as the molecular weight:

g, = g'oe_ut (5)

The hydrolytic damage can be written, as Vieiral. (2010), in the form:
d,=1-—=1-e" =1-¢e*™" (6)

So the hydrolytic damage depends on ligdrolysis kinetic constank, the concentrations of ester groups,the
water concentration in the polymer matnx, and the degradation time. In this example, of bgemeous degradation
with instant diffusion, the degradation ratge,is constant, and damage only depends on degoaditie. Although
these considerations are valid in the majoritylef tases, in some cases the degradation rate damramnsidered
constant.

2.3. Surfacevs. Bulk erosion

Different types of erosion are illustrated in figu8. One is homogeneous or bulk erosion withowaatalysis (Fig.
3 ¢), considered until now, where diffusion is ddesed to occur instantaneously. Hence, the deergasolecular
weight, the reduction in mechanical properties, dmel loss of mass occur simultaneously throughbat dntire
specimen. One other type is heterogeneous or sueiasion (figure 3 a), in which hydrolysis occimrshe region near
the surface, whereas the bulk material is onlyhslygor not hydrolyzed at all. As the surface isdad and removed,
the hydrolysis front moves through the materialecdn this case, in which diffusion is very slowngmared to
hydrolysis, one must use equation 1 to calculateermeoncentrationw(t, X) at any instant through the thickness
before using equations 4 and 5. Surface erodingnpais have a greater ability to achieve zero-ordirase kinetics,
and are therefore ideal candidates for developéwices able to deliver substances such as drugsaaifertilizers, etc
(Nair and Laurencin, 2007). Also enzymatic eroditmon this last type of erosion, since enzymesuarable to diffuse
and present a raised hydrolysis kinetic constant

e

Surface Erosion Bulk Erosion Bulk Erosion

19 Palymer
" Thickness

DEGRADATION
TIME

a) b) c)

Figure 3. Schematic illustration of three typegwfsion phenomenon:
(a) surface erosion, (b) bulk erosion with autolyata, (c) bulk erosion without autocatalysis (Véeét al, 2010)
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Surface and bulk erosion are ideal cases to whig$t olymers cannot be unequivocally assigned. #vedefine
the characteristic time of hydrolysis, as the iseenf degradation rate:

1 1
I, =—=— (7
" KEw u,
If D is the diffusion coefficient of water in the polymendL is the sample thickness, we can define a charatiteri
time of diffusion,zp:

2
=t (®)

Whenzwy >> 1p water reaches the core of the material beforedtts, and the degradation starts homogenously.
When ty << 1p, water reacts totally in the superficial layer andl never reach the core of the material. The
degradation starts heterogeneously through thenalln these cases, a higher surface to volume iratuces a faster
degradation. Another factor that complicates thesien of biodegradables consists on the hydrolys&ction is
autocatalytic (Siparsket al, 1998). For example, a thick plate of PLA erodestdr than a thinner one made of the
same polymer (Grizzet al, 1995). This occurs due to retention of the oligom hydrolysis products within the
material, which are carboxylic acids, causing aalodecrease in pH and therefore accelerating tlgradation
(Gopferich, 1996). As can be seen in figure 3 b)lolw structures are formed as a consequence (Grizd., 1995).

3. CONSTITUTIVE MODELSFOR BIODEGRADABLE MATERIALS

A constitutive model for a mechanical analysis iglationship between the response of a body ffample, strain)
and the stress due to the forces acting on thiy.badwvide variety of material behaviors are desedbwith a few
different classes of constitutive equations. Du¢h® nonlinear nature of the stress vs. strain, phat classical linear
elastic model is clearly not valid for large defations. Hence, given the nature of biodegradaldstisl classical
models such as the neo-Hookean and Mooney-Rivlidetsofor incompressible hyperelastic materials imaysed to
describe its mechanical behavior until rupture. th@se materials, stiffness depends on the filvetct Mechanical
properties of elastomeric materials are usuallyasgnted in terms of a strain energy density fondlV, which is a
scalar function of the deformation gradiekf. can also be represented as a function of the @ghichy—Green
deformation tensor invariants. In general, theistenergy density for an isotropic, incompressidigperelastic
material is determined by two invariants. The fastl second invariants in uniaxial tension arerglwe

IC=)IZ+/% )
||c:712+2/1 (10)

where/ is the axial stretchlEl+e), that satisfiegd>1. The neo-Hookean incompressible hyperelastid $slgiven a
stored energy function of the form:

“H 11
w Z(IC 3 (11)

wherep; > 0 is the material property, usually called theahmodulus. An extension of this model is the Maoen
Rivlin incompressible hyperelastic solid, whichrst energy function has the form:

“F gy - 12
w 2(|c 3)+2(||C 3) (12)

with two material propertiegl; and p,. Higher order stored energy functions may be ataed to describe the
experimental data, such as a reduc¥@ler stored energy function, that includes a hiteem with both invariants of
the right Cauchy—Green stretch tensor and an exadtarial constants, which stored energy function has the form:

P W WA T Y. B - 13
w 2(|c 3)+2(||c 3)+6(|C 3l -3 (13)
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The axial nominal stress for the three models, Heokean §""), Mooney-Rivlin ¢"7) and reduced second order
(6®"9, will be given by:

M = A=) (14)
1 1
o™ = (A _/TZ)+/'12(1_F (15)
e 1 1 2_ 1 16)
0= (=)A= o)+ (= ) (A= 25) + s (A =g (

According to Soaresgt al. (2010) the model constitutive material parametdgpend on degradation time. The
material parameters are considered to be matematibns of degradation damage instead of mateoiastants. Later,
Vieira et al. (2010) determined that only the first material gmaetery,, vary linearly with hydrolytic damage (as
defined in Eqg. 6). In this work, a blend of PLA-PC20:10) was used. From Fig. 4, one can see tleahyperelastic
material models fit well the measured storage gndog all the degradation steps up to 8 weeks. &tperimental data
of storage energy was calculated by measuring rébe @e., by taking the integral) underneath tihess-strain curve,
from zero until a certain level of stretch. The #émokean model was the less precise. However jites the 2 law
of thermodynamics where every material parametemust have a positive value. The material pararmetere
calculated by inverse parameterization of the noudéth the experimental data, and are listed itet@b
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Figure 4. Storage energy vs. axial stretch for,d, &1d 8 weeks of degradation (Viegtaal, 2010)
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From Fig. 6, one can see that the hyper elastienahtmodels allowed a reasonable approximatiotheftensile
test results. The presented method, that consisthanging the first material parameter with hyghioldamagep;(d) ,

according to the linear regression (see Fig. 9bks to describe the mechanical behavior evoldtionsing equations

14, 15 or 16, while the limit stress is defineddmyation 5.
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3 200
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Figure 5. Evolution of the material parameter, of the models during degradatifWieira et al,, 2010)
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Figure 6. Axial nominal stress vs. strain for 042nd 8 weeks of degradation (experimental dadenzaterial models)

These constitutive models may be implemented inmeemial finite element software packages like ABARQWY
changing the material parameter as function of diytic damage or degradation time, and associaietthe failure

(Vieira et al, 2010)

criterion implemented by a User Material (UMAT) sottine.
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4. CONCLUSIONS

Although this method was only tested with this jgaitar blend, the authors believe that this carekiended to
other thermoplastic biodegradable materials widpomse similar to hyper elastic behavior. This m@tban also be
applied to complicated numerical models in 3D amtions, to predict its long-term mechanical bebavirhe
mechanical properties of aliphatic polyester artobiodegradable polymers are commonly assesshihilie scope
of linearized elasticity, despite the clear evidenicat they are able, in the majority of the casesindergo large
deformations. When loading conditions are simple tie desired life cycle is known, a “trial andagtrapproach may
be sufficient to design reasonable reliable devitesmore complex situations, device designers wsa numerical
approaches to define the material formulation ardngetry that will satisfy the initial requirementsjthout the
occurrence of any degradation, using conventioimaédsioning. However, the lack of design tools ttedict long term
behavior has limited the application of biodegrddahaterials. The development of better modelsbfodegradable
polymers can enhance the biodegradable device rdgsimress. The considerations and the dimensiomethods
presented here, may overcome this limitation. Timpke material degradation model presented heregdan
modifying the material parameters of the commordgdihyper elastic models as a function of degraddiine, may
enable a reasonably prediction of the life timeahplex biodegradable devices.
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