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Abstract A large range of biodegradable polymers are usgutdduce scaffolds
for tissue engineering, which temporarily repldoe biomechanical functions of a
biologic tissue while it progressively regenerdtexapacities. However, the me-
chanical behavior of biodegradable materials duiisglegradation, which is an
important aspect of the scaffold design, is stillumexplored subject. For a biode-
gradable scaffold, performance will decrease alitsglegradation, ideally in ac-
cordance to the regeneration of the biologic tissweiding the stress shielding
effect or the premature rupture. In this chapterea numerical approach to pre-
dict the mechanical behavior of complex 3D scafotiiring degradation time
(the 4" dimension) is presented. The degradation of mechlproperties should
ideally be compatible to the tissue regeneratioith\fthis new approach, an itera-
tive process of optimization is possible to achieweideal solution in terms of
mechanical behavior and degradation time. The aichifan therefore be pre-
validated in terms of functional compatibility. Aaxample of application of this
approach is demonstrated at the end of this chapter
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Introduction

There are many biodegradable polymers commercaaiyiable to produce a wide
variety of scaffolds, each of them with suitableperties, according to the tissue
they are supporting during regeneration. Many exampan be found from gener-
ic tissue engineering scaffolds (Levenberg and kar2§04), biodegradable liga-
ments (Vieira et al. 2009), biodegradable endovasdColombo and Karvouni
2000) and urethral stents (Tamela and Talja 20038. design process must con-
template the biocompatibility issues related toidibx and the functional aspect
related to mechanical considerations. In terms ethmanical dimensioning, one
must consider not only the static strength andngt#fs of the device, but also the
long-term mechanical behavior considering degradatihis degradation is de-
fined as the time-dependent cumulative irreversilalmage due to hydrolysis.
When loading conditions are simple and the degined for mechanical support is
known, a “trial and error” approach may be enougliésign reasonable reliable
scaffolds. In more complex situations, engineeis @esigners can use numerical
approaches to define the material formulation aedngetry that will satisfy the
immediate needs of symptomatic relief, without dueurrence of any degrada-
tion, using conventional dimensioning. However, k&ek of design tools to pre-
dict long term behavior has limited the succes®iotiegradable scaffolds. The
considerations and the dimensioning methods deedlemtil this moment may
overcome this limitation, normally, providing a pamlution. Therefore, it is nec-
essary to propose new approaches to improve théaofor this problem.

In this chapter, a new numerical approach, whichuse hyper elastic constitutive
models, such as the Neo-Hokean, the Mooney-Rivith the second reduced or-
der will be discussed. In fact, the new approaatsists on a constitutive model
and a failure criterion, which are implemented amenercial finite element soft-
ware packages like ABAQUS via User Material (UMAJ)broutine and Python
language. Through a failure criterion, the degradatate was used to define the
strength of the material at a given degradatioretinsing a first order kinetic
Equation. The material parameters of the const#uthodel were calculated by
inverse parameterization of the model comparednagaixperimental data. It was
found that only one material parameter varies liyeaith the hydrolytic damage
(which depends on the degradation time). Althoughk &pproach was evaluated
based on experimental tensile tests of fibersafparticular blend of polylactic ac-
id (PLA) and polycaprolactone (PCL), the authorldye that this can be extend-
ed to other thermoplastic biodegradable materidtls response similar to hyper
elastic behavior. The new numerical approach wds &b predict the load-
displacement plot with reasonable accuracy unféibs hydrolytic damage. It can
be further extended to numerical 3D models and ¢exnipading scenarios for
different applications, to predict the long-termahanical behavior.



Biodegradable Polymers

Biodegradable polymers can be classified as eitaturally derived polymers or
synthetic polymers. A large range of mechanicapprties and degradation rates
are possible among these polymers. However, eatttesé may have some short-
comings, which restrict its use for a specific égadlon, due to inappropriate
stiffness or degradation rate. Blending, copolymadidon or composite techniques
are extremely promising strategies, which can e use tune the original me-
chanical and degradation properties of the polyristan et al. 2000) according
to the application requirements. The most poputat ianportant class of biode-
gradable synthetic polymers are aliphatic polyssteuch as polylactic acid
(PLLA and PDLA), polyglycolic acid (PGA), polycagextone (PCL), poly-
hydoxyalkanoates (PHA'’s) and polyethylene oxide@pPBmong others. They can
be processed like other thermoplastic materials.

The polya-hydroxyesters, PLA, PGA and their copolymers &= most popular
aliphatic polyesters that have been synthesizednfare than 30 years. The left-
handed (L-lactide) and right-handed (D-lactide) theetwo enantiomeric forms of
PLA, with PDLA having a much higher degradatioreréttan PLLA, but similar
initial mechanical properties. An exhaustive ovewiwas done by Auras et al.
(Auras et al. 2004). PLLA is a rather brittle polsnwith a low degradation rate,
and compounding with PCL is frequently employednprove mechanical prop-
erties. PCL is also hydrophobic with a low degramatrate, much more ductile
than PLA (Sédergard and Stolt 2002). PGA, sinde & hydrophilic material pre-
sents a high degradation rate. It is stiffer thaA.PThe combination of PGA with
PLA is usually employed to tune degradation ratei(ldnd Laurencin 2007). Pol-
yhydoxyalkanoates (PHA'S) is the largest classliphatic polyesters, comprising
poly 3-hydroxybutyrate (PHB), copolymers of 3-hyxiybutyrate and 3-
hydroxyvalerate (PHBV), poly 4-hydroxybutyrate (FB} copolymers of 3-
hydroxybutyrate and 3-hydroxyhexanoate (PHBHHx) andoly 3-
hydroxyoctanoate (PHO) and its blends. The chanBidg compositions also al-
low favorable mechanical properties and degradatimes within desirable time
frames (Chen and Wu 2005). Natural polymers usestaffolds include starch,
collagen, silk, alginate, agarose, chitosan, fibeellulosic, hyaluronic acid-based
materials, among others. Some of these are bi@antaterials, and their degrada-
tion products can modulate the inflammatory respokowever, these are more
prone to enzymatic degradation than the synthétiddgradable polymers, conse-
quently the degradation kinetics depends more emdst. The synthetic polymers
have that advantage of more predictable behaviolugen. New biodegradable
material solutions are continuously arising each da

Presently 3D scaffolds can be printed with layerd aarts of different biode-
gradable materials. These can then be coated wiibdegradable and bioactive
material, to obtain a more intelligent surfacedmis of cell mediated interaction.
A complex geometry like these can be modeled irommercial 3D drawing
software and the mechanical behavior can be pestilty numerical simulation.
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Biodegradation and Erosion

All biodegradable polymers contain hydrolysableogydable bonds. This makes
the material sensitive to moisture, heat, light ateb mechanical stresses. These
different types of polymer degradation mechanispt®{o, thermal, mechanical
and chemical degradation) can be present alonerobined, working synergisti-
cally to the degradation. Usually, the most impatrtdegradation mechanism of
biodegradable polymers is chemical degradation walrolysis or enzyme-
catalyzed hydrolysis (Gdpferich 1996). The mostanignt factor is its chemical
structure and the occurrence of specific bonds calits chains. Like those in
groups of esters, amides, etc., which might beeptsile to hydrolysis when ex-
posed to water (Nikolic et al. 2003; Herzog e8l06).

Another important distinction must be made betweession and degradation.
Both are irreversible processes. However, whiledisgree of erosion is estimated
from the mass loss, the degree of degradation eagstimated by measuring the
evolution of molecular weight, by SEC (Size ExatusiChromatography) or GPC
(Gel Permeation Chromatography), or the tensilengtth evolution (by universal
tensile testing). Hence, the hydrolytic degradapoocess is included on the ero-
sion process.

The erosion process can be described by phenongeoaladiffusion-reaction
mechanisms presented in Figure 1. An aqueous nadtlises into the polymeric
material while oligomeric products diffuse outwatdse then bio-assimilated by
the host environment. Then, there is material erosiith correspondent mass
loss. On the other hand, degradation refers to avéchl damage and depends on
hydrolysis. Within the polymeric matrix, hydrolytieactions take place, mediated
by water and/or enzymes. While water diffuses rgpigell inside the material,
enzymes are large molecules unable to do it, antleypdegrade at surface. The
degradation of polyesters by micro-organisms isatad by extracellular hydro-
lases, which are secreted by the organisms to eeth&cmolar mass of the poly-
meric substrate and to make it bio-available arwdasisimilated. It was demon-
strated by Tokiwa and Suzuki (Tokiwa and SuzukiZ)fat synthetic polyesters
can be attacked by hydrolases (lipases). Howewembst biodegradable materi-
als, especially synthetic polymers, passive hydislgue to the presence of water
molecules is the most important mode of degradation

To fully model the erosion process, a complex mathtecal model is needed to
account for all the reaction steps and for thecstinal and morphologic details.
The parameters in such a model require extensiperamentation. Numerical
techniques have been used (Gopferich and Lange}; 188ng et al. 2008; Yu et
al. 2008;Han and Pan 2009; Bikiaris et al. 2007; Metzmaehed. 2007) to solve
the corresponding equations for devices of bothpknand complicated geome-
tries, in the context of drug release systems. Hewehese models did not ac-
count for the mechanical properties degradatiothede devices.

Polymer degradation is the first step of the emogdbenomenon. The complete
erosion of the polymer is known to take substagtiEnger than the complete
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loss of tensile strength. During this first phaagueous solution penetrates the
polymer, followed by hydrolytic degradation, contieg these very long polymer
chains into shorter water-soluble fragments, whiah be regarded as a reverse
polycondensation process. For example, PLA becasuoksble in water for mo-
lecular weightMn, belown20.000 (g/mol) (Zhang et al. 2008).

NOT A 2
W=

Bioassimilation

Fig. 1 - Scheme of erosion process

Hydrolytic Damage

Hydrolytic damage can be defined as the time-depethdumulative irreversible
damage due to the hydrolytic cleavage of polymeratecules. After immersion
of a biodegradable polymeric device in an aqueoadinm, water uptake is the
very first event that occurs, up to a saturatiomvafer concentration that depends
on the hydrophilicity of the polymer, its crystalli degree, the temperature, pH
and flow of the media. This step is accompanied/ddyme expansion due to the
fluid ingress, usually designated by swelling. Timeusion of water then triggers
the chemical polymer degradation, leading to thies&mn of molecules and the
creation of oligomers. The penetrating water rapateates a negative gradient of
water concentrations from the surface to the ceadrexpected from a pure diffu-
sion viewpoint. However, this gradient vanishesaircouple of hours or days,
when the specimen saturates. Diffusion of smallemges like water is rather fast
as compared with degradation that can take sewaoaths. Therefore, one can
consider that hydrolysis of ester bonds starts fgemeously along the volume
from the beginning, promoting bulk erosion (Li &t #990). This assumption is
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very precise for small thickness devices, suchtesd or films. Water uptake can
also lead to further recrystallization of the pogmWater acts as a plasticizer,
lowering the glass transition temperature and softgthe material.

The water concentratiomy along the thickness, and during incubation, iede
mined using Fick’s equation:

dw_ _ 0°w 9°w 0°w
—Q ~bioot D2 > T DS 2
dt 0x oy 0z

(1)

In the case of isotropic polymers, diffusion has preferential direction, and
D:=D2=Ds=D. The diffusion coefficienD of the material can be determined by
inverse parameterization, measuring the increasseight due to moisture ab-
sorption during incubation, on samples with twdeatiént diameters. The amount
of absorbed water is computed from:

m, =100* (m,—m,)/m,, )

wheremw andmus are the weights of the specimen before and affteoration, re-
spectively.

The macromolecular skeleton of many polymers cosegrichemical bonds (e.g.
polyethylene terephthalate PET, polybutylene tettegdate PBT, epoxies cross-
linked by anhydrides, unsaturated polyesters, estglrs, PLA, PGA, PCL and
PHA's), such as ester groups, that can go throygholysis in the presence of
water molecules, leading to chain scissions. Inctme of polylactides, these scis-
sions occur at the ester groups. Ester hydrolesisbe either acid or base cata-
lyzed (Sykes 1975). In Figure 2, a scheme of thd based hydrolysis mecha-
nism, more common in PLA degradation, is presendedeneral consequence of
such a process is the lowering of the plastic fidoiity of the polymer, thus caus-
ing the change of a ductile, tough behavior intarittle one. If the behavior was
initially brittle, there will be an increase in thettleness. Each polymer molecule,
with its own carboxylic and alcohol end groupshiigsken in two, randomly in the
middle at a given ester group. So, while the mdiscare being splited by hydrol-
ysis the number of carboxylic end groups will irage with degradation time (see
Error! Reference source not found).

Hydrolysis has traditionally been modeled usingirat forder kinetics equation
based on the kinetic mechanism of hydrolysis, atingrto the Michaelis—Menten
scheme (Bellenger et al. 1995). According to Faarat Gilson (Farrar and Gilson
2002), the following first-order equation descriltke hydrolytic process relative
to the carboxyl end group€£), ester concentratiorEf and water concentration

(w):
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— =kEwC=uC
dt ®)

whereu is the hydrolysis rate of the materiklis the hydrolysis rate constant, as-
suming thate andw are constant in the early stages of the reactioaddition,
water is spread out uniformly in the sample volyme diffusion control).
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Fig. 2 - Acid catalyzed hydrolysis mechanism (Morson and Boyd 1992)
Or using the scission numberper mass unit, as presented in the literature (Bel-

lenger et al. 1995), at tintds given, and the initial concentration of carbloayd
groupsCo is known, Equation 3 becomes:

d
d_? =KEWGC, +n,) @)

The experimental measurement of molecular weiglhdsvs the determination of
n:, and consequently the degradation rate constant:
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Using the molecular weight, and since the concéntra of carboxyl end groups
are given byC=1/Mh, the Equation 3 becomes:

M, =M, e ©

whereMn andMno, are the number-average molecular weight, at a givest and
initially at t=0, respectively. This equation leads to a relatigndi =f(t), and the
result is in g/mol. However, in the design phaseadfssue engineering biode-
gradable device, it is important to predict theletion of mechanical properties
like tensile strength, instead of molecular weidhhas been shown (Ward 1983)
that the fracture strength of a generic thermojggstlymer can, in many cases,
be related tdvin through the empirical relationship:

g =0, —A =0 —A
— Ve T Yo —ut (7)
M, M.e

wheren is the fracture strengtm, is the fracture strength at infinite molecular
weight, andA is a material constant. Equation 7 provides argssm of the time
dependence of the material’'s mechanical strengtiichwis relevant in the design
phase of a biodegradable device. Since this isngpirecal equation, constam
must be determined experimentally for each mate@ak can thus determine the
limit strength of the device during the recoverofghe tissuega= f(t). When re-
generating a tissue, the strength of the scaffaldshould be compatible to the
strength of the new formed tissue= o(t). According to Farrar and Gilson (Farrar
and Gilson 2002), the hydrolysis rate depends ersttucture of the polymer, and
is independent of its initial molecular weight. TBquation 7 is illustrated i&r-
ror! Reference source not found.
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Fig. 3 - Tensile strength vs. time for different iitial molecular weight (based on Farrar and
Gilson 2002)

The storage or sterilization processes may preadiegthe material, leading to re-
duction of degradation time and its initial meclahistrength, but the rate of deg-
radation remains the same. To tune degradation specimens with different ini-
tial molecular weight can be created by gamma-atéah starting from
commercial materials available. Regrettably, thhhique also reduces the initial
mechanical properties of the materials.

The Equation 7 is not a very good model for tensitength, except in the brittle
failure regime for amorphous polymers or semi-aliste polymers below their
glass transition temperature. This is a common Ipmlwith highly ductile poly-
mers. In these cases, it is more correct to usevalues instead of nominal stress
and strain, by assuming that the deformation ocatirsonstant volume (Ward
1983). In this case, the true aréajs given byAd(1+m); whereAo is the initial ar-
ea ando is the nominal strain. This leads to the true sstrbeing given by
(1+m)*ma; wherema is the apparent stress based®on

As it will be shown in the next sections, strenfihows the same trend as the
molecular weight:

o, =0, *e" ®)

The hydrolytic damage, defined by the ratio betwieninitial strength of the vir-
gin material and the current strength, after aateidegradation time, is:

d,=1- Zt=1- e 1- g™ (9)
Oo
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So the hydrolytic damage depends ontkdrolysis kinetic constank, the con-
centrations of ester groups, thewater concentration in the polymer matnix,
and the degradation timieThe hydrolysis kinetic constar, is a thermodynamic
quantity associated with the probability of molezuscission, and it depends on
temperature, load applied to the material and pHhefaqueous media. The pH of
the aqueous medium also affects the hydrolysigimacates (Kirby 1972). Tsuiji
et al. studied the hydrolysis of PLLA films at 32 th alkaline solution (pH 12)
(Tsuji and lkada 1998), acid solution (pH 2.0) (Tsand Nakahara 2001) and
phosphate-buffered solutions (pH 7.4) (Tsuji anadik 2000). In the human body,
pH can be considered constant, kept by the orgaaisarhomeostatic value.
Temperature will augment diffusion due to increasemecular flexibility, but it
will also amplify the hydrolysis rate, due to ereitent of the molecules that it
will raise the probability of bond scissions. Alsn,the human body, temperature
is kept constant at the homeostatic value of ar@m¢€. The influence of the me-
chanical environment in the hydrolysis rate wa® akported (Miller and Wil-
liams 1984; Chu 1985). Loaded fibers degrade faktar unloaded ones, and the
magnitude of degradation depends on the level pliegpstress and the incubation
time. Similarly to temperature, stress also inogsabe probability of bond scis-
sions. In most applications, the material is sutedito a stress state. When the
stress state remains constant during degradatienhydrolysis rate must be de-
termined for that particular load case. If any atoin were to occur in the stress
state, temperature, or environméatyould no longer be constant.

In this example, homogeneous degradation with msti#fusion, the hydrolysis
rate, u, is constant, and damage only depends on degoadtine. Although,
these considerations are valid in the majorityhaf tases, in some cases, the hy-
drolysis rate cannot be considered constant. kf dhe hydrolysis rate of the ma-
terial () should be determined experimentally in accordancthe degradation
environment of the application. In the charactaitmasection, an example degra-
dation rate determination will be presented.

Further refinements of degradation models

In a complex organism, several substances are meipe for degradation. More

precise models can include each one of these sudestaBioprocess models are
often restricted to the evolution of macroscopiecdies involved in a reaction

scheme (Bastin and Dochain 1990). Such a reactbanse describes the main
phenomena occurring in the culture and is typichlijit of a reduced number of

irreversible reactions involving macroscopic speckor each enzyme and water,
its hydrolytic effect is usually modeled, usingiestf order differential equation,

with different hydrolytic constant rates and cortcations that must be known.

The model used is formally based on the kinetichmatsm of enzymatic hydrol-

ysis according to the Michaelis—Menten scheme (rzat al. 2002):
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Ot
Z+S ZS

- [;]—1[]
2SO L P+2Z (10)

whereZ andSrepresent the enzyme and substrate polymer, réaplgandZSis
the enzyme/substrate compléX,is used to denote the hydrolysis reaction prod-
ucts, k1, k-1 andk2 are rate parameteisl describes the diffusion and adsorption
of the enzyme onto the substrate polynket,the dissociation of th&S complex
without degradation (in general, equal to zero)affia et al. 2002) ank?2 the
degradation process. The degradation is mostlyneaduo be the rate-limiting
step, because equilibrium in adsorption is muctefasompared to degradation.

In order to perform computer simulation based @s¢hmodels, the equations can
be discretized using the mixed finite element metfur the space and an implicit
scheme for the time. Having determined the conagotr of the carboxylic end
groups at the hdiscrete time point, the degradation equationtmsolved and it
can proceed to the next time step (or increment).

When a process is composed of a sequence of nesctie overall rate is deter-
mined by the slowest reaction, named the rateitignistep (Hill 1977). Klyosov
and Rabinowitch (Klyosov and Rabinowitch 1980) mdgd that the rate limiting
step may change between the beginning of the cenatid after a certain degree
of substrate conversion.

The degree of crystallinity may also be a crucadtdér, since hydrolysis occurs
mainly in the amorphous domains. Water and enzyategsade the more accessi-
ble amorphous region, but are unable to attackets® accessible crystalline por-
tions. The water permeability along the crystallhegion is much smaller than
amorphous region. The observed increase in pe@emathe crystalline phase is
explained by the faster degradation that occuteeramorphous region. Polymers
with low crystallinity showed increased hydrolysates (Seretoudi et al. 2002;
Shen-Guo and Bo 1992). As the crystallinity incesasteadily throughout the re-
action, substrate becomes increasingly resistafutrtioer hydrolysis (Fan and Lee
1983; Fan et al. 1980), therefore affecting theetias of the process (Kennedy
and Melo 1990; Walker and Wilson 1991). To modéd fhenomenon, knowing
the initial crystalline degree, two different rates be considered for both phases,
and two different hydrolytic damage values shoutdcalculated and added ac-
cording to the volume fractions. The crystallintfycopolymers X%) can be de-
termined by dividing the observed heat of fusiomiBDSC (Differential Scanning
Calorimetry) test, by the theoretical value forfpetly crystalline polymer accord-
ing to:

X%=—7 (11)
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Crystallinity also affects the mechanical propertié materialsTheir glass transi-
tion temperature is lowered due to water uptakdchvban lead to recrystalliza-
tion of the polymer. Hence, material processing atatage conditions have a
great influence on mechanical and degradation ptiegegSaha and Tsuji 2009).

Surface vs. Bulk Erosion

All degradable polymers share the property of ergdipon degradation. The wa-
ter ingress triggers the chemical polymer degraddtading to the creation of ol-
igomers and monomers. Progressive degradation esahg microstructure of the
bulk through the formation of pore via which oligera are released. Concomi-
tantly, the pH inside pores begins to be controligdiegradation products, which
typically have some acid-base functionality. Fipatiligomers and monomers are
released, leading to the weight loss of polymeriasy The distinction made be-
tween surface (or heterogeneous) and bulk (or hemagus) eroding materials is
used to classify degradable polymers.

Different types of erosion are illustrated in Figuyt. In Figure 4 c), there is a typi-
cal case of homogeneous or bulk erosion withoudaatalysis, in which diffusion
occurs instantaneously. Hence, the decrease incolaleweight, the reduction in
mechanical properties, and the loss of mass odowltaneously throughout the
entire specimen. Polymers containing, ether, amidester groups, such as PLA,
PGA, PCL, polyamide, proteins, and cellulose (asdderivatives), generally ex-
hibit this type of erosion (Pitt et al. 1982).

Surface Erosion Bulk Erosion Bulk Erosion

| Polymer
Thickness

DEGRADATION
TIME

a) b) c)

Fig. 4 - Schematic illustration of three types of ®sion phenomenon: (a) surface erosion, (b)
bulk erosion with autocatalysis, (c) bulk erosion wWhout autocatalysis (based on von
Burkersroda et al. 2002)

One other type is heterogeneous or surface er¢Biwar! Reference source not
found.a), in which hydrolysis occurs in the region ndae surface, whereas the
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bulk material is only slightly or not hydrolyzedalt. As the surface is eroded and
removed, the hydrolysis front moves through theemialt core. In this case, in
which diffusion is very slow compared to hydrolysime must use Equation 1 to
calculate water concentratian(t, x) at any instant through the volume, before
using Equations 8 or 9. The rate of boundary moverisevery often nearly con-
stant (Lyu et al. 2005). Surface eroding polymexrgeha greater ability to achieve
zero-order release kinetics, i.e. a state at wthiehrate of an enzyme reaction is
independent of the concentration of the substiterefore, they are ideal candi-
dates for developing devices able to deliver suitgts (Nair and Laurencin 2007)
such as drugs, growth factors, etc. Polymers sschody(ortho ester)s (POES),
PAHSs, and some polycarbonates tend to undergocsu€i@sion (von Burkersroda
et al. 2002). Also enzymatic erosion fits on tlaistltype of erosion, since enzymes
are unable to diffuse and present a raised hydsokigetic constank. In the
presence of enzymes, heterogeneous hydrolytic daceybe modeled, consider-
ing a high hydrolysis kinetic constaanaind a diffusion coefficierd close to zero.
This damage should then be added to the damag®duater, either homogene-
ous or heterogeneous.
Surface and bulk erosion are ideal cases to whigt imolymers cannot be une-
quivocally assigned. Hence, two major processeg lavimpact on the erosion
kinetics:

1. the diffusion of water into the polymer bulkdan

2. the hydrolytic degradation of the polymer baakd.o
It is possible to define the characteristic timehgéirolysis,on, as the inverse of
hydrolysis rate (Gopferich 1996):

T, = 1.1 (12)
" KEw u
If D is the diffusion coefficient of water in the polgmandL is the sample thick-

ness, it is also defined a characteristic timeifbfision, oo (Gépferich 1996):

L2

Ty D

(13)

For assuming that the sample surface is large éneaghat it can be neglected
the edge effects. Wham >> oo, water reaches the core of the material before it
reacts, and the degradation starts homogenouslgnWh<< oo, water reacts to-
tally in the superficial layer and will never redtite core of the material. The deg-
radation starts heterogeneously through the volumghese cases, a higher sur-
face to volume ratio induces a faster degradatiBo, in heterogeneous
degradation fibers of smaller diameter will haveaverage, a higher hydrolysis
rateu than the larger diameter fibers. Critical condisare defined whem = o~.

In this critical condition, the critical thicknesan be defined as (Gopferich 1996):
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L, =

D (14)
u

This critical thickness ranges from tens of micrtene for PAH’s to a few centi-
meters for polyesters (Gopferich 1996). If the épen thickness is larger than
this critical size, the specimen undergoes suréaosion. Otherwise, it undergoes
bulk erosion. Since diffusion and hydrolysis depe&mdtemperature, pH of the
aqueous media, etc., the critical thickness wipeted on those parameters. Ac-
cording to Gopferich’s point of view (Gopferich 89 all the water-insoluble de-
gradable polymers could undergo surface erosidsutir erosion at different con-
ditions. In conclusion, the way a polymer matrindgs depends on the diffusivity
of water inside the matrix, the hydrolysis ratettod polymer’s functional groups
and the matrix dimensions. It should be noted thktboratory experiments are
carried out on samples with thickness lower thandtitical value, they will not
necessarily model thicker samples.

One factor that complicates the erosion is the cat#dytic hydrolysis reaction
(Siparsky et al. 1998). The hydrolytic degradatidraliphatic polyesters derived
from lactic and glycolic acids (PLA/GA polymers)shbeen previously shown to
proceed heterogeneously in the case of large sivieek, the rate of degradation
being greater inside than at the surface (Li e1@90; Vert et al. 1991; Grizzi et
al. 1993). This was observed bathvitro (Grizzi et al. 1995) anah vivo (Therin

et al. 1992). For example, a thick plate of PLAde® faster than a thinner one
made of the same polymer (Grizzi et al. 1995). Tuisurs due to retention of the
oligomeric hydrolysis products within the materiahable to diffuse out if the ma-
terial is very thick. These oligomeric reaction gwots are carboxylic acids, caus-
ing a decrease in pH and increased hydrofilicityhie core of the material, there-
fore accelerating locally the degradation (Gopterd®96) due to a local increase
of hydrolysis kinetic constayk.

As degradation proceeds, soluble oligomers whieh dose to the surface can
leach out, whereas those which are located weltlénthe matrix remain en-
trapped and fully contribute to the autocatalyffeet. This difference of concen-
tration in acidic groups, results in the formatioha skin composed of less de-
graded polymer. The thickness of this skin depemdsany factors such as the
diffusion rates of each involved species and the of ester bond cleavage. As
can be seen iferror! Reference source not foundb), hollow structures are
formed as a consequence (Grizzi et al. 1995). Aentomplex model, with more
parameters, is necessary to describe this phenam@ihis implies an extensive
experimental characterization. However, this hollimimation occurs in the late
stages of erosion, when molecular weight becomeatlgrreduced. The models
presented in the following section, to describergth decrease and stress—strain
plot evolution during degradation are only valid fiee initial phase of erosion, i.e.
for hydrolytic damage of about 50%. Hence, thesdetwoneglect the hollow for-
mation effect, since this phenomenon may be negfdedtring the first 50% of
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strength loss, i.e. the mass loss and oligomeusldh are neglected (as will be
showed in the following sections).

Some authors claim that the local raise of degradatte can also be explained
by the local increase of hydrophilicity. The hydndjeity involves the build-up of
acid and alcohol groups, much more hydrophilic ttrinitial ester group (Van
Krevelen 1976). An increasing water equilibrium centration with time can thus
be expected. It is quite simple to solve the pnahlas Bellenger et al. (Bellenger
et al. 1995) have shown, if it were consideredhwiin Krevelen (Van Krevelen
1976), that the water equilibrium concentratioansadditive function, thusy = b

+ an;, and:

dC dn

—=—=KkE(C, +n,)(b+a 15
G dt (C, +n)(b+an) (15)
Solving the Equation 15, as demonstrated by Bedlered al. (Bellenger et al.
1995), leads to:

_ b-aC,
n, = C0|:be—kE(b—aC0)t —aC, - } (16)

werea andb are material parameters. Accordingly to Belleregeal. (Bellenger et
al. 1995), this equation gives a good quantitatdescription of the auto-
accelerated character of the degradation. If the-accelerated character is not
due to increasing hydrophilicity, it is probablydag@se its origin is in the hydroly-
sis mechanism. Alcohol groups and especially aoidigs coming from the first
degradation steps can catalyze later hydrolysistioges.

Tuning hydrolytic rate according to scaffold requirements

To control the hydrolytic rate, in order to mattie tdimensioning requests during
all the healing process, the project designer canbine different materials with

different hydrolytic rates. A wide range of degragia times and mechanical
properties are possible, using different commeiiallable materials and varying
dimensions and 3D architecture. One possible apprisathe composite concept,
making use of the broad range of material propetteconstruct a multilayer de-
vice, each layer possessing its own degradati@n Tdite mixture law may also be
applied to hydrolytic rate, assuming homogenousatiagion:

n
Ug SU *V+ UV, + o+ U Y+ U, 5V =D UV, (17)
i=1
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whereVi are the volume fractions of each material. Anothay to control the hy-
drolytic rate constant of materials is by block elymerization or blending with
other biodegradable polymers, having different biydic rate constants. Copoly-
mers of several lactides or lactones can be syiztgeby ring opening polymeri-
zation, resulting in high molecular weight polyestéEndo et al. 1987). The mix-
ture of different polymers to produce blends, witintrolled hydrolytic rate and
mechanical properties can be performed in two wanysing the melted polymers,
or mixing polymers solutions using a common solvetawever, the miscibility is
limited, depending on polymers used and its voldraetions. The observation of
two glass transition temperatures is a common wagvaluate immiscibility of
the blends. In blends formulations with poor miditip the mixture of polymer
solutions is preferable. Unfortunately, this salatiimplies the use of solvents,
which have negative environmental effects. Theedéfit strategies to control deg-
radation rate are represented in Figure 5.

| POLYMER BLENDING | [CO-POLYMERISATION]

A —monomers
SA=A=N—A—A—A=E=A— R R A= RS R A=
Random Copolymer
SA=-SA=-SAS - SASSA= - SAS - SAS S SAS -

.. Altemate Copolymer
Component A Immiscible N
(e.g. hydrophobic) Block - Copolymer
i
(O Component B | I
(e.g. hydrophilic, | |
enzymatically degradable)
| |
. .. |
Partially miscible A A A A A AA—A—A-A-A-A-A-A-A—
|
1
I Branched
| Copolymer
|
!

Totally miscible

Fig. 5 - Strategies to control degradation rate dbiodegradable polymers

Characterization of degradation rate

The aim of this section is to demonstrate an exarapkexperimental procedure to
analyze erosion and degradation. Weight, strengthraolecular weight evolu-
tions were determined during degradation of polsnéit the end of this proce-
dure, it was possible to determine the degradatteu of the biodegradable ma-
terial. In this example, and in the following seas, the material used is a blend
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of PLA-PCL (90:10). Two fiber dimensions were ugédl5 and 0.4 mm). Sam-
ples were placed in tubes and submitted to diftedegradation stages, under PBS
(Phosphate Buffer Solution) at 37°C. The duratibrstages was previously de-
termined, according to the supplier durability elaj untii a maximum of 7
months. At the end of each degradation stage, gHeofmedia was measured, then
test pieces were weighted after and before drfimgher submitted to tensile tests
and finally to GPC (Gel Permeation Chromatographty) measure molecular
weight. The initial pH of the PBS solution was &fg) and did not change signif-
icantly during degradation. As can be seen in EdyrPLA-PCL has become brit-
tle only after 16 weeks, lost its plasticity regi@and strength has progressively
decreased. The almost constant slope of the liekeatic stage indicates that no
significant variation in Young modulus occurredidgrdegradation.

80

0 weeks = = 2 weeks ===--4 weeks -+ 8 weeks 16 weeks

70

-

0 5 10 15 20 25 30 35
FElongation (mm)

Fig. 6 - Tensile test results for different degradgion time of PLA-PCL fibers (400pm) un-
der PBS

As can be seen in Figure 7, while in the first I&eks the fiber only looses 10%
of mass, it presents 80% of strength loss. ForetReA-PCL fibers, no significant

differences were observed among the different dgio@is tested, either in terms
of strength and molecular weight evolutions durdegradation (see Figure 8).
One can conclude that, in the present case, wifesidn can be assumed instan-
taneous and that hydrolysis takes place homogendhsbughout the samples
(bulk degradation without autocatalysis) (Auraset2004). For highly heteroge-
neous degradation, the rate will not be globaliyilsir, independently of dimen-

sions, and the water concentration will locally eieg on the position and time.
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Fig. 8 - Normalized: a) strength and b) molecular wight, for different degradation time of
PLA-PCL fibers, of 150um and 40Qum, under PBS

From Figure 9, one can see that the measured tirésitpws the same trend as
the molecular weight, in a semi-logarithmic repregagon. The slope of this linear
fitting, that includes all experimental results matized to the initial value and in
semi-logarithmic scale, represents the degradatite Instead of Equation 8, a
relationship similar to the one obtained for theleoalar weight, Equation 7, can
be used,

— ~Uugt
og=0,." (18)

whereus is the strength decrease rate of the materiak parametents, seems to
be directly related to the molecular weight deceaase of the materialym, as can
be seen in Figure 9 and in Table 1. This same toamdbe found in the degrada-
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tion results of other previous works, such as the by Meek et al. (Meek et al.
2004), with PDLA-PCL. This can therefore providsteategy to obtain a design
failure criterion for the evolution of the limitrsihgth of the device during the deg-
radation processy = f(t).

Table 1 — Degradation rate of PLA-PCL under PBS, dermined by measuring strength
and molecular weight evolution for different degradation time

Ln (ﬂ/ I:IO)= -Ust R Ln (Mn/Mo)= -Unt R

u 0.103 0.996 0.0841 0.989
Time (weeks)
0.0
SA S 10 15 20 25 30

. A
é -0.5 A
- g
2 4
£ .10
& L
=
<
.N
= .15 -
g A
=}
i
- 2
—

2.5

ALn(Mi/Mno) in PBS ALn(Normnalized Stresg) in PBS

Fig. 9 - Normalized strength and normalized molecuar weight evolution for different deg-
radation time of PLA-PCL fibers of 400um under PBS

Constitutive models to simulate mechanical behavioduring
hydrolytic degradation

Whenever loading conditions are simple and thereeédifetime of mechanical
support is known, a “trial and error” approach nhaysufficient to design reason-
able reliable devices. In more complex situati@esiffolds designers can use nu-
merical approaches to define the material formaoitaéind geometry that will satis-
fy the immediate needs of symptomatic relief. Iresth cases, they can use
constitutive models supplied in the commercial pags of Finite Element Meth-
od (FEM) modeling, to simulate the mechanical bévasf a device in the most
severe condition, based on the initial material Im@dcal properties. However, the
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lack of design tools to predict long term behavias limited the application of bi-
odegradable materials.

A constitutive model for a mechanical analysis is2ktionship between the re-
sponse of a body (for example, strain state) ardsttess state due to the forces
acting on the body, which can include the environtaleeffects. A wide variety of
material behaviors are described with a few diffei@asses of constitutive equa-
tions. Mechanical properties of biodegradable masare commonly assessed
within the scope of linearized elasticity, desphe clear evidence that they can
undergo large strains before breaking. Due to trdimear nature of the stregs.
strain plot, the classical linear elastic modetlesarly not valid for large strains
simulation. Other plasticity or hyperelastic modaie required to model those sit-
uations. Hence, given the nature of biodegradablgnpers, classical models such
as the Neo-Hookean and Mooney-Rivlin models, faompressible hyperelastic
materials, may be used to predict mechanical behawntil rupture of non-
degraded PLA (Garlotta 2001; Lunt 1998). A singldew, isotropic Ogden mate-
rial hyperelastic model was also used (Krynauwle@11) to simulate the me-
chanical behavior evolution during degradation pbl/ester-urethane scaffold.
These models are useful to model the toughnesstdrials with this type of me-
chanical behavior. For these materials, the woskiaption implies the existence
of a scalar field, the stored energy functih which is a function of the defor-
mation gradienf. The stored energy functiolly, can also be represented as a
function of the right Cauchy—Green deformation ¢teriavariants. In general, the
strain energy density for an isotropic, incompigssihyperelastic material is de-
termined by two invariants. The first and secondaimants in uniaxial tension are
given by:

|c:/12+§ (19)

:i2+2;| (20)

Il

wheren is the axial stretchoE1+m), that satisfiemnl. For the Neo-Hookean in-
compressible hyperelastic solid, the stored ennggtion is given by:

W=, -9 (21)

wherepu > 0 is the material property, usually called theatmodulus. An exten-
sion of this model is the Mooney-Rivlin incomprdssihyperelastic solid, which
stored energy function has the form:

w=%(|c—3)+“—22(uc—3) (22)
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with two material propertiep: and 2 > 0. Higher order stored energy functions
may be considered to describe the experimental dath as a reduced®drder
stored energy function, that includes a mixed teiith both invariants of the right
Cauchy—Green stretch tensor and an extra matenatantys, which the stored
energy function has the form:

H Hy Hs
=2 (1, =Y +22 (1. -Y+2 (I - - 23
W =2 =9+ 2 (e =9+ 72 (1~ -3 (23)

Considering the equations above, the axial nomstralss for the three models,
Neo-Hookean™), Mooney-Rivlin @“%) and reduced second ordaft %, will
be given by:

o™ = A=) 24)
1 1
0" = (A=) 0 5) (25)
ndre 1 1 1
o’ :(/'11_/'13)(/] _?)"'(:Uz _/'13)(1_?)"':“3(/12 _F (26)

According to Soares et al. (Soares et al. 201@)nibdel constitutive material pa-
rameters depend on degradation time. The matesi@npeters are considered to
be material functions of degradation damage instéadaterial constants. For fi-
bers of a blend of PLA-PCL (90:10), it was deteradirthat only the first material
parametery; varies linearly with hydrolytic damage (as definedEquation 9)
(Vieira et al. 2011b).

From Error! Reference source not found, one can see that the hyperelastic ma-
terial models fit well the measured storage enefgyall the degradation steps up
to 8 weeks (about 50% of damage). The experimelata of storage energy was
calculated by measuring the area (i.e., by takimg integral) underneath the
stress-strain curve, from initial stretch (one)Xhe desired stretch level (no com-
pression behavior was accessed). The Neo-Hookedelm@s the less accurate.
However, it never violates thé®2Law of Thermodynamics, which imposes that
every material parameteps must be positive. The material parameters were cal
culated by inverse parameterization based on tpergrental data. The results
are presented in Table 2.

If the last degradation stage is discarded, thennthterial model parametaer;,
varies linearly with the hydrolytic damage, as m®gd by Soares et al. (Soares et
al. 2010). The proposed approach, which admitsahigt the first material param-
eter changes with hydrolytic damage(d) , according to the linear regressions
(see Figure 11), allows a good description of tleetmanical behavior evolution,
based on Equations 24, 25 or 26. Moreover the at#rstress, which is the failure
criterion used, can be defined by Equation 18.
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Fig. 10 - Storage energy vs. axial stretch for 0, 2 and 8 weeks of degradation (Vieira et al.
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Fig. 11 - Evolution of the material parameter, , for each model, considering different deg-
radation time (Vieira et al. 2011b)
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Table 2 - Material models parameters for differentdegradation time (Vieira et al. 2011b)

Material Models Weeks D 14 e s
0 0.00 450
2 0.18 410

Neo-Hookean 4 0.33 364 - -
8 0.55 364
16 0.80 630
0.00 80
2 0.18 50

Mooney-Rivlin 4 0.33 5 500 -
8 0.55 -30
16 0.80 150
0 0.00 155
2 0.18 120

2" reduced order 4 0.33 75 400 -1
8 0.55 50

16 0.80 250

From Error! Reference source not found., one can see that the hyper elastic
material models allowed a reasonable approximaifcthe tensile test results, i.e.
stressvs. strain. However, the constitutive models are umabldescribe precisely
the initial elastic phase of the stress-strain,pldtere the stiffness remains barely
constant. This explains why the material model peter,u,, increases sharply in
the last degradation stage (16 weeks) for all thnedels, because the inverse pa-
rameterization was based on the experimental datamostly comprehends elas-
tic deformation.

Tensile strength evolution can be determined dutliegyadation in test specimens
of PLA-PCL fibers or other elements with small #ness. This is possible since
hydrolytic reaction is the limiting step of the ok degradation process. Diffu-
sion may be neglected in these cases, and hydsatyay be considered to take
place homogeneously within the sample volume.

These constitutive models are available in comméf€EM software packages,
but they are not linked to failure criterion. Thasnew approach is proposed in
which constitutive equations can be implemente¢dammercial FEM software
packages like ABAQUS™, by changing the materiabp@ter as function of hy-
drolytic damage or degradation time, and associatede failure criterion imple-
mented by a User Material (UMAT) subroutine, aslvesl PYTHON language.
An example of this approach is given in the followisection, for a simple ge-
ometry of a fiber.
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Fig. 12 - Axial nominal stress vs. strain for 0, 24 and 8 weeks of degradation (experimental
data and material models) (Vieira et al. 2011b)

Implementation and application of the new approactfor 4D
numerical analysis of scaffolds

In this section, an example of the new approacipfedicting the life-cycle of a
hydrolytic degradable device, and its implementatio ABAQUS standard is
shown, using the Neo-Hookean material model. Thissed to simulate PLA-PCL
behavior for fiber geometry. As commented earlikis implementation was car-
ried out using a subroutine UMAT and the PYTHONglaage. Although Neo-
Hookean model was less accurate than the otherlsddis not so complicate to
implement, since it uses only one material parametd-urthermore, it avoids the
violation of the 2° Law of Thermodynamics, which happens for the othedels
with negative values for the material parametessa(idus). For this 3D case, the
first and second invariants of deviator part of k¢ Cauchy-Green deformation
tensor are given by:

|, =tr(B) (27)
I, =1/2[(trB) - trB*]*? (28)
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whereB is the deviator stretch tens@=<FF'). The Neo-Hookean compressible
hyper elastic model is given by stored energy fioncof the form:

W =(u,/2)(I5 -3)+ G(J-1)* (29)

whereG is a material constant that depends on the comipikty (G=0 for in-
compressible materials).is the determinant of the deformation gradightl(for
incompressible materials):

J=det@x/0X) (30)

wherex is the current 3D position of a material point ahd the reference posi-
tion of the same point. Then:

F=J"3(0x/0X) (31)

is the deformation gradient with volume change ®lated. The Cauchy stress
tensor for the Neo-Hookean model used in this eXamspyiven by:

T = (,/3)dev(By 2C(3-1)! (32)

where | is the %' order identity tensor.

The first material parameter is calculated as foncof the hydrolytic damage,
u1(dy), according to a linear regression shownEimor! Reference source not
found..

In this example, a 3D model of a fiber was devetbpg means of a script in
PYTHON language, using solid and axisymmetric eletsiewith parabolic inter-
polation functions, as well as with reduced antigdrid integration. This script is
run by ABAQUS and the degradation time is requiasdan input parameter data
(Error! Reference source not found.13). The hydrolysis rate of the materia) &nd
the strength of the non-degraded materig) ére initially set in the command
lines. The material was considered nearly incongiinés G=107). Then the script
calculates the hydrolytic damage),)( according to Equation 9, and the material
strength &) according to Equation 8, for a given the degradatime ¢). The
script also calculates the material parame@es<1/2) as a function of the hydro-
lytic damageC,o(dy). The material strengthy§ and the material parameterS;{
and G) are considered input data for the UMAT subrout@seshown irError!
Reference source not found.
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ABAQUS/PYTHON UMAT

Deformation

OBD results Gradient eq. 30
New Update l
increment Constitutive matrix F
eq. 31
Degradation time T
if 6r<61,02,03 B=F*F
. ]
< dy 527
eq.8 || eq.9 eq.*
Geometry
l Boundary conditions T
Loads eq. 32
Cro(dh)
=ul/2

Material model parameters

Fig. 13 - Flow of operations done by ABAQUS/PYTHONand the UMAT subroutine
(Vieira et al. 2011a)

Based on the geometry, the loadings and boundarglittans, ABAQUS calcu-
lates the variables that correspond to the defeomaradient §x/0X). Then, the
UMAT calculates the Jacobian (J) and the distortiensor (F), according to
Equation 30 and 31 respectively, for each integnapoint of the FEM model.
The deviator stretch tensor B is then calculatefbrbethe calculation of stress
Cauchy tensor T, according to Equation 32. The eamginted UMAT compares
the principal stressesy( o, andas) to the strengtha() for each integration point,
acting as a failure criterion. Whenever these aeatgr than the strength, for a
certain increment, the subroutine sets them to iretbe finite element analyzed.
Finally, the UMAT constructs the constitutive mateand calculates the result for
each increment into the OBD (Output Base Data)dilaBAQUS. The flow chart
of calculi operations is representectimor! Reference source not found.

Error! Reference source not found.a) shows the mesh of the finite element model
and boundary conditions applied, as well as a nizaleresult for maximum prin-
cipal stress. The CAX8H (8-node biquadratic axisyetrin quadrilateral, hybrid,
linear pressure element) and C3D20RH (20-node atiadorick, hybrid, linear
pressure, reduced integration) element types wsed,unith similar results. Alt-
hough the first element type is simpler and fagieralculate, it cannot be used in
3D complex shapes. FroBrror! Reference source not found.b), one can see that
the hyper elastic material model allowed a reasenafyproximation of the tensile
test results reported previously. For this particgeometry and load conditions,
no mesh size dependence was found. Finally, mdeglslean be seen at Vieira et
al. (Vieira et al. 2011a).
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Fig. 15 - (a) 3D model of the fiber; (b) Experimerdl vs. numerical results according of ten-
sile tests to PLA-PCL fibers at different stages ohydrolytic degradation (Vieira et al.
2011a)

Conclusion

The numerical approach presented here can be ss#elsgn tool of biodegrada-
ble polymeric devices with further complex 3D gedms, considering the initial
condition of instantaneous diffusion (homogenougrdéation along the volume).
Although this approach was only tested with thigipalar blend, the authors be-
lieve that this can be extended to other thermtiplagodegradable materials with
response similar to hyper elastic behavior. Fomex®a, presently 3D scaffolds
can be printed with biodegradable polymers. Ushig hew approach, complex
geometries can be modeled in a commercial 3D dawaftware, or digitalized
from biomedical images, and then exported to ABAQU® predict its mechani-
cal behavior during degradation by numerical sirtioifa This approach, only val-
id for small thickness devices in the first stepgmsion, without considering the
degradation rate dependence on temperature, emaminand stress state, can be
further expanded to more detailed models that demnsihese dependencies, the
crystalline degree dependence, and the diffusiowaiér, enzymes and degrada-
tion products. In these further complex problenasndge will depend not only on
the degradation time, but also on the water comagah and thdaydrolysis kinet-

ic constant, no longer constants but time, geocafridegradation media, temper-
ature and stress state dependents.

The development of better models for biodegradpblgmers can enhance the scaf-
folds design process. The numerical approach pegbbere, based on the calculation
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of one material parameter of Neo-Hookean hypetielasdel, that is a function of
the degradation time, can overcome this limitatiod enable a reasonably prediction
of the life time of newer and more complex scafold
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