Mechanical Study of PLA-PCL Fibers during In Vitro Degradation
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Abstract: The aliphatic polyesters are widely used in biorogldapplications since they are
susceptible to hydrolytic and/or enzymatic chasgeghge, leading te-hydroxyacids,

generally metabolized in the human body. This isi@aarly useful for many biomedical
applications, particularly, for temporary mechahsigports in regenerative medical devices.
Ideally, the degradation should be compatible whthtissue recovering.

In this work, the mechanical properties evolutidaring degradation are discussed based on
experimental data. The decrease of tensile stresfgahA-PCL fibers follows the same trend
as the decrease of molecular weight, and so iatssmbe modeled using a first order
equation. For each degradation stage, hyper elasiitels such as heo-Hookean, Mooney-
Rivlin and second reduced order, allowed a readeragiproximation of the material
behavior. Based on this knowledge, constitutive eethat describe the mechanical
behavior during degradation are proposed and expetally validated. The proposed
theoretical models and methods may be adaptedsedin other biodegradable materials,
and can be considered fundamental tools in thgdesiregenerative medical devices where

strain energy is an important requirement, sudigaments, cartilage, stents or others.
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1. Introduction

PLA and PCL are two important members of the aliighaolyesters class, among the
biodegradable materialBor the purpose of an ongoing task, which consistthe



dimensioning of a ligament augmentation device (lAke are studying models to simulate
the mechanical behavior evolution with degradatidwch is relevant in the design phase of
this biodegradable device. Both thermoplasticshgrophilic with slow degradation rates,
and for this reason they were selected for thiqudar application. Concerning PLA, it has
been widely used since the 70’s.There are two palygomeric forms: poly (L-lactide) acid
(PLLA) and poly(D-lactide) acid (PDLA). PDLA havirgmuch higher degradation rate than
PLLA. It degrades completely into lactic acid witha period ranging from 10 months to 4
years, depending upon its molecular weight, crijseatlegree, material shape, and
implantation site (Chen et al., 2003). PLLA is thex less ductile and stiffer polymer with a
low degradation rate. PLA has a modulus of elagtadbout 3-4 GPa (Zuideveld et al., 2006;
Van de Velde and Kiekens, 2002). It is often commutaa with PCL, which has also a low
degradation rate. Since PCL is very ductile andemts low stiffness, with modulus of
elasticity around 0,21-0,44 GPa (Van de Velde amkéns, 2002), this blend improves the
mechanical properties of original PLA (Saha andjiT2009). PLLA is glassy at body
temperature (glass-transition temperatu@)°C), whereas PCL is rubbery (glass-transition
temperature: -60°C). The elongation at break and strength@ttimpound are therefore
improved in relation to pure PLLA. On the other tdathe degradation products of PLA are
known to reduce local pH, accelerate degradatiahimsiuce inflammatory reactions
(Cheung et al., 2007). Blending it with PCL has ddeled benefit of minimizing local
acidification, reducing the inflammatory responkiag et al., 2008).

The degree of erosion associated to the biodegoadatocess is usually estimated from
measurements of mass loss. The percentage of WwesgitVL%, is computed from:

WL% = 100W, =W, ) /W, (1)

whereW, andW; are respectively, the initial and the residual weighth® specimen.

The erosion process can be described by phenonwgcalldiffusion-reaction
mechanisms. An aqueous media diffuses into thenpariz material while oligomeric
products diffuse outwards. Within the polymeric mathydrolytic reactions take place,
mediated by water and/or enzymes.

Biomaterials can be classified into hydrolyticallggradable polymers and enzymatically
degradable polymers (Nair and Laurencin, 2007 )pieg to the mechanism of covalent
bond cleavage taking place. Most of the naturadiyuoring polymers, such us collagen or
chitosan, among others, undergo enzymatic degoadahilist of enzymatically degradable
polymers can be found in the work of Park et @9Q). Their degradation rate varies
significantly with the site of implantation, and ang hosts, depending on the concentration
of the enzymes.

Williams (1981) noticed that PLLA degradation ratas significantly affected by some
enzymes, such as pronase, proteinase K and bram@&lan et al. (1999) reported the
degradation of PCL in the blends of PLA-PCL in fiesence of Pseudomonas lipase.
Enzymes are large molecules unable to diffusetheacrystalline regions. So they promote
surface erosion. A significant increase in the ddgtion rate was reported for PLLA during
degradation in the presence of mixed culture ofoaiganisms compared to abiotic
degradation (Hakkarainen et al., 2000). Howevernfost biodegradable materials,
especially synthetic polymers, passive hydrolysighée most important mode of degradation.

To model the erosion process in full, a complexhaatatical model is needed to account
for all the reaction steps and for the structural enorphologic detail§.he parameters in
such a model require extensive experimentatModern numerical techniques have been
used (Gopferich and Langer, 1993; Wang et al., 2008t al., 2008; Han and Pan, 2009;
Bikiaris et al., 2007; Metzmacher et al., 20073dbve the corresponding equations for



devices of both simple and complicated geometiethe context of drug release devices.
However, none of these models were able to préukcinechanical properties evolution of
the device.

Polymer degradation is the first step of erosioenq@menon and can be estimated by
measuring the degradation of mechanical strengtheomolecular weight decrease. The
complete erosion of the polymer is known to takessantially more time than the loss of
tensile strength. During this first phase aqueabsti®n penetrates the polymer, followed by
hydrolytic degradation, converting this way londymoer chains into shorter water-soluble
fragments, which can be regarded as a reverse@ulgnsation process. For example, PLA
become soluble in water for molecular weight, Melolwv ~ 20.000 (g/mol) (Zhang et al.,
2008).

The proposed constitutive models, which repregentriechanical behavior during
degradation, are drawn after the relevant aspét¢he@henomena that occur during
degradation are described in detail, i.e. diffustoydrolytic damage, surface and bulk
erosion. This is necessary to explain and jushié/gresent theoretical assumptions. An
experimental validation follows to prove that tkedile strength and the stress-strain plot
evolutions during degradation can be determinedPfagk-PCL fibers using the present
approach. Finally, the limitations and the poss#uaptations of these methods to develop
more accurate models are also discussed.

2. Diffusion

The diffusion rate of water into the material caeally be described by Fick’'s Second
Law, presented below for one dimension (Crank, 1L97&id for isotropic polymers.

2
dt oX
wherew is the water concentration amxdis the position (in thickness or radius). The
diffusion coefficientD can be determined by inverse parameterization,sungay the
increase in weight due to moisture absorption durimcubation, on samples with two
different diameters. The amount of absorbed wateomputed from:

m, =10am,, -m, )/m, 3)

wherem,,; andm,sare the weights of the specimen before and aftelliog, respectively.

In the particular case of biodegradable polymeetewdiffusion is very fast compared to
water mediated hydrolysis. Therefore, water caadseimed, in many cases, uniformly
distributed within the polymer from the beginninigeoosion process, and hydrolysis
promotes homogeneous bulk erosion (Li et al., 1.988)will be shown bellow, this can be
assumed in the present case. This assumptionsgrralale for small thickness devices, such
as fibers.

3. Hydrolytic Damage

The polymeric ester groups can be easily hydrolylesaling to chain scission. Ester
hydrolysis can be either acid or base cataly3g#es, 1975). In figure 1 the acid based
hydrolysis mechanism, more common in PLA degradai®presented. A general
consequence is the lowering of the plastic flowitgbof the polymer, thus causing an
increase in brittleness.
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Figure 1 — Scheme of the acid based hydrolysis areésim (Vieira et al., 2009)

Polyester hydrolysis has been traditionally modeigidg a first order kinetic mechanism,
following the Michaelis—Menten scheme (Bellengealet1995). Each polymer molecule,
with its own carboxylic and alcohol end groupshiisken in two, randomly in the middle at a
given ester group. So, the number of carboxylic gnoadips will increase with degradation
time, while the molecules are being split by hygsa. The following first-order equation
describes the hydrolytic process (Farrar and Gjl20602), in terms of the rate of formation
of carboxyl end groups:

% =kEwC=u,C 4)

whereE, C andw are the concentrations of ester groups, carboxymgs and water in the
polymer matrix, respectivel¥ is the hydrolysis kinetic constant ang,is the hydrolysis
rate, assuming th& andw are constant in the early stages of the reacfiba.hydrolysis
kinetic constant is a thermodynamic quantity asgedito the probability of molecular
scission, and it depends on temperature, loadepui the material and pH of the aqueous
media. It is also assumed that water is unifornyrdbuted within the sample volume (no
diffusion control). Since the concentration of catyl end groups is given b§ =1/M

whereM, is the number-average molecular weight of the pelyraquation 4 becomes, after
integration:

— —Upt
M 0 = M n € (5)

It has been shown (Ward, 1983) that the fractusngth of a generic thermoplastic
polymer can, in many cases, be related fadivough the empirical relationship:
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whereo is the fracture strengtb,, is the fracture strength at infinite molecular ghdj andB
is a constant. Equation 6 provides a descriptiah@time dependence of the material’s
mechanical strength, which is relevant in the depigase of this biodegradable device. This
is the only model that can be found in the literattio simulate mechanical strength
evolution (Farrar and Gilson, 2002). As this iseampirical equation, constaBtmust be
experimentally determined for each material.

We have further defined in (Vieira et al., 2009h@dae due to hydrolysis as:

(7)

For aliphatic polyesters, hydrolysis rates areciffé by temperature, molecular structure,
ester group density, type of degradation medianaechanical stimulus. The degree of
cristallinity may be an additional factor of gréaiportance, since the crystalline domains are
less permeable to water penetration, slowing doydndiysis. This way, material processing
and storage conditions have a big influence on ar@chl and degradation properties (Saha
and Tsuji, 2009). The pH of the aqueous medium affexts the degradation reaction rates
(Kirby, 1972). Tsuiji et al. studied the hydrolysiSPLLA films at 37 °C in alkaline solution
(pH 12) (Tsuji and lkada, 1998rid solution (pH 2.0) (Tsuji and Nakahara, 2001g a
phosphate-buffered solutions (pH 7.4)(Tsuji andl&a000). In the present case, pH can be
considered constant. Also in the human body, pké€p in homeostatic value. Temperature
will increase diffusion due to increased molectixibility. This will also increase the
degradation rate, due to the excitement of the outds that will increase the probability of
bond scissions. Also in the present case temper&tiept constant as in the human body, in
the homeostatic value of around 37°C. The infleesfdthe mechanical environment in the
degradation rate was also reporgtiller and Williams, 1984; Chu, 1985). It seematth
loaded fibers degrade faster than unloaded ondghamagnitude of degradation depend on
the level of applied stress and the incubation ti&milarly to temperature, stress also
increases the probability of bond scissions. Inpitesent case no load was applied during
degradation, and that’s why hydrolysis kinetic ¢ansk is considered constant. But in most
of the applications the material is submitted &irass sate. When the stress state remains
constant during degradation, degradation rate tistetermined for that particular load
case. If any variation occurs on the stress staténe temperature, or on the environmént,
would be no longer constant.

The degradation occurs faster in the amorphousmedgihis fact explains the percentage
increase of the crystalline phase. To model thenpmenon, knowing the initial crystalline
degree, two different rates should be considerefdth phases, and two different hydrolytic
damage values should be calculated and added awngdodvolume fractions.

4. Surface vs Bulk Erosion

Different types of erosion are illustrated in figuz. One is homogeneous or bulk erosion
without autocatalysis (figure 2 c), in which hydrmsis occurs simultaneously throughout the
entire specimen. In this case diffusion is congddp occur instantaneously. Hence, the



decrease in molecular weight, the reduction in raewal properties, and the loss of mass
also occur simultaneously throughout the entireispen. For these cases the mechanical
strength evolution and damage can be modeled esjugtions 6 and 7 and ignoring
diffusion. One other type is heterogeneous or saréaosion (figure 2 a), in which hydrolysis
occurs in the region near the surface, wherealutlematerial is only slightly or not
hydrolyzed at all. As the surface is eroded andongad, the hydrolysis front moves through
the material core. In this case, in which diffusiswery slow compared to hydrolysis, one
must use equation 2 to calculate water concentrat{®, X) at any instant t through the
thickness x, before using equations 6 and 7. S8aeaoding polymers have a greater ability
to achieve zero-order release kinetics, and arefibre ideal candidates for developing drug
delivery devices (Nair and Laurencin, 2007). Alsayamatic erosion fits on this last type of
erosion, since enzymes are unable to diffuse aegept a raised hydrolysis kinetic constant
k. In the presence of enzymes, heterogeneous hydrdbmage can be modeled considering
a high hydrolysis kinetic constamktand a diffusion coefficierld close to zero. This damage
should then be added to the damage due to watteey @lomogenous or heterogeneous.

-
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Figure 2 - Schematic illustration of three type®mdsion phenomenon:
(a) surface erosion, (b) bulk erosion with autocatalgsid (c) bulk erosion without autocatalysis

Surface and bulk erosion are ideal cases to whiaét polymers cannot be unequivocally
assigned. We can define the characteristic timiydfolysis, as the inverse of degradation
rate:

r, =+ =1 ®)

If D is the diffusion coefficient of water in the polymendL is the sample thickness, we
can define a characteristic time of diffusiegt,

L2
7o =5 9)
Whenzty >> 75, water reaches the core of the material beforaitts, and the degradation
starts homogenously. This is the case of PLA-PGh&and Tsuji, 2009; Auras, R. et al.,
2004). Wheny << 1p, water reacts totally in the superficial layer avill never reach the
core of the material. The degradation starts hgareously through the volume. In these

cases, a higher surface to volume ratio inducesterf degradation. In the presented case, as



will be shown below, there is no difference in tegradation rate between fibers of different
dimensions, meaning that for this range of dimemsend on this conditions of temperature
and environment, erosion occurs homogenously.

5. One factor that complicates the erosion of PLA& the hydrolysis reaction is
autocatalytic (Siparsky et al., 1998). For examalthick plate of PLA erodes faster
than a thinner one made of the same polymer (Geizal., 1995). This occurs due to
retention of the oligomeric hydrolysis productshaitthe material, which are
carboxylic acids, causing a local decrease in piHtharefore accelerating the
degradation (Gopferich, 1996). As can be seergurdi 2 b), hollow structures are
formed as a consequence (Grizzi et al., 1995). femomplex model, with more
parameters, is necessary to describe this phenoamé&h implies an extensive
experimental characterization, which is out ofshepe of this work. The hollow
formation occurs in the late stages of erosion,rwielecular weight becomes highly
reduced. The present models, to describe stremgitease and stress-strain plot
evolution during degradation, are only valid foe thitial phase of erosion, i.e. about
8 weeks. This is the time scale where strengthnaolécular weight suffer the most
significant decrease, as can be seen in resultedthe present mechanical models
neglect the hollow formation effect, since this pii@enon may be neglected during
the first 8 weeks, i.e. the mass loss and oligordighission are neglectedlaterial
Constitutive Models

A constitutive model is a relationship betweenniexhanical response of a body and the
stress it is subjected to and correspondingly dneeks that cause such response. A wide
variety of material behaviors are described witava different classes of constitutive
eqguations. Due to the nonlinear nature of the stvesstrain plot, the classical linear elastic
model is clearly not valid for large deformatiokhtence, given the nature of PLA-PCL,
classical models such as the neo-Hookean and MelRiviiy models for incompressible
hyperelastic materials may be used to descriliaetshanical behavior until rupture. For
these materials, stiffness depends on the fibetcéir Mechanical properties of elastomeric
materials are usually represented in terms ofaarsénergy density functiow. Wis a scalar
function of the deformation gradiem/ can also be represented as a function of the right
Cauchy-Green deformation tensor invariants. In ggntne strain energy density for an
isotropic, incompressible, hyperelastic materialasermined by two invariants. The first and
second invariants in uniaxial tension are given by:

lo =4+ (10)
1
e =5 +2] (11)

where/ is the axial stretchl€l+e), that satisfied>1. The neo-Hookean incompressible
hyperelastic solid is given a stored energy fumctbthe form:

_ M _
w=2(c-3) (12)



wherep; > 0 is the material property, usually called theatmodulus. An extension of this
model is the Mooney-Rivlin incompressible hyperetasolid, which stored energy function
has the form:

w:%u 3+H (-3 (13)

with two material propertieig; andp,. Higher order stored energy functions may be
considered to describe the experimental data, asehreduced"2order stored energy
function, that includes a mixed term with both inaats of the right Cauchy—Green stretch
tensor and an extra material consjantwhich stored energy function has the form:

W:%(I —3)+ = (1l ] 2 (=31 -3 (14)

The axial nominal stress for the three models, iHeokean "), Mooney-Rivlin ¢"%)
and reduced second ordef"f ™9, will be given by:

W (-t
MR 1
= (A - ) ,Uz(l_— (16)
2 red 1 2 1
= (4, - ﬂg)(/l—7)+(ﬂ2—ﬂ3)(1 ) Uy (A” - - (17)

According to Soares et al. (2010) the model camste material parameters depend on
degradation time. The material parameters are dereil to be material functions of
degradation damage instead of material constanis.tie unavailability of experimental
data, a simple linear variation from values thatrelterize the non-degraded response
towards values that characterize the full degradaterial response was considered in the
work of Soares et al. (2010).

6. Material and Methods

Suture fibers of PLA-PCL (composition 90:10, inlitrumber average molecular weight
Mno=28000, polydispersion of 3.3, glass transitiangerature Tg=56°C and melting
temperature Tm=157°C), with two different diame{@s0um and 40Qum) were provided
by Chirmax Three test pieces, each of 100 mm long, wereStatile fiber specimens were
then placed in 50 ml test tubes and submittedxtdifierent degradation steps under
phosphate buffer solution (PBS), at constant teatpes (37°C). This procedure took place in
a biological safety cabinet using sterile toolsassure a sterile degradation. The duration of
each stage was previously determined, accorditigetgupplier durability claims, until a
maximum of 7 months. Dry weight (24 h in incubaabB7°C) was measured initially and at
the end of each stage, to determine material arosio

The number-average molecular weight was determandae end of each step, by GPC
Polymer PL50, using a Polymer ResiPore column 8@® mm), and chloroform as solvent
and eluent. The sample of around 2.5mg of degréidedwas dissolved in 1ml of
chloroform and placed in the ultra-sounds duringib. After filtration the sample was
tested.



Mechanical properties were also evaluated at tdeoéeach stage. A universal
mechanical test machine (TIRAtest 270&)s used, with a load cell off 100 N, and
pneumatic grips commonly used in fiber testing. @ilsance between grips was set for 50
mm. Three specimens were used for each fiber safipéedisplacement rate was
500mm/min. The deformation energy was calculatethbyintegral of the nominal stress-
strain curve. The constitutive parameters for hgfaestic constitutive models were then
defined based on these uniaxial data, for eachadagon step.

7. Results and Discussion

As seen in figure 3, after 28 weeks of degradattdtA-PCL fibers had lost about 20%
of its weight and no significant changes were olegamong dimensions and degradation
media. The initial pH of the PBS solution was 8 aid not change significantly during
degradation.
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Figure 3 — Mass loss during degradation of PLA-RiBers (40Qum) underPBS
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As can be seen in figure 4, PLA-PCL has becom#dunnhly after 16 weeks, lost its
plasticity stage, and strength has progressivetyedsed. The almost constant slope of the
linear elastic stage indicates that no significartation in Young modulus occurred during
degradation. These results are in accordance ogetof Tsuji et al. (1998) for blends of
PLA-PCL.
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and 40@um, under PBS

While in the first 16 weeks the fiber only loosé&®4d of mass, it presents 80% of strength
loss. For these PLA-PCL fibers, no significant eliinces were observed among the different
dimensions tested, either in terms of strengthraakbcular weight evolutions during
degradation (see figure 5). One can conclude ith#he present case, water diffusion can be
assumed instantaneous and that hydrolysis takes ptamogenously throughout the samples
(bulk degradation without autocatalysis) (AuraseRal., 2004).
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From figure 6, one can see that the measured #réoitpws the same trend as the
molecular weight, in a semi-logarithmic represaatatinstead of equation 6, a relationship
similar to the one obtained for the molecular weigiquation 5, can be used,

og=o,e™" (18)

whereus is the strength decrease rate of the materiat paiiametenys, seems to be directly
related to the molecular weight decrease rateeofrthterialuy, as can be seen in figure 6
and in table 1. This same trend can be found imé&ggadation results of other previous
works, such as the one by Meek et al. (2004), RidhA-PCL. This can therefore provide a
strategy to obtain a design failure criteria fag gvolution of the limit strength of the device

during the degradation processs f(t).

Table 1 — Degradation rates of tensile strengthand molecular weighty,,, under PBS

Ln (o/ 0o)= -ug Ln (My/Mo)= -upt
Usg R Um R
PBS 0,103 0,996 0,0841 0,989

The hydrolytic damage (eq. 7) can be rewritterhform:

g - _
d =1-—=1-e* =1-¢ KEwWt (19)
JO
So the hydrolytic damage depends onttperolysis kinetic constank, the
concentrations of ester groufis,thewater concentration in the polymer matn,and the



degradation time. In this example, we assume bHeatlégradation rate, is constant, and
damage only depends on degradation time. Butvaastshown previously, in other cases it
may not be this way. For highly heterogeneous erottie rate will not be constant, and the
water concentration will depend on the position tame.

From figure 7, one can see that the hyperelasttemahmodels fit well the measured
storage energy, for all the degradation steps U tweeks. The experimental data of storage
energy was calculated by measuring the arealfydaking the integral) underneath the
stress-strain curve, from zero until a certain lefestretch. The neo-Hookean model is the
less precise. Only one material model paramgtechanges during degradation for the three
material models, as can be seen in table 2. Howtbearonstitutive models are unable to
describe precisely the initial elastic phase ofdtiess-strain plot, were the stiffness remains
barely constant. This explains why the material eig@érameteny,, increases sharply in the
last degradation stage (16 weeks), because thesenparameterization was based on the
experimental data that mostly has elastic defownatf this last degradation stage is
omitted, one can see that the material model pamanpe, varies linearly with the hydrolytic
damage, as proposed by Soares et al. (2010).
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Figure 8 — Evolution of toughness with: a) degramtetime and b) hydrolytic damage

In figure 8, the evolution of maximum storage eneny the toughness of the material
during degradation is presented. This dependse@m#éximum stress that can be calculated
from eq. 18, and the material behavior that caadtenated by one of the constitutive models
presented here (equations 15, 16 and 17).

Table 2 — Evolution of the models material paramsetiiring degradation

Material Models weeks d i L2 Hs
0 0.00 450
2 0.18 410

4 0.33 364 - -
Neo-Hookean ) 0.55 364
16 0.80 630
0 0.00 80
2 0.18 50

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

o 4 0.33 75 400 -1
2" reduced order ) 0.55 50
16 0.80 250

From figure 9, one can see that the hyperelasttemahmodels allowed a reasonable
approximation of the tensile test results. The gme=d method, that consists on changing the
first material parameter with hydrolytic damageg(d) , according to the linear regression
presented in figure 7, enables to describe the amechl behavior evolution by using
equations 15, 16 or 17, while the limit stressaBreed by equation 18. As one can see in
figure 9, the models are less precise for damage 5% (more than 8 weeks). However,
this validity limit of the models may be higher wollen specimens.
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Figure 9 —Axial nominal stress vs. strain for 0428 and 16 weeks of degradation (experimental datl
material models results) and tensile test resultind degradation with corresponding results of kiep Rivlin
material model.

8. Conclusions

Tensile strength evolution can be determined dwlegyadation in test specimens of
PLA-PCL fibers or other thin elements. This is plessince hydrolytic reaction is the
limiting step of the overall degradation procesgfusion may be neglected in these cases,
and hydrolysis may be considered to take place lgemeously within the sample volume.
The degradation rate can be further used as adathiterion in the dimensioning of
biodegradable devicessing a first order kinetic equation. From the gssed results of Hill



(1977), we observed that the time dependence detisle strength during degradation
process is similar to the one exhibited by the b weight. When loading conditions are
simple and the desired time of mechanical supgdthown, a “trial and error” approach may
be sufficient to design reasonable reliable deviremore complex situations, device
designers can use numerical approaches to defemalterial formulation and geometry that
will satisfy the immediate needs of symptomatidcefeHowever, the lack of design tools to
predict long term behavior has limited the appl@abf biodegradable materials.

The simple modeling technique presented here alfpeslinical evaluation of the
functional compatibility and the optimization bymparison of different solutions in terms of
long-term biomechanical behavior. These constituthodels may be implemented in
commercial finite element software packages likeAGRJS, by changing the material
parameter as function of damage, and associatie tailure criterion implemented by a
user defined (UMAT) subroutine. These can alsofdpi@d to more complicated numerical
models in 3D applications. The simple method preskhere, only valid for low thickness
devices in the first steps of erosion, and withmarisidering the degradation rate dependence
on temperature, environment and stress state,eéurther updated to more detailed models
that consider these dependencies, the crystalégesd dependence, and the diffusion of
water, enzymes and degradation products. In thet#eef complicated problems, damage
will depend not only on the degradation time, daban the water concentration and the
hydrolysis kinetic constant, no longer constantstinue, geometrical, degradation media,
temperature and stress state dependents.
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