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ABSTRACT

A heterogeneous method of coupled multiscale strength model is presented in this paper for
calculating the strength of medical polyesters such as polylactide (PLA), polyglycolide (PGA) and
their copolymers during degradation by bulk erosion. The macroscopic device is discretized into
an array of mesoscopic cells. A polymer chain is assumed to stay in one cell. With the polymer
chain scission, it is found that the molecular weight, chain recrystallization induced by polymer
chain scissions, and the cavities formation due to polymer cell collapse play different roles in the
composition of mechanical strength of the polymer. Therefore, three types of strength phases
were proposed to display the heterogeneous strength structures and to represent different
strength contribution to polymers, which are amorphous phase, crystallinity phase and strength
vacancy phase, respectively. The strength of the amorphous phase is related to the molecular
weight; strength of the crystallinity phase is related to molecular weight and degree of
crystallization; and the strength vacancy phase has negligible strength. The vacancy strength
phase includes not only the cells with cavity status but also those with an amorphous status, but
a molecular weight value below a threshold molecular weight. This heterogeneous strength
model is coupled with micro chain scission, chain recrystallization and a macro oligomer diffusion
equation to form a multiscale strength model which can simulate the strength phase evolution,
cells status evolution, molecular weight, degree of crystallinity, weight loss and device strength
during degradation. Different example cases are used to verify this model. The results demon-
strate a good fit to experimental data.

Keywords: Heterogeneous method; Multiscale modeling; Strength modeling; Degradable Polyes-
ters; Mathematical Simulation

Nomenclature € porosity of polymer device due to hydrolysis
reaction

Mo initial polymer molecular weight g threshold degree of small molecules solution

M, normalized average molecular weight T, rate constant of the uncatalytic hydrolysis reac-

tions of ester bonds v

R the total scission chains T, rate constant of the autocatalytic hydrolysis

1




reactions of ester bonds v

p the probability for recrystallization Xa(t) Volume ratio of amorphous strength phases at
time t
N, crystallization chains numbers X(t) degree of crystallinity at time t
x(i,j,t) cellular (i) status at time t Rl oligomers produced by chains scission
M, (i,jt)  cellular (ij) molecular weight at time t m threshold degree of oligomers
N(ij,t) cellular (i,j) chains at time t n cellular grid number
t, chain scission iteration time t degradation time
At chain scission time step length Aty oligomers diffusion time step length
a, the coefficient in strength model of 6, the exponent in strength model of amorphous
amorphous phase phase
a, the coefficient in strength model of crys- 6, the exponent in strength model of crystalline
talline phase phase
D diffusion coefficient of oligomers in de- Dy oligomers diffusion coefficient in polymer
graded polymers amorphous district
o threshold molecular weight for judging D, diffusion coefficient of oligomers in liquid-filled
whether the cell strength is zero pores
oc Strength of crystalline phase M. threshold molecular weight for judging whether

the cell’s status become hole (-1) or not

Ql

normalized device strength Op Strength of amorphous phase

1. Introduction

Biodegradable polymers, such as polylactide (PLA), polyglycolide (PGA) and their copolymers
are attracting more and more attention in the fields of orthopaedics, tissue engineering, and drug
delivery [1-4]. The biodegradable devices provide sufficient mechanical support at the beginning,
and then during the degradation process, the strength decreases gradually to allow a gradual
transfer of loads to regenerated tissues. With appropriate mechanical stimulations, tissues can be
fully recovered. Therefore, controlling the rate of strength change during degradation is one of
the main challenges [5]. There are many methods that can be used to address the challenge,
which include altering polymer properties (such as initial molecular weight and initial crystallinity)
and changing the ratio of copolymers. To understand how the strength is evolving during degra-
dation is the basis for selecting appropriate methods to address the problem.

Some experimental studies have been carried out to reveal the strength evolution during
degradation [6-9]. However, it is difficult to predict the strength during degradation using the
data collected from multiple different sample geometries because PLA, PGA and their copolymers
undergo both non-catalytic and autocatalytic hydrolysis reactions. Autocatalytic hydrolysis reac-
tion leads to size effect [10]: degradation rate in the centre of a device is higher than that around
the boundaries. Additionally, cavities are generated in the centre of the device which lead to fur-
ther strength degeneration. Recrystallization induced by the hydrolysis chain scission [11] makes
polymer stiffer and stronger. These make the strength change during the degradation process
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more complicated. The experimental method is laborious and time-consuming. Mathematical
models can help to understand the degradation process and provide quantitative data during the
whole degradation process for optimal device design. Pan and coworkers proposed models of
Young’s modulus change of biodegradable polymers during biodegradation, ranging from an en-
tropy spring model, an atomic finite element model to a constitutive law for degrading biore-
sorbable polymers during degradation [12-14]. Shirazi et al. [15] proposed a coupled model (cou-
pling of elastic properties model and molecular weight model developed by Wang et al. [16]) to
simulate the mechanical behaviour of polymers during degradation. A non-linear viscoelastic
model to describe the evolution of mechanical behaviour of polymers during the hydrolytic deg-
radation was developed by Breche et al. [17, 18]. These modelling methods focus on Young’s
modulus instead of strength. Flory [19] put forward a modelling formula 7=a,+a, /M to de-
scribe the relationship of polymer’s strength (T ) and number average molecular weight (M), in
which ay, a; are the material-specific coefficients. This formula is a simplified mathematical fitting,
which is not suitable for fitting the complicated polymer degradation process. Up to the present,
there are few research studies on strength evolution of biodegradable polymers during degrada-
tion.

In this paper, a heterogeneous multiscale method is proposed to simulate the tensile
strength change caused by micro chain scission, recrystallization, macro oligomers diffusion and
cavities appearance. The influence of molecular weight and the degree of crystallization on ten-
sile strength change are analyzed as the major factors. While smaller molecular weight reduces
the strength, crystallization makes polymer stiffer and stronger. On the other hand, both cavities
that caused by oligomer diffusion and small oligomers with molecular weight lower than a critical
value contribute little to strength. Three different strength phases are introduced to the hetero-
geneous structure: amorphous phase, crystallization phase and strength vacancy phase. The
strength vacancy phase is used to distinguish from cavity shapes which are generated by oligo-
mers diffusion or dissolution of small molecules. The strength vacancy phase threshold molecular
weight is obtained in different case studies. The computation process including molecular weight
distribution, strength phase evolution and distribution, chain number, the degree of crystallinity,
the evolution of polymer inner shape and weight loss during degradation can be obtained from
the heterogeneous strength  model simultaneously. The computation results in the
demonstration examples show that the model can fit experimental data in the literature very
well.

2. A Heterogeneous Strength Modelling Method for Polymers Degradation
2.1 Major Factors Influencing Strength Change during Degradation

The mechanism of tensile strength change during the degradation of biomedical polymers is
not clear yet. According to the experimental research, the degeneration tendency of polymer
mechanical properties is quite similar to that of molecular weight reduction, which means the
change of polymers tensile strength during the degradation, to a great extent, depends on the
decrease of molecular weight [20,21]. Shorter polymer chains wind less firmly and less compli-
catedly, and the polymer twine is easier to be unfastened, which will make the strength decreas-
ing. The chain scission reaction produces short polymer chains. And the cleavages of chains also
result in the reduction of molecular weight. This is the reason that the degenerating trends of
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tensile strength and molecular weight are similar.

The degree of crystallization also has a significant effect on the change of tensile strength. It
is believed that crystallization leads to an increase of polymer strength because the polymer
chains are arranged more closely and more strongly bonded to each other in the crystallized area,
which makes them more resistant to deforming. Therefore the stiffness of crystallised polymer is
much higher than amorphous polymer, and a similar trend is expected for the tensile strength.

In Saha and Tsuji’s experiment about the mechanical properties of poly(l-lactide-co-e- capro-
lactone) during the degradation [22], the effects of molecular weight and the degree of
crystallization on the tensile strength change are clearly demonstrated. In the early stage of deg-
radation, the polymer chains have a high probability to crystallise and the degree of
crystallization increases sharply. The polymer becomes stiffer and stronger even though molecu-
lar weight reduces due to chain scission. During this period, the contribution of crystallinity to
strength is higher than the effect of molecular weight on strength. However, with increasing deg-
radation time, the reduction of molecular weight plays an increasingly significant role in the
change of strength. In the later stage of degradation, molecular weight drops to a very low value,
holes appear in the polymer, and strength is lost. In another experiment, samples are stored in a
dry environment. Therefore, the hydrolysis reaction, which requires the presence of water, can-
not occur and molecular weight remains constant. However, crystallinity still varies and affects
strength. This experiment shows the strength increases and then remains constant due to the
influence of degree of crystallization, as opposed to reducing (as seen when the hydrolysis reac-

tion occurs).
2.2 Heterogeneous Strength Model of Polyesters during Degradation

We propose a multiscale heterogeneous strength model to reveal the strength change dur-
ing the degradation process. In this section, we will discuss the definition of different phases in
the mesoscopic-scale, and the integration of three scales to characterize the multiscale hetero-
geneous strength model.

The following assumptions are adopted in this paper on the process of polyester degrada-
tion:

(i) amorphous polymer chains can hydrolyse, but are too large to diffuse;

(i) crystalline phase can neither hydrolyse nor diffuse;

(iii) oligomers catalyse the hydrolysis reaction, are soluble in the polymer matrix and
can diffuse out of a polymer device;

(iv) water diffusion is fast such that water molecules are abundant

The macroscopic device is discretized as nxn mesoscopic cells. It is assumed that each
cellular lattice has one polymer chain, which undergoes hydrolysis reaction. The micro-scale
model is designed to simulate the polymer chain scission and recrystallization. In the hydrolysis
reaction, water molecules attack the polymer chains and cause their breakage into shorter ones.
The chain scission produces oligomers which generate an acidic environment and lead to a faster
hydrolysis reaction, i.e. the reaction is autocatalytic. The phenomenon of autocatalysis is a signif-
icant feature in bulk erosion. For modelling polymer chain scission, the chemical reaction can be
described as:

P+ W > 2P,



P;+W-> P, +P,

Pv+W > Py, +PAr=1,2,..,M-1)

Here W stands for water molecules, P,,Ps,..., and Py, stand for polymer chains with 2, 3, ...,
and M ester bonds. In the computer simulation, the location and time at which each chain cleav-
age occurs should be set. The kinetic Monte Carlo (MC) method is used to determine the cleav-
age chain and the time [21,23]. Following the MC scheme, the chain scission location, ester bond
u (with p ester bonds) is selected for chain breakage according to the following:

p-l n H
dDa, <nYy a <> a, (1)
v=1 v=1 v=1

with the following length of time integration step:

at=—1—n (2)
da, "

in which 71,72 are two random numbers ranged from (0,1] to simulate the stochastic nature of

M

the reaction, v is a natural number, Zav stands for the production of all the possibility of chain
v=1

scissions which include both uncatalytic and autocatalytic hydrolysis reactions and M is the big-

gest ester bond number of the longest polymer chain. Following ref [21] the molecule degree is

given by

o, =77, X o, X+ 7,,%5, Xo” Xy (v=12-M) (3)

in which Xp,,, X, Xw are respectively the reactant molecules (polymer with the ester bond unit
v, oligomers and water molecules). 7,1, zare the rate constants for the uncatalytic and auto-
catalytic hydrolysis reactions of ester bonds v. The numerical value of the dimensionless rate
constants are the same as the reactions constants k; and k, in Ref.[21]. The autocatalytic reac-
tion is judged by whether oligomers exist or not. The chain broken pattern is used as the result of
whether autocatalytic reaction or not. If there are oligomers existing in cell or neighbor cells, the
random chain scission happens; otherwise, the end chain scission is chosen as the chain broken

pattern. It is further assumed that the crystallized polymer chains do not undergo hydrolysis be-
cause it takes a long time for water to penetrate these nano-crystals. Using Rs to represent

the total number of chain scissions, following Gleadall et al. [11] the degree of chain cleavage
induced crystallization, crystallization chains numbers is denoted as N, which can be calculated

as a probability of chain scissions:

Nc = pRs

(4)

in which p represents the probability of recrystallization. Eq. (4) is represented for the recrystalli-

zation induced by chain scission.

With chain scissions, recrystallization and cavities appear during the degradation, the inner
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material structure becomes heterogeneous. Different cellular status are proposed here to repre-
sent the evolution of cellular structure. There are four statuses occur for a cell evolution. At the
beginning, the cellular status can be either amorphous or crystalline. Once the chain scission oc-
curs, the status of this cell is changed to scission status. When a hole appeared in the cellular grid,
the status is referred to as hole status. These statuses can be represented by digits:

1 initially amorphous
L. 0 chain scission occurred in cell
X110 = -1 hole &)
-2 crystallized

And the cellular status evolution rules are as following:
i. The initial amorphous cellular status are set as 1, and the initial crystallized cellular sta-

tus is set as -2; The status of crystallized cells will not be changed from -2 to 0 or -1;

ii. Once a chain scission occurs, the status of this cell is changed to 0O;

iii. If more than 90% of the chains crystallized in a cell, the status of this cell is changed to
_2;

iv. If the molecular weight decreases to a threshold molecular weight M., the status of this
cell is changed to -1, which indicates the cell has become a hole.

With the cellular structure status evolution, the chain scission and recrystallization of each
cell affect strength change in different ways. Another impact factor is the pore appearance. It is
assumed that there is no strength in the pore zones. While from the fitting calculation, it is found
that when the molecular weight reduces to a threshold value, there is not much strength sus-
tained in the cell.

Based on the three different zones, heterogeneous strength model is proposed in each cell
as follows:

1) The amorphous strength phase

If there is only the amorphous polymer in the cell and the cellular molecular weight is

greater than the threshold strength molecular weight My, the strength phase of this cell is

called the amorphous strength phase. The threshold strength molecular weight is discussed

below. The strength change in the amorphous phase is most affected by molecular weight. A

scaling relation between the molecular weight and the tensile strength can be used here and

the relation is denoted as following:
. M . (i,j,t
O-A(I/ lt) =Op Xy (M)ﬂl (6)
n0

Here o(i,j,t) stands for the strength of amorphous cell(i ) at time t, 5,, stands for the initial
strength, M_,(i,j,t) is the molecular weight of amorphous strength phase cell(i ) at time t,
M, is the initial molecular weight, «;and g, are constants related to the material itself.

2) The strength vacancy phase

When cavities appear due to oligomers diffusing, the cells are holes, and there is no strength
in these cells of holes. Furthermore, it is believed that when the molecular weight of an
amorphous polymer falls to a threshold M, the cell will no longer contribute to the poly-



mer strength, i.e. the value of the cellular strength equals zero.
a(i,j,t)=0  when M,(i,j,t) < MJ. (7)
The threshold molecular weight M7 is relative with material properties.

3) The crystalline strength phase
The formation of crystals increases the strength of polymers. The strength of the crystallised
cell is marked as o, (i,j,t). The value of o (i,j,t) will be relevant to the molecular weight. A
scaling law is also used here to denote the strength of the crystallised phase.
ML(t))ﬂz

n0

Here o¢(i,j,t) stands for the strength of a crystalized cell(i,) at time t, o, stands for the ini-

(8)

o, (ihjt)= o x oyl

tial strength, M _(i,j,t) is the molecular weight of crystalized cell(i,j) at time t, My is the
initial molecular weight, «,and g, are constants related to the material itself.
The three phases play different roles in supporting the strength during the degradation,
and the strength of cell(i,j) at time t can be expressed as g (ij,t):

orA(i,j,t) the amorphous strength phase
oli,j,t)=40 the non-strength phase (9)
o, (i,j,t) the crystalline strength phase

2.3 Coupling of Multiscale Heterogeneous Strength Model

The macro polymer device is discretized as nxn mesoscopic scope cellular grids. The macro
physical properties (e.g. molecular weight, strength) can be obtained from the statistics of all
cells’ properties. After the computation of micro chain scission and recrystallization, mesoscopic
cellular statuses are updated, cellular strength phases are updated, and the number of chains in
each cell is recorded too. The physical property of number average molecular weight, the number
of chains, and strength of cells are recorded as M,(i,j,t), N(ijt) and a(i,jt) respectively for cell (i)

at time t. From statistics of all mesoscopic cells n X n, the average molecular weightﬁn, crystal-

linity degree X(t) and the macro normalized device strength &(t) can be obtained. The device
strength is computed from the statistics of all cells’ strength:

33 6li,t)/ o,

Pl () e e — (ij =12, ..,n) (10)
nxn

For cells with different heterogeneous phases, Eq. (10) is replaced by the following:

5(t) = 204/ % +O+ZGc /% (11)
nxn nxn

The first item in the right side of Eq.(11) is the role of the amorphous strength phase, the second
item is the vacancy phase that has no strength, and the third item is the role of the crystalline
strength phase. Combining Eq. (6) and Eq. (8), Eq. (11) can also be rewritten as:
M., (t M _(t
Mosp , x, t), Moy

no0 no

a(t) =X, (t)ex (12)



Here X,(t) is computed by statistics of amorphous strength phases zones which is comprised by
cells with amorphous status (x (i, j,t) = 1 ) or chain scission status (x (i, j,t) = 0) with molecular
weight more than threshold strength molecular weight.
22001
XA(I)ZL ¢(|111t#{

1 the amorphous stre
0 not amorphous stren

(13)
nxn
And X_(t) isthe same statistics computation of crystallised cells. Therefore taking the average
of all the cells strength values, the overall macro device strength of polymer matrix will be
obtained.
With the accumulation of oligomers, these oligomers can diffuse out of the device. The dif-

fusion is modelled by using Fick’s laws at the macroscopic scale [16,21,23].

de,, _ d%tu div[D grad(c,)]

dt (14)

Here C,, is the oligomers concentration. RO, (t) is the oligomers counted by all the cells. D is

the diffusion coefficient which is influenced significantly by the pores produced by degradation
[21].
D=D, + (1.3s* —0.38%) x (D, —-Dy) (15)

where Dy is the diffusion coefficient in polymer matrix, & is porosity, Dgis the diffusion coeffi-

cient in pores which is estimated by calculation[21]. In a polymer matrix, there may coexist
amorphous and crystallised phases. The diffusion coefficient in the crystalline phase is minimal

and taken as zero. So
D, = Dy(1-X,) (16)

Dyis the oligomers diffusion coefficient in polymer amorphous domain.

The porosity & can be inferred by cellular status (hole status). The statistics of all holes
numberis Z (t):

1 xG jp b =1

= AN T i 17
Z0-2 2w (0 1.0 w(ut%{o b oes

then g(t) = &
nxn.

Oligomers diffusion plays a considerable role in the mass loss of the material. Another part of
the overall weight loss is the small molecules solution. The critical degree of small molecules &
may be relative to polymer material properties, temperature and pressure. There is no precise
formula to get the value ¥ of different materials in different solvent so far. Here from the
calculation of fitting the experiment data, the critical degree of small molecules & is set for dif-
ferent fitting cases that are shown in Table 1.

After oligomer diffusion and small molecular solution, the remaining number of oligomers in
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the polymer device is recorded as R, (t+1). The chains number and the molecular weight are

both updated to N(i, j,t+1)and M (i, j,t +1) . This will be the new starting values for the next it-

eration. In summary, the multi-scale heterogeneous strength model can simulate the discrete
mesoscopic cellular strength phases evolution, cellular status evolution, the microscopic chains
scission reaction, autocatalytic reaction, recrystallization, and the macroscopic oligomers diffu-
sion of polyester degradation. The flow chart of the asynchronous modeling method is shown in
Fig. 1. And the computer program can be executed as the following steps:

Step 1: Initialization: set n and the initial cellular statuses, the initial molecular weight, de-
gree of crystallization and other polymer characteristics (the input of program);

Step 2: Set the chain scission iteration timet, =0;

Step 3: Determine the location and the time of the chain cleavage by the Monte Carlo
method and cellular statuses of neighbors, and then execute the chain scission;

Step 4: Execute the chain crystallization; Update the cellular statuses;

Step 5: Judge whether the chain scission time t_ is less than diffusion time step length
At,, if yes, go to step 6, if no, go to step 2;

Step 6: Make statistics for all cellular oligomers R, crystallization X_, porosity ¢ ;

ol
Step7: Make statistics for the overall tensile strength of the device;

Step8: Execute oligomers diffusion;

Step9: Update every cell’s molecular weight and the number of chains in it;

Step10: Judge whether program executing time is finished. If yes, program ends, if no, go to

step2.

3. Calculation

In this section, data in three experiments are used to compare with the predictions in the
multiscale strength model in order to verify the model. Polymer properties from the three ex-
periments will be used as the input parameters in the strength model which include initial
strength, initial number average molecular weight, and the initial crystallinity. All parameters can
be found in table 1. The computing execution steps of the modelling program are expressed in
Section 2.3.

3.1 Calculate the Modeling Method with Data Obtained by Tsuji [24]

In the experiment of degradation of PLLA film carried out by Tsuji [24], the initial number
average molecular weight M,, equals 8.667x10%g/mol, and the initial degree of crystallinity X0
is 46%. The model parameters used for this computation are listed in Case 1 of Table 1. Among all
parameters, 7z, and r,, are the parameters controlling degradation rate, D, D, are the pa-
rameters controlling diffusion rate. They are related to the material properties. Here, they are
obtained by referring the values of Ref. [23] and parameters optimization. It is generally believed
that short chains with less than 8 degree of polymerization become water soluble and mobile
[25], therefore we choose m = 8 in all the cases here. M, is the threshold molecular weight of
porous appearance (the cellular status changes from 0 to -1), here the value of M, was obtained
by estimating the extending line of experimental strength with molecular weight [24]. The
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threshold degree of small molecules solution ¢ is obtained from best fitting the weight loss to the
experimental data, in this case ¢ is set as 3. M. is estimated from the fitting result with the
experimental data. The parameters a; and S, a; and f,in Eq.(12) are relevant to the material
properties. The cellular scale n is set to 1000. The model parameters used for this analysis calcu-
lation are listed in case 1 of Table 1. The diffusion time step is 1000s, the total time cost is less
than 20 hours in Intel(R) Core(TM) i7-4790 CPU, 20.0GB memory computer.

The strength phase evolution is shown in Fig.2. For cells 1000x1000, it is difficult to see the
detailed evolution. We enlarged the area within the rectangle (shown in Figure 2) and used dif-
ferent colours to represent the different strength phase of the cells. Yellow represents the amor-
phous strength phase. Red represents the crystalline strength phase. Black represents strength
vacancy phase with hole cellular status (x(i,j,t)= -1). Grey represents another strength vacancy
phase, in which the cellular status is the amorphous status(x (i,j,t) = 1 or x (i,j,t) = 0) but its mo-
lecular weight is smaller than MJ.. From the strength evolution figures, it can be seen distinctly
that the strength zones change with the degradation time.

The cellular status evolution during degradation is shown in Figure 3. Green represents the
initial amorphous polymer status (x(i,j,0)= 1). Blue represents the cells with chain scission reac-
tion (x(i,j,t)= 0). Black represents the cells with holes in them (x(i,j,t)= -1). Pink represents the cells
with crystallization status (x(i,j,t)= -2).

The change of normalised number average molecular weight, the degree of crystallinity, the
tensile strength of the film calculated by our multiphase model and the experimental data are
shown in Fig.4. From the comparison in Fig.4, it can be seen that the modelling results fit with
the experiment result very well.

3.2 Calculate the Modelling Method with Data Obtained by Tsuji and Muramatsu [26]

In this case, the experiment by Tsuji and Muramatsu [26]( PLLA (60%) and poly(vinyl alcohol)
(PVA 40%) is chosen to analysis the validity of the multiphase strength model for copolymers. The
material properties are Mop; 4=72g/mol, Mypya=44g/mol, the initial number average molecular
weight M, =9.26x10" g/mol. The model parameters used for this analysis calculation are listed in
case 2 of Table 1. The initial degree of crystallization is 0, and due to the long computation time
we set n=700 in this case. The threshold molecular weight M, was obtained by estimating the
extending line of experimental strength with molecular weight [23]. The degradation rate param-
eters 7, and 7z,,, diffusion rate parameters Dy, D, are obtained by referring the values of Ref.
[23] and parameters optimization. The critical degree of small molecules ¢ is set as 4 from best
fitting the weight loss to the experimental data. The parameters a; and f; are set as 1.23 and
1.21, a; and 3, are 2.214 and 1.41 respectively from best fitting the strength change to the ex-
perimental data.

With the degradation process, the cellular strength phase evolution is shown in Fig.5. The
fitting between the heterogeneous model and the experimental data for molecular weight, the
degree of crystallization and strength are shown in Fig. 6. From Fig.6, the calculated values of the
multi-scale heterogeneous model align with the experiment result very well.

3.3 Testing the Modelling Method Using Data Obtained by Duek et al. [27]

To validate the heterogeneous multi-scale strength model and evaluate the main strength
10



parameters a;, 1, @, and f3,, the experiments of two samples by Duek and coworkers [27] are
chosen. The chosen samples in experiments are amorphous poly(lactic acid) pin (case 3(a)) and
semi-crystalline poly(lactic acid) pin (case 3(b)). In case 3 (a) and 3 (b), Mp;4 equals 72g/mol, and
the initial number average molecular weights M, are 1.52><105g/mol and 1.53><105g/mol respec-
tively. The initial strength are 190.4 MPa and 195.0 MPa respectively listed in Table 1. The model
parameters used for this analysis calculation are listed in case 3 of Table 1. n is set to 1000 in this
case. The parameters a; and 1, a; and [,in Eq.(12) are relevant to the material properties, in
this case they are selected to be the same.

In the first sample (case 3(a)), the value of a; and ff;are determined to fit the experiment
data. The values are 1.35 and 3.6 respectively. The evolution result of cellular strength phase of
degradation is shown in Fig.7. From the strength evolution figures, it can clearly be seen that the
strength zones change with the degradation time. The cellular status evolution of degradation in
case 3(a) is shown in Figure 8. The numerical values of molecular weight, the degree of crystallin-
ity, the changes of tensile strength with the degradation time calculated by the multiscale multi-
phase strength model and the experiment result are plotted in Fig.9. From the comparison of
Fig.9, the calculation values of the model align with the experimental results very well.

With all the model parameters of case 3(a) unchanged for the second sample (case 3(b))
degradation computation (except the recrystallization probability p). The cellular strength phase
evolution of degradation in case 3(b) is shown in Fig.10. From the strength evolution figures, it
can be seen that different strength zones change differently during the degradation process. The
cellular status evolution of degradation in case 3(b) is shown in Figure 11. The numerical values of
molecular weight, degree of crystallinity, the changes of strength with the degradation time are
calculated by the multiphase strength model and the experiment result are plotted in Fig.12.
From the comparison of Fig.12, the calculation values of the model align with the experiment
results very well.

From the degradation comparison of PLA without initial crystalline (case 3(a)) and with
initial crystalline (case 3(b)), the multiscale heterogeneous strength model captures the effect of
different strength zones. The strength of PLA with initial crystalline (case 3(b)) dissipate faster
than PLA without initial crystalline, which can be explained by autocatalytic reaction (oligomers
are accumulated inside by the crystalline cells). The model calculation result fit the experimental
results very well. Our heterogeneous strength model can simulate the change of polymer tensile
strength, molecular weight, the degree of crystallinity during the hydrolysis reaction.

4. Discussion

In case 3(a) mentioned in section 3.3, the device has almost no crystals at the beginning [27],
but at week 4 of degradation, the degree of crystallinity increases sharply to 42%. That means
during this period, the number of the polymer cells with crystalline status ((x (i, j,t) = -2) signifi-
cantly rises. According to our strength model, the crystallised cells have higher strength com-
pared to amorphous cells. Therefore, after 4 weeks, the overall strength of the polymer device
increases even though the overall molecular weight reduces. And when the degradation reaction
proceeds to the later stage, more and more cells have a molecular weight lower than the critical
threshold. Meanwhile, the experiment data shows the strength at this stage will drop to a very
low level. Therefore, the many newly-formed cells with the strength vacancy phases may be the
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reason why the strength drops significantly at the later stage. It can be seen from figure 9 that
the heterogeneous strength model can capture the main degradation mechanisms for amor-
phous PLA samples.

The same set of model parameters used in case 3(a) is applied to case 3(b) except p, the re-
crystallization probability. In case 3(b), the initial crystallization of PLA is 48%. The large amount
of crystals reduces the mobility of polymer chains. Thus the recrystallization probability p was
reduced from 0.05 in case 3(a) to 0.01 in case 3(b). Degradation rate of samples in case 3(b) is
higher than that of samples in case 3(a) during the first two weeks. From the model, we can un-
derstand that the initial crystallinity reduces the diffusion coefficient of oligomers calculated in
equation (16), resulting in higher concentration of oligomers with carboxylic acid end groups in
the device, thus higher degradation rate at the beginning of degradation. Fast degradation in
case 3(b) leaves more cavities in the device than slow degradation in case 3(a) as shown in figure
10. The cavities contribute to a greater diffusion coefficient according to equation (15) of oligo-
mers after week two, thus a slower degradation rate in case 3(b) than in case 3(a). As a result of
the initial crystals, the strength of samples in case 3(b) is higher than that in case 3(a). In contrast
to case 3(a), no strength increasing was detected either by experiments or by predictions from
the model after degradation. This is due to fast degradation during the first two weeks. There-
fore, the multiscale heterogeneous strength model can provide more details to understand the
strength change mechanism during degradation.

As for the case mentioned in section 3.1, PLLA with a high degree of initial crystallinity was
used [24]. In the whole process of its degradation, the upward trend of its degree of crystallinity
is relatively gentle. The contribution of crystallization to strength is always smaller than the effect
of molecular weight’s reduction on strength in this case, so the normalized tensile strength has
been declining throughout the whole degradation process.

In section 3.2, polymer with 60% PLLA and 40% PGA was used [26] to prove that the
heterogeneous strength calculating method also applies to copolymers. The calculated values of
the multiphase strength model fit with the experimental results very well.

We believe the porous, crystalline and amorphous phases play different roles in determining
the mechanical strength of the polymer, and the multiphase method to predict every cellular
strength by its status is reasonable.

To analyze the sensitivity of this heterogeneous strength model, the parameters a; and f34
are selected by different values (case 1 is as the computation example) and the root mean square
error (rmse) for normalized strength with the change ofa; and f;are shown in Fig. 13. From
Fig.13, it can be seen that a;, f;converges to a stable range. Moreover, we set different values
for threshold molecular weight MJ. using case 2 as an example. The result of root mean square

error of strength with different values of threshold molecular weight M7 was shown in Fig. 14.

From Fig.14, it can be seen that M7 =5000 converges to a stable and acceptable error. The

computation time is about 10-15 hours to execute the whole degradation, and the length of time
mostly depends on the material properties and the size of cellular grid. In general, a material with
larger molecular weight requires more time degrade. Meanwhile, the size of cellular grid, i.e. the
value of n, affects computation time. If n is larger, the program needs more memory for the larger
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number of cells, and picking cells and chains to participate in the reaction by Monte Carlo meth-
od will take more time. But obviously, the larger n is, the more accurate the modelling result is.
So the value of n should be neither too small nor too large. The parameter n with the root mean
square error is shown in Fig. 15. And the calculation time with different parameters n is shown in
Fig. 16. From the comparison of Fig.15 and Fig.16, it can be seen clearly that the chosen of pa-
rameter n is based on the time cost and accuracy requirement. Case 2 is selected as the example
for the sensitivity analysis about parameter p. The root mean square error of weight loss, nor-
malized molecular weight, crystallinity and strength with different values of p were shown in Fig.
17. It can be seen that p=0.01 leads to the least crystallinity error, strength error, weight loss er-
ror and normalized molecular weight error.

Polymer strength change during degradation is complicated for the dynamic change of re-
crystallization and porosity due to the micro chain scission. Polymer strength should obey the
extreme value statistics due to the heterogeneous phases, especially strength vacancy phase. It
deserves more research in this area.

5. Conclusions

A multiscale heterogeneous strength model is presented in this paper to demonstrate the dif-
ferent strength phase roles that contribute to the tensile strength during polymer bulk erosion
degradation. The heterogeneous strength model is coupled with micro chain scission,
recrystallization caused by chain scission, mesoscopic cellular status and macro oligomers diffu-
sion equation by integrated continuous, discrete, stochastic, definite modeling methods. The
strength phase evolution and distribution with time, the evolution of polymer inner shape, mo-
lecular weight and its distribution with time, chain number with time, the degree of crystallinity
with time can be simulated simultaneously from this multiscale heterogeneous strength model.
Several experimental data were used to validate the model. As contrast, PLA with and without
initial crystals were used. All model parameters were obtained by fitting curves with the experi-
mental data in case 3(a). These model parameters are then applied to case 3(b). The calculation
results fit the experiment data of case 3(b) very well. This result shows that the model is validat-
ed and can predict strength change during degradation. Additionally, the model gives more de-
tails to understand the mesostructure change during degradation. Together with case 1 and case
2, it can conclude that the model can be used to predict strength change during degradation for
amorphous polymers, semi-crystalline polymers and copolymers.
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Statement of Significance

The original work in this paper is a multi-scale method (including micro scale,
mesoscopic scale, macro scale and their coupling) for modeling heterogeneous
strength change during degradation of bioresorbable polyesters and provides under-
standing to the strength change during degradation of biodegradable polymers. The
result denotes the solution is reliable.

As we know, there have no papers recently to implement strength study during deg-
radation in three scales modeling and its coupling.

From our model, the strength distribution during degradation, strength phrase evolu-
tion, molecular weight distribution, chain number, degree of crystallinity, the evolu-
tion of polymer inner shape, weight loss can be obtained from the calculation of the
three scale heterogeneous strength model.
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Fig.1. the computation multiscale heterogeneous strength model and the coupling for polymer

degradation

0 month 4 months 12 months

20 months 24 months 30 months

Fig.2. The cellular strength phase evolution of the degradation process of the polymer sample in
Ref.[24]. Yellow represents the amorphous strength phase. Red represents the crystalline strength
phase. Grey represents the strength vacancy phase with amorphous cellular status (x (i, j,t) = 1 or x
(i, j,t) = 0) but its molecular weight is smaller than a2 . Black represents another kind of the

strength vacancy phase with hole cell status (x (i, j,t) =-1).
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20 months 24 months 30 months

Fig.3. The cellular status evolution of the degradation process of the polymer sample in Ref.[24].
Green stands for the initial amorphous status (x(i, j,t) = 1). Pink stands for the cells with crystalli-
zation status (x(i, j,t) = -2). Blue stands for the cells with chain scission reaction (x(i, j,t) = 0).

Black stands for the cells with holes in them (x(i, j,t) = -1).
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Fig.4. Comparison between the multiscale heterogeneous strength model and the experimental
data obtained by Tsuji [24] for number average molecular weight, volume degree of crystallinity
and strength as functions of degradation time for the polymer sample. The continuous lines

represent the model prediction while the discrete symbols are the experimental data.
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0 month 2 months 4 months

8 months 10 months

12 months

Fig.5. The cellular strength phase evolution of the degradation process of copolymer of PLLA
(60%) and PVA in Ref.[26]. Yellow represents the amorphous phase. Red represents the crystalline
phase. Grey represents one kind of the strength vacancy phase which the cellular status is the
amorphous status(x (i, j,t) = 1 or x (i, j,t) = 0) but its molecular weight is smaller than 7. . Black

represents another kind of the strength vacancy phase with hole status (x (i, j,t) = -1).
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Fig.6. Comparison between the heterogeneous model and the experimental data obtained by Tsuji
and Muramatsu [26] for number average molecular weight, volume degree of crystallinity and
strength as functions of degradation time for the polymer sample. The continuous lines represent

the model prediction while the discrete symbols are the experimental data.
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8 weeks 12 weeks 24 weeks

Fig.7. The cellular strength phase evolution of the degradation process of the PLA device without

initial crystallinity in Ref.[27]( case 3(a)). Yellow represents the amorphous strength phase. Red
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represents the crystalline strength phase. Grey represents one kind of the strength vacancy phase
which the cellular status is the amorphous status(x (i, j,t) = 1 or x (i, j,t) = 0) but its molecular
weight is smaller than a2 . Black represents another kind of the strength vacancy phase with hole

status cells (x (i, j,t) = -1).

0 week 1 week 2 weeks

8 weeks 12 weeks 24 weeks

Fig.8. The cellular status evolution of the degradation process of PLA device without initial crys-
tallinity in Ref.[27]( case 3(a)). Green stands for the initial amorphous status (x(i, j,t) = 1). Pink
stands for the cells with crystallization status (x(i, j,t) = -2). Blue stands for the cells with chain

scission reaction (x(i, j,t) = 0). Black stands for the cells with holes in them (x(i, j,t) = -1).
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Fig.9. Comparison between the multiscale heterogeneous strength model and the experimental
data of sample without initial crystallinity (case 3(a)) obtained by Duek et al. [27] for number
average molecular weight, volume degree of crystallinity and strength as functions of degradation
time for the polymer sample. The continuous lines represent the model prediction while the

discrete symbols are the experimental data.

8 weeks 12 weeks 24 weeks

Fig.10. The cellular strength phase evolution of the degradation process of the PLA device with
initial crystallinity in Ref.[27] (case 3(b)). Yellow represents the amorphous strength phase. Red
represents the crystalline strength phase. Grey represents one kind of the strength vacancy phase
which the cellular status is the amorphous status(x (i, j,t) = 1 or x (i, j,t) = 0) but its molecular
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weight is smaller than v . Black represents another kind of the strength vacancy phase with hole

cell status (x (i, j,t) = -1).

8 weeks 12 weeks 24 weeks

Fig.11. The cellular status evolution of the degradation process of PLA device with initial crystal-
linity in Ref.[27]( case 3(b)). Green stands for the initial amorphous status (x(i, j,t) = 1). Pink
stands for the cells with crystallization status (x(i, j,t) = -2). Blue stands for the cells with chain

scission reaction (x(i, j,t) = 0). Black stands for the cells with holes in them (x(i, j,t) = -1).
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Fig.12. Comparison between the multiscale heterogeneous strength model and the experimental

data of sample with initial crystallinity (case 3(b)) obtained by Duek et al. [27] for number
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average molecular weight, volume degree of crystallinity and strength as functions of degradation
time for the polymer sample. The continuous lines represent the model prediction while the

discrete symbols are the experimental data.
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Fig. 13. The analysis of root mean square error (rmse) for normalized strength with the change of

model parameter a; and B, the experimental data is from Ref. [24] and the calculation values is
by multi-scale heterogeneous strength model.
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Fig. 15 The analysis of root mean square error (rmse) for normalized average molecular weight

with the change of model parameter n, the experimental data is from Ref.[24].
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Fig. 16 The analysis of computation time of the strength model with different values of model pa-

rameter n, Case 1[24] is as the example.
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Figure 17. The analysis of root mean square error (rmse) for normalized average molecular weight,
weight loss, crystallinity, strength with different values of model parameter p, the experimental
data is from Case 2 (Ref. [26]).

Table 1- Model parameters that provide the best fit between the heterogeneous strength model and the ex-

perimental data of three calculation cases.

Sample properties Model parameters
Initial
Mo Do(m | De(m Mg (
Case streng X, n,| m, M a
material g/m n %/da */da m p g/m P| 9| a | B
th(MP 0 ne 1
ol) y) y) ol)
a)
1
8.66 0. 0. 3
0 1.2% 1.5* 0. 0. 2. | 2. 2. 2.
1 PLLA 28 7*10 4 08 | 8| 8 4500 3
. 0| 10° | 10®° | 15 1 8 |9 6 | 8
6 5 0
0
PLLA(60% 7 0 0 4 | 0. 1 1 2 1
9.26 1.0* 1.2*
2 )/PVA(40 56 0 0 04 |00 |8|O0 0 5000 2 2 |4 21 4
*10° 10° | 10°
%) 0 2 2 0 1 3 1 4 1
1
( 0. 4 |o. 1. 2. |3
1.52 0 2*10 2*10 0. 3.
a PLA 190.4 0 00| 8|0 0 5000 3 3| 02 2
*10° 0 o > | 02 6
3] ) 2 0|5 5 5 |6
0
( 1.53 0. 1 2*10 | 2*10 0. 0. 4 | 0. 1. | 3. 2. 3.
PLA 195.0 8 5000 3
b *100 | 4| 0 ° ® 02 | 00 oo 3|6 02 | 2

26




ACCEPTED MANUSCRIPT
) 8|0 2 0|1 5 5 6






