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ABSTRACT: Biopolymers have gained significant importance in
the field of biomedicine, particularly in addressing organ and tissue
loss in living organisms. These polymers exhibit temporary
functionality during treatment and undergo biodegradation once
their intended purpose is fulfilled. The diverse characteristics of
these biopolymers expand their range of applications, albeit
necessitating extensive experimentation and a time commitment
for thorough investigation. Computational models have emerged as
a promising avenue for predictive analysis, complementing
traditional experimental methods. In this study, we delve into the
degradation dynamics of polyester materials with a specific
emphasis on the hydrolysis process. We employed an appropriate reaction diffusion model to unveil the underlying mechanisms
governing material weight loss and erosion within a two-dimensional framework for a rectangular slice of the implant. By bridging
computational modeling with empirical research, this study provides valuable insights into the behavior of biopolymers, contributing
to a deeper understanding of these materials and their potential for advanced biomedical applications. To illustrate this framework’s
effectiveness, we conducted a case study using experimental data from the literature, focusing on poly(D,L-lactic acid) material.

1. INTRODUCTION
In the field of regenerative medicine, various implants,
including stents, drug delivery devices,1 tissue engineering
scaffolds, and more, are employed for the controlled release of
medications and to offer temporary support to damaged tissues
as they heal.2 The utilization of biopolymers in constructing
implants has become increasingly beneficial. Biopolymers can
degrade naturally within the biological body while fulfilling
their intended function, eliminating the necessity for
subsequent surgical removal.3 Biodegradable polymers utilized
as biomaterials for implants like polyesters such as polylactic
acid (PLA), polyglycolic acid (PGA), and polycaprolactone
(PCL), along with their copolymers, have a wide range of
mechanical, chemical, and physical properties with the
degradation behavior.4,5 The properties of these polyesters
can be tailored to meet a diverse physiological need and can be
customized for patient-specific implants. As a result, these
polyesters have become more versatile in their application in
various medical implants. For instance, poly(ε-caprolactone),
or PCL, is used in both orthopedic implants and controlled
drug delivery devices.6

A persistent challenge linked to biodegradable polymeric
implants is their capability to adequately meet the functional
demands of specific target tissues or organs. An ideal polymeric

implant should promote cell adhesion and growth while
preventing inflammation or immunotoxic responses triggered
by either the polymer itself or its degradation byproducts.
Furthermore, the implant should possess tunable properties
that could facilitate appropriate tissue regrowth.7,8 To
encourage tissue growth, implants are typically designed to
imitate healthy tissues in both anatomical and physiological
aspects. These necessities enabled construction of complex-
shaped implants with pores or lattice microarchitectures.

During clinical applications, polymeric implants are exposed
to a biological environment, which is assumed as an aqueous
environment. The water molecules penetrated the implant and
attacked the backbone of the macromolecular chains in the
implant. As a result, short chains (oligomers and monomers)
are produced. This process is hydrolysis, and it leads to
degradation and erosion of the implant. Degradation is often
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characterized by the structural and molecular weight changes
in a polymeric implant, whereas erosion refers to changes
caused by mass loss in degrading the polymeric implant.9,10

Polyester materials such as PCL, PLA, PGA, and their
copolymers undergoing the hydrolysis process and ester
bonds are cleaved to form short chains.11,12 These short
chains diffuse out of the polymeric implant which leads to
decreased molecular weight, mass loss, and loss of implant’s
original shape and strength. These are widely used measures to
study the degradation and erosion behavior.

There exist two modes of erosion: surface erosion and bulk
erosion. Surface erosion is characterized by the gradual loss of
mass from the surface of the polymer implants, leading to
erosion toward the center of the implant and it is observed in
polymers when the rate of degradation exceeds the rate of
water diffusion into the implant.11 On the other hand, bulk
erosion takes place when the outward diffusion of monomers
from a polymer occurs uniformly as it loses mass. It occurs in a
polymer when the rate of diffusion of water into the polymer
exceeds the rate of degradation of the macromolecules.
Nevertheless, surface and bulk erosion are considered ideal
scenarios since in reality, most polymers undergo a
combination of both mechanisms.12 The process alters the
size and structure of implants, as they undergo mechanical,
chemical, and physical changes during degradation. A range of
polymeric materials and compositions have been investigated
thoroughly to understand the breakdown of the material. To
ascertain the physical and chemical characteristics of the
polymers during degradation, the macroscopic changes in
molecular weight, fluid concentration of the medium,
monomer concentration, crystallinity, and porosity have been
investigated.11,13−15 In a similar fashion, studies on the
macroscopic mechanical characteristics of biodegradable
polymers and scaffold structures have been carried out to
understand their overall behavior during the degradative
process.14,16−18 Nevertheless, understanding the microscopic
characteristics of materials remains challenging. In order to
ensure proper load-bearing capacity and predict and control
the degradation of engineered polymeric implants, it is
essential to comprehend the localized changes in physical,
chemical, and mechanical properties throughout the degrada-
tion of the implant. Although chemical, physical, and
mechanical properties of polymeric materials were once
believed to be uniform, degradation of polymers causes
nonuniform changes to these qualities.12 The implant’s overall
structural integrity and tissue growth may be impacted by
differences in the material properties and modifications to the
geometric shape and size.

Computational models have been developed to account for
changes in the spatiotemporal behavior of biodegradable
polymer solids caused by changes in their chemical and
physical properties. Using coupled partial differential equa-
tions, Casalini et al.10 developed a statistical model for the
degradation and drug release of PLGA. The model included
reaction kinetics that incorporates the concentration of water,
monomers, and oligomers during hydrolytic breakdown.
Furthermore, the model discussed the governing differential
equations for controlling drug release via erosion. The
diffusivity constants for both water and the drug are considered
to alter with changes in the molecular weight as the polymer
degrades in order to account for the interplay between
degradation and erosion. Yu et al.19 used a cellular automata
method to model drug release within multilayer biodegradable

polymers in three dimensions, like the probability method used
in Gopferich’s study. Chen et al.9 and Sevim and Pan20

integrated stochastic and differential equations to explain the
process of hydrolytic degradation and erosion in drug delivery
systems. The differential equations were used to model the
mass balance and diffusion of the constituents, while the
erosion process was characterized using the probability
approach of Gopferich.12 Based on a phenomenological
approach, Wang et al.21 proposed a model for the degradation
of biodegradable polymers. This approach considers the
reaction−diffusion processes that involve the concentration
of ester bonds of the polymeric materials and monomers and
crystallinity in the amorphous polymers. Wang et al.21 studied
the spatial and temporal changes in these components within
3D polymers. However, the model failed to incorporate the
erosion process, which enables the integration of alterations in
the shape and size of the polymers.

The aim of this study is to gain a comprehensive
understanding of several key aspects of hydrolytic degradation
and erosion in polyester materials. Specifically, we investigate
noncatalytic and autocatalytic rate constants and examine the
nature of chain scission. Our approach involves tracking
changes in the number-averaged molecular weight of the
polyester materials over the degradation period. Additionally,
we analyze alterations in the size of polymer implants by
considering a rectangular slice of the implant within a two-
dimensional (2D) representation. To achieve this, we employ a
diffusion model tailored to a polymeric implant system. We
address spatial and temporal changes through the application
of the finite difference method (FDM). To validate our
findings, we utilize experimental data from the literature
pertaining to PDLLA material in a bone scaffold context.

2. MODEL
2.1. Hydrolytic Degradation. In clinical applications, the

implants immersed in bodily fluids, such as blood, interstitial
fluid, transudate, etc., are constructed to fulfill their function
placed inside the biological body. Of the 70% of total body
water, 55% is composed of intracellular fluid and 45% is
composed of extracellular fluid.22 Due to this, in this study, we
assumed that the internal biological environment is an aqueous
environment. Hence, the implant experiences hydrolytic
degradation, which is the fundamental mechanism for implant
degradation. As a consequence of the hydrolytic degradation,
the ester bonds in the backbone or side groups of the polymer
chains undergo breakdown.23 Because of the breakdown, long
polymer chains turn into short chains, where these short chains
diffuse from the implant.24 The hydrolysis of polyesters is
described as follows

R COO R H O R COOH HO R2+ + (1)

where R and R′ are long chains that are composed of repeating
units of monomers and ester bonds. The water molecules
interact with the ester bonds and produce carboxylic acid
groups (R−COOH) and alcohol groups (R′−OH). The long
chains will then be broken into short chains that contain no
more than four monomers in each chain.25 Properties of
polyesters such as molecular weight, strength, toughness, and
so on are changed in a different manner during biodegradation.
As a result, the spatial changes in polyesters during
biodegradation are characterized by heterogeneity even if
those properties were initially homogeneous. The primary
focus of this paper is to understand the process of hydrolytic
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degradation and erosion. Changes in the size and shape of
polyester implants can provide a detailed understanding of the
degradation. The type of material is one of the influencing
factors of degradation. Hence, the degradation periods of PCL,
PLA, PGA, and their copolymers are not the same. PLA and
PGA degrade considerably more quickly over a few days or
months than PCL, which typically takes several years to
degrade.26 Some copolymers show a glassy and rubbery nature.
Glassy polymers generally have lower chain mobility and
exhibit slower hydrolysis rates, slower water penetration, and
slower mechanical changes. On the other hand, rubbery
polymers show higher chain mobility, higher hydrolysis rate,
rapid water penetration, and increased flexibility and
ductility.25 Depending on the intended use, the right kind of
material can be selected to modify the degradation period.

A rectangular slice of the implant considered in 2D space is
taken into account in this study in order to comprehend the
mechanisms influencing the degradation. The molecular
weight of the polyester material is normally distributed in
2D space. The x−y plane is partitioned into a number of cells,
which can either be a polymer-filled state or an eroded state.
The binary values 1 and 0 represent a polymer-filled state and
an eroded state, respectively.20 This can be represented for an
arbitrary cell at position i and j and can be expressed as follows

i jcell state( , )
1 if the cell is material filled
0 if the cell is degraded

=
l
moo
noo (2)

2.2. Mathematical Model for Degradation. Water
penetration is fast compared to the time taken for polymer
chain cleavage. After the water penetration, long chains can be
broken up into carboxylic acid and alcohol groups. The
frequency of this chain breakage is influenced by the mole
concentration of ester bonds (Ce) present in the long polymer
chain and the mole concentration of short chains (Csc)
produced during the chain cleavage. Hence, the rate of change
of chain cleavage per unit volume (Rcs) is expressed as
follows21

t
R k C t t k C t t C

d
d

( ) ( )( )m
cs 1 e 2 e sc= = + =

(3)

where m is known as the diffusion kinetic index,25 and k1 and
k2 are reaction rate constants of noncatalytic and autocatalytic
hydrolytic reactions, respectively; the first and second term of
the right-hand side of eq 3 represent noncatalytic reaction and
autocatalytic reaction, respectively. Also, eq 3 does not account
for the presence of water, as it is assumed to be abundant
within the polymer. Water molecules first enter the implant at
its surface and then move toward its center. Water molecules
fill the pore states found throughout the implant as they
migrate from its surface to its center. After the water molecules
enter the pores, a specific number of monomers and short
chains are created as a result of the water molecules’
interaction with the ester bonds. This is the initiation of the
breakdown process. The size of the monomers and short
chains prevents their diffusion from the core to the
surroundings, trapping them inside the implant. These trapped
monomers and short chains create an acidic environment that
accelerates the degradation at the core. On the other hand,
short chains created at the surface are immediately released to
the surrounding medium, so the degradation is faster at the
core than at the surface. Furthermore, Grizzi et al.27

investigated thin and thick samples made up of the same

polymer materials and noticed that thicker samples degraded
faster than thin samples.

In general, not every long chain is initially broken into short
chains. The following equation shows the short chain, Rsc,
production rate20,25

t
R

R
C t t

R
d
d ( 0)

d
dsc

cs

e

1

cs=
=

i
k
jjjjj

y
{
zzzzz (4)

where Rsc is the number of chain cleavage per unit volume,
Ce(t = 0) is the initial concentration of ester bonds of a
polymer chain, and α and β are empirical parameters that
influence the nature of the chain cleavage to produce short
chains. Equation 4 can be integrated over the given geometry
to obtain the amount of short chain production25

R C t
R

C t
( 0)

( 0)sc e
cs

e
= =

=
i
k
jjjjj

y
{
zzzzz (5)

The mole concentration of ester bonds begins to decrease as
the hydrolytic reaction proceeds, but the mole concentration of
short chains per unit volume gradually increases. Therefore,
the mole concentration of ester bonds at time t = t is given as25

C t t C t R( ) ( 0)e e sc= = = (6)

These short chains diffuse into the surrounding medium.
The rate of this diffusion is expressed as25

( )( )
t

C
t

R
D C

x

D C

y
d
d

d
d

x y
sc sc

sc sc
= + +

(7)

where D is the diffusion coefficient, which controls the
diffusion of the short chains and varies with the hydrolysis
process.25 The diffusion coefficient, which is dependent upon
porosity, is expressed as

D D V V D D(1.3 0.3 )( )polymer pore
2

pore
3

pore polymer= +
(8)

where Dpolymer is the diffusion coefficient of short chains in the
nondegraded polymer, Dpore is the diffusion coefficient of the
liquid-filled phase, and Vpore is the porosity created due to the
diffusion of short chains from the polymeric implant. The
porosity can be expressed as21

( )
V

C t C

C t

( 0)

( 0)

R
C t

pore

e ( 0) sc

e

cs

e=
=

=
=

(9)

Because of the increasing porosity, the sudden release of
short chains at the end of the degradation process is
responsible for additional weight loss. The number-averaged
molecular weight (Mn), which is used to measure the weight of
the polymer implant, is given as follows25

M M
C t R

C t R R
( 0)

( 0) DP ( )n n0
e sc

e 0 cs sc
= =

= + (10)

where Mn0 is the initial molecular weight and DP0 is the degree
of polymerization, which is a measure of the number of
monomer units present in a polymer chain.

The erosion that the implant experiences during degrada-
tion28 can be captured using the following rules:20
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1. The molecular weight within the cell should not exceed
a critical threshold.

2. The pixel should be in proximity to an adjacent pixel
that has undergone erosion.

The rules can be mathematically expressed for an arbitrary
cell at position (i,j) as follows

i jcell state( , ) 0 if=
1. Its molecular weight must be less than its threshold

weight (Mn < Mwt) .
2. Its neighboring cell must have been degraded previously.

Once the threshold molecular weight was reached, this
erosion model captured the sudden liberation of oligomers.
2.3. Initial and Boundary Conditions. The following

were assumed in this study:
(a) The surrounding medium of the implant is water and it

is abundant.
(b) The slice of the implant is represented as a 2D grid.
(c) All four sides of the implant are in contact with the

medium.
(d) Compared to the implant, the amount of water present

in the body is abundant.
(e) There are no chain scissions at the beginning (Rsc = 0).
Initially, the molecular weight is distributed normally in the

2D grid, as shown in Figure 1, and the cells at the boundary are

in contact with the medium. Before the degradation starts, the
cells that are situated within the grid’s borders can be regarded
as degraded cells.

An arbitrary cell was considered in the grid at the position
(i,j), where i can range from 1 to nx and j can range from 1 to
ny. Here, nx and ny are the total number of cells in the x axis
and y axis. Based on this representation, the cells at the
boundaries are denoted by (1,j), (nx,j), (i,1), and (i,ny).

The initial conditions of inner cell states are given below

i jcell state( , ) 1=
where i = [2,nx − 1] and j = [2,ny − 1].

The concentration of ester bonds at the inner cells is given
below

C i j C( , )e e0=

where i = [2,nx − 1] and j = [2,ny − 1].
The number of short chains and the concentration of short

chains are
R 0sc =

and
C 0sc =

The initial conditions of outer cells are given as follows:
Cells’ states at the boundaries

j

n j

i

cell state(1, ) 0

cell state( , ) 0

cell state( , 1) 0

x

=

=

=

and

i ncell state( , ) 0y =

Concentration of ester bonds at the boundaries

C j

C n j

C i

(1, ) 0

( , ) 0

( , 1) 0

x

e

e

e

=

=

=

and

C i n( , ) 0ye =

2.4. Numerical Methods. The equations presented in
Section 2.2 are solved to get a solution by using the FDM.
Afterward, the explicit method is applied to the solution to
observe temporal changes in the implant.

The temporal part in eq 7 can be written as

t
C

t
C C

d
d

1
( )n n

sc sc
1

sc= +
(11)

The spatial part in eq 7 can be written as given below

x
D

C
x

D
x

C C C( 2 )
k k k

k
n

k
n

k
nsc

2 sc 1 sc sc 1= + +

i
k
jjjjj

y
{
zzzzz (12)

where xk is an x or a y coordinate.
The mole concentration of short chains per unit volume

(Cshort_chain) and chain cleavage per unit volume (Rsession) can
be calculated explicitly as

C t C t
t

C t( 1) ( )
d
dsc sc sc+ = + ×

(13)

R t R t
t

R t( 1) ( )
d
dcs cs cs+ = + ×

(14)

3. RESULTS AND DISCUSSION
In our study, the model was adopted to validate the
experimental data related to molecular weight changes over
the specified degradation period. In order to check for changes
in the hydrolytic degradation pattern, we assigned a small
range of values to the noncatalytic rate constant (k1) and the
autocatalytic rate constant (k2). The range of k1 in this instance
is 3 × 10−6 to 7 × 10−6 week−1, and the range of k2 is 0.01−
0.05 m3 mol−1 week−1. When k1 and k2 were assigned large

Figure 1. Schematic diagram of 2D implant placed in a medium at the
degradation time t = 0.
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values, a degradation pattern was also observed. In this case,
k1’s range is 5 × 10−8 to 5 × 10−4 week−1, and k2’s range is 2 ×
10−4 to 2 10 m mol week1 3 1 1× .

Empirical parameters α and β, which characterize the nature
of cleavage according to eq 4, have been given numerical values
so that their impact on the rate of degradation can be observed.
The range of α in this instance is 0.2−0.8, and the range of β is
1−3. Throughout these analyses, the remaining parameters

were held constant, allowing us to investigate the degradation
patterns by varying the specific parameter values.
3.1. Noncatalytic and Autocatalytic Reaction Rate

Constants k1 and k2. The breakdown patterns of polyester
materials that may undergo both noncatalytic and autocatalytic
reactions during the hydrolytic degradation process, and which
have different k1 and k2 values, are shown in Figure 2. It was
found that abrupt shifts in molecular weight happened for all

Figure 2. Normalized molecular weight change with time. (a) Large change in the noncatalytic reaction constant (k1), (b) small change in the
noncatalytic reaction constant (k1), (c) large change in the autocatalytic reaction constant (k2), and (d) small change in the autocatalytic reaction
constant (k2).

Figure 3. Normalized molecular weight change with (a) α and (b) β values in eq 4.
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materials only during the initial phases of degradation. In
contrast, with the exception of the first phase, molecular weight
changes happened gradually.

Figure 2a illustrates how, in comparison to other values of
k1, there is a sudden decrease in the molecular weight at the
higher reaction rate of k1 = 7 × 10−6 week−1 because of
degradation. In this specific case, the molecular weight loss is
almost 80%. After that, the molecular weight gradually
decreases over time and reaches saturation after 150 weeks.
For lower reaction rates, the molecular weight decreases and
reaches saturation much earlier compared to the higher
reaction rate, while more than 20% of the initial molecular
weight is yet to be degraded.

Figure 2b illustrates the sudden drop in the molecular weight
caused by degradation for all values of k1 that coincide. For
every value of k1, there was a nearly 65% decrease in the
molecular weight in this case. For the value of k1 = 7 × 10−6

week−1 in this instance, there was a nearly 70% reduction in
the molecular weight loss. After that, the implant’s molecular
weights gradually drop in accordance with the k1 values.

Figure 2c illustrates the sudden drop in the implant’s
molecular weight caused by degradation, which corresponds to

values of k2 = 0.2 and 0.02 m mol week3 1 1 in comparison
to other values of k2. Following that, for all values of k2, the
molecular weight gradually decreases.

As illustrated in Figure 2d, sudden molecular weight losses
of approximately 65% occur for all values of k2 as a result of
implant degradation.

Figure 2 illustrates how the values of reaction rates k1 and k2,
which are dependent on the temperature, concentration of
reactants, surface area, pressure, and composition of the
material, are crucial in the implant’s degradation.
3.2. Empirical Parameters α and β. Empirical parameters

α and β can determine if a chain session is a random session or
an end session. Figure 3 illustrates how variations in α and β
values led to the molecular weight loss in the implant. The
molecular weight loss is generally not the same for α and β
values; however, it demonstrated almost the same sudden

decrease for α = 0.2 and β = 1. Higher values of α predominate
in the initial degradation. On the other hand, the later
degradation process was dominated by low α values.
Conversely, lower values of β predominate in the initial
differentiation process, and high β values governed the
degradation process in a later period.
3.3. Blaker’s Experimental Investigation for the Bone

Scaffold. In our investigation, we employed the model to
determine the suitable parameters required for predicting the
material’s lifetime within the context of our study. This
involved adjusting the parameters specified in eqs 3 and 4 to
account for their varying nature. The number-averaged
molecular weight as a function of time for in vitro bone
scaffold disintegration was investigated experimentally by
Blaker et al.29 This experiment was carried out over a 600
day period at a temperature of 37 °C using simulated body
fluid. The mathematical model used in this work is explicitly
tested using the molecular weight data. Blaker et al.
investigated how PDLLA and PDLLA/Bioglass composites
degraded over time. Even though the polymer shows a glassy
nature, during the first 12 weeks, the molecular weight of the
neat PDLLA showed a significant drop.
3.4. Model Validation. For the model we used in our

investigation, k1, k2, α, and β have specific values assigned to
them. As a result, the degradation pattern we obtained and the
one obtained experimentally were nearly identical. Blaker’s
experimental results are taken into consideration because they
employed pure polyester (PDLLA) as the implant material and
conducted a 600 day study in order to gather comprehensive
data. It is crucial to remember that the main ingredients of the
model we used and the one Sevim published in 2018 are
essentially the same. However, there are differences in the
values of k1, k2, α, and β between the model that we employed
and the one that Sevim published. Furthermore, model
parameters associated with the implant’s initial state of
degradation are tabulated in Table 1.

Based on our model and Sevim’s model, there are notable
differences in the molecular weight loss that occurred in the
period of 0−20 weeks. Nonetheless, the molecular weight loss

Figure 4. Predicted results of this paper and the experimental data of Blaker et al.29 for normalized molecular weight over the scaffold as a function
of time.
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obtained from both models varied similarly over the course of
20 and 30 weeks. After 30 weeks of degradation, the molecular
weight loss obtained from each model began to gradually
diverge.

The values of the model parameters tabulated in Table 1
were used to determine the erosion process that occurred over
the period, as shown in Figure 5. The water molecules that
entered the implant attacked the molecules at the core. As a
result of the chain session, carboxylic acid and alcohol groups
are produced. Because the sizes of the aforementioned
components are larger than the pore networks through

which the water molecules enter, the components are trapped
in the core. This phenomenon increases the acidity of the
environment, which leads to bulk erosion. Grizzi et al.27

observed this type of erosion pattern for thick implants. As
shown in Figure 5, the percentage of erosion over the
degradation period is given. This provides information on the
bulk erosion, the blue-colored region representing the polymer
region and the white-colored region representing the degraded
region. According to the comparison of Figures 4 and 5, 50%
of the erosion occurred within 20 weeks, while 80% occurred
after 60 weeks. This observation shows that the rate of
degradation was higher in the early stages than it was at the
end.

4. CONCLUSIONS
This work demonstrates the successful integration of differ-
ential equations related to reaction−diffusion, empirical
principles, and the FDM to effectively describe the degradation
behavior of bulk polymers. A comprehension of the hydrolytic
degradation process is achieved by considering the interplay
between hydrolytic chain scission, autocatalytic effects, short
chains’ diffusion, and bulk erosion. Furthermore, the 2D model
representation is validated by comparing it with experimental
data for PDLLA material in a bone scaffold. This modeling
technique serves as a valuable tool for accurately defining and
predicting the degradation behavior of polyesters, enhancing
our understanding of their real-world performance. These

Table 1. Parameters Used to Obtain the Model Fit for the
Experimental Data in Figure 4

model parameters values units

Mmean 1.3 × 105 g mol−1
Mn,st_dev 1.3 × 103 g mol−1
Munit 7220 g mol−1
m 0.521 no unit
α 0.2 no unit
β 3 no unit
Ce,0 20,61520 mol m−3

Mwt 4.0 × 104 g mol−1

Dpore 1.0 × 10−520 m2 week−1

k1 3.0 × 10−5 week−1

k2 2.0 × 10−1 m3 mol−1 week−1

Dpolymer 5.0 × 10−1520 m2 week−1

Figure 5. Erosion progress over the period of degradation.
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insights can be applied to digitally design innovative
biodegradable implants for materials with similar composites
and functional groups utilizing the same approach. This
approach allows for the engineering of implants with
controlled degradation while maintaining the desired mechan-
ical properties, making it a feasible endeavor.
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