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Abstract

Biodegradability is one of the required scaffolddtions for bone tissue engineering,
and it is influenced by the mechanical micro-enviment after scaffold implantation
into body. This paper aimed to develop a mathemlatitodel to numerically study
the mechanical impact on the degradation of palygti¢ acid) (PLA) scaffolds with
different designed structures. In addition, thdudiéd-governed autocatalysis on the
scaffolds’ degradation was also included, and tedfads' collapse time by an
author-developed algorithm was determined. Thelteshowed that an increase in
mechanical stimulation led to an increase in tradfsld degradation rate. Moreover,
different structures with a similar porosity shasedimilar degradation tendency but
had different collapse times, which is very seusito the diffusion coefficient of the
scaffold. The present study could be helpful toarathnd the dynamic degradation
process of PLA scaffolds, and guide the designL#f Raterial and scaffold structure.
It may be used as a tool for the evaluation ofith@tro degradation performance of

scaffolds.

Keywords. Scaffold degradation; Mechanical stimulation; Asdtalysis;

Mathematical modeling; Finite element method.
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1. Introduction

Scaffold as one of three key factors in bone tignhgneering [1] should have: (i)
three-dimensional porous structure for cell growtid transport of nutrients; (ii)
biocompatibility and biodegradability with a corltadble degradation rate to match
bone formation rate; (iii) sufficient stiffness asttength to sustain the external load
during the whole bone-repair process [2-6]. Polyiseone of several biomaterials,
and often employed to construct scaffolds. Thusyas drawn much attention for
biomedical applications due to its excellent preaedity and biodegradability [7,8].

The degradation of ester polymers is mainly causethe hydrolysis, which is
influenced by many factors, such as pH value [8ngerature, crystallinity [10],
autocatalysi§l1], loads [12] and loading frequency [1, 13]. Tharolysis causes the
chain scission in polymer matrix, and this embodres decreases of the molecular
weight and mechanical properties, mass loss andnattic shrinkage of the polymer
[14]. Extensive experimental studies have been wcted to explore the degradation
mechanism of bulk polymer influenced by these fictm particular, compared to the
unloaded polymer samples, load was proved to aatelehe polymer degradation
[12], moreover, the loading intensity and frequenieffluenced the bulk polymer
degradation. For porous polymer scaffolds, a higioeosity induced a severer loss of
mass, molecular weight and compressive modulbg and pore morphologies also
influenced the polymer degradation [16]. In addifiche porous scaffolds are
subjected to the mechanical stimulation after bémpglanted into human body, and

according to the loading effect on the bulk polyndegradation, the mechanical
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stimulation must affect the degradation of the psrpolymer scaffold. Thus, both the
architecture of porous scaffolds and the mechasittiadulation should be considered
to design scaffolds except the well-studied cheligetors on the degradation of
bulk polymers, and it is necessary to study theattagion of porous scaffolds with
different architectures under mechanical stimulus.

Computational modeling and numerical simulation aseful techniques to
evaluate the bulk polymer degradation. In this sensany theoretical or numerical
frameworks have been developed on the degraddtita9]. In general, there are two
main kinds of mathematical models to describe tlegradation. The first is
probabilisticmodel, which was developed on the basis of theaiainchain scission of
polymer. The model includes Erlang probability dgngunction [14, 20,21], Monte
Carlo (MC) [22], and cellular automata (CA) methgd8]. In particular, the Erlang
probability density function was popularly useddescribe the bulk degradation of
polymers. For example, Chest al. [24] combined stochastic hydrolysis and mass
transport to simulate the polymer degradation, tmedmodel result showed a good
agreement with experimental findings. The secomhe&nomenological model, which
was based on mechanistic phenomena, such as alyticataction and crystallinity.
For the autocatalysis, it is induced by the highaemtration of carboxyl end groups
yielded in the hydrolytic course, and the hydraygroduct cannot be timely diffused
out of the polymer matrix [25]. Furthermore, as atatyst, the acidic hydrolytic

product effectively increased the local degradatrate of bulk polymers [24].
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Antueuniset al. [26] developed a degradation model containing Gattdytic effect
and predicted the average molecular weight of atiplpolyesters during hydrolysis.

In order to address architectural effect of poreceffolds and mechanical impact
on the degradation of polymer scaffolds, this papers to develop a mathematical
model (including the first-order Erlang stochashigdrolysis, autocatalytic and
loading effects) to explore the degradation kiret€ different scaffold architectures
by employing the effective numerical method. Heve,designed three representative
volumetric cells (RVCs) of three periodic scaffglégich could be fabricated by the
computer assisted design (CAD) and 3D-printing iégplres [27]. By combining the
developed mathematical model with the finite elemerethod, the effect of the

mechanical stimulation on the degradation of tmedtscaffolds was studied.

2. Degradation theory
2.1 Polymer stochastic hydrolysis

In hydrolysis, water molecules attack and brealglpolymer chains into water
soluble products, resulting in the decrease ohtbécular weight. Experiments have
verified that the polymer degradation follows trsepdo-first-order kinetics [28], and

a ratiop(t) is defined to describe normalized number avemagkecular weight [29]:

_ M) _
B) —m =e 1)

where M,(0) andMu(t) are the initial { = 0) and instantaneous number average
molecular weight, is the degradation rate constant of polymer whictigtermined

by polymer components. Ideally, the polymer is adered to be isotropic, and all
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material points (here, a material point correspotwsa scaffold element in the
following numerical models, hereafter, scaffold neémt is used) share an initial
Mn(0). However, scaffold elements have differentiahiporosities caused by the
hydrolysis due to environment humidity, thus itamdomly assigned a valag0 < «

< 0.2). The degradation process of the scaffold eltngsan be considered with a

delaytaqg, Which is calculated from Eq. (1) as [22]:

__In(1-0a)
Lo = T (2)

According to Gopferichet al. [28], the bulk degradation of polymer was a
stochastic process, and each scaffold element a@sidered as a stochastic event.
The normalized number average molecular weightrdestin Eg. (1) corresponds to
the first-order Erlang stochastic process, andptiobability density functiomp(t) for
each scaffold element is defined as:

p(H) =kAe 3
with

_ In(n)
" In(m)

wheren is the number of RVC elements in the present wardm is the referred
number of the RVC elements in [22]. It is worth miening thatk is a coefficient
considering the size effect, since the number efffsld element influences the
degradation. Namely, the smallar(or the larger element size), the smaller the
degradation probability of a scaffold element, @nid requires a longer time for a

complete degradation of scaffold elements [28].
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2.2 Inclusion of mechanical stimulation into the stochastic hydrolysis
Experiments revealed the effect of the mechanitalutation on the polymer
degradation [30,31]. In order to incorporate thechamical stimulation into the
degradation model, the degradation rate was reesgpd on the basis of an analysis
on atomic fracture mechanism of solid polymers, tnedrefined the degradation rate

Jlswas proposed by Zhurkat al. [32] as:

1= Ae ol (4)

where A is the Arrhenius frequency factoEa is the activation energy breaking
polymer chainsg is the externally applied stred3,is a coefficientR is molar gas
constant and is Kelvin temperature. Eq. (4) shows that the i@op$tress decreases
the activation energy, and thus accelerates thgnpol degradation. In particular,
wheng is zero, EQ. (4) shrinks to the Arrhenius' equatibentl, = 1o. Assuming that

the temperature during the hydrolysis is constamd, Eq. (4) is re-written as:

_E,-Bo Bo

A, =he R =) (5)

Eq. (5) indicates the relationship between the attaion of scaffold element and the
mechanical stimulation. Apparently, the mechanisiimulation increases the
degradation rate of polymer.
2. 3 Inclusion of autocatalysisinto the stochastic hydrolysis

In vitro experiments have also demonstrated that autosetgdiays an important
role in accelerating the local hydrolysis of polysieand thus affects the polymer
degradation [33]. The mechanism of the autocatmlisithat long ester chains in

polymers break into short chains with carboxyl ewdups during hydrolysis, the
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carboxyl end groups catalyze the hydrolysis andege the hydrolysis rate [33]. As
stated in [23], the autocatalytic effect was indud®y the high concentration of
carboxyl end groups, which could not be timely ub#d out of the polymer matrix.
Thus, in order to include the autocatalytic effetb the above stochastic hydrolysis
model, the diffusion of hydrolysates was considered

Here, the autocatalysis includes three staps, the release, diffusion and
catalysis of hydrolysates. To describe the releliffesion process, we employed
literature-defined concentratio@,, of hydrolysates,and the concentration ogll
scaffold elements is set to zero before hydrolysis, C,= 0 att = 0). When
hydrolysis of a scaffold element starts, the hygbates are released. It is assumed
that the polymer chain in the scaffold elementospletely hydrolyzed as long as the
size of the element is sufficiently small [28], ahé autocatalysis has no effect on the
degradation of the scaffold element when the hydaiks were diffused out of the
element. Then, the release-diffusion process ohtlakolysates in a scaffold element
is modeled by Fick’'s second law as [34]:

e = 0(D,0C,)+ SO 6)

where St) is a term denoting the source of hydrolysateshan elementDy, is the
diffusion coefficient of hydrolysates, and experintad results showed that it could be
empirically determined by the degree of degradaficf(t)) [34],i.e.,

D, = D,e’*#® (7)
where Dy is the initial diffusion coefficient of non-hydyaed polymer,p is a

material-dependent constant.



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

It is stated that the autocatalysis related to ¢becentration of hydrolysates
follows an exponential relationship compared to ligdrolysis without autocatalysis.
Thus, we use an exponential function to model tltecatalysis as,

A=A, (™ -1) (8)
where/, is the autocatalysis-included degradation rata staffold element. Finally,
considering the mechanical stimulation and auttysitg the resulting hydrolytic rate

is expressed as

Bo

A=, +A,=AeRe™ )
Eq. (9) becomes Eq. (39r( A = A, ) when the autocatalysis disappears,(Cy, = 0).
Correspondingly, hybrid degradation formulations & polymer scaffold element
under the mechanical stimulation and autocatalgsixpressed as:

— A A(t+tyg)
{ﬁ(t) =e 10)

p(t) = kAe ¥4+t

2.4 Degradation judgment of scaffold element

Based on Eq. (10), we propose two degradation tondi (1) The normalized
number average molecular weigh(t) of each scaffold element decreases below a
thresholdfreshols the scaffold element is considered to be comiyletegraded; (2)
The degradation probabilit)ftt+dt p(t)dt is less than a randomly generated nungber
from 0 to 1, the scaffold element is also consideebe completely degraded [22,
29]. Under both conditions, the completely degraéé&ment is changed into the
immersing solution. Then, the criterion to judges thomplete degradation of a

scaffold element when either of the following cdrais is satisfied,
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lg(t) < ﬁthreshold
J—tt+dt p(t)dt < p

(11)

The mechanical properties of polymers are relabettheéir molecular weight [35],
and they decreases exponentially during degradatiocess [36]. The experimental
result by Tsuji [10] shows that the downtrend isnitar to exponential decrease of
Young’s modulus. Here, the Young’s modulks of the scaffold element is also
exponentially related to its normalized number agermolecular weight ratio before
its complete degradation as [29]:

E.(t) = (E,(0)-E )Gef—l(l— ePO)+E,, (12)

solu
where E{0) is the initial Young’s modulus of the scaffoElement,Egy, is the
Young’s modulus of the solution, which is a consi@uring degradation process. For
ideal scaffold elements, their initial porosityequals zero, we hau=0, tagg = O,
£(0)=1, andEg(t)=E40). Whereas, completely degraded scaffold elerhagf(t) = O,
andEg(t) = Egy. Obviously, the two self-consistent conditions saéisfied. It is worth
mentioning that we mainly took into account the hsgdcal stimulation and
autocatalysis, and other factoesg( pH value, crystallinity) are ignored in the model.
However, the ignored factors indeed influence thgrddation of the scaffold [9, 10].
2.5 Failure of degraded scaffold under mechanical stimulation

As polymer scaffold degrades, its strength decsealfethe scaffold-solution
system could not support the external applied ldlagl,system collapses. Therefore,

basing on average stresses of cross-sections alytttem, we put forward a formula

to calculate the average stresses to judge whesytem collapsesge.,
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G (t) Nlayer
Z gs,crit X Es,j (t) + Z gsolu X Ea)lu
O—_i — =1 N Nlayer -G (t) (13)
layer

where " g; is the average stress acting on ifidayered system elemendsqi; is a
constant critical strain of the scaffold elementsgy, is the strain of the solution
element,qi(t) is a varying number of scaffold elements in tﬁdayer, Esj(t) is the
Young’s modulus of théh scaffold element, anlae is the element number of each
layer. It is worth mentioning thadsi;: iS conservative, sincesyi; decreases as a
scaffold element degrades. Then, the calculatesvas compared with the externally
applied loadLye, and if any one of the layers is lower thhpe, the system is

considered to be collapsad.,

0 <Lye (14)

3. Materialsand Methods
3.1 Materials
PLA is biodegradable, and has been approved by BaddDrug Administration

(FDA), and used in many biomedical fields [37-3Bhus, PLA was here considered
as the constituent material of porous scaffoldsl e scaffolds were immersed in
solutions like body fluid, which indicated that theres of the scaffolds were initially
occupied by the solutions. PLA was treated to b&apic and linear-elastic, and its
Young's modulus and Poisson's ratio were 5 GPadnA0]0.3 [29], respectively. The
solution was also treated to be isotropic and lveastic but in-compressive, and its

Young's modulus 10 MPa and Poisson's ratio 0.4P [29
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3.2 Scaffold structures and mesh

To investigate the effect of mechanical stimulat@nthe degradation processes
of different scaffold structures, three periodicaféald structures named lattice,
spherical and truss were designed. The lattice spnbrical structures were already
presented in [41, 42Without loss of generality, their RVCs were treali&d those in
[41, 42], see upper row in Fig. 1. Geometrical sinéthe RVCs are shown in the
middle row in Fig. 1. According to the geometriparameters, their porosities were
calculated as 64.8 %, 67.8 % and 64.5 %, respégtiwdich complied with that of
trabecular bone [43]. All the RVCs were uniformlivided into 8000 (20x20x20)

elements by a voxel element method, see the looveiir Fig. 1.

©

Fig. 1. Scaffold RVC structures and their geomesiges. (a) Lattice, (b) spherical,
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and (c) truss RVCs

3.3 Boundary conditions
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For each RVC, its bottom was fixed, and the logatesenting the mechanical
stimulation was applied perpendicularly on its tap simulate the mechanical
micro-environment in targeted sitesg. femoral shaft. To consider the influences of
the surrounding RVCs and the host tissues, fowardhtfaces of the RVC were
constrained to only allow the element nodes' to enmvthe loading direction. The
loading history was periodic piecewise with theiperl day, it involved an unloaded
stage and a loaded stage including ascending,rfgphliind descending sub-stages, as
shown in Fig. 2. The two stages represented theciseeand the rest activities of a
patient in a day, respectively. It is noted that #scending and descending stages
were set to be 0.05 day to avoid the sudden chbetyeeen the unloaded and loaded

stages.

25

2.0 =

holding !

15} €xercise

I ascending
relax

I descendingl

10051

Loading amplutide / MPa

0.5

0.0 Time ¢/ day
Fig. 2 Loading trapezoidal pulse in a day
3.4 Numerical implementation
The loading stress on human bones is ranging frérvPa to 4.0 MPa during

normal walking [44]. Here, the loading intensitwere 1.0 MPa, 1.5 MPa and 2.0

MPa, and the loading durations were 0.1, 0.2 aBdd@y per day. Thus, nine cases
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with the above loading intensities and durations dach RVC were treated (27
models for the three RVCs). The dynamic degradapoocess was simulated by
using Abaqus/Explicit@S SMULIA, USA) and coding user subroutine (VUMAT).
To solve the nonlinear models efficiently, Abaqugikicit was employed here to
guarantee the calculation convergence compared bagés/Standard, and an
auto-incremental step was adopted. All the inputipeters in the simulations are

listed in Table 1.

Table 1 Input parameters of simulation

Parameters Value Unit
Degradation rate constant Ao 0.0075"" day*
Ratio k 0.15 -

State change threshold Prhreshold 0.01%°! -
Constant B 2241 J/(mol-Pa)
Gas constant R 8.314 J/(mol-K)
Temperature T 310 K

Initial diffusion coefficient in polymer  Dq 1.2x10%%! m?/day
Material constant for diffusivity 0 9.43%! -

Young's modulus of scaffold Es 5140] GPa
Young's modulus of solution Esolu 0.01%°) GPa
Poisson’s ratio of scaffold Vs 0.3% -
Poisson’s ratio of solution VECM 0.49% -

Critical strain of scaffold Escrit 504°! -

Critical strain of solution Esolu 5% -

3.5 Sengitivity analysis

The sensitivity analysis was also performed by wayyfour key parameters in

table 1,i.e, degradation rate constang, state change thresholhesnod initial
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diffusion coefficient in polymerDy and Young’s modulus of scaffold constituent
materialEs. This is because the four parameters are direelfyed to the degradation
speed, judgment of complete degradation, autosalyand selection of scaffold

constituent materials. On the basis of the inpltiesof the four parameters in Table
1, we fluctuated them by plus and minus 20%, anditiatial 216 models were

simulated to study their sensitivity on the degtetaof the scaffolds. The indeXof

the sensitivity was defined as,

— | AYi |—|Yi(Xi +aXi )'Yi(xi 'axi )|
S= x| | 20X, | (15)

where X, =A,, B0 D o Es  @re input variablesy; is a output variable, and= 20%
is the fluctuation of the four input variables.
4. Results and discussions
4.1 Modé validation and the scaffold degradation process

To validate the proposed model, we compared theilated average number
average molecular Weighﬁ’(t) of all residual scaffold elements in the lattice
scaffold with experimental data [47, 48] in Fig.Rere, B(t) of the scaffolds was
calculated through dividing the sum ¢f(t) for all the residual scaffold elements by
the number of the initial scaffold elements. GehgraFig. 3 shows that the
downward tendency ot@(t) before day 30 is comparable to the literaturecaitfin
there exists slight deviation of experimental ctinds [47, 48]. In experiment 1, PLA
received no mechanical stimulation, its number agermolecular weight decreases
slower than others; in experiment 2, PLA receive@ MPa loading intensity, it is

comparable to the present 1.0 MPa simulation; ipeerment 3, PLA received 0.9
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MPa loading intensity at 1 Hz loading frequencysple of the lower loading
intensity, the number average molecular weight eesed at a faster rate than others
because of the influence of the loading frequemdgreover, by using Eq. (1), the
inversely calculated average degradation rate withe first 30 days was 2.17x10
/day, which is in the same order as the degradatives 5.08x18/day [49] and
4x10?% /day [8], respectively. In any case, these findirmemonstrate a relatively

guantitative validation of the proposed model.

1.0 T T T T

v v Experiment 1%47]
= v & Experiment 2471
.%D 08N v O Experiment 348 4
z 3 v —=— 1.0 MPa 0.1 day
= -S‘\ —e 1.0MPa0.2day
= ‘\“ - -& - 1.0 MPa 0.3 day
06 9N 1.5 MPa 0.1 day -
E oAn 1.5 MPa 0.2 day
° -A\"\ 1.5 MPa 0.3 day
e o “\ N —=— 2.0 MPa 0.1 day
504 e — e 2.0MPa0.2day A
z PO AN - -+ - 2.0 MPa 0.3 day
— . \*
g VAR \A\
E 0 2 | . \ A . LY N i
Q . A 1 \‘,. ..\
3 PSR N

LAnita
0.0 I 1 A 1'1"’“-‘1.&'-‘1-."..' z
0 40 80 120 160 200
Time 7/ day

Fig. 3. Comparison of the average number averageaular weight between the
simulation of the lattice scaffold amd vitro degradation experiments. Experiment 1:
Degradation of neat-PLA immersed in Kirkland’s moosion media (KBM) with pH
value 7.4 at 37T under no mechanical stimulation [47]; experin&nbegradation of
neat-PLA immersed in Kirkland’s biocorrosion med@i&BM) with pH value 7.4 at
37°C under loading intensity 1.0 MPa [47]; experim8ntDegradation of neat-PLA
immersed in Kirkland’s biocorrosion media (KBM) WipH value 7.4 at 3T under

0.9 MPa loading intensity at 1.0 H#48].



317 To illustrate the degradation process of the tlR®€s, a specific case with the
318 loading intensity 1.5 MPa and duratioh2 day was presented. During their
319 degradation processe&t) at eight time points were snapshot and shownign 4
320 The four pillars of the three RVCs along the logditirection degraded at a faster rate
321 than the horizontal or inclined pillars becausehaf higher stress. This indicates that
322 the mechanical stimulation promotes polymer dedgradaln particular, before day
323 50 (time point V), the vertical pillars were notrnepletely degraded, whereas the

324 vertical pillars were completely degraded after @i&9 (time point VII).
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326 Fig. 4. The evolution of3(t) of the three RVCs within 200 days (a) Lattice, (b)

327 spherical, and (c) truss structures. @ay 1,[1. day 10,[1. day 20,1. day 30,[1. day

328 50,[]. day 100,]. day 150, 1. day 200)
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4.2 Effect of mechanical stimulation on the three scaffolds

For the lattice structure, its degradation propsrinfluenced by the mechanical
stimulation are shown in Fig. 5. Generally, it sisavat the nine cases with different
mechanical stimulations shared a similar trend #icaffold degraded quickly during
early period. For a loading duration, the higheading intensity, the more@(t)
decreases; while for a loading intensity, the lorigading duration, the morqﬁ(t)
reduces, as shown in Fig. 5a. The varying voluraetion (SV/TV, SV is the volume
of residual scaffold element, and TV is the sumtié volumes of scaffold and
solution elements) of the residual scaffold elemgshown in Fig. 5b. Different from
B(t), SV/TV gently decreased during degradation. Fangxe, in the case of the
loading intensity 2.0 MPa at day 5¢3(t) was about 0.40, 0.26, and 0.18 for the
duration 0.1 day, 0.2 day and 0.3 day, respectivedyrespondingly, SV/TV was
88.81%, 81.53% and 69.03%. This indicates that steffold elements were not
completely degraded even though their number aeeraglecular weight greatly
decreased. Plus, increases in both loading interssid duration greatly reduce
SVITV, eg. the circled part between day 25 and day 75 forldhding intensity 2.0
MPa and duration 0.3 day in Fig. 5b. The Young'sdolos of the scaffold-solution
system is shown in Fig. 5c. It is worth mentionth@t the Young's modulus before
the system collapse was only calculated on thesliddbsing supporting ability to the
external load. Complying WithB(t) and SV/TV, the Young's modulus also
decreased more with a higher loading intensity dorager loading duration, and

approached to a final modulus at around 225.86.3@MPa. Similarly, the collapse
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time of the scaffold-solution system is presented-ig. 5d, and a greater loading

intensity or duration resulted in an earlier systaitapse.
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Fig. 5. Degradation of the nine cases of the latsitucture: (a),B(t); (b) SVITV; (c)
Young's modulus of scaffold-solution system; (d)l&psing time of the system.

For the spherical structure, its degradation prtogerinfluenced by the
mechanical stimulation are shown in Fig. 6. Like tattice structure,,B(t), SVITV,
Young's modulus, and the collapse time were sitgilarfluenced by the loading
intensity and durations. Namely, an increase inldagling intensity and duration
accelerated the spherical scaffold degradation.d¥ew the final Young's modulus of
the nine cases was 246.09 + 28.75 MPa, which weatgr than that of the lattice
structure 225.86 + 20.36 MPa. Moreover, their getatime was 102 + 63 day, which

was smaller than those of the lattice structuré& @¥2 day).
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Fig. 6. Degradation of the nine cases of the sphkstructure: (a),@(t); (b) SVITV,
(c) Young’s modulus of scaffold-solution system), ¢dllapsing time of the system.
For the truss structure, its degradation propeitiisenced by the mechanical
stimulation are shown in Fig. 7. Again, like théitze and spherical structureg@(t),
SV/TV, Young's modulus, and the collapse time wsrailarly influenced by the
loading intensity and durations. The increase m lbading intensity and duration
speeded up the truss scaffold degradation. Inquéati, the final Young's modulus of
the nine cases was 202.03 * 13.67 MPa, which wadleanthan that of either the
lattice structure (225.86 + 20.36 MPa) or the sigaérstructure (246.09 = 28.75
MPa). However, the truss structure collapsed ldtan the above two structures. In
particular, for the loading intensity 1.0 MPa widbrations 0.1 day and 0.2 day, the

structure did not collapse within the 200 days.
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Fig. 7. Degradation of the nine cases of the tatirgcture: (a) B(t); (b) SVITV; (c)
Young's modulus of scaffold-solution system; (d)l&psing time of the system.

In all, for the three structures, these resultsiceng that a greater loading
intensity or duration is beneficial for improviniget scaffold degradation. The result is
consistent with the experiments [48, 50-52]. In sease of degradation mechanism,
the mechanical stimulation decreases the activagioergy of polymer hydrolysis
(Egs. (4) and (5)), which accelerates the scafftddradation. However, Kargj al.
[53] found that the mass loss rate of porous paelg(itic acid)p-tricalcium phosphat
composite scaffold under the static compression si@aser than that of non-loading
case. The inconsistence with the literature mighattributed to retarded penetration
of simulated body fluid into the scaffold, whichpilessed the hydrolysis of the
polymer component in the composite scaffold.

4.3 Comparison of thethree structures
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To illustrate different degradations of the thre@cures, we only compared their
results of the specific case with the loading istgnof 2.0 MPa and the duratiaf
0.1 day, and the comparison is shown in Fig. 8. e&aly, different scaffold
structures weakly influenceﬁ(t) , SVITV, Young's modulus, but apparently
influence the collapse time. Particularl)i_i’(t) is in the order Truss>spherical>lattice
(Fig. 8a). SVI/TV represents the percentage of #®dual scaffold elements in
structures. In other words, the number of the tedidcaffold elements in the truss
structure is greater than the other two (Fig. 8igreover, with the similar porosities
(64.8% for the lattice structure and 64.5% for thess structure), the truss structure
degrades more slowly due to the shared load bywblpillars (see Fig. 9a,c), and
better diffusion ability of hydrolysates, which mates the autocatalytic effect (see
Fig. 9d,f). The number of the residual scaffoldnsat in the spherical structure is
smallest, and this is due to the greatest init@opity (67.8%), but it degradation
mode is similar to that of the truss structure. Mmaing's moduli of the lattice and
spherical structures share a decreasing tendencighws above that of the truss
structure before day 70 but below that after dayF@. 8c). This is because the truss
structure is more compliant due to the existendd@®fboblique pillars, which is mainly
bent instead of axial loaded under the externadl.lgter day 70, due to its slow
degradation (Fig. 8a,b), the Young's modulus oftthses structure is greater than the
other two. As for the collapse times, they areha order of truss>lattice>spherical

(Fig. 8d). The reason is that the truss structurdeu the external load is more stable



412 than the other two due to the oblique pillars (Rig), and the spherical structure has

413 the weakest middle cross-section where the systdliapses earlier (Fig. 9b).

1.0 T T T 0.40 T T
—e—lattice-like structure (@) —— lattice-like structure ()
% —e— spherical structure 0.35 —— spherical structure
n;» 08} —— truss structure 1 —— truss structure
E
g 0.30 |
< 06| 4 E
2 > 025f
;}1 wn
5 04f
= 0.20 F
=
2 0.2
E “T 015}
0.0 L L L 0.10 L L L
0 50 100 150 200 0 50 100 150 200
Time ¢/ day Time 7/ day
T T T T 160 T T
1200 —— lattice-like structure (C)' 145 (d)
—— spherical structure
1000 | ——truss structure 4 120k |
) 102
= 800 41 = 94
E )
= £
- = 80F E
= 600 13
=
=
400 | LIS
40} -
200 E
0 N L L L 0
0 30 60 90 120 150 lattice-like structurespherical structure truss structure
414 Time ¢/ day

415 Fig. 8. Comparison of the three structures withding intensity of 2.0 MPa and

416 duration of 0.1 day: (a),[_)’(t); (b) SVITV; (c) Young’s modulus; (d) collapsingre.

42 0002401

()

+4.00¢e 21
1
+1.0
- +6.E
V3,335 02
| +0.00Ce+00

418 Fig. 9. Stress an@, in the residual elements of the three structuriéls the loading

417 (d) ©

419 intensity of 2.0 MPa and the duration of 0.1 dayday 50. Stresses of lattice (a),

420 spherical (b), truss (c), ar@, of lattice (d), spherical (e), truss (f).



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

It is worth mentioning that the internal surfaceas of the lattice, spherical, and
truss structures approximately were calculated .88 nf, 2.76 mni, 6.36 mm,
respectively, thus, it seems contradictory to auwition that the truss structure with
the highest surface area should degrade fastertheaother two structures. In this
regard, we here considered the bulk erosion instdadurface erosion since the
critical size judging bulk or surface degradatimisester polymer was greater the
pillar thickness of the present structures [18],tlse bulk degradation of scaffold
dominated. Moreover, the mechanical stimulation ahe diffusion-governed
autocatalysis in the bulk degradation of all sddffelements is the same in theory
(Eq. (9)), and for the truss structure, the extelmed is shared by the oblique pillars
and has a better diffusion ability to mitigate #ngtocatalytic effect. Therefore, the
truss structure degrades most slowly, see Fig. 9c.

4.4 Senditivity analysis

All the results of the additional 216 models in S&wity analysis were reported
in Supporting Materials. Due to the normalized nemhverage molecular weight,
SV/TV, and Young’s modulus are varying in the degtson process. Thus we only
analyzed the sensitivity by the collapse tinvg. (Plus, in view of the huge amount of
results, a specific case with the loading intensiey MPa and duration 0.2 day of the
three structures were discussed. According to E9), the indexS of the sensitivity
are shown in Table 2. Apparently, the sensitivibéghe four parameters are in the
order ofDg > Ao > Bnreshoid™ Es. This indicates that a very weak fluctuationDefcan

result in a great variation of the collapse time.
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Table 2. IndexS of sensitivity of the collapse tim&].

Xi Ao Linreshold Do Es
Truss 1.4x10* 4.3x10° 4.2x10% 103

4.5 Limitations

Indeed, there are limitations. Other factors, sashcrystallization and loading
frequency should be included. The crystallizatid®][and loading frequency [48]
influence the polymer degradation, but these isswese ignored. Second, the
collapse time is calculated conservatively: on dme handthe critical strain of
scaffold element in Eq. (13) is constant. On tHephandthe solution is treated as
an in-compressive solid material which retarded twdlapse time. Third, the
numerical result has not been fully validated tigltoexperiments which will be

treated in the near future.

5. Conclusions

We developed a mathematical model to study the ™dicmdegradation processes
of three porous scaffolds under different mechdnstimmulations by including the
mechanical and autocatalytic effects. The resultswed that the mechanical
stimulation accelerated the degradation of the P&éaffolds. However, the
degradation of the three structures with a sinplanosity is weakly influenced by the
mechanical stimulations except for their collapgees. Importantly, the initial

diffusion coefficient is very sensitive to the @agbe time induced by the scaffold
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degradation. The present work improves our undedstg of polymer degradation
and could be helpful for future design of suitabledegradable scaffolds for tissue

engineering.
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