Modeling Biodegradable Polymeric Stents Using Abaqus/Standard
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Summary

Biodegradable polymeric stents must provide mechanical
support of the stenotic artery wall for up to several
months while being subjected to cyclic loading that af-
fects the degradation process. To understand the ap-
plicability and efficacy of biodegradable polymers, a hy-
perelastic constitutive model is developed for materials
undergoing deformation-induced degradation. The model
was implemented in Abaqus/Standard and applied to a
commonly used biodegradable polymer system, poly (L-
lactic acid) (PLLA).

Background

Biodegradable stents were introduced on the hypothesis
that the need for mechanical support provided by stenting
is temporary and is limited to the intervention and shortly
thereafter, until re-endothelialization and healing are ob-
tained [1]. Biodegradable polymer stents have several
advantageous features: (i) they do not serve as an ob-
stacle for future treatments or a permanent potential ni-
dus for infection; (ii) the gradual softening of the material
permits a smooth transfer of the load from the stent to the
healing artery, and also contravenes the compliance mis-
match between the stent and the stented artery; and (iii)
they potentially serve as a reservoir of appreciable size
for the incorporation of drugs. The degradation of the
stent may play a role in creating optimal drug release ki-
netics.

The majority of biodegradable polymers used in biomedi-
cal applications are synthetic aliphatic polyesters. The
prevailing mechanism of degradation of these polymers is
random scission by passive hydrolysis when water is pre-
sent [2], resulting in the commonly observed bulk (or ho-
mogeneous) erosion mode [3, 4]. Experimental evidence
has shown that deformation and degradation are coupled
processes [5-8]. A complete understanding of the inter-
play between deformation and degradation would be a
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powerful tool aiding biodegradable stent design. For this
purpose, a thermodynamically consistent constitutive de-
scription of polymers with deformation-induced degrada-
tion was developed [9-11] and employed in the analysis of
several stent designs using Abaqus [12]. The goals are to
demonstrate the feasibility of incorporating such material
models into finite element analysis of stent structures, and
to use these models to identify features of biodegradable
stent designs that may determine clinical outcomes.

Finite Element Analysis Approach

Constitutive Model

A scalar variable d representing the degree of degrada-
tion is first introduced.

d=d(x,t) (1)
It measures the degradation of a material particle that is
at point x at time 7. The value d = 0 represents a virgin
state whereas d = 1 represents the state of maximum
degradation. Degradation at a particle, and its consequent
reduction of effective crosslinked segments, leads to a
reduction of the mechanical properties of that particle.

The stored energy density of the degradable network is a
function of the deformation gradient F and the degree of



degradation,
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where B = FF', I and II; are the first and second invari-
ants of B. The specific form of the stored energy density,
given by

Py (ly,d)=Ad)e " (I, —3)+ u(d)In[l+a(l, —3)] (5)

was found to provide the best fit for experimental data
obtained for PLLA fiber. A(d) and u(d) are functions of deg-
radation, whereas a is a material constant. A linear rela-
tionship is assumed between degradation and decrease
in material properties

Ad) = Jo(1=d) o

d)=p,(1-d
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where 1, and g, are the virgin state material constants.
Deformation-driven degradation is governed by

d = (1-d)k(F) ®)

where the reaction rate k was chosen to be linear with a
scalar measure of deformation, the radius in the (Ig, IIg)
plane:

k(F) = k(1. 11,) :L[(IB —3)’ + (I, -3)*]"
T
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The constant 7, is a characteristic time of degradation.
Implementation in Abaqus

Abaqus/Standard allows the definition of solution depend-
ent material properties through the use of field variables;
degradation d is incorporated as a field variable. The evo-
lution of degradation is obtained at the beginning of each
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increment through user subroutine USDFLD, which is
used to define solution-dependent field variables at an
integration point. Most kinematical quantities are directly
available in the subroutine: Iy and IIz can be obtained
from F and once the reaction rate k is determined, Eq.(8)
can be integrated numerically yielding d at the end of the
increment. A trapezoid integration rule was used for the
numerical integration of Eq. (8). After updating the field
variables, Abaqus/Standard computes stresses at the end
of each increment.

Subroutine UHYPER provides a general capability for de-
fining isotropic hyperelastic materials. Newly updated field
variables (in this case d, computed in USDFLD) and kine-
matical quantities (such as the current values of Iy and
IIg) are provided to the subroutine, which requires specifi-
cation of the energy density and the corresponding deriv-
atives with respect to the given invariants (in the current
case, given by Eq. (5) and only for dw/ly # 0). Note that
for the degradable material defined by Eq. (3), the stored
energy density function depends not only on the strain
invariants but also on the field variable, the degradation
parameter d.

Stent geometries

Two previously proposed stent designs [13, 14], denoted
as 2B3 and 1Z1 (Figs. 1 and 2) and a Cypher (Fig. 3)
stent (Cordis, Johnson & Johnson, Miami Lakes, FL) were
considered in this study.

A constant inward pressure of 1 atm was applied to the
expanded stents. One end of the stent was fixed in the
axial direction, and in stent designs 2B3 and 1Z1 only one
quarter of the full circumferential geometry was modeled
(exploiting the symmetry of these designs).

Results

Degradation caused reduction of the mechanical proper-
ties in the material, and consequently, all stents lost the
ability to withstand a constant load and collapsed inwards.
The deformation pattern of biodegradable stents is time-
dependent with pronounced changes in performance,
qualitatively assessed with overall stent deformation pat-
terns (Figs. 1, 2 and 3) and quantitatively measured as
average relative recoil in response to a constant load (Fig.
4).

Furthermore, as the more rigid stent lost its stiffness due
to degradation, the constant outer pressurization was re-
sponsible for buckling of the structure — the cross-section
of the 1Z1 stent, initially circular, assumed an ellipsoidal
shape after some degradation (Fig. 2). A similar effect
was not observed in the other two designs, as their com-
pliance was clearly greater.



Fig. 1: Degradation of the 2B3 stent [13, 14]. The stent

degrad.s mostly at the bends of the rings, where a state

of bending prevails, and at their junction points with the

connector bars. As the material softens, the stent crept
inward under the constant pressure [12].

Fig. 2: Degradation of the 1Z1 stent [13, 14] . This design
is much stiffer than the 2B3 and much of the deformation
and degradation is confined to the junction points and
sharp crowns of the stent rings. If failure occurs at these
locations, struts that are mostly non-degraded can pro-
voke embolic complications downstream. As the material
loses its integrity, buckling of the cylindrical structure is
observed to initiate [12].
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Fig. 3: Degradation of a biodegradable version of the Cy-

pher stent. Degradation occurs dramatically at the junc-

tion points due to their complex shape, and the stent los-
es its stiffness and creeps inwards [12].

Fig. 4: Average relative recoil vs. time of the different de-
signs subjected to constant outer pressurization [12].



Conclusions a biodegradable polymer, its implementation in Abaqus

and application to stent analysis are presented. The capa-

Compared to permanent stents, the study of biodegrada- bility of Abaqus/Standard to account for the degradation
ble stents is still in its infancy. Many challenges remain in of material properties clearly extends its utility as an anal-
order to fully understand the physics of the material. In ysis tool into the design of biodegradable stents.

this Technology Brief, a hyperelastic constitutive model of
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tation references:

®  Abaqus User Subroutines Reference Guide

— Section 1.1.38 “UHYPER”
— Section 1.1.50 “USDFLD”
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