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elastic-viscoplastic characteristic response that may undergo plastic-hydrolytic damage. This phenomenological
model, which allows for finite kinematics, stands on the framework of variational constitutive updates, having a
consistent thermodynamics basis. We focus on the relation between mechanical and chemical phenomena.
Despite the complex nature of the processes involved, it is shown the update algorithm follows a simple
operational scheme. As engineering materials, to one degree or another, are susceptible to physical and/or
chemical degradation, in general, such processes should be prevented or at least predicted in order to determine
the lifetime of components and products. Controlled degradation, however, may be desirable when dealing with
environmentally-friendly biodegradable materials, or bioabsorbable medical applications. This work aims
specially at bioabsorbable materials, which have been used in the production of medical devices (suture anchors,
screws, scaffolds, stents etc) employed in trauma and cardiovascular procedures. Some examples demonstrate
that the model succeeded in representing the coupling effects of inelastic flow, mechanical and chemical induced
damage. Furthermore, a 3D finite element simulation of a stent-like frame highlights the potential usage of this
constitutive formulation

in the design of new products made of bioabsorbable materials..
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ABSTRACT

This work describes and evaluates a recently formulated constitutive model for materials with elastic-viscoplastic
characteristic response that may undergo plastic-hydrolytic damage. This phenomenological model, which allows for
finite kinematics, stands on the framework of variational constitutive updates, having a consistent thermodynamics basis.
We focus on the relation between mechanical and chemical phenomena. Despite the complex nature of the processes
involved, it is shown the update algorithm follows a simple operational scheme. As engineering materials, to one degree
or another, are susceptible to physical and/or chemical degradation, in general, such processes should be prevented or
at least predicted in order to determine the lifetime of components and products. Controlled degradation, however, may
be desirable when dealing with environmentally-friendly biodegradable materials, or bioabsorbable medical applications.
This work aims specially at bioabsorbable materials, which have been used in the production of medical devices (suture
anchors, screws, scaffolds, stents etc) employed in trauma and cardiovascular procedures. Some examples demonstrate
that the model succeeded in representing the coupling effects of inelastic flow, mechanical and chemical induced damage.
Furthermore, a 3D finite element simulation of a stent-like frame highlights the potential usage of this constitutive formu-
lation in the design of new products made of bioabsorbable materials.

Keywords: variational constitutive updates, viscoplasticity, plastic-hydrolytic damage, finite element analysis

1. INTRODUCTION

Bioabsorbable polymeric materials have been widely used in the design and production of medical
implants such as interference screws, suture anchors, stents etc. As a consequence of this fact, con-
siderable advances in trauma, orthopedic and cardiovascular procedures have been achieved. These
materials have as its hallmark the capacity to degrade once in contact with water, being this a chemical
process known as hydrolysis. A controlled hydrolytic process can be employed, for example, when
a component implanted into the human body is expected to degrade progressively while it accom-
plishes its function, then being absorbed and/or eliminated by the organism. Given the importance of
this group of materials, a considerable amount of studies has been carried out concerning the chemical
and thermo-mechanical behavior of such polymers.

Several works found in the literature have suggested approaches for modeling hydrolytic damaging
and other analogous processes. Based on [1], a formulation taking into account the hydrolysis phe-
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nomenon in order to describe the response of materials undergoing deformation-induced degradation
was proposed by [2, 3]. In such a class of models, some material parameters are taken as function of
the degradation state instead of being material constants. Similar approach also appears in [4, 5, 6, 7].
Moreover, constitutive models for hydrolytic degradation that account for concentration and water
diffusion are presented in [8, 9, 10]. Additional references on hydrolytic degradation models can
be found in works like [11, 12, 13, 14]. In general, these formulations are limited to viscoelasticity
models and do not include plastic or viscoplastic characteristic responses, as well as plastic damage
effects. A summary of some studies found in the literature is presented in Tables 1 and 2.

In this paper, a model recently formulated [15, 16] that takes into account coupling effects of elasto-
viscoplasticity, ductile damage and hydrolytic degradation is briefly presented, and some examples
of its representation capabilities are shown. The model is embedded within the so-called variational
constitutive framework where incremental stress-deformation relations can be consistently derived
from pseudo-elastic strain-energy potentials [17, 18].

Table 1. Selected references (1).

Reference Finite Kin. Application Geometry Material Test

[1] yes shear, bend
[19] no stents ring expansion, cyclic
[2] yes stents

[20] yes stents ring,fiber,stent, etc PLLA expansion, shear, torsion, tensile
[3] yes stents ring expansion, tensile
[21] yes PLA-PCL tensile

[4] yes fiber PLA-PCL tensile

[5] yes ligament rope PLA-PLC tensile

[7] yes PLA-PCL tensile

[6] yes stents ring PLLA expansion
[22] yes soft tissues tensile (+swelling)
[23] yes soft tissues tensile

[9] yes slab shear

[24] no concentric ring

[10] yes stents concentric ring

[25] no sp d=4mm I=16mm AISI 304 tensile

[26] no spc. d=4mm I=16mm  AISI 304 tensile

[27] no spc. d=4mm I=16mm  AISI 304 tensile

[28] stents magnesium expansion stent+artery
[29] stents magnesium expansion stent

Kin. kinematic, sp. test specimen, d. diameter, 1. length
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Table 2. Selected references (2).

Reference Var. Updates. Ductile damage Visco Potential Code

[1] no no no neo-Hookean Matlab (ODE113)
[19] no no no elastic NLFE

[2] no no no neo-Hookean

[20] no no viscoelastic  n-H, M-R, P2nd NLFE, Abaqus (UMAT)
[3] no no no Knowles R-K

[21] no no no n-H, M-R, P2nd

[4] no no no n-H, M-R, P2nd Abaqus-Python-UMAT
[5] no no no neo-Hookean Abaqus-Python-UMAT
[7] no no (viscoelastic) BB MCalibration

[6] yes no viscoelastic Odgen Abaqus (UMAT)
[22] no no no n-H + (fibers)

[23] no no no n-H + (fibers)

[9] no no

[24] no no no Abaqus (UMAT)
[10] no no QLV Abaqus (UMAT)
[25] no yes yes

[26] no yes yes

[27] no yes yes

[28] no no no Abaqus (VUMAT)
[29] no no no Abaqus (VUMAT / VUSDFLD)

Var. updates Variational updates, n-H. neo-Hookean, M-R. Mooney-Rivlin, P2nd. Second order potential, BB.
Bergstrom-Boyce, QLV quasi-linear viscoelastic, UMAT/VUMAT. user material (implicit/explicit), NLFE. Nonlinear
finite elements, R-K. Runge-Kutta

2. VARIATIONAL CONSTITUTIVE UPDATES

Aiming at the definition of some basic notation, this section outlines the framework proposed by
[17, 18]. Let a set of state variables be defined as & = {F,Z}, where F is the deformation gradient
and Z represents internal variables associated with dissipative processes. By assuming the existence
of a free-energy potential W, which is functionally dependent on &, one has

aw oW
W=W(&), P_8_F’ Q—a—Z. (1)

The power & dissipated by a mechanical process, not considering the thermal effects, is given by

the difference between the stress power and the rate of the free-energy [17],

2=P:F—-W>0. (2)

Taking the time derivative of W, substituting it into (2) and by making use of the Coleman-Noll
procedure [30], the following condition is attained:

9 =-QxZ1>0, 3)

where * represents an appropriate product operation. The equation in (3) provides the power dis-
sipation for a change of the system state and must be non-negative for every thermodynamically
consistent model. An effective way of satisfying this inequality is by assuming the existence of a
potential ¢ = ¢ (Q; &), which must be convex, non-negative, zero value at the origin [17] such that
—Z € 3¢ (Q), where d¢ (Q) defines the set of subdifferentials related to ¢ (Q). By convexity prop-
erties, there exists a convex conjugate function

9" =sup{-ZxQ—-¢(Q)}.  Qe€I¢"(-2), )
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where ¢* is the Legendre transform of ¢. If ¢ is Fréchet differentiable, the set 00*(—Z) is reduced
to a single derivative element, Q = —%, which its substitution into (1-c) results in the general

evolution equation for the internal variables,
IW(Z) 9¢*(Z)

0Z 07
An alternative way of setting the state equations (1-b), (1-c) and the evolution equation (5), in such

a fashion that the inequality (3) is satisfied, is achieved by means of the definition of the following
potentials

=0. ®)

. o oW L oW .
3%EZ%§2WKEZ%§+¢W&£}:§¥:F+§%*Z+¢WL£L ©)

PF;8)=inf P(¥,1;6) . @)
Z

The optimality condition for the minimization of & with respect to Z yields the evolution equation
(5), while the partial derivative of &7 with respect to F results in the state equation (1-b),

p_ W _9P(:6)
~JF  oF

®)

that is, & is a potential for P in terms of the argument F.

Since numerical techniques are to be employed, it may be convenient to define incremental consti-
tutive laws which could be obtained by means of discrete time integration of Equation (8). Nonethe-
less, by following the approach presented by [17, 18], the constitutive updates are achieved by means
of extremization procedures involving the incremental potentials

W(FHI,ZHI;@”’") = W(Fn+1,Zn+1) — W(Fn,Zn) +At¢*(Zn+1;£n) s )
%(FnJrl;gn) - Zinf W(Fn+lyzn+l;éan) . (10)
n+1

having the properties [17]:
1. its minimization with respect to Z,,, yields the incremental evolution equation for Z

aWn-H a¢*(Zn+l;gn)

+ At =0; (11)
) Zn—H ) Zn—H
2. the partial derivative of # with respect to F, | results in the expression for the stress tensor
update
oW
P = , 12

which can be alternatively written in terms of the right Cauchy-Green deformation tensor C,, 1,
yielding the second Piola-Kirchhoff stress

oW

Spy1=2 .
i 8Cn—i—l

(13)

In the next section, this variational approach is employed in order to present an elastic-viscoplastic
model that couples mechanical and hydrolytic damage effects.
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3. VISCOPLASTIC MODEL WITH PLASTIC-HYDROLYTIC DAMAGE
3.1 Initial considerations

The constitutive model to be presented in this work has been proposed in [15, 16]. For the sake
of clearness and completeness, the main features of that formulation is reproduced here. In such a
model, the viscoplastic formulation is based on a dissipation function of Perzyna-type. The plastic
damaging process resembles the classic Lemaitre’s model [31, 32] with a scalar damage internal vari-
able. Additionally, the strain equivalence hypothesis is adopted. Diffusion (and concentration) effects
are neglected by assuming that the diffusion time-scale is very much shorter than the degradation
itself. The hydrolytic damage evolution follows the model proposed by [33]. All the characteristics
previously mentioned are then set in the variational framework established by [17] and [18].

3.2 Model description

By considering a kinematic framework of finite deformations, the classic Kroner-Lee multiplica-
tive decomposition of F is used, that is

F = F°F”. (14)
The velocity gradient L = FF~! is split into its elastic and plastic contributions
L=L‘+FL(F)!", Le=F@F)', LP=F(F")\. (15)

Then, the elastic term F¢ is decomposed into isochoric and volumetric parts, as well as F” is assumed
to be isochoric (i.e. detF¥ = 1), so

FC—FF, FBe—JiF, F =71, ¢=f e (16)

where C¢ is the Cauchy-Green isochoric deformation tensor, J = detF and I is the second-order
identity tensor.

The set of state variables & is comprised of the deformation gradient F, the plastic deformation
gradient F”, an internal variable o (equivalent to a measure of the accumulated plastic strain), the
plastic damage d” and the hydrolytic damage d”:

&= {F,F”,a,dh,dp} . (17)

The free-energy potential W is considered to be linearly dependent on the total damage d = d” +d",
that is

W=(1-d) [We(ée)+wp(a)+U(J) , (18)

where W¢, WP e U are respectively related to the isochoric elastic, plastic and volumetric elastic
contributions of the free-energy potential. One may notice that all terms of W are affected by the total
damage d, which is a main difference between the current approach and the classic Lemaitre’s model.
Such a proposition was previously noticed in papers such as [34, 35, 36], bringing about a convenient
simplification regarding the model and its mathematical formulation as well.

Once defined the free-energy arguments, its time derivative takes the particular form

, d . IdW . oW oW . oW .
W:—W:F+—:F”+ Q&+ ——dP + ——d", (19)
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and by considering inequality (2) and the Coleman-Noll procedure, the following conjugate forces
are defined:

IwW IwW oW
P=3F 7o KT oo (20)
oA ow
_yp 2" _yh_ 2
Y=o Y= (1)

Since d = d” +d", the assumption (18) leads to the equality ¥ =Y? =Y.
Two constraints are then enforced between the internal variables. The first one relates F” and o by
means of the non-holonomic parametrization [17]

D’ =L” =F" (F")"' = aM , (22)

3
ME%/M:{NGSym.;N:NzE;N:I:O}, (23)

where the usual assumption of a null plastic spin W?” = 0 is employed. The scalar variable &« > 0
measures the stretching amplitude, while the tensor M defines the stretching direction. The second
(non-holonomic) constraint associates the plastic damage d” with o by means of the following evo-
lution law:

dP = a—, 24
N (24)

where S and N are material constants.
In accordance with the general conditions presented in Section 2, a suitable dissipation function is
proposed, being split into viscoplastic, mechanical damage and hydrolytic contributions

0" = Yip+ Pap+ Pan - (25)
The potential yy, is similar to Perzynas’s function:
o\ N+1
o) (o
(1—d) oya+ AL )(—) ifa>0

n+1 \c
o0 ifo<0

v, = : (26)

where d is the total damage, oy is the initial yield stress, f4 () is a function associated with material
viscoplastic saturation [37], and 1 and ¢ are material constants.
The plastic damage dissipative function @ » is given by

) YS-H .
dry =o=—— if6a>0 27)

~+oo ifoe<0

®yp =
Finally, the hydrolytic dissipative function ¢}, has the form
R ; , .
d"* —gd" ifd" >0

Q=19 2(1—d)" (¥ +g)"" . ! (28)
Joo ifd" <0

where R, m, g are material constants. The term gdh guarantees the evolution of d" even in absence
of strain-related energies. It is worth noticing that negative values of ¢,d” and d" are avoided due to
exact penalization on the corresponding dissipation functions.
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Also, let the effective thermodynamics forces be defined as

~ P - X - K
e oo fTua

(29)

By using the definitions (18), (26), (27) and (28) , the pseudo-potentials &2 and & take the forms
P (¥,0,M,d" &) =W(F,a,M,d"; &)+ ¢*(&,d"; &), (30)

P(F,6) = inf  P2WFaM,d"&). (31)
a>0, Me#yy, d">0

3.3 Incremental update formulation

In order to solve numerically the constitutive problem, an incremental potential consistent with
(30) has to be defined. This definition can be performed by assuming initially the following discrete
approximations,

Aa . Ad YS
—_—, =—, AdP = Aot—, 32
At At N (32)

and then considering the incremental potentials
W =W (Eir) = W&+ 9" (M, Acr, Ad") (33)

7/_(6"%1;6&") = inf W (Enr1:6n) , (34)
Ao>0, MEJA, Adh>0

where W is given by (18) and ¢* is taken here as the incremental version of the dissipative potential
(25), that after convenient changes in its arguments results in

n+1
0" = (1= dyr)oy -+ aSnet) (82/2)

At n+1 c
AdP R AdMN\? Ad
TS At = ( ) —g (35)
At 2(1_dn+6)n (Yn+7+g)m At At

N
where dy g = dy+ 6 (Aa% n Ad”) with 8 € [0, 1], and Y,y = Yos1 + (1 — 1) ¥, with y € [0, 1].

Moreover, F? = DPF? is evaluated by means of the exponential mapping [38],
F! | =exp [ArD?]F} = exp[AaM]F} . (36)

And other useful relations between the elastic and plastic deformations are

o =FF (7)
Crt = Byl B = €)% fexp (AaM)] 2 (38)
Cr =101, 0 (39)
&, =1mC, =€ —ADP (40)
en =3nC (41)

where ()P’ indicates predictor quantities. Equation (38) is valid only if CPrand D”are assumed col-
inear, allowing permutation between both tensors [39, 40].
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The minimization with respect the tensor M is performed by means of a Lagrangian function. It is
shown in [15, 16] that, if the elastic potential W* is a quadratic function of the logarithmic strain, i.e, a
Hencky elastic potential W¢ = %ée :D: &° where D is a fourth-order elastic tensor, the minimization
results in the following explicit form for the tensor M:

e
M= g”—ﬂ 42)
2 ||ger ‘

n+1
Having determined M, the optimality conditions related to the variables Act and Ad" are evaluated
in a two-step procedure. Firstly, a predictor-elastic step is tested taking Acx =0 and seeking for
Ad" > 0 that must satisfy

oW

Aa=0*
Then, taking the value computed for Ad", it is checked the condition

oW

Al >0. (44)

Aa=0*+

If the inequality is true, the minimum of % is attained at Aot = 0 and the step is elastic-like, being
(A = 0,Ad") the updating variables. On the other hand, if the derivative (44) results in a nega-
tive slope, then Aa > 0, and a new solution for (Aa ,Adh) has to be obtained in order to satisfy the
stationary conditions

oW aweﬂ
= = L A+AB= 4
r Au & IAQ + A+ At 0, ( 5)
oW R Ad"
rn = aAdh:_(Yn+l+g)+

(1—dyie)" (Yn+y+8)m_1 At

2
R Ad" Aa
+At |60 n—:ll m—l(A ) — Oy <A_) =0, (46)
2(1—dpy0) (Yn+}'+g) ! !
where ¢, A and B are expressions given by
AaY? Aa yS |
¢ =(1-d A== Aoy (== ) SAa—EL
(L =du) + A=y "\ A N
AR (Adh)zy 1—m
2\ A ) (1 =dyig)" (Yary+8)"
2 S—1
R (Ad" Y
ak <_) 02 L _sagln 7
2\ A (1 =dni0)" (Yury+8) N

B B Aa fps i
A—gK‘-l—(l dn+1)Gy+fA(OCn+1) - , (48)
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B—=

c <A'3‘/Af>n+1 dfa (1) s Aa Yr§+l

n+1\ ¢ dAa NN
h S

+ Ig (AAd ) n+ln m—1 Yn+1 . (49)
! (1 _dn—i-O) (Yn+y+g) N

In this work, a classical form of the free-energy plastic term W”(¢) is adopted, resulting into a
hardening function k() of Voce-like type, that is,

aw?r

K= =H(l—e ) +ka, 50
5 (1—e™)+ (50)
where
H(e " —1 1
Wp:HaJrngikaz, (51)
n

and H, n, k are material constants. Moreover, the viscoplastic saturation f4 () is taken as a linear
function of the internal variable o (i.e. a measure of accumulated plastic strain):

fala) =k, +ha, (52)

being k, and & constants. It is worth noticing that different forms of hardening and saturation functions
can be proposed and easily adapted to this formulation.

Once the system has been solved, the incremental variable Ad” is simply updated by means of
(32-¢), that is
AdP = Aa%.
N

By knowing the updated state of the above mentioned incremental variables, the second Piola-
Kirchhoff stress is computed by means of

W _, =9S,.1, (53)

Sit1=2
T 0C, T T9C

where the effective stress S, | is given by the classical form

& Vi1 ~2/3 ( aerH) aUn+1

Spi1 =2 =J, P2 + Coiio >4

i aCn—i—l ntl 8Cn+1 aJn—i—l n+1 n+1 ( )
1~

P=I,— 5 (Cl;®Cui) . (55)

Having presented the formulation, examples of application are shown in the next section in order
to evaluate some of the main potentialities of this model.

4. EXAMPLES AND RESULTS

In this section, the formulation initially proposed in [15, 16], and presented above, is employed
in two numerical examples in order to analyze some of the main characteristic responses of that
constitutive model. In the first case, a numerical simulation of a tensile specimen is performed.
Relaxation and degradation related aspects are then observed. In the second example, a stent-like
structure is tested by means of a expansion procedure, followed by an evaluation of the strength of
such a structure in supporting a radial load throughout a degradation process. Comparisons between
components undergoing or not degradation are also presented.
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4.1 Material parameters

In an attempt to provide more realistic data for the simulations, an identification of parameters were
carried out by [15, 16]. The identification procedure tried to reproduce numerically the experimental
tests described by [20]. To this end, a curve fitting procedure that considered selected results published
in [20] was performed. The experimental results reported in the latter were obtained by means of a
series of degradation experiments on fibers of the bioabsorbable material PLLA (poly-L-lactic acid).
In the current work, the data provided for tensile and relaxation tests on a non-degraded material, as
well as tensile test data for nine-month degraded fibers were taken into account. The degraded fibers
were tested in two conditions. In the first case, the material degrades without any load, whereas in
the second test, the fibers are submitted to a constant load of 0.98 N. Assuming a mean diameter of
0.938 mm for the fibers, the identification procedure yielded the curve fitting shown in Figure 1 and
the set of values presented in Table 3 [15, 16].

12.0 ] 12.0

— O exp. non-degraded (initial stretch 1.03)

— o exp. non-degraded (initial stretch 1.01)

‘n( T model (initial stretch 1.03)
9.0 r £ - 9.0

/e — — model (initial stretch 1.01)

60 b7 60 L

o exp. non-degraded

©  exp. degraded without load

Cauchy stress [MPa]

s exp. degraded (dead weight)

Cauchy stress [MPa]

30 L

model non-degraded 30 +
— — model degraded without load

- - = model degraded (dead weight)

00 d— v v v v v 00 ) ) )
0.00 0.03 0.05 0.08 0.10 0 150 300 450 600
logarithmic strain

time [s]

Figure 1. Curve fitting of experimental data from [20] for PLLA carried out by [15, 16]. Tensile
test for non-degraded and degraded material (left). Relaxation response for a non-degraded material
(right).

Table 3. Constitutive material parameters [15, 16].

Material parameter Symbol Value
Shear modulus (MPa) u 211.2676
Bulk modulus (MPa) K 1109.155
Linear isotropic hardening modulus (MPa) k 2
Isotropic hardening modulus (MPa) H 2
Isotropic hardening exponent n 50
Yield stress (MPa) Oy 2.3
Viscoplasticity exponent (rate sensitive) n 0.188
Viscoplasticity constant (viscosity, 1/s) c 0.008
Saturation function modulus (MPa) h 27
Saturation function constant (MPa) ky, 10
Plastic damage exponent S 2
Plastic damage constant (J/ mm3)S N 8
Hydrolytic damage exponent m 0.3742
Hydrolytic damage exponent (damage sensitivity) n 1
Hydrolytic damage constant (J/mm?)" R 7999.636 x 10
Hydrolytic damage constant (J/mm?) g 1.46 x 1074




VI International Symposium on Solid Mechanics - MecSol 2017
April 26 - 28, 2017 - Joinville - Brazil

Based on these constitutive parameters, we proceed with the examples.

4.2 Tests on a tensile specimen.

A simple sequence of tests was performed on a tensile specimen in order to analyze some basic
characteristic responses of the constitutive model. The geometry evaluated and its dimensions are
shown in Figure 2. Due to its symmetry, a finite element model was defined by considering one-
eighth of the geometry. The corresponding region employed is indicated in Figure 2 by the meshed
area. Two tensile tests simulate the cases in which the specimen is uniaxially deformed by means
of a controlled displacement, and considering two different test velocities, that is, 0.0638 mm/s for a
small deformation rate and 0.6381 mm/s for a higher rate condition. Displacement is imposed in such
a way it varies linearly with time and the total deformation of the specimen will be 30 mm. Figure 3
shows the resulting reaction load vs. the variation of gage length for both cases described above.

28 |
_emm ¢ 14.4 mm

49.965 mm
gage length uy

Figure 2. Geometry and dimensions of the tensile specimen.

720
z
B /
S 360 | !
= [/
o
*é —test speed
180 0.0683 mny's
yield limit -t teSt Speed
< 0.6831 mnys
0 L 1 L 1 L 1 L 1

0.0 24 4.8 7.2 9.6 120
variationof gagelength [mm]

Figure 3. Reaction load vs. variation of the gage length for two deformation rates.

After this first loading step, the test continues by holding the specimen stretched (displacement
boundary conditions are kept constant) over the following 600 s. By doing so, relaxation behavior is
observed (after the tensile procedure) as indicated in Figure 4. Only small differences can be noticed
throughout the relaxation stage for both tested conditions. In these 600 s, hydrolytic degradation is
not observed due to the short period of time considered. Moreover, for this level of deformation, the
ductile damage is very small, as a consequence of the values attributed to the damage constitutive
parameters. In Figure 5-right, the ductile damage variables is plotted as a function of the accumu-
lated plastic deformation. As mentioned before, the maximum ductile damage is very small for both
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deformation rates. However, a typical form of relation between ductile damage and the accumulated
plastic strain is noticed. Finally, as relaxation continues after this initial stage, hydrolytic degradation
becomes the predominant effect and the chemical damage evolves such as indicated in Figure 5-right,
achieving the value of 0.86938 in t = 23.328 x 10% s (~ 9 months). Thus, the effects of the hydrolytic
damage evolution on the stress relaxation is shown in Figure 6, where, additionally, the differences

been a specimen undergoing degradation (continuous line) is compared to another one that is not
affected by the hydrolysis (dashed line).
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Figure 4. Cauchy stress vs. logarithmic strain curves for two deformation rates. Initial stress relax-
ation after tensile test (first 600 s).
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In order to complement the analysis, the corresponding evolutions of the von Mises stress, ductile
damage and the hydrolytic degradation fields that were computed for the slow-deformation procedure
are shown respectively in Figures 7, 8 and 9. Quite homogeneous fields are found for the conditions
simulated.
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4.3 Tests on a stent-like frame.

As previously mentioned, bioabsorbable polymeric materials have been widely used in the design
and production of medical implants such as interference screws, suture anchors, stents etc, resulting
in considerable advances in trauma, orthopedic and cardiovascular procedures. Aiming at exploring
the many potential applications of the constitutive formulation in discussion, a simple procedure
concerning the simulation of a stent-like frame was performed.

The geometric model used in this analysis is based on one employed in the work presented by
[12]. The structure has a zig-zag form with inner and outer diameters of 1.315 mm and 1.655 mm
respectively (initial configuration), having the struts a mean rectangular cross section of 0.076 mm
width and 0.170 mm height. The model assembly is set up by considering three parts (see Figure
10-a): the stent-like frame, an internal elastic-shell surface (representing an expansion balloon) and
an external elastic-shell membrane (as an artery wall). Due to its symmetry, one-fourth of the ge-
ometry was taken into account in the finite element model, in which a mesh formed with hexahedral
elements (20-nodes reduced integration) was used. The numerical experiment consists in a four-steps
procedure. First, the internal shell is expanded resulting in an increase of the external diameter of the
stent-like frame to 3.081 mm (Figure 10-b). During the expansion, the stent goes in contact with the
external shell, whose diameter is 2.200 mm. The complete procedure takes 60 s. After this expansion
step, the entire set of components is held in position for 600 s, leading to a stress relaxation process.
The von Mises stress field after relaxation can be observed in Figure (11-b). This relaxation procedure
aims at allowing permanent plastic deformation to take place. Then, in the third step (Figure 10-c),
the balloon returns to its initial position, losing contact with the stent-like frame, while the pair stent-
membrane reaches an intermediate equilibrium configuration. In such an equilibrium condition, the
outer diameter of the stent-like frame is 2.287 mm, then characterizing the permanent deformation
of this structure, a fact that strengthens the choice of considering a viscoplastic representation. The
resulting von Mises stress field is then shown in Figure (11-c).

undeformed . L
, , expansion application
configuration

external configuration
elastic-shell

internal
elastic-shell

Figure 10. Geometric model and simulation stages. (a) Initial configuration. (b) Expansion step. (c)
Application configuration after expansion-return procedure.



VI International Symposium on Solid Mechanics - MecSol 2017
April 26 - 28, 2017 - Joinville - Brazil

step 1- expansion step 2- held in position
l1'4.519
. | 12.906
o) A 11.293
a y 9680
() . , - 8.066
L 6.453
4.840
3.227
1.613
0.000
step 3- return step 4 - 5x10° s
to application (~ 58 days)
position
(c) , (d)
z

Y %/ X
Figure 11. von Mises stress field [MPa].

Soon after the previous stage has finished, the external membrane continues to impose a radial
load over the stent-like frame, and the hydrolytic degradation starts to become the prominent process.
Such as in the first case analyzed (tensile specimen), the plastic damage contribution is also relatively
small. The plastic damage field is presented in Figure 12, in which it is possible to see that the highest
damage values occur in localized regions of the structure. This fact suggests these regions may need
some special attention during the design process.
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damage

Figure 12. Evolution of the plastic-ductile damage field.

On the other hand, the chemical damage levels on the entire structure is much higher than the
ductile damage, and values of d” = 0.34 are found for a degradation time of 2.5 x 10° s (~ 58 days).
The evolution of the hydrolytic damage field is shown in Figure 13. A major difference between
models that consider deformation-induced degradation and those that do not is also made clear in
Figure 13. Material in regions under higher strain levels degrades faster than those with lower ones,
resulting in a non-homogeneous degradation field. Furthermore, in cases where ductile damage would
have a higher contribution than this found here, viscous, ductile and chemical coupling effects would
be more severe.
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As a consequence of degradation evolution, the capacity of the structure to withstand the loading
from the external shell reduces, as noticed in Figure 14. For the sake of comparison, the reduction of
the normalized radial load for a component undergoing degradation (continuous line) and for another
one that is not subject to hydrolysis (dashed line) are shown. This result is a clear piece of evidence
sustaining the importance of taking into account degradation effects when designing products made
of bioabsorbable polymers.
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Figure 14. Reduction of the normalized radial load throughout degradation. Comparison between
components undergoing degradation or not.

S. CONCLUSIONS

This paper described a constitutive model recently proposed [15, 16] in order to tackle coupling
effects of elastic-viscoplasticity, ductile damage and chemical (hydrolytic) damage. The model is
based on the framework of variational constitutive updates [17] and stands on consistent thermody-
namic principles.

Having focused on potential applications of this constitutive formulation, some numerical tests
were performed. Two different cases were evaluated. In the first one, tensile, relaxation and degrada-
tion tests were carried out for a tensile specimen. The results provided by means of experiments on the
tensile specimen attested the main capabilities of the model in representing the elastic-viscoplasticity
phenomenon associated with ductile-hydrolytic coupled damage. Comparisons between components
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undergoing or not degradation are presented. In the second case, a stent-like structure were simulated
under conditions that may resemble the deployment procedure of a stent in an artery, followed by
its application condition under ductile-hydrolytic degradation. Additionally, the simulation of a stent-
like frame indicates a real potential for this constitutive model to be used in the design and assessment
of medical application made of bioabsorbable materials.
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