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Abstract

Ultra-high molecular weight polyethylene (UHMWRPE) is a semi-crystalline polymer with excellent strength, impact
resistance, and abrasion resistance. These mechanical properties have led to extensive use of UHMWPE as a
bearing material in total joint replacements. In order to accurately capture the experimentally observed response of
thisimportant polymer we have devel oped a new advanced material model—the Hybrid Model (HM). This
constitutive model is physically motivated and based on a decomposition of the deformation gradient into elastic
and viscoplastic components. The elastic response of the underlying molecular network is captured using the eight-
chain hyperelastic model, and the viscoplastic response is represented using energy activated flow driven by the
molecular reorganization that occurs during large deformations.

The constitutive theory for the HM has been implemented as a user-material model (UMAT) for I1s971 and is
available for both explicit and implicit simulations. For optimal accuracy and numerical efficiency the UMAT uses
aforward Euler integration scheme for explicit simulations, and a higher order backward differentiation formula
(BDF) method for implicit simulations.

The HM was calibrated to data from uniaxial tension experiments performed at different strain rates and with
different loading-unloading segments. For validation, the calibrated HM was then used to simulate a small punch
test. A direct comparison between the experimental data and model predictions of the calibration and validation
data demonstrate that the HM accurately captures the non-linear response of UHMWPE. The ability to simulate
large-scale contact problems was examined by simulating the deformation behavior of a total knee replacement
component and the Charité™ artificial discs.
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I ntroduction

The mechanical behavior of ultra-high molecular weight polyethylene (UHMWPE) is
characterized by excellent strength, fatigue, and abrasion resistance. These properties have made
UHMWPE an important material for total joint replacements. Asan example, every year more
than 1 million patients worldwide undergo total joint replacement surgery [1]. It has been shown
that the lifetime of the implants can be directly related to the viscoplastic flow of the UHMWPE
in the implant components. To better understand and predict component behavior it isimportant
to be able to accurately predict the multiaxial loading response of UHMWPE. For this reason we
have in this project developed a new constitutive model framework that incorporates the initial
linear elastic response, distributed yielding, large scale yielding, and strain stiffening at large
strains— al of which are important characteristics of the experimental response of UHMWPE.
The new constitutive model, the hybrid model (HM), is micromechanism inspired and builds
upon prior models for glassy, semi-crystalline polymers[2,3,4].

The goal of the present study is to refine our previous work on the HM [5], and to demonstrate
the accuracy and usability of the new implementation of the HM as a user-material (UMAT) for
LS-DYNA. Techniquesfor calibrating and validating the HM are presented, together with
results from large-scal e contact simulations of atotal knee replacement component and an
artificial disc.

Constitutive Model Theory
The hybrid model (HM) is an advanced material model specifically developed for predicting the
large strain time-dependent behavior of crosslinked and uncrosslinked UHMWPE. The
kinematic framework used in the HM is based on a decomposition of the applied deformation
gradient into elastic and viscoplastic components: F = F° FP (Figure 1).

|
_/""
I
Figure 1. Deformation map and rheological representation of the Hybrid Model.

The spring and dashpot representation shown in Figure 1 is a one-dimensional embodiment of
the model framework illustrating that the deformation state is decomposed into elastic (E),
backstress (A, B), and viscoplastic components (P).
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The Cauchy stress for a given deformation state is given by the isotropic linear elastic
relationship:

_ 1 e e
T_?(zﬂE +Atr[E ]1) (1)
where V°isthe |eft stretch tensor which can be obtained from the polar decomposition of F°,

E® =In[V*®] isthe logarithmic true strain, J® = det[F] is the relative volume change, 1 and /. are

Lame' s constants which can be obtained from the Y oung’ s modulus (E) and Poisson’sratio (v)
by u =E/ (2(1+v)) and 1 = Ev / ((1+v)(1-2v)).
The stress acting on the equilibrium portion of the backstress network (A) is given by the 8-chain
model [4]:
L—l (/1_//1|0Ck)
U A - 2
T, =24~ __“dev|B” |+x][J-1]"1, 2
A LA (87 J++l3-1 @

* -2/3 T . . . . .
where B” =(JP) " FP(FP) isthedistortional portion of the left Cauchy-Green deformation

tensor, JP =det[ FP |, ,=,[tr[ B” |/3 isthe chain stretch, x isthe shear modulus, /°* isthe

locking stretch, and x = E/(3(1—2v)) isthe bulk modulus. The function L’l(x) istheinverse
Langevin function that can be approximated [4] by:

1.31446 - tan (1.58956x) + 0.91209x, if |x| < 0.84136
(=1 1
sign(x) —x’

. 3
if 0.84136 < |x/ <1

The kinematics of the viscoplastic flow of the backstress network (B) is represented by a
decomposition of the deformation gradient into elastic and viscoelastic components: FP = FgF;,
the rate of viscoplastic flow is controlled by energy activated micromechanisms. The stress
driving the viscoplastic flow of the backstress network is obtained from the same hyperelastic
representation that was used to cal cul ate the backstress, and is similar in structure to the
framework used in the Bergstrom-Boyce representation of crosslinked polymers at high
temperatures [4]:

B L*l(EM"’Ck)

dev[Bg |+ x[J-1]'1, 4

where BS =(J§)72/3 FQ(FQ)T , Jg =det| g |, A8 = tr| B |/3, and ssisadimensionless
material parameter specifying the relative stiffness of the backstress network.

At small deformations the stiffness of the backstress network is constant and the material
responseislinear. At intermediate applied deformations, viscoplastic flow caused by molecular
chain diding isinitiated. With increasing viscoplastic flow, the crystalline domains become
distorted and provide additional molecular material to the backstress network. Thisis manifested
by an initial reduction in the effective stiffness of the backstress network with imposed
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viscoplastic deformation and is captured in the model by allowing the parameter s; to evolve
during the plastic deformation to capture the distributed yielding:

SB=—0{B-(SB—SBf)-j/P, ®)
where ag isamaterial parameter specifying the transition rate of the distributed yielding event,
ser isthe final value that sz reaches at fully developed plastic flow, and 7, isthe magnitude of

the viscoplastic flow rate (Equation (7)).

The velocity gradient of the viscoelastic flow of the backstress network is given by [5]:

my
) T dev[T ]
LY, = B Fet BFe. 6
B 70[73356'[1"'[33/[5]) B B (6)

TB
Inthisequation p, =—tr[T,]/3 isthe hydrostatic pressure, p isamaterial parameter

specifying the pressure dependence of the yield stress, 7, = Hde'v[TB ]HF is the Frobenius norm

of the deviatoric part of T, 75 and mg are material parameters, and 7, =1/sis aconstant that
isintroduced for dimensional consistency.

Theyielding and plastic flow of the material is captured using asimilar energy activation
approach as was used for the flow of the backstress network:

Lp — j/PReT da/[TP] Re — 7'/0 i — TP _ ReT da/[TP] Re, (7)
Tp Tp '[1+ pp/ p] Tp
where L = FPFP isthe velocity gradient, T, = T —F*(T, + T,)F® / J® isthe stress acting
on the relaxed configuration convected to the current configuration, 7, = |dev[T,]|_ isthe

effective shear stress (cal culated using the Frobenius norm) driving the viscoplastic flow,
P, =—tr[T,]/3 isthe hydrostatic pressure, 72, p, and mp are material parameters, and
¥, =1/saconstant that is introduced for dimensional consistence.

In total, the HM contains 13 material parameters: 2 small strain elastic constants (Ee, ve); 2
hyperelastic constants for the back stress network (ua, 4,°*); 6 flow constants of the backstress

network (Sgi, Ser, aB, 72, Me, P); and 2 yield and viscoplastic flow parameters (Tf,ase , Mp).

Numerical | ntegration Algorithm

The structure of the constitutive equations for the hybrid model (HM) constitutes a system of
coupled ordinary differential equations. Solving these constitutive equations in afinite el ement
setting requires a careful integration scheme. The following algorithm illustrates a simple and
effective approach for updating the stress and state variables in an increment from timet to time
t+At.
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Table 1. Algorithm used to integrate the hybrid model.

1 | Known state variables at timet:
F(t), FP(t), F(t), ss(®)

2 | Known applied deformation at time t + At :
F(t+At)

3 | Forany time { betweentand t+At, let:
. -t
F(t)=F(t)+— | F(t+At)-F(t 8
(£)=F(t)+—[F(t+a)-F(1)] ®)

4 | Collect al state variablesinto an array ¢:
£=[FPFYs]=[FP RS, |, whereij=1,2,3andk|=1,23

5 | Therates of change of the state variables are given by:

me -
: dev|T
Fp:Lpr_l:j/o'{ TP j |:ReT ev[ P]Re Fp—l (9)

Tgase'[l'i' pP/ f’] 28 i
my -
: dev|[T, ]
FV — LV Fv—l — . TB Fe—l B Fe Fv—l 10
B BB 7o {Tgase_[l_l_ pB/b]j { B 7, B— B ( )
& =0 (S~ S ) o | (12)
70 (1+ p,/ B)

These equations can be written in vector form:

éii = f (51!51!---§N’t)’ (12)

where N=19 is the number of state variables.

6 | Theset of differential equation in Equation (12) can be solved using standard solution
methods. For explicit simulations, where the time increment sizeis always very small, the
equations can effectively be solved using aforward Euler approach:

E(t+AL) =& (1) +At-& (1).
For implicit simulationsit is desirable to have alarge time step size. For thisreasonit is
advantageous to use a higher-order differential equation solver. In this project we have used

avariable-order, variable step-size, Adams predictor-corrector method [6,7,8] to solve the
equationsin implicit ssimulations.

Materialsand Methods
The user-material (UMAT) implementation of the hybrid model (HM) was calibrated using
uniaxial monotonic tension and uniaxial cyclic loading results. The experimental data was
obtained using ram-extruded rods of UHMWPE (GUR1050) [5]. The material was gamma
irradiated with a dose of 100 kGy, and then heat treated at 110°C for two hours. The degree of
crystallinity of the material, as determined by differential scanning calorimetry, was 0.61 [5].
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Specimens from the crosslinked material were tested at room temperature in uniaxial tension
(Figure 2). The specimens had a diameter of 10 mm and a gauge length of 25 mm. The strain
was measured using a non-contacting video extensometer. The true-stress and true-strain were
computed from the force-extension data assuming a homogeneous isochoric deformation field.

200

T T T ' I I
_________ Uniaxial Cyclic Loading

Uniaxial tension to failure (strain rate~0.005/s)
150 —©— Uniaxial tension to failure (strain rate~0.018/s)
—<— Uniaxial tension to failure (strain rate~0.035/s) &

100

\

True Stress (MPa)

- P Experimental Data for GUR1050 (XL110)
Temperature=20°C

-50 I I I I I I
-0.2 0 02 04 06 0.8 1 1.2 1.4

True Strain

Figure 2. Uniaxial tensile data used for calibrating the hybrid model.

For validation purposes, the UHMWPE material was also loaded using a small punch test setup.
In these tests, disc-shaped specimens with a diameter of 6.4 mm and athickness of 0.5 mm were
tested by indentation with a hemispherical punch head at a constant displacement rate of 0.5
mm/min. The results from the punch test, together with a schematic of the setup are shown in
Figure 3.

15-22



9" International LS-DYNA Users Conference Material Modeling (1)
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Figure 3. Small punch experimental data used for validation of the hybrid model.

Results

The hybrid model (HM) was calibrated to the uniaxia experimental data shown in Figure1. The
optimal material parameters giving the highest coefficient of determination R? were found using
acustom computer program written in Matlab®. The computer program used an iterative
procedure based on the Nelder-Mead simplex algorithm. The optimal set of material parameters
issummarized in Table 2, and the predicted stress-strain curves from the calibration are shown in
Figures4 and 5. These figures demonstrate that the HM is capable of predicting both large strain
uniaxia loading at different strain rates, and small strain cyclic loading.
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Table 2. Optimal material parameters for the UHMWPE material.
Material Parameter GUR 1050

(100 kGy y 110°C)

E (MPa) 2452

v 0.46

un (MPa) 9.21

A0 2.83

Sei 40.0

Sgf 10.0

oB 27.0

2% (MPa) 24.6

Mg 9.50

p (MPa) 200

72* (MPa) 8.00

mp 3.30

15-24



9" International LS-DYNA Users Conference Material Modeling (1)

40 ' ' | |

Experimental Data
30F HM Prediction 3 |
20 |

-
o
T

True Stress (MPa)
o

10+ .
20+ .
UHMWPE (GUR1050 XL110)
30t R?=0.992 -
-40 1 1 1 1
0.1 -0.05 0 0.05 0.1 0.15

True Strain

Figure 4. Comparison between uniaxial cyclic experimental datafor UHMWPE and LS
DY NA predictions using the hybrid model.
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Figure5. Comparison between monotonic uniaxia experimental datafor UHMWPE and

LS-DY NA predictions using the hybrid model.
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The calibrated HM was then used to predict the response from the small punch test. The results
from the small punch simulation, together with the FE mesh, are presented in Figure 6. This
figure shows that the calibrated HM can also accurately predict the response of the multiaxial
deformations history applied in the small punch test.

100 ' ' | |
Experimental data
--------- HM Prediction

80

\\\\\\\\

2 60 g rd 7
= -
8 .
<] i
£ 40 -
L R%=0.986
20 7 Small Punch
Pl GUR1050 (XL 110)
0 s 1 1 1 1
0 0.5 1 1.5 2 25

Displacement (mm)

Figure 6. Comparison between small punch experimental datafor UHMWPE and LS
DY NA predictions using the hybrid model.

To illustrate the usefulness of the user material model to solve large-scale simulations with
contact, two 3D test cases performed. Thefirst case (Figure 7) shows the deformation of atotal
knee replacement component under contact loading with a stabilizing post. This simulation was
performed using an implicit solution approach.

A second exampleis shown in Figure 8. Thisfigure shows the sliding deformation and
accompanying Mises stress field in a Charité™ artificial disc. This simulation was performed
using an explicit solution approach.
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Figure7. Finite element results from a 3D simulation of atotal knee replacement
component. The mesh contains 27,000 elements.

CHARITE - HD COMPRESSION/FLEXION

Time = 0.024 Fringe Levels

Contours of Effective Stress [v-m) 2.927e+01 _

min=0, at elem# 18785

max=29.2678, at elem# 16500 2.634e+01 _
2.3M01e+01 _|
2.049e+01 _
1.756e+01 _
1.463e+01 _
1.171e+01 _
8.780e+00 _
5.854e+00 _
2.927e+00 |
0.000e+00 _|

Z
VR
Figure 8. Finite element results showing contours of Mises stress from a 3D simulation of

the Charité™ artificial discs. The mesh contains 24,000 elements.
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Discussion
The uniaxial and multiaxial deformation behavior of UHMWPE has been experimentally studied
using monotonic and cyclic loading histories. The experimental characterization together with
insights into the micromechanisms controlling the deformation behavior has been used to
develop a new advanced constitutive model for UHMWPE. This new mode! builds upon prior
models and is called the hybrid model (HM). As part of this work we have implemented the HM
as auser-material model (UMAT) in 1s971.

Asisshownin Figures 4 to 6, the HM can accurately predict the uniaxial and multiaxial
deformation response of UHMWPE. The R*-values of the predictions range from 0.95 to 0.99.
Figures 7 and 8 also demonstrated that the HM can be used in large-scale LS-DY NA simulations
that include contact. The developed material model is avaluable tool that enables accurate
predictions of a multitude of advanced rea-world problems.
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