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Outline

 Motivation: The need for advanced constitutive
models of polymers in medical devices.

e Case Study: Calibration and validation of an
advanced material model for PEEK.

e Discussion of material model validation.

e Conclusions and future work.




Why do we need an advanced material model?

 Polymers
(thermoplastics,
rubbers, foams) are
not linear, especially
above small strains

(1-2%)
 Many medical device \J
applications have cheed

== | PLA Interference Screw

localized high
stresses and strains

e Multiple loading-
unloading cycles

* Wide range of time-
scales and strain rates

UHMWPE Knee Replacement
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Why do we need an advanced material model?

o Polymers Unfilled PEEK, Uniaxial Compression
(thermoplastics, o o
rubbers, foams) are
not linear, especially
above small strains
(1-2%)

 Many medical device
applications have
localized high
stresses and strains

E =3.8 GPa

« Multiple loading- 7
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Polyether Ether Ketone (PEEK)

e Good mechanical /1
properties (E ~ 4GPa, o r&
o, ~ 100 MPa) 5 sl T 7

e (Good wear resistance

asking more from chemistry® \\ﬁs‘ "
* Inert, generally 15‘ Eww

biocompatible
e Orthopedic

applicatio.ns o - ﬂ‘\\m\?;’%

— Spinal
Implants/spacers

— Fixation (screws, plates
etc.)

— Biomedical textiles | WY ...
(wovens, braids) \\p\ ' secontmedlcol

cal Textiles by Design

: \
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Experimental Testing

Unfilled PEEK

Uniaxial compression
and tension testing (up
to ~0.1/s)

Split Hopklnson pressure bar (SHPB) (up to ~ 1500/s)

Stress Wave Air Gun 4

Specimen




Experimental Results

o Clear rate dependent yield and post-yield behavior

Engineering Stress [MPa]
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The Three Network Model (TNM)

* Polymer physics-driven modeling framework

e Previously used for modeling UHMWPE
— Low strain rate over limited range: ~0.001 — 0.01/s

True Stress (MPa)

Rheological
Representation of the
TNM
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- network components = 1
- Three Network Model (TNM) Large strain response 1
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i resistance
120 1~ -
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|~ energy activation i
mechanisms corresponding P il
40 | — —
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True Strain

Bergstrom, J.S., Bischoff, J.E., “An Advanced Thermomechanical Constitutive
Model for UHMWPE" Int. J. of Structural. Changes in Solids, 2(1): 31-39, 2010.
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Stress Iin Networks A & B

Cauchy Stress from Arruda-Boyce 8-chain model (with temp. dependence):

S Ua [1+9—901L_1(ﬂ_ﬁ*//h)
AT gene o | £-1(1/a)

Material Parameters: = = -
i, — initial shear modulus

Kk — bulk modulus
6 — material temp. dependence
A, — locking stretch

dev[by ]+ k(s — 11

Where;:

L~ - inverse Langevin function
0, 8, - current, reference temperature
25" = (tr[b%’1/3)/? - effective chain stretch

Ji = det[Fj]
bq = (J9)23F§(F9T - Cauchy-green deformation tensor

Controls the initial modulus and the plastic flow behavior
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Rate Kinematics — Networks A & B

Shear Modulus Evolution: i, = —8[us — ttas] - V4

Viscoplastic flow rate: o 4 A (g
Ya="%Yo" |

£, + aR(py) 6,

T4=llo'4llr = (tT[U’AUIADl/Z

, . . . dev|o
Viscoelastic velocity gradient: FY, = )‘/AFe‘lA T[ al F
A

Material Parameters:

Has Mgr — final shear moduli

Kk — bulk modulus

6 — material temp. dependence
A, — locking stretch

>n
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Stress in Network C

Cauchy Stress from eight-chain model with first order I, dependence:

1 { He [1 L0 90] LY /2)

T 1vqr g | z1(/a)
nuC * Lo ¥ 21; *N 2
+q] [Ilb 3I (b)]}

Controls the large strain response

Total Stress: g7, = 04 + 05 + 0¢

dev[b™] + k(J — 1)1




TNM — Material model parameters

Table 1: Material parameters used by the three-network model.

« The TNM is implemented
as a user-material model
(UMAT) in FEA codes
(Abaqus, Ansys)

 Upto 17 material
parameters specified or
calibrated.

o (Calibration requires:

— Experimental data over
range of time-scales

— Automated process using an
optimization method
(“Guess and check” will not
work)

Index Symbol Umat Unit* Description
Name
1 M, Tk S Shear modulus of network A4
2 o thetaHat T  Temperature factor
3 A lambdal Locking stretch
4 [ kappa 5 Bulk: modulus
5 7,  tauHath S Flow resistance of network A
6 a a - Pressure dependence of flow
7 m, mk Stress exponential of network A
8 1 n Temperature exponential
9 Hg;  muBi S Initial shear modulus of network B
10 Mgy muBf 5 Final shear modulus of networlk B
11 B beta Evolution rate of uj
12 Tp  tauHatB S Flow resistance of network B
13 My B Stress exponential of network B
14 Lo muC S Shear moduhs of network C
15 q q Relative contribution of I, of
network C
16 o alpha T!'  Thermal expansion coefficient
17 g, thetal T  Thermal expansion reference
temperafire
*where: - = dimensionless, S = stress, T = temperature
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Material Model Calibration

‘\

-
& MCalibration - Comp2001_PNM_03.mcal* (C:/Users/jbergstrom/Files/Documents/Conference_2011_ANSYS/Ansys Conference 2011/MCal Formatted Data/Comp2001 - Pure PLA/.. | = El 2
File Experimental Data Material Model Simulation View Help
1O~ e > Q &) =] & B B 7]
Quit OpenFile SaveFile RunOnce Optimize Parameters pause Calibration Stop Calbration  ExportParameters Save Predictions  Preferences CreateReport  Help Contents
Experimental Tests Graph Window & X
[L] Tension (strain rate=0.05/s) 80 T T T T T T T T
[L| Tension (strain rate=0.001/s) —_ = ]I"ensgon :strain rate:ﬂ.gaf’) :’[?xperimental)l)
Tl : © | = Tension (strain rate=).001/s) (experimenta! i
L Tension Relax &£ 70 — Tension Relax (gfperimental)
£ 60} -
a
! 50t B
(- (E] D] -
Add Remove Edit Duplicate Activate Deactivate  Add Virtual me' 1
c
Material Model § 307 i
£ 201 7
Set Material Model... | Parallel-Network-Model ‘gﬂ
w 10f .
Lower Bound Upper Bound Optimize? * 0 i i i i i i i
— ----‘ 0 001 002 003 004 005 006 007 008 0.09
Engineering Strain
mu 0.0109669 2
kappa B x
e ---_ e
Runtime Output | ts | op Progress |
mu 1105.32
Version: 1.7.4 (2011-08-21T16:24:49)
kappa Your MCalibration license expires in 287 days
Opening file:
FType ---_ 'C:/Users/jbergstrom/Files/Documents/Conference 2011 ANSYS/Ansys
Conference 2011/MCal Formatted Data/Comp2001 - Pure
tauHat 70.9685 ] 10 PLA/Comp2001_PNM 03.mcal’
Reading file 'Comp2001 MO3.csv' containing 89 rows of data
m 14,6532 1 30 [CipH e Reading file 'Comp2001_MO2_ filtered.txt' containing 1278 rows of data
Reading file 'Comp2001_MO4 filtered.txt' containing 816 rows of data
£
Initislize  Stabiity EvsDir Table Options

|Best Fitness: 0.000 |Run Time: 00:00:00 | Function Evaluations: 0

*eThe material
model calibration
was performed
using MCalibration.

eMCalibration is
commercially
available from
Veryst Engineering.

*The calibrated
material model can
be exported for use
in Abaqus, Ansys,
LS-Dyna with
Veryst’s PolyUMod
Library.
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Calibrated Material Model

Material Model: TNM
———————
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‘MUA=1689.94
‘thetaHat=0
‘lambdalL=4.1784 :
‘kappa=7266.3 !
‘tauHatA=8.25296
:8=0.256045
:MA=22.7759
in=0
‘muBi=1634.49
:muBf=515.299
‘beta=21.3416 |
‘tauHatB=88.8032 :
‘mB=116.071
‘muC=0.020512
:q=0 :

_Eamha:D

‘theta0=293

» The calibrated material model shows good agreement with experimental
data in tension and compression over 6 decades of strain rate!
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The Need for Model Validation Experiments

e Constitutive models are typically calibrated using
uniaxial tension/compression.

 However, in most applications the material is
subjected to multiaxial loading (tension,
compression, biaxial, shear).

* Independent experiments should be used to
assess the predictive capabillity of the model In
the relevant loading conditions.




Model Validation Experiments

Small Punch Test
(ASTM F2638)

Spherical
Indentation

v
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Small Punch Test Results

300 -
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250 1 = = Simulation: Frictionless i
1 ”
| )
: = = Simulation: mu=0.40 ,”ﬁﬁt
200 - P i
p— - 'y | i
< i 27 /
8 150 T ’éé f
t
(o] i P 1
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e Accurate predictions of force, displacement and permanent deformation.
» Results are sensitive to friction at higher loads.




Spherical Indentation Test Results

Experiment, Top View

g5
[ Mty

14000

—Experiment A

12800 # -=-=Simulation

Force (N)

Unloaded Displacement Field (Side View)
1 W I IR

» Accurate predictions of peak force, displacement and deformation.
« Simulation is in-sensitive to frictional effects over these conditions.
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When is the Material Model Valid?

Device or Application Specific Questions to Ask:

What is the dominant stress state and range of
stresses/strains in the device/application?

How do the material model predictions compare
over that range and slightly beyond?

How closely does the validation experiment mimic
the anticipated loading environment?

What is the validation criteria? Total
deformation/displacement? “Failure” load?

How do uncertainties in the material model
propagate to the simulation of the device?

What is the risk (to the patient) of being wrong?




Conclusions

Accurate simulations of polymeric systems in
medical device applications frequently require an
advanced, rate-dependent material model.

When calibrated using an advanced optimization
routine, the three network model (TNM) will give
accurate stress-strain predictions for PEEK over a
large range of strain rates.

The calibrated TNM can be experimentally validated
using independent, multiaxial loading experiments.

Validation criteria is application and device-specific.




Future Work

Device-specific application — orthopedics (spinal
spacers, bearing surfaces in hip/knee,
biomedical textiles).

Validate model over longer time-scales and
strain rates.

Include damage and failure mechanisms in
material model for failure and wear predictions.

Sensitivity studies and uncertainty predictions.
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