


Mooney-Rivlin: Wamr=Ci(I;-3) + Cy(1,-3) 1

Exponential: Wexp = By [exp( By(1;-3)) -1] 2)

Here W is the stored energy per unit volume, and I, I, are invariants
of the Cauchy-Green Stretch tensor. The material parameters are C;
and C, for the MR material and Bl and B2 for the EXP. An
asymptotic relation between the indentation force p and indenter
displacement d is [3, 4]

p=(4/n) E tan o d* 3)
where o is the indenter half-angle and the elastic modulus is given by
Emr=4(C+Cy); Epxp=4B,1B; 4)

Theserelationsarevalid only for small deformations, and are used
here mainly for organizing experimental data and to guide
parameter extraction. For brevity, the rest of the abstract will
discuss only the MR material. However, the poster will describe
both the MR and EXP models.

Steps involved in the parameter extraction are as follows:

1._ Establish a correlation E=h(f). Indentation simulations are
performed for different values of E. The ranges considered were with
C, + C, from 0.2MPa to 2MPa at a constant ratio of C,/C, =1/8. Based
on (3), quadratics of the form p=pd are fit to p-d curves predicted by
FEM for the displacement range 0<d<150pum. Then a correlation
between E and f is established.

2.Minimize using Golden Section Search. Choose an experimental p-d
curve for Bovine AC and obtain the fit coefficient . The correlation
E=h(B) provides an initial estimate E. Fix (C,+C,)= E/4 for MR.
Minimize error ratio € (area between predicted and measured p-d
curves divided by area under measured p-d curve). This gives optimal
parameter ratios C,/C;.

3. Minimize using Simplex method. Using optimal ratios and E obtain
three initial points. Minimize error ratio e to obtain final values of (C,,
Cy).
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Figure 1 (a). Experimental (p-d) curves for Bovine AC.
(b) Comparison of simulated and experimental (p-d) curves
for two tests.

The measured force-displacement curves for three different specimens
can all be well approximated by quadratic curve fits (Figure 1a). The
variation in the measurements for all the tests are quantified by the
quadratic fit coefficient B. This ranges from 2.106 to 4.715 (Table 1).
Some of this variation is attributable to difference in the loading rate,
since the loading rate for tests 1-4 and 8 was 4mN/s whereas it was 10
mN/s for the other tests. Although the measurements reveal a quadratic
dependence of the force on the displacement, they do not strictly
satisfy the asymptotic relations (3).

The results of the simulations revealed that there was a linear
relationship between the Elastic modulus and the quadratic fit
coefficient . For MR materials, E=0.837p, (with fixed C,/C, =1/8).
Starting with a range 2<C,/C,<80, the Golden Section Search obtained
the optimum parameter ratio C;/C,. There was little variation in this
ratio for several tests and hence the average value of C1/C2=2.04 was
chosen for this set of bovine patellar AC. The Simplex method was
then applied to obtain the final values for C,; and C,.Results shown in
Table 1 show that the values of C;+C, range from 0.587 to 1.204 MPa.

DISCUSSION

Eight sets of experimental curves were analyzed. The area error was of
the order of 10” indicating that the proposed methods are successful in
extracting nonlinear elastic parameters. Also the negligible error
suggests that the MR hyperelastic material model is a reasonable
continuum description of AC, at least in the context of
microindentation tests. The poster will also discuss the limitations of
asymptotic small deformation relations (2) and thereby demonstrate
that the extracted nonlinear parameters represent a more accurate
characteristization of AC. However, it is well known that the hydrated
nature of AC, results in significant rate-dependence. The focus of this
preliminary work was to demonstrate that microindentation could
characterize nonlinear elastic properties. Subsequent on going studies
will incorporate rate dependence and obtain the viscoelastic
parameters from creep data.

Test | Rate | Bx10° [C1 |[C2 [ C+C, | ex (107
mN/s
4 3451 | 0588 | 0.335 [ 0.923 [ 3.00
4 2.709 [ 0.474 | 0192 | 0.666 | 5.30
4 2.288 [ 0.387 | 0235 | 0.622 | 1.97
4 2.106 [ 0.362 | 0.225 | 0.587 | 2.79

10 4331 | 0725 | 0.391 | 1.116 2.88

10 4.715 | 0.755 | 0.449 | 1.204 1.84

10 3.630 | 0.616 | 0.351 | 0.967 3.39

XA | N[ |V [N —

4 2.122 | 0371 | 0.221 | 0.639 2.02

Table 1. Details of parameter extraction from
microindentation tests
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