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INTRODUCTIONThe ubiquitous presence of soft tissue in the human bodyhas provided signi�cant motivation for researchers to model itsbehavior. Speci�cally, soft tissue models for cartilage have beenextensively developed. The biphasic (Mow et al., 1984) modelhas provided a foundation for the understanding of cartilage be-havior, grounded in a solid-uid interaction point-of-view. Phe-nomenological approaches have also been made, borrowing de-velopments from viscoelasticity and applying those models tobiomechanics. Woo et al. (1980) discussed the viscoelastic prop-erties of cartilage in the context of a quasi-linear theory.The �nite deformation of soft tissue has been modeled withboth the biphasic (Kwan et. al, 1990) and viscoelastic theories(Holzapfel, et al., 1996). Partly because of their complicatedformulation, and partly because their developments in the con-text of the �nite element method have only recently been made(Reese and Govindjee, 1998; Holzapfel, 1996), advanced nonlin-ear viscoelastic theories have been slow to make inroads into thebiomechanics community.The purpose of this contribution is to present a fully nonlin-ear viscoelastic model for soft tissue in �nite deformation whichnot only maximizes the ability to capture creep behavior ofbiphasic models (Suh, 1995) and elaborate viscoelastic models(Holzapfel, 1996), but also minimizes the complexity required ofthe aforementioned developments.
FORMULATIONViscoelastic models may be constructed either with evo-lution equations describing the time-dependence of internalrate variables, or by directly embedding an instantaneous rate-dependent response into the constitutive equation. While theformer is more general, the latter o�ers simplicity in that vis-

cous terms may simply be added to the stress response function.Accordingly, we propose an additive decomposition of the stressresponse function into elastic Selas and viscous (inelastic) Sviscparts, written in the reference con�guration,S = Selas + Svisc (1)The rheological model for this construction is the Kevlin-Voigtviscoelastic solid, which we prescribe to have the formS(C; _C) = �(J � 1)C�1 + �(C � 1)| {z }Selas + � _C|{z}Svisc (2)whereC and _C are the right Cauchy-Green strain and strain ratetensors, respectively, and S is the second Piola-Kirchho� stresstensor. In Eq. (2), � and � are Lam�e constants and � is a viscousdamping parameter. The particular form of Selas o�ers robust-ness in compression, a characteristic not provided by Kirchho�-St.Venant elastic material laws in �nite deformation. Further-more, Svisc adds a viscous contribution when stretch rates areencountered and provides a purely elastic response when � = 0.
RESULTS AND DISCUSSIONWe �rst model a simple one-dimensional problem for con-�ned compression of cartilage as discussed in Suh (1995) andcompare the results obtained with the present material model tothose from the standard biphasic theory.Using � = 0:277 MPa, � = 0:130 MPa, and � = 10 MPa-s,we obtained the cyclic compressive strain time histories as shownin Fig. 1. The strain history is dependent on the frequency ofcyclic loading. Slower rates (0.001 Hz) invoke almost no viscousresponse whereas faster rates (0.01-0.1 Hz) cause the e�ects ofviscosity to be seen.
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Figure 1: Comparison of strain response for cartilage in con�nedcompression for the viscoelastic material model and the biphasicmodel.In the second model we show the ability of the proposedmodel to capture the stretch time histories of more involved mod-els for viscoelasticity. Using material properties � = 0:166 MPa,� = 0:015 MPa, and � = 1:06 MPa-s, we obtained results for acreep extension test as shown in Fig. 2. Our simpli�ed modelproduces the response of the more complicated model discussedby Holzapfel (1996) within a relative error of 20% and with goodqualitative agreement. Moreover, both responses tend towardthe theoretical maximum stretch of 5.0.
CONCLUSIONWe have developed a simple viscoelastic material modelsuitable for the modelization of soft tissue. The additive de-composition of the stress response function is analogous to thein�nestimal one-dimensional viscoelastic model of Kelvin-Voigt.In contrast, however, the present fully three-dimensional formu-lation satis�es the principle of objectivity and is both consti-tutively and geometrically nonlinear, suitable for �nite defor-mations of soft tissue which may include softening/hardening,toe-in regions, and large rotations.Many simple models for soft tissue are restricted to in�nites-imal deformations. Some more general theories admit �nite de-formation, but do so at the cost of a computationally demandingformulation.The proposed model e�ectively recreates the response his-tories of the biphasic model used in Suh (1995), and the creeptension test used in Holzapfel (1996). As such, this model o�ersan e�ective means to capture continuum responses of cartilagein a simpli�ed framework, obviating the need for great sophisti-cation in e�orts to gain competitively similar results.
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Figure 2: Creep test in tension { comparison of viscoelastic lawto the model proposed by Holzapfel (1996).
REFERENCESHolzapfel, G., Eberlein, R., Wriggers, P. and Weizsacker,H., 1996, \Large Strain Analysis of Soft Biological Membranes:Formulation and Finite Element Analysis," Comp. Meth. inAppl. Mech. and Engn., Vol. 132, pp. 45{61.Holzapfel, G., 1996, \One Large Strain Viscoelasticity: Con-tinuum Formulation and Finite Element Applications to Elas-tomeric Structures," Intl. J. for Num. Meth., Vol. 39, pp.3903{3926.Kwan, M.K., Lai, W.M., and Mow, V.C., 1990, \A FiniteDeformation Theory for Cartilage and Other Soft Hydrated Con-nective Tissues{I. Equilibrium Results," J. Biomechanics, Vol.23, pp. 145{155.Mow, V.C., Holmes, M.H., and Lai, M., 1984, \Fluid Trans-port and Mechanical Porperties of Articular Cartilage: A Re-view," J. Biomechanics, Vol. 17, pp. 377{394.Reese, S. and Govindjee, S., 1998, \A Theory of Finite Vis-coelasticity and Numerical Aspects," Intl. J. Solids and Struct.,To Appear.Suh, J-K.S, Zhengfang, L., and Woo, S.L-Y., 1995, \Dy-namic Behavior of a Biphasic Cartilage Model under Cyclic Com-pressive Loading," J. Biomechanics, Vol. 28, pp. 357{364.Woo, S.L-Y., Simon, B.R., Kuei, S.C., and Akeson, W.H.,1980, \Quasi-linear Viscoelastic Properties of Normal ArticularCartilage," J. Biomech. Engn., Vol. 102, pp. 85{90.


