The Role of Flow-Independent
Viscoelasticity in the Biphasic
Tensile and Compressive
Responses of Articular Cartilage

A long-standing challenge in the biomechanics of connective tissues (e.g., articular car-
tilage, ligament, tendon) has been the reported disparities between their tensile and com-

Chun-Yuh Huang pressivg properties.. In general, the intrinsic tensile propgrties of the solid .matrices of
these tissues are dictated by the collagen content and microstructural architecture, and
Van C. Mow the intrinsic c_ompressive properties are dictated by their_ p_roteoglyca_n content _and mo-
lecular organization as well as water content. These distinct materials give rise to a
Gerard A. Ateshian pronounced and experimentally well-documented nonlinear tersmmpression stress

strain responses, as well as biphasic or intrinsic extracellular matrix viscoelastic re-
sponses. While many constitutive models of articular cartilage have captured one or more
of these experimental responses, no single constitutive law has successfully described the
uniaxial tensile and compressive responses of cartilage within the same framework. The
objective of this study was to combine two previously proposed extensions of the biphasic
theory of Mow et al. [1980, ASME J. Biomech. Ent02 pp. 73-84] to incorporate
tensionr-compression nonlinearity as well as intrinsic viscoelasticity of the solid matrix of
cartilage. The biphasic-conewise linear elastic model proposed by Soltz and Ateshian
[2000, ASME J. Biomech. Endl22, pp. 576-586] and based on the bimodular stress-
strain constitutive law introduced by Curnier et al. [1995, J. Elastic®y, pp. 1-38], as

well as the biphasic poroviscoelastic model of Mak [1986, ASME J. Biomech. Hig).,

pp. 123-130], which employs the quasi-linear viscoelastic model of Fung [1981, Biome-
chanics: Mechanical Properties of Living Tissues, Springer-Verlag, New York], were com-
bined in a single model to analyze the response of cartilage to standard testing configu-
rations. Results were compared to experimental data from the literature and it was found
that a simultaneous prediction of compression and tension experiments of articular car-
tilage, under stress-relaxation and dynamic loading, can be achieved when properly tak-
ing into account both flow-dependent and flow-independent viscoelasticity effects, as well
as tensiorcompression nonlinearity[DOI: 10.1115/1.139231l6
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Introduction ematical flexibility of the governing equations and the number of

Over the past two decades, several studies have established nﬁ%tterial parameters in the model. A long-standing argument in
P ' ftavor of the former interpretation has been the experimental ob-

the viscous drag induced by interstitial fluid flowing within the - . :
. ) . servation of a frequency-dependent response in the dynamic shear
porous-permeable collagen—proteoglycan matrix of cartilage i

) o . S oading of cartilagg11,12,19,2Q indeed, porous media models
parts viscoelasticity to the mechanical response of this tissue. Trg isotropic materials undergoing infinitesimal deformation pre-

za\év(ggsesfi?d%?;:?ﬁ:é?;tlﬁqopdhéeg%qevca?chhiznb%zgctr?kfebtisélsdi% an isochoric deformation under torsional shear, which would
poro X P . reclude interstitial fluid pressurization and flow. Thus, the obser-
response Of. artlcqlar cartl_lage under various compressive loa ion of a viscoelastic response in torsional shear should support
condl’glons, |ncl_ud|n_g confln_eﬂl,2,4_] and unconflnec[7,8] com- e premise of intrinsic viscoelasticity of the solid mafid,19.
pression of cyhndncal cartilage dI.SCS,. as well as '”de”tf"!""” owever, it is important to recognize the limiting assumptions of
::arttr:I_age Ia)r/1ers_ with ?f?at odr sphedrlcatl ||_1der{t|9;1t0_]._tln addmo_n this analysis, namely that cartilage is not necessarily isotropic and
t'o tls mﬁc anism o (;)vtvh te;:ﬁn en | VISCOE ?S ICity, tsqm_e "}\l'et‘ﬁ'at for certain classes of anisotropy torsional shear can produce
_Igda ors davte _prop(iset_ it a there ell'zo e)t(lfixf 1an Im r(ljerIC:[ Wonzero dilatation, and that the prediction of isochoric deforma-
't?] efpen (Tnt' wscoc(ejas |c;'y Itr'] efsm matf dZI ea(tj Ilng c')th tion under infinitesimal strain is a mathematical idealization that
e orlmu_a |on|_§1n happ g:allon IO porous me :(a_ models wi glects higher order deformation effects that remain present ex-
viscoelastic solid phasgL3-15. Incorporation of intrinsic Vis- orimentally(i.e., higher order changes in dilatation may produce
coelasticity into porous media model_s has often produced bet n-negligible interstitial fluid pressurization and flpw
agreement between theory and experiments than in the absence Qi ther confounding factor in the assessment of intrinsic solid

modeling su_ch effect516,1_ﬂ,_ though not alway$18]. . atrix viscoelasticity has been the observation that other model-

However, it ha_s been difficult to assess whgther this IMProvéy assumptions of cartilage can equally improve agreement be-
agreement has indeed resulted from the existence of intringigoon, theoretical predictions and experimental data. For example,
solid—matrix viscoelasticity, or was caused by the increased maj “confined and unconfined compression and indentation, good
agreement with experiments has been found not only with linear

Contributed by the Bioengineering Division for publication in tl@URNAL OF isotropic poroviscoelastic biphasic mOdE{M 17 21[ but also
BIOMECHANICAL ENGINEERING. Manuscript received by the Bioengineering Divi- o

sion December 13, 2000; revised manuscript received May 16, 2001. Associate gihen U.Sing a ”near transyerse!y isotropic biphasic m{ﬂ,ﬂ,lq,
tor: L. A. Setton. or nonlinear bimodular biphasic modélg,22]. Modeling the in-
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homogeneity of cartilage observed in compres$id+—25 simi- V. (VS+w)=0, 2)
larly appears to have a potential for improving agreement between frof s ) ) -
the isotropic biphasic theory and experimental data in confindif’€rew=¢ (v'=V") is the flux of fluid relative to the solidy" is
and unconfined compressi¢p6,27. the fluid volume fractior{tissue porosityandv®, v' are the solid
In our own studies, we have been able to demonstrate godgd fluid phase velocities, respectively. In one of the simpler em-
agreement between the infinitesimal or finite deformation isotr§odiments of the QLV theorythe viscoelastic stress tensot®
pic biphasic model§1,28] and experiments in confined comprescan be related to the stress tensor under equilibrium conditions,
sion creep and stress-relaxatigh29], and dynamic loadinf18], o ¢, through

Jo

——[E(7)]ld7. (3)

4

not only by curve-fitting the corresponding experimental load or t
deformation response but also by predicting the measured inter- UUE(t):g(t)ge[E(o)]Jrf g(t—1)
stitial fluid pressurization. For unconfined compression of cylin- 0
gggﬂcf‘:ﬂgi; i;fcg?rzg?egs%iovr\:haenrg rg]cﬁailsa?wl:jecilrsc Lls%n;grlgqg?ltjslt]}ﬁe infinitesimal strain tensdg, which appears above, is related
- = - T

sion[30], we have recently proposed to incorporate the Conewie%%the solid dlsplacemen_ltthroug_hE— (172) (Vu-ieru ), and t_he
Linear Elasticity(CLE) model of Curnier et al[31] into the bi- |splac_ement to _the solid ve_Iocny through=D*u/Dt (materlgl
phasic theory of Mow et a[.1] to account for the disparity in the derlvatlve foII(_)Wln_g the solid phaseThe reduced relaxation
tensile and compressive moduli of articular cartilage observed fmnctlon,g(t), is given by
various studiese.g.,[1,4,32—39). This model was shown to pro-
duce good agreement between theory and experiments in uncon- _ (L) = i)
. = e ) h . g(t)=1+c|E; E;
fined compression, including in its ability to predict the cartilage T T
interstitial fluid respons€22]. However, an interesting prediction
of this biphasic-CLE model, which is presented below, is that thehere E;(-) represents the exponential integral function, and
response of cartilage under uniaxial tensian experimental con- 7, 7, are material properties of the QLV theory. Physically,
figuration often investigated in the literatUr@2,33,35-38,4pbut  [1/7,,1/71] represents the frequency range over which most of the
not yet predicted successfully with a porous media moebehib- intrinsic viscoelastic energy dissipation occurs under dynamic
its almost no transient response, unlike experimental observatidoading, whereas (*cIn r,/7) is the ratio of instantaneous to
[35,37,4Q. This finding suggests that uniaxial tension of articulaequilibrium moduli resulting from the intrinsic viscoelasticity
cartilage may indeed be a discriminating testing configuration fatone.[Note that unlike the classical formulation of Fug], we
investigating the intrinsic viscoelasticity of the solid matrix ofadopt the trivial modification of the functiog(t) such that
articular cartilage, in the context of a porous media model thg{0)=1+c In(n/7) andg(«<)=1, so that the viscoelastic stress
also describes the tension-compression nonlinearity of articule’® reduces to the elastic streas’ at equilibrium] The remain-
cartilage. ing constitutive relations adopted in the current formulation are

Therefore, the short-term objective of this study is to undeBarcy’s law,
stand the role of flow-independent viscoelasticity in the context of
a porous media model of cartilage which accounts for its tension— w=—KkVp, (5)
compression nonlinearity. The long-term objective is to develop a
more comprehensive framework for understanding the mechanigalich relates the fluid flux to the pressure gradient, Witlepre-
behavior of cartilage than the currently available theoretical modenting the hydraulic permeabilittassumed isotropic and con-
els, which can better interpret the diverse experimental outcomsant here, though it is generally recognized to be strain-dependent
reported in the literature; this framework should further help ex44]), and the Conewise Linear Elasticity model of Curnier et al.
plain how cartilage is able to sustain the high compressive stresgg$, in its cubic symmetry embodimefi22],
typical ofin vivo loading conditions that far exceed its equilibrium
compressive modulugtl,42. The specific aims are to combine 3
existing theories of cartilage that incorporate intrinsic viscoelas- o ®(E)= 2 MIALEJtr(AE)A+ 2 Notr(ALE)A,
ticity and tension—compression nonlinearity of the solid matrix a=1 b=1

3

within a biphasic model; and to investigate the response of such a bra

model to standard testing configurations and compare the out- +2uE, (6)
comes to experimental data reported in the literature.
which describes a bimodular response, or tension—compression
nonlinearity, of the solid matrix. Herér(-) is the trace operator
. that yields the first invariant of its tensorial argument, @#ydE
Model Formulation =tr(AlE). A, is a texture tensor corresponding to each of three
Mak [13] developed a formulation for an isotropic biphasiqreferred material directions defined by the unit vectays(a,
model of cartilage whose solid phase is described by the quask,=1, no sum over, - denoting the dot product of vectors
linear viscoelasticityQLV) theory of Fung[43], with the tissue with A,=a,®a, (® denoting the dyadic product of vectors, no
modeled as a binary mixture of an intrinsically incompressiblsum overa). For cubic material symmetng,-a,=0 whenb
solid phase, representing primarily the collagen fibers, proteogl#-a, and the three directions are generally taken toshguarallel
cans, and chondrocytes, and an intrinsically incompressible fluti the split line directiorf, a, perpendicular to the split line direc-
phase representing the interstitial wat&l. The governing equa- tion, anda; normal to the articular cartilage surface. The term
tions for this model, known as the biphasic poroviscoelastit,:E represents the component of normal strain along the pre-
(BPVE) theory, are the momentum equation for the mixture- ferred directiona,. Tension—compression nonlinearity stems
glecting inertia and in the absence of body foices from the conditional statement,

— ve_ - .
V-o= Vp+ V-0"*=0, (1) The functiong(t) in Eq. (3) is taken to be a scalar function for simplicity in this
. . analysis. A most general formulation could employ a fourth-order tensor instead; for
where o represents the total stress tensor, which is the sum of thgtilage, it has sometimes been proposed to separate the viscoelastic response in

interstitial fluid pressur@ and the viscoelastic or effective stresulk deformation from that in shear deformation when using an isotropic model
ve H : f : [13,15, though this is not done here.
resulting from deformation of the solid matrixoE —pl
d 9 % P 2Split lines have been used as indicators of predominant collagen fibril directions

+0"°), V- denotes the divergence operator, ahi$ the gradient o the articular surfacéHulkrantz, W., 1898, “Ueber die Spaltrichtungen der Gelen-
operator; and the continuity equation for the mixture, kknorpel,” Verh. D. Anat. Ges.12, pp. 248—25§
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A1, ALE<O responses of cartilage in tension and compression, we assume in
) . (7) this study that the cartilage specimen is a prismatic bar with a
M1 AgiE>0 circular cross section, while recognizing that such a specimen
This signifies that the material propertiag differ whether the geometry cannot be easily obtained in practice by typical speci-
normal strain component along the directimpis compressive or men preparation. It will be demonstrated below that this assump-
tensile. The physical meaning of these elastic constants is as fin is not as restrictive as it first may seem. By St. Venant's
lows: H_,=\_;+2u is the equilibrium confined compressionprinciple, the effects of the clamping conditions at the two ends of
modulus of the tissuethe “aggregate” modulus and H,, the prismatic bar are also neglected, since the specimen length is
=\, ,+2u is the equivalent modulus in tensiok; is the “off- typically much greater than its characteristic cross-sectional
diagonal” modulus, which could be determined from the equilibWidth, so that the analyses of uniaxial tension and unconfined
rium ratio of radial stress to axial strain in confined compressidgimpression are treated in a similar fashion, with the only differ-
(the radial stress being measurable on the side wall, e.g., see@Rge in those two configurations arising from the bimodular con-
experiments of Khalsa and Eisenbé¢#]). Note that the choice Stitutive assumptions of the CLE theory.
of an isotropic permeability is consistent with the choice of cubic The reduction of the general biphasic equations to the configu-
symmetry for the stress—strain law, since isotropic and cubic syf@tion of unconfined compression with frictionless platens and
metry are identical in second-order tensors such as the permea®fisymmetric conditions has been described previously for the
ity tensor; however, it is also possible to adopt a more genetilear isotropic biphasic mod¢80], the poroviscoelastic biphasic
orthotropic model for permeability, as in our earlier sty@g]. ~ model[21], and the biphasic-CLE modg22]. In these analyses,

In summary, the model presented above, which is valid féhe shear traction at the interface between cartilage and the load-
infinitesimal strains and can describe tension—compression nd#g platens is set to zero and the axial normal strain is homoge-
linearity [Egs.(6) and(7)] as well as intrinsic viscoelasticiffqs. neous; the interstitial fluid pressure and normal traction are also
(3) and (4)] of the solid matrix of a solid-fluid biphasic mixture, Set to zero on the lateral boundary. The same approach can be
has eight material constant:_;,\,;,\»,x,C,71,75,k. This followed with the constitutive equations of Eq®)—(6), hence
model can be reduced to the isotropic biphasic poroviscoelas@igly @ summary of the results is presented here. As is typical for
model of Mak[13] by letting\ _;=\, ;=X,=\ (and noting that this type of problems, the governing equations and closed-form
A;+A,+A;=1). It can be reduced to our recently proposegolution is given in Laplace transform space. The differential
biphasic-CLE mode]22] by lettingc=0. It can also be reduced equation for the radial displacement is given by
to the linear isotropic biphasic theory of Mow et[al. by imple-
menting both of the reductions described above.

)\1[Aa : E] =

+

ﬁZUr+1aUr u, fi__rff_ g
e T T ©

Uniaxial Tension and Unconfined Compression .y
P whereas the boundary conditions reduce to

Typical experiments of unconfined compression of articular car- o
tilage are performed on cylindrical sampl@sg., 1 mm thick, 6 — U —
mm in diameter, which can be easily harvested with a circular Urlr=0=0, H A, T+8(s))
core punch cutting perpendicularly to the articular surfeeg., =To
[1]). In contrast, uniaxial tensile tests are performed on long strige fluid pressure can be determined from the radial displacement
of cartilage, either dumbbell shaped or prismaticg, 10 mm  ging
long), with a rectangular cross sectiée.g., 0.2<1.5 mm), which
are typically harvested with a pair of blades perpendicularly to the _ 1 (0 _ _
surface(e.g.,[33,35)). The solution of Armstrong et a[30] for p(r.s)=— EJ [sU(p,s)+spe(s)/2]dp. (10)
unconfined compression of a linear isotropic biphasic material, as '
well as many subsequent solutiofesg.,[7,8]) assumed friction- The solution then reduces to
less conditions at the loading platens, which is reasonable in view
of the typically low friction coefficient of articular cartilage. This Ao =T
simplification, along with the assumption of axisymmetric condi- (1_ )Il( \/f—_a)

Uy

A =0. )

. . . . = rO H FA r —
tions facilitated by the specimen geometry, leads to equatlomrs(r,s):E x - e=(s),
amenable to a closed-form analytical solution. In contrast, the \/f_i|0(\/f_i)_(l_ _2)|1( NS
biphasic or biphasic poroviscoelastic analysis of the uniaxial ten- Hza
sile response of cartilage has generally been performed on pris- (11)
matic bars with rectangular cross sections, requiring either a sim- H 14 78
plification of the boundary conditior{d6] or a numerical scheme 5=y )= —*2| 14 ¢|n T2
such as finite element analy$i&7]; the reason is that the analysis ' 2 1+m7s
of the biphasic response of a prismatic bar with rectangular cross N
section, whose lateral boundaries are free draining, is fully three \/f—i( 71— 2 )%( fr_r) —1o( \/F)}
dimensional and does not lend itself to an analytical closed-form Hon "o —
solution because of the complexity of the transient interstitial fluid X Ao e (s),
flow fields that would result from loading. Therefore, in order to \/f_ilo( \/f_i)—(l— m )Il(\/f—i)
achieve a closed-form solution for the biphasic-CLE-QLV analy- A
sis of uniaxial tension for the purpose of examining the different (12)
|
2H.p=3NpTHza| — - Nz | [2N2=Hia—Hza -
F=(s) t 8 | 2H- 5 )“_"’”f_”(l i )( Hen )'“f—) _
—z =H., 1+c|n1+TS X &7 (s),
° ' Jf_ilo(Jf_i)—(l—H—i\)ll(\/f—t)
(13)
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F(s) 1478 215
P _
P _H_ Eiv=Hip———. 17
7Tr(2) H+A(1+C|nl+7_1$ *+Y *A HIA+)\2 ( )
N 1 It can be observed that, as expected, the equilibrium modulus is
1- || L (-3 \/f_ilo(\/f_i)} independent of the QLV parameters. Finally, the instantanémus
% Hea 2 . =5 (s) high-frequency fluid load support can be obtained by taking the
- - N, - " limit, as s—o, of the ratio of the expressions in Eq44) and
VEF1o(V5) - T (V) (13),
14 (35 1
(14) - —2 = (18)
F- Hia— N
where 1+2 TR—
FAT A2
. r(z)s It is noteworthy that this expression is independent of the QLV
fr= 1+7,8| (15) parameters, even though it represents an instantaneous response.
H - Ak 1+c|n1+T s
. Results

In these equations,is the radial coordinate, refers to the radial A variety of testing configurations in tension and compression
displacementp is the interstitial fluid pressures is the axial can be simulated from the solutions described above, a subset of
strain,F is the total axial force across the specimen, Bpds that which are presented here to provide sufficient insight into the
component of the force supported by interstitial fluid pressurbehavior of this biphasic-CLE-QLV model. Since this compound
ie., Fp=27rfg°rpdr, wherer, is the specimen radiusg(-) and model.has not peen emplpyed pre\(iously in the !iterature, repre-
1,(+) are modified Bessel functions of the first kind, of order Gentative material properties used in the simulations here derive
and 1, respectively. Overbars indicate Laplace transformati§i®m two separate sources: For the biphasic-CLE properties, we
from the time domain and is the Laplace transform variable.€mploy the results of our recent analyg2?], derived from con-
Superscriptedt on these parameters refer to the solution for terffined and unconfined compression stress-relaxation and torsional
sion (+) or compression(—), as it can be observed that theséhear experiments on bovine articular cartilagéf . o
solutions differ by the interchange of the material constihtg, = 13-2MPa, H_,=0.64 MPa, A,=0.48 MPa, ©=0.17 MPa,k
=\,,+2x andH_,=\_,+2u. Note that the solution does not =6.1X 10 **m/N.s; these properties were obtained under a total
depend on the axial dimensidthickness or lengthof the cylin-  strain of approximately 18 percefincluding tare loading For
drical specimen. the QLV parameters, we use the results of Setton dtld]. who
These solutions are valid for a variety of loading conditiongurve-fit the biphasic poroviscoelastic theory of Mdk] to con-
For example, for a step application of strain with a magnitegle  fined compression creep data, also on bovine articular cartilage:
uses “(S)=*e,/s; if the strain is ramped over a ramp timetgf ¢=0.16,7,=0.06s,7,=201s. . . .
and subsequently kept constant at a magnitude,ofuses * (s) In uniaxial tension, a representative radlusr@ff: 0.345mm is
— +(1—e S0)g,/s2t,. Alternatively, the total axial load*(s) employed, Whlch produ.ces a.surface area equivalent to a rectan-
{ ) o ! e gular cross section of dimensions 1.5 mn0.25 mm. In the first
may be prescribed in a similar way, and a solution ’f’m(?c'). analysis, a step tensile strain of magnituge-0.10 (10 percent
obtained from Eq.(13) then substituted into the remainingjs anpjied to the sample and the time-dependent stress-relaxation
exgresstlons. trai lication. | Lapl ¢ ‘ response of the biphasic-CLE-QLV model is presented in Fig. 1,
tionoirn?oelt)h(t)er triarlnmepdsorzlgir?pc@r?ablgnbé?%erﬁg d an%if:riéglrl]; Oémgether with the specialized case of the biphasic-CLE model
. ; . Y, €-Gwith c=0). It can be noted that, unlike the biphasic-CLE-QLV
using the INLAP routine from the IMSL librarfVisual Numerics, yegnonse, the biphasic-CLE response exhibits almost no transient
Inc., Houston, TXL” For the steady-state solution to a sinusoidgl|ayation under this testing configuration. Substitution of these

axial load or strain, it suffices to substitute=iw into the solu- : ; : ;
. ! . material constants into Eq16) confirms that the instantaneous
tions of Egs.(11)—(15), wherew is the angular frequency of the a16

. . . . +
applied load or strain and—,—1, to derive the frequency- (€nsile modulus of the biphasic-CLE-QLV materiak?y
dependent amplitude and phase response of the corresponding

parameter. B
The dynamic modulu& ~(s) of this biphasic-CLE-QLV mate- 3000
rial can be derived from the ratio & (s)/#r ands~(s) in Eq. — — — biphasic-CLE
(13). To determine the material’s “instantaneous” modu{usthe 2500 biphasic-CLE-QLV
modulus in the limit of loading at high frequeng¢ydenoted by
E‘fy, it suffices to take the limit of the resulting expressionsas F ) 2000
— o0, which corresponds to the real time limit bf>0": 5
7, 1500
ot T 3 HIA (kPa) ________

E%,= 1+c|nT—1 Honm5hot —- (16) 1000 +
Similarly, the modulus at equilibriurfor in the limit of loading at 300
very low frequency, E..y (Young's modulus in classical elastic-
. . . - . . O L 1 L 1 1
ity), can be obtained by taking the limit of the dynamic modulu 0 00 200 300 400 500 600

ass—0,

t(s)
3Numerical inverse Laplace transformation is best achieved by nondimensional- . . . .
izing the expressions in Eq$6)—(12) to avoid numerical overflow or underflow. Elg. 1 Uniaxial tensile response of the biphasic-CLE-QLV and

Though IMSL has a built-in routine to evaluate Bessel functions with a compl&iphas_iC‘CLE models, to a step stra_in O_f £0=0.10 (10 percent),
argument, a custom-written routine implementing asymptotic expansions for largé derived from Eq. (13) by numerical inverse Laplace transfor-
arguments was employed instead. mation
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12k (b) — ——biphasic-CLE
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Fig. 2 Dynamic modulus versus frequency under uniaxial ten-
sile loading, for the biphasic-CLE-QLV and biphasic-CLE mod-

1200
t,=3s — — — biphasic-CLE

1000 | biphasic-CLE-QLV
F (1) 800F
b

600
(kPa) \ 7, = 150s

400 | t, = 300s

/
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t (s)

Fig. 3 Unconfined compression stress-relaxation response of
the biphasic-CLE-QLV and biphasic-CLE models, to a ramp
strain of magnitude £,=0.10 (10 percent ), and for three differ-
ent ramp times (f,=3s, 150 s, and 300 s ), as derived from Eq.
(13) by numerical inverse Laplace transformation

—15.0MPa for the biphasic-CLE-QLV model, and&\,
=6.5 MPa for the biphasic-CLE model, whereas the equilibrium
compressive modulus is only_=0.57 MPa for both cases.

Discussion

The short-term objective of this study was to investigate the
role of intrinsic viscoelasticity of the solid matrix of cartilage

els: (a) magnitude; (b) phase angle. In the limit of high frequen-

cies, the magnitude of the dynamic modulus is given by E‘fy in
Eg. (16), whereas at low frequencies it is given by Eiyin Eq. 16
@n 14 _(a) — — —biphasic-CLE
biphasic-CLE-QLV
12
=29.4 MPa, is considerably greater than that of the biphasic-CL 10
material, EEY 12.8 MPa. In contrast, for both models, the equi |G ’“’l 8
librium modulus in tension isE,y=12.3MPa. The dynamic (MPad)
modulus in tension is displayed for both models in Fig. 2, whic 6+ ST T T
displays the amplitude and phase angle as a function of frequer
over the rangd = w/27=10%—10? Hz. For reference, the three 4
characteristic frequencies for the material are=H_Ak/r} 2
=0.0033 Hz, 1#,=0.005 Hz 1#,=16.7Hz. As already evi- 0 . )
denced by the values & +y andE .y, there is virtually no fre- (b) bi .

— — —biphasic-CLE
quency dependence of the dynamic tensile modulus in tl 50 - biphasic-CLE-QLV
biphasic-CLE model, whereas the inclusion of QLV produces \
characteristic flow-independent viscoelastic response. \

In unconfined compression, a radius 0§=2.39mm is 40 1 \
assumed. In the first of these analyses, a ramped-strain stres2G (io) \
relaxation test is employed, wity,=0.10 andt;=3 s, 150 s, and (deg) 30T \
300 s. The resulting stress-relaxation responses are presente \
Fig. 3, with and without QLV effects. Unlike the case for tension 20 F \\
a very significant transient response is observed in unconfin \
compression in both models. Differences in the two models a 1ok \
most evident only in the fastest of the ramp rates employgd ( AN
=3s), with the peak stress at the end of the ramp achieving 0 , , , S~
larger value for the biphasic-CLE-QLV model. The amplitude an 10° 10° 10* 10° 10° 100 10° 10 1
phase angle of the unconfined compression dynamic modulus F ()

presented in Fig. 4, for both models; for this testing configuratiol.,
the three characteristic frequencies for the material fire
=H, Ak/r3=0.0014 Hz, 1#,=0.005Hz, 1#,=16.7 Hz. From

. . . +
this figure, as from Eq.16), it can be observed thaE(lY

Fig. 4 Dynamic modulus versus frequency under unconfined
compression loading, for the biphasic-CLE-QLV and biphasic-
CLE models: (a) magnitude; (b) phase angle. In the limit of high
frequencies the magnitude of the dynamic modulus is given by

+ o .
“Representative radii are not required when performing these analyses with f& y in Eq. (16), whereas at low frequencies itis givenby ~ E_yin
nondimensional form of the equations; they are used here for illustration. Eq. (17)
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within the context of a biphasic mixture theory that accounts fc¢  2.00 g
tension—compression nonlinearity. The long-term objectives are —e— superficial zong
help elucidate the mechanism by which articular cartilage c: —& middle zone

sustain typical physiological stresses in the range of 2—6 Mi 1.50 /

(e.g.,[41,42)), with occasional peak values as high as 18 MP
[48], while exhibiting a compressive equilibrium modulus on thng 1.00
order of 0.5 MPa only; and to provide a theoretical framewors 74
that can simultaneously predict the tensile and compressive : /
sponses of articular cartilage, under transient and dynamic cong ¢.50
tions. As discussed below, the results of this study provide a mc=
comprehensive agreement between theory and experiments in

literature, than achieved from the linear biphasic, the QLV, tt  0.00 #

briphqsic-QlLV (biphasic poroviscoelasiic or the biphasic-CLE compressione—i—s» tensior
theories alone.

First, because the biphasic-CLE-QLV subsumes the linear | -0.50
phasic theory, it can provide the same successful agreement v -0.1 -0.05 0 0.05 0.1
confined compression experiments as demonstrated previot __, strain
(e.g.,[1,2,18,29,49. Second, because the biphasic-QLV and the, ) ) o )
biphasic-CLE are subsumed by the more general model, go'é'g' 5 Typical experimental equilibrium tensile and compres-

. _ - SIve responses of human humeral head articular cartilage from
agreement can also be expected in the curvefitting of unconflncﬁgesupgrﬁcial and middle zones (55 y.0. male ). Thg tensile re-

compression stress-relaxation resilts,22. However, under dy- gponse is measured from long prismatic samples with rectan-
namic unconfined compression, cartilage has been shown to gtar cross section, harvested parallel to the surface, along the
hibit a dynamic compressive modulus on the order of 12—20 MRaglit line direction; the compressive response is measured
[50,57] at the highest tested frequencies. Looking at(@6) with  from cylindrical plugs harvested normal to the articular surface
c=0, the highest achievable dynamic modulus with the biphasit34].

CLE model isE® y~H »/2 (given thatH_, ,\,<H. A), which
puts it on the order of 6.5 MPa when using the representati

. ; . . Y unconfined compression, though they otherwise appear to be
vglue OfH employepl m'the S|_mulat|on_s given abog@e the unsuitable for predicting the tension—compression nonlinearity as
high-frequency range in Fig.)4With the biphasic-QL\i.e., let- discussed above.

ting H.a=H_a in Eq. (16)), the highest predicted dynamic = gjnce  flow-dependent viscoelasticity is negligible when
modulus in compression would b&°,=(3/2)(1+cInn,/ H_,/H,,<1, uniaxial tension experiments may conceivably be
7)(H_A—X\,), which is on the order of 0.5 MPa for the typicalused to extract only the QLV parametets;;, 7,, and the equi-
material constants used above. Clearly, while the biphasic-CliBrium tensile modulusk , v, even when using the framework of
model is a better predictor of the dynamic unconfined comprethie biphasic-CLE-QLV theory. This simplification in the analysis
sion modulus than the biphasic-QLYV, it still falls somewhat shonf experimental data in uniaxial tension also implies that the pre-
of the values observed experimentally. However, when using thise geometry of the specimen cross section would not impact the
combined biphasic-CLE-QLV model, Eq16) produces a dy- experimental outcome since fluid flow effects, which otherwise
namic unconfined compression moduE@fY on the order of 15 depend on geometry, are negligible. The results of this analysis
MPa (Fig. 4), in better agreement with experiments in thé’leSO suggest that fo_r biological hy_drated soft tissues, Wh.'c.h gen-
literature. erally sustain very little compressive loads and thus exhibit very

Looking at Eq.(17), it can be observed that the biphasic-CL ignificant tension—compression nonlinearity, such as tendons and

theory can account for the differences observed in the Iiteratué%aments’ flow-dependent viscoelasticity may not be a significant

between the compressive and tensile equilibrium moduli of carti

Ie}ge(e.g.,.E,ly= OtSS ll\/IPa aF(E”: 12.3 '\t/”(Djaf usting thle abovle- analysis at this time, though favorable qualitative comparisons are
given typical material cons gr)tsrgpresen ed for typical SampleSyqaryed relative to literature findings. Experiments that directly
of humeral head cartilage in Fig. 5; clearly, neither the linear

biphasic nor the biphasic-QLV models account for tension—
compression nonlinearity, so they are unable to model both ten-
sion and compression using consistent material constants. Hc
ever, as observed in Fig. 1, the biphasic-CLE is unable to produ

a substantial transient response under a step strain in tension, € 0.20 }
though such responses have always been observed in the litera
(e.g.,[35,37,4Q, also see the typical experimental response in Fi(.
6), whereas the biphasic-CLE-QLV can account for this effect. & 0.15 |
is important to appreciate that in tension, the flow-dependent vi
coelasticity is curtailed by the large difference between the tens »
and compressive moduli in the biphasic-CLE and biphasic-CLEZ
QLV theories, whereas in compression, the fluid pressurization “
enhanced by the tension—compression nonlinearity. This is e (g5
dent from the fluid load support as given in E8); whereas in
unconfined compression the fluid load support for th
biphasic-CLE or biphasic-CLE-QLV models is very high 0.00 -~ L L L L
(|-F,/F"|=97.6 percent), it becomes virtually negligible in 0 100 200 300 400 500
tension (—F,/F*|=0.6 percent). For the linear biphasic or the t (s)

biphasic-QLYV, the fluid load support in tension and compressiqp ) o . )

) - — . ig. 6 Experimental uniaxial tensile response of the superfi-
remains the samd,—F,;/F-|:33.3 percent; indeed, the lattercial zone specimen of Fig. 5 to a ramp strain of  £,=0.02 (2
theories would predict the same transient relaxation in tension @scent ) and ramp time of t,=1's, as a function of time

“The results of this study are primarily based on a theoretical

0.25

0.10
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test the predictions of the biphasic-CLE-QLV model represent ti@onclusion

next step in this effort to establish a more comprehensive theorEt"I'his study attempts to explain various observed experimental
ical framework for articular cartilage. Recently, models that havfﬁ1

accounted for the tension—compression nonlinearity of cartila dings in the testing of articular cartilage, by combining several
[7.22]. such as the bi hasic-CLFI)E model reviewed yabove haggnstitutive models previously described in the literature, each of

1460 _biphas . - - ich had demonstrated success in one or more testing configu-
demonstra_ted that mte_rstltlal fIU|d_Ioad_ support Is considerab Ytions. By comparing theoretical predictions with experimental
e_nhanceé:i :_n cfomptr_(lassmn bydthe_ disparity Itn te(;nsne a_nd Coénﬁ’rﬂﬁ'dings in the literature, it is found that a simultaneous prediction
Sive modull of cartilage, producing a greater dynamic moaulug compression and tension experiments, under stress-relaxation
The current study demonstrates that the addition of intrinsic vi

L . ) nd dynamic loading, can be achieved when taking into account
coelasticity provides the necessary boost to the theoretical pre |8W-dependent and flow-independent viscoelasticity effects, as

tion of the dynamic modulus to match experimental findings glo| as tension—com ; . . : O :
; . > . ) - pression nonlinearity. While a guiding prin-
higher frequencies. In the biphasic-CLE-QLV model adopted ifyje of constitutive modeling of biological tissues is to adopt the

this study, the dynamic modulus is greater than that of thgyhiast nossible formulation that can describe experimental data
biphasic-CLE model by a factor of (dcIn 7,/7) according to & b P '

. ) ; . . . jt is becoming increasingly clear that the complexity of articular
Eq. (16). Interestingly, in this model, the incorporation of solids, fjlage mechanics requires more elaborate models than those
matrix intrinsic viscoelasticity neither enhances nor defeats “&‘Fready presented in the literature. The biphasic-CLE-QLV model
fluid load support, as indicated by E@L8). As noted by others ,qqnte in this study has the advantage that it employs as building
[17], and evidenced by comparing the biphasic-CLE and biphasiGrcks theories that have proved popular and are thus familiar to
CLE-QLV results of Fig. 3 or 4, it appears that the effect Ofhg concerned research community. In the embodiment adopted
intrinsic solid matrix viscoelasticity is most evident at relatlvelyﬁere, the model has eight material constants; clearly, this signifies
fast strain ratese.g., with a ramp time ofo=3s in Fig. 3 in  that an experimental characterization of the material properties of
stress-relaxation, or at dynamic frequencies above® Hz ac- g particular tissue sample could not come from a single test but
cording to Fig. 4; the stress-relaxation results of Fig. 3 suggesyould rather require multiple experiments, either on the same
that a_comblnatlon of stres_s-relaxatlon experiments W_lth a _S|Oé{&mple or on adjoining samples from the same tissue source. The
ramp time and a fast ramp time could also be used to discriminai@mbination of tests that might provide sufficient data to deter-
between flow-dependent and flow-independent effésee a typi- mine these constants uniquely is the subject of ongoing studies.
cal experimental response in Fig, though not as dramatically as
uniaxial tensile testgFig. 1 or Fig. 6.
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