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Abstract. A three-dimensional unilateral contact problem for articular cartilage
layers attached to subchondral bones shaped as elliptic paraboloids is considered in
the framework of the biphasic cartilage model. The main novelty of the study is in
accounting not only for the normal (vertical), but also for tangential vertical (hor-
izontal) displacements of the contacting surfaces. Exact general relationships have
been established between the contact approach and some integral characteristics of
the contact pressure, including the contact force. Asymptotic representations for the
contact pressure integral characteristics are obtained in terms of the contact approach
and some integral characteristics of the contact zone. The main result is represented
by the first-order approximation problem. We supply the theoretical description of
the asymptotic method by numerical analysis of the model. Our calculations demon-
strate good convergence of the numerical scheme in determination of the parameters.
In particular, it is shown that accounting for the tangential displacement is important
in cases where the contact zone is non-circular.
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1 Introduction

Biomechanical contact problems involving transmission of forces across biolog-
ical joints are of considerable practical interest (see, e.g. [2,3,11,14]). Many
analytical solutions to the problem of contact interaction of articular carti-
lage surfaces in joints are available. In particular, Ateshian et al. [8] obtained
an asymptotic solution for the axisymmetric contact problem for two identi-
cal biphasic cartilage layers consisting of a solid phase and a fluid phase and
attached to two rigid impermeable spherical bones of equal radii. Later, Wu
et al. [16] extended this solution to a more general axisymmetric model by
combining the assumption of the kinetic relationship from classical contact
mechanics [12] with the joint contact model [8] for the contact of two biphasic
cartilage layers. An improved solution for the contact of two biphasic cartilage
layers in the axisymmetric setting, which can be used for dynamic loading, was
obtained by Wu et al. [15].

An asymptotic modeling approach to study the contact problem for bipha-
sic cartilage layers has been performed by Argatov and Mishuris in a series of
articles (see [4,6,7]). In particular, it was shown [6] that accounting for the tan-
gential displacements is important in the case of diseased cartilage where the
measurement of indentation depth may differ even as much as 10% in compar-
ison with the healthy case. In [4], the unilateral contact problem for articular
cartilages bonded to subchondral bones with a contact zone in the shape of an
arbitrary ellipse has been considered, and a closed form analytic solution was
found. Exploiting this exact result, Argatov and Mishuris [7] have performed
perturbation analysis of the contact problem with approximate geometry of the
contact surfaces. Other analytic solutions for the contact problem were found
using the viscoelastic cartilage model for elliptic contact zone in [5]. A new
methodology for modeling articular tibio-femoral contact based on the devel-
oped asymptotic model of frictionless elliptical contact interaction between thin
biphasic cartilage layers was presented in [2]. The mathematical model of artic-
ular contact was extended to the case of contact between arbitrary viscoelastic
incompressible coating layers.

The constitutive model for biphasic cartilage layers has been extensively
discussed in the literature. Our formulation most closely resembles the model
proposed by Ateshyan et al [8]. We omit a detailed description of the modelling
due to a lack of space. Instead, we restrict the discussion, by appropriate cita-
tion, to the basic model, with clear identification of the origins of the asymptotic
model.

The principal originality of this work, with contrast to papers [6] and [4],
is in the accounting for tangential displacements in the contact problem for
cartilage layers while using a contact zone of elliptical shape, based on the
biphasic model. Although the load is normal, the displacements of the material
points on the contact zone have both normal and tangential components, since
the surface of the bone is not flat. Despite an absence of friction, the tangential
displacement is small but present, and perhaps essential, as has been shown in
contact mechanics (with reference to the book by Johnson [12]). Comparing our
results with those of other authors we come to the conclusion that accounting
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for the tangential displacements is important in determining a more accurate
approximation of the real behaviour of the complex “bone-cartilage”.

Note that the perturbation method proposed in [7] could be one of the
options for the analysis, however, the procedure is too complex to perform
even a few asymptotic steps. Here, employing some technique and ideas from [6]
and [4], we propose another way to construct the asymptotics which utilizes
the assumption that the shape of the contact zone is an ellipse at the initial
stage of deformation and can be regarded as a small perturbation of the ellipse
at any other stage of deformation.

The paper is organized as follows. The unilateral contact problem formu-
lation and its linearization are presented in Section 2, where a special case of
the contact configuration with one cartilage layer being plane and rigid is also
considered in detail. In Section 3, we derive exact general relationships between
the contact approach and some integral characteristics of the contact pressure,
including the contact force. In Section 3.3, we obtain asymptotic representa-
tions for the contact pressure integral characteristics in terms of the contact
approach and some integral characteristics of the contact zone. The zero-order
and first-order asymptotic approximations for the solution to the contact prob-
lem are obtained in Subsections 4.1 and 4.2, respectively. Detailed calculations
which led to the corresponding sets of equations are presented in [13]. The
first-order approximation problem constitutes the main result of the present
study. Section 5 presents a numerical analysis of the model. On the basis
of this discussion of the obtained numerical results we make some conclusions
concerning the model.

2 Formulation of the contact problem

We consider a frictionless contact between two thin linear biphasic cartilage
layers firmly attached to rigid bones shaped like elliptic paraboloids (see Fig.1).

Figure 1. Schematic representation of the the system bone-cartilage.

It is a common assumption in most of papers devoted to the study of the
bone-cartilage system to consider the bone as a rigid elliptic paraboloid. Since
the stiffness of the bone is obviously much greater than that of the cartilage,
this assumption seems physically consistent. The geometrical assumptions are a
common simplification in the literature, allowing us to: a) analytically identify
basic features of the contact problem, b) consider the solution as a benchmark
for FEM simulations.

Math. Model. Anal., 21(5):585-609, 2016.
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In the Cartesian co-ordinates (z1,2,2) = (X, z) the equations for the two
cartilage surfaces can be written in the form z = (=1)"®(™ (x), n = 1,2, where
2 2

sy = 2y

2R 2R

(2.1)

with R{™, R{™ being the curvature radii of the n-th bone surface at its apex.
We note that assuming the bone to have the form of an elliptical paraboloid
is practically reasonable for approximation of the real shape of human bones
(see [4] and references therein).

In the undeformed state, the cartilage-bone systems occupy convex domains
z < —dW(x) and z > &3 (x), respectively. They are in the initial contact with
the plane z = 0 at the origin of the co-ordinate system.

We denote by wi(x,t), wa(x,t) the local vertical displacements of the cor-
responding cartilage surfaces. Let also uj(x,t), uz(x,t) be the local horizontal
(tangential) displacements of the corresponding surface of the cartilages. Fi-
nally, we denote by P(x,t) the contact pressure density. Following [12] the
equations for the cartilage surfaces can be written in the following form:

2z =01(t) — W (x + uy(x, 1)) + wi(x, 1),

2= —0p(t) + 8D (x + un(x, 1)) — wa(x, ). (2:2)

Here, 41, d2 are some (positive) vertical displacements of the rigid bones. Note
also that the vertical displacements wi, wy are positive, while the tangential
displacements uj, us are directed outside of the contact zone. More detailed
modelling of the vertical and tangential displacements can be found in [12].
Denoting by 6.(t) = d1(t) + 02(t) the contact approach of the bones, we get
from (2.2) the following inequality:

0u(t) +wi(x,1) + wa(x,t) < Y (x +uy(x,1) + P2 (x + ug(x,t)) . (2.3)

It was shown in [8] (see also [6]) that the vertical and the tangential dis-
placements of each bone (taking the asymptotic model of the cartilage layer
into account) can be represented in the form

h€2 3 [
wa(x, 1) = ﬁ {AP(x’,t’) n H—n/o AP(x, T)dT} . n=12 (24)
Iyt hnén )
un(x,t)z—2 VP(x',t), n=12. (2.5)
Hs,n

Here €, = hy/ag are dimensionless small parameters, hy, ho mean the thick-
nesses of the cartilage layers, and ay denotes a characteristic measure of the
contact zone (see the detailed description of the role of this parameter in [6];
the values taken for numerical analysis of the model are given latter in Section
5), Hy = (Asn + 2ps,n)/ 1hs,n are material parameters of cartilages, where A,
and [t ,, Tepresent the first Lame coefficient and the shear modulus of the solid
phase of the n-th cartilage tissue. Note that u; and us in (2.5) do not neces-
sarily coincide, they depend on both spatial variables z1, x5, and on the time
variable t.
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Following [8], we introduce new spatial variables and time variable via for-
mulas

/ Lj . / Xt
T = —", J= 17 2a = YR
7 ap 3o
where
_ Bpsakr | 3ps oko 1o = s, 1 fhe,2
- 3 0 — )
h% h% )\5,1 + 2/145,1 )\5,2 + 2,“’5,2

ag is a characteristic measure of the contact zone, and k1, ko are the cartilage’s
permeabilities. In these variables we have the following relations on the contact
area w(t) encircled by the curve I'(t) = dw(t) (here and in the following, we
retain the same notation for displacements w,,, u, and for the contact pressure
P):

3 3 t
wr (X, t)+w2(x,t):( hy + hy ) {AP(X7 t) +X/ AP(X,T)dT}, (2.6)
3,“/3,1 3,“/3,2 0
2
™) (x + u, (x, ) ~ ™ (x) — ;‘:ﬂw(”) (x)-VP(x,t), n=12(2.7)

Further the equality in (2.3), i.e.,
0. (t) + wi(x, 1) + wo(x,t) = 8 (x + ui(x, 1)) + P (x + ug(x,1)), (2.8)

determines the contact area w(t).

Now we substitute (2.6), (2.7) into (2.8) and obtain the governing equation
relating the contact pressure with the vertical approach of the bones d.(¢) in
the following form:

AP(x,1) + x /0 AP(x,7)dr = m (qs(x) —5,(t) — Vé(x) - VP(x, t)) . (29)

Here we have introduced the notation

mz( L ) 1 o(x) = oM (x) + 2P (x).  (2.10)
3#5,1 3/1’5,2 ’

Thus, it follows from (2.1) and (2.10) that the functions & and @ are given by

D(x) = B(x1,20) = Ax? + B’

with
1 1 1 1 - =
A= ——+—=, B=——+—r, &)= Ar]+ Ba3,
2RV 2R 2r(Y  2R? o
A _ h%ao h%ao B _ h%ao h%ao )
21 R 2p5 5 R 251 RSY  2p5 5 RS

Note that the coefficients in A and B are positive dimensionless numbers,
which are less than unit.

Math. Model. Anal., 21(5):585-609, 2016.
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Without loss of generality, one can assume that A > B. Then, Equa-
tion (2.9) can be rewritten in an equivalent form, using all dimensionless pa-
rameters:"

AP (x, t)—l—x/o AP.(x,7)dT = p(¥1(x) —0.(t) —e VW (x)-VP.(x,t)), (2.11)

where the following notation has been introduced:
Ui(x) =2 +ejay, j=1,2, 6.(t) = 6.(t)/A, (2.12)

p=Am, e =+/BJ/A, ey=+/B/A, e=A/A. (2.13)

It is important to note that x = O(1), pe < x.

Discussion of the characteristic values of the introduced parameters is pre-
sented, e.g., in [6,8]. We note that in numerical analysis of the model we can
take ag = b(0)4/1 + €? as the initial value of the characteristic measure of the
contact zone.

Since the solution of (2.11) depends on the parameter ¢, it is customer to
denote an unknown contact pressure by P = P. in what follows. Note that the
problem for ¢ = 0 coincides with that considered in [4].

Equation (2.11) is the equation for determination of the contact pressure
P.(x,t) > 0, x € w(t). In particular, in the case when the contact domain is
represented by an ellipse

2. i *(te)3
we(t) = {x SR st 5b§(t2) < 1}. (2.14)

We supply Equation (2.11) with the following boundary conditions:

Px,t) =0, xeTI(), (2.15)
%1:: (x,8) =0, xe It (2.16)

and the equilibrium equation

//wg(t];g(x’ fdx = F(t), (2.17)

which connects the external load F(t), unknown contact pressure P-(x,t), and
unknown contact domain w ().

Remark 1. The problem (2.11), (2.15), (2.16), (2.17) has the following form

(KA+egV)P =6+ f,

aP
Pl,, =0, %(m —0, //QP(x,t)dx —F

with unknown boundaries for the contact domain 942, an unknown indentation
parameter ¢ and an unknown contact pressure P (where ¢ is a small parameter,

! Note that in the axisymmetric case formula (2.11) coincides with formula [6, (8)].
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g and f are given functions in {2, and K is the Volterra operator, see formula
(3.16) below). In [4] an exact solution was found, corresponding to the case
e = 0 (in our notation), for elliptical contact. In [6], the existence of a solution
was proven, under the assumption of an axisymmetric initial configuration of
the contact zone (i.e. when g(z,y) = g(r), f(z,y) = f(r)). Thus, existence of
the solution in a more general case, for small values of the parameter ¢ £ 0 or
small eccentricity, follows from the standard results of perturbation analysis of
nonlinear boundary value problems for the Laplace equation.

2.1 Special case of the contact configuration

In order to check the content of formula (2.9) we consider here a special case,
namely, we suppose that the lower part cartilage layer is plane and rigid (the
same assumption was employed in [16]), it means that pus 2 = oo and Rgl) =
Rél) = 00, i.e.,

oM =0, o=00,
In this case we have got the following equation for determination of the contact
domain w(t) in the form similar to (2.9):

AP(x,1) + x /0 AP(x,7)dr = m (qs(x) —6,(t) — V&(x) - VP(x, t)) . (2.18)

Here we will have

~ 3ps2 sk
=T N T
2 2
At the same time, small changes have to be made in the right-hand side of
Equation (2.18) as follows:

2 2 2. .2 2. .2
x3y x5 ~ hiaoxy hiaoxy

+ —=, P(x)= )
2R§2) 2R§2) 2,“5,2R§2) 2.“5,2R§2)

P(x) =
Thus Equation (2.18) can be rewritten as

2 2
AP(x, 1) + 3““]“2/ AP(x, 7)dr — SHs2 < R —5*@))

hi \2r®  2R{
3(10 I T2
e R(Q)a P(x,t)+@axlp(x,t) (2.19)

It can be easily checked that in the axisymmetric case Equation (2.19) reduces
to the governing differential equation obtained in [6].

3 A priori estimate of the solution

3.1 Estimates of the indentation parameter

In our model we assume that the external load is non-decreasing. Thus, the
contact domain is monotonically expanded, i.e.

ws(tl) Q o.)s(tg), th S t2. (31)

Math. Model. Anal., 21(5):585-609, 2016.
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It is convenient to suppose also that the contact pressure is defined on the
whole plane. For this we simply extend the density P.(x,t) by assuming that

P(x,t) =0, Vx ¢ w.(t). (3.2)

Integrating (2.11) over contact domain w(t), we get

/ AP(xtdx—i—X// /AP (x,7)drdx =
w(t) (t)

= M// (U1 (x) — d:(t)) dx — EM/ V¥, (x) - VP.(x,t)dx. (3.3)
w(t)

For simplicity of notation, we omit here (and everywhere in the next two sec-
tions) the subindex € in w.. From the monotonicity of the contact domain (3.1)
and assumption (3.2), it follows that the second integral on the left-hand side
can be written in the form

¢ t
// / AP, (x, T)dex:/ / AP, (x,T)dxdr.
w(t) JO 0 w(t)

Using the second Green’s formula
[ [ w2 -vimauyax= [ (u<x>§;’L<x>—v<x>§Z<x>) ds (3.4)
w(t) I(t)

with w = 1 and v = P.(x,t) we get the following relation in view of the
boundary condition (2.16):

/ AP, (x,7)dx = / oF “(x,8)ds =0, Vr<t. (3.5)
t) (t) on

Therefore, the both integrals on the left-hand side of (3.3) vanish.
Further, we use the first Green’s formula

o
A Vo -V)dx = 3.6
//w(t)“" b+ Vi Vi) dx /F(ﬁan (3.6)

with ¥ (x) = ¥a(x) and ¢(x) = P.(x,t). In this case the integral on the right-
hand side vanishes in view of (2.15), and we obtain the relation

/ V0 (x) - VP, (x, t)d // (%, £) Ay (x)dx = —2(1+ 2)F (1), (3.7)
w(t)
where we used the equilibrium equation (2.17) and the identity
AWy(x) = 2(1 + €2) (3.8)

with e; being defined in (2.12).
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In what follows, it is convenient to have the following notation for the
integrals of the product of k-th power of the function ¥; and I-th power of the
function Ws:

Apa(w //Lvl X)W (x)dx >0, k,1=0,1,2,. (3.9)

In particular, Ago(w) is the area of the contact domain. It is to remember
that the constants Ay, ;(w) depend finally on ¢, but we omitted this fact in the
notation in order to avoid cumbersome expressions. Computations of Ay ;(w)
for the elliptic domain (2.14) are given in [13, Appendix, Sec. 6.1].

Taking into account Equations (3.5) and (3.7), we get

Aro(w:(t))  2(1+ed)e
AO,O (we(t)) AO,O (we(t))
This formula allows us to compute the contact approach d.(t) as a function of

the total external force F(t) and the main axes of the ellipse describing the
shape of the contact zone, which in fact depends on time too.

5-(t) = F(t).

3.2 Integral identities for the contact pressure

In order to write out a more informative equation for the contact load, we use
the following trick. We multiply both sides of (2.11) by the function v(x) =
U5 (x) and integrate the obtained equation over the contact domain w(t)

//!I/g Athdx—i-X///J/g VAP (x,7)drdx = //Jlg

w(t) w(t) w(t)

X U (x)dx — 16 (1) / / 0y () dx— 1 / / 0y (%) Vs (x) - VP (x, )dx. (3.10)

Let us calculate the integrals in this relation by using Green’s formulas. For
the first integral on the left-hand side we use formula (3.4) with v = ¥y, v = P
and the boundary conditions (2.15), (2.16). Hence, we obtain

// Uy (x) AP (x,t)dx = /w(t) AWy (x) P.(x, t)dx.

Now taking into account (3.8), we get

// (%) AP (x, t)dx = 2(1 + €2 F(1). (3.11)
w(t)

For the second integral on the left-hand side, we apply the same approach, but
interchange first the integrals over w,(t) and over 7 € (0,t) exploiting the load
monotonicity. Therefore, we arrive at the equation

///Wg VAP (x, 7)drdx= ///LDQ VAP, (x, T)dTdx=2(14¢2) /F

w(t) 0 0
(3.12)

Math. Model. Anal., 21(5):585-609, 2016.
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For the first and second integrals on the right-hand side, we simply use the
notation (3.9), which gives

// t)wl X)Wy (x)dx = Ay (b //w(t Uy(x)dx = Ao (b; ). (3.13)

Finally, for the third integral on the right-hand side, we make use of the fol-
lowing simple formula which follows immediately from the definition of ¥s:

1
WV = §vw§.

Then we can apply Green’s formula (3.6) and the boundary conditions (2.15),
(2.16) to find

// Wi (x) Vs ( )Vthdxfff// AW2(x) P. (x, t)dx
w(t) w(t)

By applying the second Green’s formula (3.4) with u = P., v = W2, and the
boundary conditions (2.15), (2.16), we represent this integral in the form

// Wy (x) VW, (x) - VPe(x, t)dx :—7// W2(x)AP.(x, t)dx.  (3.14)
w(t) w(t)

This integral still contains the unknown density of contact pressure P.(x,t).

Let us define
MDPp(t // W] (x) AP.(x, t)dx
w(t)

Now we rewrite the relation (3.10) by using the results for all integrals
(3.11)—(3.14) in the following forrn

2(1 4 2)KF(t) = pAy 1 (we(t)) — pde(t) Ao (we(t)) + %M@)Pg(t). (3.15)

Here, we have introduced the Volterra operator K as follows:

KF() = F(t) + x /O " F(r)dr (3.16)

Note that the integral in the right-hand side of the equation (3.15) allows to
continue the same procedure to deliver an asymptotic estimate for this equation.
We continue to proceed with Equation (3.15) on the next steps.

3.3 Posteriori estimates for the contact pressure

Now we proceed to calculate the last integral in (3.15). For this we multiply the
governing integral equation (2.11) by ¥J(x) (j > 2) and integrate over contact
domain w(t):

// Wg(x)APg(x,t)dx+x// /td?g(x)APs(x,T)dex ::M// 7 (%)

w(t) w(t) 0 w(t)

X Wy (x)dx — puo.(t) / / W (x)dx — pe / / W (x) VW, (x) - VP.(x,t)dx

w(t) w(t)
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By using the same argument as on the previous step, we get
KMYP(t) = pAyj — po=(t) Ao j(a; B) — pe // W] (x) VW (x) - VP.(x, t)dx.

(3.17)
For the last integral we use the relations

. 1 .
W (x) Vi (x) = j—vwfl(x),

// vt (x) - VP.(x, t)d // AW (x) P (x, t)dx.

Therefore, the integral

3

M(j)Ps(t) = ;U'IC_l {Al,j(ws(t)) - §€(t)AO,j(w€(t)) + j_i_l’CM(jJrl)Ps(t)}

has been obtained as a solution of the integral equation (3.17). Here the inverse
operator K1 is defined by the formula

K'Y (t) /Y Je X" dr.

Performing the same computation, we obtain the following representation
for the integral in the right-hand side of (3.15):

N

MOP) = 3 EE K (Arielt) = 6.0 Ao )}
j=1
- G MY )

Substituting this representation into Equation (3.15), we finally get

=

2(1+e3)KF(t) = T { A (we(#)) = 0= (8) Ao g1 (e (1))}

6N+1

+ mﬂN+1’C7NM(N+2)PE(t),

or equivalently

N
2(1+6 KN+1F Z j+lICN7j
Jj=

N+1

(N+2)!

X { A1 jy1(we(t)=0:(t) Ao jr1(we(t))} + N MWNERIP (1), (3.18)

The latter relation allows us to determine the problem parameters asymptoti-
cally with any prescribed accuracy.

Math. Model. Anal., 21(5):585-609, 2016.
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Note that apart from the fact that the shapes of the contacting bones are
elliptical paraboloids, no additional assumptions on the shape of the contact
zone have been made. On the other hand, no proof was offered to show that
the contact zone is approximately represented by an ellipse. This will be done
later.

Remark 2. For every t for which the contact pressure P.(t) is bounded and the
contact region w(t) belongs to a bounded domain, the remainder % pNtl

MWNF2) P () in formula (3.18) tends to zero as N — co. Thus, the series
corresponding to the sum on the right hand-side of (3.18) is converging.

4 Asymptotic solution to the contact problem

4.1 Zero-order approximation

First, we get solution of the problem for ¢ = 0. In this case Equation (2.11)
has the form

APO(x, 1) + x / " APO) (x, 7)dr = p (llfl(x) — 5O (t)) ,
0

where ¥y (x) is defined in (2.12). Since we know from [4] that the contact zone
is an ellipse at this stage of approximation we will have

Ay o(wo(t))

5. = 6O (t) = 6(bo(); Bo(t)) = Apo(wo(t))

(4.1)

Using formula (4.1) and calculations presented in [13, Appendix, Sec. 6.1],
one can find that

2 4
Apo(wolt)) = % Aro(wol(t)) = jjg (B2 +¢2), (4.2)

and therefore

_ 0 (55 +el)
45
Note that formulas (4.2) and (4.3) contain two known constants e; and es

defined in (2.12) and two still unknown functions by (¢) and 5o (¢), which are the
main semi-axis and the eccentricity of the ellipse

vi  Bi(t)a3
wo(t):{x€R2: bg(t)JeréZ) <1}. (4.4)

The leading terms in (3.18) imply (for N = 0) the following equation:

5O (t) (4.3)

2(1+ e3)KF(t) = A1 (wo(t)) — 6 (1) Ag 1 (wo(t))-

Here, K is the Volterra integral operator defined in (3.16).
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Analogously, using some results from [13, Appendix, Sec. 6.1], we obtain

Ap1(wo(t))= 45 (ﬁo"‘%) Ar1(wo(t))= 24&5 {350 + (e1 "‘63)5(2)"‘36%6%}7
0
and thus
7rb6 4
2(1+ e3)KF(t) = 4835 {385 — (e1 +e3)B5 + 3efer}.

To find the functions bg(t) and SBo(t) together with the pressure distribution
over the contact zone, P()(x,t), we follow [4] and introduce a new unknown
function

t
pO(x,t) = PO(x,t) + x / PO (x,7)dr = KPO(x,1). (4.5)
0

In the case of monotone external load, this function should satisfy the Poisson
equation (following from (2.9))

Ap©(x,1) = (wl (x) — 60 (t)) . x € wolt),

with the boundary conditions (2.15), (2.16).
It is customary to rewrite this relation in the form

G'0 (X7 t) = Oa
where

Go(x,t) = Go(bo, Bo, 00) = ApO(x,t) — 1 (%(x) - 6(0)(t)) , X € wp(t).

Bearing in mind that the function ¥ (x) is a quadratic polynomial (compare
with (2.12)), it is natural to look for the solution of such problem in the form
of a polynomial in x1, x5 of the fourth degree, that is

T2 ﬁ2x2
P (bo, Bo,m0, X, t) = no(t) < - bel _ (;)2 2
0 0

) Qo(x1,z2). (4.6)

Note that the term in the brackets vanishes on the boundary wg, and thus the
condition (2.15) is satisfied automatically.

In [13, Appendix, Sec. 6.2], it has been shown that Qg is a polynomial of
the second order having the form

Qo(z1,22) = (1 - = -

so that

2
PO (21,295 t) = no(t) ( - ﬁ - 53I§> . (4.7)
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Taken into account this representation we arrive at the following relations (see
[13, Appendix, Sec. 6.3]):

0!
mo(t) = ) 5 (4.8)
_opby _ pbg
™0 = 506+ 283) ~ 4G+ )’ (49)
mo(t) = pbged _ pbged (4.10)

202683 +685)  483(1+363)

This system allows us to determine the unknown functions bg(¢) and Bo(t).
Indeed, eliminating ny from the last two equations, we get a bi-quadratic equa-
tion defining the value of the parameter [y, i.e.,

365 + (1 — )3 — 3¢f = 0. (4.11)

By definition, (j is a positive parameter, thus the unique positive solution of
(4.11) has the form

o= (@~ 1)+ et + 343 1 1)/, (1.12)

Note that at the zero-approximation the parameter 3y does not depend on time.
The other parameter, 1(t), can be computed directly from (4.9) or (4.10), if
one knows the remaining constant bo(¢). Moreover, taking into account (4.8)
and (4.3), one can use an equivalent formula

no(t) = ubg (B3 + €31)/16533 (1 + 53).

In the same way, one can offer, in addition to (4.3), two equivalent repre-
sentations for the indentation parameter

2 1 2\ ,2
50 = R0 = gy A

Finally, the major semi-axis by of the ellipse wy is determined as follows:

w15 [0 (S )] 409

Note that the parameters by, 19 as well as the indentation, dy, depend on time
t in contrast to the ellipse eccentricity [g.

Now, it remains only to find the pressure over the contact area. Using (4.5)
and (4.7), we get

PO by, Bo,no, w1, w2,t) = K~ (no(t)Qo(a1, 22)?) .

If (21, x2) belongs to the initial contact zone, i.e. 1 — % 50(% > 0, then
0
2
PO (a1, 22,) = mo(t) (1 — 27 /b3(t) — B3 /b3 (¢))

- X/O no(7) (1 — 23 /b3(7) — 53;05/1;3(7))2 o—X(t=7) g7
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If (x1,x2) lies outside of the initial contact zone, i.e. 1— b;—i) ﬁ”% < 0, then
0
2
PO @y, @a,t) = no(t) (1 — a3 /03 (1) — B3 /b3(1)

¢
‘**ﬁj( no(r) (1 — 23 /03(r) — B33 /03(r))” e X~ dr.
ty(T1,72)
The critical moment of time ¢, is determined by the formula

by(t) = af + Bgas.
Using (4.13), we get

ta 4 20,2
F(t.) +x/0 F(r)dr = g’ggg <3ﬁ° ﬂO(?:e? 36162)( + Bo3)°.

If the load is stepwise, we have F(t) = Fy. Hence, we find that

pu (385 — B3 (€3 + @2) + 3efe3)
QGBSXFO 1 —|— 62

Note that in this case

bo(ts) =

1
b = (7 + Bix3) } Y

96080 (1 + €3)(1 + xtx)
p (35 — B (el + €3) + Beied)
This finishes the zero iteration step. Note that the results of this section
after changing the notation coincide with those obtained in [6].

0-

4.2 First-order approximation problem

For the next steps we consider an appropriately deformed contact domain w( )
defined as a perturbation of the zero-order one wy. Namely, we assume that 1t
can be written in the form

W = WM (1) = {(21,2) : Qolx,1) + Qi (x,1) 2 0},
where unknown polynomials are taken in the forms

Qo(x,t) = Qo(x, B1,b1), Q1(x,t) = aso(t)a] + aza(t)ziz3 + aoa(t)zs.

Note that for ¢ = 0 the solution form coincides with (4.4), if one take

b1 = bo, 1 = Po-
The idea behind such choice of the asymptotic anzatz is to satisfy the bound-
ary conditions (2.15) and (2.16) automatically. This will be achieved by putting

Pe(l) =K1 (77(1) (t) (Qo(l‘h T2, B1 (t), by (t)) + €Ql(x7 t))Q) :

Now, when the boundary conditions are valid, we will satisfy the governing
equation (2.9). Note that Pg(l) = Py+ePy +0(e?), where p; = K(P;), j = 0,1,
and

2 2 2\ 2
_ (1) ! 751@)%
m=1"0 (1= 55 - 5t e
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vi  Bi(t)e3

m =20 (1- ks - 502 ) Qi) (4.15)

Substituting this representation into Equation (2.9), we obtain

K (A(P<0> feP + 0(52)))

=pu (wl — 6 —evw, - (VPO 4 evpM) 4 0(52))) , (4.16)

where the parameter 6§1) is represented in the same form as Ps(l), ie.,
3 = 8y + 0y + O(e2) = 60 + O(e?).

We can write Equation (4.16) with the accuracy to the terms of O(g?) as
follows:
Ap© 4 eAp, = (u'/l — 5 _ ey, . VP<°>) .

An extended variant of this equation can be written by using the definition
of all components of the equation and by comparing coefficients at different
powers of 1,2, so that (see detailed calculations in the Appendix below)

4n(D)
— = (14 87) = s, (4.17)
1
3+ B3
4nH [ bfl + e(6aqo + 022):| = p(1 = 8ebay), (4.18)
1
P(1+3p7
477(1) |:61( b4 51) =+ E(CLQQ + 6(104):| = ,U/(G? — 856%02’2), (419)
1
2477(1) 2 2 2
- 57[)2 (a1007 + ag2(1 + 57) + aos) = 8ep(1 + €3)04.2, (4.20)
1
477(1) )
— ey (aao(15 + B7) + azz) = 8epba, (4.21)
1
477(1) 2 2 2
— 67[)2 (a04(15,31 + 1) + (122[‘31) = 86#629474, (422)
1
where
02k72l(t) = ’Cil (T](l)bl_gkfglm) ) kal = Oa 17 2. (423)

In the system (4.17)-(4.22) we have 6 equations and 7 unknowns: 71 (¢), 5,

b1(t), B1(t), and a4, aaz, aps (coefficients of the polynomial Q). Therefore, we

have to add an extra equation to the above system, namely

_ Aro(w:(t))  2(1+ed)e
Ago(we(t)) ~ Aoo(we(t))

where F}(t) can be represented in the form

M (t) Fi(t), (4.24)

Fi(t) = / " PY (x, t)dx.
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We also make use of Eq. (3.18) written for this approximation step with the
accuracy of O(g?) in the form

(F4+1)!

1

2(1+e3) K2 F ()= P asy G {Al,jﬂ(ws(t)) - 5<1>(t)A0,j+1(w5(t))} .
3=0

Remark 8. Note that putting € = 0, the system (4.17)—(4.22), (4.24) transforms

to the previous case evaluated in the previous section.

Remark 4. In the case when € > 0, the system (4.17)—(4.22), (4.24) has to
be solved numerically. Note that the parameter € in the last three equations
(4.20)—(4.22) can be canceled. We left these multipliers here to explain the
limiting case (¢ = 0).

Discussion of the proposed asymptotic procedure

First of all, observe that at ¢ = 0, the contact problem for biphasic layers
reduces to that for elastic incompressible layers. The contact problem in the
latter case were studied in a number of papers [1,9,10, 17], however, without
taking into account the tangential displacements.

To solve the resulting problem (4.17)—(4.22) and (4.24), we suggest the
following iterative algorithm:

e Taking ¢ = 0, we have computed all values 1, b, 3,6 = ng, by, Bo, 09 from
the zero-order approximation.

¢ Having them we can compute the quantities 8o, 2;(¢) from (4.23).

e Then, from the system of three equations (4.20)—(4.22) we compute the
constants a4, a2, ags assuming the values of 7, b, 5 as above.

e Finally from the system of four equations (4.17)—(4.19) and (4.24) consid-
ering the right-hand side known (computed by the values know from the
previous computations), we found new values 1, b, 3,6 and compare them
with the previous computations. If the required accuracy has achieved
we stop the computation, if not we are going to the second step of this
iterative procedure.

We note that formulas (2.4) and (2.5) for the vertical and tangential dis-
placements contain different powers of parameters €, namely, €2 and €, respec-
tively. Note also that our analysis (with the values of another parameters taken
into account) shows, that the role of these magnitudes (vertical and tangential
displacements) is quite opposite. In the final equation (see (2.11)) the leading
terms, corresponding to the vertical displacement, contain the zero power of the
new small parameter ¢, but the leading terms, corresponding to the tangential
displacements, contain the first power of e.

An extended discussion of the model is presented in the next section.

Math. Model. Anal., 21(5):585-609, 2016.
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5 Numerical results and conclusions

In this section we present a numerical analysis of the algorithm and a discus-
sion of its fundamental peculiarities. We will then address the main question
of this analysis, specifically the importance of accounting for the tangential
displacement of the contact problem, without an assumption of axisymmetry.
We also compare our approximation to the other available results.

In the axisymmetric case (see [8]), it is commonly assumed that the human
bone is approximated by a paraboloid with curvature radius R = 400 mm. We
investigate this case (i.e. with R; = Ry = 400 mm) and also a few other possible
cases with curvature radii Ry = 200, Ry = 300, Ry = 350, Ry = 400 and R; =
300, Ry = 600. Our numerical results are provided for two different cartilages.
They are characterized by the constants (n = 1,2) Hy = s p + 20sn =
0.5 MPa, ps, = 0.25MPa, H, = i‘l =2k, = 2-103mm*N-1s L.
For these two different cartilages the thicknesses are taken to be h, = 1mm
and h, = 0.5mm (where the first thickness corresponds to healthy cartilage).
Finally, the average external load is taken to be F' = 100 N and for the maximal
time of observation we take t = 200 s. These choices for the parameters are in
common with many other papers devoted to the cartilage model (cf., [7], [8],
15)).

5.1 Numerical results

Here we analyze the convergence of the proposed scheme only for the parame-
ters which characterize our solution, namely, 5 — the eccentricity of the contact
zone, b — its smallest semi-axis, § - the indentation parameter, and n — the max-
imum of the function 7n(¢) related to the contact pressure P (see (4.5), (4.6)).
With this we take into account the application goal of this paper.

We have estimated the convergence rates of the parameters for all analyzed
cartilages but present here in Figures 2, 3 only two distinctive cases: large
eccentricity in Figure 2, and small eccentricity in Figure 3.

o
w
a

8 ’ 3
2 031 a A1 c
[ [
] + 0 =
Loz i
s} o
z 02 2
2 Ty 2
T0.15[ .. ]
H B 2
2 0.1 oo, a0 2
Q Xy ++ E Q
50.05F e ]
@ *x *+.% @

049900

0 tige

0 10 20 30 40 50 0 10 20 30 40 50
number of iterations number of iterations

Figure 2. Successive rate of the convergence for the parameters in standard and
logarithmic scale. R; = 300, R2 = 600, left - for h = 1, right - for h = 0.5.

We observe the following features of the algorithm:
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Figure 3. Successive rate of the convergence for the parameters in standard and
logarithmic scale. Ry = 350, R2 = 400, left - for A = 1, right - for h = 0.5.

e it converges more rapidly in the case of larger eccentricity, where even 20
iterations are sufficient to reach the “good” rate;

e the slowest case is the circular contact, where the same rate is reached
after more that 50 iterations;

e the level of the convergence rate for all analyzed parameters (5,b,4,7) is
essentially the same;

e the convergence is the most accurate when considering eccentricity £ (in
comparison with three other parameters b, d,n);

e the worst level of convergence is that found when considering 7.

The results for successive rates of convergence for those cartilages not discussed
in Figures 2, 3 look similarly. As a result, to guarantee the best convergence
we choose to make 50 iterations for further computations.

5.2 Comparison of the results in the case of the circular contact
zone

Here we compare the results of our algorithm, in the case of a circular contact,
with those available in the literature, specifically

e Wu et al (1997) [15], where the axisymmetric contact problem was ana-
lytically solved without accounting for the tangential displacement;

o Argatov-Mishuris (A&M (2010)) [6], where the Wu model was extended
to take tangential displacement into consideration and to estimate its
impact.

In Figures 4, 5 we present for such a comparison the results from [6], [15]
alongside ours (red line).

The following immediate conclusions can be made from these figures: one
term asymptotic expansions do not guarantee that a approximate result will
be very close to the exact numerical solution of Argatov-Mishuris (2010); the

Math. Model. Anal., 21(5):585-609, 2016.
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Figure 4. Comparison of the values of the parameter b in different models; left - for
h =1, right - for h = 0.5.
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Figure 5. Comparison of the values of the parameter ¢ in different models; left — for
h =1, right - for h = 0.5.

results of our model are close enough to previous results to be of the same
order.

Our calculations have been made by taking only the first term of the asymp-
totic expansion. If greater accuracy is required for the computed parameters,
it is necessary to consider at least two terms of asymptotics. In particular,
it can be accomplished using the analytic calculations presented in the paper.
For the purposes of this paper, the above accuracy is sufficient, as will be seen
in the next subsection.

5.3 Comparison of the present approximate solution for the elliptic
contact zone

In this subsection we compare the parameters computed on the basis of our
approximate solution with the exact solution presented in [4]. We note that
the exact result in [4] was obtained for an elliptic contact zone but without
accounting for tangential displacement. Since the only one term approximation
is not particularly accurate we evaluate further on only average characteristics
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like eccentricity S of the contact zone and the indentation parameter . Four
types of cartilages with different eccentricity are analyzed in Figures 6, 7. The
respective relative deviations (or relative errors) are given. The leftmost figures
correspond to the thickness of the cartilage h = 1, and rightmost figures, to
the thickness h = 0.5.

From Figures 6, 7 we can reach the following conclusions:

e the general tendency is the same for all parameters, specifically that the
deviation grows with the ratio Ro/Ry;

e the maximal relative error (20%) for the eccentricity 5 is found for the
radii R; = 300, Rz = 600 and the minimal (less than 1%) for the circular
case;

e the indentation parameter § increases by one order of magnitude for the
largest values of the ratio Ra/R;.
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k= k=
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Figure 6. Relative error for the parameter 8. The base of comparison is our approximate
solution; left - for h = 1, right - for h = 0.5.
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Figure 7. Relative error for the parameter 6. The base of comparison is our approximate
solution; left - for A = 1, right - for h = 0.5.
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5.4 Conclusions

We have developed a new model for the cartilage problem with biphasic car-
tilage layers and elliptic initial contact zone, which account for the tangential
displacement. Although the analysis was done using only the first asymptotic
term, it is clear how to extend it for more terms in asymptotic expansion.

We conclude with the following remarks:

e the proposed algorithm provides a good convergence for the main param-
eters of the considered system;

e the results are comparable in the case of an axisymmetric contact zone
with those known in the literature;

e the computation of the parameters in the case of the circular contact zone
is less satisfactory, since we take only the first term of our asymptotic
representation;

e we have shown that accounting for the tangential displacement in the
realistic case of the elliptic contact is important, and that this effect
must be further analyzed.
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Appendix

Computation of the polynomial ),

In order to determine the coefficients of the polynomial

Qo(z1,22) =1+ q10x1 + qo,122 + 612,036% + q112172 + (Jo,2$§7

we need to compute the normal derivative of the unknown functions p(©) (4.6)
along the elliptic boundary I:

op
on

222 23442
r=Vp W[ =mn(t) (bzl boz :
0 0

) 0.
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Here we take into account the fact that, since the contact domain is an ellipse
(4.4), the tangential and normal vectors to the boundary I" = 942 are given by

= (—ﬁgl’g,xl), = (ml,ﬂgmg). Then, to satisfy the boundary condition
(2.16) the following equation should be valid:

Qolr = 0.
This, in turn, is equivalent to the representation

Qo(z1,22) = (1 - x%/bg - 53353/(73) .

Evaluation of the ellipse parameters

Since )
p(O)(X7 t) = p(()) (1‘171‘2,t) = no(t) (1 - x%/b(Q) - Bgm%/b%) )

(0) 2 2,2 9
op — 20t) (1_5021_50;152)_<_I21>’
D1 R0 0
9%p©) { 2 <1 x? ,883:%) 271 23:1}

:2 —_— _—— — —_—
027 TR BB B b2

we have

Therefore, by straightforward computations, we find that

82 (O) 2 6.’1)2 2 2.’172 a (0) .’L’2 2$2
i i R U ol e )
1 0 0 0 L2 0 0
o 2832\ 9%p© _ 9 288 (] Bl n 2B85wa 2652
B2 ) 02 O 2 22 22 |

Thus, we obtain

52p0 268 2R 6Bl
P —opet) |-50 .
927 ”“){ba+ v ]

Substituting the obtained equalities into the main equation
Golbo, B0, 90) = Ap©(x,8) = pu (Wa(x) = 60(1) ) = 0,

where

2 2 4 2
o - oo () 00 (525)

- i (Ll'/l(xl,xg) — 50 (t))

and taking into account that

Wl(X) = Lpl(xl,xg) = l’? + 6%1’%,
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one concludes that the expression for Gy is represented by a second order
polynomial with respect to the independent variables x1 and x5 in the following
form:

Go(bo, Bos 10, 0%) = go(bo, Bos 1m0, 3©) + q1(bo, Bos no)3 + g2(bo, Bos10) 73

Here the coefficients are defined as follows:

4no
q0<b07607 Mo, 6(0)) = TZS(1+63) - 5(0)7 q1 (b0760a770) b4 (3+50>
0

a2(bo, Bo,mo) = 4noB5 (1 + 355) /b5 — pei.

Auxiliary computation

Taking into account (4.14), we can represent po(x,t) in the form

202 2B%2x2 2321222 Bix
po(x,t) =0 (t) <1 - le - 1712 : 1b41 245 b4 + 1b42> .
1 1 1

Hence, applying the Laplace equation, we get

2451

A6 = n00) (=g 1+ 8 + a3+ 61+ o314 352) ).

Next, by using representation (4.15), we can write p;(x,t) in the form

6 4,2
aqol a29L{T
pi(x,t) = 277(1)(t) (omoacil + agzx%xg + ao4:v‘21 - 0 L b%l 2

2 4732 2 4.2 /32 2.2 432 2.6 /72
— gy To /b — asBir125/b] — axnfiriry /b — a0451$2/bl)
Therefore, we obtain

Api(x,t) = 20D (t)((12a40 + 2a22)27 + (2a92 + 12a04) 73
- (12,81 a0 + 12&22(1 + 61) + 12@04)$1I§/b§

a40(30 + 262) + 2az, o 2a227 + aoa(2 4+ 3057) 4
_ - : zd).

We also use the following representations: ¥;(x) = % + e?az%, j =12
Thus, applying the gradient operator, we simply get

Vi (x) = (221,2¢522) ,  VPo(x,t) = (K™ Vpo(x,-)) (1).

It yields the following representation:

2 2 9 2 212,..2
V(%) - VPy(x,) = —8 (’C_l {"(1) (1 -5 2) (221 + 6255%)]) )
1 1 1 1

=: —8.%?92)0( ) 23?292 2( ) + 8$119470 (t) + 8(1 + 6%)1‘%%‘%9472@) + 86%1‘39474(75).

Here we have introduced the notation 62592, = (IC_l (n(l)bf%/)’%l)) (t).
Combining the above results we obtain the system of equations (4.17)—(4.22).
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