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ABSTRACT

We consider mature femoral cortical bone which is in contact with a hip implant having
a rough coating. The bone is assumed to be separated from the implant by a thin layer
of microscopic peaks and valleys formed on the surface of the coating. The size of the
peaks and valleys is very small compared with the macrosize of the implant stem and
bone. This makes the direct application of the FEM for the calculation of the bone–
stem contact problem prohibitively costly. A method is developed that allows deriving a
macrocontact condition on the bone–stem interface. The method involves an asymptotic
homogenisation procedure that takes into account the microgeometry of the interface layer
and the stiffnesses of the bone and the implant material. The macrocontact condition is
then used in a FEM model for the bone–stem contact problem on the macrolevel. The
averaged contact stiffness obtained allows the replacement of the interface layer in the
macromodel by the macrocontact condition. An approximation to the microstresses is
found by two-scale homogenization and can be used for the macrostrength estimation.

1. INTRODUCTION

Treatment for hip osteoarthritis focuses on decreasing pain and improving joint move-
ment. When conservative methods of treatment fail, it is necessary to replace the affected
joint with an artificial replacement called a joint prosthesis. Nowadays there are two types
of hip prosthesis: cemented and cementless. The cementless hip prosthesis, the most re-
cent type, represents approximately 35% of the European market and is regarded as more
promising. The surface of the cementless implant is coated in such a way that the bone is
in direct contact with this surface with the idea that the bone grows into the microvalleys
and pores of the coating to provide enhanced stability and rapid osseointegration.

The aim of the present paper is to investigate the dependence of the bone–implant con-
tact condition on the microgeometry and mechanical properties of the coating. To achieve
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this aim, we develop an asymptotic homogenisation procedure based on the results of
[1–2] and extend the approach of [3–5] to elastic contact problems.

We assume that the contact areas are known, thus confining ourselves to linear prob-
lems. From the mechanical point of view, the contact zones are known only if the micro-
peaks (punches) either have plane summits and equal heights (e.g., are parallelepipeds or
cylinders) or have arbitrary geometry but all free space is filled by bone (i.e., the bone is
in ideal contact with the implant).

We make the following assumptions: (i) the problem is linearly elastic; (ii) the micro-
contact surfaces are known, and consequently, the problem is linear; (iii) either there is no
friction or Coulomb’s friction law is adopted, and hence, the shear stresses at the contact
boundary are either zero or proportional to the normal stress; (iv) the bone and implant
materials are assumed homogeneous; and (v) there is a small parameter, � , the ratio of
the characteristic dimension of the interface irregularities to the characteristic length of
the bone–implant interaction zone, which allows applying an asymptotic homogenisation
procedure.

2. MATHEMATICAL STATEMENT OF THE MICROCONTACT PROBLEM

We consider two contacting domains,
���

(implant) and � �
(bone), as schematically shown

in Fig. 1. The right part of the boundary of
���

is assumed to have a pattern represented
by identical peaks with plane summits arranged periodically with period ����� , where � is a
small parameter and �	� is a characteristic length of the interaction zone. The domain � �
is in contact with

�
�
at the summits. Formally we assume that � �

is a Lipschitz domain
in the � -dimensional Euclidean space; in applications �
��� or 3 but our reasoning and
relations obtained below will be valid for any � . We introduce also a fixed domain ����� �
such that � ��� ����� �

, where � �
is the thin layer containing the peaks of

���
(Fig. 1); the

measure of � ��� � tends to zero as ����� .
Let �
����� � �"!"!"! � �$#&% and '�
����� �(�"!"!"! � �$#&% be the coordinates of a point in ) * # and

those of a point at the contact interface, the hyperplane � � �+� . The microcontact surface
will be defined by , �- �/.(�102) * #43 '�20
,5�76987:<;>=@?BA"CBD �FE ���G, - % � � � �H��I
�('� �5JA � %LK , where
the macrocontact surface ,��M�ON�P6Q.(� 3 � � ���RK �TS �MU and I is a Lipschitz function �	� -
periodic in '� . Furthermore, for the periodicity cell, we introduce the local coordinates V
that are related to � by �4���>V and denote by W the cross section of the periodicity cell by
a hyperplane V � �YXZ;G[]\F^ , i.e., WH�/.(V 3 ��_�VL`�_+�a� ��b �c� �"!"!"! � ��K . The other notation
should be clear from Fig. 1.

Figure 1: Contact domains and some notation

We consider the case where the domains are bounded and periodic boundary (con-
tact) conditions are imposed. For the elastic bone occupying the domain � �

, denote
by �ed �f ` ���5%<%g#&hi# the stress tensor, �ej �f ���5%<%g# the displacement vector, and �Bk f `FlnmB���5%<% the � -
dimensional symmetric 4-order tensor of elastic constants at a point �90o� �

.
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We write out the equilibrium equations and constitutive elastic relations with contact
and boundary conditions:

S d �f ` ���5%S �R` ��� f ���5% � d �f ` ���5% �+k f `Flnm
S j � l ���5%S �am

� �90o� � � (1)

d �� ���5% ��� � '� � � ���	� j �� ���5%�
 � d �f � ���5% ��
�d �� ���5% j �f �� j � � � �90 , �- � (2)

d �f ` �]`����5% ��� � �90 , �U�� S � � U�� j �f ���5% ��� � �o0 S � �� ! (3)

Here, d �� ���5% �Od �f ` ���5% �]`����5% � f ���5% is the normal stress, d �f � ���5% �Od �f ` ���5% �]`����5%	��d �� � f ���5%
are the components of the tangential stress vector, j �� ���5%9� j �f ���5% � f ���5% is the normal
displacement, j �f � ���5% � j �f ���5%�� j �� � f ���5% are the tangential displacements, � f ���5% are the
components of the unit normal to the contact interface, and 
 is the friction coefficient
( 
9��� in the case of pure sliding). The Latin subscripts assume the values from 1 to � .

Relations (1)–(3) represent the strong formulation of the problem, which applies to
smooth domains as well as smooth elastic coefficients and right-hand-side functions (pre-
scribed volume forces, boundary displacements, and tractions). Since we deal with non-
smooth domains and allow nonsmooth functions and intend to adopt the finite element
method for numerical solution, we rewrite the problem in a weak (variational) formula-
tion.

For any test function � f 0�� � �B� � � S � �� % , the solution �ej �f %g# of problem (1)–(3) must
satisfy the following variational equation:�����

k f `Flnm
S j � l ���5%S �am

S � f ���5%S �R`�� �! �#" �$ � � '� � � �%� j �� ���5%&� � �(' � " �$ 
�� � '� � � ��� j �� ���5% j �f �� j � � � f � ���5% �(' �
� ��� � f ���5%&� f ���5% � � ! (4)

3. HOMOGENISATION PROCEDURE AND BASIC RESULTS

Since problem (1)–(3), as well as its variational formulation (4), has two different size
scales on the micro- and macrolevels, it is very difficult to perform its direct numerical
solution. So we intend to reduce the problem to a single-scale problem and then numeri-
cally solve it. For the scale reduction, asymptotic homogenisation was chosen.

We perform the following stages: (i) determine the averaged contact conditions, which
will then be used to replace the contact layer, (ii) calculate the macrodisplacements and
stresses in the domain � with the averaged boundary conditions obtained, (iii) find an ap-
proximation to the microstresses in the boundary layer by a formal asymptotic expansion,
and (iv) insert this approximation into some microstrength condition to predict if fracture
can occur somewhere in the bone under the applied loading.

In equation (4), we pass to the limit as � � � in accordance with the two-scale
homogenisation procedure to obtain for any � �f 0)� � �B� � S � � % the following relation:� �

k f `Flnm
S j �l ���5%S �am

S � �f ���5%S �R`*� �! ,+� W � � ".- � � " $ �i�('� � V&% j �� �B� � '�5% �('0/1� � �� �B� � '�5% � '� +� W � � ".- � � " $ 
��i�('� � V&% j �� �B� � '�	% �('0/ � j �f �� j � � � �f � �B� � '�	% � '�4�
� � � f ���5%&� �f ���5% � � � (5)

where
� W � stands for the measure of the domain W . For details, see Theorem 3 in [3] and

Lemma 5.4 in [2], for the convergence of the surface integrals.
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To the variational formulation (5) there corresponds the homogenized problem in the
strong formulationS d �f ` ���5%S �R` � � f ���5% � d �f ` ���5% ��k f `Flnm

S j �l ���5%S �am
� �o0o� � (6)

d �� ���5% � � �('�5% � j �� ���5%�
 � d �f � ���5% � 
�d �� ���5% j �f �� j � � � �90P,5� � (7)

d �f ` ���5% �]`����5% �+� � �90 S �MU � j �f ���5% �+� � �90 S � � ! (8)

Carrying out calculations, we arrive at the main result, the homogenized normal con-
tact stiffness. We have� �('�5% � +� W � � " $ �i�('� � V&% �('0/ � +� W � � �����	��
�� C�
 - ��� " $�� �i�('� � 'V % � +  � � / I
�('� � 'V&%�
 � � 'V (9)

From the mechanical literature we know that � ��XZ;G[]\F^ for Winkler’s base and � �
���

������� ��� �

�  ������  � �# % ���� 
for the Hertzian base. As an example, we take � ��XZ;G[]\F^ , ) * # ��) * �

,
and derive the effective contact stiffness

�
for two cases of the interface microgeometry:

(i) I � � (system of plane punches). Let the punches be identical cylinders of ra-
dius k � or parallelepipeds of square cross-section with side k � . Then formula (9) yields� ��� � , - � ! � �� , where

� , - � �#" k �

or k �

, k ��� � � k � _ �a� . (10)

(ii) I
� 'V % �
�
k � �1V �

� �2V �
� (system of hemispheres of radius k � ). According to our

assumption, we consider the full contact; otherwise the contact surface is unknown and
the problem becomes nonlinear. Formula (9) gives� ��� � +  $" �Bk ! �a�@% � 
 .

Whenever a solution j �f ���5% of problem (6)–(8) is found, which is a homogenised
macrosolution, we can obtain a corresponding microsolution by asymptotic expansion.
The microsolution will serve to identify fracture regions.

Let ��� be the period of the structure at the interface. We look for a microsolu-
tion j �f ���5% in the form of an asymptotic expansion [3]:

j �f ���5% �&%' ( j �f ���5% if �90o� �
j �f ���5%% �*) f + ��V&% j �+ ���5%� ��, +.- f ��V&% S j �- ���5%S � +  0/���� � % if �90o� � �

where V � � ! � , �c0/� , V 0/� , and � � � � � 6 .(� 3 � _ � � _����&K . Here, �ej �f %g#
is the solution of macroproblem (6) obtained after replacing the contact layer by the ho-
mogenized contact condition (7) with the new normal contact stiffness defined by (9), and
��) + %g#&hi# and �1, +.- l"%g#&hi#&hi# are periodic solutions of auxiliary problems for the periodicity
cell, which are not written out here.

The following approximation to the microstresses in the contact layer � �
can be de-

rived formally as

d �f ` ��� � V&% � k f `Flnm
S ) l + ��V&%S V"m j �+ ���5%% k f `Flnm

S
S V"m�2 , +.- lG��V&%  V +435- l56 S j �- ���5%S � + �87 k f `Flnm9) l + ��V&% S j �+ ���5%S �am  k f `Flnm:, +.- l ��V&% S � j �- ���5%S � + S �am<;  0/���� � % ! (11)

To predict the appearance of fracture regions, we need to use one or another strength
condition for the � -problem (1)–(3):

\>=@?ABA ��� d@CED �ed �f ` ��� � V&%<%T_ d@F ! (12)
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Here d@F is the ultimate stress for the bone, and d CED is the equivalent stress, which can be
chosen in accordance with one of the familiar strength conditions (von Mises or Tresca):

d@CED �ed f `����5%<% �
�

�

� ' lnm ���5% ' lnm ���5% � d@CED �ed f `����5%<% � �����l�� m D � � � � � � �

� d$lG���5%��1d$m ���5% � � (13)

where ' f ` � d f ` � �

� 3@f `Ld$lnl . It can be proved that the macrostrength condition for the
contact layer becomes

\>=@?JABA ".- \>=@?/ A
	 d@CED �ed �f ` ��� � V&%<%T_ d@F � (14)

where d �f ` ��� � V&%P� d �f ` ��� � V&% � � D � . From the practical point of view this means that as
soon as solutions of problem (6–8) and the problems for ) + and , +.- l and are found, the
macrostrength in the boundary layer can be estimated by the last relation.

4. NUMERICAL SOLUTION

In computations, the finite element software package ANSYS was used. The materials
of the implant and bone were assumed homogeneous and isotropic with Young’s moduli�
� ����� � + �G� GPa and

�
� � � C4��� GPa, Poisson’s ratios � � ����� � � ! � � GPa and � � � � C4�
� ! ��� GPa, friction coefficient 
9��� ! � , and normal contact stiffness � �+���G� GPa.

First we considered the microcontact problem for ) + for a unit cell. The geometry of
contact regions is depicted in Fig. 2 and the contact, boundary, and symmetry conditions
are shown in Fig. 3. The implant coating hills were taken to be rectangular parallelepipeds
square in plan with side k
�Y� ! � (here k is dimensionless but typically it ranges between
5 and ���G� 
 m). Due to symmetry, only one eighth of the unit cell was studied. The
corresponding distribution of von Mises stresses is presented in Fig. 4.

Further we considered a macrocontact problem for the axisymmetric bone–implant
system shown in Fig. 5. The femur bone is modelled by a hollow cylinder fully clamped
at the base. The implant is modelled by a solid cylinder whose lower part has the shape
of a frustum of a cone. The radius of the upper part of the cylinder slightly exceeds the
interior radius of the bone, which means that the implant tightly fits into the bone and
the structure is in a prestrained state. The dimensions are shown in Fig. 5. A pressure
of + MPa is applied to the top end of the implant, which approximately corresponds to
half the weight of a patient. By formula (10) we have

� ���Bk � ! � �� %1� � � � GPa for the
homogenized normal contact stiffness.

Figures 6(a)–(d) depict the computation results for the macrocontact problem under
consideration. The axial stress field has regions of increased stresses near the points where
the implant detaches from the bone. These are corner points, where the stem geometry
changes from cylindrical to conical, and points of change of boundary conditions. Mathe-
matically, stress singularities can occur at such points. As one should expect, the maximal
equivalent stresses arise near the contact interface.
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Figure 2: Microgeometry of contact domains

Figure 3: One eighth of the periodicity cell.
Boundary conditions for the ) + -problem

Figure 4: Von Mises equivalent stress in
the periodicity cell, �d CED ��) + ��V&%<% Figure 5: Macrocontact of a bone with a

hip prosthesis

Figure 6: Stress and strain distributions in the macrocontact problem: (a) radial stresses
(frontal view), (b) axial stresses (isometric view), (c) equivalent von Mises stresses, and
(d) equivalent von Mises strains
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