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Abstract

Computer algorithms are proposed for the estimation of wear appearing in artificial hip joints using finite element
analysis based on the modified Archard’s wear law, contact features and an analogue wear process. A pin-on-disk
plate experiment is reconstructed to assess the efficiency and validity of the algorithms proposed here. Through the
successful verification of wear depth and volume loss of the pin-on-disk plate as well as the artificial hip joint, the
current algorithms provide significant agreement with experiments, clinical measurements and numerical calculations
and are shown to be both valid and feasible. Further investigation into the effect of femoral heads with various sizes
suggests that the larger femoral head may induce larger wear volume but gives a smaller wear depth and that wear
depth and volume loss are apparently nonlinearly related to the femoral head diameter. It is shown that the current
algorithms are useful and helpful in understanding wear behavior for alternative or new designs of artificial hip joints
and even for other analogous structures. © 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

The post-implanted behavior of stems in total
hip anthroplasty is of practical importance in
medical problems. Biological failure may lead to
the loosening of the hip implanted components,

which contributes to osteolytic reactions in the
bone tissue caused by wear debris [1–5]. Wear
debris induced from the surface of the
polyethylene acetabular cup is a major factor
leading to such biological failure [6,7]. Friction
occurs due to the opposite motion of components
in an artificial hip joint and generates worn out
material, which may result in the malfunction of
the prosthesis after long-term use [8].

Generally, studies into the wear of a
polyethylene acetabular cup can be classified into
three categories; clinical investigations, wear ex-
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periments and mathematical analyses. In clinical
investigation, Atkinson et al. [9] used the casting
technique to measure wear of the retrieved
polyethylene acetabular cup sliding against the
stainless femoral head. Livermore [10], Kabo [11]
and Hall [12] measured wear rates by radiographic
and shadowgraph techniques, respectively. Re-
cently, Chen and Wu [13] proposed a new three-
dimensional methodology to evaluate the
penetration of the femoral head by follow-up
anteroposterior radiography. In the wear experi-
ment, various apparatus, such as pin-on-disk/plate
or hip simulators, have been designed to perform
tests under various loading or lubricating condi-
tions [14–16]. In their tests, ultra high molecular
weight polyethylene (UHMWPE) material was
adopted.

In the above two categories, clinical studies
usually take a few retrieved hip joints for investi-
gation and obtain some limited data for reference.
In practice, wear depths and volume losses in the
artificial joint are on three-dimensional behavior
and it is difficult to obtain accurate results from a
single two-dimensional X-ray film. Moreover,
wear experiments are either time consuming or
costly and the loading and boundary conditions
applied to the specimens are often disputable.

For the purpose of imitating wear behavior
appearing in a structure, mathematical analysis is
practically an effective category. In this study,
computer algorithms are proposed for the estima-
tion of wear appearing in artificial hip joints using
the finite element method.

2. Background

Computer simulation techniques are rapidly
growing in their application in biomechanical
fields. As a result of the high efficiency and reli-
able results obtained, studies concerning the esti-
mation of structural wear have focused on the
utilization of computer programs and numerical
methods. In the past few years, Wang et al. [17],
Pietrabissa et al. [18], Jin et al. [19] and Maxian et
al. [20] used the Hertz theorem to calculate con-
tact stresses on the interface and estimate the wear
depth and the wear volume using the simplified

Archard’s model in different forms. The Hertz
contact theorem can be used only for contact
bodies with conformal counterface (contact sur-
face) under steady loadings or static loadings.
However, the contact status between the hemi-
spherical acetabular cup and the ball shaped
femoral head must consider not only the variation
of three-dimensional geometry, but also the differ-
ence in materials. Forces transmitted to the hip
joint are quite complicated and stresses across the
counterface between the acetabular cup and the
femoral head appear discontinuous and may af-
fect the contact status and wear behavior of the
anthroplasty. Therefore, in order to simulate wear
behaviors of a polyethylene acetabular cup accu-
rately, we propose a modified Archard’s wear
formula and history-dependent processes in this
study.

At the beginning of this paper, formulations of
the wear mechanism and contact stresses are in-
troduced. Finite element models of a pin-on-disk
plate and an artificial hip joint are then con-
structed that include the appropriate loading and
boundary conditions. Computational processes
are given next in detail. Results related to wear
depth and volume loss for either the pin-on-disk
or the artificial hip joint are derived and compared
with some other available experimental, clinical
and numerical data. Finally, a summary is given.

3. Design consideration

3.1. Model formulation

3.1.1. Wear mechanism
Studies concerning wear behavior of

UHMWPE sliding against stainless steel have
been performed, for example Atkinson et al. [9],
Wang et al. [17,21] and Wang and Li [22]. Accord-
ing to their descriptions, there are three periods
existing in a sliding wear process: the wearing-in
period, the steady-state period and the severe wear
period. The shear of polyethylene particles on the
interface in the wear-in period produces wear
debris. In the steady-state period, the wear debris
is produced from components of soft material and
adheres to the contact surface of metal to generate
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a transfer film, which may result in the continuous
formation of wear debris by adhesion. Severe
wear, also called the fatigue wear, occurs when
the contact stress exceeds the yielding strength of
the material. It follows that a micro-crack is
initiated on the subsurface and delaminating takes
place under long-term repeated loadings. Gener-
ally, material wear in the first two periods may be
ascribed to abrasion and adhesion, which are the
two dominant mechanisms under normal loading
conditions. This is also true as the polyethylene
component slides against the smooth metal sur-
face repeatedly. The main factors affecting wear
behavior can be summarized as the contact status,
the lubrication condition, material properties and
the wear history. As for the wear rate, many
models and equations based on the wear mecha-
nism have been developed where the wear vol-
umes for different mating components were
derived [23]. Among these models, Archard’s wear
law refers to the combination of effects in the
wear behavior and wear mechanism of the
UHMWPE cup sliding against the femoral metal
of the artificial hip joints. The amount of wear
removed from the polyethylene cup can thus be
assessed by the equation

V=K
Spn

H
(1)

where V is the linear wear volume removed from
the soft material, S is the sliding distance, H is the
hardness of the material, pn is the normal contact
force and K is a proportional constant.

From the viewpoint of macroscopic wear mech-
anism, it can be seen from Eq. (1) that the wear
volume correlates with material properties and
moving activities only. Because components in the
total hip joint prosthesis vary both in material
properties and geometries, the contact status and
wear phenomena must be considered as a three-
dimensional composite manner, which is history-
dependent. In addition, stresses and the wear
depths on the contact surface at the femoral head
are different from those at the polyethylene cup.
So, the above equation cannot be directly applied
to assess the wear volume for such a complicated
structure. Thus, Archard’s wear law must be
modified into an incremental form as

dV=�x�ydh=K
(�dA)dS

H
(2)

where dV is the increment of wear volume, dA=
�x�y is the infinitesimal contact area, dh is the
infinitesimal wear depth, dS is the infinitesimal
sliding distance and � is the normal contact
stresses.

Eliminating �x�y term from both sides of Eq.
(2) gives

dh=kw·� ·dS (3)

where kw=K/H is the so-called wear coefficient
in unit of mm3/N-m, which is a function of the
material properties and the counterface rough-
ness. The wear coefficient can be obtained from
the wear experiment.

Integrating Eq. (3) along the sliding distance St,
the wear depth h at any point on the interface can
be obtained by

h=
�

s t

kw·� ·dS (4)

Eq. (4) can be written into the summation form at
point i as

hi=�kw·�i ·dS (5)

The wear depth at any point on the counterface
can thus be expressed in an alternative form for
an isoparametric finite element interpolation as

hi=�Ni hi (6)

where Ni is the finite element interpolation func-
tion for node i. The corresponding wear volume
removed from the contact surface � is finally
given by

V=
�

�

��
s t

kw·� ·dS
�

·dA (7)

3.1.2. Contact stresses
As described above, the contact status between

the femoral head and the acetabular cup affects
the wear behavior of the anthroplasty signifi-
cantly. The wear depth and volume loss of the
acetabular cup depend not only on the properties
of materials, such as surface hardness, strength,
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friction property etc., but also on the contact
status, such as contact region and corresponding
stresses. Since a dynamic force acts on a body
that is in contact with another, at any time
stresses across the contact surface are discontinu-
ous and the contact region is changed in a manner
that is significant from the point of view of wear.
So, in order to accurately calculate the wear depth
and volume loss of the body, a finite element
approach to solving such interface problems in a
three-dimensional manner is formed next.

Considering two bodies in contact under static
or steady loading conditions, the contact status
can be described in the matrix form of

[K]A{q}A={F}A
ext+{P}A

[K]B{q}B={F}B
ext+{P}B

(8)

where {F} specifies the external force vector, [K]
is the general stiffness matrix of structures, {q} is
the nodal displacement vector and {P} is the
induced contact force over the contact surface.
Subscripts A and B denote structural characteris-
tics for bodies A and B, respectively and super-
script ‘ext’ denotes the external characteristics.

Generally, forces can be transmitted between
independent bodies by fixed connectivity. So, the
contact region between bodies A and B needs to
be simulated with some virtual linkages, called
contact elements [24] here, to overcome this
difficulty. The stiffness [K]c for each contact ele-
ment can be expressed, in the general finite ele-
ment form, as

[K]C=
�

S c

{B}T[D]{B}dSC (9)

where

[D]=

�
�
�
�
�

ks1 0 0
0 ks2 0
0 0 kn

�
�
�
�
�

is the contact elasticity matrix. Coefficients ks1

and ks2 in [D] are the shear stiffness of elasticity
along two orthogonal directions on the point of
contact surface and kn is the normal stiffness of
elasticity on the point of contact surface. [B] is the
stress–strain matrix of the contact element and Sc

is the contact area.

Finally, assemblage of all element stiffness ma-
trices may provide the equilibrium equation for
the composite contact structure as

[K]{q}={F}ext (10)

In the above [K] is the assemblage of [K]A, [K]B
and [K]C described in Eq. (8) and Eq. (9) and
{F}ext is the vector of total external forces.

From results of Eq. (10), we may calculate
stresses on the contact surface for either body.
Then, substitution of such derived stresses into
the wear formula may yield certain wear depths
and volumes for either one.

3.2. Finite element models

3.2.1. The pin-on-disk model
In 1997, Saikko [25] studied wear rates and

wear mechanism of retrieved polyethylene acetab-
ular cups by experimental methods. In Saikko’s
investigation, a circularly translating pin-on-disk
(CTPOD) sliding system was made. The cylindri-
cal pin was made of ultra high molecular weight
polyethylene. The length and the diameter of the
pin were 9.5 and 9 mm, respectively. The end of
the pin was chamfered at an angle of 60°; there-
fore, the initial wear surface was flat with a di-
ameter of 3.0 mm. The disk-shaped plate, with
outer diameter of 30 mm, thickness of 10 mm and
the surface roughness of 0.004–0.005 �m was
made of 316L ASTM F318 annealed stainless
steel. Material properties, such as young modulus
(E) and Poisson ratio (�) were E=0.8 GPa, �=
0.47 for pin and E=190 GPa, �=0.305 for the
disk plate. Load applied to the top of pin was
70.7 N. In Saikko’s experiment, the pin moved on
the stiff plate along a circular route with a diame-
ter of 10 mm and the sliding direction of pin was
thus changed continuously.

In order to assess the validity of the wear
simulations proposed here, we reconstruct a three-
dimensional pin-on-disk finite element model
analogous to Saikko’s CTPOD test. The model
consists of three parts: pin, plate and pin holder,
as shown in Fig. 11. Again, contact elements are

1 All shaded-images in this report are made from FEAST
CAD system coded by the first author.
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added to imitate the interface between pin and the
disk plate.

3.2.2. The artificial hip joint model
In the artificial hip joint model, the femoral

head is made of stainless steel with an outer
diameter of 22 mm, the surface roughness is be-
tween 0.004 and 0.005 �m. The acetabular cup is
made of UHMWPE with an interior diameter of
22 mm and an outer diameter of 50 mm. The
wear coefficient at the interface between hip joint
and acetabular cup is 0.8×10−6 mm3/Nm, which
is the same as that used by Saikko [25] and within

the range declared in most studies [9,26]. Other
material properties are described in Section 3.2.1.
Here, the femoral head is simulated by a hollow
spherical geometry with the interior surface con-
strained and meshed with 866 nodes and 420
hexahedron brick elements. The acetabular cup is
divided into three layers meshed with 1444 nodes
and 1044 hexahedron brick elements. At the pos-
sible contact regions2, such as bone/cup and cup/
head, the element discretization is meshed finely
and the proper number of contact elements is
added. Since the acetabular cup is fixed to the
pelvis bony part, a layer of compact bone, with
Young’s modulus of 17 GPa and Poisson ratio of
0.46, is applied to the outer surface of the acetab-
ular cup. A layer of compact bone is divided into
722 nodes and 348 hexahedron brick elements
(Fig. 2).

The loading conditions depend on the activity
of the hip joints. In fact, the kinematics of hip
joints is quite complicated and difficult to describe
in a mathematical way. From gait analyses, it can
be observed that the main activities of the foot are
flexible and extendable in the walking direction,
while other activities, such as abduction/adduc-
tion and femoral rotation, are negligible [14].
Consequently, we only need to simulate the activ-
ity of flexion and extension of the foot during the
normal gait. For actual walking activities, each
gait consists of two phases: standing and swing
phases. Therefore, forces acting on hip joints are
varied in magnitude with time during the gait
period and can be referred to a dynamic loading.
Saikko [25] measured the load history for each
gait cycle by a five-station hip joint simulator and
declared the maximum force is 3.5 kN and the
swing angle is 23° in the forward and backward
directions for flexion/extension actions for each
gait [14,15]. Here, we divide Saikko’s gait cycle
into 16 load stages and the force acting on the hip
joint for each stage may be obtained (Fig. 3). The

Fig. 1. Solid model with mesh overlay for the assessment of
validity.

Fig. 2. Solid model with mesh overlay of artificial hip joint.

2 A pre-calculation for the combined model without contact
elements under centrally distributed load gives the deformed
shapes of the soft acetabular cup and the hard femoral head.
The cup deformed concave in the central part and convex in
the outer part. The line of inflection of the concave/convex
areas tells the initial contact extent.
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Fig. 3. Forces acting on the hip joint in one gait cycle.

and the choice of appropriate wear model are
critical. The magnitude of forces applied to the
artificial hip joint in every stage of each gait cycle
can thus lead to the real contact status. Therefore,
it is necessary to change the extent of the counter-
face at the acetabular cup and the femoral head
by incorporating wear depth and volume losses
into the model geometry when wear occurs.

Based on the above considerations, the simula-
tion process is considered and illustrated with a
flow chart, as shown in Fig. 5. The system of the
current algorithm is operated as an iterative pro-
cess. Once reaching a designated gait cycle, the
model geometry and the contact region are
modified. The overall programs coded in FOR-
TRAN with 64-bit data precision consist of two
parts: three-dimensional contact stress analysis
and wear assessment. For a three-dimensional
contact structure with different material proper-

Fig. 4. Loading directions for 16 stages in one gait cycle.

Fig. 5. Numerical procedures for wear estimation.

direction of the force applied to the hip joint
model depends on the swing direction of the
femoral head. Fig. 4 shows the relative directions
of these forces applied to the artificial hip joint.
Thus, the loading pressure imposed on the model
for each stage is calculated from the magnitude of
the force obtained and the projected area of the
outer surface of compact bone normal to the
direction of the force. Some 1.5 million gait cycles
were totally applied to the artificial hip joint to
assess the wear depth/volume in this study [20].

4. Computational processes

As stated above, the material wear behavior is
history-dependent. From the reality of the wear
status, the mechanism involved in wear processes
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Fig. 6. Growth of wear depth of pin for six courses.

100,000, 10,000, 1000, 100 and 10, respectively.
For each course, the wear simulation was com-
pletely performed and modification of the pin
model was carried out after reaching the desig-
nated model-modified cycle. Results were ob-
tained, as shown in Fig. 6, for the growth of wear
depths and related data, as listed in Table 1. It
can be seen that if the model modification is not
performed during the simulation, i.e. in the case
of course 1, the wear depth obtained equals
0.16756 mm, which clearly differs from all the
other values in the table. Once the model
modified-cycle is increased, the wear depth will
converge to 0.13716 mm, which is in significant
agreement with the wear depth of 0.13 mm for
one million sliding cycles given by Saikko [25]. It
indicates that the proper designated number of
cycles to modify the wear model is necessary in
the computer simulation. From our detailed in-
spection of the configurations of the pin in the
wear processes, it was found that the wear depth
of the pin is correlated closely with the contact
area. It was also found that the maximum contact
Von Mises stress derived by the current algorithm
is equal to 3.8 MPa, which is well below the Von
Mises yielding strength of 10.8 MPa for a polymer
pin [27]; therefore, plastic strains are hard to
produce at the counterface and the occurrence of
fatigue wear is impossible. These results encour-
age us to investigate further the wear of artificial
hip joints.

5.2. Wear analysis of the artificial hip joint

According to the 16 loading stages for one gait
cycle, we first calculated the normal pressures
applied to the compact bony part for each load
stage. Again, the contact elements were added to
the counterfaces of the bone/cup and cup/head
and 1.5 million gait cycles were executed. The
initial extent of counterface between the acetabu-
lar cup and the femoral head was pre-calculated
as before. Fig. 7 gives the shaded-image of wear
depth on the counterface at the acetabular cup.
The growth of wear depth and volume losses of
the acetabular cups is presented for all gait cycles,
as shown in Figs. 8 and 9, respectively. The wear
depth and wear volume derived here are 0.111

Table 1
Wear depths of pin-on-disk plate model for six courses

Course N* Wear depth (mm)

1,000,0001 0.16756
0.13946100,0002

10,0003 0.13738
10004 0.13718

1005 0.13716
6 10 0.13716

* Designated number of model-modified cycles.

ties, the contact stresses on the interface at struc-
tures can thus be estimated and the wear depth
and the wear volume can also be obtained by
using the current algorithm.

5. Results

5.1. Assessment of �alidity from the pin-on-disk
model

Based on Saikko’s experiment [25], an
analogous pin-on-disk plate model, under a force
of 70.7 Newtons sliding for one million cycles,
was made from hexahedron brick elements for the
assessment of validity of the current algorithm.

In order to understand the effect of the model
modification, we set up six courses with desig-
nated model-modified cycles, say, 1,000,000,
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Fig. 7. Shaded-image of wear depth of acetabular cup.

mm per year and 42.0 mm3 per year, respectively.
Livermore et al. [10] demonstrated a radiographi-
cally observed linear wear rate of 0.13 mm per
year and a volumetric wear rate of 48 mm3 per
year with the same size of femoral head. Saikko et
al. [14] obtained a linear wear rate of 0.15 mm per
year and a volumetric wear rate of 48.9–66.4 mm3

per year for the same size of femoral head by hip
joint simulator. Other numerical results, such as
those obtained by Maxian [20], also showed a
linear wear rate of 0.11 mm per year, but with a
volumetric wear rate of 13 mm3 per year. Note
that Maxian’s volumetric wear rate is much lower
than all others referred to above. Comparison of
wears depths and volume losses of the acetabular
cup with a diameter of 22 mm obtained from
clinical measurements, experimental studies and
numerical methods is illustrated in Table 2. In the
table, although some investigations explored a
larger range of wear rates, it can be seen that the
mean wear depth falls into the range of 0.10–0.15
mm per year and the mean volumetric wear is in
the range of 40–70 mm3 per year. Tables 3 and 4
illustrate wear depths and volume losses for the
femoral head with diameters of 28 and 32 mm,
respectively. Again, the current algorithms may
provide accurate results. It can be said that the
computer simulation algorithm proposed here
yields realistic results and is clearly feasible.

In the study, further explorations allow us to
understand more about wear behavior in the ar-
tificial hip joint, corresponding to different sizes
of femoral head, say, 22, 24, 26, 28, 30 and 32
mm. Wear depths and volume losses on the ac-
etabular cup for these femoral heads using current
algorithms are derived and listed in Table 5. This
demonstrates that the larger femoral head may
induce larger wear volume, but results in a
smaller wear depth. Curves fitted with nonlinear
polynomials for wear depth and wear volume
versus diameter of the femoral head are shown in
Figs. 10 and 11, respectively. The magnitude

Fig. 8. Growth of wear depths of acetabular cup.
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Fig. 9. Growth of wear volumes of acetabular cup.

6. Summary

A finite element method is proposed for the
estimation of wear appearing in artificial hip
joints based on the modified Archard’s wear law,
contact features and a history-dependent process.
Since the wear behavior and wear volume depend
not only on the material properties, but also on
the wear process, the contact surface between
femoral head and acetabular cup is varied in a
three-dimensional manner. Besides, a wear factor
obtained from the experimental test on a specific
hip joint is necessary. Due to the reality of physi-
cal phenomena of structural wear, the appropriate
material/geometry nonlinear processes and wear
mechanism have to be considered. Thus, a proper
stage of modification on the wear model is neces-
sary in the computational process. In this study,
through the validity of pin-on-disk model, the
result shows good agreement compared with the
experiment data reported in literatures. For
femoral head with a radius of 22 mm, the average

of wear depth is obtained using the formula
of (0.298278−0.0117553 D+0.000147321 D2),
while the wear volume is obtained from (−
1.42629+2.22132 D−0.0110269 D2), where D is
the diameter of the femoral head.

Table 2
Comparison of wear depths/volumes of acetabular cup obtained from clinical measurements, experimental procedures and numerical
methods

Algorithm Technique/model Wear volume (mm3/year)Wear depth (mm/year)

Casting technique [9]Clinical measurement 0.005–0.623 (mean: 0.19) 1.9–237 (mean: 74)
Radiograph technique [10] 0–147 (mean: 47.5)0–0.39 (mean: 0.13)

—Radiograph technique [12] 0.1–0.15
55.0Shadowgraph technique [12] 0.20

0.15 48.9–66.4Experiment Hip simulator [13]
Numerical method [20]Others 0.11 13.0

FEM, no model modificationCurrent algorithm 0.109 41.5
42.0FEM, with model modification 0.111

The diameter of the femoral head is 22 mm.

Table 3
Comparison of wear depths/volumes of acetabular cup obtained from clinical measurements, experimental procedures and numerical
methods

Technique/modelAlgorithm Wear depth (mm/year) Wear volume (mm3/year)

0–0.3 (mean: 0.08) 0–225.0 (mean: 48.4)Radiograph technique [10]Clinical measurement
Others Numerical method [20] 0.111 16.0
Current algorithm FEM, with model modification 0.085 52.072

The diameter of the femoral head is 28 mm.
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Table 4
Comparison of wear depths/volumes of acetabular cup obtained from clinical measurements, experimental procedures and numerical
methods

Algorithm Wear depth (mm/year)Technique/model Wear volume (mm3/year)

0–0.32 (mean: 0.10)Radiograph technique [10] 3.0–256.0 (mean: 84.1)Clinical measurement
Experiment 155.3–225.5Hip simulator [13]

0.116Numerical method [20] 18.0Others
Current algorithm FEM, with model modification 0.073 58.417

The diameter of the femoral head is 32 mm.

Fig. 10. Wear depth (d) versus diameter of femoral head (D).

Table 5
Wear depths/volumes of acetabular cup for different sizes of
femoral head obtained using the current algorithm

Diameter of femoral Wear depth Wear volume
(mm3/year)head (mm) (mm/year)

22 42.0400.111
45.63924 0.101

26 0.092 48.901
52.07228 0.085
55.2240.07830

32 0.073 58.417

Fig. 11. Wear volume (v) versus diameter of femoral head (D).

normal walking activity. Wear depths/volumes of
the pin are correlated closely with the contact area
and the maximum contact Von Mises stress is well
below the Von Mises yielding strength for a poly-
mer pin; so, plastic strains are hard to produce at
the counterface and the occurrence of fatigue
wear is impossible. Results of the study also sug-
gest that the larger femoral head may induce
larger wear volume, but gives a smaller wear
depth and that wear depth and volume loss are
apparently nonlinear related to the femoral head
diameter. It can be said that the computer simula-
tion algorithm proposed here yields realistic re-
sults and is clearly feasible. The current
algorithms are useful and helpful in understand-
ing wear behavior for alternative or new designs
of artificial hip joints and even for other
analogous structures. Furthermore, wear behavior
of the artificial hip joints under impact events
caused by exercise or accident may also be ex-
plored based on algorithms proposed here, which
will be reported in other issues.

yearly wear depth is 0.111 (mm per year) and the
average wear volume is 42 (mm3 per year), which
are very close to the results obtained from clinical
measurements and experimental data. On basis of
the results obtained here, it is easy for us to
understand the wear rate on the polyethylene
acetabular cup in an artificial hip joint under
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