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Analysis of wear of polyethylene hip joint cup
related to its positioning in patient’s body
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Polyethylene parts of endoprosthesis are the weakest parts of each medical implant. They can be worn out within several years.
During this period, a patient can enjoy good physical efficiency until the wear of polyethylene part limits his/her mobility. Then the
reoperation is necessary and positioning of all parts of endoprosthesis has an effect on future patient’s mobility and durability of implant.
Elements of endoprosthesis during exploitation are heavily loaded both by normal and tangential forces and moments. In this paper, the
dependence of wear of polyethylene cup on its positioning in pelvis is the major problem. Wear of the cup is determined by two meas-
ures: the depth and volume of a material rubbed off from the contact surface. The sensitivity of the depth of rubbing off is evaluated
relative to two angles of anteversion and abduction, and radii of the cup. Numerical results are obtained by using Abaqus FE system with
data related to patient’s activity identified on the basis of medical reports.
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1. Introduction

Hip joint endoprosthesis replaces the acetabulo-
femoral joint, which is the joint between the femur and
acetabulum of the pelvis. The primary function of the
joint is to support the weight of the body in both static
and dynamic postures. The dynamic posture is walking,
running or jumping and static one is standing. The joint
is composed of a hip prosthesis made of metal, a metal
or ceramic head and polyethylene acetabular cup.

Hip joint movements and their ranges, which are
preformed by a series of muscles, are listed in Table 1.

A detailed description of the hip joint can be found,
e.g., in [1] and [2]. In this paper, movements of the hip
joint are analyzed using three planes of motion and the
full vector of loading. Previously, two planes and the
resultant vector were used for this purpose, as can be
seen in [3] and [4]. The Coulomb friction model and

the Archard wear equation [5] are applied to evaluation
of wear. The Archard model is based on the theory of
asperity contact and is used to describe sliding wear of
acetabular cup. Numerical results of wear of the poly-
ethylene acetabular cup are obtained using Abaqus
FEA suite of software. Recently the FEM has been
applied to analysis of various phenomena [6]–[8].

Table 1. Hip joint movements and their ranges

Movements Ranges of motion
from the neutral zero

Lateral or external rotation 30° with the hip extended,
50° with the hip flexed

Medial or internal rotation 40°
Extension or retroversion 20°
Flexion or anteversion 140°
Abduction 50° with hip extended,

80° with hip flexed
Adduction 30° with hip extended,

20° with hip flexed

______________________________
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2. Materials and methods

2.1. Contact problem
formulation

The contact problem formulation for two bodies:
a steel head and a polyethylene acetabular cup, is pre-
sented here following [9].

Let us consider two domains: Ω j, j = 1, 2, where
index 1 is assigned to the cup and 2 to the head. The
boundary of each body can be split into three surfaces:
Γ j = .j

c
j

g
j

u Γ∪Γ∪Γ

The displacement field is given on the fraction j
uΓ

of j-body boundary. j
gΓ  is assigned to the fraction of

a boundary where the continuous load g ∈ (L2(Ω j))2

is applied. It is assumed that initially two bodies are
in contact with each other on the common part of
their boundaries .21

ccc Γ=Γ=Γ  The body Ω j is loaded
by forces f j ∈ (L2(Ω j))2. The normal vector n j is
directed outward from the domain Ω j. The friction
coefficient η of the contact surface Γc fulfils the
condition η ≥ 0.

The solution of the two-body contact problem with
the Coulomb friction model consists in evaluation of
displacement field and stress field σ(uj) which fulfil
the following equations and conditions
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where ε (u j) is the linear tensor of displacement, and
D j is the elasticity tensor of the fourth order. Equa-
tions and conditions (1) are completed by the unilat-
eral contact conditions that must be fulfilled on the
contact surface

0])[(,0] =≤ nnn u u[u σ , (2)

where [un] is a drop of the normal component un of
displacement measured in the normal direction to the
contact surface. The condition (2) is also known as the
impenetrability condition. Conditions derived from
Coulomb’s friction law on Γc can be expressed as
follows
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where ][ tu  is a drop of the tangential component of
the displacement rate on the boundary Γc.

The variational formulation of the problem defined
by equations and relations (1), (2) and (3) was pre-
sented by Duvaut and Lions [10] and can be expressed
as follows

)(),(),(),( uvLuujvujuvua −≥−+− . (4)

The inequality (4) is valid for a selected u ∈ K and
every ∀v ∈ K. The following denotations are used
in (4):

1. K is the convex compact cone of permissible
displacements which fulfils impenetrability condi-
tion
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2. a(u, v) is the quadratic form

,))(:)((),(

),,(),(),( 21

Ω=

+=

∫
Ω

duu jjjj

j

εεDvua

vuavuavua

(7)

3. L(v) is the linear operator
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4. j(u, v) is the functional related to the “work of
friction”

Γ= ∫
Γ

du tn

c

|][||)(|),( vvuj σμ . (9)

Operators and functionals listed above are defined
for all u and v which belong to the Sobolev space
(H1(Ω))2.
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2.2. The model of mechanical wear
of acetabular cup

Wear of the acetabular cup is evaluated by using
Archard’s formula, first time proposed in [5] and still
used, where the volume of worn off surface is given by

|||| nf SKV σ= , (10)

where Kf is Archard’s coefficient, S is the slip path,
and ||σn|| is the normal component of stress tensor in
contact region.

Formula (10) at the local point of the spherical cup
can be written in the incremental form

AdhdV Δ= , (11)

where ∆A denotes of element of the apparent contact
surface and dh is the infinitesimal depth of wear de-
fined by the expression

dSKdh nf ||||σ= , (12)

which after integration results in

dSKh
S

nf∫= |||| σ . (13)

Following [11], the depth of the contact surface
wear can be evaluated replacing the norm of vector
normal to the contact |σn| by the product of the contact
pressure pn and the material hardness H

dS
H
pKh

S

n
f∫= . (14)

The coefficient of wear Kf is determined from ex-
perimental tests.

2.3. Discrete model of the joint

Finite element model of the hip joint consist of
two groups of hexagonal finite elements belonging
either to the hip or assigned to the acetabular cup. The
FE mesh is shown in Fig. 1.

Fig. 1. Discrete model of the hip joint endoprosthesis

Material parameters of UHMWPE polyethylene
are given in Table 2 and shown in Fig. 2.

Table 2. UHMWPE material parameters

Young’s modulus
[MPa]

Poisson’s
ratio

Density
[g/cm3]

1240 0.4 0.92

Fig. 2. Stress-strain curve for UHMWPE

Young’s modulus and Poisson’s ratio are identi-
fied on the basis of papers [3], [4], [12]–[15] and
analysis of stress-strain curve shown in Fig. 2. The
maximum pressure on the cup during the normal hu-
man movement ranges between 5 and 8 MPa as men-
tioned in [4], [13], [16]. Such pressure leads to very
small strains, as can be seen in Fig. 2. Following this
observation, Young’s modulus can be assumed as
constant.

The contact problem formulated for the hip joint is
solved for three combinations of materials where in all
three cases the cup is made of UHMWPE and the
head is made either of the CoCrMo alloy or one of
two steels marked as Steel 1 or Steel 2. Internal and
external radiuses of the cup are given in Table 3.

Table 3. Dimensions of the cup

No. Diameter [mm]
1 Din = 22, Dex = 46
2 Din = 28, Dex = 46
3 Din = 32, Dex = 46

Coefficients of wear for a hip joint made of various
materials are shown in Table 4 and were assumed as
constant according to papers [17] and [18]. Results for
various numerical models are compared using the
coefficient of wear given in paper [3]. This coefficient
is related to compression [19], and the relationship is
identified following the “pin-of-disk” method and is
expressed by

84.06102 −−×= σK . (15)
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The material of a head is assumed as rigid and the
only parameter identified for this is the friction coeffi-
cient.

2.4. Boundary conditions

The human gait is observed in three rectangular
planes: frontal, transverse, and sagittal, as is shown in
Fig. 3. The gait data, available from [20] and [21],
were used in our numerical evaluations.

Fig. 3. Human body
and its representative rectangular planes

Deflections of the lower limb from the rest posi-
tion are shown in Fig. 4, where deflections URX,
URY and URZ are measured, correspondingly, in the
frontal, sagittal and transverse plane.

Three components of loading of the hip joint
endoprosthesis are shown in Fig. 5. It is assumed
that the cup is durably fixed to the pelvis. The
Coulomb friction model with constant coefficient is
assumed.

Fig. 4. Deflection of a limb in accordance with gait phase

Fig. 5. Variation of hip joint load in accordance with gait phase

3. Results

Following [4], wear is calculated for ten million
gait cycles by using commercial finite element
Abaqus program. Series of numerical evaluations
were conducted to analyze the influence of two angles
that determine the position of the cup in the patient’s
body on wear of the cup. Numerical results are pre-
sented for three combinations of materials for the
cup–head joint, one value of the anteversion angle of
the cup equal to 20°, and three values of the abduction
angle: 35°, 45°, and 60°. Three internal diameters of
the cup were considered: 22 mm, 28 mm, and 32 mm.

Table 4. Combination of materials of the tribological pair and wear coefficient [3]

Case no. Material
of the cup

Material
of the head

Kf
[mm3/Nm]

Contact
environment

1 UHMWPE CoCrMo 3.5*10–7 NaCl solution
2 UHMWPE Steel 1.81*10–7 Animal blood serum
3 UHMWPE Steel 8*10–7 Animal blood serum
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The biggest wear is observed for the cup made of
UHMWPE with the internal diameter equal to 22 mm
and the head made of steel with the coefficient of
wear equal to 8*10–7 mm3/Nm. The smaller wear ap-
peared for the cup with a diameter of 32 mm and the
same conditions as above.

Results of numerical calculation of wear are shown
in Tables 5, 6 and 7 for various internal diameters of
the cup. Depths of wear are shown in Figs. 6, 7, and 8
and volumes of wear are depicted in Fig. 9, 10 and 11
as a function of the gait number cycles.

It can be noticed from Tables 5, 6, and 7 and Figs.
6, 7, and 8 that the biggest depth of wear occurs for
the smallest internal diameter of the cup for each po-
sition of the cup in pelvis and for each head. The rea-
son of this high wear rate is that the contact area is
smaller and therefore, the contact pressure is the

Table 5. Wear of the cup with internal diameter equal to 22 mm

Diameter [mm] 22

Abduction angle/
Anteversion angle 35°/20° 45°/20° 60°/20°

Wear parameter

Head–cup joint

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

CoCrMo UHMWPE 0.082 31.19 0.079 29.85 0.072 27.28
Steel 1 – UHMWPE 0.041 15.80 0.040 15.41 0.035 13.39
Steel 2 – UHMWPE 0.199 75.81 0.194 74.05 0.177 67.59

Table 6. Wear of the cup with internal diameter equal to 28 mm

Diameter [mm] 28

Abduction angle/
Anteversion angle 35°/20° 45°/20° 60°/20°

Wear parameter

Head–cup joint

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

CoCrMo – UHMWPE 0.045 27.55 0.048 29.71 0.049 30.60
Steel 1 – UHMWPE 0.022 13.71 0.024 14.81 0.025 15.26
Steel 2 – UHMWPE 0.111 68.58 0.118 72.90 0.104 64.41

Table 7. Wear of the cup with internal diameter equal to 32 mm

Diameter [mm] 32

Abduction angle/
Anteversion angle 35°/20° 45°/20° 60°/20°

Wear parameter

Head–cup joint

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

Depth of wear
[mm/year]

Volume of wear
[mm3/year]

CoCrMo – UHMWPE 0.038 30.55 0.038 22.59 0.033 26.38
Steel – UHMWPE 0.019 15.07 0.018 14.75 0.016 13.15
Steel – UHMWPE 0.094 75.78 0.090 72.14 0.082 65.78

Fig. 6. Depth of wear for the head made of CoCrMo
with Kf = 3.5*10–7 mm3/Nm and the cup made of UHMWPE.

Lines are marked by numbers in the following order:
abduction angle/anteversion angle/internal diameter

of the cup
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biggest for the same load, i.e., weight of a patient. It
can also be observed that values of the depth wear for
various materials of the head vary up to 2.74 times
comparing the point corresponding to 10 mln cycles
on lines marked by 45/20/22 in Figs. 8 and 6. But the

ratio of wear coefficients is almost the same and
equals 8/3.5 = 2.28. The biggest difference in wear
measured by the volume of wear at the point corre-
sponding to 10 mln cycles can be observed for lines
marked by 35/20/22 in Fig. 11 and 9.

Fig. 7. Depth of wear for the head made of steel
with Kf = 1.81*10–7 mm3/Nm and the cup made of UHMWPE.

Lines are marked by numbers in the following order:
abduction angle/anteversion angle/internal diameter of the cup

Fig. 8. Depth of wear for the head made of steel
with Kf = 8*10–7 mm3/Nm and the cup made of UHMWPE.

Lines are marked by numbers in the following order:
abduction angle/anteversion angle/internal diameter of the cup

Fig. 9. Volume of wear for the head made of CoCrMo with Kf = 3.5*10–7 mm3/Nm and the cup made of UHMWPE.
Lines are marked by numbers in the following order: abduction angle/anteversion angle/internal diameter of the cup.

Diagrams are grouped according to the internal diameter of the cup. Part (d) is for the comparison of wear
for various internal diameters of the cup
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Fig. 10. Volume of wear for the head made of Steel with Kf = 1.81*10–7 mm3/Nm and the cup made of UHMWPE.
Lines are marked by numbers in the following order: abduction angle/anteversion angle/internal diameter of the cup. Diagrams

are grouped according to the internal diameter of the cup. Part (d) is for the comparison of wear for various internal diameters of the cup

Fig. 11. Volume of wear for the head made of Steel with Kf = 8*10–7 mm3/Nm and the cup made of UHMWPE.
Lines are marked by numbers in the following order: abduction angle/anteversion angle/anternal diameter of the cup. Diagrams

are grouped according to the internal diameter of the cup. Part (d) is for the comparison of wear for various internal diameters of the cup
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Numerical results for the annual average wears of
the cup are compared in Table 8 with experimental
results taken from [3].

Fig. 12. Maps of the volume of wear of the cup
for abduction angle of 45°, and anteversion angle of 20°.

The cup is made of UHMWPE and the head is made of CoCrMo.
The contact diameter is 28 mm

Maps of wear volume for the cup made of
UHMWPE with the internal diameter equal to 28 mm
are shown in Fig. 12 for the angle of abduction: 45°
and the angle of anteversion: 20°, and the head made
of CoCrMo.

4. Discussion

A finite element method was proposed for estima-
tion of wear appearing in artificial hip joint based on
Archard’s wear law. The wear behavior for Archard’s
model depends on contact stresses, sliding distance
and coefficient of wear. It is well known from the
literature that the basic polyethylene wear depends on
several factors, including the patient’s activity level,
diameter of the head and acetabular cup, orientation
of the cup in the pelvis, design and quality of ultra-
high molecular weigth polyethylene, and sterilization
method. Scifert et al. [22] reported the position of the
acetabular cup in terms of abduction and anteversion
angles, which was shown to affect both the range of
motion and stability. The present study demonstrates
that the orientation of the acetabular cup also affects
polyethylene wear in the hip joint endoprosthesis.

Numerical results are presented for one value of
the anteversion angle of the cup equal to 20°, and
three values of the abduction angle: 35°, 45°, and 60°.
Three internal diameters of the cup were considered:
22 mm, 28 mm, and 32 mm. The model used in the
present study was based on Archard’s wear law and
elasto-plastic polyethylene properties. After calculat-
ing contact stresses and sliding distance, the wear

Table 8. Comparison of the annual average depth of wear for cups

Depth of wear [mm/year]
UHMWPE cup combined
with the head made of the

following materials
Clinical trials

Wear of cup measured
on the mechanical

simulator
Wear evaluated in [3]

Wear evaluated by the
authors by using

Abaqus
Diameter 22 mm

CoCrMo – – – 0.079
Steel (1) – – 0.029 0.040
Steel (2) 0.623 0.150 0.111 0.194

Diameter 28 mm
CoCrMo 0.247 0.091 0.037 0.048
Steel (1) – – 0.019 0.024
Steel (2) 0.200 0.108 0.111 0.118

Diameter 32 mm
CoCrMo – 0.053 0.036 0.038
Steel (1) – – 0.021 0.018
Steel (2) 0.320 0.036 – 0.059 0.073 0.090
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depth was calculated and the acetabular surface ge-
ometry was modified to calculate wear for a new gait
cycle.

The wear depths were very similar to those re-
ported by Maxian et al. [23], Hung et al. [3], and
Capitanu et al. [4]. In their study, UHMWPE-CoCrMo
materials were applied for the cup and head compo-
nents. For example, for acetabular cup with a 28 mm
inner diameter that was oriented at 45° of abduction
angle and 15° anteversion angle, Maxian et al. [23]
reported a mean linear wear rate from 0.037 to 0.111
mm/year. In the present study, the mean wear of depth
for the same orientation for abduction angle and dif-
ferent orientation for anteversion angle was 0.048
mm/year. Capitanu et al. [4] reported the mean vol-
ume of wear of 28.17 mm3/year, i.e., 0.047 mm/year.
In the present study, the mean volume of wear was
29.71 mm3/year. With the acetabular abduction angle
increasing the mean wear of depth increased by about
8%, for a 28 mm inner diameter cup and decresed by
about 10% for cups of 22 and 32 mm inner diameter.
Patil et al. [24] reported changing the abduction and
anteversion angles. For example, for the change of
abduction angle from 45° to 55°, the wear of depth
increased by 5% to 8%, depending on the anteversion
angle. Hung et al. [3] presented only one variant of
acetabular orientation in the pelvis, but shown for
three cases of the cup inner diameter and three differ-
ent materials for the head. Numerical results of the
annual mean wear of the cup are compared in Table 8.
The difference between the works presented is related
to the different assumptions made for numerical mod-
els of the hip joint endoprothesis. In the present study,
it was assumed that the forces and the range of motion
are in three planes. Papers [3], [4], [23], [24] were
limited to the resultant force vector and the range of
motion of the flexion/extension plane only. The dif-
ferences in assumptions certainly affect the sensitivity
of results. It is important for numerical models that
errors resulting from numerical calculations be elimi-
nated, which may also affect the size of the depth of
wear.

The finite element analysis is an attractive option
to initially explore the effect of changing parameters,
but should be valid with experimental tests. The finite
element numerical model of wear simulation is an
efficient and inexpensive means of evaluating the
effect of important factors on wear. However, any
significant predictions made by the numerical model
need to be validated. This can be done by using hip
joint simulators in the laboratory and testing actual
endoprosthesis under carefully controlled conditions.
The laboratory model of wear simulation is more valid

than numerical one because it replaces some of the
simplified assumptions with actual experimental con-
ditions. Another challenge for authors is to perform
experiments using a hip joint simulator for valid re-
sults.

5. Conclusions

Wear of the acetabular cup depends on the fol-
lowing factors:

1) surface layers in contact for a cup made of
UHMWPE and a head usually made of steel or Co-
CrMo,

2) friction coefficients and wear of the friction
pair: head–cup,

3) cup positioning in the pelvis measured both by
the abduction and the anteversion angles,

4) the number of gait cycles and patient’s weight,
5) contact area defined by the contact radius and

diameter of contact area related to an internal radius
of the cup,

Depths of wear evaluated by the authors by ap-
plying FE program Abaqus are compared in Table 8
with corresponding measures of wear evaluated either
by clinical experiments or tests conducted on me-
chanical simulators or data taken from [3]. Average
values of wear evaluated by FEM and measured from
simulator tests are similar but unfortunately different
from the data specified by clinical tests. The major
reason of this discrepancy between numerical and
clinical results is poor identification of real patient’s
activity that influences the identification of loading
history. An undefined dynamics of motion could be
another reason of this variance.

Discrepancies between results of clinical experi-
ments and tests of wear either conducted on simula-
tors or generated by FEM calculations can be due to
simplifications applied in phenomenological models,
i.e., material models and material characteristics. In
particular, the ultra-high density polymer (UHMPWE)
is assumed here to be elasto-plastic material with mate-
rial characteristics shown in Table 2 which were identi-
fied following results presented in [3], [4], [12]–[15].

The distribution of compression on the cup surface
evaluated in this paper is similar to that published be-
fore but our paper includes pre-setting of the polyethyl-
ene acetabular cup. Following [3], it is assumed that the
wear coefficient is constant which leads to further dis-
crepancies between numerical and experimental results.
In future investigations of wear the wear coefficient
should be related to the contact stress.
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However, regardless of how difficult the task is,
we are going to improve the identification of the con-
tact surface loading and reevaluate the hip joint con-
tact problem following utilization of data extracted
from clinical tests planned strictly for the needs of our
research.
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