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Abstract. Wear of the hip prosthesis contributes to periprosthetic osteolysis and aseptic loosening after total hip
arthroplasty. The reduction of the wear can increase the prosthesis life in younger and more active patients. A finite-
element model was used to compute contact stresses during a normal gait cycle and the wear was calculated with the
use of the sliding-distance-coupled wear algorithm. In order to study the effect of the acetabular component
orientation, this study considers this component with a bearing of UHMWPE and the femoral head of chrome-cobalt.
The wear was numerically simulated with the acetabular component being oriented to 30° 45° and 60° of lateral
inclination. To study the effect of materials, four tribologic couples of clinic applied materials were simulated:
alumina/alumina, chrome-cobalt/chrome-cobalt, UHMWPE/alumina and UHMWPE/chrome-cobalt, with the lateral
inclination of 45°. The results show wear values very similar for inclination of 30° and 45° and 50% greater to 60° of
lateral inclination of the acetabular component. The wear, considering the materials, increases in the following order:
alumina/alumina, chrome-cobalt/chrome-cobalt, UHMWPE/alumina and UHMWPE/chrome-cobalt.
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1. Introduction

The total hip arthroplasty improves the quality of life of people with arthropathy of the hip and is one of the surgical
procedures with the best relationship cost-benefit in medicine. (Garelick et al, 1998). The surgical indications have
extended to younger patients because of the high confiability and durability of the procedure, with more predictable
results on the medium and long periods. However, the greater phisical activity of young people results in mayor wear of
the contact surfaces of the prosthesis. The tissue response to wear particles contributes a lot to periprosthetic osteolysis
and aseptic loosening, demanding a revision surgery. The reduction of the wear can increase the prosthesis life and,
consequently, avoid a revision surgery, with traumatic conducts, high morbidity and high cost.

The clinic study of acetabular wear rates, with radiographs and retrievals, usually takes years to presents scientific
results. Mechanical simulators of the hip provide information of good quality, but they are very expensive and the time
to complete the tests is long. Alternatively, a computer-based simulation technique, the finite-element mode, is used to
investigate and anticipate the clinical results with the advantage of being less expensive and having the capacity to
simulate variations of different parameters and its combination.

Several works (Queiroz, 1999; Maxian et al, 1996; Patil et al, 2003) validate the finite-element method through
comparison with clinic data. The cited numeric simulation was used to verify the wear rate of the acetabular component
of the total hip prosthesis, with two different approaches, namely, variation of lateral inclination and different couples
of clinic applied materials.

2. Materials and Methods

The computer-based model of finite elements of the total hip arthroplasty is divided in the acetabular component and
the femoral head, which is programmed to perform flexion-extension movements similar to a normal gait cycle.

The acetabular component, rigidly fixed on a previous determined position, was modeled as a concave hemispheric
mesh with internal diameter of 28mm and thickness of 10mm (Fig. 1). The femoral head (Fig. 2) was modeled as a
spheric mesh with 28mm. The clearance between the head and the acetabular was 0,1mm. The finite element method



consisted of 30217 elements and 5295 nodes in pentahedrical elements. The finite element simulation were performed
using the software ANSYS®.

Figure 1. Finite element mesh of the acetabular component

Figure 2. Femoral element mesh of the femoral component

The loads applied to the model in the center of the femoral head corresponded to gait of a patient with a total hip
prosthesis, obtained experimentally at 16 discrete instants (Brand, Pedersen and Davy, 1994) of flexion/extension
movement. The same study presented the hip flexion angle of the patient which provided the calculation of sliding
velocity.

The wear model of this work was proposed by Archard (1953) and modified by Marshek and Chen (1989) and

Maxian et al. (1996) to determine W (8, ) , a matrix representing the wear depth distribution during the gait cycle:

W(0,9) = [ko(8,9,0v(0.9,1)dt ()

where (0, ) is the location of a point on the bearing surface in spherical coordinates; k is a wear coefficient,

0(0,9,1)is the distribution of normal contact stress components; and V(8,9,f) is the sliding velocity at sites of

bearing surfaces.
Equation (1) can be re-written in a time discrete approximation, considering the normal stress distribution constant
in each time interval:

W(6,9) = ZkG,-(G,(P,t,-)S,-(@,W,-) @

where 0,(8,0,1) is the normal stress distribution and s;(6,9,?) is the sliding distance:

5.(0,0,t,)=0w(t,)r0,9) 3)

where 1(8,¢) is the distance to the instantaneous axis of rotation, and V;(f) is the slope of the hip flexion angle at

the 16 discrete instants of the gait cited previously (Brand, Pedersen and Davy, 1994). Our contribution to the Maxian’s
model, which considered the change in the flexion/extension angle between successive instants, was to curve fit the
discrete angular information and derive the slope from the continuous time curve.

This model was used to evaluate the effect of the materials and the lateral inclination of the acetabular component
calculating the wear depth of each node of the contact surface. To compute an one-year period of wear, it was
considered 1 million cycles, estimated value of gait cycles per year by Northfield et al, 1994.



The maximum wear value found among the wear depth of each node was called “linear wear rate”. The volumetric
wear rate of each element the mesh was estimated by the product of contact face’s area of the element and the mean
wear depth of the element’s nodes (vertices). This procedure results in 0.8% of accuracy in the volume calculation,
according to Maxian et al, 1996. The total volumetric wear rate to the acetabular component was the sum of each
element volumetric wear.

2.1. Variation of the Acetabular Lateral Inclination

The numerical simulation of the gait cycle was performed with the acetabular component being oriented to 30° (Fig.
3), 45° (Fig. 4) and 60° (Fig. 5) of lateral inclination and neutral anteversion.

The femoral head was considered a chrome-cobalt alloy, with Young’s modulus of 210GPa and the Poisson’s ratio
of 0,3 (Wimmer et al, 2001). The acetabular bearing was of UHMWPE (Ultra-High Molecular Weight Polyethylene),
with Young’s Modulus of 1,4GPa and Poisson’s ratio of 0,35 (Maxian et al, 1996).

The wear coefficient was obtained through the CTPOD (Circulary Translating Pin-On-Disc) device developed by
Saikko (1998). This laboratory test simulates the realistic wear in a simple way. The value to the chrome-
cobalt/UHMWPE couple is 2,50x10*mm?/Nm and, bovine serum was utilized as a lubricant (Saikko et al, 2001).

Figure 3. Finite Element Model of the Hip Prosthesis with 30° of Lateral Inclination

Figure 4. Finite Element Model of the Hip Prosthesis with 45° of Lateral Inclination

Figure 5. Finite Element Model of the Hip Prosthesis with 60° of Lateral Inclination
2.2. Variation of the Materials
Four tribologic couples were studied: chrome-cobalt/UHMWPE, alumina/UHMWPE, chrome-cobalt/chrome-cobalt,

and alumina/alumina, respectively femoral head/acetabular component. The physical properties of the materials are
presented in Tab. 1. The lateral inclination angle was 45° and neutral anteversion.



To make possible a good comparison among the different couples, the wear coefficient had to be obtained in similar
conditions. All wear factors (see Tab. 2) with the exception of metal/metal couple, were obtained through CTPOD
(Saikko, 1998), with bovine serum as the lubricant. The chrome-cobalt/chrome-cobalt wear coefficient was obtained
from a pin-on-ball test, which had comparable dynamics.

Table 1. Physical Properties of the Simulated Materials

Materials Young’s Modulus Poisson’s Ratio
(GPa)
Alumina 375 0,22
Chrome-Cobalt 210 0,30
UHMWPE 1,4 0,35

Table 2. Wear Coefficients of the Studied Tribologic Couples

Tribologic Couple Wear Coefficient' Reference
(mm®/Nm)
Alumina/ Alumina 5,10x10° Saikko and Karinen, 2002
Alumina/ UHMWPE 1,55x10°° Saikko and Ahlroos, 2000
Chrome-Cobalt/ Chrome-Cobalt 2,06x107 Wimmer et al, 2001
Chrome-Cobalt/ UHMWPE 2,50x10°° Saikko, Colonius and Kerinen, 2001

D' measured at 25°C

3. Results

From the contact stress on the acetabular component in each of the 16 instants of the gait cycle and flexion-
extension angle information, the wear depth was calculated for each node, and then the linear wear rate and the total
volumetric wear rate were calculated.

3.1. Variation of the Acetabular Lateral Inclination

Figure 6 shows the results of tension to the first five instants of the gait cycle discretized considering the acetabular
lateral inclination for 30, 45 and 60 degrees.
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Figure 6. Results for the Contact Stress of the Finite Element Model Simulation Considering the Acetabular Lateral
Inclination for the First Five Instants of the Gait Cycle

30°

Table 3 presents the numerical simulation results with different angles of lateral inclination of the acetabular
component. Figure 7 shows the amount of total volumetric wear rate for the three positions.



Table 3. Wear Simulation Results Considering the Acetabular Lateral Inclination Variation

Lateral Inclination Linear Wear Rate' Total Volumetric Wear Rate
(mm/yr) (mm®/yr)
30° 0,189 30,854
45° 0,173 30,966
60° 0,257 47,413

)+ the maximum wear depth found in the mesh

Volumetric Wear (mm3/yr)
n

Acetabular Lateral Inclination

Figure 7. Volumetric Wear Rate Considering the Acetabular Lateral Inclination
3.2. Variation of the Materials

For each studied tribologic couple, Tab. 4 presents the linear wear rate and the total volumetric wear rate. The
Figure 8 presents the Volumetric Wear Rate considering the Variation of Materials.

Table 4. Wear Simulation Results Considering Materials Variation

Tribological Couples Linear Wear Rate' Total Volumetric Wear Rate
(mm/yr) (mm*/yr)
Alumina/Alumina 0,002 0,198
Alumina/UHMWPE 0,050 6,333
Chrome-Cobalt/Chrome-Cobalt 0,007 0,941
Chrome-Cobalt/UHMWPE 0,173 30,966

(: the maximum wear depth found in the mesh
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Figure 8. Volumetric Wear Rate Considering Materials Variation



4. Discussion

The wear of the contact surfaces results on gradual removal of material between the femoral and component head
acetabular with the particle generation that occurs, a consequence of the cyclical movement between two opposing
surfaces, under tension. The wear particles unchain a cell response that promotes the septic loosening of the total hip
prostheses and revision surgery.

The wear in total hip arthroplasty is complex and multifactorial. During the surgery, the positioning of the
acetabular component and the lateral inclination may modify the wear rate (Chen et al, 1998; Hirakawa et al, 2001;
Patil et al, 2003).

The results found in the wear simulation with the acetabular inclination in 30°, 45° and 60° (Tab. 1) demonstrate
that it did not have relevant alteration of the linear or total volumetric wear rate with the variation of 30° to 45° of the
angle of lateral inclination. Nevertheless, the acetabular position in 60° of lateral inclination presented an increase of
approximately 40% for linear wear rate and of approximately 50% for the total volumetric wear rate comparing to the
other two cases. The clinical radiographic study developed by Patil et al (2003) shows that hip prostheses with lateral
inclination angles bigger than 45° present an increase of 40% for the linear wear rate comparing to smaller angles, in
agreement to this work.

Research on alternative contact surfaces to total hip arthroplasty has the objective to reduce the wear rate and then
increase the life prosthesis, two approaches are being lead: the improvement of UHMWPE with sterilization techniques
(cross-linked types) and the substitution of polyethylene forming new tribological couples. However, the comparison
between the cross-linked UHMWPE types is difficult because there is not a standard to the processing and sterilization
methods, resulting in similar materials but with different properties.

The metal/metal couple is not a new idea, being utilized in early prosthesis. The high wear rates result in the
development of UHMWPE bearings, but scientists attribute now the high wear rates to design and not to material
properties. The improvement in the processing of ceramics became possible its usage in hip prosthesis, in despite of
being a fragile material and with great risks yet, especially in more active patients.

Our study concentrated in chrome-cobalt alloy and alumina against UHMWPE and itself, representing the
tribological couples used in hip prosthesis: metal/metal, meta/UHMWPE, ceramic/ceramic and ceramic/UHMWPE.
The authors do not acknowledge other studies, clinical radiographic studies or laboratory studies, that congregates all
combinations addressed here.

To the chrome-cobalt/UHMWPE alloy, the linear wear rate was 0,173 mm/yr and the total volumetric wear rate
was 30,966 mm3/yr, values inside the possible clinic variation (Livermore et al, 1990).

The combination alumina/UHMWPE presented linear wear rate of 0,050mm/yr and total volumetric year of
6,333mm/yr. Urban et al (2001) had described a medium linear wear rate of 0,034mm/yr in a clinic-radiographic study,
comparable to our value.

In the clinic comparison between the chrome-cobalt and the alumina femoral head, performed by Urban et al
(2001), the linear wear rate for the first one was three times superior of the alumina and a similar proportion was found
in this study.

There is not clinical radiographic study in vivo to metal/metal couple, studies of wear are performed after the
revision surgery, presenting linear wear rates from 0,006 to 0,008 mm/yr (Schmidt et al, 1996; McKellop et al, 1996),
in agreement to this numeric simulation that obtained 0,007mm/yr to chrome-cobalt/chrome-cobalt couple.

Similar to the metal couples, alumina studies are performed only after the withdrawal of the hip prosthesis. Skinner
(1999) presented in his study the linear wear rate of 0,003mm/yr, 30% superior to our study (0,002mm/yr). Our total
Volumetric wear rate was 0,198mm’ /yr, inside the range of clinic values presented by Walter et al (2004) — from 0,02 to
1,15 mm’/yr.

5. Conclusion
1 — The wear rate of the acetabular component increase with lateral inclination above 45°.

2 — In decreasing wear rate order, the tribological couples are: chrome-cobalt/UHMWPE, alumina/UHMWPE,
chrome-cobalt/chrome-cobalt and alumina/alumina.
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