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The Contact Mechanism, between the Artificial Femoral Head and UHMWPE Cup

the contact mechanism, between the artificial femoral head and uhmwpe cup, in total hip prosthesis
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In the paper, the authors try to evaluate some contact mechanism characteristics at the interface between the hip prosthesis components that allow relative movement (the artificial femoral head and the UHMWPE acetabular cup). The evaluation is made based on some new defined parameters that allow quantification of the effect of different activities on the wear mechanism features and – considering that the wear is one of that phenomena that limits the life of prosthesis – subsequently, the durability of the components of a prosthesis. The evaluation scheme is exemplified by investigating – using FEM – the effects of the loads involved by normal walking activity on an UHMWPE cup of a Total Hip Prosthesis.
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1. INTRODUCTION
The human locomotion is based on the relative movement between some rigid levers – the skeletal bones – acted by some passive and active effectors – the muscles. The joints allow for these relative movements but also transfer the loads from one bone segment to another. The mechanism of transferring the loads is a contact-based one with all features involved by that (friction, wearing etc.). Replacement of a natural joint will subsequently affect this transfer mechanism and will be generally conditioned by it, due to the fact that the components of the prosthesis will need to allow the relative movements specific for the entire area of human activities for a long period. If some activities will be forbidden or highly limited, the level of the patient satisfaction will be low.   

Looking back, from the beginning of arthroplasty until today, we will see that the design of a prosthesis was strongly influenced by the demand enuntiated below. And when, after rehabilitation program, the patient was able to use the artificial joint in almost the same way as the natural one, the attention of the specialists was moved forward to the problematics induced by slow phenomena as wearing, that are found to limit the durability of a prosthesis, and subsequently the lifetime of it. The researchers were focusing on two directions – estimation of the load transfer mechanism by expliciting the frictional contact parameters, and estimation of the correlation between those parameters and the wearing of the components involved in contact.
 In a previous tribological study, the authors shows that there is a strong correlations between the contact pressure and the wear rate [1]. It means that different activities – that will induce different contact pressures – will conduct to different level of wearing. More than that, for the same activity, the contact pressure will vary during different stances of the activity. So, the wearing phenomena will be not a constant rate phenomena, neither for the same activity nor across activities. The issue is even more difficult considering that different activities have different frequencies.
The problem is how to quantify for the same activity or across activities the parameters that influence the wearing phenomena. The authors tried in this study to offer a reliable method for a critical parameter as the conact pressure. This method involve FE analyses of the contact mechanism (in order to estimate the pressure variation during activity) combined with evaluation of specific quantities especially introduced to allow comparison between stances inside an activity and between different activities.
2. THE METHOD

Clinical experience shows that, in the case the revision replacement of the cup due to wearing, that the profile of the contact surface was spherical no more, some areas being more damaged than others. It was obvious that this phenomenon is caused by the unequal distribution of load over the contact surface. 
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Figure 1. Previous studies on the hip joint contact mechanism

(left – Davy et al., 1988; right – Miyanaga et al, 1984)
Previous studies [2] establish the location of the maximal pressure point on the acetabulum, revealing the dependence to the magnitude of the contact force (see Figure 1 – right part). One could see on the left part of the figure, the evolution (location, direction and magnitude) of the contact force determined by experimental methods on a prosthetic femoral head (the experiments are detailed in [3]). 

A good evaluation of the contact force is the first step in evaluation of the mechanical behavior of the contact couple. Usually, this contact force resultant could be evaluated by experiments, it means by conducting gait analyses and recovering the joint force either directly – using some experimental prosthesis [4] – or by calculus, based on inverse dynamics. Unfortunately, this contact force could not offer a good image of the wearing phenomenon due to the fact that for every time stance one will have only one loaded point on the surface – the intersection point between the contact surface and the support of the force vector – and in this point the pressure will be infinite.

Instead of that, by transferring, by intermediate of the contact mechanism, the contact force from the femoral head to the acetabular cup, one could obtain a good estimation of the distribution of the contact pressure, over the entire interface. A good method to do that is performing by FEM a non-linear, dynamic analysis of the contact couple behavior under the loading produced by a specific activity. We used in our study a FE model of a rigid-to-flexible contact between a rigid sphere (that simulates the femoral head of a total hip prosthesis) and a flexible hemispherical cup – assuming elastic behavior of the UHMWPE – having the same geometry as a real one (see Figure 2). 
To validate our assumption of a rigid-to-flexible contact we estimate the contact stiffeness of the two continua that contact each other by the following formula:
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Figure 2. The contact couple model (anterior-superior view)
The material constants for the two continua (used in analysis) are listed below:

             -UHMWPE cup                                             -femoral head
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Using formula (1) one could obtain that the ratio of the stiffness of the two continua is 








[image: image7.wmf].

200

femhead

UHMWPE

g

»

g


which is larger enough to support our assumption.
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Figure 3. The loading diagram during normal walking 

active cycle (Bergmann et al, 2001)
The magnitude and the direction of the contact force was originated by a study performed by Bergmann et al. [4] which estimates using an experimental hip prosthesis the entire field of loading in the hip joint during some routine activities as walking, jogging, climbing stairs etc. In Figure 3, we reproduced the magnitude of the contact resultant force during active cycle of the normal walking, the activity that we choose to exemplify the application of our method. The maxima and minima points (corresponding to "heel strike" and "toe off" stances) are marked on the graph.

Performing the analysis we obtained the dynamic distribution of pressure, it mans that we have for every point on the surface and in every moment the value of the contact pressure. If we denoted with 
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 the contact surface and with 
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 the duration of the active cycle of a specific activity we will have the pressure, as a function of time and position:
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For every time step we will define the maximum instantaneous pressure by:
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Also, we will consider the activity maximum pressure:
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Based on the functions defined before we could evaluate a relative measure of the proximity to the maximum area of pressure named "instantaneous index of pressure":
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For every moment of time we could determinate the level of loading by:
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Obviously, if we mediate over time we will obtain some characteristic measures of the interaction between the contact surface geometrical features and the parameters of the loading cycle. For example we could define the index of proximity as a measure of the tendency of a point on the contact surface to be damaged by wearing:
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(7) 
Practically, this index of proximity shows us how much time from the entire duration of the active cycle, the point that is associated to the position given by 
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 will be close to the trajectory of the contact pole (being in the area subjected to damage by wearing). One could see that this measure give no information related to the level of loading (magnitude of the maximum contact force). So, this index will be suitable only for comparison inside one activity, and not over activities.

When one need to make an evaluation based on different activities, it will be necessary to define another measure that we called the pressure index, given by:
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This index will combine the information related to the proximity of the point defined by position 
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 to the contact pole trajectory with the level of loading. In order to determinate how much an area on the contact surface is likely to be damaged by wearing due to the combination of several activities, it will be enough to add the pressure indexes for those activities in a weighted sum (the weighting coefficients being determined by comparison of the maximum contact force for every activity).
3. THE RESULTS

We performed a dynamic analysis of the contact between a metallic femoral head and an UHMWPE acetabular cup during the normal active walking cycle. One could see in Figure 4 different instances (at different moments of time) of the pressure distribution across the contact surface. The darker areas mark the contact pole vicinity.
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Figure 4. Contact pressure distribution at different instances
In Figure 5 the variation of the pressure for several points located on the contact pole trajectory are plotted. The diagrams for the four points are marked with: 

- "(" – for the point where the contact is initially established;

- "○" – for the contact pole at "heel strike";

- "∆" – for the contact pole at "all foot down";

- "+" – for the contact pole at "toe off".

[image: image26.emf]-4.5

-4

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

0.02 0.12 0.22 0.32 0.42 0.52 0.62 0.72 0.82 0.92 1.02 1.12

Time [s]

Pressure [MPa]


Figure 5. The pressure variation for several points on the contact surface
One could see that the curves, for all chosen points, have a similar aspect to the loading diagram. 

The two new quantities that we defined are functions of position being constant in time. So, instead to plot this measure we choose to plot here (in Figure 6 and Figure 7) the integrand for every index and for some points located on the contact pole trajectory. Furthermore, the integrals that appear in relations (7) and (8) are the area under the diagrams from Figures 6 and 7, the indexes themselves being the median values of those diagrams. 
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Figure 6. The proximity index integrand variation
One could see that the diagrams in Figure 7 have similar aspect with the loading diagram (showing the dependency of the level of loading). 
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Figure 7. The pressure index integrand variation
The proximity index and the pressure index distribution across the contact surface for the analyzed activity (active cycle of normal walking) are plotted in Figures 8a and 8b respectively. One could see that the points where the maxima for the two quantities occur are different. The first maximum shows the point that is more likely to be damaged due to its proximity to the contact pole trajectory; the second one shows the point that is more likely to be damaged due to the higher level of the pressure.
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Figure 8. The distribution of the indexes across the contact surface
       (a – the proximity index; b – the pressure index)
4. Conclusions
Previous studies reveal that is a strong correlation between the wearing rate and the contact pressure. The distribution of the contact pressure was dynamically evaluated by a non-linear FE analysis that simulate the active cycle of the normal walking. In order to evaluate the influence of the contact pressure on the wearing phenomenon, two new quantities are defined: the proximity index – that expresses how a point on the contact surface is likely to be on the contact pole trajectory (considered as the wearing preferred path), and the pressure index – that expresses how a point is likely to carry high level of loading (it means higher wearing rates).
Examining the results one could see that the most solicited part of the acetabular cup is the anterior-superior part, where almost the entire trajectory of the contact pole is defined (see Figure 4).

The maximum value of contact pressure occurs at the "heel strike" stance and the minimum one at the "toe off" stance (see Figure 5) revealing the similarity between the pressure and the loading diagrams. 

The distribution of the two indexes (the proximity index and the pressure index) across the contact surface indicates two characteristics points for the pair defined by the geometry of the contact and the activity level of loading – the point that is more likely to be damaged due to its proximity to the contact pole trajectory; and the point that is more likely to be damaged due to the higher level of the pressure.
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