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Abstract. The páper présents the numerical analysis of stress and strain occuring in the 
most wearable parts of hip and knee joint endoprostheses. In the hip joint that would be the 
pair: the head - cup, and in the knee joint: sled - insert. The complexity of the processes 
taking place both in natural and artificial joint make is necessary to conduct the analysis on 
the 3D model and basing on already existing mathematical models. Finite éléments method 
makes it possible to calculate the stress in particular éléments of the tested model.

1. Numerical analysis of stress and strain occuring in the hip joint 
endoprostheses

The finite éléments method enables one to calculate the stresses in respective 
parts of the analytical model.

In available publications there hâve been presented the results of numerical 
analysis of hip joint endoprosthesis in model 2D [1, 2], Due to complexity of pro- 
ceeding equally in natural and artificial hip it is critical to make an analysis in 
model 3D [3, 4],

It is currently very popular to offer endoprostheses with a replacable cap in 
metal casing. This solution allows one to decrease the operating area that the pa
tient has to be subjected to when the endoprosthesis’ parts get worn. The cups and 
casing are most commonly made of the alloy TÍ6A14V and an appropriate insert. 
The replaceable internai element can be made of UHMWPE [5], bioceramics [6] or 
- like in the most recent solutions - double-layer materials [7].

The model is based on dimensions of a real modular cup and endoprosthesis 
head of AESCULAP Corp. offered by Plasmacup SC. A numerical analysis was 
conducted on the ADINA program System 7.5.1. The geometrical model was elab- 
orated basing on measurements of real cups and heads and on data pointed in the 
catalogue by the producer [8]. The solid model was made directly in program 
ADINA System 7.5.1.

Due to difficult modeling of connection „cup casing - bone”, the contact area 
was simplified to a common edge [9]. Technological ho les, which are usually used
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for placing the cap during implantation, were omitted, as they cause stress concen
tration in the observed model.

The discreet model view of the solution being elaborated in shown in Figure 1.

Fig. 1. 1 he discreet model view of the solution being elaborated

The material model of the set „joint head - cup” was elaborated based on avail- 
able experimental tests results concerning mechanical features of bone structures 
and of implantation materials [10-12], Simulations do no cover mechanical aniso- 
tropy non-viscoelasticity of bone tissues.

All cases are considered bone tissue as elastic isotopic material. The analytical 
models covered the following kinds of materials used for production of "head - 
cup” Systems in the hip joint endoprotshesis: titanium alloy TÍ6A14V, alloy 
CoCrMo, ceramics AI2O3.

Strenght parameters of the materials and bone tissue used in analysis are pre- 
sented in Table 1.

Table 1

Mechanical features of biomaterials and bone tissue

Element of the model Young's module [MPa] Poisson's coefficient v
Core bonc 1.7 x 104 0.35

Alloy CoCrMo 2.0 x 105 0.3

Alloy TÍ6A14V 1.1 x 105 0.3
UHMWPE 1.0 x 103 0.4

Ceramics A12O, 3.8 x 105 0.22

The paper présents three discrète models of „endoprosthesis head - cup” system 
for three material collocations:
- Metal head CoCrMo - cup UHMWPE,
- Ceramic head - cup UHMWPE,
- Ceramic head - ceramic cup.
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In all cases on the surface of the contact area between the endoprosthesis head 
and internal surface of cup, the contact éléments hâve been generated of the 3D 
contact type. Each set covered the load respective to the load strength put onto 
endoprosthesis head on the plane XY and equal 600 and 1500 N. The analysed 
model was placed stiffly on the external surface respective to the external surface 
of bone tissue surrounding the implant.

Figure 2 présents the stress pattern ozrof the analysed set for: head CoCrMocup 
UHMWPE.

Figure 3 présents the strain distribution of the analysed set for: head CoCrMo 
cup UHMWPE. Maximum stress values occuring in particular elements of set 
„head - cup - casing - bone” is presented in Figure 4.

Fig. 2. Stress pattem <rzr [MPa] in cross-scction of the analysed set for: head 
CoCrMo - cup UHMWPE, with load 600 Ň

Fig. 3. Strain distribution in cross-section of the analysed set for: head CoCrMo - cup 
UHMWPE, with load 600 N
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Fig. 4. Maximum stress values occuring in particular éléments ol' set „head - cup - casing 
- bone” with load 600 N

Fig. 5. Maximum stress values occuring in particular elements oťset „head - cup - casing 
- bone” with load 1500 N

Figure 5 presented maximum stress values occuring in particular elements of 
set: „head - cup - casing - bone”. Maximum stress values occuring in particular 
elements of set head cup casing is shown in Figure 6.
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Fig. 6. Maximum stress values occuring in particular éléments of set „head - cup - casing 
- bone” with load 600 N

Figure 7 présents the maximum stress values occuring in particular elements of 
set: “head cup casing bone”.

Fig. 7. Maximum stress values occuring in particular elements of set „head - cup - casing 
- bone” with load 1500 N

The obtained results prove that the highest reduced stress values provide the set: 
bioceramic head - bioceramic cup. We should emphasise, that material features of 
cooperating elements cause a spot-butt between the surfaces. The stress is concen- 
trated in the butt point and in the subsurface layer can reach even 3039 MPa with 
a load of 1500 N. The set analysis shows that the stress is concentrated inside the 
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head of endoprosthesis. Due to the contracts between the cooperating surfaces the 
stress is transferred onto the cups.

Much lower stress values were provided by the pair: ceramic head - cup 
UHMWPE. As the butt point of cooperating surfaces is different in this case, the 
obtained stress pattern varies as well. The strain covers a much bigger surface, 
therefore the stress has been transferred to deeper layers, not only onto the cup, but 
also onto its casing.

The lowest stress values were provided by the pair: the CoCrMo alloy head - 
UHMWPE cup. Tn this case, the stress is also transferred through the polyethylene 
cup onto its casing.

In ail of the cases the stress is concentrated in subsurface layer of the endopros
thesis head exactly in the area where the load is put into the set.

As the cup is replaceable and put inside the titanium casing, neither the stress is 
transferred nor are there any displacements from the endoprosthesis to the pelvis 
bone.

The highest strain occured in the coopération between the ceramic head - 
UHMWPE cup. With the highest load, the high strain of the cup was obtained and 
reached 0.084 mm in the surface area. Also deeper layers, like the cup casing suf- 
fered some strain.

The high strain of surface layer was also obtained in the case of polyethylene 
cup cooperating with the head made of CoCrMo alloy.

The otherwise case was of the pair: ceramic head - ceramic cup. The connection 
point between the cup and the casing was strained mostly, as well as was the pelvis 
bone.

2. Geometrical model of knee joint endoprosthesis

The analysed physical model of the knee joint ought to be respective to the real 
set as far as geometrical and material and load conditions are concemed. Ail sim
plifications should enable to conduct numerical simulation and achieve factual 
results.

Numerical analysis of tribological phenomena taking place in artificial joints al- 
lows one to see the wear process of UHMWPE polyethylene insert, used in knee 
joint endoprostheses, basing on a very simple wear model [13-15],

If we want to analyse contact strength or stress occuring in polyethylene insert, it is 
enough to construct a simplified model consisting of a metal sled and a polyethylene 
insert, which will let us settle the required values and analyse the phenomena occurring 
in the friction point of endoprosthesis.

The model presented in the páper consists which of the éléments respective to all 
parts of the endoprosthesis: thigh, tibia, and polyethylene insert.

The analysis was conducted on the ADINA System 7.5.1. based on the finite 
éléments method. ft covered two types of inserts: spherical and fiat.
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The finite elements mesh was built of 3600 cube-shaped éléments of 3D Solid 
type and 4312 nodes.

Geometrical model of sled - spherical insert with the load and finite elements 
mesh is shown in Figure 8. Such discrète models of sleds and inserts were used to 
simulate the performance of polyethylene inserts under mechanical loads.

Fig. 8. Geometrical model of the set sied - spherical polyethylene insert. Finite elements 
mesh, load, degrees of freedom and contact area. General view

The finite elements mesh was built of 3200 cube shaped elements of 3D Solid 
type based on 3982 nodes.

2.1. Data used for numerical calculations

All issues of the stress pattem in the contact area of where the sleds are pressed 
onto the inserts, are based on the assumptions:
- Both contacted parts are made of isotropie material and obey I look's law.
- The used load is close and relative to the one occuring in the real knee joint.

2.2. Material data. The load model

All calculations were conducted for flat inserts made of medical polyethylene 
with higher density (UHMWPE) and thickness: 8 mm. In case of spherical inserts 
the typical ones were considered, offered by endoprostheses producers, with di
mensions similar to flat inserts' of the same geometry.

Boundary conditions, settled for the calculations, are mechanical features of en
doprostheses’ elements as well as mechanical load distribution and values. It was 
assumed, that all materials used for models (medical titanium alloy TÍ6A14V, 
CoCrMo alloy, polyethylene UHMWPE) are linear-elastic and isotropie with con
stant mechanical features. The values of mechanical features, such as the resilience 
module and Poisson’s coefficient are presented in Table 2. Simulations for the 
above cases of loads for given materials’ physical features are set in the table be- 
low.
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Table 2

Mechanical features and density of materials used for endoprostheses

Young module E 
[MPa]

Poisson’s 
coefficient v

Density 
p fkg/m3]

CoCrMo 2.1X105 0.29 8300
TÍ6A14V l.lxlO5 0.3 4500

UHMWPE 1000 0.4 960

The calculations take a standard and simplified model of the system load, where 
the load is put onto the upper surface of endoprosthesis sled.

2.3. Stress and strain analysis for „sled - fiat insert” in the partial 
endoprosthesis and „sled - spherical insert” in the Motta-Callea 
endoprosthesis

The calculations were conducted for partial and total knee joint endoprosthesis. 
The most significant are reduced and contact stresses that occur in particular types 
of polyethylene inserts, due to the fact that the weakest kinematic point of endo
prosthesis is UHMWPE polyethylene.
Contact stress pattern in fiat and spherical polyethylene inserts is shown in Figures 
9 and 10

Figure 11 présents the strain pattern of the material occuring under the surface 
of the fiat polyethylene insert cooperating with the metal sied. The results of nu- 
merical calculations for particular geometrical models are presented in Figures 11, 
12 and 13. The following values were taken for the analysis [16-18]:
- main stresses - (Tl, <t2, (T3,

- reduced stress Hubera-Misesa - ty,.
- components of regulär strain in direction of axis x - sn,

+ <r3 ) - average stress

(1)

where: am
1

~ 3
For spatial (three-axis) state of stress, the stress tensor and strain tensor 

are:



Numerical analysis ot'stress and strain pattern occuring in the contact area ofcooperating ... 139

Cril ^12 &Í3 ffll ff12 ff13

a.J = &21 Cr22 ^23 £y = e21 £22 £23

(T3l <t32 <t33 _
5

_S3\ S32 S33_
(2)

The stress may be presented as:

= Cjjkiski (3)

where Cjjtl is the resilience tensor, defïned as [ 16,17]

E ( 2v A
C,'kl ~ 2(1 + v) + 8,k8ji + 1 _ 2v 8v8ki J (4)

The évaluation of the achieved results was based on stress and strain pattern in 
the section of particular models of endoprosthesis being analysed.

Fig. 9. Contact stress pattern in the flat polyethylene insert. General view of the model. 
The insert is 8 mm trick and coopérâtes with the sied of radius 27 mm; load 1500 N

The conducted calculations prove that the stress is concentrated in the poly
ethylene insert of the endoprosthesis. right under the surface of the contact point of 
both elements, where the area of highest stress is precisely visible right under the 
insert surface. The highest stress pattern is significantly different for flat and spher- 
ical inserts. The obtained tests results, confirming the theoretical thesis, proved that 
contact and reduced values of subsurface stress are higher for a flat insert than for 
a spherical one. Furthermore, the spherical inserts provide steady and equal stress 
pattem both contact and subsurface ones.
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Fig. 10. Contact stress pattern in the spherieal polyethylene insert. General view of the model.
The insert is 8 mm triek and coopérâtes with the sled of radius 27 mm: load 1500 N

Fig. 11. Strain pattern of the material occuring under the surface of the fiat polyethylene insert 
cooperating with the metal sled. The section of the model. Sled of the cross section radius 27 mm;

load 1500N

2.4. Conclusions drawn from numerical simulations of knee 
joint endoprosthesis and concerning the stress pattern 
of the load carried by the implant:

1. If the cooperating surfaces are properly adjusted to each other, and linear 
contact is substituted by a superficial one, the contact stress values are 
significantly lower.

2. Higher contact stress in the subsurface area is caused by a spécifie kind 
of friction pair the a sled - insert type. It is connected with destructive 
mechanism of the material, which delaminates especially in the last phase of the 
process.

3. The tests proved, that polyethylene insert of spherical type significantly 
influences the deerease of stress concentration and its even distribution; the 
conducted simulations confirmed the above.
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