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Abstract. We describe computations of stresscs in the replacement of hip joint using the finite
element method. The construction of the replacement consists of several parts. made of titanium
and is loaded by the weight of human body during walk and tension of the screws. which are
used for mounting lo pelvis bone and the construction logether. We czplain mcthod of mesh
generalion, describe modelling of physical dala and results of lincar elasticity compulations using
different loads.

1 Introduction

The replacement of Lip joint is a complicated construction made of titanium, which consists of
three parts, see Figs. 1 and 2.
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Fig. 1: Scheme of the veplacement consbruction
L
There are cup, upper module with two holders, which contain holes for screwing Lo the pelvis
4 Lone, and lower module with one holder for supporting the pelvis bone. These components

mre mounted together using serews. Spherical enclosure of polyethylene fits in the cup. In this
enclnstive can move the head of the hip joint.
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Stress computation of the hip joint replacement using the finite element method

Fig. 2¢: Lower module

The problem is durability of the construction from load during walk. Therefore we deal mainly
with computation of stresses. In reality, the problem should be studied as a contact problem
with time-dependent loads during walk, however, it would be too complicated. Stress analysis
of the pelvis bone, to which the replacement is mounted. should be considered too.

2  Formulation of the mixed problem of linear elasticity in 3D
(small displacements)

Let © be a bounded domain, f;, 4 = 1,2,3 are densities of volumetric loads, T - and T, are
disjomt parts of the boundary of Q,IN=T= 'y UTy. In classical formulation we search
displacements 4 = (g, 2, u3) satisfving Lame equations

T s . . . :
(A + /1.)a ,IJ AU =f;, =123 Wm0 (summation over index 7)
;0

q U
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with boundary conditions

Tijly = TOi. 1=1,2,3 on F.,—

u; = up;, +=12,3 onl,

| Here ug; denotes prescribed diplacements and Ty; stress vector on the boundary, Ti; Tepresents
| Cauchy stress tensor, given by the Hook’s law, A and j arc Lame coefficients. We suppose, that
they are constant. in our problem.

From this formulation weak formulation can be derived. This represents the basis for the finite
clement method. Existence and uniquencss of the weak solution follows from Korn’s inequality,
see for instance [1]. Problem, discretized using the finite element method leads to the solution
of a large sparse system of lincar cquations in the form

KU =F,

where K is the stiffuess matrix, which is positive definite, F is discretized right hand side and
U 1s the vector of nodal displacements.

In our code we used discretization by isoparametric hexaliedrons with 20 nodes. For numerical
integration of stiffness matrices and right hand sides we implemented Gaussian integration of
order 3. Therefore we integrate polynomials of fifth order in three dimensions exactly.

3 Mesh generation

The construction of the replacement has complicated geometry, consisting of three parts. We
deseribe in more details mesh generation of the most complicated part - the cup. First, we
created inner and outer surface of one block containing one circular hole, see Fig. 3.

Fig. 3a: Inner swiface Fig. 3b: Quier surface

Then, the volume between these surfaces is meshed using the generator and we obtain finite
clement mesh of the block with one circular hole, Fig. 4.
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Fig. 6: Mcsh of the replacement

Finally, all components were connected together, Fig. 6. In regions, where the components are
screwed together, we needed to identify nodes on surfaces under the screwheads, Fig. 7.

Fig. 7: Identification of nodes on sutfaces under the screwhcads
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4 Physical data

Material properties of titanium are preesribed as follows: Young modulus E = 1.128 . 10'! P,
Poisson ratio v = 0.32. First, we considered only load from the weight of human body. F -
2000 N, Fig. 8. Orientation of the load force vector changes during walk, we tried to prescrilye
the worse orientation. Second, we added also surface loads from tightening of the screws. Total
force acting on cach screw was 500 N.

Fig. 8: Load vector from the weight of hwman body

Prescribed total load from the weigt of human body cannot he implemented in the model as
nodal force. It is necessary to determine approximately its distribution on the surface of the cup.
For simplicity, we considred circular region on the cup surface and cosine distribution of loads.
In the centre of the spherical cap, the mtensity of the load is maximal and on the boundary of
the cap the intensity is zero, Fig. 9.

Fig. 9: Distribution of susface loads in the cup

Boundary condition for displacement are prescribed in the following way. The screws are placed
ouly in last two holes of each holder of upper module. By the screws is the replaceinent mounted
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to the pelvis bone. Therefore we prescribe variables on sinfaces of holders under the screwheads
fixed, Fig. 10. The construction of the replacement is also supported by the pelvis bone on

2 small clliptic regions of lower module, where we consider only 1 component of displacement
fixed, Fig. 11.

Fig. 11: Fized variebles - support
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5 Results of numerical computations
We considered the following variants:

L

)

Thickness of holders on upper module (which contain screws, mounting the construction Wy |
the pelvis bone) is 2 mm, loads only from the weight of human body, without titghtening
the screws. Computation of the problem of lincar clasticity lead to maximal von Mises o

stress o7/;1); = 1500 MPa. The highest stress is reached in the notches of the holders,
Fig. 12.
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Fig. 12: Stresses oparn., 0,‘/\}}, = 1500 MPa

‘The problem has 27 586 elements, 462 741 unknowns, maximum front width is 4 803. On
AlphaServer ES47/1000 MHz the computation takes 9 hours of CPU time.

Because the yield point of titanium is about 800 MPa, this high stress is unacceptable and
we had to modify the geometry of the consiruction.

. Thickness of holders on upper module was increased to 3 mm and radiuses of the notches

n the holders were increased and the notchies were made smaller. Loads from the weight
ot human body, without titghtening the serews were considered. Thercfore new mesh had
to be created, Fig. 13.
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Fig. 13: Modified mesh of the replacement

Computation of the problem of lmear clasticity lcad to maximum von Mises stress only
oii¥ = 540 MPa. which satisfied the demands for the strength of the construction.

Fig. 14.
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Fig. 14: Stresses ogagn- i = 940 MPa
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The problem had 33 186 clements, 544 734 unkuowns, maximum front widil was 8406
On AlphaServer ES47/1000 MHz the computation takes 18.5 hours of CPU time

3. We considered same geomelry as in variant 2, but we added loads from tightening of the
screws. Maximal von Miscs stress nearly didn't change and reached also g \},\, = 540 MPu.

6 Conclusion

Linear elasticity computation of stresses of the replacement of hip joint lead to ligh von Mises
stress and therefore the construction had to be modified. After doing the computations witl
the modified construction we succeeded in reaching much smaller stresses, wlich satisfy 1o our

demands. Next step should be (o incorporate stress computation of the pelvis hone logether
with the construction.
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