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Interface stresses in the resurfaced hip 
Finite element analysis of load transmission in the femoral head 

The load transmission and interface stresses in the Wagner resurfaced 
femoral head were evaluated for the purpose of studying possible failure 
mechanisms. We found that unnatural stress patterns occur in the head 
and at  the implant-bone interfaces, in addition to regions of stress pro- 
tection in the bone, possibly enhancing interface failure and bone remodel- 
ling. However, these stresses are not higher than those reported for other 
kinds of prostheses, e.g. acetabular cup, tibia1 plateau. From these find- 
ings, together with clinical observations, it is hypothesized that the fem- 
oral surface cup is more sensitive to local loosening than other prostheses. 
This hypothesis would indicate that prosthetic designs should be analysed 
relative to their potential to provoke failure propagation, rather than only 
initiation of mechanical failure and loosening. 

Rik Huiskes 
Pascal H. G. E. Strens 
Jos van Heck' 
Tom J. J. H. Slooff 

Biomechanics Section, Labo- 
ratory for Experimental Or- 
thopaedics, University of Nij- 
megen, P.O. Box 9101, 6500 
HB Nijmegen, and 'Eind- 
hoven University of Tech- 
nology, The Netherlands 

Wagner (1978) suggested that after surface re- 
placement the stress distribution in the prox- 
imal femur would be more physiological than 
conventional intramedullary fixation. In addi- 
tion, it  seemed attractive that the load trans- 
mission across the implant-bone connection 
takes place in compression. 

The purpose of our study was to evaluate the 
3-dimensional load-transfer mechanism and 
the stress distribution in a proximal femoral 
structure with a Wagner surface replacement. 
The results were used as a base for compar- 
isons with clinical and animal experimental 
findings, and to study the nature of the stress 
transfer concept in more detail. 

Material and methods 
The Finite Element Method (FEM) is suited to ana- 
lyse stresses in complex biological structures (Zien- 
kiewicz 1977, Huiskes & Chao 1983, Huiskes 1984). 
The application of this method implies the devel- 
opment of a model which mimics the real structure 
in essential features. These features can be cate- 
gorized into: (a) geometry of the structure, (b) prop- 
erties of the materials involved, (c) properties of the 

Partly presented a t  the 27th Annual Meeting of the 
Orthopaedic Research Society, Las Vegas, Nevada, 
USA, 24-26 February, 1981. 

conncections between the materials and the bound- 
aries of the model, and (d) the loading conditions. Af- 
ter delineation of the model as a geometrical entity 
with appropriate boundary conditions, the model is 
mathematically divided into little blocks or elements, 
connected in nodal points. In the computer simul- 
ation model, the separate elements are assigned ma- 
terial properties (elastic constants), and boundary 
nodes are provided with the appropriate loads. The 
computer program then calculates the strains and 
stresses in the nodal points by solving a set of equa- 
tions. 

A sagittal section of the three-dimensional model 
utilized in the present investigation is shown in Fig- 
ure 1. The coordinate-angle 0 (Figure 1 and 3) de- 
notes the circumferential location of a longitudinal 
plane; 0 = 0"/180" comprises the sagittal plane, and 
0 = 90'7270" the coronal plane. The load F, repre- 
sents the one-legged stance by approximation. F, is 
the resultant force of a distributed load over a cir- 
cular area of the cup, ellipsoidal in contour (Figure 
l a ) ,  with a unit force magnitude (1 Newton). 

Our model comprised the head-neck region only 
(Figure 1). The rationale for such a limitation is two- 
fold. In the first place it is obvious from mechanical 
considerations that the stress-distribution away 
from the head-neck region is not affected by the pres- 
ence of the cup, which was actually once more pro- 
ven experimentally by Oh et  al. (1979) and Shybut et 
al. (1980). In the second place this limitation allows 
for an assumption of axisymmetric geometry with- 
out too great a loss in accuracy. In this case, ring-ele- 
ments can be utilized (Figure lb), and the three-di- 
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Figure 1. A. Sagittal section 
of a model for the proximal 
femur with a surface replace- 
ment according to Wagner 
(1 978). 
6. Finite element mesh for 
the model utilizing axisym- 
metric ring elements. 

mensional solution can be obtained as a superposi- 
tion of two-dimensional analyses, each of which 
represents a term of a Fourier series describing the 
complete three-dimensional external loading config- 
uration. This approach saves computer time and 
space, and hence enables a much finer element mesh 
to be used, thus enhancing the mesh-accuracy. 

We applied 646 6-node axisymmetric ring ele- 
ments (linear stress distribution within an element 
cross-section). The three-dimensional loading and 
stress distribution were described by 11 Fourier 
terms, hence 11 subsequently superimposed 2-D so- 
lutions. 

All stress results were normalized to a unit hip- 
joint force of 1 N. The separate materials were as- 
sumed to be Linear elastic, homogenous and isotropic, 
and the material connections rigidly bonded. Young’s 
modulus of cancellous bone was taken as 2,000 MPa, 
cortical bone as 20,000 MPa, acrylic cement as 2,000 
MPa, and metal as 200,000 MPa. All Poisson’s ratios 
were assumed to be 0.3. 

the same manner as a transverse load on a 
beam is transformed to bending stresses in the 
beam. Above the neutral plane with stress 
(n.p., analog to the neutral line in beam-ben& 
ing) there was increasing compressive (bend- 

Results 

The external force F, (Figure la )  applied as an 
ellipsoidally distributed load over a circular 
area of the cup resulted in a peak compressive 
stress of 1.6 x MPa/N (0.016 Newton/mm2 
stress per Newton applied force) on the exter- 
nal cup (Figure 2). 

Within the cup, the compressive external 
load was transformed to bending stresses, in 
33’ 

Figure 2. Qualitative illustration of the local load-transfer mech- 
anism. The external compression on the cup i3 transformed 
into bending in the cup; the neutral plane (n.p.) with zero stress 
is indicated. Above this plane the cup is in compression, under 
this plane in tension. A part of the load is directly transferred to 
the cement foundation, engendering compressive and shear 
stresses at the cement-cup interface and at the cement-bone 
interface. 
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c_ 5 x 1 0 '  MPolNewton 5 1 0 *  MPoiNewton 

Figure 3 Stress patterns on the bone at the cement-bone interface in subsequent sections through the head, relative to a total hip- 
joint force of 1 Newton The stress-orientations are parallel to the interface but otherwise arbitrary in this case, only in the sagittal 
plane ((3 = O'/lSV) are they directed within the plane itself 
Left Normal, direct stress (compression and tension) Right Shear stress 

ing) stress up to a peak level of approximately 
3.7 x 10 MPa/N. Below this plane we found 
increasing tensile (bending) stress, up to a 
level of about 2.1 x MPa/N. 

Although the cup acts as an elastic buffer, 
part of the external load was transferred di- 
rectly to  the cement foundation (Figure 2), 
where a peak compressive (interface) stress of 
about 9.4 x 10 MPa/N occurred. A second, 
even higher compressive peak stress (15.2 x 
10 MPa/N) on the cement, however, occurred 
on the lateral side, under the cup rim. The 
maximal shear stress a t  the cement-metal in- 
terface (12.7 x MPdN) occurred also in 
this region. The locations of these stress con- 
centrations indicate that a t  least a part of the 
external load is transferred in that region, by- 
passing the central part of the head (stress 
shielding). 

The stress state in an arbitrary point of the 
cement-bone interface can be represented by a 
normal, direct stress component (q), which at- 
tempts to either compress (a, negative) or dis- 
tract (a, positive) the two materials, and a 
shear stress component (t) which attempts to  
shear the materials apart tangentially. The 
patterns of these stresses over the interface 
are illustrated in Figure 3. The patterns are 
shown in 5 sections from 0 = 0" to 0 = 180" 
only, since they are symmetric with respect to 

the sagittal plane; hence the plane 0 = 90" will 
be a mirror image of 0 = 270", and so on. 

The peak compressive stress (Figure 3) oc- 
curred directly under the external load (0 = 
09, and reached about 7.5 x 10 MPa/N. A lo- 
cal peak also occurred in the lateral cup-rim re- 
gion (0 = 0'7, with a value of about 6.2 x 10 
MPa/N. Only very small tensile stresses were 
found. 

The peak shear stresses (Figure 3) occurred 
in the superior cup-rim region, in the sagittal 
plane (0 = O"), and a t  the apex of the head in 
the coronal plane (0 = go"), amounting to 
about 5.5 x 10 MPa/N and 5.9 x 10 MPdN, 
respectively. 

The patterns of Figure 3 again indicate that 
a significant part of the external hip-load is 
transferred to the bone via the superior cup- 
rim region. Whereas in the normal hip the 
greatest part of the load is transferred directly 
through the head to the medial cortex (e.g. 
Brown et al. 1980), in this case the central part 
of the head is partly bypassed, and thus 
"stress-shielded". 
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Figure 4. Typical example of a sagittal section through a re- 
moved femoral head with a surface replacement. 

Discussion 

It is important to appreciate that the concept of 
(Wagner) surface replacement was analysed, 
rather than a particular patient case. The mo- 
del was an idealized representation of an ac- 
tual structure, featuring several simplifica- 
tions and assumptions imperative for the ap- 
plication of the technique. Hence, the stress 
values should be regarded in a relative, rather 
than in an absolute sense. 

Comparable analyses of other surface re- 
placements were reported by Shybut et al. 
(1980), Askew et al. (1984), and Schreiber & 
Jacob (1984). Generally speaking, the trends 
reported here agree with these studies. How- 
ever, both the ICLH and the THARIES models 
exhibited higher stresses in the laterallsupe- 
rior cup-rim region, higher tensile stresses a t  
the mediallinferior interface, and more stress 
shielding in the central head region than 
found in our analysis of the Wagner cup. Al- 
though alternative modelling techniques and 
assumed loading conditions may play a role 
here too, it is probable that these differences 
are a result of the higher flexibility of the 
Wagner cup. 

An example of a removed prosthesis is 
shown in Figure 4, typical for the 28 cases in 
our own material. Generally speaking, drastic 
bone resorption has occurred along the periph- 
eral head-neck region, shown here a t  the me- 
dial and lateral sides. The central bone is usu- 
ally well attached to the cement layer under 

the dome of the cup; sometimes a very thin fi- 
brous layer is present at  the interface. The re- 
maining bone is usually sclerotic on the medial 
side, and osteoporotic on the lateral side, sug- 
gesting massive remodelling in cancellous 
bone. Sometimes, but not always, collapse had 
followed the drastic reduction of the bonded in- 
terface area. An interesting detail is that the 
dement-layer usually remained well fixed to 
the metal. The common trends found in these 
cases make this type of arthroplasty ideally 
suited for analyses of failure mechanisms. 

The stress patterns obtained here (Figure 3) 
were evidently not in agreement with the pre- 
viously assumed physiologic nature of the 
stress transfer in joint-replacement structures 
of this kind (Wagner 1978). The compressive 
stress peaks at  the superior/lateral interface, 
the tensile stresses a t  the inferiodmedial inter- 
face, and the shear stresses over the whole in- 
terface are certainly not natural to the bone. In 
addition, when multiplied by a realistic hip- 
joint force magnitude, e.g. 3 x body weight, 
their peak values indicate an uncomfortably 
low safety factor relative to the interface 
strength data reported in the literature. 
Hence, it seems attractive to explain the rela- 
tively high clinical failure rates reported in the 
literature by the occurrence of high, unnatural 
interface bone stresses in the initial post-oper- 
ative stage and subsequent mechanical failure. 

However, the interface stress magnitudes 
found in this case are not much higher than 
those reported in analyses of intramedullary 
fixed prostheses (e.g. Crowninshield et al. 
1980, Huiskes 19801, or in surface-type fixa- 
tions like the acetabular-cup (e.g. Carter et al. 
1983) and the tibia1 component of the knee 
(e.g. Bartel et al. 1982, Lewis et al. 1982). 
Hence, if femoral surface replacements fail rel- 
atively early due to mechanical factors, these 
factors are probably not so much related to the 
initial, post-operative stress patterns. 

It may be hypothesized, based on these find- 
ings, that failure initiation due to high initial 
stresses is not the significant denominator, but 
rather failure propagation due to a combina- 
tion of mechanical effects (progressively in- 
creasing stresses and micro-motions through 
local failures) and biological phenomena (grad- 
ual interface bone resorption through micro- 
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478 R.  Huiskes el al. 

motions). According to this hypothesis, the rel- 
atively early failure of surface replacements 
would be caused by high sensitivity to interface 
loosening or, in other words, by a lesser “sec- 
ondary” stability when compared to other 
types of replacements. Prosthetic designs 
should perhaps be analysed relative to their 
potential to provoke failure propagation, 
rather than only initiation. 
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