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Abstract- Connective soft tissues at the interface between implants and bone. such as in human joint 
replacements, can endanger the stability of the implant fixation. The potential of an implant to generate 
interface bone resorption and form soft tissue depends on many variables, including mechanical ones. These 
mechanical factors can be expressed in terms of relative motions between bone and implant at the interface 
or deformation of the interfacial material. 

The purpose of this investigation was to determine if interface debonding and subsequent relative 
interface motions can be responsible for interface degradation and soft tissue interposition as seen m 
experiments and clinical results. A finite element computer program was augmented with a mathematical 
description of interface debonding, dependent on interface stress criteria. and soft tissue interface 
interposition dependent on relative interface motions. Three simplified models of orthopaedic implants 
were constructed: a cortical bone screw for fracture fixation plates, a femoral resurfacing prosthesis and 
a straight stem model, cemented in a bone. The predicted computer configurations were compared with 
clinical observations. The computer results showed how interface disruption and fibrous tissue 
interposition interrelate and possibly enhance each other, whereby a progressive development of the soft 
tissue layer can occur. 

Around the cortical bone screw, the predicted resorption patterns were relatively large directly under the 
screw head and showed a pivot point in the opposite cortex. The resurfacing cup model predicted some 
fibrous tissue formation under the medial and lateral cup’rim. whereby the medial layer developed first 
because of higher initial interface stresses. The straight stem model predicted initial interface failure at the 
proximal parts. After proximal resorption and fibrous tissue interposition, the medial interface was 
completely disrupted and developed an interface layer. The distal and mid lateral side maintained within 
the strength criterion. 

Although the applied models were relatively simple, the results showed reasonable qualitative agreement 
with resorption patterns found in clinical studies concerning bone screws and the resurfacing cup. The 
hypothesis that interface debonding and subsequent relative (micro)motions could be responsible for bone 
resorption and fibrous tissue propagation is thereby sustained by the results. 

INTRODUCTJON 

The development of fibrous tissues between implant 

and bone is an important determinant for clinical 
loosening of orthopaedic implants. In many cases 
mechanical factors are assumed to be involved in the 
driving mechanisms of this process (Perren and Rahn, 
1980; Ling, 1986; Brunski et al., 1979; Brunski, 1987; 
Eftekar, 1985; Huiskes et al., 1990; Pizzoferrato et al., 
1991). The problem can be described as a biological 
resorption process of the bone facing the implant, 
sometimes after many years of successful functioning. 
This process can be considered as a replacement of 
interface bone by a soft tissue layer which can easily 
deform under compression and is not capable of 
transmitting shear and tensile stresses. In some cases 
the situation remains stable for a long period of time 
(Brunski et al., 1979: Kozinn et al., 1986) but in many 
cases the process is a progressive one and an extensive 
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radiolucent line around the implant can then be 
observed on a radiograph (Gruen et al., 1979: Strens, 
1986). 

Brunski et al. (1979) studied tissueeimplant interfa- 
ces in functional (loaded) and nonfunctional (un- 
loaded) endosseous dental implants. They found 
fibrous tissue layers around all functional implants 
and direct or nearly direct bone contact around the 
nonfunctional ones. They assumed that relative 
motions between implant and bone early after im- 
plantation cause the fibrous tissue formation, due to 
repetitive loading of the implant. The same was sug- 
gested by Perren and Rahn (1980) and Perren (1983) 
who reported the development of a fibrous tissue 
encapsulation around screws used for fracture fix- 
ation plates. Their results showed a regular pattern of 
resorption around the load-bearing screws, which 
seemed to be related to the amount of relative motion 
between screw and cortical bone. Similar observations 
were reported earlier by Uhthoff and Germaine 
(1977), who described reversible fibrous tissue encap- 
sulation dependent on the motion of the screw. 
Sraballe et al. (1990) studied the effects of micromove- 
ment on bony ingrowth into titanium and hydroxyl- 
apatite-coated implants. Both groups developed 
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a fibrous membrane. although the type of the connect- 
ive tissue in the two cases was different. Bony 
ingrowth without fibrous tissue development was 
found when the implants did not move with respect to 
the bone. 

All above-mentioned experimental studies refer to 
fibrous tissue formation early after implantation. It is 
assumed that this process is affected by a repair mech- 
anism which usually results in the formation of (scar) 
fibrous tissue (Spector, 1988). Perren (1983), however, 
postulated that it is possible that long-term asep- 
tic loosening is the result of the same mechanism. 
Once an implant is not mechanically bonded to the 
surrounding bone, for whatever reason, it can move 
with respect to the bone (micromotion). This repeti- 
tive micromotion can then subsequently lead to soft 
tissue formation between implant and bone, which 
finally results in a clinically loose implant. Similar 
hypotheses were also proposed by Eftekar et al. 
(1985), Ling (1986) and Pizzoferrato et al. (1991). 

Strens (1986) studied the failure mechanism of fem- 
oral resurfacing prostheses in material retrieved from 
28 revised cases. The resorption patterns showed 
a rather consistent configuration, with thick fibrous 
layers under the medial and lateral sides of the cup 
rim. Huiskes et al. (1990) showed that the concept of 
this design is such that (micro)motions, in the sense of 
displacements of the cup relative to the bone during 
repetitive loading, will progressively increase after 
mechanical disruption of the bone-implant contact 
areas under the lateral and medial side of the cup rim. 

Several stress- or strain-related adaptive mechan- 
isms for bone were proposed in the literature. Pauwels 
(1965) assumed that high compression leads to bone 
tissue degradation. Carter (1987) proposed that tissue 
differentiation depends on the magnitudes of the hy- 
drostatic and deviatoric components of the stress ten- 
sor. In this theory it was assumed that a combination 
of high shear and/or hydrostatic tensile stress will 
encourage fibrous tissue formation. Carter (1987) hy- 
pothesized that the latter may be responsible for 
a stable fibrous membrane around orthopaedic 
implants. Cowin (1990) argued that this hypothesis 
needs a correction, since for anisotropic materials like 
bone, cartilage and birous tissue, the hydrostatic and 
deviatoric stress components are coupled. 

In the present study it’is hypothesized that relative 
(micro)motions (displacements) at the interface be- 
tween implant and bone are responsible for bone 
resorption and fibrous tissue interposition around 
implants in the long term, following the ideas of Per- 
ren (1983). This is, in fact, an explanation for aseptic 
loosening. It is assumed that aseptic loosening starts 
with the disruption of the bond between a well-fixed 
implant and the surrounding bone, because of a 
repetitive excessive interface loading. This results in 
(micro)motion between implant and bone, which in 
turn triggers fibrous tissue formation (Eftekar et al., 
1985; Ling, 1986; Pizzoferrato et al., 1991). The aim of 
this study is to find out if the development of a fibrous 

tissue and its usually nonuniform proliferation can be 
explained exclusively by this hypothesis. For this pur- 
pose a method is developed whereby the amount of 
bone resorption and the relative motions can be inter- 
related quantitatively. The approach uses the finite 
element method (FEM) integrated with simulation 
models, whereby the fibrous tissue growth is repres- 
ented in an iterative feedback process, similar to those 
developed, for studying and predicting adaptive bone 
remodeling phenomena (Carter, 1987; Huiskes et al., 

1990). 

METHODS 

A hypothetical scheme of gradual interface disrup- 
tion and subsequent bone resorption is shown in 
Fig. 1. The initiator of the process is interface disrup- 
tion, shown in the upper loop of Fig. 1. An 
implant-bone configuration can be characterized 
mechanically by its geometry, material properties and 
interface (bonding) conditions between the different 
components. Loading of such a configuration gener- 
ates stresses at the interfaces between implant and 
bone. When the interface stresses exceed the strength 
of the bonding, interface disruption or debonding will 
occur locally. The interface conditions then change 
and a new stress distribution is obtained at the inter- 
face. At the locations where interface disruption oc- 
curred, the two debonded materials can now move 
relative to each other. We hypothesize that if these 
relative motions exceed a certain threshold level, they 
will affect the osteoblastic and/or osteoclastic activ- 
ities of the adjacent bone and provoke interface-bone 
resorption. The resorbed bone is then replaced by 
a soft fibrous tissue; hence, the interface conditions 
change. The latter process is governed by the lower 
loop in Fig. 1. 

In order to obtain quantitative predictions of these 
processes, mathematical formulations of the two feed- 
back control systems are required. For the disruption 
or debonding loop a strength criterion as presented by 
Stone et al. (1983) was used. They determined a multi- 
axial (Hoffmann’s) failure criterion for cancellous 
bone, which can be described by an ellipsoid for 

three-dimensional or an ellipse for two-dimensional 
cases. We assume a similar debonding criterion for the 
implant/bone interface. Figure 2 shows an ellipse 
describing the interface strength of the implant/bone 

Load Interface disruption 

Geometry 

I--,I- 

Stresses -5, Strength 

Material properties 
Interface conditions Relative motions-t Resorption 

threshold 

Interface resorption 9’ 

Fig. 1. The hypothetical scheme of the aseptic loosening 
process, whereby the interface bonding characteristics and 
the thickness of the intermediate fibrous tissue layer can 

successively change. 
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compression 0, tension 

Fig. 2. Failure criterion for the implant-bone interface. 

Within the shaded area the interface bond stays intact. 

interface. A combination of interface normal and 
shear stress values outside this ellipse provokes a fail- 

ure of the bond. Hence, iri mathematical terms, inter- 
face failure will occur if 

with u and 7 the actual normal and shear stresses, 
respectively, and co, u, and 7,, constants as shown in 
Fig. 2. 

The resorption feedback loop is governed by a 
hypothetical mathematical expression, relating the 
rate of local bone removal to the local relative tangen- 
tial and perpendicular (micro)motions at the interface, 
relative to the thickness of the intermediate fibrous 
tissue layer. Although it was often suggested that such 
a relationship does exist, a quantitative relationship 
based on experiments cannot be found in the litera- 
ture. We propose a relationship whereby the growth 
rate dh/dt of the fibrous interface layer, with thickness 
h (Fig. 3), depends on relative motions expressed in 
terms of the strains within this layer, according to 

dh 
dt=(‘ij&ij. 

where dh/dt is the rate of bone resorption perpendicu- 
lar to the interface, Eij the actual strain tensor in the 
soft tissue layer and cij a matrix of constants. The 
strains in the fibrous layer may become extremely 
large, relative to physiological bone strains, since the 
fibrous tissue layer is extremely flexible (Hori and 
Lewis, 1982; Weinans et al., 1990). The resorption 
threshold as proposed in Fig. 1 is not used or can be 
regarded as taken to be zero in this approach. In the 
two-dimensional model presently applied (Fig. 3), 
a local coordinate system is defined, with the n(or- 
mal)-axis perpendicular to the implant contour, and 
the p(arrallel)-axis tangential to the contour. Accord- 
ingly, we define the direct strains E, and c,in the layer, 
and the shear strains, E.~=E~~. The out-of-plane strain 
is assumed to be zero (plane-strain state). Locally, the 
(elastic) displacements of implant relative to bone are 
denoted by Au, perpendicular and Au, tangential to 
the interface. The amount of bone resorbed and re- 
placed by fibrous tissue during time period At is Ab. 

_ interface 

Fig. 3. Interface layer with implant at the left and bone at the 

right. The coordinates n-p are taken parallel and normal to 
the interface. The thickness and growth of the interface are 

expressed by h and Ah. respectively. 

We use the approximations E, = Au. Jh, 
E.~=E~~=AuJ~. cp= --YE,= -vAu,/b, where v is 
Poisson’s ratio. These approximations are reasonable 

when the interface layer is relatively thin (Weinans et 
al., 1990). After forward Euler integration of equa- 
tion (2) and substitution of Au, and Au, for the strain 

components, we may write 

Ab=(c,&. +CpEp+~.p”.p+ c&JAt 

At, 

with h the thickness of the fibrous layer and Ar the 
time step. Since no quantitative experimental 
information is available concerning this assumed rela- 
tionship, we have chosen 1.0 mm/time-unit for the 
constants c’ and c”. which can be considered as pre- 
liminary values for the hypothesis. 

Equations (1) and (3) were incorporated into the 
FEM code (Marc Analysis Corporation, Palo Alto, 
CA). The fibrous tissue layer was modeled as a nontin- 
ear elastic foundation. Special elements, introduced 
earlier, described the nonlinear contact conditions 
and the nonlinear material properties of the fibrous 
tissue layer (Weinans er a/., 1990). The resistance of 
the layer to tension and shear is assumed to be negli- 
gible (Hori and Lewis. 1982). For compression we 
assume (Fig. 4) 

(cT,I=25.0 L-1 
c ,(I -l&IT > 

( -1 <&,<O; (4) 

hence, the initial stiffness (do/dE for E=O) is 100 MPa 
(Weinans et al., 1990). The initial thickness ofthe layer 
is taken as one micron, representing direct bone- 

implant contact. Before debonding of the interface, 
the layer is assumed to be extremely stiff in all direc- 
tions, simulating complete bonding. The nodal forces 
transferred by the interface layer, and calculated in the 
FEM analysis. are expressed in terms of normal stress, 
u”, and shear stress, F~ (Weinans et al., 1990). These 
stress values are used to control the failure mechanism 
of the interface bond according to equation (1). A dis- 
ruption of the interface bond changes the bonding 

EM 26:11-E 
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Fig. 4. Nonlinear material properties for the intermediate 
layer in compression. 

conditions from linear to nonlinear contact (only 
compression forces to be transmitted) and nonlinear 
material properties as assumed for a soft tissue layer 
of one micron thickness [equation (4)]. Depending 
upon the amount of relative displacements [equa- 
tion (3)], the nodal points of the bone, facing the 
interface, are relocated in the direction of the bone, 
perpendicular to the interface (Fig. 3). This implies 
that the soft interface layer grows and the overall 
stiffness of the layer in compression reduces. The 
relocation of the bone interface nodes also changes 
the geometry of the bone. In the next iterative step, 
new interface stresses and relative displacements are 
determined and subsequent bone resorption and 
fibrous tissue development may occur. The process is 
solved in an iterative procedure, using constant time 
steps, as shown in Fig. 5. In each iterative step, the 
nonlinear contact and material conditions of the soft 
tissue layer are solved first in an iterative New- 
ton-Raphson subprocedure. The second iterative sub- 
procedure concerns the failure criterion, based on 
Fig. 2 and equation (1). When this procedure is 
solved, the third procedure, governing the resorption 
rule of equation (3), is applied. The simulation process 
continues until it stabilizes or proliferation to clinical 
loosening is evident. 

The method was used in three simplified bone- 
implant configurations, using two-dimensional finite 
element models with isoparametric, four-node, 
plane-stress elements. The first model [Fig. 6(a)] 
simulates a cortical-bone screw for fracture-fixation 
plates, similar to the configuration studied by Perren 
(1983) and Perren and Rahn (1980). The constants oo, 
oar and ro, used in the failure criterion governed by 
Fig. 2 and equation (I), were all taken as zero, repres- 
enting an unbounded interface connection from the 
beginning, transmitting compressive stress only. 
A side plate, connecting the periosteal sides of the 
cortical bone, was used to account for the three- 
dimensional integrity of the structure. The second 
model concerns the fixation of a femoral resurfacing 
prosthesis [Fig. 6(b)], with spanning elements to 
model the three-dimensional rigidity of the cup 

(Huiskes et al., 1990). The parameters in the failure 
criterion were chosen in this case as ao=2.0 MPa, 
Q, = 1.0 MPa and 7. = 2.0 MPa. The latter two models 

I+-= load 

t failure criterion 
eauation (1) failure J 

Fig. 5. The chain of events i‘n the iterative computer 
procedure. The first iterative procedure solves the nonlinear 
contact conditions and the nonlinear material properties 
(Weinans et al., 1990). A second iterative loop represents the 
propagation of debonding of the interface (Fig. 2) and, 
finally, the third loop describes the layer formation, whereby 
the geometry of the finite element mesh is updated in each 
iteration. When the third feedback loop slows down. a new 

‘stable’ end configuration is obtained. 

are compared with experimental configurations, as 
mentioned in the Introduction. 

The third model consists of a straight stem, 
cemented into a straight bone and loaded in pure 
bending [Fig. 6(c)], as a simple model of intramedul- 
lary fixation as in the femoral component of total hip 
arthroplasty. Again a side plate was used to account 
for out-of-plane cortical bone (Huiskes, 1980). The 
constants used in the failure criterion were now taken 
as a0 = 5.5 MPz, a, = 2.5 MPa and 70= 8.0 MPa, 
assuming a stronger bond between cement with intra- 
medullary cancellous bone as compared to the bone 
of the femoral head in the previous example. The 
cement-bone bonding values were selected rather ar- 
bitrarily, but similar to literature values in order of 
magnitude (Kolbel et al., 1978; Krause et al., 1982). 
The loading conditions in the three examples are 
indicated in Fig. 6 and should be considered as a re- 
petitive loading variation between zero and the ap- 
plied load. 

RESULTS 

As could be expected, the predicted amount of 
interface resorption was highly dependent on the 
actual values chosen for the parameters in the inter- 
face disruption and resorption rules [equations (1) 
and (3)], and the external loads applied on the im- 
plants in the models. In the present analyses, these 
parameters were selected in such a way that the end 
configurations were found in a realistic range, and 
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Fig. 6. (a) Finite element model of a screw fixed in the bone cortices. The elastic moduli are taken at 
200,000 MPa for the screw and 17,000 MPa for the cortical bone of front and side plates. (b) Finite element 
model of a femur head with a resurfacing cup. The cup was made out of beam elements, indicated by the 
thick lines (Huiskes et al., 1990). Three different moduli were used in the model: 17,000 MPa for the cortical 
bone in the medial and lateral femoral neck (dark shaded), 550 MPa for the cancellous bone in the center of 

the head (light shaded) and 400 MPa for the remaining cancellous bone (white). (c) Simple finite element 
model of a cemented stem in the femoral medullary canal. The elastic moduli were taken at l7,ooO MPa for 

the cortical bone. 3000 MPa for the bone cement and 200,000 MPa for the stem. 

reasonable similarity with experimental data could be 
obtained. 

Corticul smw model 

Bone resorption and subsequent fibrous tissue 
deposition around the screw was found to be quite 
severe. The resorption patterns were more extensive in 
the cortex directly under the screw head. A kind of 
pivot point developed in the opposite cortex, in- 
dicated in Fig. 7(a). These result are very similar to 
experimental ones, of which a typical example is 
shown in Fig. 7(b) (Perren, 1983). 

It should be noted that the interface is assumed to 
be unbonded. Hence, in the initial state all interface 
nodal points of the implant can move with respect to 
the bone. Thus, resorption can take place along the 
whole interface, directly from the first iteration. After 
ten iterative steps in the ensuing resorption procedure, 
proliferation seemed evident and the simulation was 
terminated. Hence, Fig. 7(a) does not represent a 
converged end configuration. 

Resu$zcing cup model 

This simulation shows that debonding and sub- 
sequent bone resorption and fibrous tissue deposition 
can strongly affect and amplify each other. They are, 
in fact, interrelated by the feedback system as pres- 

ented in Fig. 5. The loosening process of the cup 
started under the medial cup rim, where the interface 

stresses were maximal, as shown in Fig. 8(a). The 
debonding and resorption processes then continued. 
amplifying each other, and proliferated until the simu- 
lation was terminated after 12 increments. The final 
shear and normal stress patterns at the interface are 
close to zero under the loose medial and lateral cup 
rim and having peak values at the rim of the bonded 
area as shown in Fig. 8(b). The predicted resorption 
patterns of the simulation showed a medial resorption 
which was more extensive than the lateral one 
[Fig. 9(a)]. This is similar to what was found in a 
clinical retrieval study of such an implant by Strens 
(1986). The retrieved specimen, as shown in Fig. 9(b), 
can be regarded as a typical configuration for the 
clinical results as found in 28 resurfacing-cup revision 
cases (Strens, 1986). The medial resorption was more 
extensive than the lateral one, similar to what is found 
in the computer simulation. 

Straight stem model 

The simplified straight stem version of an intra- 
medullary fixation shows that, at least in theory, an 
already started process of debonding and fibrous 
tissue interposition may stabilize under certain condi- 
tions. In the initial configuration the interface stress 
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a b 

Fig. 7. (a) Result after the tenth iteration of the resorption process around the bone screw. The resorbed 
bone is indicated in black. The simulation results in a pivot point in the cortex opposite to the screw head. 
(b) The general resorption pattern around bone screw fixations [adapted from Perren (1983)], with fibrous 
tissue indicated in black. According to Perren (1983). this pattern is directly related to the amount of motion 

between screw and bone. 

- normal stress (MPa) 
- shear stress (MPa) 

medial lateral 

\ 
End configuration 

b 

Fig. 8. Interface stresses during two stages of the disruption 
and resorption process at the interface between resurfacing 
cup and bone in the initial situation (a) and after debonding 
and soft tissue interposition (b). At the medial and lateral 
sides the interface starts to disrupt and in the end 
configuration only the central part of the implant transfers 

the load. 

peaks were found at the proximal and distal ends, 
which is a typical pattern for a stem in a proximal 
femur (Huiskes, 1980; Huiskes et al., 1990). The inter- 
face stresses at the medial bone cement interfaces as 
found during the iterative procedure of the straight 

stem simulation change successively after the ongoing 
debonding and fibrous tissue proliferation procedure, 
as shown in Fig. 10(a)-(c), for the initial, transient and 
end configuration. At the proximal and distal parts of 
the medial interface and at the proximal lateral inter- 
face, debonding occurred, whereby the interface stress 
patterns changed [Fig. 10(b)]. Relative motions now 
occurred at the disrupted parts and subsequently 
bone resorption and more debonding followed, until 
the process stabilized. In the end configuration a kind 
of pivot point was created at the mid lateral area, 
where the interface stresses stayed within the failure 
boundary [Fig. 10(c)]. Resorption took place pre- 
dominantly at the proximal parts of the interface, as 
demonstrated in Fig. 10(d). 

DISCUSSION 

This study is a first attempt to relate quantitatively 
relative (micro)motions to long-term connective- 
tissue interposition. For short-term experiments the 
existence of such a relationship in the direct post- 
operative period has been shown in the literature 
many times (Uhthoff and Germaine, 1977; Perren and 
Rahn, 1980; Brunski et al., 1979; Soballe et ol., 1990, 
1991). In the long-term the relationship is difficult to 
demonstrate in an experiment; however, it is often 
assumed that interface debonding and subsequent 
(micro)motion causes fibrous tissue interposition and 
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(a) The resorption patterns under the cup after the 12th iteration in the resorption feedback loop 
:ted by the simulation model. At the medial side the soft tissue formation is more severe because 
nt started to disrupt at this side [Fig. 8(a)], and the relative motions are as a consequence m 
tntial at this side. (b) A representative configuration of a retrieved resurfacing cup [adapted fr 

Strens (1986)], with the most severe resorption under the medial cup rim. 
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Fig. 10. (a)-(c). Interface stresses at the medial side of the cement-bone interface as auccessiveiy found in 
the different stages of the loosening process. In the end configuration the lateral distal interface is not 
disrupted because the interface stresses stay within the strength criterion (d) End configuration of the 
disruption and resorption process at the interface of the straight stem-bone model. The nonuniform 

resorbed interface area filled with fibrous tissue is indicated in black. 

aseptic loosening (Eftekar et al., 1985; Ling, 1986; 
Pizzoferrato et a/., 1991). 

There can be little doubt that the resorption of 
interface bone and the subsequent generation of 
fibrous tissue is also stimulated by wear particles 
(Willert et al., 1974; Pizzoferrato er ai., 1991; Harris, 
1992). For cemented implants, it is likely that excess- 
ive heat generation in acrylic cement during polym- 

erization plays a role (Feith, 1975; Huiskes, 1980). 
However, mechanical factors are often assumed to be 
involved. The results of the present analyses show that 
interface resorptive phenomena can be incorporated 
in FEM models, enabling a closer link between mech- 
anical analyses and histomorphological and clinical 
investigations. The present findings show that inter- 
face stress patterns and relative motions will change 
drastically the loosening process of a prosthesis, 
whereby a progressive enhancement of the process 
can easily develop. There is qualitative agreement 
between the predicted resorption patterns and the 
animal experimental configurations as described by 
Perren and Rahn (1980) for the screw, and Strens 
(1986) for the retrieved clinical specimens of resurfa- 
cing cups. This supports the hypothesis that the 
loosening process of these implants and the sub- 
sequent proliferation of a nonuniform interface layer 
can be interpreted by a scheme such as that proposed 
in Fig. 1. A similar scheme (including also more de- 

tailed biological information) was proposed earlier by 
Eftekar et al. (1985). 

In a quantitative sense it is difficult to relate the 
present results with experimental findings. The range 
of micromotions tested in experimental studies varies 

in size and directionality. Saballe et al. (1990, 1991) 
used a range of 150-500pm relative motion in the 
longitudinal direction between a porous coated 
experimental implant and bone. Schneider et al. (1989) 
showed in a cadaver study that repetitive elastic slip 
between bone and a cementless stem occurs, thereby 
generating normal relative interface motions of about 
100-300 pm in the direction normal to the bone. In 
comparison, the straight stem model showed 220 pm 
maximal relative displacements in the direction nor- 
mal to the bone and 140 pm in the longitudinal direc- 
tion, both found at the proximal lateral side. In the 
screw model this was, respectively, 272 pm in the 
normal and 25 pm in the longitudinal direction (prox- 
imally). The resurfacing cup model gave 22 pm 
(normal) and 82 pm (longitudinal) as maximal relative 
displacements. 

It is evident that the FEM models applied in this 
study are rather simplified with respect to the actual 
situation. The models are two-dimensional (although 
side plates or spanning elements were used to repres- 
ent some of the three-dimensional characteristics) and 
include the most important aspects of the real struc- 
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ture only. Several physical phenomena are not and fibrous tissue interposition has occurred, or to 
accounted for in the models; for instance, the effects of prevent excessive relative motions occurring, once 
interface irregularities, the presence of fluid in the soft interface debonding is a fact. For press-fitted 

layers and the voids at the interface area, and fatigue implants, where no direct bond between implant and 

failure phenomena of the interface. Furthermore, the bone is created, the latter design feature is extremely 
debonding criterion [equation (1)] and the resorption important (Walker and Robertson, 1990). A simula- 
rule [equation (3)] are hypothetical entities only. tion method such as that presented in this study can 
Prediction of crack propagation realistically in eventually develop into a powerful tool for prosthetic 
a quantitative sense is a difficult numerical problem, design and evaluation analyses and, in this sense, 

in particular for a complicated interface as the one benefit orthopaedic fixation techniques. 
between implant and cement. From a mechanical- The present investigation should be considered as 
analysis point of view, the tip of the fracture should be a first study to see whether interface disruption and 

considered as a singularity and the stress values are, relative motions could be responsible for the loosen- 
therefore, dependent on the size, shape and type of the ing processes observed around many orthopaedic 
element (Carey and Ogden, 1983). Thus, for a precise implants. This hypothesis is sustained by the results. It 
(quantitative) description of crack propagation, more is possible that, indeed, failure by high interface stres- 

sophisticated methods must be used (Lewis, 1988; ses and subsequent relative motions may together act 
Santare et al., 1987). as driving forces for (aseptic) loosening of implants. 

An interesting finding from the present examples is 
that it shows how interface loosening and bone 
resorption may interact, as hypothezised earlier by 
Eftekar et al. (1985). Interface debonding at a particu- 
lar location may lead to an increase of the interface 
stresses and relative motions at another location. De- 
pending upon the precise configuration (geometry, 
material properties of the components and interface 
characteristics), the interface disrupts completely or 
incompletely. Hence, the process of soft interface pro- 
liferation may or may not occur. The capacity of an 
implant to stabilize after some loosening (‘secondary 
stability’) is, of course, of great clinical importance. 
This stabilization could become possible when the 
interface stress patterns are not extremely sensitive for 
some initial debonding (in the sense that they would 
not increase after some debonding and some fibrous 
tissue interposition). Another stabilization mechan- 
ism one could imagine, though this is not so obvious 
from the present findings, is that the strains in the 
fibrous layer decrease when the fibrous layer grows. 
This is possible only when the amount of displace- 
ment [AU, equation (3)] is not progressively depend- 
ent on the thickness of the layer [b, equation (3)], so 
that AUfb decreases when b increases. 
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