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An Analysis of Crack 
Propagation Patlis at Implant/ 
Bone-Cement Interfaces 
Clinical follow-up studies of joint replacements indicate that debonding of the implant 
from the bone-cement is the first mechanical event of loosening. Debonding can 
occur due to unsustainable interface stresses, usually initiated from defects along the 
interface. Such defects, or flaws, are inevitably introduced during the surgical proce
dure and from polymerisation shrinkage. Debonding leads to increased stresses within 
the cement mantle. This study is concerned with modelling the propagation of a 
crack from the debonded region on the cement/implant interface under physiological 
loading conditions for different implant materials and prosthesis designs. Using the 
theory of linear fracture mechanics for bimaterial interfaces, the behaviour of a crack 
along an interface between implant materials, under various states of stress, is stud
ied. Specifically, a model is developed to determine the conditions under which a 
debonded region, along an otherwise bonded interface, will either propagate along 
the interface or will "kink" into the cement mantle. The relationship between the 
stress state and the crack propagation direction at the interface is then predicted for 
different interface materials, and it is shown that different crack directions exist for 
different materials, even when the stress state is the same. Furthermore, the crack 
behavior is shown to be dependent on the ratio of normal stress to shear stress at 
the interface and this may be important for the design optimisation of load-bearing 
cemented prostheses. Finally, the likelihood that an interface crack will propagate 
into the cement mantle is explored using a suitable fracture criterion. 

Introduction 

It is well accepted that cracks exist in the cement mantle and 
at the cement/implant interface. These cracks arise typically 
from flaws such as pores in the mantle or on the cement/implant 
interface (James et al , 1993), or from failure of the interface 
bond due to stress overload (Huiskes, 1993). Jasty et al. (1991) 
studied the failure of 11 implanted femurs retrieved at autopsy 
whose service life ranged from two weeks to seventeen years. 
Even though there was no radiographic evidence of loosening, 
there was evidence of cement/implant debonding located typi
cally at the proximal anterior and the distal anterior surfaces. 
All cement mantles were cracked to some degree after three 
years of service life, and those with ten years or more service 
life had cracks completely through the cement mantles. They 
concluded that the cement/implant interface failures occur first, 
and that these cracks proceed into the cement mantle either 
radially or circumferentially (Maloney et al., 1989). 

Variations in the techniques used for preparing and inserting 
the bone cement are considered to influence the service life of 
an implant (Harris, 1994). Significant porosity (15-28 percent) 
has been observed at the cement/implant interface in cement 
mantles removed at revision, for a variety of implant designs 
(James et al., 1993), and in mantles which had originally been 
implanted using improved cementing techniques (Helmke et 
al., 1992). This would indicate that improved cementing tech
niques are not enough to ensure a defect-free cement/implant 
interface. 

In primary cemented total hip arthroplasties, it is generally 
seen that mechanical loosening begins by either (i) failure of 
the cement/implant bond (Huiskes, 1993), or (ii) fracture of 
the cement mantle directly from defects such as air bubbles 
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(CuUeton et al., 1993). In the case of ( i) , cement/implant 
interface failure may lead to higher stresses generally within 
the mantle (Huiskes, 1985; Verdonschot, 1995); this may acti
vate other crack sites at the cement/stem interface and within 
the cement mantle, such as those introduced from polymerisa
tion shrinkage or mixing technique (Krause and Mathis, 1988). 
Eventually multi-site fracture occurs, leading to disintegration 
of the cement interlock. 

It is well acknowledged that both mechanical and biological 
processes contribute to failure of an arthroplasty, however the 
mechanical process is considered to be the dominant failure 
process at the early stages of the service life. This, together 
with the observations made from autopsy specimens, leads to 
the conclusion that cracks must play a determining role in the 
failure process. Indeed, clinically, the presence of interface lu-
cency (i.e., an interface crack or debond) can be interpreted as 
a sign of impending loosening, or that loosening has already 
occurred and is one of the indications for revision surgery (Har
ris, 1994). Therefore, in order to better understand the role of 
cracks in the failure process, it would be useful to model crack 
behaviour in the implant structure, and in particular the behav
iour of pre-existing cracks at cement/implant interfaces under 
physiological loading. 

Experimentally and theoretically, high stresses have been 
shown to exist proximally at the hip prosthesis/cement interface 
and in particular at the interface on the medial aspect in the 
proximal region (Raab et al., 1981; Verdonschot and Huiskes, 
1992). Maximal cement stresses at the distal tip of the stem 
have also been predicted (Lewis et al., 1984). These observa
tions depend on the type of model and loading conditions ap
plied in the model but never-the-less indicate the regions most 
likely to experience high stresses. Using finite element models, 
Harrigan et al. (1992) concluded that the most likely failure 
sites were: (a) for one leg stance; at the cement/implant inter
face near the tip on the medial aspect, and in the cement bulk 
below the distal tip of the prosthesis; and (fe) for stair climbing; 
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Fig. 1 Crack at a bimaterial interface. Tlie interface between material 
1 and material 2 is perfectly bonded and smooth. The angle 0 is the 
angle at which the crack propagates or "kinks" into one of the adjacent 
materials. The normal and shear stresses, denoted a and T respectively, 
are the nominal interface stresses. 

For the two-dimensional plane strain case, the stress field 
near the crack tip can be represented in polar co-ordinates as 
shown in Fig. 1. A likely path for an interface crack is along 
the interface because, in general, the bonding strength of the 
interface is weak in comparison to the strength of the homoge
neous material. However the crack may also propagate into the 
bone cement out of the interface (Jasty et al., 1991) and this 
depends on the relative strength of the interface bond and the 
bulk material properties local to the crack tip. 

For brittle materials, such as polymethylmethacrylate 
(PMMA) bone-cement, it can be assumed that a crack will 
propagate, under monotonic loading, in the direction normal to 
the maximum principal stress—i.e., at an angle where the stress 
component a^ at the crack tip is a maximum. Therefore the 
kinking angle, d, (the angle at which the crack would propagate 
out of the interface into the cement) which gives the maximum 
value of (Ts, is found from 

dap 

39 
0. (2) 

at the cement/implant interface on the medial aspect in the 
proximal region and in the cement bulk at the distal tip of the 
prosthesis. Dalstra (1993), in a 3D finite element analysis of 
cemented acetabular components, identified that for a stiff cup 
the cement/implant interface at the periphery of the cup is 
highly stressed, and that metal backing increases stresses at the 
interface. In this paper, these studies are used as a source of 
quantitative stress data on interface stresses to predict the behav
iour of a crack at the cement/implant interface. 

Fracture mechanics models of cracks at interfaces between 
any two materials of differing mechanical properties (referred 
to here as bimaterial interfaces) is still developing (Rice, 1988). 
There has been some work carried-out on applying fracture 
mechanics theories, in a general sense, to implant structures 
(Clech et al., 1985; Gharpuray et al., 1991). In this article we 
focus on one of the crack patterns observed clinically, i.e., a 
crack propagating from the prosthesis/cement interface into the 
bulk of the cement (Jasty et al, 1991). A linear fracture me
chanics model is used to predict interface crack propagation 
into the cement layer as a function of the properties of the 
interface materials and the combination of interface stresses. 
The relationships derived between crack propagation direction, 
interface stresses, and the properties of the interface materials 
are considered in the context of the service life of the implant 
and of design features such as material selection and surface 
finish. 

The resulting solution for 9a corresponding to the maximum 
ag (presented by Yuuki and Xu, 1992) is obtained from: 

£W,{2(cos A) - (cos 9 + 2e sin 9) cos B) 

+ Wj -(sin A) -I- {(sin 6 - 2e cos 6) cos B] 

+ - (cos 6 + 2e sin 9) sin B 

J_ (ecos C) + -smC]=Q (3) 

where 

A = + y 

B = 'je-y 

C = j9 + y 

Wt = exp{-e(7r - 61)} 

W2 = exp{e(7r + 9)}. 

Method 
An outline of bimaterial fracture mechanics as it applies to 

the problem introduced above will now be presented. Consider 
a crack of length 2a along a smooth interface between two 
different materials perfectly bonded, as shown in figure 1. Both 
materials are isotropic, elastic, and homogeneous. The elastic 
properties of the materials can be combined in one term called 
the bimaterial constant (denoted e) which is a function of shear 
modulus, G, and Poisson's ratio, v of both materials, as follows: 

J_ 
27r 

In 
1 

G2 G , ; j 
(1) 

where 

= 3 — Avj for plane strain; 
= (3 - i'j)/(l + Vj) for plane stress; 
= 1 for cement, and 2 for prosthesis; 
= El{2{\ + v)} 

y = 1, 2 

The parameter y is given by: 

y = tan"' (^2/^:,) for Ki 0. (4) 

where K = Ki + iK2 is the complex stress intensity factor.^ 
Values for y are calculated for Eq. (4) using the relationships 

of Rice and Sih (1965): 

K, 
a(M + 2eN) + T(N - 2eM)] 

cosh ne J 

K2 = a'-{^ (M + 2eN) - a(N - 2eM)l 
cosh 7re J 

(5a) 

(5b) 

^ It is not possible to define mode I and II stress intensities for ttie interface 
oracle; the symbols K, and K2 should therefore not be confused with Kj and K,,. 
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Fig. 2 Crack opening behavior under 'Mode I' and under 'Mode 11' load
ing conditions in a homogeneous material showing remotely applied 
stresses and local crack tip stresses 

where 

M = cos I e log 
2a 

r„ 

Â  = sin I e log 
2a 

r„ 

Equations (5) are for a straight crack of length 2a along the 
interface in an infinite plane with normal and shear interface 
stresses, a and T, respectively, arising from loads applied at a 
large distance from the crack (Fig. 1). The ( l / r„) factor has 
been introduced into the original equations of Rice and Sih 
(1965) for consistency of dimensional units. Thus, given any 
stress condition the components of the complex stress intensity, 
K^ and K2, at some fixed dimension, r„, ahead of a crack (r„ = 
process region size, which is taken as 1/100th of the crack 
length, is used in this investigation) along a bimaterial interface 
can be calculated. Having calculated Ki and Â 2. T is obtained 
from Eq. (4). Once y is known, Eq. (3) can be solved for d 
for any given interface for which the bimaterial constant e is 
known. 

It should be pointed out that, in fracture mechanics analysis 
of interface cracks, a theoretical difficulty £irises because the 
stress field for an interface crack has an oscillatory singularity 
(Rice, 1988). Theoretically, this is interpreted as interpenetra-
tion of the two materials near the crack ends. However, this 
interpenetration does not occur in reality, because the crack tip 
region is not perfectly sharp. For the case where | e | is small 
(lei < 0.1) the effect of this oscillatory stress field on the 
theoretical solution is small (of the order lO""*), and can be 
ignored in the analysis of the crack propagation under discus
sion. 

The solution for Eq. (3) gives the angle that a crack will 
propagate, if indeed the crack does propagate. The ability to 
resist crack propagation is determined by equating the calcu
lated crack tip stress intensity, A'factor, to a material parameter, 
Kc, called the fracture toughness. In order to perform a fracture 
mechanics assessment, both K and Kc are needed; if K exceeds 
Kc then the crack will propagate. Whereas the stress intensity 
factor, K, is a calculated parameter which depends on the crack 
size, the applied stress and the size of the component (but 
is material independent), the fracture toughness is a material 
parameter measured experimentally and depends on the rate of 
loading, the temperature and the thickness of the cracked sec
tion. The fracture toughness of a material sets a maximum value 
for the stress intensity which can exist at a crack tip in a given 
material, beyond which the crack will propagate. In a homoge
neous material, when a purely normal load is applied remotely 
to the crack tip only normal stresses arise at the tip. This is 
called mode I loading, and is shown in Fig. 2. Typically, the 

lowest value of fracture toughness occurs under Mode I loading 
with plane strain conditions, so it is usual to quote the fracture 
toughness of a material as the mode I plane strain critical stress 
intensity at fracture, conventionally denoted as Kic- Thus, a 
simple fracture or failure criterion under mode I loading would 
be when the maximum stress intensity, call it Jt̂ ax > at the crack 
tip equals the K,c for the material. If both shear and normal 
loads are applied to a crack in a homogeneous material, both 
shear and normal stresses exist at the crack tip. In that situation, 
Ki and K,,, the mode I and mode II stress intensities (see Fig. 
2), are both used in any fracture criterion. 

For the problem under consideration in this study, it would 
be useful to compare the stress intensities at the crack tip with 
a fracture toughness value to determine whether or not the crack 
will grow. From stress analysis we know that the defect at the 
cement/implant interface will experience both tensile and shear 
loading. And from fracture mechanics we know that, even when 
only a normal load is applied to a bimaterial interface containing 
a crack, both tensile and shear stresses exist at the crack tip 
(Fig. 3) . In this situation, unlike the crack in a homogeneous 
material, an interface stress intensity cannot be uniquely defined 
in terms of the remotely applied normal stress alone. In addition, 
for a planar analysis, it is found that both components of the 
complex stress intensity are required to define a fracture crite
rion for an interface crack at a bimaterial interface subjected to 
a remote normal stress (Rice, 1988). A suitable fracture crite
rion for the mixed mode loaded crack in the model under discus
sion has be adopted from Yuuki and Xu (1992): 

Ke^,„ = f(So, e, y) 
4K\ + Kl 
2 cosh Tre ^K„ (6) 

In this case, Ke^^^ means the mode I stress intensity factor 
for the kinked crack of infinitesimal length in the direction da. 
As the interface stress intensity, K = K^ + iK2, is complex the 
absolute value, yjK] + Kl, is used in Eq. (6). The term/(6'o, 
e, y) is a defined as: 

/ = W,{2(cosA)-(cos6io + 2esineo)cosB} -I-—cosC (7) 
Wj 

where A, B, C, and Wj are defined above. 
The failure criterion of Eq. (6) can be used to determine 

whether or not the stress condition is severe enough to cause 
crack propagation. The equation for Ke^^^ combines the complex 
stress intensities at the interface crack tip into one value, which 
can then be compared with the fracture toughness, K,c, of the 
bone-cement. When Ko^^^ exceeds the critical value, K^c, the 
crack will propagate, into the cement in the direction 6 = 60. 

VttMt 
® 
'1 L , Interface 

Fig. 3 Illustration showing the normal and shear stresses that arise at 
an interface between materials of different stiffnesses under pure normal 
loading 
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Table 1 Typical properties of materials used for orthopaedic recon
structions 

Material 

PMMA 
Titanium 
Cr/Co Alloy 
Stainless Steel 
Bone 
UHMWPE 

Young's 
Modulus 
(GPa) 

4.0 
109.0 
241.0 
200.0 

0.3 
8.4 

Poisson's 
Ratio 

0.30 
0.33 
0.30 
0.30 
0.32 
0.40 

Shear 
Modulus 
(GPa) 

1.54 
41.00 
92.60 
77.00 
0.13 
3.00 

Table 2 Bimaterial constant, e, for typical material combinations oc-
curing in orthopaedic reconstructions 

Bimateria! 

PMMA/Titanium 
PMMA/CrCo Alloy 
PMMA/Stainless Steel 
PMMAAJHMWPE 

e 

0.087 
0.090 
0.089 
0.047 

Results 
The material property values used in the analyses are summa

rised in Table 1, and the bimaterial properties for each possible 
interface, e, are shown in Table 2. Values for e were calculated 
using Eq. (1). 

For convenience the stress condition at the interface is repre
sented by the ratio air. Using the material values of Table 2, 
a plot of crack kinking angle, 9, versus the stress ratio, air, 
for different bimaterial interfaces at a crack length of 3 mm has 
been generated (Fig. 4) . The relationship between 6 and air 
is obtained by rewriting Eqs. (5) in terms of air and substitut
ing into Eq. (3). 

From the literature it is noted that there is considerable varia
tion in the material property values quoted for bone-cement, 
due, no doubt, to varying manufacturing and preparation tech
niques. To investigate whether this effects the potential for the 
crack to leave the interface, crack kinking angle versus Young's 
Modulus for bone-cement has been plotted, with curves for 

M. S 

S> 50 

s 
u 

• = typical value from the literature 

-+- -+-
5 10 15 

Young's Modulus (GPa) 

20 

Fig. 5 Young's Modulus of bone-cement versus the crack kinking angle 
out of the interface for different possible Poisson's ratio, v, of bone-
cement. The interface represented in the figure is that of titanium/bone-
cement. Fixed-valued parameters are the titanium properties: v = 0.33; 
E = 109 GPa; crack length, a = 3.0 mm; and stress ratio, air = 2. 

different values of Poisson's ratio of bone-cement (Fig. 5) . 
This graph is for a titanium/cement interface where the material 
properties of the titanium are as shown in Table 1. To demon
strate the trend, results are plotted for a stress ratio, air — 2 
and a representative crack length, a, of 3 mm. 

Finally, using Eq. (6) , mode I stress intensity values, Ke^^^^ 
were calculated for a titanium/cement interface at a number of 
initial crack lengths. Figure 6 shows the relationship between 
Kg , interface crack length, and stress ratio. 

Discussion 
The fracture mechanics theory used in this study is for an 

interface in an idealised infinite plane between two linear elastic 
materials. The theory is valid for two dimensional, perfectly 
bonded, smooth interfaces with a sharp crack along the inter
face. We apply the theory to determine the conditions under 
which a small crack along a prosthesis/cement interface will 
enter the cement mantle. The intention is to simulate the initial 
stages of implant loosening. It is the first step in developing a 
complete model of the failure process for the complex implant 
structure, from the perspective of failure by damage accumula
tion. There are a number of limitations to using linear fracture 
mechanics to model bimaterial interfaces and these should be 
considered before discussing the results. 

§ 
s 

O / T {at the interface) 

Fig. 4 The ratio of the normal and shear interface stresses, O-ZT, in 
the vacinity of the crack, versus crack kinking angle, 6. Fixed-valued 
parameters are the material properties (from Table 1) and the crack 
dimension, a = 3.0 mm. The curve for PMMA/Stainless Steel is not shown 
as it lies along the same path as that for PMMA/CrCo alloy. 

Kemax 
(MPaVm) 0-60 

n CT = 10 MPa, 

0 o = 10 MPa, 

• o= 5 MPa, 

T = 10 MPa, 

x = 5 MPa, 

T= 5 MPa, 

0 / 1 = 1 

a/1 = 2 

CT/1=1 

1.0 2.0 
Crack Length, a (mm) 

Fig. 6 Critical stress intensity (/Cg ,̂,) versus interface crack length, a, 
for different ratios of normal and shear stresses, O-ZT, calculated from 
Eq. (6) for a titanium/bone-cement interface. The horizontal dashed line 
is at the lower value of K^c for bone cement reported in the literature 
(e.g., Rimnac et al., 1986; Robinson et al., 1981). 
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In reality, implant structures have three dimensional stress 
states and geometries (Huiskes, 1993). There are many poten
tial sites for crack initiation throughout the structure (Harrigan 
et al., 1992). Cracks can conceivably grow in any direction and 
the crack front may have a curved or even jagged profile (Cul-
leton et al., 1993). The bimaterial fracture mechanics theory 
used in this study is applied only to the local region around one 
crack in the structure. The analysis is restricted to a crack at 
the cement/implant interface subjected to in-plane loading, in 
which case the crack is most likely to propagate in the plane 
of loading. In addition, the model considers the case of a crack 
somewhere along the cement/implant interface rather than a 
crack starting from the proximal or distal edge of the interface. 
As a first approach to this study of implant interface crack 
behaviour, such 'within-interface' cracks (Helmke et al , 1992; 
James et al., 1993) are more easily modelled. 

Typically, a crack can be considered small if it is of the 
order of 1 / 10th of a major component dimension-—such a crack 
would satisfy the condition of a crack in an "infinite" plane. 
There is little quantitative information available from the clini
cal literature on the length of interface cracks, so a crack length 
of 3 mm was chosen as a representative maximum initial inter
face crack size based on the observations made by researchers 
such as Jasty et al. (1991) and others. 

The analysis presented here considers only monotonic load
ing. An implant, on the other hand, undergoes repeated loading 
and the results of this analysis can not be directly applied to 
predict lifetime loading conditions. However, it is generally 
accepted that fracture mechanics analysis for monotonic loading 
conditions is applicable to fatigue crack growth by taking -reth 
of the fracture toughness as an approximation to the fatigue 
threshold. For a more accurate investigation crack growth rates 
and damage accumulation would need to be investigated using 
a fracture mechanics model which incorporates cyclic loading 
conditions. In a previous paper (McCormack and Prendergast, 
1996), the authors have discussed the interpretation of the re
sults of the analysis presented here for fatigue loading condi
tions using a technique acceptable in the fracture analysis of 
other engineering structures. 

At the early stages of the service life it is reasonable to 
assume that the interface is well bonded. As noted earlier (Hel
mke et al., 1992; James et al., 1993), flaws do exist along the 
interface and these can be modelled as the initial crack on an 
otherwise bonded interface. In the analysis, the bulk of the 
cement is assumed to be pore free. The consequence of pores 
distributed throughout the bulk of the cement in the real struc
ture is to reduce the moduli! and strength of the cement—the 
effect of this on the behaviour of the bimaterial interface crack 
can be assessed using the model presented in this paper. In 
addition, the strength of the bond will be a function of the 
surface finish on the implant; this issue is pursued in more detail 
later in this discussion. Other conditions are also met by the 
model. For typical values of material properties used in joint 
replacements the criterion of small e; as specified in Eq. (3) is 
satisfied. For low monotonic loading conditions and for brittle 
bone-cement the maximum principal stress criterion for crack 
propagation direction is a reasonable assumption. 

The material properties used in the study are taken from the 
literature and some of these, in particular interfacial properties, 
are difficult quantities to extract from experiment. The values 
selected are used only for the purposes of illustrating the rela
tionship between crack behaviour, under different monotonic 
loading conditions, and material properties. Experimental veri
fication (McCormack and Prendergast, 1995) of this analysis 
for specific material, geometry and loading conditions is neces
sary before endeavouring to develop the theory toward a more 
complete model of the damage accumulation process of the real 
structure. What we learn from the analysis is that, in the vicinity 
of a crack along a prosthesis/cement interface, certain material 

combinations and certain stress states are more likely to cause 
the crack to kink into the adjacent cement. It is instructive to 
address the implications of this local phenomenon in the context 
of the implant structure as a whole, particularly prior to loss of 
primary stability. 

Knowing what material and stress conditions cause a crack to 
kink may provide useful information for the implant designer. In 
the context of service life, a large kink angle means that the crack 
will be oriented directly into the bulk cement mantle and is hkely 
to continue to propagate in this direction, leading to disintegration 
of the mantle over a relatively short number of cycles. A more 
oblique crack angle may not lead to so rapid a disintegration of the 
implant interlock because the crack will take longer to propagate 
through the mantle. It might even be deflected back onto the 
interface under certain stress conditions (Itou, 1988). The results 
shown in Fig. 4 highlight this point. As the ratio between the 
normal and shear stresses at the interface (the u / r ratio) increases, 
the angle that the crack kinks into the cement mantle is reduced. 
Thus, the interface loading critically influences the direction in 
which an interface crack will kink. An interesting point to note 
from this result is that the crack kinking angle depends not on 
the magnitude of the normal and shear interface stresses but on 
the ratio of these stresses. 

As discussed earlier, both normal and shear stresses exist at 
the crack tip along a bimaterial interface, as illustrated in Fig. 
3. Given the three dimensional stress distribution that exists in 
the real implant structure, it is certain that this situation will 
arise. If the ratio of these loads is such as to produce a maximum 
principal stress normal to the interface crack, the crack will 
want to propagate along the interface according to the maximum 
principal stress criterion. If the maximum principal stress is 
aligned along the interface (i.e. pure shear at the crack tip), the 
crack will tend to branch into one of the adjacent materials. 
This emphasises the importance of reducing the shear stresses 
in the region of the interface so as to reduce the crack kinking 
angle, thus keeping the crack in the vicinity of the interface. 

A particular point raised in this study is the influence that 
cement mechanical properties have on interface crack behav
iour. Even under laboratory conditions there are variations in 
material properties between the different suppliers, due to differ
ent ingredients, particle size, use of antibiotic and radiopaque 
substances (Krause and Mathis, 1988; Linden, 1991; Kindt-
Larsen et al., 1995). Under surgical conditions additional vari
ables can be introduced such as mixing technique, method of 
insertion, pressurisation, cavity preparation (with blood and 
bony inclusions), pores, and curing temperature. It has been 
known for some time that these can all lead to variations in the 
material properties of the in-vivo cement (Saha and Pal, 1984). 
The predicted crack kinking angle is highly dependent on the 
bone-cement material properties, as shown in Fig. 5. For exam
ple, the lowest stiffness bone-cement, with the lowest Poisson's 
ratio, will give the greater crack angle. This trend highlights 
the importance of quality control in the manufacture of bone-
cement, and the need to ensure consistency in surgical proce
dures that do not lower the mechanical properties. 

These crack behaviour trends just discussed may be of help 
in making decisions during the different stages of implant de
sign. In the design of prostheses components, for example the 
stem section of a hip prosthesis, material selection is of consid
erable importance—not only because of changes in stem/ce
ment interfacial stress as a result of changes in the Young's 
modulus (Prendergast et al., 1989), but because the behavior 
of a crack at the interface is altered. The influence of the relative 
material properties of typical bimaterial interfaces can be seen 
in Fig. 4. For example, the crack kinking angle, as calculated 
from the model presented in this paper, is only slightly less for 
a titanium/cement interface as compared to that for a CrCo 
alloy/cement interface for any given interface stress ratio. How
ever, the crack angle is considerably less for the polyethylene/ 
cement interface as compared to the metallic prostheses. The 
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Fig. 7 The stresses generated at the stem/cement interface, where the 
normal direct stress (tension, compression) is on the left, and the shear 
stress is on the right (from Huislces, 1994, by kind permission Hans IHuber 
Publishers) 

relevance of Fig. 4 to designers of implants is an awareness of 
the possible potential crack directions from the coupling of 
different implant materials, be they at the femoral prosthesis 
stem, the acetabular cup or at other implant interfaces. 

Another example of where the analysis presented here may 
help to clarify a design decision is the question of which is 
"best"—rough or polished femoral stems—which has been 
a controversy for some time (Lee, 1994). Researchers have 
addressed the issue of stem/cement bonding and debonding 
using continuum damage mechanics (Verdonschot, 1995) and 
finite element analysis (Mann et al , 1991). It has been sug
gested that stem roughness increases the strength (i.e., fracture 
toughness) of the interfacial bond. In this case, if the interface 
bond is stronger against crack growth than the adjacent bulk 
material, a defect existing on the interface would be more likely 
to propagate out of the interface than along the interface. Pol
ished stems, on the other hand, produce stem/cement interfaces 
of lower fracture toughness and, although this would seem to 
be a disadvantage, any crack propagation is likely to be con
tained along the interface rather than propagating into the ce
ment mantle. This is arguably of clinically benefit in that an 
interface crack is considered to be less detrimental (i.e., is not 
usually considered to be a clinical failure) as compared with a 
disintegrated cement mantle. 

Of course, the kinking angles of Figs. 4 and 5 are really 
potential kinking angles. The crack will not grow in these direc
tions unless the stress intensities at the interface crack tip com
bine to exceed the fracture toughness of either the bulk cement 
or of the interface. The fracture toughness of the bone cement 
has been determined experimentally (Rimnac et al., 1986; Rob
inson et al , 1981) to be in the range 0.8-2.0 MPa.m'", with 
similar fracture toughness values being reported for well bonded 
interfaces (Raab et al., 1981). In this study, using the titanium/ 
cement interface as an example, the stress intensity ahead of 
the crack tip was calculated as a function of crack length, for 
different interface stresses (Fig. 6) . It is clear from this figure, 
that the magnitude of normal and shear interface stresses to
gether with the air ratio and crack length all influence how 
close the crack tip stress intensity is to the fracture toughness 
of the cement. 

In practice, we know that interface cracks do propagate into 
the cement, so how do the variables mentioned above combine 
to initiate crack growth? From studies of the stress patterns 
obtained using finite element analysis, we can determine the 
likelihood of an interface defect propagating into the cement 
mantle. As an example. Fig. 7, from Huiskes (1994), shows 
the distribution of normal and shear stresses on the cement/ 
implant interface of a hip prosthesis femoral component. For 

a typical maximum hip joint load of four times body weight 
(approximately, 3 kN), it can be seen that, for this design 
of femoral component, the critical region for interface defect 
propagation into the cement will be distal and medial. The 
highest predicted normal stress in this region is approximately 
1.5 MPa and the shear stress in this region is approximately 1.5 
MPa, giving air of 1.0 and, for a 3 mm interface flaw, a 
Ke^^^ of 0.15 MPa.m"^ HaiTigan et al. (1992) analyze the 
cement/femoral stem stress distribution under stair climbing 
loads. In the areas of highest normal tensile stresses (>3.7 
MPa), the shear stress was greater than 1.0 MPa, so the resulting 
air ratio is 4, approximately, and Kf,^^ is 0.27 MPa.m"^ for a 
3 mm interface flaw. 

In a study of cemented polyethylene acetabular cups, Dalstra 
(1993) reported cement/implant interface stresses for both 
metal backed and non-metal-backed components. His results 
can be used to estimate the potential for cement mantle disinte
gration from an interface flaw for the different designs. For 
nonmetal-backed components (UHMWPE/cement interface), 
the normal and shear stresses are 0.5 MPa and 1.4 MPa, respec
tively, giving air of 0.36 and a maximum stress intensity, 
K/,^^^ of 0.1 MPa.m"^ for an initial interface crack of 3.0 mm. 
In comparison, titanium metal-backed components have normal 
and shear stresses equal to 1.0 MPa and 3.8 MPa respectively 
giving CTIT of 0.26 and Kg^^^^ = 0.27 MPa.m"^ for an initial 
interface crack of 3.0 mm. This suggests that, if crack growth 
were to occur with the non metal-backed component, the crack 
would grow into the cement at a slightly shallower angle than 
for the metal-backed component (Fig. 4) . In addition, cracking 
into the cement mantle is more likely to occur from the metal-
backed than from the non metal-backed component. 

In conclusion, this initial study of crack propagation paths 
for an existing interface crack at the implant/cement interface 
has highlighted a number of points which may be useful for 
implant designers. First, the ratio of normal to shear interface 
stress is the controlling variable for crack kinking angle, rather 
than the absolute value of either stress. Second, different mate
rial combinations at an implant interface have fundamentally 
different crack growth directions. Third, variations in the prop
erties of the bone cement will significantly alter the potential 
for crack propagation. Finally, using stress data available in the 
literature, this model predicts that stress intensities close to the 
fracture toughness in fatigue may indeed occur. This indicates 
the significance of the cement/implant bond conditions in the 
fracture process and the need to give attention to this in the 
component design (McCormack and Prendergast, 1994). 

This is an new model for interface crack behaviour in the 
implant structure. There are many directions in which the ap
proach can be developed including, modelling of cracks at the 
distal tip or the proximal edge of the prosthesis, consideration 
of cement/bone interface cracks, and the behavior of existing 
cracks within the cement mantle itself. These topics are the 
subject of on-going research by the authors. 
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