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Abstract: Porosity has been shown to aﬀect the fatigue life of bone cements, but, although
vacuum mixing is widely used to reduce porosity in the clinical setting, results have been mixed
and the eﬀects of porosity are not well understood. The aim of this study was to investigate
the eﬀects of porosity using stress analysis and fracture mechanics techniques.
The stress concentrations arising at voids in test specimens were found using analytical
solutions and boundary element methods. The fatigue life of specimens containing voids of
various sizes was predicted using fracture mechanics techniques.
For spherical voids that do not occupy a signiﬁcant proportion of the cross-section, the
resulting stress concentration is independent of void size and too small to account for the
observed crack initiation. Cracks must therefore initiate at additional stress raisers such as
radiopaciﬁer particles or additional voids. For large voids, the stress increases as the remaining
cross-section of the specimen decreases, and this may account for much of the observed
reduction in fatigue strength in hand-mixed cement.
Although crack initiation may be largely independent of void size, there is an eﬀect on crack
growth rate. Cracks are predicted to grow faster around larger voids, since they remain in the
stress concentration around the void for longer. This eﬀect may account for the relationship
between porosity and fatigue life that has been observed in samples without large voids.
Since porosity appears to aﬀect crack growth more than initiation, it may be less damaging
in high-cycle clinical fatigue, which may be predominantly initiation controlled, than in short
laboratory tests.
Keywords: bone cement, fatigue, polymethyl methacrylate (PMMA)

1 INTRODUCTION
Polymethyl methacrylate (PMMA) bone cement is
currently the most successful method for ﬁxing hip
prostheses [1] and is widely used in many other
applications including other joint replacements
and vertebroplasty. There is evidence that fatigue
failure of the cement occurs [2], and cement failure
is implicated in other forms of aseptic loosening.
For example, localized failure of the cement is part
of the process of failure of the bone cement interface. Cracks in the cement typically run in a radial
direction relative to the femoral stem [2], possibly as
a result of shrinkage stresses [3], and cracks that
penetrate the cement mantle can provide a path for
ﬂuid pressure and/or wear particles from the joint
capsule to reach the bone cement interface, causing
H07804 © IMechE 2006

osteolysis. Minimizing the risk of fatigue failure of
the cement is therefore the focus of considerable
research.
Fatigue cracks in bone cement have typically been
found to initiate at internal defects, such as pores or
agglomerations of barium sulphate opaciﬁer [4]. In
smooth test specimens there are few stress raisers on
the outer surface, and so internal defects are the
most likely site for crack initiation. A great deal of
attention has been focused on the role of porosity.
Several studies [5, 6] have shown that the fatigue life
of test specimens is increased when vacuum mixing
systems are used to minimize air entrapment, which
can produce large pores. The use of vacuum mixing
is now widespread, and has other advantages in
minimizing monomer inhalation during mixing.
However, the Swedish hip register has shown a higher
Proc. IMechE Vol. 220 Part H: J. Engineering in Medicine
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incidence of early aseptic loosening when vacuummixed cement is used [7], and this implies that the
situation is somewhat more complicated than has
been generally assumed. Ling and Lee [8] reviewed
various clinical studies of the eﬀects of vacuum
mixing and found no evidence of any improvement
in clinical performance; in fact, in some studies there
was a higher revision rate when vacuum mixing
was used.
There have been many published studies of the
eﬀects of porosity on cement fatigue performance [5,
6], but in general these have involved only simple
S–N tests at relatively high loads. Not surprisingly,
considering the simplistic nature of the tests and
the wide variety of specimen designs, cement types
and preparation techniques, and loading conditions,
the results have been somewhat contradictory. Some
authors have found increased fatigue life when
vacuum mixing is used [5, 6], while others have
found little or no eﬀect with some mixing systems
[9]. There has perhaps been a tendency to overgeneralize from the results of these studies.
In an attempt to reduce the number of complicating factors in these tests, Cristofolini et al. [10] tested
a series of specimens of varying porosity, which was
characterized before testing using radiography. They
found that pores larger than 1 mm in diameter were
often the site of failure, and that more consistent
results were obtained when these specimens were
discarded. Based on this ﬁnding, they proposed that
specimens with pores >1 mm in diameter should be
discarded whenever bone cement is fatigue tested,
and argued that these large pores are in themselves
detrimental to the cement. This paper stimulated
some discussion, with a reply from Prendergast et al.
[11] arguing that, since such pores are common in
vivo, it would be inappropriate to remove them when
testing cement samples. However, this argument
ignores the very diﬀerent size, shape, and stress
distribution of the in vivo cement mantle.
Other studies by Lewis et al. [12] and by Dunne
et al. [6] have also shown detrimental eﬀects of large
ﬂaws in cement samples. Since the pores in question
occupied a substantial proportion of the crosssection of the samples, this is perhaps not surprising.
However, it remains to be shown that large pores in
themselves weaken the cement, aside from the
reduction in specimen cross-section, as has sometimes been argued on the basis of fracture mechanics
considerations.
The aim of this study was therefore to use stress
analysis and fracture mechanics techniques to
investigate the eﬀects of pores on crack initiation and
growth, and hence to gain an insight into the eﬀects

of porosity on fatigue life. Analytical techniques have
the potential to provide a more general understanding of the eﬀects of factors such as specimen size,
which can be addressed only in a very limited way
in an experimental study.

2 METHODS
For the purpose of this study, the experiments of
Baleani et al. [13] were used as a basis for analysis.
This group have also published fatigue crack growth
data for the same cement [14], which was used for
crack growth calculations.
Solutions for the stresses around a spherical
internal pore are summarized by Peterson [15].
Timoshenko and Goodier [16] give an analytical solution for the stress concentration factor around such
a void under uniform uniaxial tension. In this case,
the maximum principal stress occurs around the
equator of the void and is greater than the remote
uniform stress by a stress concentration factor that
depends only on the Poisson’s ratio
27−15n
K=
t 14−10n

(1)

This stress concentration is rather localized, and little
interaction would be expected between the voids in
bone cement. Sternberg and Sadowsky [17] considered the case of two voids, one diameter apart, in
an inﬁnite continuum, and found only a 5 per cent
increase in stress compared with a single void.
Although this solution was for biaxial loading, it gives
an indication of the lack of interaction between
adjacent voids.
For small voids, therefore, the maximum stress was
calculated by multiplying the nominal stress by the
stress concentration factor deﬁned above. Larger
voids can signiﬁcantly reduce the net cross-sectional
area, and so the nominal stress was recalculated on
the basis of the reduced cross-sectional area. For very
large voids that occupy a substantial proportion of
the cross-section, the assumption of an inﬁnite body
is no longer appropriate, and so a numerical method
was used instead.
Quarter-symmetry models of the gauge length of
the tensile specimens used by Baleani et al. [13] were
used (5 mm×3.5 mm cross-section), containing a
central void. These were modelled using Franc3D
boundary element software (Cornell Fracture Group,
Cornell University, http://www.cfg.cornell.edu), with
its associated solid modelling program (OSM) and
boundary element solver (BES). Approximately 700
linear boundary elements were used, as shown in
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Fig. 1. Care was taken to ensure a ring of well-formed
elements in the area of interest; this is important if
accurate results are to be obtained. Although a ﬁnite
element model would have been equally eﬀective,
the use of boundary elements allowed rapid generation and solution of three-dimensional models with
a high degree of mesh reﬁnement in the areas of
interest, and is also advantageous for modelling
crack growth.
To calculate the fatigue crack growth rate, a simple
Paris law relationship was used
da
=C DKm
dN

(2)

where da/dN is the crack growth rate in metres per
cycle and DK is the stress intensity range. The empirical constants C and m were found from the data
presented by Piazza et al. [14] to be 2×10−6 m/cycle
and 5.48 respectively; DK is in MPa m1/2.
To calculate the stress intensity of a crack growing
around a void, three separate procedures were used.
For a small semicircular crack growing from a void,
where the radius of the crack, a, is less than a tenth
of the radius of the void, r, the stress intensity is given
by the standard solution for a semicircular edge crack
[18] multiplied by the stress concentration factor
deﬁned above
K=0.713(K s)√pa
t

(3)

3

where s is the remote stress. For a crack that has
grown much larger than the void, the stress intensity
is that for a simple circular internal crack [18]
K=(2/p)s√p(r+a)

(4)

This solution is accurate when a>2r; for intermediate values a linear interpolation was used, based on
a previously presented boundary element model
[19]. Figure 2 shows the results of this interpolation
together with the numerical results.
To ﬁnd the number of cycles for the crack to grow
to a given length, these formulae for K were substituted into the Paris law equation [equation (2)
above], replacing the stress s with the stress range
Ds. For the short and long crack cases [equations (3)
and (4)], the various constants were substituted into
the equations, which were then solved by separating
the variables and integrating in the usual way. For the
short crack case this gave
N=−1518.4Ds−5.48(a−1.74−a−1.74)
(5)
f
i
where N is the number of cycles required for the
crack to grow from the initial crack length a to the
i
ﬁnal crack length a . Similarly, for the long crack case
f
(6)
N=−148 240Ds−5.48(a−1.74−a−1.74)
i
f
For intermediate crack lengths, the integration was
carried out numerically by breaking the crack growth
into several portions, with the stress intensity

Fig. 1 Typical boundary element mesh representing a void in the centre of a tensile specimen.
Only one-eighth of the central section of the gauge length needs to be represented owing
to symmetry; the picture shows the mesh around the void
H07804 © IMechE 2006
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Fig. 2 Stress intensity factors for a crack growing from a spherical void in a continuum, showing
short and long crack approximations, interpolation for intermediate values, and numerical
results. The stress intensity values shown are for a 1 mm diameter void and an applied
stress of 2 MPa

assumed to be constant for each. The number of steps
used was increased until convergence was achieved,
which required 50 steps. The full procedure to calculate the number of cycles required for a crack to grow
from a given initial length to a given ﬁnal length
around a void of given radius was therefore as follows.
1. Calculate the maximum crack length for which the
short crack solution is valid (a=r/10), and ﬁnd
the number of cycles to reach this length using
equation (5).
2. Calculate the minimum crack length for which the
long crack solution is valid (a=2r), and ﬁnd the
number of cycles required to reach this length
numerically.
3. Calculate the remaining cycles required to reach
the ﬁnal length using equation (6).

3 RESULTS
For a Poisson’s ratio of 0.33, equation (1) gives a stress
concentration factor of 2.06. Note that this is independent of the size of the void.
Figure 3 shows a typical stress distribution around
a void in a boundary element model. The stress
concentration is very localized around the equator
of the void. Figure 4 shows the stress concentration
factor as a function of the size of the void in a 5 mm×
3.5 mm tensile specimen. The stress does not
increase signiﬁcantly until the void is about 1 mm in

diameter; the boundary element and analytical solutions are in good agreement, except for the largest
void sizes when the void approaches the edges of
the specimen. For intermediate void sizes, a close
approximation to the actual stress was found using
the stress concentration factor and correcting for the
actual cross-sectional area.
The stress around voids of various sizes in specimens of 10×4 mm cross-section was calculated in
the same way, using the actual cross-sectional area,
and this is shown in Fig. 5 with some results obtained
by Cristofolini et al. [10] for comparison. There is an
excellent correlation between the predicted stress
and the proportion of voids that caused failure in the
tests of Cristofolini et al.
The number of cycles for a crack to grow from an
initial size of 20 mm to a ﬁnal diameter of 2 mm is
shown as a function of void size in Fig. 6. It is evident
that the fatigue life is reduced as the void size
increases, even though the stress concentration
factor around the void and the number of cycles for
crack initiation are unchanged.

4 DISCUSSION
4.1 Initiation of cracks at pores
It has been widely assumed that pores act as sites
for crack initiation in bone cement owing to their
stress-raising eﬀect, and also that larger pores will
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Fig. 3 Contour plot showing a typical stress distribution around a void. The stress concentration
is highly localized around the equator of the void, and the adjoining outside surface has
little eﬀect

Fig. 4 Stress concentration factor as a function of void size for central voids in a specimen of
5×3.5 mm cross-section. The solid line shows the approximate analytical solution, using
the actual cross-sectional area, and the points show boundary element results

have a more damaging eﬀect than smaller ones,
based on the fracture mechanics relationship
between the size of sharp defects and the failure
stress. However, voids are not sharp cracks, and it
can be seen in equation (1) that the stress concentration around a smooth void depends only on the
Poisson’s ratio and not on the void diameter. Using
an appropriate value of Poisson’s ratio for bone
cement, the resulting stress concentration factor
is only 2.06, which is insuﬃcient to cause crack
H07804 © IMechE 2006

initiation. For example, Baleani et al. [13] applied
stresses in the range 12–18 MPa, which would result
in stresses at the voids in some cases below 25 MPa.
Since the yield stress of the cement is typically in
excess of 80 MPa, this is insuﬃcient to cause crack
initiation.
There must therefore be further stress concentrations at the edges of the voids or elsewhere, in
order to initiate fatigue cracks. These might include
the rough surface of the inside of the voids, caused
Proc. IMechE Vol. 220 Part H: J. Engineering in Medicine
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Fig. 5 Approximate stresses around voids in specimens of 10×4 mm cross-section. Data from
Cristofolini et al. [10] showing the proportion of critical voids of various sizes is included
for comparison. There is an excellent correlation between the predicted stress and the
proportion of the voids that caused failure

Fig. 6 Number of cycles required for a 0.02 mm crack originating at the equator of a spherical
void to grow to 2 mm as a function of the radius of the void. Crack growth is faster around
the larger voids because the crack takes longer to grow out of the stress concentration
created by the void

by the prepolymerized PMMA beads in the cement,
and adjacent barium sulphate particles. In either
case, the stress concentration produced will be
largely independent of the size of the void.
A further point to consider is that fatigue cracks
in PMMA initiate by crazing. Since this involves
localized cavitation of the material, a substantial
tensile hydrostatic stress is needed [20]. Precise
values for fatigue crack initiation in PMMA are not
readily available in the literature, but Gearing and
Anand [20] give a criterion for craze initiation after

prolonged static loading
785.56
s 45.60+
1
s
H
s = 1 (s +s +s )
2
3
H 3 1
(7)
For a small spherical void with an applied stress of
12 MPa, this gives a critical maximum principal stress
of 122.3 MPa, much higher than the actual value of
24.96 MPa. Even under fatigue conditions, this is
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insuﬃcient to initiate a crack. Secondary stress concentrations that have sharp corners, such as radiopaciﬁer particles, may cause higher triaxial stresses
as well as a higher maximum principal stress, and
hence are more likely sites for crack initiation
immediately adjacent to a void.
If cracks initiate at secondary stress concentrations, and the stress concentration due to the
voids is independent of void size, the size of the voids
may have little or no eﬀect on the initiation of cracks.
However, there is a possible eﬀect on the growth of
cracks around voids, which is discussed below.
4.2 Eﬀect of large voids
In the preceding section it was argued that there is
no intrinsic link between the size of a void and the
likelihood of crack initiation. However, for large voids
occupying a signiﬁcant fraction of the cross-sectional
area of the specimen, a further stress concentration
will arise, over and above that which would be caused
by a similar void in an inﬁnite continuum. This eﬀect
was analysed by two methods, ﬁrstly by using the
actual cross-section around the void to calculate the
stress and secondly by using boundary element
models. The results of this analysis are shown in
Fig. 4, and it is clear that in these specimens the
stress around voids smaller than about 1 mm diameter was roughly constant and independent of the
void size. For larger voids, there was an increase in
stress. The boundary element results conﬁrm that
the analytical approximation using the actual crosssectional area gives accurate stresses for all but the
largest voids.
This approximation was used to estimate the
stresses around the voids in the rather larger specimens used by Cristofolini et al. [10], as shown in
Fig. 5. On the same graph, the results of Cristofolini
et al. for the proportion of critical (crack-initiating)
voids are shown for comparison. There is an excellent
correlation between the predicted additional stress
concentration and the number of critical voids.
This additional stress concentration would seem
to account for these results, and also to allow a
useful generalization of the recommendations of
Cristofolini et al. The presence of the large voids
eﬀectively reduces the specimen cross-sectional
area; for specimens of diﬀerent shapes and sizes,
samples containing voids larger than about 2 per
cent of the cross-section should be rejected. Also,
this explanation does not tend to support the contention of Prendergast et al. [11] that large voids are an
integral part of the cement and should be included
in the test specimens, since the eﬀect of these voids
H07804 © IMechE 2006
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seems to be largely a function of the specimen design
and reveals little about the properties of the
cement itself.
The results of James et al. [5] also corroborate the
argument that porosity is most signiﬁcant when it
occupies a substantial fraction of the cross-sectional
area. They found that, for uncentrifuged, handmixed cement, there was a very strong negative
correlation between porosity measured in the fracture surface and fatigue life. These specimens had a
porosity in the range of 2–33 per cent. However, for
centrifuged specimens with a porosity of 2.5–6.5 per
cent, there was only a weaker correlation (R=−0.7)
and a much smaller gradient. There was still a
decrease in fatigue life with increased porosity, however, and this may be explained by the eﬀects of voids
on fatigue crack growth.
4.3 Eﬀect of void size on crack growth rate
It was argued above that the size of voids in the
cement may have little eﬀect on the initiation of
fatigue cracks, unless the voids occupy a signiﬁcant
proportion of the cross-section of the specimen. For
polystyrene, a similar brittle, amorphous polymer, it
was found by Botsis and Huang [21] that both the
size of the initial crack and the number of cycles for
crack initiation had an exponential relationship with
the applied stress. It would be expected, therefore,
that, since the stress concentration is similar regardless of void size, the number of cycles to crack
initiation and the size of the initial crack would also
be constant (of the order of 20 mm). However, a
further eﬀect arises as the crack grows around the
void. For short cracks, the stress intensity rises more
quickly than for longer cracks, as seen in Fig. 2.
Comparing equations (5) and (6), the only diﬀerence
is in the initial constant which is two orders of magnitude greater for long cracks. Short cracks will thus
grow much more quickly than long ones over a given
range of crack length; ‘short’ and ‘long’ in this context
are relative to the size of the void, so that cracks
around larger voids will spend more time in the stress
concentration around the void and hence grow more
quickly. The eﬀect of this is shown in Fig. 6, which
shows the number of cycles required for a 20 mm
crack to grow to 2 mm in length as a function of the
void size. It is clear that large voids will lead to more
rapid failure than smaller ones.
These results provide a further explanation of the
results of Cristofolini et al. [10] and others [2, 4–6,
9, 10]. For voids smaller than about 1 mm diameter,
the life rises rapidly, while for larger voids the life is
relatively short. This may explain why Cristofolini
Proc. IMechE Vol. 220 Part H: J. Engineering in Medicine
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et al. found no failures starting from voids smaller
than 1 mm in diameter, and also provides a further
explanation for the sharp increase in the number of
critical voids between 1.1 and 1.7 mm in diameter.
This eﬀect is also interesting, because it provides
some explanation of the large numbers of microcracks that are sometimes seen in bone cement,
especially around voids. Small cracks grow quickly in
the stress concentration around a void, but then slow
down as they outgrow the stress concentration,
resulting in large numbers of ‘dormant’, very slowgrowing microcracks.
A further interesting implication is that porosity
may be less damaging in high-cycle fatigue (and
hence in vivo) than in laboratory tests. Published
laboratory studies [5] have typically used relatively
high loads leading to failure in 103–105 cycles. In this
situation, crack initiation is rapid and the fatigue life
is mainly determined by the number of cycles
required for crack growth. In high-cycle fatigue, however, where failure occurs in 106–108 cycles, the life
is usually determined primarily by the number of
cycles required for crack initiation. In this situation
the eﬀect of void size may be less pronounced.
4.4 Improving the fatigue life of bone cements
Recently, eﬀorts to improve the fatigue life of bone
cements have focused on reducing porosity, since
this has been shown signiﬁcantly to improve fatigue
performance in the laboratory. However, once the
misleading eﬀect of large voids is removed, the eﬀect
of void size is much less signiﬁcant. Additional stress
raisers, such as barium sulphate particles, are needed
to initiate cracks from voids, and some studies [4]
have shown cracks predominantly initiating from
these features even when there are large voids
nearby. There is clearly scope for improvements in
fatigue performance through the use of alternative
radiopaciﬁers [22] or increased fatigue crack propagation resistance [23].
4.5 Relationship between laboratory tests and
in vivo fatigue life
The present results suggest that in some cases the
observed eﬀects of porosity on fatigue life are primarily due to large voids occupying a signiﬁcant proportion of the cross-section of the specimen. It is not
clear how these results relate to clinical practice. The
shape of the cement mantle is quite diﬀerent, and it
is likely that diﬀerent sizes and shapes of voids will
be formed, depending on the cementing technique.
Also, it is possible that the cement mantle in vivo
may be more tolerant of damage, since it has more

possibilities for load redistribution when one part of
the cement is damaged. As an extreme example, in
the case of a tapered, polished femoral stem, even
extensive cement cracking can be accommodated by
distal migration and wedging of the stem.
A further complicating factor is the eﬀect of voids
on crack growth, which may be more important in
low-cycle, high-load laboratory tests and less relevant in high-cycle clinical failure. There are also
issues regarding variable-amplitude loading that
have not been investigated to any signiﬁcant extent;
for example, clinical cracks may be initiated by accidental overload many years after implantation. Stress
relaxation and creep are also important [24]; periods
of prolonged loading will cause greater deformation,
while periods with little load may allow some recovery and relaxation of stresses.
Although it is diﬃcult to predict the behaviour of
bone cement in vivo, the analysis presented here may
provide an explanation of the discrepancy between
laboratory fatigue tests, which have shown substantial eﬀects of porosity on fatigue life, and actual clinical results, where no such correlation has yet been
reported [8]. It appears that the eﬀect of porosity in
the laboratory may be largely governed by the specimen design and test method, and so it is perhaps
not surprising that there is little or no evidence that
the same eﬀects occur in clinical practice.

5 CONCLUSIONS
1. The stress concentration produced by a smooth,
circular void is independent of the size of the void
unless it signiﬁcantly reduces the overall crosssection. Typically, the stress concentration factor
is around 2, which is insuﬃcient to initiate cracks
in PMMA under common fatigue loads. Crack
initiation therefore requires some further stress
raiser, such as a radiopaciﬁer particle, a rough surface inside the void, or an adjacent smaller void.
2. For large voids, the stress increases owing to the
reduction in cross-section. Test samples with
voids that occupy a signiﬁcant proportion of
the cross-section should therefore be rejected –
the strength of these will depend on the size of the
specimen and therefore reveals little about the
properties of the cement.
3. Although void size may not have much eﬀect on
crack initiation, crack growth around a large void
will be signiﬁcantly quicker since the crack
remains in the stress concentration caused by the
void for a larger proportion of its life.
4. While large voids would be expected to have a
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detrimental eﬀect on fatigue life, small voids may
be of limited signiﬁcance compared with other
stress concentrations such as agglomerations of
radiopaciﬁer particles, which are also implicated
in crack initiation from voids. Future work on
improving the fatigue resistance of cements may
usefully concentrate on reducing these other
stress concentrations and improving the resistance of the cement matrix to crack propagation,
rather than focusing exclusively on porosity.
5. The precise relationship between the results of
laboratory tests and the actual clinical situation is
unknown. Much of the observed eﬀect of porosity
on specimen fatigue life may be attributed to the
presence of large voids occupying a signiﬁcant
proportion of the cross-sectional area, and it is
not clear how this would relate to the clinical situation. Also, it is not clear that the eﬀect of voids
on crack growth would be as important in highcycle fatigue in vivo, since this may be predominantly controlled by crack initiation.

6

7

8
9

10

11

ACKNOWLEDGEMENTS
The Franc3D boundary element software is provided
in the public domain by the Cornell Fracture
Group, Cornell University, and is available from
http://www.cfg.cornell.edu. The generous support
and assistance of Bruce Carter at Cornell is gratefully
acknowledged.

12
13

REFERENCES
1 Faulkner, A., Kennedy, L. G., Baxter, K.,
Donovan, J., Wilkinson, M., and Bevan, G.
Eﬀectiveness of hip prostheses in primary total hip
replacement: a critical review of evidence and an
economic model. Health Technol. Assessment, 1998,
2(6), 1–133.
2 Jasty, M., Maloney, W. J., Bragdon, C. R., O’Connor,
D. O., Haire, T., and Harris, W. H. The initiation of
failure in cemented femoral components of hip
arthroplasties. J. Bone Jt Surg., 1991, 73B(4),
551–558.
3 Dunne, N. J., and Orr, J. F. The eﬀects of porosity
on acrylic bone cement shrinkage after polymerisation. In Proceedings of the European Society for
Biomaterials 2001 Conference (Eds P. Revell and
E. Tanner), 2001, p. T19 (European Society for
Biomaterials, London).
4 Bhambri, S. K. and Gilbertson, L. N. Micromechanisms of fatigue crack initiation and propagation in bone cements. J. Biomed. Mater. Res., 1995,
29, 233–237.
5 James, S. P., Jasty, M., Davies, J., Piehler, H., and
H07804 © IMechE 2006

14

15
16
17

18
19

9

Harris, W. H. A fractographic investigation of PMMA
bone cement focusing on the relationship between
porosity reduction and increased fatigue life.
J. Biom. Mater. Res., 1992, 26, 651–662.
Dunne, N., Orr, J. F., Mushipe, M. T., and Eveleigh,
R. J. The relationship between porosity and fatigue
characteristics of bone cements. Biomaterials, 2003,
24, 239–245.
Malchau, H., Herberts, P., Ahnfelt, L. E., and
Johnell, O. Prognosis of total hip replacement.
Results from a national register of revised failures
1979–1990 in Sweden – a 10 year follow-up of
92,675 total hip replacements. Scientiﬁc exhibition
presented at the 61st American Academy of
Orthopaedic Surgeons, 1994.
Ling, R. S. M. and Lee, A. J. C. Porosity reduction
in acrylic bone cement is clinically irrelevant. Clin.
Orthop. Rel. Res., 1998, 355, 249–253.
Davies, J. P. and Harris, W. H. Optimization and
comparison of three vacuum mixing systems for
porosity reduction of Simplex P cement. Clin.
Orthop. Rel. Res., 1990, 254, 261–269.
Cristofolini, L., Minari, C. and Viceconti, M. A
methodology and criterion for acrylic bone cement
fatigue tests. Fatigue and Fracture Engng Mater. and
Struct., 2000, 23, 953–957.
Prendergast, P. J., Murphy, B. P., and Taylor, D.
Discarding specimens for fatigue testing of orthopaedic bone cement: a comment on Cristofolini
et al. (2000) – Fatigue Fracture Engng Mater. and
Struct. 23, 953–957. Fatigue and Fracture Engng
Mater. and Struct., 2002, 25(3), 315–316.
Lewis, G., Janna, S., and Carroll, M. Eﬀect of test
frequency on the in vitro fatigue life of acrylic bone
cement. Biomaterials, 2003, 24, 1111–1117.
Baleani, M., Cristofolini, L., Minari, C., and Toni,
A. Fatigue strength of PMMA bone cement mixed
with gentamicin and barium sulphate vs pure
PMMA. Proc. Instn Mech. Engrs, Part H: J. Engineering in Medicine, 2003, 217(H1), 9–12.
Piazza, E., Baleani, M., Cristofolini, L., and Toni,
A. Eﬀect of barium sulfate and sodium ﬂuoride on
the fatigue strength and on the fatigue crack propagation rate of PMMA bone cement. 12th Conference
of the European Society of Biomaterials, Dublin,
2000.
Peterson, R. E. Stress Concentration Factors, 1974,
p. 138 (John Wiley, New York).
Timoshenko, S. and Goodier, J. N. Theory of
Elasticity, 3rd edition, 1970, p. 398 (McGraw-Hill,
New York).
Sternberg, E. and Sadowsky, M. A. On the axisymmetric problem of the theory of elasticity for an
inﬁnite region containing two spherical cavities.
Trans. ASME, 1952, 76, 19.
Rooke, D. P. and Cartwright, D. J. Compendium of
Stress Intensity Factors, 1976 (HMSO, London).
Evans, S. L. A computational fracture mechanics
approach to the fatigue of PMMA bone cement. 5th
International Symposium on Computer Methods in
Biomechanics and Biomedical Engineering, Rome,
2001.
Proc. IMechE Vol. 220 Part H: J. Engineering in Medicine

Downloaded from pih.sagepub.com at Cardiff University on April 4, 2012

10

S L Evans

20 Gearing, B. P. and Anand, L. On modelling the
deformation and fracture response of glassy polymers due to shear-yielding and crazing. Int. J. Solids
and Struct., 2004, 41, 3125–3150.
21 Botsis, J. and Huang, C. Experimental and analytical
studies in crack initiation under fatigue. Part I –
Experimental studies. Int. J. Fracture, 1994, 65,
219–234.
22 Manero, J. M., Ginebra, M. P., Gil, F. J., Planell, J. A.,
Delgado, J. A., Morejon, L., Artola, A., Gurruchage,
M., and Goni, I. Propagation of fatigue cracks in
acrylic bone cements containing diﬀerent radiopaque agents. Proc. Instn Mech. Engrs, Part H: J.
Engineering in Medicine, 2004, 218, 167–172.
23 Puckett, A. D., Roberts, B., Bu, L., and Mays, J. W.
Improved orthopaedic bone cement formulations
based on rubber toughening. Critical Rev. in
Biomed. Engng, 2000, 28(3), 457–461.
24 Eden, O. R., Lee, A. J. C., and Hooper, R. M. Stress
relaxation modelling of polymethylmethacrylate
bone cement. Proc. Instn Mech. Engrs, Part H: J.
Engineering in Medicine, 2002, 216, 195–199.

APPENDIX
Notation
a,a
i f
C
da/dN
K
K
t
m
N
r
DK
Ds
n
s
s
H
s ,s ,s
1 2 3

initial and ﬁnal crack lengths (m)
Paris law constant
crack growth rate – increase in crack
length per cycle (m/cycle)
stress intensity factor (Pa m1/2)
stress concentration factor
Paris law constant
number of loading cycles
radius of a void (m)
cyclic stress intensity factor range
(Pa m1/2)
cyclic stress range (Pa)
Poisson’s ratio
applied stress (Pa)
hydrostatic stress (Pa)
principal stresses (Pa)
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