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A B S T R A C T

Poly(methyl methacrylate) (PMMA) bone cements have a long and successful history of use

for implant fixation, but suffer from a relatively low fracture and fatigue resistance which

can result in failure of the cement and the implant. Fiber or particulate reinforcement

has been used to improve mechanical properties, but typically at the expense of the pre-

cured cement viscosity, which is critical for successful integration with peri-implant bone

tissue. Therefore, the objective of this study was to investigate the effects of zirconia

fiber reinforcement on the fatigue life of acrylic bone cements while maintaining a

relatively low pre-cured cement viscosity. Sintered straight or variable diameter fibers

(VDFs) were added to a PMMA cement and tested in fully reversed uniaxial fatigue until

failure. The mean fatigue life of cements reinforced with 15 and 20 vol% straight zirconia

fibers was significantly increased by ∼40-fold, on average, compared to a commercial

benchmark (OsteobondTM) and cements reinforced with 0–10 vol% straight zirconia fibers.

The mean fatigue life of a cement reinforced with 10 vol% VDFs was an order of magnitude

greater than the same cement reinforced with 10 vol% straight fibers. The time-dependent

viscosity of cements reinforced with 10 and 15 vol% straight fibers was comparable to the

commercial benchmark during curing. Therefore, the addition of relatively small amounts

of straight and variable diameter zirconia fibers was able to substantially improve the

fatigue resistance of acrylic bone cement while exhibiting similar handling characteristics

compared to current commercial products.
c© 2010 Elsevier Ltd. All rights reserved.
c
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1. Introduction

Poly(methyl methacrylate) (PMMA) cements have been the

method of choice for affixing total joint replacements to

peri-implant bone tissue ever since the pioneering efforts
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by Charnley and others in the 1960s (Charnley, 1960; Davies
et al., 1987). Cement fixation of the femoral component is
used in approximately one-half of all total hip arthroplasties
and has proved to be an extremely effective technique with a
90% success rate after 15 years (Murray et al., 1995). However,
increased life expectancy and the decreasing age of implant
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recipients suggest a clinical need for further improvements
in the implant lifetime. Cemented implants can fail through
a variety of mechanisms, including inflammation caused by
wear particles, micro-motion at the bone–cement interface,
and fracture of the cement mantle (Bauer and Schils, 1999).
Thus, the fracture and fatigue resistance of PMMA bone
cements is a significant factor affecting implant failure.

A wide variety of approaches have been used to improve
the mechanical properties of PMMA bone cements (Lewis,
1997), including the addition of a reinforcing particle or fiber
to increase cement strength, stiffness, and toughness (Lewis,
2003, 2008). Numerous reinforcements have been examined
in fatigue, including carbon fibers (Martin et al., 1980; Pilliar
et al., 1976; Robinson et al., 1981), hydroxyapatite particles
(Harper et al., 1995, 2000) or fibers (Matsuda et al., 2004),
PMMA fibers (Gilbert et al., 1995), stainless steel fibers (Kotha
et al., 2004, 2006a), titanium fibers (Kotha et al., 2006b;
Topoleski et al., 1995), and zirconia particles (Harper and
Bonfield, 2000) or fibers (Kotha et al., 2009; Zhou et al., 2009),
among others. Regardless of the reinforcement composition,
short fibers or equiaxed particles are usually added to the
cement at 1–20 vol%. Most studies have reported improved
fatigue properties as a result of this reinforcement (Lewis,
2003). However, most reinforced cements also exhibit a
significantly higher dough-stage viscosity, leading to difficulty
in obtaining a reliable bone–cement interface (Lewis, 2008).
Moreover, a high viscosity limits handling and the addition of
higher reinforcement fractions.

Reinforced cements have also been limited by poor
adhesion between the PMMAmatrix and reinforcement fibers
or particles. Therefore, recent studies have attempted to
improve the interfacial strength or resistance to fiber pullout
either chemically, using coupling agents (Harper et al., 2000;
Kotha et al., 2006a,b; Lewis, 2008), or mechanically, using
variable diameter fibers (VDFs) (Zhou et al., 2005, 2009). VDFs
improve stress transfer by mechanical interlocking (Zhu and
Beyerlein, 2002), analogous to fastening with a screw rather
than a nail. In a preliminary study, cements reinforced with
VDFs exhibited increased tensile strength and fatigue life
compared to conventional straight fibers at low reinforcement
fractions, up to 10 vol% (Zhou et al., 2009).

The objective of this study was to investigate the fatigue
life of PMMA bone cements reinforced with straight or
variable diameter zirconia fibers compared to a commercial
benchmark. Moreover, the PMMA cement composition was
tailored such that the pre-cured viscosity of reinforced
cements exhibited similar handling characteristics compared
to the commercial benchmark.

2. Materials and methods

2.1. Cement preparation

Zirconia fibers were prepared by Advanced Cerametrics Inc.
(Lambertville, NJ), using the viscous suspension spinning
process (VSSP) and sintering, as described elsewhere (Cass
et al., 1998, 2003). Straight fibers were approximately 100 µm
in length and 20 µm in diameter, on average (Fig. 1(a)). VDFs
were approximately 750 µm in length, with a maximum
a

b

Fig. 1 – Scanning electron micrographs showing the (a)
fiber morphology, and (b) submicron grain size and surface
roughness of as-prepared polycrystalline, straight zirconia
fibers.

diameter of 200 µm and minimum diameter of 100 µm
(cf. Zhou et al., 2009). The larger size of VDFs was dictated
by processing constraints, but the approximate aspect ratio
(ratio of the length and mean width) was similar to the
straight fibers. Both types of fibers were polycrystalline with
a submicron grain size and surface roughness (Fig. 1(b)).

Acrylic powder beads comprised a poly(methyl
methacrylate-co-styrene) copolymer with 0.85 wt% residual
benzoyl peroxide (BPO) as a polymerization initiator. The
mean bead size was 37 µm with a maximum bead size of
150 µm. Cements reinforced with 15 vol% straight fibers were
also prepared using acrylic beads with a mean size of 26
and 48 µm for comparison. The powder component was pro-
vided without a radiopacifier (e.g., barium sulfate) due to
reinforcement by zirconia fibers which also provided ra-
diopacity. Zirconia reinforcements have been used as a ra-
diopacifier in a number of commercial cements (Harper and
Bonfield, 2000; Lewis, 1997, 2003). The liquid component was
composed of methyl methacrylate (MMA) monomer, with
0.725 vol% N,N-dimethyl-p-toluidine (DMPT) as a polymeriza-
tion accelerator and 60± 10 ppmhydroquinone as a stabilizer.

The acrylic cement was formulated for decreased viscosity
prior to the addition of 5, 10, 15, and 20 vol% straight
fibers or 10 vol% VDFs. The powder and liquid components
were vacuum mixed (∼70 kPa) at a powder-to-liquid ratio
of 0.9 g/ml following standard clinical methods, except
that zirconia fibers were added at the same time as the
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Fig. 2 – Optical micrographs of polished longitudinal
cross-sections for a run-out specimen (10 million cycles
without failure) from the cement reinforced with 15 vol%
straight fibers showing (a) porosity and (b) a region near
the free surface. Note the relative alignment of zirconia
fibers in the vertical direction corresponding to cement
injection and uniaxial loading.

PMMA powder. Note that all aspects of the above cement
composition, except the powder-to-liquid ratio and zirconia
fiber reinforcements, were within the range of commercial
cement compositions (Harper and Bonfield, 2000; Lewis, 1997,
2003). The liquid-to-powder ratio was decreased due to the
effective substitution of zirconia fibers for PMMA powder, but
was within the range employed for hypodermic injection of
cements in vertebroplasty (Lewis, 2009). Reinforced cements
were compared against the same PMMA formulation without
reinforcement as a control, and a commercially available
cement (OsteobondTM, Zimmer Inc., Warsaw, IN) as a clinical
benchmark.

The pre-cured cement viscosity was measured using a
cone and plate viscometer (DV-E, Brookfield Engineering,
Middleboro, MA) at 2.5 rpm and 20.5 ◦C. Measurements were
taken at 30 s intervals beginning immediately after mixing
the monomer, powder, and fibers.

Control and zirconia fiber reinforced PMMA cement test
specimens were prepared by injection into silicone molds,
resulting in fiber alignment along the direction of loading for
fatigue tests (Fig. 2). Specimen dimensions followed ASTM
F2118-03 with a gage section 5 mm in diameter and 25 mm in
length, and a 5 mm chamfer transitioning to 10 mm diameter
grip sections (ASTM, 2003). Surface imperfections, such as the
mold parting line, were removed by lightly sanding the gage
section of each specimen with 400, 800, and 1200 grit SiC
paper.

2.2. Fatigue testing and analysis

Fatigue testing utilized the Harris protocol (Davies et al.,
1987), as outlined in ASTM (2003). After equilibrating for
several days in saline, specimens were loaded to failure
under fully reversed uniaxial tension–compression with a
sinusoidal waveform at 10 Hz to a maximum stress of
±15 MPa using a servohydraulic load frame (Model 810, MTS
Systems Corp., Eden Prairie, MN). All tests were conducted
in phosphate buffered saline (pH = 7.4) at 37 ◦C to
simulate physiological conditions. The secant modulus was
measured from load–displacement hysteresis loops collected
throughout the test. The relative modulus degradation, E/Eo,
was measured as the ratio of the secant modulus at a given
number of loading cycles by the initial secant modulus,
measured at the 50th loading cycle. Differences in the initial
secant modulus were compared by one-way analysis of
variance (ANOVA) (JMP 5.1, SAS Institute, Inc., Cary, NC).
Post hoc comparisons were performed using Tukey’s HSD
test with a level of significance of 0.05. Differences in the
relative modulus degradation were examined by comparing
the median specimen for each experimental group based on
the fatigue life.

The fatigue life was measured as the total number
of loading cycles at failure. A log transform was used
to provide a normal distribution for the comparison of
experimental groups by one-way ANOVA (ASTM, 2003). Post
hoc comparisons were performed using Tukey’s HSD test
with a level of significance of 0.05. Each experimental
group initially included five specimens, with the exception
that the commercial control group included two additional
specimens. All specimens for cements reinforced with
15 vol% straight zirconia fibers were grouped together as
differences between groups with a mean acrylic bead size
of 26, 37 and 48 µm were not statistically significant (p =
0.86, ANOVA). Groups for cements reinforced with 0, 10 and
15 vol% straight zirconia fibers lost one specimen each due to
instrument malfunction during the test or the presence of a
large pore (>1 mm) within the gage section. Two specimens
for cements reinforced with 15 vol% straight zirconia fibers
did not fail after 10million cycles (run-out) andwere therefore
not included in the mean fatigue life or Weibull analysis.

The probability of failure, Pf , for specimens from each
experimental group was estimated using a two-parameter
Weibull distribution as,

Pf = 1− exp[−(Nf /β)
m
] (1)

where Nf is the number of cycles to failure, β is the scale
parameter or Weibull characteristic fatigue life (at Pf = 0.632),
and m is the shape parameter or Weibull modulus. The
scale and shape parameters were determined by mean rank
regression, plotting the Weibull parameter, log(− log(1 − Pf )),
using mean rank values for Pf , versus log (Nf ) and fitting by
linear least-squares regression.

log(− log(1− Pf )) = m · log(Nf )−m · log(β). (2)
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Fig. 3 – The pre-cured cement viscosity of a commercial
benchmark (OsteobondTM, OB) and cements containing 0,
5, 10, 15 and 20 vol% straight zirconia fibers.

Scale and shape parameters for each regression were
compared using analysis of covariance (ANCOVA) with a level
of significance of 0.05.

Failure surfaces from representative specimens were
coated with Au–Pd by sputter deposition and imaged using
scanning electron microscopy (Evo 50, LEO Microscopy Ltd,
Cambridge, UK) at an accelerating voltage of 15 kV and
a working distance of 7–10 mm. Additionally, a specimen
reinforced with 15 vol% straight zirconia fibers, and loaded
to 10 million cycles without failure (run-out), was sectioned
longitudinally with a low speed diamond wafer saw, polished
with a series of SiC and diamond abrasives, and imaged using
reflected light microscopy (Eclipse ME600, Nikon Instruments
Inc., Melville, NY) in order to examine for the presence of
microcracks or fatigue damage.

3. Results

The viscosity of the PMMA bone cement without reinforce-
ment was much lower than the commercial benchmark
(OsteobondTM) for a given time period, such that the ad-
dition of fiber reinforcement increased the viscosity toward
that of the commercial benchmark (Fig. 3). Therefore, the
time-dependent viscosity of cements reinforced with 10 and
15 vol% straight zirconia fibers was similar to that of the com-
mercial benchmark (Fig. 3), and thus exhibited similar han-
dling characteristics.

The initial secant modulus, Eo, increased with increased
zirconia fiber reinforcement (p < 0.001, ANOVA), as expected
(Fig. 4). The commercial control and unreinforced cement
did not exhibit a statistically significant difference in the
initial secant modulus. The initial secant modulus of cements
reinforced with 10 vol% straight zirconia fibers and VDFs was
also not statistically different.

The mean fatigue life of cements reinforced with 15 and
20 vol% straight zirconia fibers was significantly greater (p <
0.05, Tukey’s HSD test) than the commercial benchmark and
cements reinforced with 0–10 vol% straight zirconia fibers
(Fig. 5). For example, the mean fatigue life of the cement re-
inforced with 15 vol% straight zirconia fibers was 67 times
greater than the commercial benchmark and 22 times greater
than the same cement formulation without fiber reinforce-
ment. Note that these differences are conservative because
Fig. 4 – The mean initial secant modulus of specimens
prepared from a commercial benchmark (OsteobondTM, OB)
and cements containing 0, 5, 10, 15 and 20 vol% straight
zirconia fibers and 10 vol% variable diameter zirconia fibers
(VDFs). Error bars span one standard deviation. Groups not
connected by the same letter exhibited a statistically
significant difference (p < 0.05, Tukey’s HSD test). Secant
moduli were measured from cyclic hysteresis loops using
actuator displacements. Therefore, relative comparisons
should be emphasized rather than absolute magnitudes,
which are expected to be underestimated compared to
elastic moduli measured from static tensile tests using an
extensometer.

Table 1 – Summary of the Weibull distribution shape
parameter (Weibull modulus), scale parameter (Weibull
characteristic fatigue life), and correlation coefficient
determined by mean rank regression using Eq. (2), for
specimens prepared from a commercial benchmark
(OsteobondTM, OB) and cements containing 0, 5, 10, 15
and 20 vol% straight zirconia fibers and 10 vol% variable
diameter zirconia fibers (VDFs). Shape and scale
parameters not connected by the same superscript letter
exhibited statistically significant differences between
the regression parameters (p < 0.05, ANCOVA).

Cement Shape
parameter, m

Scale
parameter, β

(cycles)

R2

OB 1.93a 7.62·104a 0.97
0 vol% 0.58b 2.46·105b 0.98
5 vol% 1.46c,d 7.08·104a 0.95

10 vol% 2.35a 1.34·105b 0.90
15 vol% 1.77a,c 5.09·106 c 0.98
20 vol% 1.15d 3.63·106d 0.98
10 vol% VDFs 0.80b 1.20·106b 0.95

the mean fatigue life reported for the cement reinforced with
15 vol% straight zirconia fibers did not include two specimens
which did not fail after 10 million cycles (run-out). There were
no statistically significant differences in the mean fatigue life
between the commercial benchmark and cements reinforced
with 0–10 vol% straight zirconia fibers, as well as between ce-
ments reinforced with 15 and 20 vol% straight fibers.

The mean fatigue life of the cement reinforced with
10 vol% VDFs was significantly greater (p < 0.05, Tukey’s HSD
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Fig. 5 – The mean fatigue life of specimens prepared from
a commercial benchmark (OsteobondTM, OB) and cements
containing 0, 5, 10, 15 and 20 vol% straight zirconia fibers
and 10 vol% variable diameter zirconia fibers (VDFs). Error
bars span one standard deviation. The mean fatigue life of
cements reinforced with 15 or 20 vol% straight fibers and
10 vol% VDFs was significantly greater than the commercial
benchmark and cements reinforced with 0–10 vol% straight
fibers (*p < 0.05, Tukey’s HSD test), and the mean fatigue
life of cement reinforced with 15 vol% straight fibers was
also significantly greater than the cement reinforced with
10 vol% VDFs (**p < 0.05, Tukey’s HSD test). ***Note that
data plotted for the cement reinforced with 15 vol% straight
zirconia fibers does not include two specimens that did not
fail after 10 million cycles (run-out).

test) than the cement reinforced with 10 vol% straight fibers
(Fig. 5). The mean fatigue life of the cement reinforced with
10 vol% VDFs was significantly lower (p < 0.05, Tukey’s HSD
test) than the cement reinforced with 15 vol% straight fibers,
but was not significantly different from the cement reinforced
with 20 vol% straight fibers.

The Weibull characteristic fatigue life (Nf at Pf = 0.632 in
Fig. 6) for cements in each group exhibited a similar trend,
15 vol% > 20 vol% > 10 vol% VDFs� 0 vol% ≈ 10 vol% > OB ≈
5 vol% (Table 1), compared to the mean fatigue life (Fig. 5).
The commercial benchmark and cements reinforced with 10
and 15 vol% straight fibers exhibited the greatest Weibull
modulus, which was not significantly different between these
groups (Table 1), indicative of a relatively narrow distribution
in fatigue lifetimes (Fig. 6).

All specimens generally exhibited <5% degradation
in secant modulus prior to failure. Control groups and
cements reinforced with lower levels of fiber reinforcement
qualitatively exhibited a greater rate of secant modulus
degradation before failure (Fig. 7(a)). SEM micrographs
corroborated relatively smooth failure surfaces in control
groups and increased tortuosity with increased levels of fiber
reinforcement (Fig. 8). Moreover, microscopic examination of
a run-out specimen (10 million cycles without failure) from
the cement reinforced with 15 vol% straight fibers revealed
no evidence of microcracks or fatigue cracks, even in regions
of higher relative porosity and near specimen edges (Fig. 2).
Cements reinforced with equal fractions of straight fibers
Fig. 6 – Weibull probability of failure analysis for
specimens prepared from a commercial benchmark
(OsteobondTM, OB) and cements containing 0, 5, 10, 15 and
20 vol% straight zirconia fibers and 10 vol% variable
diameter zirconia fibers (VDFs). *Note that data plotted for
the cement reinforced with 15 vol% straight zirconia fibers
does not include two specimens that did not fail after 10
million cycles (run-out). The plotted data points were fit by
linear least-squares regression in order to aid visual
comparison. The Weibull distribution shape and scale
parameters are tabulated in Table 1.

a

b

Fig. 7 – The relative secant modulus degradation during
fatigue qualitatively comparing the behavior of (a) the
commercial benchmark (OsteobondTM) and cements
reinforced with low versus high levels of straight zirconia
fibers, and (b) cements reinforced with straight versus
variable diameter fibers at the same reinforcement level.
Data is plotted for specimens that exhibited the median
fatigue life in each group.
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Fig. 8 – Scanning electron micrographs showing
representative fatigue failure surfaces for specimens
prepared with cements containing (a) 5 vol% and (b)
15 vol% straight zirconia fibers.

versus VDFs exhibited no qualitative differences in the rate
of secant modulus degradation (Fig. 7(b)).

4. Discussion

The fatigue life of cements reinforced with 15 and 20 vol%
straight zirconia fibers was significantly greater than the
same cement formulation with 0–10 vol% straight fibers and
the commercial benchmark (Fig. 5). These improvements are
expected to translate into improved fatigue resistance of the
cementmantle, whichmay lead to extended life for cemented
implants. Zirconia fiber reinforcement increased the fatigue
resistance by slowing fatigue crack propagation through
energy dissipation mechanisms such as crack deflection,
bridging and pullout (Topoleski et al., 1995; Zhou et al., 2009).
This explanation was supported by the relatively low secant
modulus degradation observed over most of the fatigue life
for cements with higher levels of fiber reinforcement (Fig. 5),
combined with the increased tortuosity of failure surfaces
due to crack deflection, bridging and pullout of fibers (Fig. 8).
Low levels of fiber reinforcement were observed in this
study to be ineffective at significantly improving the fatigue
resistance, most likely due to the enhanced propensity for
crack initiation at the fiber/matrix interface. The dramatic
increase in fatigue life from 10 to 15 vol% straight fibers
(Fig. 5) suggests that a critical mean spacing of fibers was
achieved for inhibiting crack propagation and/or interacting
with a microcrack prior to reaching a critical size, and should
be investigated further.

VDF fibers were also shown to significantly improve
the fatigue life compared to straight fibers at the same
level of reinforcement (Fig. 5), though it must be noted
that processing constraints dictated that VDFs were of
greater length but similar aspect ratio compared to straight
fibers. VDFs provided greater resistance to pullout due to
mechanical interlock with the matrix, as undulations on the
fiber surface were mechanically analogous to the threads of
a screw (Zhou et al., 2005; Zhu and Beyerlein, 2002). On the
other hand, the VDF-reinforced cement exhibited a lower
Weibull modulus compared the same level of straight fibers
(Table 1, Fig. 6), indicating greater variability in the fatigue
life. This greater variability may have been caused by the
greater size of VDFs or variability in the VDFs themselves.
Finally, the cost of manufacturing VDFs would certainly be
greater than straight fibers. Thus, for the above reasons,
the cement reinforced with 15 vol% straight zirconia fibers
was considered to have the most commercial and clinical
potential, though VDFs provided compelling reasons for
further study. Interestingly, micrographs of the surface of
as-prepared straight zirconia fibers (Fig. 1(b)) and failure
surfaces of cements reinforced with straight zirconia fibers
(Fig. 8) revealed a polycrystalline surface roughness that likely
contributed to enhancing the fiber-matrix interfacial strength
in a manner similar to the VDFs.

A previous study investigated the fatigue life of cements
reinforced with 2 and 10 vol% straight and variable diame-
ter zirconia fibers (Zhou et al., 2009). The cement formula-
tion was similar except that straight fibers were prepared to
have a much greater size (6.35 mm in length) and aspect ra-
tio (∼50), but a lower surface roughness, compared to those
in this study. Therefore, the mean fatigue life of the cements
reinforced with 10 vol% straight fibers was not significantly
different (p > 0.05 Tukey’s HSD) between studies after includ-
ing data from the prior study in the statistical analysis for all
groups in this study. Moreover, the mean fatigue life of the
cements reinforced with 10 vol% VDFs from each study were
not significantly different (p > 0.05 Tukey’s HSD), as expected.

The use of OsteobondTM (Zimmer, Inc., Warsaw, IN) as
the commercial benchmark in this study was supported
by the results of a prior study comparing the tensile
fatigue properties of ten commercial acrylic bone cements
(Harper and Bonfield, 2000). The Weibull median fatigue life
of OsteobondTM was significantly lower than one cement
(Palacos R© R, Heraeus Kulzer GmbH, Hanau, Germany),
not significantly different from four cements (including
Surgical Simplex R© P, Stryker Orthopaedics, Mahway, NJ),
and significantly greater than four cements. OsteobondTM,
Surgical Simplex R© P, and Palacos R© R are considered low,
medium and high viscosity cements, respectively (Lewis,
1997, 2003). Therefore, cements reinforced with 15 and
20 vol% straight zirconia fibers in this study are low to
medium viscosity cements (Fig. 3).

This study was not without several limitations. For the
Weibull analysis, the number of specimens per experimental
group was small for all groups except cements reinforced
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with 15 vol% straight fibers. Therefore, conclusions from the
Weibull analysis emphasized relative comparisons, rather
than absolute magnitudes.

A single stress level of 15 MPa was employed for fully
reversed uniaxial tension–compression fatigue based upon
long-standing industry practice (Davies et al., 1987) and, more
recently, the highest stress level recommended in ASTM
(2003). For comparison, the maximum tensile principal stress
in the cement mantle around the femoral component in total
hip arthroplasty was reported to be 7.6 and 38 MPa for a
bonded and unbonded, respectively, cement–stem interface
(Lennon and Prendergrast, 2001). Even in the debonded
case, nearly 80% of the cement volume experienced tensile
principal stress less than 3 MPa. Higher or lower stress levels
would certainly decrease or increase, respectively, the fatigue
life, but the relative effects between different cements in this
study are not yet known.

The preparation of test specimens resulted in apparent
fiber alignment along the direction of loading during
fatigue (Fig. 2), which would be expected to enhance the
fatigue strength compared to randomly oriented fibers.
This fiber alignment may or may not reflect conditions
in cement mantle after following surgical procedures for
implantation. Future studies could readily quantify the fiber
orientation distribution using stereological measurements
on two-dimensional sections (Bay and Tucker, 1992; Toll
and Andersson, 1991) or three-dimensional micro-computed
tomography (Shen et al., 2004). Effects of a fiber orientation
distribution on static mechanical properties have been
modeled using micromechanics (Camacho et al., 1990; Yue
and Roeder, 2006) or finite element analysis (Lusti et al.,
2002), but modeling the effects on fatigue life would be more
complex.

The porosity and pore size distribution were not mea-
sured. The mean fatigue life for the unreinforced cement was
not different than the commercial control (Fig. 5), suggest-
ing there was little or no difference in the mean porosity or
pore size. However, the Weibull modulus of the unreinforced
cement was significantly lower than the commercial control
(Table 1, Fig. 6), suggesting greater variability in the poros-
ity or pore size. The porosity evident in SEM micrographs of
failure surfaces for one representative specimen from each
group was measured to range from 5%–12% using standard
stereological methods, which was within the range reported
for commercial cements (Lewis, 1997). Volumetric measure-
ments of the porosity and pore size distribution by micro-CT
were beyond the scope of the present study, but would be
interesting in light of recent studies demonstrating the abil-
ity to account for experimental variability in the fatigue life
of acrylic bone cement (Hoey and Taylor, 2009a,b). Zirconia
fiber reinforcement was expected to mitigate the negative ef-
fects of porosity. However, the addition of zirconia fibers may
have also decreased the level of porosity, the mean pore size,
and/or the pore size distribution by displacing a volume frac-
tion of the polymer phase and inhibiting the coalescence of
pores during mixing and curing.

5. Conclusions

The mean fatigue life of cements reinforced with 15 and
20 vol% straight zirconia fibers was significantly increased by
∼40-fold, on average, compared to a commercial benchmark
(OsteobondTM) and cements reinforced with 0–10 vol%
straight zirconia fibers. The mean fatigue life of a cement
reinforced with 10 vol% VDFs was an order of magnitude
greater than the same cement reinforced with 10 vol%
straight fibers. The time-dependent viscosity of cements
reinforced with 10 and 15 vol% straight fibers was comparable
to the commercial benchmark during curing. Therefore,
the addition of relatively small amounts of straight and
variable diameter zirconia fibers was able to substantially
improve the fatigue resistance of acrylic bone cement
while exhibiting similar handling characteristics compared to
current commercial products.
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