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Abstract Fibers can be used to improve the mechanical
properties of bone cement for the long-term stability of hip
prostheses. However, debonding of the fibers from the
matrix due to the poor fiber/matrix interface is a major
failure mechanism for such fiber reinforced bone cements.
In this study, a novel fiber (variable diameter fibers or
VDFs) technology for reinforced bone cement was studied
to overcome the interface problem of short-fiber compos-
ites. These fibers change their diameters along their length
to improve the fiber/matrix interfacial bond by the
mechanical interlock between the VDFs and the matrix.
A novel composite made from novel ceramic VDFs incor-
porated in PMMA matrix was developed. Both static and
fatigue tests were carried out on the composites. Conven-
tional straight fiber (CSF) reinforced bone cement was also
tested for comparison purposes. Results demonstrated that
both the stiffness and the fatigue life of VDF reinforced
bone cement are significantly improved (P < 0.05) com-
pared with the unreinforced bone cement. VDF contents of
10% by volume increased the fatigue life over unreinforced
bone cement by up to 100-fold. Also, the fatigue life and
modulus of toughness of VDF reinforced cement were
significantly greater than those of CSF reinforced cement
(P < 0.05 and P < 0.001, respectively). Scanning electron
microscopy (SEM) micrographs revealed that VDFs can
bridge the matrix cracks effectively and pullout of VDFs
results in much more extensive matrix damage than pullout
of CSFs increasing the resistance to fatigue. Therefore,
VDF reinforced cement was significantly tougher, having a
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greater energy dissipation capacity than CSF reinforced
cement. VDFs added to bone cement could potentially
avoid implant loosening due to the mantle fracture of bone
cement and delay the need for revision surgery.

1 Introduction

Poly(methyl methacrylate) (PMMA) bone cement has been
the widespread choice in orthopaedics for decades. It has
been perceived as the weak link in maintaining the
mechanical integrity of cemented total joint arthroplasties
[1, 2]. Failure or fracture of the PMMA mantle can lead to
loosening and ultimate failure of the prosthesis. Fatigue
failure has been shown to be a predominant in vivo failure
mode of bone cement, and is now recognized as a critical
step leading to oseolysis and eventually aseptic prosthetic
loosening [3, 4]. Improvement of the mechanical properties
of bone cement, specifically increasing the resistance to
fracture and fatigue, remains essential for increasing the
longevity of cemented total joint arthroplasties.

The fracture resistance of bone cement can be enhanced
by chemical modification or the introduction of a rein-
forcement phase [5]. The use of a fiber phase is attractive
because short fibers can be incorporated into bone cements
that are in current clinical use. Different reinforcements
have been added to the polymerizing matrix in order to
improve the fatigue properties and fracture toughness of
the PMMA. These include fibers made of polyethylene [6],
hydroxyapatite [7, 8], PMMA [9], Kevlar [10, 11], carbon
[12, 13], titanium [14] and steel [15, 16]. These additions
have resulted in improvements in mechanical properties
over unreinforced PMMA and demonstrate the potential
advantages of fiber reinforcement. However, only modest
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improvements 1in mechanical properties have been
achieved in bone cement [17, 18]. Scanning electron
microscopy (SEM) reveals that the poor interfacial prop-
erties between the fiber and PMMA matrix result in
debonding between them [12, 19]. This is a major failure
mechanism for fiber-reinforced bone cement [12, 17]. It
suggests that further improvement in the mechanical
properties of bone cement may be realized by enhancing
the bonding between the fiber and matrix [18]. Chemical
treatments and/or fiber coating might improve the interfa-
cial bonding between the fibers and the polymer matrix
[20]. However, the toxicity of these chemicals prevents
their use in implants. Further, some treatments do not
perform well in the aqueous environments, such as the
human body [21].

Research shows that composite mechanical properties
greatly depend on the fiber shape [22-26]. A stronger load
transfer mechanism between the fiber and matrix can be
obtained by modifying the morphology or shape of short
fiber. One new fiber morphology has recently been pro-
posed in the literature: variable diameter fibers (VDFs),
which result from shape optimization maximizing the load
transfer between the fiber and matrix [26]. These fibers
change their diameters along the length, much like threa-
ded bolts, in order to provide greater mechanical
interlocking between the fiber and polymer matrix. The
advantages of such fibers as they are described here are
multiple. Due to mechanical interlocking, VDFs do not rely
solely on shear at the fiber/matrix interface to transfer load
from matrix to fiber. It is expected that VDFs can both
bridge matrix cracks effectively and improve the
mechanical properties of the composite. Consequently,
VDFs facilitate an increase in the amount of strengthening
attainable for any given fiber volume fraction, length, or
degree of orientation, relative to standard straight fibers of
fixed diameter. Furthermore, increased strengthening is
provided without chemical bonding between fiber and
matrix. Therefore, virtually any fiber can be used to rein-
force any matrix without the need for coupling agents or
surface treatments. Based on economics, processing feasi-
bility and biocompatibility, ceramics, such as zirconia
(ZrO,) and alumina (Al,O3), comprise the most logical
choices for the reinforcement phase due to a significantly
higher stiffness, strength and hardness relative to polymers.
Also they are bioinert and already accepted in the ortho-
paedics community [27]. This investigation explores this
strategy in more depth to see if the mechanical properties
can be improved enough to warrant use in orthopaedic
applications.

The goals of this study were to develop and fabricate a
novel composite made from novel ceramic VDFs incor-
porated in PMMA matrix. Furthermore, both the static
mechanical properties and fatigue behavior of this
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composite were evaluated and compared with the proper-
ties of the unreinforced bone cement and conventional
straight fibers (CSFs) reinforced bone cement. Finally, the
failure mechanisms in the VDFs reinforced bone cement
were evaluated using SEM.

2 Materials and methods
2.1 Specimen preparation

A patented fiber processing technology [28, 29] was
introduced to control the fiber morphology to attain the
optimal fiber shapes. By modifying the fiber production
technologies, the high quality zirconia VDFs, as well as
CSFs, were successfully produced. Figure 1 shows the
characterization of the VDFs. The wavelength of the
diameter variation (4) is about 530 pm. Diameters of
enlarged nodes and narrow necks are about 175 and
115 pm, respectively. For CSFs, the average diameter is
120 pm. The continuous fibers were cut with a sharp roller
blade into discontinuous filaments of the lengths of
6.35 mm (0.25 in.) resulting in a nominal aspect ratio of
50. The acrylic beads used in this study were poly(meth-
ylmethacrylate)-poly stryrene copolymer and contained
0.8% residual BPO. The solid component was provided
without radiopacifier (supplied by Zimmer Inc., Warsaw,
IN, USA) since zirconia fibers are themselves radiopaque.
The liquid component consists mainly of methyl methacrylate
(MMA) monomer, with 0.75% by volume N,N-dimethyl-
para-touluidine (DMPT) and 75 £ 10 ppm hydroquinone.
Five groups of tensile test specimens were prepared by
varying the fiber morphology (i.e. CSF and VDF) and
content (i.e. 2 and 5 vol.%) (Table 1) in order to evaluate
the effects of fiber shape and fiber volume percentage on
the strength and stiffness of the composite bone cement.
Specimens of untreated bone cement were included as
controls. The amount of zirconia fibers (density 5.84 gm/cc)
to be added to the mixtures was calculated by assuming
a complete conversion of monomer to polymer, and
assuming that the specific gravity of the monomer
(0.936 gm/cc) would be changed to that of the polymer

250 pm

Fig. 1 Characterization of zirconia VDF
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Table 1 Ratios of zirconia fiber (GMS), PMMA (GMS) and mono-
mer (CC) used to create tensile specimens

Group  Fiber Fiber Ingredient proportions
type volume - -

percentage Zirconia PMMA  Monomer
(%) (@ (2) (cc)

1 None 0 0 36 20

2 CSF 2 5.57 36 20

3 5 14.38 36 20

4 VDF 2 5.57 36 20

5 5 14.38 36 20

(1.17 gm/cc) on polymerization. The volume fractions of
the reinforcements as well as the ratios of the zirconia,
polymer beads, and monomer are tabulated in Table 1. The
volume of the PMMA powders to the monomer was kept
constant in all cases to facilitate mixing. In preparing
tensile specimens, the appropriate weight of short fibers
was mixed by gentle stirring of the fibers with the powder
phase of the bone cement in an open mixing bowl. Care
was taken to ensure that the fibers were thoroughly incor-
porated into the powder. The liquid MMA monomer was
subsequently added to the powder phase of the bone
cement. Further mixing was performed for 60 s at 1 Hz at
room temperature (23°C) using a Zimmer Quick-Vac
Vacuum mixing bowl, under a vacuum of 20-22 in. Hg.
After mixing was complete, the cement mass was trans-
ferred by gravity flow into a cement cartridge and injected
into a polysulphone mold using a commercial cement gun
(Power Flo cement injection gun, Zimmer Inc., Warsaw,
IN, USA). The tensile specimens used in this study were
produced corresponding to ASTM D638-98, Type II [30].
Each group had ten specimens. After injection molding,
specimens were cured in an oven at 37°C for 1 h. Speci-
mens were taken out of the oven and removed from the
mold before the excess material was trimmed. The samples
were stored in a dry environment before testing.

The procedure for preparing fatigue specimens was
identical to that for the tensile specimens. Five groups of
fatigue specimens reinforced with zirconia fibers were
prepared by varying the fiber morphology (i.e. CSF and

VDF) and content (i.e. 2 and 10 vol.%) (Table 2). Also, a
control group was prepared using untreated bone cement.
The fatigue specimens were produced corresponding to
ASTM F2118-01a [31]. After machining, all specimens
were maintained in 37°C water before testing. Specimen
surfaces were as uniform as possible to ensure that material
characteristics, rather than preparation techniques, gov-
erned the fatigue failure process.

Due to the low viscosity, 5 and 10 vol.% of the fibers
could be easily mixed into the cements, though this may
not be possible for other formulations. There was an
increase in the viscosity of the cements due to the addition
of reinforcements. The increase in the viscosity was not
significant enough to affect the delivery of the cements
through a commercial cement gun (Power Flo cement
injection gun, Zimmer Inc., Warsaw, IN, USA). Therefore,
the formulations investigated are suitable for clinical use
with current instrumentation.

2.2 Static test

Tensile test were performed on an ATS screw-driven uni-
versal testing machine (Series 910) within 3 and 14 days of
specimen preparation. A crosshead speed of 2.54 mm/min
(0.1 in./min), resulting in a strain rate of 7.43e-4 s7! along
the gage length, was used to load the samples to failure.
A minimum of eight samples per group were tested. The
stress at failure and modulus of elasticity were all measured
for each test.

2.3 Fatigue test

Fatigue tests were performed on MTS hydraulic test
frames. Testing was performed in an aqueous environment
of using a specially designed environmental chamber
maintained at 37 4+ 1°C. Specimens were subjected to
uniaxial constant-amplitude fully reversed tension-com-
pression loading (£15 MPa in a sinusoidal cyclic manner),
at a frequency of 10 Hz, until fracture. The stress level
followed the industry standard, Harris protocol for fatigue
of bone cements [32]. The number of stress cycles to
failure, Ny, was recorded for each test.

Table 2 Ratios of zirconia fiber (GMS), PMMA (GMS) and monomer (CC) used to create fatigue specimens

Groups Fiber type Number of Fiber volume Ingredient proportions
specimens percentage (%) 3 -
tested Zirconia (g) PMMA (g) Monomer (cc)
1 None 5 0 0 36 20
2 CSF 7 2 5.57 36 20
3 5 10 30.35 36 20
4 VDF 4 2 5.57 36 20
5 8 10 30.35 36 20
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Tensile and fatigue test results were statistically ana-
lyzed using analysis of variance (ANOVA) techniques and
Tukey-Kramer HSD method to determine where statisti-
cally significant differences exist. Data were analyzed
using JMP (JMP IN 5.1, SAS Institute Inc., Cary, NC,
USA) with a significance level of P = 0.05.

Representative fracture surfaces from the specimens
were analyzed using SEM. Each specimen was cut
~0.5 cm below the fracture surface. Fracture surfaces
were coated with gold by spectra deposition. Specimens
were imaged using a field emission scanning electron
microscope (Model 4500, Hitachi Field Emission micro-
scope) operated at an accelerating voltage of 30 kV.

3 Results
3.1 Static test

X-ray radiographs of zirconia fiber reinforced tensile
specimens show that the fibers were completely and uni-
formly incorporated into the bone cement during the
mixing process. The results of tensile tests for zirconia fiber
reinforced bone cement are shown in Figs. 2—4. There was
a significantly greater (P < 0.05) elastic modulus for 5%
CSF, VDF reinforced cements compared with the 2% CSF,
VDF reinforced cement (Fig. 2). The elastic modulus of
the 2% CSF, VDF reinforced cement was significantly
greater (P < 0.05) than that of the unreinforced bone

Fiber content (vol.%)

Fig. 2 Elastic modulus of unreinforced bone cement (control), bone
cement reinforced with 2 and 5% zirconia CSFs and VDFs,
respectively (levels not connected by same letter are significantly
different, P < 0.05)
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cement (control). The elastic modulus increased by 73 and
168% for cements reinforced with 2 and 5% CSF, and
increased by 46 and 152% for cements reinforced with 2
and 5% VDF, respectively. However, the differences
between the CSF and VDF reinforced bone cements at
either 2 or 5% by volume were not significant (P > 0.05).
The ultimate strengths of all groups were shown in Fig. 3.
The ultimate strength was significantly greater (P < 0.05)
for the VDF reinforced cement compared to the CSF
reinforced cement at 2 vol.%. However, the difference
between CSF and VDF reinforced cements at 5 vol.% was
not statistically significant (P > 0.05). Overall, the ultimate
strengths were not statistically different for the groups
reinforced with 2% VDFs, 5% CSFs, 5% VDFs and the
control group. The average ultimate strength of bone
cement reinforced with 2% CSFs by volume was lower
than the control cement, but the difference was not statis-
tically significant different (P > 0.05). Figure 4 showed
the modulus of toughness of the reinforced bone cement.
The modulus of toughness was significantly greater
(P < 0.001) for VDF reinforced cement compared to the
CSF reinforced cement at both 2 and 5 vol.%.

Typical fracture surfaces for the tensile specimens of
VDF and CSF reinforced bone cement are shown in Fig. 5.
For both VDF and CSF reinforced cement, fiber fracture
dominated the fracture characteristics instead of fiber pull-
out, which indicated that the fiber strength was not suffi-
cient to allow fiber pull-out. Although, fiber fracture
dominated the fracture characteristic, fiber/matrix interface

60
B control
[0 zirconia CSF
50 4 zirconia VDF
A A
B 3
% f

Ultimate Stress (MPa)

AN

Control 2% 5%

Fiber content (vol.%)

Fig. 3 Ultimate strength of unreinforced bone cement (control), bone
cement reinforced with 2 and 5% zirconia CSFs and VDFs,
respectively (levels not connected by same letter are significantly
different, P < 0.05)
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Modulus of toughness (N-m/m°)

2% 5%
Fiber content (vol.%)
Fig. 4 Modulus of toughness of bone cement reinforced with 2 and

5% zirconia CSFs and VDFs, respectively (levels not connected by
same letter are significantly different, P < 0.05)

Fig. 5 SEM micrographs showing typical fracture surfaces for tensile
specimens of (a) CSF reinforced cement and (b) VDF reinforced cement

debonding can be observed for both CSF and VDF com-
posites under higher magnification, as shown in Fig. 6.
Both the CSF and VDF were debonded from the matrix at
the fiber/matrix interfaces. Compared with CSF, the fiber
debonding length of VDF appeared shorter due to the
mechanical interlock provided by the fiber morphology.
Furthermore, Fig. 6a shows that portion of the matrix
adhered to the fiber surface after fracture. This indicates
that some bonding occurred between the fiber and the
cement matrix. Such bonding may be related to the irreg-
ularities in the fiber surface, which cause micro mechanical
interlock between the fiber and matrix.

3.2 Fatigue test

The fatigue results for the unreinforced bone cement
(control), bone cement reinforced with 2 and 10% zirconia
CSFs and VDFs are shown in Fig. 7. In the statistical
analysis, the two run-out specimens after four million
cycles of bone cement reinforced with 10% VDFs by
included, and thus

volume were not the analysis

Fig. 6 SEM micrographs showing the fiber debonding lengths of (a)
CSF and (b) VDF
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Fig. 7 Number of cycles to failure of unreinforced bone cement
(control), bone cement reinforced with 2 and 10% zirconia CSFs and
VDFs, respectively (levels not connected by same letter are signif-
icantly different, P < 0.05)

underestimates the actual fatigue data of the bone cement
reinforced with 10% VDFs. The fatigue life of the rein-
forced groups was much higher than control bone cement.
The number of cycles to failure increased by 59 and 141%
for cements reinforced with 2% CSF and 2% VDF,
respectively. Although the fatigue life of bone cement
reinforced with 2% VDF appears higher than that of the
cement reinforced with 2% CSF, there was no statistically
significance (P > 0.05) due to the wide scatter in the
fatigue results. The fatigue life was dramatically increased
when the fiber volume percentage was increased to 10%.
There was approximately an order of magnitude increase in
fatigue life for the bone cement reinforced with CSFs over
the control cement. Compared with the 10% CSF rein-
forced bone cement, the fatigue life of 10% VDF
reinforced cement was about four times higher. The num-
ber of cycles to failure is significantly greater (P < 0.05)
for the 10% VDF reinforced bone cement compared to the
10% CSF reinforced cement, which shows the advantage of
VDFs.

Figure 8 showed typical fracture surface for the fatigue
specimens of 10% VDF reinforced bone cement. The fibers
are closely spaced to each other but they appear to have been
uniformly dispersed into the PMMA matrix. The fracture
surface was very rough. As the crack propagated, afew VDFs
bridging the crack were pulled out, which resulted in
extensive matrix damage (Fig. 8b), consuming large
amounts of energy. Figure 9 showed the typical fracture
surface of 10% CSF reinforced cement. The fracture surface

@ Springer

Fig. 8 SEM micrographs showing typical fracture surfaces for
fatigue specimens of the 10% VDF reinforced bone cement

was smoother compared with the fracture surface of VDF
reinforced bone cement. Therefore, the crack was able to
propagate with less resistance for longer distances, leaving
behind a flat fracture surface. Once the crack reached a
critical size, it propagated through the entire cross-section of
the specimen, causing fiber fracture or pullout, and leaving a
relatively flat fracture surface with river marks, similar to the
fracture surface of a brittle material. In contrast to VDF, the
pullout of CSF did not result in significant matrix damage
(Fig. 9b), which means less energy was consumed during the
fracture process.

4 Discussion

4.1 Tensile test

The tensile tests demonstrated that incorporation of zirco-
nia fibers significantly increased the elastic modulus of

bone cement. The elastic modulus of fiber reinforced
bone cement also increased with increased fiber content.
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Fig. 9 SEM micrographs showing typical fracture surfaces for the
fatigue specimens of the 10% CSF reinforced bone cement

However, the tensile strength of the fiber-reinforced
cement was not significantly improved when compared
with the control bone cement and the total failure strain
was greatly decreased for the fiber-reinforced cement,
especially for CSF reinforced cement. This is most likely
due to the increased local stresses caused by fibers, which
can be considered rigid inclusions in an elastic matrix [33].
The stress concentrations may have promoted crack initi-
ation. Once the crack initiated, the stress intensity was so
large that potential fiber reinforcing effects may have been
overwhelmed [34]. This can also explain the reduction in
strength of bone cement reinforced with 2% CSFs, in
contrast to that of the control group. Compared with the
CSF reinforced bone cement, the total strain to failure of
the VDF reinforced cement was much higher (about two
times) for both 2 and 5% groups. Corresponding to the
higher total strain to failure, VDF reinforced cement has a
significantly greater the modulus of toughness at either 2 or
5 vol.% (Fig. 4). More energy is needed to completely
fracture VDF reinforced cement than to fracture CSF

reinforced cement. Outside of the control group, VDF
reinforced bone cement had the best tensile properties with
the higher elastic modulus and failure strain.

There were almost no significant differences exist
between tensile tests for the CSF and the VDF reinforced
bone cements at either 2 or 5 vol.%, except the ultimate
strength of the CSF and the VDF reinforced bone cement at
2 vol.%. The lack of a difference was likely because the
fiber itself was not strong enough. The fracture surfaces
showed that the failure mechanism in tensile tests for both
CSF and VDF reinforced cements was fiber fracture.
Although fiber/matrix debonding was observed for CSF
reinforced bone cement, most CSFs fractured before being
pulled out from the matrix, which shows that CSFs are
weak (Fig. 5a). The failure mechanism was the same in
VDF reinforced bone cement, although the fiber/matrix
debonding distance was much shorter due to the mechan-
ical interlock between the fiber and the matrix. Most VDFs
also fractured before being pulled out of the matrix
(Fig. 5b). VDFs are optimal for composites with a weak
fiber/matrix interfacial bond, and where fiber pullout is the
major failure mechanism. In this case, significant
improvement is expected for VDF reinforced composites
due to improved load transfer between the VDF and matrix,
and the change in failure mechanism. This of course
assumes the fiber is itself strong enough to resist failure. In
the current study, the advantage of VDFs in static loading
was masked by the weak fiber strength for both CSFs and
VDFs. The fibers fractured before pull-out could contribute
to strength. Implicit in this analysis is the assumption that
the bonding between fiber and matrix is weak. The surface
of the CSFs is very rough, which can cause microme-
chanical interlock between the CSF and the matrix. This
mechanism was observed by bone cement adhering to the
CSF surface after fracture (Fig. 6a). Bonding between the
CSF and matrix also weakened the CSFs and VDFs rein-
forced materials by strengthening the bond between fiber
and matrix.

4.2 Fatigue test

The fatigue tests demonstrated that incorporation of zir-
conia fibers increased the fatigue life of bone cement.
Significant increases in the fatigue life of bone cement
were realized by increasing the fiber content. For 2% fiber
reinforced bone cement, although the fatigue life was much
higher than that of the control cement, there was no sig-
nificant increase due to the wide scatter in the results.
There was also no significant difference between the VDF
reinforced cement and CSF reinforced cement. SEM frac-
tographs of fiber reinforced bone cement showed that the
fracture occurred at different planes forming a pattern of
river-like facets. Thus, fibers diverted crack propagation
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and absorbed more energy. However, due to the low fiber
content, the crack was still able to propagate easily for a
long distance before being inhibited by the fibers, leaving
behind a flat fracture surface, which looked similar to the
fracture surface of the control bone cement. Therefore,
the fatigue life was not significantly improved when the
fiber content was relatively low. As the fiber content was
increased to 10 vol.%, there was approximately an order
of magnitude or more increase in fatigue life for the CSF
reinforced cement. Also, significant improvement in fati-
gue life was found for th eVDF reinforced cement
compared with the CSF reinforced cement leading to a
100-fold increase in life from the control cement to the
VDF cement. Compared with the control cement and 2%
fiber reinforced cement, the fracture surface of 10% VDF
reinforced cement was much rougher. The main crack
propagated by coalescing with many smaller cracks. The
smaller cracks were often not on the same plane as the
main crack, resulting in a very rough fracture surface.
Although SEM fractographs showed that the fiber/matrix
interfacial bond was weak, most VDFs were kept
anchored inside the matrix due to the more efficient
mechanical interlock, which caused the diversion of the
crack out of the original crack plane. In contrast to VDFs,
more CSFs were pulled out due to the poor interfacial
bond between the fiber and matrix and lack of sufficient
mechanical interlock, which provided less resistance to
crack propagation and poor bridging ability. Pullout of
VDFs resulted in much more extensive matrix damage
than that of the pullout of CSFs (Figs. 8b and 9b). This
means that more energy was consumed for VDFs than
CSFs during the pullout process. The results, along with
the fracture morphology, clearly show that the VDF
reinforced cement is significantly more resistant to fati-
gue, with a much greater energy dissipating capacity than
CSF reinforced cement.

Fiber reinforcement affects the fatigue crack propaga-
tion phase of failure in bone cement, enhancing the fatigue
crack propagation resistance. In general, the increased
fatigue life seen in the VDF reinforced cement was the
result of several deformation mechanisms operating in
these specimens. These include increased load transfer at
the fiber/matrix interface, and diversion of the crack out of
the original crack plane by fiber splitting and fiber/matrix
interface failure, both of which divert the crack from its
fracture plane and increase the energy required for crack
propagation. These modes of failure were seen in all of the
VDF reinforced cement tested in this study.

In this study, the main failure mechanism was fiber
fracture. This shows that the energy absorption capacity of
fiber-reinforced cement could be increased by inducing
more fiber pullout, which could be realized by improving
fiber strength.
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5 Conclusions

A VDF reinforced bone cement was developed. Both the
static and fatigue mechanical properties were evaluated and
compared with the properties of the unreinforced bone
cement and a CSF reinforced bone cement. Results demon-
strated that both the stiffness and the fatigue life of the VDF
reinforced bone cement are significantly improved
(P < 0.05) compared with the unreinforced bone cement.
VDF contents of 10 vol.% increased the fatigue life over
unreinforced bone cement by up to 100-fold. Also, the fati-
gue life and modulus of toughness of VDF reinforced cement
was significantly greater than those of the CSF reinforced
cement (P <0.05 and P < 0.001, respectively). SEM
micrographs revealed that VDFs can bridge the matrix
cracks effectively and pullout of VDFs results in much more
extensive matrix damage than the pullout of CSFs increasing
the resistance to fatigue. Therefore, VDF reinforced cement
was significantly tougher, having a greater energy dissipa-
tion capacity than CSF reinforced cement.

This study showed the feasibility of a novel fiber (VDF)
technology for reinforced polymers. This fiber family sig-
nificantly improved the fatigue life of bone cement at a
very high level of reliability. Bone cements reinforced with
VDFs could potentially inhibit implant loosening due to the
mantle fracture of bone cement and delay the need for
revision surgery.
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