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Abstract
Eliminating post-irradiation melting and stabilizing the residual free radicals of radiation crosslinked
ultra-high molecular weight polyethylene (UHMWPE) with Vitamin-E resulted in improved fatigue
crack propagation resistance without compromising wear resistance. We designed a cantilever post
bending test to determine the bending fatigue resistance of vitamin E-doped, irradiated UHMWPE
(α-TPE) in comparison to conventional UHMWPE. The bending fatigue behavior of α-TPE was
comparable to conventional UHMWPE. Upon accelerated aging the fatigue resistance of α-TPE was
substantially better than that of conventional UHMWPE. α-TPE has shown improved wear and
oxidation resistance, migration stability of vitamin E, and improved mechanical properties. The use
of this material may be beneficial in total knee arthroplasty where its improved fatigue properties
may be an advantage under high stresses.
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Introduction
One of the major factors limiting the long-term performance of total hips is the peri-prosthetic
osteolysis secondary to the wear of the ultra-high molecular weight polyethylene (UHMWPE)
in acetabular components. In total knees, wear and mechanical damage initiated by fatigue,
such as delamination and fatigue fracture are additional concerns. Radiation cross-linking and
melting of UHMWPE has successfully been used to decrease UHMWPE wear [1–6] .Early
clinical studies for these improved UHMWPEs, which have been in clinical use since 1998,
show significantly reduced wear rates in comparison with conventional UHMWPEs [7–9].
These novel UHMWPE materials are promising in markedly reducing the occurrence of
osteolysis.
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Cross-linking of UHMWPE is achieved through the use of ionizing radiation [10]. Ionizing
radiation forms free radicals in polyethylene, most of which recombine with each other and
form crosslinks in the amorphous portion of the polymer. However, the free radicals generated
during irradiation in the crystals are trapped in this phase. The molecular weight of the polymer
is reduced through oxidation reactions of these residual free radicals, leading to deterioration
of mechanical properties [11,12]. Achieving oxidative stability of irradiated UHMWPE is
therefore necessary to avoid compromised long-term performance.

Post-irradiation melting has been used in stabilizing radiation cross-linked UHMWPE against
oxidation; melting converts crystalline structure to amorphous and allows elimination of the
trapped free radicals by recombination reactions [1,2,6]. However, post-irradiation melting
reduces the crystallinity of irradiated UHMWPE, in turn reducing its mechanical properties
and fatigue strength [13]. It may not be beneficial to use this highly wear resistant UHMWPE
in applications where the polyethylene component may be subjected to adverse conditions;
such as the use of thin components, and adverse loading of the polyethylene post in posterior-
stabilized knees.

Our research in the past five years has been focused on replacing post-irradiation melting with
an alternative method to address the issue of oxidative stability following radiation crosslinking
while improving mechanical strength. We developed a second generation highly cross-linked
UHMWPE, namely radiation crosslinked and vitamin E stabilized UHMWPE (α-TPE) to
address these concerns caused by loss of fatigue strength in irradiated and melted UHMWPEs
[13–15]. Vitamin E (α-tocopherol) was used to stabilize the residual free radicals in radiation
cross-linked UHMWPE instead of post-irradiation melting due to its antioxidant free-radical
scavenging ability. Since vitamin E is known to decrease the cross-linking efficiency of
UHMWPE when present during irradiation [16], not resulting in optimum reduction in wear
[17], it was incorporated in cross-linked UHMWPE by diffusion. This preserved the natural
cross-linking efficiency of UHMWPE and resulted in the desired decrease in wear [13,14].

Recently, we have shown that, as hypothesized, vitamin E-doped, irradiated UHMWPE
showed wear resistance superior to conventional UHMWPE using a hip simulator in both clean
serum and in serum with third body bone cement particles [14]. The wear rate of conventional
UHMWPE has been shown to increase with increasing femoral head size due to the increase
in the wear path for each simulated gait cycle [18]; in contrast, we showed that the wear rate
of the vitamin E-doped, irradiated UHMWPE was not affected by the larger femoral head size,
also reported previously for cross-linked and melted UHMWPE [18]. The hip simulator wear
rates of vitamin E-doped, irradiated UHMWPE were comparable to those reported for cross-
linked and melted UHMWPE [2,18].

We have shown that the mechanical strength and fatigue crack propagation resistance of
vitamin E-doped, irradiated UHMWPE was improved compared to irradiated and melted
UHMWPE [14]. However, it is very important to evaluate the fatigue strength of this
UHMWPE under clinically relevant adverse conditions, which may give rise to fatigue
initiation, crack growth and ultimately, failure. In this study, we report the fatigue strength of
vitamin E-doped UHMWPE in a test simulating the adverse case of impingement of the post
on a posterior-stabilized total knee implant design. The fatigue strength was quantified as the
total number of cycles to failure under specified peak loads; unaged and accelerated aged
vitamin E-doped, irradiated UHMWPE was compared to unaged and accelerated aged gamma
sterilized conventional UHMWPE.
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Materials and Methods
Preparation of vitamin E-doped, irradiated UHMWPE and conventional UHMWPE for bending
fatigue testing

All specimens were manufactured from isostatically molded UHMWPE bar stock. The
UHMWPE resin utilized was GUR1050 (Ticona, Bishop TX). Two different groups of test
samples, namely vitamin E-doped, irradiated UHMWPE and conventional UHMWPE were
prepared. Both groups of test samples were terminally gamma sterilized in argon gas before
testing.

The vitamin E-doped, irradiated UHMWPE samples were machined into a shape with a
cantilevered post (Fig 1) using annealed GUR1050 UHMWPE stock. The annealing of the
stock UHMWPE was to reduce the thermal stresses resulting in greater dimensional stability
at elevated temperatures. These samples were packaged under argon gas and the packages were
gamma-irradiated to 85 kGy. The irradiated samples were then doped with vitamin E (D,L-α-
tocopherol, Alfa Aesar, Ward Hill, MA) by immersion into vitamin E at 120 °C for 5 hours
and subsequently homogenized at 120 °C in argon for 64 hours. The samples were then
packaged under argon gas and gamma sterilized (25–40kGy).

Control conventional UHMWPE samples were machined from a GUR1050 UHMWPE stock,
packaged in argon gas, and gamma sterilized (25–40kGy).

Bending Fatigue Testing
Resistance to bending fatigue failures was quantified by cyclically loading a post with a
rectangular cross-section of 14×9 mm (Fig 1). The tests were conducted on an MTS 858 Bionix
test system (Eden Prairie, MN). The post was centered vertically between two load applicators.
A distance of 9.5 ± 0.2 mm was maintained between the edges of the load applicators. The
testing was done in an aqueous chamber maintained at 40°C to simulate joint temperature. The
load was applied as a sinusoidal waveform symmetrical about the zero load line at 0.5 Hz. This
frequency simulated the load frequencies typically encountered by total joints in vivo [19].

The displacement corresponding to the maximum and minimum loads for each load cycle was
recorded. Failure initiation was defined as sudden increase in displacement, and in most cases
the post sheared off and separated from the base within 10–100 cycles of crack initiation. The
materials tested were compared on an S-N curve. At least 5 samples of each group was tested
of each group at loads from 400–900N, constructing a S-N curve over 4 decades on a
logarithmic scale.

Groups tested were unaged and aged conventional UHMWPE and α-tocopherol-doped,
irradiated UHMWPE. Accelerated aging was performed at 70°C for 2 weeks in 5 atm. of pure
oxygen.

Determination of vitamin E concentration profiles by Fourier Transform Infrared
Spectroscopy (FTIR)

Thin (~150 µm) sections were cut from one doped and homogenized bending sample using a
sledge microtome (Model 90-91-1177, LKB-Produkter AB, Bromma Sweden) for analysis.
FTIR (Bio-Rad FTS155, Natick MA) analysis was performed on these thin sections. Infrared
spectra were collected from one edge of the sample to the other in 100 µm and 500 µm intervals,
with each spectrum recorded as an average of 32 individual scans. The infrared spectra were
analyzed to calculate a vitamin E index [17].
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Determination of oxidation profiles by FTIR
Blocks (30×30×5 mm) were used to determine oxidation levels following accelerated aging.
These samples were packaged under argon gas and the packages were gamma-irradiated to 85
kGy. The irradiated samples were then doped with vitamin E by immersion into vitamin E at
120 °C for 2 hours and subsequently homogenized at 120 °C in argon for 24 hours. The samples
were then packaged under argon gas and gamma sterilized.

Following accelerated aging at 70°C in 5 atm. of oxygen for 2 weeks, samples were cut in half
and thin (~150 µm) sections were cut from the inside of the half-samples using a sledge
microtome. These thin films were boiled in hexane for 16 hours to remove extractable species
and dried in vacuum for 8 hours to remove all absorbed species. Oxidation levels were
quantified as a function of depth from a free surface. Oxidation levels were expressed as an
oxidation index, which was calculated by normalizing the absorbance over 1680 cm−1 – 1780
cm−1 to the absorbance over 1330 cm−1 – 1390 cm−1. The surface oxidation index (SOI) was
calculated as the average of the oxidation indices over the first 3 mm of the sample as per
ASTM F 2102-01ε1.

Statistical Analysis
Statistical analysis was performed on the bending fatigue data using the Cox proportional
hazards regression model for accelerated lifetime analysis using a 2-parameter Weibull
distribution [20]. Maximum likelihood estimation was used to derive time to failure as well as
to estimate Weibull parameters. Data analysis was performed using ALTA 7 (ReliaSoft
Corporation, Tucson, AZ). The minimum number of cycles (lower bound of 95% confidence)
at which 90% survivorship is expected was evaluated at each load. For example, at 500 N,
there is a 95% probability that 90% of aged vitamin E-doped, irradiated UHMWPE will survive
at least 770 cycles whereas this value for aged conventional UHMWPE is 32 cycles. This
translates into an acceleration factor of 24 (770/32).

Results
Bending fatigue crack initiation, propagation and failure are shown in a representative plot of
displacement versus time (Fig 2). Maximum positive displacement was plotted for this
particular sample since the crack was initiated on the bottom surface of the post. Fatigue
initiation was marked on the curve as the point at which the maximum displacement started
increasing. The initiated crack propagated for several cycles after initiation until the
displacement sharply decreased. If the crack had initiated on the top surface, at the point of
failure, the displacement would have drastically increased rather than decreasing.

The α-tocopherol doped, irradiated UHMWPE showed comparable bending fatigue strength
to conventional UHMWPE (Fig 3). For example, at a peak load of 740N, conventional
UHMWPE failed in 190 cycles and vitamin E-doped, irradiated UHMWPE failed in 180 cycles.
When the load was decreased, the fatigue life of the specimens increased logarithmically. At
a peak load of 690N, conventional UHMWPE failed in 31,178 cycles and vitamin E-doped,
irradiated UHMWPE failed in 53,391 cycles. As the load was decreased to lower than 600N,
the total number of cycles for both conventional and vitamin E-doped, irradiated UHMWPE
exceeded 1 million-cycles.

Accelerated aging drastically reduced the bending fatigue strength of conventional UHMWPE
(Fig 3). Even at a peak load of 400N, aged conventional UHMWPE failed in less than 5,000
cycles whereas aged vitamin E-doped, irradiated UHMWPE was loaded without failure until
at least 100,000 cycles.

Oral et al. Page 4

J Arthroplasty. Author manuscript; available in PMC 2009 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Using statistical analysis, the life expectancy was similar for unaged conventional and vitamin
E-doped, irradiated UHMWPE (p>0.5), but life expectancy of aged vitamin E-doped, irradiated
UHMWPE was significantly higher than aged conventional UHMWPE at each applied load
(p<0.001). Over the load range where the analysis was performed (400–750 N), the average
acceleration factor for vitamin E-doped, irradiated UHMWPE over conventional UHMWPE
is 0.92 in their unaged state and is 26.4 after aging, suggesting a significantly extended life
expectancy in cycles for vitamin E-doped, irradiated UHMWPE 28 times greater, on the
average than aged conventional UHMWPE.

Conventional UHMWPE showed a subsurface oxidation peak whereas vitamin E-doped,
irradiated UHMWPE showed a higher oxidation index on the surface with decreasing index
values towards the bulk of the sample (Fig 4a). The average surface oxidation levels as a result
of accelerated aging were significantly higher for conventional UHMWPE than vitamin E-
doped, irradiated UHMWPE (p<0.0001, Fig 4b).

Discussion
Early clinical studies, aimed to determine the in vivo wear behavior of total hip implants
manufactured from cross-linked and melted UHMWPE, corroborate the decrease in wear rate
compared to conventional, gamma-sterilized UHMWPE observed in these materials using in
vitro techniques such as bi-directional pin-on-disc and simulator testing [21,22]. Based on these
studies, it is highly probable that the incidence of osteolysis caused by UHMWPE wear debris
in total joints will be reduced. However, it would be beneficial to improve the fatigue strength
of radiation cross-linked and melted UHMWPEs [23]. In the development of a new generation
of cross-linked UHMWPE joint implants, we aimed to increase fatigue strength while
preserving the wear and oxidation resistance established for cross-linked and melted
UHMWPE. This new UHMWPE had to possess improved mechanical properties and fatigue
resistance compared to cross-linked and melted UHMWPE; equivalent wear resistance as
determined by in vitro simulator studies, oxidative stability determined by accelerated and real-
time aging studies, and preservation of its properties upon exposure to oxygen.

We have previously shown that the wear resistance obtained by radiation cross-linking is not
compromised by subsequent vitamin E diffusion and terminal gamma sterilization in hip
simulator studies performed in clean bovine serum and in bovine serum with third-body bone
cement particulate [14]. We have also proven that oxidation is eliminated in UHMWPE in
regions where vitamin E is detectable by our FTIR detection method [13,24]. Thus, the wear
and oxidation resistance of this new vitamin E-doped UHMWPE was shown to be equivalent
to cross-linked and melted UHMWPE.

The mechanical and fatigue strength of UHMWPE is a function of its crystallinity and crosslink
density. There is a decrease in mechanical and fatigue strength of cross-linked and melted
UHMWPEs, caused by cross-linking and separately by the loss of crystallinity that occurs
during the melting step, which quenches the residual free radicals [23]. We showed that the
loss of crystallinity during post-irradiation melting could be avoided by doping irradiated
UHMWPE with vitamin E instead of melting it after irradiation, resulting in an UHMWPE
with equivalent crystallinity to conventional, gamma sterilized UHMWPE [23]. The ultimate
tensile strength, a good indicator of overall mechanical strength, was 46 MPa for this
UHMWPE compared to 35 MPa for cross-linked and melted UHMWPE (Table 1, [1]).
Likewise, the fatigue crack propagation resistance of this UHMWPE, as hypothesized, showed
a 38% increase (Table 2, [14]).

When comparing the strength of vitamin E-doped, irradiated UHMWPE to conventional,
gamma irradiated UHMWPE, oxidative stability should be addressed. Because of unstabilized
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residual free radicals, terminally gamma sterilized UHMWPE is prone to oxidation and has
been shown to oxidize in vitro and in vivo, causing increased wear and delamination in total
knee joints [12,25–31]. Although the mechanical strength and fatigue resistance of unoxidized
conventional UHMWPE is higher than that of vitamin E-doped, irradiated UHMWPE [14],
that of oxidized conventional UHMWPE is very poor in comparison (Table 1 and Table 2).

Fatigue failure of UHMWPE joint implants is of major concern in two adverse cases:
impingement on the thin rim of a vertically aligned acetabular liner used with a large femoral
head in total hip implants and the impingement of the cam on the post of a posterior stabilized
tibial insert in total knee implants. In a recent publication [14], we performed a cyclic
impingement test of the femoral neck on the lip of vitamin E-doped, irradiated UHMWPE
acetabular liners with 28 and 40 mm inner diameters under 125lbs for 2 million cycles at a
frequency of 0.5 Hz. These liners showed no fracture and the observed deformation caused by
the femoral head was not different from conventional UHMWPE, indicating that the improved
fatigue strength of vitamin E-doped, irradiated UHMWPE might decrease the incidence of
liner fracture under such adverse loading conditions.

The bending fatigue test, presented in this study, aimed at comparing the bending fatigue
behavior of vitamin E-doped, irradiated UHMWPE to conventional UHMWPE under high
load, low cycle fatigue, which may be encountered under adverse conditions such as that
involving the impingement on the post of a posterior-stabilized tibial insert. Fatigue crack
initiation resistance from a defect-free surface is believed to be a strong function of molecular
weight and not of cross-link density [32]. Since it is very likely that there are minute defects
on the surface of the bending samples, which grow with cyclic loading to propagating cracks;
true fatigue crack initiation from a defect-free surface is unlikely. Therefore, this test might
still be viewed as a fatigue crack initiation and propagation study. We have developed this
study to compare the fatigue resistance of different materials and did not intend to simulate in
vivo conditions. However, this situation is also clinically relevant since there may be
microscopic defects on the surfaces of UHMWPE introduced during manufacturing or during
surgery. For unaged vitamin E-doped, irradiated UHMWPE, the S-N curve was similar to that
of conventional UHMWPE (Fig 3), suggesting that the radiation dose was not a major factor
in the bending fatigue resistance.

After aging, the bending fatigue strength of vitamin E-doped UHMWPE was significantly
higher than that of aged conventional UHMWPE. We attribute the decrease in the bending
fatigue strength of conventional UHMWPE following accelerated aging tested in the present
study to oxidation. While conventional UHMWPE oxidizes heavily, vitamin E-doped,
irradiated UHMWPE is stable against oxidation (Figs 4a and 4b). This result corroborates the
effect of molecular weight on bending fatigue resistance since oxidation is accompanied by
molecular weight degradation. In contrast, upon exposure to oxygen in accelerated aging
studies, the mechanical strength (Table 1, [14]) and bending fatigue resistance of vitamin E-
doped, irradiated UHMWPE were preserved. This is presumably due to the stabilization of
residual free radicals by vitamin E. Therefore, the presence of vitamin E should ensure the
oxidative stability and the preservation of mechanical properties in the long-term.

In order to ensure the presence of vitamin E throughout UHMWPE samples, we have used a
doping step to obtain a high surface concentration followed by a homogenization step to diffuse
the high surface concentration to the bulk of the samples. As a result, by adjusting doping and
homogenization durations, one can achieve the same vitamin E penetration through samples
of desired thickness.

While discussing the preservation of mechanical properties in the long-term, one potential
concern is the risk of elution of vitamin E out of the UHMWPE. We have shown that cleaning
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with isopropyl alcohol during manufacturing did not cause the elution of α-tocopherol [15].
Also, we analyzed hip simulator-tested acetabular liners following 5 million-cycles of normal
gait and accelerated aging under oxygen for 2 weeks at 70°C. While the conventional
UHMWPE showed high oxidation levels with a subsurface oxidation peak (Fig 5a), the
oxidation levels of vitamin E-doped irradiated UHMWPEs were unchanged from non-tested
samples and significantly less than gamma sterilized UHMWPE tested under the same
conditions (Fig 5b), suggesting that the extent of elution, if any, of vitamin E out of the
acetabular liners did not compromise the oxidative stability of these components during
accelerated aging [14]. These results were corroborated by a real-time aging study on the shelf,
at 40°C in air and at 40°C in water, where vitamin E-doped, irradiated UHMWPE showed no
appreciable oxidation and superior oxidation resistance compared to 100-kGy irradiated
UHMWPE at 7 months [33].

In conclusion, irradiated, vitamin E-doped and terminally gamma sterilized second-generation
highly crosslinked UHMWPE has better mechanical properties than irradiated and melted first-
generation highly crosslinked UHMWPE and better bending fatigue resistance than that of
aged conventional UHMWPE. In addition, the oxidation resistance and wear resistance of
vitamin E-doped, irradiated UHMWPE are comparable to those of irradiated and melted first-
generation highly crosslinked UHMWPE. All of these properties should remain substantially
unchanged due to the presence and tested migration stability of vitamin E in UHMWPE.
Therefore, vitamin E-doped, irradiated UHMWPE may be used as an improved cross-linked
bearing surface for the fabrication of acetabular liners and tibial inserts for total joint
arthroplasty.
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Fig 1.
3D model of a bending specimen used in crack initiation studies. The post was cyclically loaded
in both directions at a per-determined peak bending load.
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Fig 2.
Displacement as a function of time for a representative bending fatigue test. Only the data
points close to the end of the test are shown.
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Fig 3.
Bending fatigue initiation resistance of Vitamin E doped, irradiated UHMWPE compared to
conventional gamma-sterilized UHMWPE. Accelerated aging was performed in pure oxygen
at 70°C for 2 weeks. Lines are regression fits to the logarithmic curve.
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Fig 4.
The oxidation profiles of (a) and surface oxidation indices (b) of accelerated aged conventional,
gamma sterilized UHMWPE and vitamin E-doped, irradiated UHMWPE. Lines shown are
spline averages.
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Fig 5.
(5a to be reproduced from Biomaterials 27: 2434–2439) Oxidation profiles (a) and surface
oxidation indices (b) of conventional and vitamin E doped, irradiated UHMWPE accelerated
aged after hip simulator testing in clean serum for 5 million-cycles. Accelerated aging was
performed at 80°C in air for 5 weeks.
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Table 1
Tensile properties for conventional and α-tocopherol doped, irradiated UHMWPE [14]

Sample UTS (MPa) YS (MPa) EAB (%)
Unaged conventional UHMWPE 52 ± 5 24 ± 1 347 ± 35
Aged conventional UHMWPE 33 ± 1 28 ± 1 434 ± 40
Unaged vitamin E-doped, irradiated UHMWPE 46 ± 3 25 ± 1 230 ± 9
Aged vitamin E-doped, irradiated UHMWPE 45 ± 2 25 ± 1 234 ± 21
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Table 2
Stress factor range at fatigue crack inception for conventional UHMWPE and vitamin E-doped, irradiated UHMWPE

Sample ΔKincep (MPa m1/2)
Conventional UHMWPE [14] 1.19 ± 0.02
Vitamin E-doped, irradiated UHMWPE [14] 0.77 ± 0.02
100-kGy irradiated and melted UHMWPE [13] 0.56 ± 0.02
Aged conventional UHMWPE [13] 0.18 ± 0.06
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