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Abstract
Our hypothesis was that cross-linked UHMWPE stabilized with vitamin-E would be wear and fatigue
resistant. Acetabular liners were radiation cross-linked, doped with vitamin E and γ-sterilized. Hip
simulator wear rate of vitamin E-stabilized UHMWPE was approximately 1 and 6 mg/million-cycles
in clean serum and in serum with third-body bone cement particles, respectively; a four to ten-fold
decrease from that of conventional UHMWPE. The ultimate strength, yield strength, elongation-at-
break and fatigue resistance of vitamin E-stabilized UHMWPE were significantly higher than that
of 100-kGy irradiated and melted UHMWPE and were unaffected by accelerated aging. Rim
impingement testing with 3.7 mm-thick acetabular liners up to 2 million-cycles showed no significant
damage of the cross-linked liners compared to conventional, gamma-sterilized in inert UHMWPE
vitamin-E stabilized liners. The data indicate good wear properties and improved mechanical and
fatigue properties for vitamin-E stabilized cross-linked UHMWPE.
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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. Radiation cross-linking and heat treatment of UHMWPE has proven
to be an important advance, which resulted in the discovery of a number of highly cross-linked
UHMWPEs with improved wear resistance [1-6]. Some of these improved UHMWPEs have
been in clinical use since 1998 with early clinical studies showing markedly reduced wear rates
with the new UHMWPEs in comparison with conventional UHMWPEs [7,8]. These novel
UHMWPE materials are showing promise of reducing the incidence of osteolysis, which
remains a major long-term complication in total hips.

Cross-linking of UHMWPE is achieved through the use of ionizing radiation [9]. Ionizing
radiation forms free radicals through the radiolytic cleavage of C-H and C-C bonds in
polyethylene. These free radicals recombine with each other and form cross-links in the
amorphous portion of the polymer. The free radicals generated during irradiation in the
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crystalline phase, however, become trapped [10] and adversely affect the long-term oxidative
stability of the material.

The effects of residual free radicals causing embrittlement in the long-term have been well
documented for UHMWPE components that had been gamma sterilized in air [11,12].
Oxidative embrittlement of UHMWPE is initiated when the residual free radicals react with
oxygen. A complex cascade of events leads to the formation of peroxy free radicals,
hydroperoxides, and ultimately carbonyl species, mainly ketones, esters, and acids, the
formation of which can be accompanied by chain scission, reducing the molecular weight of
the polymer. This eventually leads to recrystallization, increase in stiffness, and embrittlement
of the UHMWPE component.

In highly cross-linked UHMWPEs currently in clinical use, a thermal treatment step follows
the radiation cross-linking of UHMWPE to decrease the concentration of the residual free
radicals and to minimize or eliminate the adverse effects of the residual free radicals on the
properties of UHMWPE [1,2,6]. The most effective method of stabilization is to melt the
irradiated UHMWPE, which reduces the concentration of the residual free radicals to
undetectable levels. The method of irradiation and melting improves the wear resistance and
does not compromise the oxidation resistance of UHMWPE. However, the post-irradiation
melting step further reduces the mechanical properties and fatigue strength of irradiated
UHMWPE [13], presumably due to a decrease in crystallinity that accompanies post-irradiation
melting.

A clinical concern caused by the loss of fatigue strength of irradiated and melted UHMWPEs
in the hip is the fatigue damage and fracture of mal-positioned liners under adverse loading
conditions [14]. Since highly cross-linked UHMWPEs have enabled the use of larger femoral
heads with thinner acetabular liners, these liners are exposed to higher stresses. An instance of
rim fracture has been reported with irradiated and melted liners loaded to extremely high
stresses with the shell placed in a vertical, mal-aligned position. It may be highly desirable to
improve the mechanical properties of highly cross-linked polyethylenes.

We propose to avoid post-irradiation melting by stabilizing the residual free radicals by
diffusing a-tocopherol (vitamin-E), an antioxidant, into irradiated UHMWPE. a-Tocopherol is
one of the isomers of vitamin E, which is the most abundant and effective chain breaking
antioxidant in the body [15]. The major physiological role of Vitamin E is to react with free
radicals in cell membranes and protect polyunsaturated fatty acids from degradation due to
oxidation [16]. We previously showed that irradiated UHMWPE can be protected against
oxidation by diffusion of vitamin E into it [13]. Our hypotheses are that by eliminating melting
after irradiation, this novel highly cross-linked UHMWPE will avoid loss of mechanical
properties and provide improved fatigue strength than irradiated and melted highly cross-linked
UHMWPE as well as improved wear and oxidation resistance in comparison with conventional
UHMWPE.

Cell membranes in the body typically contain about one a-tocopherol molecule per 2000
phospholipids to prevent against oxidative damage [16]. Oxidation of polyunsaturated fatty
acids in cell membranes results in active free radicals (LOO•, LO•), which are stabilized by a-
tocopherol. The antioxidant activity of a-tocopherol is due to hydrogen abstraction from the
OH group on the chroman ring by a peroxyl free radical (Fig 1a). Hydrogen abstraction results
in a tocopheryl free radical, which can combine with another peroxy free radical. Therefore,
tocopherol can theoretically prevent two peroxy free radicals from attacking other fatty acid
chains and producing more free radicals [17-19].

Two potential methods of incorporating a-tocopherol into UHMWPE are pre-consolidation
blending or post-irradiation diffusion. In the former, UHMWPE is consolidated with and
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irradiated in the presence of a-tocopherol, which is known to reduce the cross-linking efficiency
of UHMWPE [20]. A decrease in the cross-linking efficiency also results in the decrease of
wear resistance in the a-tocopherol blended and irradiated UHMWPE compared to a virgin,
irradiated UHMWPE [21]. Therefore it may be more beneficial to incorporate a-tocopherol
into consolidated UHMWPE after irradiation. This can be achieved by using diffusion, a
method that was recently reported [13].

In that recent study [13], the incorporation of a-tocopherol (vitamin-E) into an irradiated
UHMWPE resulted in high wear resistance and did not compromise the oxidation resistance
of UHMWPE. 100-kGy irradiated and a-tocopherol diffused UHMWPE had at least 32%
higher fatigue crack propagation resistance than that of 100 kGy irradiated and melted
UHMWPE [13]. The hypothesis of that study was that, when present, a-tocopherol would
stabilize the residual free radicals in irradiated UHMWPE and that this presence would not
adversely affect the wear rate of irradiated UHMWPE. a-Tocopherol penetrated approximately
less than 0.5 mm from the surface, where the material was oxidation resistant; while the bulk
did not contain any a-tocopherol and was prone to oxidation.

By our current techniques, we fully penetrated a-tocopherol into finished acetabular liners (Fig
1b). One hypothesis of this study was that irradiated UHMWPE with full penetration of a-
tocopherol would not compromise the wear resistance of highly cross-linked UHMWPE and
another was that the fatigue strength would be improved compared to highly cross-linked and
melted UHMWPE. We further hypothesized that the presence of a-tocopherol throughout the
thickness of the samples would prevent deterioration of mechanical properties upon exposure
to an accelerated aging environment.

In order to test these hypotheses, we performed hip simulator wear testing on 85-kGy irradiated,
vitamin E-stabilized and finally gamma-sterilized acetabular liners. The final gamma-
sterilization was performed to ensure the sterility of the vitamin E in the liners. To test
mechanical and fatigue strength, we performed tensile testing and fatigue crack propagation
testing on an MTS machine with samples having the same vitamin E concentration profile as
that of the acetabular liners. In a more advanced device fatigue test, we performed a rim
impingement study on the hip simulator with a worst-case acetabular liner dimension, namely
3.7 mm in thickness.

Materials and Methods
Preparation of a-tocopherol-doped, irradiated UHMWPE and conventional UHMWPE Test
Samples for hip simulator, tensile and fatigue testing

All specimens were manufactured from isostatically molded UHMWPE bar stock (Biomet
Inc., Warsaw, IN). The UHMWPE resin utilized was GUR1050 (Ticona, Bishop TX).

Two different groups of test samples, an a-tocopherol doped, irradiated UHMWPE and
conventional UHMWPE were compared. Both groups of test samples were terminally gamma
sterilized in argon gas before testing. Conventional UHMWPE samples were machined from
a GUR1050 UHMWPE stock, packaged in argon gas, and gamma sterilized.

The a-tocopherol doped, irradiated UHMWPE samples were machined into their respective
shapes from annealed GUR1050 UHMWPE stock below the melting point of UHMWPE. This
annealing of bar stock materials was to reduce the thermal stresses in the UHMWPE stock
resulting in greater dimensional stability of machined parts at elevated temperatures. These
samples were packaged under argon gas with an oxygen scavenger (Fresh Pax™, Multisorb
Technologies Inc., Buffalo, NY), and the packages were gamma-irradiated to 85 kGy. Since
gamma-irradiation is a lengthy process (several days for 85-100 kGy), the probability of
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samples coming into contact with oxygen even though they are in inert packaging is high. The
purpose of the scavenger was to provide an extra measure to eliminate any oxygen present in
the environment during irradiation. The irradiated samples were then doped with D, L-a-
tocopherol (vitamin E, >98%, Fisher Scientific, Houston, TX) by immersion into a-tocopherol
at 120 °C and subsequently annealed at 120 °C under argon flow for homogenization. The
samples were then packaged in argon gas with an oxygen scavenger and gamma sterilized.
Immersion in a-tocopherol and the subsequent homogenization durations were adjusted to
obtain similar amounts of a-tocopherol in samples with different thicknesses (Table 1).

In the following studies, we used hip simulator testing in clean serum and in serum with third-
body bone cement particulate to determine adhesive and third-body abrasive wear resistance,
differential scanning calorimetry (DSC) to determine crystalline content, tensile testing to
determine mechanical properties such as ultimate tensile strength (UTS), yield strength (YS)
and elongation at break (EAB), and fatigue crack propagation testing to determine fatigue
resistance. Tensile testing samples were tested before and after accelerated aging at 70°C for
2 weeks at 5 atm. of oxygen.

Hip Simulator Testing
We used hip simulator wear testing to determine if the addition of a-tocopherol in highly cross-
linked acetabular liners would adversely affect the adhesive and third body abrasive wear
resistance of cross-linked UHMWPE.

We chose a geometry that would result in high contact stresses by using a liner thickness of
4.9 mm for both groups of liners. The conventional UHMWPE liners had an inner diameter of
28 mm. We tested the a-tocopherol doped, irradiated UHMWPE liners with both an inner
diameter of 28 mm and 36 mm. The 28mm liners allowed comparison of the two groups of
liners. Since larger femoral heads result in higher wear, we also tested the a-tocopherol doped,
irradiated UHMWPE liners with a 36 mm femoral head.

All liners were coupled with the corresponding cobalt-chrome femoral head sizes for testing.
Each group included 4 liners that were subjected to both motion and load and 2 load-soak liners
that were only subjected to load without motion. The lubricant used for the study was 100%
bovine serum, stabilized with 10.7 millimoles of ethylenediamine tetraacetate (EDTA, Fisher
Scientific, Pittsburgh, PA) and 33 ml of penicillin-streptomycin solution (Sigma-Aldrich, St.
Louis, MO) per 500 ml of serum.

All testing was performed on the AMTI 12-Station Hip Simulator (Watertown, MA). Testing
was carried out at 2Hz for a total of 5 million-cycles (MC) in clean serum or at 1 Hz for a total
of 3 MC for testing in serum with third-body bone cement particles. The kinematics used was
a standard walking gait cycle with the peak load of 3000 N. All stations were temperature
controlled at 37 °C with circulating bovine serum. The simulator was interrupted at
approximately 500,000 cycle intervals for gravimetric assessment of wear.

For gravimetric measurements, the liners were cleaned by sonication in a soap solution for 10
minutes, followed by sonication in distilled water for 10 minutes, followed by an ethanol bath
for 10 minutes and finally by drying in air for 10 minutes before weighing. The liners were
weighed three times and then averaged using an A-250 balance (Denver Instrument Co.,
Arvada, CO). The articular surfaces were photographed at the dome and at 4 quadrants at about
3 to 4 mm from the dome using an Olympus SZX12 optical microscope and an Olympus DP11
camera at every gravimetric measurement.

Weight loss of each liner was used to calculate a wear rate before and after correction for fluid
absorption. The correction for fluid absorption was done by subtracting the average weight
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gain of the load soak components from the weight change of the motion components. The
actual wear rate was calculated by applying a linear regression. The slope of the linear
regression is reported as the wear rate in milligrams per million cycles (mg/MC).

Surface Analysis by Scanning Electron Microscopy and Oxidative Stability Testing after Hip
Simulator Testing

At the completion of the 5 million cycles, the motion liners of all three groups; conventional
UHMWPE with 28 mm inner diameter, a-tocopherol-doped, irradiated UHMWPE with 28 mm
inner diameter and a-tocopherol-doped, irradiated UHMWPE with 36 mm inner diameter, were
cut into sections. One of the sections was gold-coated and analyzed with an environmental
scanning electron microscope equipped with a field emission gun (SEM) (Phillips/FEI, XL30,
Hillsboro, OR) to qualitatively evaluate changes in the articular surface morphology after
simulated gait wear testing.

Determination of Percent Crystallinity by Differential Scanning Calorimetry (DSC)
We determined the crystallinity of a-tocopherol-doped, irradiated UHMWPE before and after
accelerated aging and compared it to the crystallinity of conventional gamma-sterilized
UHMWPE.

3.2 mm-thick sections were prepared for the determination of crystallinity. DSC specimens
were prepared by cutting small slivers (5-10 milligrams) for testing. The DSC specimens were
weighed with a Sartorius CP 225D balance to a resolution of 0.01 milligrams and placed in
aluminum sample pans. The pan was crimped with an aluminum cover and placed in a Q-1000
Differential Scanning Calorimeter (TA Instruments, Newark, DE). The sample and the
reference were then heated at a heating rate of 10°C/min from −20°C to 180°C, cooled to −20°
C at −10°C/min and subjected to another heating cycle from −20°C to 180°C at 10°C/min.
Heat flow as a function of time and temperature was recorded and the cycles are referred to as
1st heat, 1st cool and 2nd heat, respectively.

Crystallinity of unaged and aged conventional and a-tocopherol-doped, irradiated UHMWPEs
(n=5 each) was determined by integrating the enthalpy peak from 20°C to 160°C, and
normalizing it with the enthalpy of melting of 100% crystalline polyethylene, namely 291J/g.

Mechanical testing
Tensile specimens (Type V) were stamped out of 3.2 mm-thick sections in accordance with
ASTM D-638. These dogbone-shaped specimens were tested on an MTS machine (Eden
Prairie, MN) at a cross head speed of 10 mm/min. The axial displacement and force were
sampled at a rate of 100 Hz.

The test was also recorded on videotape to visually determine elongation-at-break (EAB). For
this purpose, a gauge length of approximately 7 mm was marked on the specimens as per ASTM
D638. The thickness of the specimens and the width of the specimens in the gauge region were
measured using calipers before deformation. The separation of the gauge marks just prior to
failure was measured from the recorded videos and the true elongation-at-break (EAB) was
computed as the ratio of the change in gauge length at fracture and the initial gauge length.

The engineering stress was computed based on the nominal cross sectional area (before any
deformation) of the specimens as a function of engineering strain. The yield strength (YS) in
MPa and the ultimate tensile strength (UTS) in MPa were calculated per ASTM D638.

Five samples each of unaged and aged conventional and a-tocopherol-doped, irradiated
UHMWPE were tested.
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Fatigue Crack Propagation Testing
Fatigue crack propagation testing was performed on compact tension (CT) specimens on a
MiniBionix 858 (MTS, Eden Prairie MN) following ASTM E 647-00, the standard method for
measurement of fatigue crack growth rates.

CT specimens were pre-cracked at the notch using a razor blade. They were pre-soaked for
approximately 10 minutes in an aqueous bath at 40°C (also the testing environment) prior to
loading. Testing was conducted at a sinusoidal load cycle frequency of 5 Hz and stress ratio
of 0.1 in tension. Crack length was monitored by optical microscopy every 20,000 cycles. The
average of the crack length on both sides of the CT specimen was used as the representative
crack length for the computation of crack growth rates.

Stress intensity factor ranges at crack inception (ΔKincep) were reported at a threshold crack
growth rate of 10−6 mm/cycle. All testing was done at 40°C to simulate the physiologic
temperature of the joint.

At least three specimens were tested for unaged conventional UHMWPE and a-tocopherol-
doped, irradiated UHMWPE.

Preparation of a-tocopherol-doped, irradiated UHMWPE and conventional UHMWPE test
samples for rim impingement testing

All specimens were manufactured from isostatically molded UHMWPE bar stock (Biomet,
Inc., Warsaw, IN). The UHMWPE resin utilized was GUR1050 (Ticona, Bishop TX).

Two different groups of test samples, an a-tocopherol doped, irradiated UHMWPE and
conventional UHMWPE were compared. Both groups of test samples were terminally gamma
sterilized in argon gas before testing. 3.7 mm-thick conventional UHMWPE liners with 28 mm
inner diameter were machined from a GUR1050 UHMWPE stock, packaged in argon gas, and
gamma sterilized.

The a-tocopherol doped, irradiated UHMWPE samples were machined into 3.7 mm thick
acetabular liners with 28 and 40 mm inner diameter from annealed GUR1050 UHMWPE stock
below the melting point of UHMWPE. These samples were packaged under argon gas and
irradiated to 100 kGy by electron-beam irradiation. Electron beam irradiation was utilized
because it was faster than gamma irradiation and this also eliminated the need for an oxygen
scavenger. The irradiated liners were then doped with D, L-a-tocopherol and homogenized at
120 °C under argon flow. The duration of doping and homogenization are shown in Table 1.
The samples were then packaged in argon gas and gamma sterilized.

Rim impingement testing
The lip of four acetabular liners of each group (conventional-28 mm, Vitamin E-28 mm,
Vitamin E-40 mm) were brought into contact with the femoral neck (Fig 2) and loaded for 2
million-cycles (MC) to a peak load of 125 lb at a rate of 0.5 Hz based on a torque of 100 in-
lb, a moment necessary to cause dislocation of the hip joint [22]. The test was stopped at
intervals of 500,000 cycles so that the components could be visually inspected for signs of
fatigue failure. At the completion of the study, the liners were removed from their shells by
shrinking them with exposure to liquid nitrogen in order to bypass the locking mechanism.

In the following studies, where n≥3, statistical analysis was performed using a Student's t-test
for two-tailed distributions with unequal variance.
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Results
Average wear rate corrected for fluid absorption of the 28 mm conventional liners were 9.54
±0.73 mg/million-cycles after 5 million cycles of simulated gait with clean serum. The average
wear rates for the 28 mm and 36 mm inner diameter a-tocopherol doped, irradiated UHMWPE
acetabular liners were 0.78±0.28 and 0.97±0.49 mg/million-cycles, a 10-fold decrease with
respect to the conventional UHMWPE (Fig 3). The wear rate of the a-tocopherol doped,
irradiated UHMWPE was not affected by the larger femoral head size. Optical microscopy of
the articular surfaces of the tested liners showed the presence of original machining lines after
5 million-cycles of simulated gait (Fig 4); while the conventional liners exhibited no machining
marks throughout the loaded region of the articular surfaces (Fig 5).

Average wear rates corrected for fluid absorption of the 28 mm conventional liners were 20.55
±0.50 mg/million-cycles after 3 million cycles of simulated gait with third body bone cement
particles. The average wear rates for the 28 mm and 36 mm inner diameter a-tocopherol-doped,
irradiated UHMWPE acetabular liners were 5.76±0.82 and 5.13±0.34 mg/million cycles (Fig
6). These values were 72 and 75% lower than that for the conventional UHMWPE. Optical
microscopy of the articular surfaces of the tested liners showed the presence numerous
scratching on all tested liners.

Scanning electron microscopy of the articular surfaces of the tested liners showed abundant
formation of fibrils in the conventional liners that were tested in clean serum (Fig 7b); whereas
the a-tocopherol-doped, irradiated UHMWPE liners showed reduced fibril formation (Fig 7a).
All liners tested in serum with third-body bone cement particles exhibited extensive scratching
of the articular surface (Fig 7c and 7d).

The crystallinity of the a-tocopherol doped, irradiated UHMWPE was not significantly
different (p>0.05) than that of the conventional UHMWPE. Following accelerated aging, the
crystallinity of conventional UHMWPE increased (p<0.0001); whereas the crystallinity of a-
tocopherol-doped, irradiated UHMWPE did not change upon accelerated aging (p=0.46, Table
2). The DSC thermogram and peak melting point of a-tocopherol doped, irradiated UHMWPE,
indicative of crystalline lamellar thickness, was not different from that of conventional
UHMWPE (Fig 8).

The ultimate tensile strength (UTS) and yield strength (YS) of a-tocopherol doped, irradiated
UHMWPE was comparable to those of conventional UHMWPE; the elongation at break (EAB)
was lower (Table 3). Accelerated aging resulted in a significant (p<0.001) decrease in the UTS
of the conventional UHMWPE, whereas it did not affect the UTS of the a-tocopherol doped,
irradiated UHMWPE (p=0.22, Table 3). Similarly, accelerated aging resulted in a significant
change in the YS and EAB of conventional UHMWPE (p<0.01 and p<0.05, respectively),
whereas it did not significantly affect the YS and EAB of a-tocopherol-doped, irradiated
UHMWPE (p=0.33, p=0.74).

The a-tocopherol doped, irradiated UHMWPE showed a significantly higher stress factor range
at crack inception (ΔKincep), i.e. higher fatigue resistance, than 100-kGy irradiated and melted
UHMWPE (p<0.001, Table 4). Also, both of the irradiated UHMWPEs showed lower fatigue
resistance than conventional UHMWPE (p<0.00001).

After 2 million cycles of simulated rim impingement, all three groups of liners showed a slight
depression on the rim (Fig 9). There was no evidence of cracking, pitting or gross surface
damage in any of the liners.
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Discussion
The first hypothesis of this study; that a-tocopherol would not detrimentally affect the wear
resistance of highly cross-linked UHMWPE was supported by the hip simulator data. The hip
simulator wear rates of a-tocopherol doped, irradiated UHMWPE reported here are comparable
to those reported for the highly cross-linked, irradiated and melted UHMWPE [2,4].

Hip simulator testing is a well-accepted method of determining the wear behavior of acetabular
liners. The testing commonly replicates the in vivo attributes such as component positioning,
temperature, loading, and kinematics of normal gait [23-27], all which are known to affect the
wear rate of UHMWPE acetabular liners. One common limitation of hip simulator testing is
the choice of kinematics. Most tests utilize simulated normal gait kinematics. Yet the implants
are subjected to more complex kinematics including many other activities of daily living.
Another limitation is the choice of bovine serum as the lubricant, which is the analogue for
synovial fluid. Some laboratories use undiluted bovine serum while others use dilute the bovine
serum by adding deionized water. Wear rate of conventional polyethylene has been shown to
increase with dilution of bovine serum [28]. However, at extreme dilutions, non-physiological
wear mechanisms have been shown to dominate the wear process [29]. In the present study we
used 100% bovine serum diluted only by a chelating agent and penicillin. This bovine serum
preparation has been shown to produce clinically relevant wear rates and wear mechanisms for
metal-on-polyethylene articulations in hip simulators [30,31].

Surface analysis of conventional UHMWPE liners showed polishing and wearing away of the
machining marks following the simulated gait wear test; in contrast, the a-tocopherol doped,
irradiated UHMWPE liners showed the persistence of original machining marks throughout
the five million cycles of testing, corroborating the improved wear rate determined
gravimetrically. The acetabular shells in which the acetabular liners were mounted for hip
simulator testing had a screw-hole at the dome. As a result, the acetabular liners were minimally
loaded at the dome region because of the lacking support on the backside. During the initial
stages of hip simulator testing, the dorsal aspects of the acetabular liners showed the persistence
of machining marks in both the conventional UHMWPE liners as well as the a-tocopherol
doped, irradiated UHMWPE liners. In the case of the conventional UHMWPE liners, wear was
high enough to ultimately result in a higher load contact with the dorsal aspect of the liners
and polish away the machining marks in the dorsal aspect (Fig 5). The a-tocopherol doped,
irradiated UHMWPE liners maintained the machining marks at the dorsal aspect even after the
five million cycles of testing (Fig 4).

The fibrils observed on conventional polyethylene liners under the scanning electron
microscope following wear testing (Fig 7) have been proposed as precursors for particulate
wear debris [32,33]. The propensity of conventional UHMWPE to form fibrils due to its high
plasticity is also reflected in its high elongation at break (Table 3). The fact that these fibrils
were rare on the articular surfaces of a-tocopherol doped, irradiated UHMWPE liners indicated
that the ability of this polymer to undergo large-scale deformation was reduced by cross-
linking. This manifested itself as a decrease in the elongation at break of a-tocopherol doped,
irradiated UHMWPE.

We used a two-week accelerated aging protocol under oxygen pressure at high temperature
(70°C) to determine the relative oxidative resistance of a-tocopherol-doped, irradiated and
conventional UHMWPE. We determined the mechanical properties of a-tocopherol, irradiated
and conventional UHMWPEs before and after accelerated aging to compare the resistance of
these properties to oxidative stress. The accelerated aging method that was used was not
intended to simulate shelf aging or oxidation in vivo. Accelerated aging tests are useful in
determining if a material will or will not oxidize in the long-term when exposed to oxygen.
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The extent and rate of oxidation in real-time cannot be predicted from accelerated aging
methods.

The mechanical and fatigue strength of UHMWPE is a function of crystallinity and cross-link
density. There is a decrease in mechanical and fatigue strength of irradiated and melted
UHMWPEs, caused both by cross-linking and the loss of crystallinity during melting, which
quenches the residual free radicals [5,34]. We expected to avoid the loss of crystallinity by
doping irradiated UHMWPE with a-tocopherol instead of melting it after irradiation.
Crystallinity of 100-kGy irradiated and melted UHMWPE is typically lower than that of
conventional UHMWPE [1]; the crystallinity of a-tocopherol doped, irradiated UHMWPE was
not significantly different than that of conventional UHMWPE (p<0.001). Accelerated aging
of conventional UHMWPE caused a significant increase in crystallinity (Table 2) consistent
with oxidation. Because the residual free radicals caused by gamma sterilization had not been
eliminated, this material would oxidize leading to chain scission and re-crystallization of
shorter chains. The effects of oxidative degradation can be clearly seen in the decrease in the
ultimate tensile strength (Table 3) of conventional UHMWPE following accelerated aging.
The crystallinity of a-tocopherol-doped, irradiated UHMWPE was not significantly affected
by accelerated aging (Table 2) because the residual free radicals in this irradiated UHMWPE
had been stabilized by a-tocopherol, preventing oxidation. As a result, the mechanical
properties of a-tocopherol-doped, irradiated UHMWPE were not adversely affected by
accelerated aging.

Another aim of the present study was to determine if a-tocopherol doped, irradiated UHMWPE
would have better strength than irradiated and melted UHMWPE, as hypothesized. The
literature reported value for the ultimate tensile strength of 100 kGy irradiated and melted
UHMWPE is approximately 35MPa [1]; the ultimate tensile strength of a-tocopherol doped,
irradiated UHMWPE was measured to be 46 MPa. We attribute the improved strength of the
latter to the retention of the crystallinity of the base material.

The fatigue strength of surgical grade UHMWPE is typically quantified by determining the
resistance to fatigue crack propagation by cyclically loading a specimen designed to
concentrate stresses at a crack tip. The stress range that needs to be applied to propagate the
crack at a rate of 10−6 mm/cycle is reported as a measure of the resistance to crack propagation.
The values for unirradiated or gamma-sterilized UHMWPE, which has high fatigue resistance,
have been reported as 1.4-2.0 [13,35]. In contrast, irradiated and melted highly cross-linked
UHMWPEs had values of 0.55-0.69 [13,35]. The ranges of these values were a result of testing
environment (air or liquid), testing temperature and testing frequency. We compared the a-
tocopherol doped, irradiated UHMWPE to irradiated and melted UHMWPE tested on our
system in water at 40°C and the former showed significantly higher fatigue crack propagation
resistance (Table 4), presumably due to its higher crystallinity.

A more clinically relevant device fatigue test involved the impingement of the rim of thin
polyethylene liners by the neck of the femoral components (Fig 2), simulating the adverse case
of vertical alignment of the shell and mal-positioning of the implant. As the increased wear-
resistance of irradiated UHMWPEs has enabled the use of larger femoral heads, we tested the
a-tocopherol-doped, irradiated liners with a 40-mm femoral head in comparison with 28-mm
inner diameter group of conventional liners. Our hypothesis of improved fatigue strength was
supported and our findings from the fatigue crack propagation test were corroborated because
there were no fractures in any of the tested liners and no apparent differences between sterilized
UHMWPE and vitamin E-stabilized, highly cross-linked UHMWPE.

In conclusion, irradiated, a-tocopherol-doped and terminally gamma sterilized highly cross-
linked UHMWPE has high wear resistance and improved mechanical properties and fatigue
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crack propagation resistance than that of irradiated and melted first-generation highly cross-
linked UHMWPE.
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Fig 1.
The structure of a-tocopherol (a). The a-tocopherol concentration profile in the 4.9 mm
acetabular liners that were used in the present study (b): the profile was determined by infrared
microscopy scanning of a thin film and determining the relative absorbance of a-tocopherol
with respect to polyethylene.
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Fig 2.
Impingement of an acetabular liner by the femoral neck.
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Fig 3.
Average total weight change of tested liners (n=4) tested in clean serum for 5 million-cycles
corrected for fluid absorption shown with corresponding linear regression lines.
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Fig 4.
Compilation of photos showing a 28mm a-tocopherol doped, irradiated UHMWPE liner after
5 million cycles of testing on the hip simulator. Machining marks are present in all four
quadrants and also at the dome. All pictures were taken at the same magnification and the scale
bar denotes 1 mm.
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Fig 5.
Compilation of photos showing a 28mm conventional UHMWPE liner after 5 million cycles
of testing on the hip simulator. The machining marks have been polished away in all four
quadrants and also at the dome. All pictures were taken at the same magnification and the scale
bar denotes 1 mm.
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Fig 6.
Average total weight change (corrected for fluid absorption) over 3 million cycles of the
acetabular liners of each test group tested in serum with third-body bone cement particulates
(n=4) shown with corresponding linear regression lines.
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Fig 7.
Representative SEM micrographs of the articular surfaces of tested motion liners (a-Vitamin
E, b-conventional) following 5 million cycles of simulated normal gait with clean serum and
(c-Vitamin E, d-conventional) following 3 million cycles of simulated normal gait with
abrasive third body bone cement particles added to the lubricating bovine serum.
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Fig 8.
Representative DSC thermograms of gamma-sterilized conventional and highly cross-linked,
Vitamin E-doped UHMWPE.
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Fig 9.
Representative optical micrographs of the rim of (a) conventional-28 mm, (b) irradiated,
Vitamin E-doped-28 mm and (c) irradiated, Vitamin E-doped-40 mm liners following 2 million
cycles of simulated rim impingement. The depressed area is marked.
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Table 1
Doping and homogenization durations for samples of different thickness

Sample (thickness) Doping duration (h) Homogenization duration (h)

Thin sections for tensile testing (3.2 mm) 0.33 9

Acetabular liners (3.7 mm) 1.5 24

Acetabular liners (4.9 mm) 2 24

Compact tension samples for fatigue testing (8.2 mm) 2.5 40
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Table 2
Crystallinity of unaged and accelerated aged conventional and a-tocopherol-
doped, irradiated UHMWPE

Group Crystallinity (%)

Conventional UHMWPE

Unaged 68 ± 2

Aged 77 ± 2

a-tocopherol Doped, Irradiated UHMWPE

Unaged 71 ± 2

Aged 71 ± 1
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Table 3
Tensile properties for conventional and a-tocopherol doped, irradiated UHMWPE

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 a-tocopherol doped, irradiated UHMWPE 46 ± 3 25 ± 1 230 ± 9

Aged a-tocopherol doped, irradiated UHMWPE 45 ± 2 25 ± 1 234 ± 21
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Table 4
Stress factor range at fatigue crack inception for conventional UHMWPE and a-tocopherol-doped, irradiated
UHMWPE

Sample ΔKincep (MPa m1/2)

Conventional UHMWPE 1.19 ± 0.02

a-Tocopherol-doped, irradiated UHMWPE 0.77 ± 0.02

100-kGy irradiated and melted UHMWPE [13] 0.56 ± 0.02
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