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Ultra high molecular weight polyethylene (UHMWPE)
has been employed as a prosthesis bearing surface for
over forty years. The combination of chemical
inertness, impact resistance and wear resistance of
UHMWPE has contributed to the success of total joint
replacements. UHMWPE has been used for acetabular
components in hips and for tibial and patella
components in knees. Clinical experience has been
excellent. Survivorship of hip prostheses is between
87 and 97 per cent at 9 years follow-up with patients
less than 55 years old having lowest survival.1
Survivorship for the knee is 90 per cent at 10 years
follow-up and 80 per cent at 20 years.2 Despite these
successes, wear remains an issue for both hip and
knee replacements. Wear is higher in younger and
more active patients.3 Wear is one of the long-term
determinant of prosthesis lifetime.4 Consequently,
there have been ongoing efforts to improve the wear
resistance of UHMWPE.5

Irradiation creates free radicals in the polyethylene molecules
mainly due to breaking C-H bonds. Free radicals that are in
proximity react to form crosslinks. For each crosslink formed,
two free radicals are eliminated. Heating the polyethylene
provides molecular mobility allowing free radicals not in
proximity to crosslink. Heating is usually carried out in a step
subsequent to irradiation.
The degree of crosslinking is dependent on the radiation dose
and the efficiency of the heating process. A higher radiation dose
creates more free radicals. Radiation doses in the range 50 – 100
kGy are commonly used. Gamma irradiation and electron beam
irradiation have been employed.
Heating may be carried out just below the melting range
(annealing) or above the melting range (remelting). Free radicals
exist in the amorphous and the crystalline regions of the
polymer. Annealing crosslinks the free radicals in the
amorphous regions and those free radicals that diffuse to the
crystalline surfaces during the heating process. However, free
radicals in the crystalline regions are not accessible. Heating
above the melting range destroys crystalline regions, and allows
crosslinking of many free radicals. However, the remelted
polyethylene recrystallizes on cooling under the constraints of
crosslinking (reduced molecular mobility) and so the crystal size
and the degree of crystalline material (crystallinity) are reduced
compared to that of the annealed UHMWPE.

The most recent improvement has been in the introduction of
highly crosslinked UHMWPE materials which have demonstrated
lower wear than conventional UHMWPE in the laboratory
setting.5 Highly crosslinked UHMWPE bearings were introduced
in the late 1990’s. Their use has become widespread at the hip
but has been limited in total knee replacements due to concerns
over the adequacy of mechanical properties. Early clinical data
for total hip prostheses indicates that highly crosslinked
UHMWPE bearings have substantially reduced wear compared
to conventional UHMWPE.21 Continued research over the last
several years has provided a better understanding of the
microstructural changes consequent to crosslinking. This has
opened up possibilities for an improved highly crosslinked
UHMWPE material.

Figure 1 shows transmission electron micrographs of virgin
UHMWPE, annealed highly crosslinked UHMWPE and
remelted highly crosslinked UHMWPE. The microstructure of
the annealed highly crosslinked UHMWPE resembles that of the
virgin material while the microstructure of the remelted highly
crosslinked UHMWPE indicates smaller crystals. The
crystallinity is also reduced.

Background
Crosslinks are C-C chemical bonds that interconnect
polyethylene molecules effectively increasing the molecular
weight and resistance to wear. The kinematics of the hip and of
the knee involves a crossing path motion. Force in the flexionextension direction serves to orient the polyethylene molecules
in this direction. Perpendicular forces from the crossing pattern
pull the molecules apart creating wear particles. Crosslinks
enable the molecules to resist these crossing forces thus reducing
wear.6 Crosslinks may be formed chemically or by irradiation of
UHMWPE. The latter method is used in processing for
orthopaedic applications due to concerns regarding
biocompatibility of polyethylenes with chemically created
crosslinks.

There are, thus, two broad classes of highly crosslinked
UHMWPE materials depending on the microstructure.
Annealed highly crosslinked UHMWPEs contain residual free
radicals and may have the potential for oxidation while remelted
highly crosslinked UHMWPE’s contain fewer detectable free
radicals and may be more resistant to oxidation.7 However, the
remelted highly crosslinked UHMWPE’s have reduced
mechanical and fatigue properties compared to annealed highly
crosslinked UHMWPE’s.8 Both classes of highly crosslinked
polyethylenes demonstrate reduced wear clinically at the hip.9–11
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Both classes of highly crosslinked UHMWPE’s have advantages
and potential risks. Annealed highly crosslinked materials have
low wear and excellent mechanical and fatigue properties but
may have the potential to oxidize under extreme conditions.8
Remelted highly crosslinked materials have low wear and a
higher resistance to oxidation but reduced mechanical and
fatigue properties indicate the potential for structural failure.8
In pursuing the goal of the next generation highly crosslinked
polyethylenes, it has been realized that annealing offers the most
attractive approach to preserving mechanical and fatigue
properties. However, a reduction in free radicals would be
desirable. A highly crosslinked polyethylene with preserved
mechanical and fatigue properties with high oxidation resistance
would combine the advantages of the two existing classes of
highly crosslinked polyethylene.
Consideration of the crosslinking process and its impact on
microstructure led to the realization that crosslink formation
reduced molecular mobility and hence hindered further
formation of crosslinks. It was hypothesized that a step-wise
process of irradiation followed by annealing would maintain the
microstructure but would allow higher crosslinking levels with
the consequent elimination of more free radicals. The result of
this sequential irradiation and annealing process was X3, the
next generation of highly crosslinked UHMWPE. X3 has
excellent mechanical and fatigue properties, low wear and high
resistance to oxidation. 22-29

Figure 1: Transmission electron micrographs of virgin
UHMWPE (top), annealed highly crosslinked UHMWPE middle
and remelted highly crosslinked UHMWPE (bottom).
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X3 Process
The X3 process consists of three cycles each involving irradiation
followed by annealing. In each cycle GUR 1020 UHMWPE is
gamma irradiated to a dose of 30 kGy followed by annealing at
130º C for 8 hours. The cumulative radiation dose is 90 kGy.
Following machining of components, sterilization is carried out
by gas plasma (Sterrad 2000, Advanced Sterilization Products,
Irvine, CA). Figure 2 provides a flow diagram of the process to
the final packaged sterilized component.
Each cycle of irradiation to a relatively low dose (30 kGy)
followed by annealing allows the full potential crosslinking level
to be achieved in each cycle. On the other hand, irradiation to
the final dose (90 kGy) in one step followed by annealing results
in the steric hindrance of the crosslinks limiting the ultimate
crosslinking level that can be reached. The higher the level of
crosslinking for a given starting number of free radicals, the
lower is the residual free radical level. Thus, X3 not only has a
higher level of crosslinking but a more efficient elimination of
free radicals giving a high resistance to oxidation.29-31

Figure 2: Steps in the X3 Process to the Final Component
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X3 Properties
Physical Properties
The microstructure of X3 was compared to that of virgin
polyethylene and that of gamma sterilized/inert environment
UHMWPE using small angle x-ray scattering (Cambridge
Polymer Group, Cambridge, MA). This technique provides the
distance between the crystalline regions (long period spacing).
The average size of the crystalline and amorphous regions is given
in Table 1.

UHMWPE

Long Period Crystal Amorphous
Spacing
Thickness Thickness
(nm)
(nm)
(nm)

Virgin
Material

38.9 ± 1.0

23.0

15.9

gamma sterilized/
inert environment
UHMWPE

38.9 ± 1.0

23.8

15.1

X3

38.2 ± 0.2

23.6

14.6

X3

gamma sterilized/
inert environment UHMWPE

Figure 3: Transmission Electron Micrographs of X3 and
gamma sterilized/inert environment UHMWPE

Swell ratio and crosslink density were determined by orthoxylene (with 0.1 wt/per cent Irganox antioxidant) extraction
following ASTM F2214.13 The results are given in Table 2. Both
gamma sterilized/inert environment UHMWPE and X3 are
crosslinked. However, the crosslink density is higher for X3. This
increase in crosslink density has been achieved with no increase
in crystallinity and no apparent change in microstructure due to
the use of the sequential crosslinking process.30

Table 1: Crystal Spacing, Crystal Thickness and Amorphous
Thickness for Virgin Polyethylene, gamma sterilized/inert
environment UHMWPE and X3 UHMWPE from Small Angle
Scattering

Transmission electron microscopy was used to provide a visual
characterization of the microstructure (Figure 3). The
microstructure of X3 is similar to that of virgin polyethylene
and to gamma sterilized/inert environment UHMWPE. There is
no statistical difference between the values of the long period
spacing. The crystallinity of X3 is 61.7 per cent compared to
59.2 per cent for virgin polyethylene and 61.3 per cent for
gamma sterilized/inert environment UHMWPE as determined
using a Perkin Elmer 7-Series Thermal Analysis System
according to ASTM D3417.12 Thus, the crystallinity and crystal
size are similar for X3, virgin polyethylene and gamma
sterilized/inert environment UHMWPE.32

UHMWPE

Swell Ratio

Crosslink
Density,
mol/dl

gamma sterilized/
inert environment
UHMWPE

4.7 ± 0.1

0.08 ± 0.0

X3

3.1 ± 0.1

0.15 ± 0.01

Table 2: Comparison of Swell Ratio and Crosslink Density for
X3 and gamma sterilized/inert environment UHMWPE30

The power of the sequential process is demonstrated by
analyzing polyethylene that was irradiated to 90 kGy followed by
annealing i.e. a single cycle of crosslinking. The crosslink density
is 0.11 mol/dl and is much lower than using the same total
radiation dose by three cycles of irradiation and annealing.
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Oxidation Resistance

The oxidation resistance of X3 was evaluated by using an oxygen
bomb test according to ASTM F2003 (immersion in 5
atmospheres of oxygen at 70º C for 14 days).14 The oxidation
index profile as a function of thickness, surface oxidation index
(SOI) and bulk oxidation index (BOI) were determined using a
Nicolet 750 Magna infra red spectrometer following ASTM
F2102.15 Figure 5 illustrates the oxidation index as a function of
depth following the oxidative challenge for X3, virgin
(unprocessed) UHMWPE, gamma sterilized/inert environment
UHMWPE and a single cycle 90 kGy irradiated and annealed
UHMWPE.

Sequential irradiation annealing promotes more efficient
crosslinking with resulting lower free radical levels. The free
radical concentration of X3 was compared to that of gamma
sterilized/inert environment UHMWPE by Dr. Jahan, The
University of Memphis (Memphis, TN) using an electron spin
resonance (ESR) spectrometer (Bruker Instruments Model
EMX). Table 3 gives the free radical concentration. The free
radical concentration is reduced by 99 per cent for X3 even
though it received 90 kGy irradiation compared to 30 kGy for
gamma sterilized/inert environment UHMWPE. The free radical
concentration for a single cycle with 90 kGy irradiation followed
by annealing is 67 x 1014 spins/g. This level of free radicals is
greatly reduced compared to that of gamma sterilized/inert
environment UHMWPE but results in significant oxidation
compared to that of X3 after oxidative challenge.31

UHMWPE

Free Radical
Concentration
(1014 spins/g)

% Reduction

gamma sterilized/
inert environment
UHMWPE

1550 ± 32

NA

X3

14 ± 2

99
Figure 5: Oxidation Index as a Function of Depth for X3, gamma
sterilized/inert environment UHMWPE and Virgin UHMWPE

Table 3: Free Radical Concentration for X3 and gamma
sterilized/inert environment UHMWPE

The response of X3 is similar to that of virgin UHMWPE.
Both materials exhibit a small increase in oxidation deep in the
material. However, neither material exhibits the subsurface
oxidation maximum that often accompanies ‘white band’
formation. The conclusion is that X3 has a high resistance to
oxidation as demonstrated by its response to the severe oxidative
challenge under ASTM 2003. Again, the power of the sequential
process is demonstrated by subjecting polyethylene irradiated to
90 kGy followed by annealing to the ASTM 2003 oxidative
challenge. The single-cycle crosslinked polyethylene demonstrates
subsurface white bands indicative of severe oxidation.

Figure 4 shows the electron spin resonance (ESR) signals for
gamma sterilized/inert environment UHMWPE and X3. A
classic signal is seen for gamma sterilized/inert environment
UHMWPE while the signal for X3 can barely be detected. This
is another indication of the extremely low level of free radicals
achieved in the sequential irradiation annealing process.

Mechanical Properties
Tensile properties were determined according to ASTM D63816
with Type IV test specimens using an Instron Model 4505 and
an Instron Model 1137 at room temperature with a crosshead
speed of 2 in/min (5.08 cm/min). The following materials were
studied: virgin (untreated) UHMWPE, gamma sterilized/inert
environment UHMWPE (UHMWPE irradiated to a dose of 30

Figure 4: Electron Spin Resonance Spectra for gamma
sterilized/inert environment UHMWPE and X3
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kGy in nitrogen) and X3. For comparison, data for a remelted
highly crosslinked UHMWPE (100 kGy electron beam,
remelted) was taken from the literature.7 Table 4 gives the values
of modulus of elasticity, yield strength, ultimate tensile strength
and elongation to break.

annealing at 130° C for 8 hours and then gamma sterilized/inert
environment UHMWPE treatment, two remelted highly
crosslinked UHMWPEs (50 kGy gamma irradiation followed by
remelting; 100 kGy electron beam irradiation followed by
remelting) and X3.

X3

Remelted
Highly
Crosslinked
UHMWPE (7)

ASTM
F648
Specification

862 ± 14

876 ± 8

N/A

N/A

22.1 ± 0.5

23.2 ± 0.4

23.5 ± 0.3

21 ± 1.1

>19

Ultimate Tensile Strength, MPa

57.0 ± 3.6

54.8 ± 2.5

56.7 ± 2.1

43 ± 5.3

>27

Tensile Elongation, %

418 ± 14

363 ± 10

267 ± 7

250 ± 25

>250

Material Property

Untreated
UHMWPE

gamma
sterilized/inert
environment
UHMWPE

Tensile Modulus, MPa

848 ± 14

Tensile Yield Strength, MPa

Table 4: Tensile Properties for X3 Compared to Other UHMWPEs and the ASTM F648 Specification

The yield strength and ultimate tensile strength are equivalent
for virgin UHMWPE, gamma sterilized/inert environment
UHMWPE and X3. The tensile strength of X3 exceeds that of
the remelted highly crosslinked UHMWPE. Accelerated aging
using the ASTM F2003 protocol does not change the mechanical
properties of X3.22

The results at 1,000,000 cycles are shown in Figure 6. The fatigue
performance of X3 is the best with the lowest number of
fractures followed by gamma sterilized/inert environment
UHMWPE and 75 kGy gamma irradiation poly with annealing
at 130° which had almost the same performance. The remelted
highly crosslinked UHMWPEs exhibited a higher incidence of
fatigue fractures with the highest dose material having a 100%
failure rate. Furthermore, the remelted highly crosslinked
polyethylenes fail at low numbers of fatigue cycles compared to
X3 and the other non-remelted polyethylenes.

Functional Fatigue Properties
Functional fatigue testing was carried out using thin (2.5 mm
minimum thickness) acetabular liners of 32 mm internal
diameter. Cups were seated inside a metal shell. The liner was
supported at the rim only. The liner/shell configuration was a
modification of a design that showed a high incidence of liner
fracture clinically.17 Testing was carried out on hip joint
simulators (MTS, Eden Prairie, MN) using physiologic loading
with a maximum load of 2450 N and crossing path motion at 1
Hz in bovine calf serum. Further details are given elsewhere.8
This is an extremely challenging test as the high load in
combination with only rim supported thin liners produces
significant component deformation. Cups were examined every
250,000 cycles for signs of fatigue cracks. Once a crack was
detected liners were removed from further testing. The following
UHMWPE materials were evaluated: gamma sterilized/inert
environment UHMWPE, 75 kGy gamma irradiation followed by

Functional Fatigue Test
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X3 Contact Fatigue Performance
The contact stress at the knee is complex due to the nonconforming geometry.18 The maximum stress occurs subsurface
encouraging delamination as a wear mechanism and
delamination has commonly been reported.19 Oxidation of
UHMWPE has been proposed as playing a role in
delamination.20 The delamination potential of X3 was evaluated
using a contact fatigue purpose built machine (Figure 8).
A cobalt-chromium alloy 22.2 mm diameter femoral head
translated backwards and forwards on the UHMWPE
specimens. With a 200 N load and 5 mm polyethylene thickness
the Herzian contact stress was 61 MPa representing the high
contact stress for femorotibial contact at the knee.18 The
translation distance was 75 mm and the cycle rate 1 Hz. Bovine
calf serum from a reservoir at 37º C was used as lubricant.8 The
specimens were examined at 130,000 cycles and 500,000 cycles
and thereafter at every 500,000 cycles. The test continued to 5
million cycles. The following UHMWPEs were studied: 30 kGy
Figure 6: Survivorship of X3 Compared to Remelted
Crosslinked UHMWPEs

The remelted highly crosslinked materials produced extensive
cracks that propagated around the periphery of the component
sometimes leading to complete separation of the lip from the
cup. This is shown in Figure 7 (100 kGy electron beam
irradiated and remelted polyethylene). One out of nine, X3
components exhibited small cracks that tended not to propagate
around the periphery of the component indicating a higher
resistance to crack initiation and propagation with this annealed
highly crosslinked material.

Figure 7: Remelted highly crosslinked polyethylene
component after failure.

Figure 8: Contact Fatigue Testing Machine
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gamma irradiated in air and X3. Due to the link between
oxidation and delamination, following preparation, all materials
were subjected to oxidative challenge (ASTM 2003) before
contact fatigue testing.

The depth of penetration of the metal head into the
polyethylene was measured as a function of the number of
cycles. There is little or no material loss for X3 material.
However, the gamma air polyethylene specimens show a sharp
increase in penetration at 1.5 million cycles reflecting crack
coalition and delamination. The results demonstrate not only
the oxidation resistance of X3 but also the resistance to fatigue
wear under high contact conditions for this sequentially
irradiated and annealed highly crosslinked polyethylene.23

At 130,000 cycles plastic deformation was observable for all
materials indicative of the high contact stress. By 500,000 cycles,
gamma-air specimens showed cracking and evidence of
delamination. After 2 million cycles the level of damage for the
gamma-air UHMWPE specimens was too great for the test to
continue. X3 specimens did not show any signs of cracking or
delamination up to the end of the test at 5 million cycles. Figure
9 shows details of the bearing surface at one million cycles.

Wear Resistance
For hip components, the wear resistance of X3 was compared to
that of gamma sterilized/inert environment UHMWPE and to
Crossfire components using MTS hip joint simulators. For 32
mm Trident acetabular components the hip simulator wear rates
of X3 and Crossfire were 97 per cent and 92 per cent lower
respectively than that of gamma sterilized/inert environment
UHMWPE. The wear of X3 is 70% lower than that of Crossfire.
Hip simulator testing of 36 mm X3 components showed that
the wear was reduced by 94% compared to that for gamma
sterilized/inert environment UHMWPE 32 mm Trident
component.28

(a)

For Scorpio CR tibial inserts, the wear rate of X3 was 79 per cent
lower than that of gamma sterilized/inert environment
UHMWPE using an MTS knee simulator with a level walking
protocol. For Scorpio PS components knee simulation employed
a stair climbing protocol ensuring post contact during flexion,
the wear rate of X3 was 77 per cent lower than that of gamma
sterilized/inert environment UHMWPE.26,27
For Triathlon CR tibial inserts, the wear rate of X3 was 68 per
cent lower than that of gamma sterilized/inert environment
UHMWPE using an MTS knee simulator with a level walking
protocol. For Triathlon PS components knee simulation
employed a stair climbing protocol ensuring post contact during
flexion, the wear rate of X3 was 64 per cent lower than that of
gamma sterilized/inert environment UHMWPE.24,25

(b)

X3 provides a large reduction in wear due to the increased level
of crosslinking arising from the sequential irradiation and
annealing process. Reductions are found for both the hip and
the knee. The combination of mechanical and fatigue properties
enables X3 to be used for PS as well as CR tibial components. At
the hip, larger head diameters may be employed without
sacrifice of wear resistance.
Figure 9: Bearing Surfaces at 1 million cycles. Figure 9(a)
shows detail of delamination for an accelerated aged gammaair polyethylene sample. Figure 9(b) shows deformation of an
X3 surface. There is no cracking or delamination.
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Summary
Sequential irradiation and annealing results in a highly
crosslinked material (X3) with increased crosslinking via the
virtual elimination of free radicals.31 Annealing preserves the
microstructure for X3 and hence the mechanical properties.22
The fatigue properties of X3 are excellent.23 Remelted highly
crosslinked UHMWPEs have reduced mechanical and fatigue
properties due to decreases in crystallinity from the
melting/recrystallization process.
In hip simulator studies, the wear of X3 is significantly lower
than that of gamma sterilized/inert environment packaged
UHMWPE and in fact is lower than that of the previous
generation of annealed highly crosslinked UHMWPE (Crossfire).
Larger femoral head sizes may be used with X3 due to the high
wear resistance of the material. X3 has greatly reduced wear
compared to gamma sterilized/inert environment UHMWPE in
knee simulator studies for both CR and PS designs.24-28
X3 has equivalent resistance to oxidation to virgin (untreated)
UHMWPE under accelerated aging conditions. The level of free
radicals for X3 is near the detection limit of a state-of-the-art
ESR spectrometer. This low level is responsible for the excellent
oxidation resistance. Accelerated aging does not alter the
mechanical properties, contact fatigue resistance or wear
resistance of X3.23,29,31,33
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N2\Vac™ gamma sterilized UHMWPE, 72-2-0708. The insert tested was Size 7, 8 mm thick.
Testing was conducted under multiaxial knee simulator (multi-station MTS knee joint
simulator [a]) for five million cycles using appropriate size CoCr counterfaces, a specific type
of diluted calf serum lubricant and the motion and loading conditions, representing normal
walking, outlined in ISO/DIS 14243-3. Volumetric wear rates were 34.6 ± 1.5 mm3/106 cycles
for standard polyethylene inserts and 7.3 ± 0.7 mm3/106 cycles for test samples. Test inserts
were exposed to a gas plasma sterilization process. In vitro knee wear simulator tests have
not been shown to quantitatively predict clinical wear performance.
27. Stryker Orthopaedics Scorpio® PS tibial inserts made from X3® UHMWPE, 72-23-0708,
show a 77% reduction in volumetric wear rate versus the same tibial insert fabricated from
N2\Vac™ gamma sterilized UHMWPE, 72-3-0708. The insert tested was Size 7, 8 mm thick.
Testing was conducted under multiaxial knee simulator (multi-station MTS knee joint
simulator) for five million cycles using appropriate size CoCr counterfaces, a specific type of
diluted calf serum lubricant and literature or fluoroscopy based motion and loading
conditions representing stair climbing [b,c]. Volumetric wear rates were 35.8 ± 1.7 mm3/106
cycles for standard polyethylene inserts and were 8.2 ± 0.7 mm3/106 cycles for test samples.
Test inserts were exposed to a gas plasma sterilization process. In vitro knee wear simulator
tests have not been shown to quantitatively predict clinical wear performance.
28. Stryker Orthopaedics Trident Acetabular Inserts made of X3® UHMWPE (unsterilized) ,
721-00-32E, show a 97% reduction in volumetric wear rate versus the same insert fabricated
from N2/Vac™ gamma sterilized UHMWPE, 620-00-32E. The insert tested was 7.5 mm thick
with an inner diameter of 32 mm. Testing was conducted under multi-axial hip joint
simulation for 5 million cycles using a 32mm CoCr articulating counterface and calf serum
lubricant. X3® UHMWPE Trident acetabular inserts showed a net weight gain due to fluid
absorption phenomena but yielded a positive slope and wear rate in linear regression
analysis. Volumetric wear rates were 46.39 ± 11.42 mm3/106 cycles for N2/Vac™ gamma
sterilized UHMWPE inserts and 1.35 ± 0.68 mm3/106 cycles for X3® UHMWPE
(unsterilized) Trident Acetabular inserts. Although in-vitro hip wear simulation methods
have not been shown to quantitatively predict clinical wear performance, the current model
has been able to reproduce correct wear resistance rankings for some materials with
documented clinical results. [d,e,f]
29. X3® UHMWPE resists the effects of oxidation. No statistical difference was found for Tensile
Yield Strength, Ultimate Tensile Strength, Elongation, Crystallinity and Density as measured
per ASTM D638, D3417 and D1505 before and after ASTM F2003 accelerated aging (5 ATM
of oxygen at 70°C for 14 days). Tensile Yield Strength was 23. 5 ± 0.3 MPa and 23.6 ± 0.2
MPa, Ultimate Tensile Strength was 56.7 ± 2.1 MPa and 56.3 ± 2.3 MPa, Elongation was 267
± 7 % and 266 ± 9 %, Crystallinity was 61.7 ± 0.6 % and 61.0 ± 0.5 % and Density was 939.2
± 0.1 kg/m3 and 939.2 ± 0.2 kg/m3 before and after accelerated oxidative aging, respectively.
30. X3® UHMWPE increases crosslink density over N2/Vac™ gamma sterilized UHMWPE by
87% as measured by swell ratio per ASTM F2214. Crosslink density as measured by swell
ratio was 0.08 ± 0.00 mol/dl and 0.15 ± 0.01 mol/dl for N2/Vac™ UHMWPE and X3®
UHMWPE, respectively.
31. X3® UHMWPE virtually eliminates free radicals, as measured by Electron Spin Resonance
(ESR). A very low (noise level, near instrument detection limit) concentration of residual free
radicals was detected in the X3® UHMWPE. A 99% reduction of free radicals (14 ± 2 x 1014
spins/gram versus 1550 ± 32 x 1014 spins/gram) was found when compared to N2/Vac™
gamma sterilized UHMWPE.
32. X3® UHMWPE has similar crystalline and lamellar structure as N2/Vac™ gamma sterilized
UHMWPE as measured by Small Angle X-ray Scattering (SAXS) and Differential Scanning
Calorimetry (DSC) analysis. DSC determined crystallinity was 61.3 ± 0.8% and 61.7 ± 0.6%
for N2/Vac™ UHMWPE and X3® UHMWPE, respectively. Lamellar crystal thickness was
23.0 and 23.6 nanometers for N2/Vac™ UHMWPE and X3® UHMWPE, respectively.
33. Stryker Test Report RD-04-040 Rev 1.
[a] A. Essner, A. Wang, C. Stark and J. H. Dumbleton, “A simulator for the evaluation of total
knee replacement wear,” 5th World Biomaterials Congress, Toronto, Canada, May, 1996, pg 580.
[b] R. Riener, M. Rabuffetti and C. Frigo, “Stair ascent and descent at different inclinations”,
Gait and Posture 15: 2002, pp. 32-44.
[c] JB. Morrison, “Function of the knee joint in various activities”, Bio-medical Engineering,
4: 1969, pp. 573-580.
[d] Wang, A, et. al., Tribology International, Vol. 31, No. 1-3: 17-33, 1998.
[e] Essner, A. et. al., 44th Annual Meeting, ORS, New Orleans, Mar. 16-19, 1998 : 774.
[f] Essner, A. et. al., 47th Annual Meeting, ORS, San Francisco, Feb. 25-28, 2001: 1007.
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A surgeon must always rely on his or her own professional clinical judgment when deciding to use which
products and/or techniques on individual patients. Stryker is not dispensing medical advice and recommends
that surgeons be trained in orthopaedic surgeries before performing any surgeries.
The information presented in this brochure is intended to demonstrate the breadth of Stryker product offerings.
Always refer to the package insert, product label and/or user instructions before using any Stryker product.
Surgeons must always rely on their own clinical judgment when deciding which treatments and procedures to
use with patients. Products may not be available in all markets. Product availability is subject to the regulatory or
medical practices that govern individual markets. Please contact your Stryker representative if you have questions
about the availability of Stryker products in your area.
Stryker Corporation or its divisions or other corporate affiliated entities own, use or have applied for the
following trademarks or service marks: Crossfire, Scorpio, Sterrad, Stryker and X3.
All other trademarks are trademarks of their respective owners or holders.
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