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ABSTRACT OF THE DISCLOSURE

A method of manufacturing a bearing for use in an orthopaedic implant, comprises the
steps of: providing a radiation source; positioning a bearing material at a distance away from the
radiation source; installing a shield over at least a portion of the bearing material; irradiating the
bearing material through the shield using the radiation source.; and forming a bearing surface on

the bearing material.
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METHOD FOR CROSSLINKING UHMWYPE I[N AN ORTHOPAEDIC IMPLANT

BACKGROUND OF THE INVENTION

I, Field of the invention.

The present invention relates o methods for enhancing the mechanical properties of
polymers such as ultra-high molecular weight polycthylene (UHMWPE). More particularly, the
present invention relates to a method for crosslinking UHMWPE to increase its wear resistance
in orthopaedic bearing applications.

2. Description of the related art.
UHMWPE is commonly used as a bearing material paired with an opposing metal

- component in orthopaedic implants such as hips and knees. It is the high molecular weight of the
polymer that imparts the desirable characteristics for implants, such as high impact strength and
abrasion resistance. It is known that irradiating certain polymers such as UHMWPE can cause
changes in its chemical and mechanical properties. For example when UHMWPE is subjected to
gamma irradiation in.the range of 3.0-5.0 Mrads, it has been observed that with time it can
change color and become embrittled. This is of interest in the medical device field since such an
irradiation dose is within the range of commonly used sterilization processes. The general belief
is that the changes in material properties are due to competing reaction pathways, one being
crosslinking within and between polymer chains, and another being oxidation. Crosslinking
results in an increase in molecular weight of the polymer, while oxidation results in decreasing -
molecular weight. High energy, ionizing radiation, such as gamma or electron beam radiation,
breaks molecular bonds, called chain scission, and creates free radicals that are highly reactive

specics. The severed chains can recombine, crosslink with adjacent chains, or combine with
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other species such as oxygen. In the presence of oxygen, the severed chain is more likely w form .
an oxygenated species which is then not able to form crosslinks or recombine, resulting i a
reduction of molecular weight. 1t is the reduction of molecular weight that causes a reduction in
mechanical properties and embrittlement. Some of the free radicals formed arc not capable of
reacting due to location in the polymer structure and thus can exist in the polyﬁer for long
periods. The migration of such species as oxygen over long periods of time to these isolated free
radicals can result in further oxidation and molecular weight reduction, with a subsequent time
dependent degradation of properties.

Crosslinking is known to increase the abrasion resistance of polymers. In orthopaedics it
has been indicated as one way to increase the wear life of UHMWPE implants. Crosslinking
occurs in polymers when adjacent polymer chains form c-c bonds. Such crosslinking acts to
prevent the polymer chains from being pulled or pushed apart. The degree of crosslinking ofa
material is a function of the radiation dose it receives. The total dose received depends on the’
penetrative properties of the radiation in the material being treated and the exposure time to the
radiation source. State of the art electron beam radiation sources are capable of relatively high
dose rates. Thus, relatively short exposure times can yield relatively high doses. Because of this,
electron beam radiation facilities typically position a radiation source directed at a moving
conveyor on which samples are moved under the electron beam source at a speed selected to give
the desired dose. The high dosc rates of electron beam irradiation is believed to result in less
oxidation than slower irradiation sources such as gamma irradiation, due to the increased

availability of oxygen over the longer exposure time of low dose rate irradiation sources.
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Some tvestigators have proposed ways (o reduce oxidation and/or increase crosshinking.
Their methods generally involve maintaining the article being irradiated in an oxygen free
cnvironment. For example, Shen and Dumbleton tcach that gamma irradiation in an argon
atmosphere results in a high percentage of crosslinking and improves the wear performance of
polyethylene.  C. Shen and J.H. Dumbleton, 7he Friction and Wear Behavior of lrradiated Very
High Molecular Weigh Polyethylene, 30 Wear, 349 (1974). Grobbelaar et al. Leach. that by
gamma irradiating polyethylene prostheses in a reactive organic atmosphere containing
acetylene, enhanced crosslinking at the surface is achieved which results in reduced deformation
while maintaining excellent abrasion resistance. Grobbelaar et al., The Radiation Improvement
of Polyethylene Prostheses: A Preliminary Study, 60-B:3 JBJS 370 (1978).

Other investigalc‘)rs have taught free radical elimination via post irradiation processing.
Kang et al. teach that crosslinking polyethylene with gamma irradiation is enhanced by raising
the temperature of the polyethylene during irradiation and furthermore that free radicals can be-
removed by annealing the polyethylene after irradiation. Kang et al., The Radiation Chemistry
of Polyethylene. IX. Temperature Coefficient of Cross-Linking and Other Lffects, 89:9 Journal
of American Chemical Society 1980 (1967). Sun et al. likewise teach in U.S. 5,414,049 that free
radicals may be removed by heating the irradiated article.

In addition to dealing with free radicals, problems may arise whén irradiating thick parts
with high dose rates. Early investigators used low dose rate gamma irradiation that easily -
penetrated through parts of various thicknesses and achieved desired dose levels over many. hours
of exposure (o the gamma source. The present investigators have found. it advantageous to use

E-beam irradiation because of its very high dose rate and capability of reaching desired dose
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Tlevels very quickly.. However, orthopaedic applications may require parts up to 9cm to be

treated. A problem with irradiating parts over 4 cm with an-electron beam is that an electrical
charge potential can build up within the material being irradiated; and then discharge, leading to
defects characterized by carbon tracking or scoring. This carbon tracking or scoring may. be
visible with the naked eye or only with the aid of magnification. The carbon scoring appears as
black “lightning strikes” in the polymer mass or as black marks on the polymer surface. Another
problem that arises is that the energy level of the irradiation source determines the depth to which

the irradiation will penetrate. With sources in the 10 MeV range, which is typical for

-commercial E-beam vendors, penetration occurs at approximately 4.0-5.5 cm. Furthermore, the

dose delivered to the sample over this penetration depth is not uniform.

The above discussion of background art is included to explain the context of the invention. Itisnot
to be taken as an admission or suggestion that any of the material referred to was published, known or part
of the common general knowledge in Australia at the priority date of any of the claims of this specification.

SUMMARY OF THE INVENTION-

The present invention provides a method for irradiating polymers such as UHMWPE to
produce property enhancing crosslinking. The method is particularly advantageous in that it can:
rapidly process parts of varying thickness while producing a desired dose distribution through the
sample-thickness. Likewise the method can process thick parts with minimal electrical -
discharge. Finally, the method includes steps to reduce or eliminate free radicals from the
irradiated UHMWPE.

These advantages are achieved by a method which includes determining. the desired dose
distribution in the sample to be irradiated, determining the optimal thickness to produce the
desired distribution with a particular electron source, determining whether a shield or shields will

be necessary in combination with the sample to replicate the optimum thickness, and assembling
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the sample and shields and irradiating the assembly on one or more sides. In addition a

varicty of electrical discharge control methods and devices are disclosed.

The present invention thus provides a method of manufacturing a bearing for use in
orthopaedic implant, comprising the steps of:

providing a radiation source;

positioning a bearing material at a distance away from said radiation source;

installing a shield over at least a portion of said bearing material; and

irradiating said bearing material through said shield using said radiation source.

The present invention further provides a method of manufacturing a bearing for use in
an orthopaedic implant, comprising the steps of:

providing a radiation source;

positioning a bearing material on a conveyor at a distance away from said radiation
source;

installing a shield over at least a portion of said bearing material;

conveying éajd bearing material past said radiation source at a travel speed of between
20 and 80 cm/min; and

irradiating said bearing material through said shield using said radiation source with

an effective dose of between 80 and 120 kGy.

The present invention yet further provides a method of manufacturing a bearing for
use in an orthopaedic implant, comprising the steps of:

providing a radiation source;

positioning a bearing material at a distantce away from said radiation source;

electrically grounding said bearing material; and

irradiating said bearing material using said radiation source.

Throughout the description and claims of this specification the word “comprise,” and
variations of the word such as “comprising” and “comprises”, is not intended to exclude other

additives or components or integers or steps.
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BRIEF DESCRIPTION OF THE DRAWINGS

The above-mentioned and other features and advantages of this invention, and the manner
of attaining them, will become more apparent and the invention will be better understood by
reference to the following description of embodiments of the invention taken in conjunction with
the accompanying drawings, wherein:

- Figs. 1-3 arc graphs illustrating dose curves of a shielded and unshielded polymer
. sample;
_ Fig. 4 is a graph illustrating a dose curve for a sample having a less than optimal
thickness;
Fig. 5 is a graph illustrating a dose curve for a sample having a greater than optimal
thickness;
Fig. 6 is a graph illustrating a dose curve for a sample having a shield placed on opposite

sides thereof;,

Fig. 7 is a graph illustrating how the dose curve may be shifted utilizing a shield;

Fig. 8 is a graph illustrating another dose curve which may be obtained using shielding;

Figs. 9-11 illustrate an embodiment of an equipment setup used for carrying out an
embodiment of the method of the present invention;

Fig. 12 is an end view of a cylindrical sample carried by a conductive holder;

igs. 13 and 14 illustrate clamps which may be used to support a sample manufactured in

accordance with the method of the present invention;
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Fig. 15 tllustrates a sample placed within a conductive, arounded container;

Iig. 16 illustrates the conductive container of Fig. 15 placed on a conveyer;

Fig. 17 illustrates another embodiment of a shield of the present invention with a cutout
Lhergin:

Fig. 18 illustrates another embodiment of a shield of a present invention with a shield of

varying thickness;

Fig. 19 is a perspective view of one-hal{ of a dose measurement block showing a
radiochromic dosimeter film in place on the block;

-Figs. 20-24 are graphs of resultant dose for two-sided irradiation of different thickness
samples of the type shown in Fig. 19;

Fig. 25 is a graph of resultant dose for single-sided irradiation using a sample of the type
shown in Fig. 19; and

Figs. 26-28 are graphs of resultant dose for two-sided irradiation of different thickness
shielded samples of the type shown in Fig.-19.

Corresponding reference characters indicate corresbonding parts throughout the several
views.

DETAILED DESCRIPTION OF THE INVENTION

The following description describes the theories, research, findings, and applications of
applicants invention by the way of illustrative examples. Applicants invention should not be
considered to be narrowly limited to the particular examples used.

Electron beam irradiation of UHMWPE will vary in the depth of penetration depending

on the energy level of the accelerated beam. The grealer the energy level, the greater the depth of
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penetration. Uselul energy levels for lhé present invention can range from 1 10 20 MceV at a
beam power of from 1 10 120 kW. Typical commercial electron beam sources use a 10 MeV
beam at a beam power of 60 kW. An electron beam of 10 McV and 60 kW beam power will
penetrate UMM WPE 1o a depth of approximately 4 to 5.5 cm.

Fig. | shows a theoretical dose curve 2 for a 10 MeV beam depicting how the dose
received by a ¢ cm UHMWPE sample varies with position in the sample. The top of the sample
is at position 0 cm and the bottom is at.9 cm. Note the subsurface dose peak 3 that occurs with
single-side irradiation. This peak is caused by the cascade effect wherein the energy level of the

incident electron beam is sufficient to eject electrons from the target material. The ejected

electrons.have sufficient kinetic energy to break molecular bonds, thus adding to the incident

dose. This process repeats itself until the kinetic energy of the incident and ejected electrons-
have been reduced due to inclastic collisions, resulting in diminishing penetration through the
material. Inorder to irradiate all of a 9 cm thick sample, the sample must be turned and
inadiated again on the opposite face. Fig. 2 shows the dose curve 4 produced by irradiating the
bottom of the sample. Fig. 3 shows the total dose 6 throughout the part when the doses from top
and bottom side irradiation are combined. As can be seen, for any particular energy level, there
will be a sample thickness for which irradiation of the top and the bottom will result in a
substantially uniform dose 6 across the part thickness as shown in Fig. 3. For parts having
thicknesses different from this, the dose will be non-uniform. For instance, in the present
example, if a 6 cm sample is irradiated from both sides under the same conditious, a substantial
dose overlap will occur yielding a much higher dose 8 in the middle of the sample than at the

outside of the sample as shown in Fig. 4. Likewise, if a 10 cm sample is irradiated from both
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sides under the same conditions., less dose overlap will oceur yielding a much lower dose 10 in

‘the middle of the sample than at the outside ol the sample as shown in Fig. 5. This dose

distribution might be desirable where one wants to crosslink near the surface, such as for
abrasion resistance, and leave the interior of the sample uncrosslinked to maintain the original
material properties. Thus, there is an optimum sample thickness to produce a desired dose
distribution for any particular combination of material and electron source encrgy. By carefully
matching electron beam energy level and sample thickness it is possible to produce samples with
a substantially uniform dose distribution, with a dose peak in the sample interior, or with a dose
minimum in the sample interior to meet the needs of different applications.

Manufacturing efficiency requires flexibility in being able to process materials of
different thicknesses and with different dose distributions. However, it is often the case that cost
considerations require the use of an electron beam source with a fixed energy level. The
advantageous tailoring of dose distribution described above, as well as other dose control, can be
achieved with a fixed energy level source by using shields between the electron source and the
sample being treated. The penetration of electron beam irradiation into a sample is a function'of
the density of the material through which the beam must pass. Therefore, so long as one knows
the optimum sample thickness to achieve the desired dose distribuﬂon from the available electron
source, one can use shields with samples thinner than the optimum to achieve the same dose
distribution. For example, Figs. 1 and 2 show how placing a shield adjacent the surface at which
the radiation is being directed moves the distribution in the direction of the shield. In Figs. 1 and
2, a shield having the same density as the sample is used. Thus, | cm and 2 cm shields result in

dose diswibutions, 12, 14 and 16, 18, that are offset by I emand 2 em, respectively. The shields
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need not be of the same material as the sample. To caleulate the appropriate shicld thickness [or
any sample/shicld combination, the following formula is used:

1. Totai Shicld Thickness = (optimum sample thickness - sample thickness) x (sample material density)

(shicld material density)

For example, it is desirable to machine acetabular cups from a block of crosslinked UHMWPE.
Itis also desirable, to facilitate manufacturing, that the block be crosslinked u.niformly so that the
block can be machined in‘any orientation and still have crosslinked material at the bearing
surface. To produce a suitable block using the present invention, first determine the block
thickness necessary for the part to be made. For uniform crosslinking, the electron source must
be selected to have at least enough encrgy to pénetrale from both sides of the block and chrlap
enough to produce a uniform dose distribution as shown in Fig. 3. If the electron energy level is
in excess of that required, shielding can be used. [f the electron energy level is deficient then the
dose will be lower in the middle of the block and will not produce uniform crosslinking,

It has been found that for a 10 MeV electron source that the optimum thickness for
uniform crosslinking for UHMWPE is approximately 9 cm. To uniformly dose a 9 cm thick
sample, it is passed under the electron beam, turned over to expose the opposite side, and passed
under the beam again. Such a treatment is depicted in Fig. 3. In order to uniformly dose a 6 cm
thick sample of UAMWPE, it is first necessary to determine an appropriate shield thickness. For
a shield material with the same density as the sample, such as an UHMWPE shield, the densities
divide out and the total shield thickness is simply the optimum thickness for uniform
crosslinking minus the sample thickness. In this example that would be 9 - 6 =3 cm. In order
for the dose distribution to be symmetrically located within the sample, the total shield thickness

is divided by two and each side of the sample is shiclded by this half-shield thickness when it is

ZM036S 9

13-




irradiated. Thus for this example, cach side ol the sample would be shielded witha 1.3 cm
UHMWPE shield to yield the dose distribution shown in Fig. 6. Alternatively, one side may be
irradiated unshielded, following with the opposite side shiclded with the calculated thickness
from formula 1.

There may be applications where a non-uniform dose distribution is desired. For
example, it may be desirable to have a higher dose near the articular surface of a finished implant -
for improved wear properties but a lower dose in the rest of the implant for better mechanical
properties. This can be achieved by only irradiating one side and shielding it to move the sub-
surface peak to the surface of the sample to yield the dose distribution of Fig. 7. [n another
circumstance it may be useful to have a higher dose at the-top and bottom of a sample to iniprove
wear properties at opposite surfaces, for example in a mobile bearing knee or an acetabular cup,
and low dose in the middle of the sample to maintain mechanical properties. One way to achieve
this is by irradiating a sample thicker than the optimum thickness for a uniform dose as discussed
relative to Fig. 5. A more adaptable way is to use shielding. Using the same conditions of our
previous examples, a 6 cm UHMWPE sample-irradiated from both sides with a 3 cm shield used
for both passes has a total shield thickness of 6 cm, an apparent sample thickness of 12 cm and
yields the symmetric dose profile of Fig. 8.

Other shield materials may advantageously be used. For example, a more dense material
may be used for reasons of reducing bulk and increased durability. Aluminum is a preferable
shield material. Using the shield thickness equation for an aluminum shield and a polyethylene
sample gives the following shield lhickness:.

2. Total Shicld Thickness = (9 em - 6 cm) x (0.936 v/em®) = 1.04 ¢m
(2.7 wlem’)

YAGIRIEN] 10
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Where 9 cm is the optimum sample thickness for a particular LI;‘Si!‘CLI dose distribution, 6 cm is
the sample size to be treated, 0.936 ¢/em’ is the density of UMMWPE and 2.7 g/am’ is the
density of aluminum. As can be seen. this formula allows a shiceld thickness (o be determined for
any appropriate material.

In order to achieve the dose profiles discussed above, the equipment sefup of Fig. 9-11
has been utilized. Samples 20 are placed in a container 22 on a conveyor belt 24. The conveyor
moves the samples under an electron beam source 26. It has been found that a total dose of about
100 kGy is useful for reducing wear in laboratory specimens. The dose range useful for
imparting crosslinking with a resultant improvement in wear is from 30 to 300 kGy, and more
preferably between 50 and 150 kGy, with the most desirable range being between 80 and
120kGy. A dose of 100 kGy can be achieved by using a 10 MeV electron beam source at 60 kW
beam power, a scan-width of 80 ¢m, a distance from the scan-horn window of approximately 110
cm, and a sample (conveyor) speed of 54.2 cm/min. In the case where a shield is desirable, the
shield can simply be laid on top of the samples, or on the pan. If two passes are required with
shielding of the top and bottom of the sample 20, then the same shield can be used by removing
it from the sample or pan, turning the sample and replacing the shield. Preferably, the shield can .
be fitted as a cover 28 for the container 22. Alternately, separate shields could be attached to
each of the top and bottom of the sample 20. Samples of different cross sectional shapes can be
processed according to this invention. Preferably, samples will have flat sides so that the
samples can be rested on the {lat sides to maintain their orientation relative (o the electron source
to facilitate careful dose control. Spacers 30 are preferably used 1o keep the samples 20 from

changing position within the container 22 during processing.
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. Samples with non-reclangular cross scetions, can also be processed according 1o this
invention. Care must be taken to ensure that the sample is indexed 180 degrees if' it is turned for
asceond pass. Fig. 12 shows a sample with a non-rectangular cross section. In particular, a
round bar 32 is inserted into a flat-sided carrier 34 having a cylindrical cavity 36 for receiving the
bar 32. The carrier 34 prevents the bar 32 from rolling and facililates rotating the bar 180 degree
for a second pass. A shield 38 is placed on top of the carrier to yield the optimum sample
thickness for the particular dose profile desired. In addition to or in place of the shield 38, the
carrier 34 can be used as a shield to control the dose received by the bar 32. For example, as
shown, a carrier with a rectangular outer profile and an interior sized to closely receive the-
sample can be made of a material with the same density as the sample. Thus the dose received
by the sample/carrier assembly would resemble those of the prior examples. In addition to round

bars, other shapes could be carried and/or shielded in this way. For example, extruded bars with

the profile of a knee articular surface are currently available. By combining such a bar with a

. shield shaped to mate with it, dose distributions similar to rectangular bars can be produced.
[t is also within the scope of this invention to use a carrier for non-rectangular samples
JOY . o . . .
cese? with a density different from the sample. As can be seen in Fi g. 12, the carrier provides more

shielding material in regions 33 away from the centerline of the sample. Thus, a carrier with a
density greater than the sample will produce a hi gher dose in a region extending from the top of
the sample down through the center of the sample with a lower dose on the sides of the sample.
A carrier with a density less than the sample will produce a lower dose in the region extending
[rom the top of the sample down through the center of the sample with a higher dose on the sides

of the sample due to the thickness of the sample near the centerline. This can be carried further
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as shown in Figs. 13 and 14 in which end clamps 40 support the bar 42 and there is no carrier
along the length of the bar 42, These clfects can be used 1o advantageously locate areas of high
and Jow desired dose. Likewise, shields with varying cross sections, both lacing the beam and
facing the sample, can be used to tailor the dose profile.

Both bulk implant bearing material and finished formed bearing material can be
crosslinked according to the present invention. Crosslinking of bearing material after it has been
formed into an implant would require that the implant be maintained in an inert environment
such as nitrogen or argon gas, or a vacuum to prevent oxidation of the implant surface. Selective
shielding may be desirable in certain designs or applications. For example; it may be desirable-
for the articulating surface of an acetabular cup to be highly crosslinked, while maintaining a
lower level of crosslinking in the rim area of the cup. This would provide iniproved wear
resistance while maintaining higher mechanical properties and toughness in the rim area where
cup location and locking mechanism devices are typically located. This would also provide for
improved resistance to damage from hip stem neck impingement. Anexample of & shielding
device to achieve this is depicted in Fig. 17, where an acetabular cup 72 with an articulating
bearing surface 73 is held in a fixed position within the metal container 74, and an appropriate
shield ring 76 with a cutout 77 covers the rim area of the cup to prevent or lower the radiation
dose received by the rim area.

Similarly, for an UHMWPE knee tibial insert, it may be desirable to restrict the
crosslinking to the articulating surfaces while maintaining higher mechanical properties in non-
articulating areas of the device. For example, in a posterior stabilized device, the stabilizing post

may be subjected (o higher mechanical shear force where better mechanical properties are
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desired over wear resistance. As shown in Fig. 18, the postarea 79 could be selectively shielded
while allowing the articulating bearing surfuces 77 1o be highly crosslinked by placing the tibial
insert 78 in a container 80 with a shicld 82 having extra shiclding 84 over the post area 79.

When irradiating thick samples with a high rate of radiation such as with electron beam
irradiation, it has been found that electrical charge can build in the sample in a capacitive
manner. When the charge reaches a level to overcome the dielectric strength of the sample, it
can discharge through the sample leaving charred paths that spoil the sample for its intended use.
Fig. 15 shows one way to dissipate charge before it can build to high levels. A conductive
shield 44 is placed over the sample 46 which is placed in a conductive container 48 with a
ground 50. By providing a conductive path 52 from the shield 44 to the container 48, charge is
dissipated from the sample 46 to the container 48 and on to ground.

As shown in Fig. 16, conductive container 48 may be placed on a conductive conveyer 64
which is grounded 66. In addition, the space 68 surrounding the sample may be filled with a-.-
conductive media in the form of a fluid or solid to improve dissipation. The conductive medium
68 preferably provides an environment for a controlled rate of electrical charge dissipation from
the sample being irradiated. The conductivity of tap water has been found to work effectively.
Such a filler is also advantageously used to exclude oxygen from the surface of the sample to
reduce oxidation during irradiation. It has also been found that the electrical conductivity of
UHMWPRE can be increased by mainaining the sample at an elevated temperature so that charge
dissipates through the sample at lower, non-destructive levels. Testing has shown that raising the
temperature also increases the crosslinking efficiency and reduces wear in pin-on-flat tests.

Preheating the sample (o between 20 and 60°C, preferably between 40 and 50°C, works well.

ZMO0363 14
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“ The rate of dose application has also been found (o significantly effect the tendency for clectrical
discharge. Lower dose rates tend (o cause more discharge, and at lower total applied dose. Mass
ol the item being irradiated also cffects the tendency to discharge, with larger mass blocks
discharging more readily. Certain thickness' of UHMWPE that could not be evenly irradiated
from one side only may tend to discharge severely if irradiated from two sides without shielding,
if the center section of the mass becomes overdosed, since this is also where the electron charge
tends to collect in the mass. Shielding thus allows these thickness’ of material to be irradiated
without discharge, and with a uniform dose.

Specific examples for carrying out the method of the present invention will now be
described in detail.

Five blocks of UHMWPE, 10 cm wide, with varying thickness were split ata 25 degree

angle to form two matching wedges of material. Block thicknesses after re-assembling were 5.1,

5.7,6.4,7.6,and 8.9 cm. One cm wide radiochromic dosimeter film was placed down the center

oo of the incline between the matching wedges of material as shown in Fig. 19. The wedges were
rees then secured back in place. Each block of material was then irradiated without shielding from
Dt the top and bottom sides at 20 kGy incident dose with a 60 kW, 10 MeV electron beam.

Dosimeter films were analyzed to determine the dose distribution through the thickness of the

UHMWPE blocks. Results for each block are given in F igs. 20-24. Single side irradiation dose
distribution using the same technique for an §.9 cm thick split block is shown in Fig. 25. Note
that as the block thickness approaches the optimal thickness of 9.0 cm for uniform dose
distribution after (wo sided irradiation in UHM WPE, the dose becomes uniform through the

depth of the block.
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Three blocks of UHMWPE, 10 ¢m wide. with varying thickness were splitata 25 degree
angle to form two matching wedges of material. Block thicknesses after re-assembling were 5.7,
6.4,and 7.0 cm. One cm wide radiochromic dosimeter film was placed down the center of the
incline between the matching wedges of material as shown in Fig. 19. The wedges were then
secured back in place. Each block of material was then irradiated with the appropriate sized
shielding per formula (1), from the top and bottom sides at 20 kGy incident dose with a 60 kW,
10 MeV electron beam. One half of the shield thickness was used for each side irradiated: 0.55
cm thick aluminum plate shield for the 5.7 cm block; 0.44 cm thick aluminum plate shield for the
6.4 cm block; 0.33 cm thick aluminum plate shield for the 7.0 cm block. Dosimeter films were
analyzed to determine the dose distribution through the thickness of the UWMWPE blocks.
Results for ecach block are given in Figs. 26-28. ' These results demonstrate the ability to achieve
uniform doses in different thickness samples by using shielding.

A two level multi-factorial experiment was conducted to determire the effects of dose
rate, shielding, moisture, and UHM WPE material size on the tendency for electrical discharge to

occur during electron beam irradiation. A 60 kW, 10 MeV electron beam was used for all

conditions. The UHMWPE material was machined into solid cylinders with height equal to

. diameter for each size. Sizes examined included 2.25 inch cylinders, 2.5 inch diameter cylinders,

and 3.5 inch diameler eylinders. For the moist conditions, the pucks were placed in ordinary tap
water, with the water depth less than the cylinder height. Aluminum plate shiclding was used
with thickness as determined per formula (1). The effects of not shielding vs. shielding was

examined for the 2.25 inch diameter cylinders. Dose rates were from 50 to 100 kGy per pass
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until the desired final dose level for cach condition was achieved. Discharge observations were
by visual examination with each cylinder containing discharge given w score = 1.

The data was analyzed using least squares fitting. with significance ol the results
determined using an IF distribution of the variance ratios. Results were determined to be
significant for variable effects with probability for the null hypotheses at p < 0.05. Introduction
of moisture was seen to have significant effects, with moist conditions reducing discharge
tendencies. Dose rate also had significant inverse effects, with increasing dose rate decreasing
discharge. Effects of shielding were examined for the smallest.cylinders, 2.25 inch diameter.
Non-shielded cylinders discharged significantly more than shielded ones. The strongest effect
was the size of cylinder, with increasing size resulting in increasing discharge.

UHMWPE block temperature effects on discharge were determined, along with effects of
dose rate, moisture and block-size, using a two level multi-factorial experimental design. A 60
kW, 10 MeV electron beam was used for all conditions. Block sizes were 2.25 inch square by
nine inches long, and 2.75 inch square by nine inches long. Blocks were processed at ambient
temperature for cold conditions, and were preheated to 60°C overnight in an air circulating oven
for the warm condition. The pre-heated blocks were transferred to the electron beam quickly so
that irradiation was conducted while the block was at or near 60°C. For the cold/maoist
conditions, the blocks were placed in ordinary tap water adjusted to 20°C, with the water depth
less than the block height. For the warm moist conditions, the tap water was pre-heated to 60°C.
Aluminum plate shiclding was used with thickness as determined per formula (1) for all blocks.

Iradiation was from two opposite block sides, with shielding placed at the block incident face

during irradiation. Dosc rates were at 60 and 90 kGy per pass until the desired final dose level of

ZMUO363 17
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180 kGy was achicved. Discharge obscrvations were by visual examination with cach block
containing discharge given a score = 1, and those with no discharge a scorc = ().

The data was analyzed using least squares [itling, with significance of the resul(s
determined using an F distribution of the variance ratios. Results were determined to be
significant for variable effects with probability for the null hypothesis at p < 0.05. Introduction
of moisture was seen to have significant effects for the cold irradiation conditions, with moisture
reducing discharge tendencies. Block temperature interacted with all other variables, where the
warm irradiation effectively eliminated discharge for all blocks that were preheated. Dose rate
had significant inverse effects for the cold irradiated blocks, with increasing dose rate decreasing
discharge. Block size was significant also for the cold irradiation condition, with larger size
increasing discharge tendency.

While this invention has been described as having a preferred désign, the present
invention can be further modified within the spirit and scope of this disclosure. This application
is therefore intended to cover any variations, uses, or-adaptations of the invention using its
general principles. Further, this application is intended to cover such departures from the present
disclosure as come within known or customary practice in the art to which this invention pertains

and which fall within the limits of the appended claims.

ZNH0365 18
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THE CLAIMS DEfINING THE INVENTION ARE AS FOLLOWS:
I. A method of manufacturing a bearing for use in an orthopaedic implant, comprising the

steps of:
providing a radiation source;
positioning a bearing material at a distance away from said radiation source;
installing a shield over at least a portion of said bearing material; and
irradiating said bearing material through said shield using said radiation source.
2. The method of claim 1 further comprising the step of forming a bearing surface on said

bearing material subsequent to irradiating the bearing material.

3. The method of claim 1 or claim 2, wherein said shield covers éportion of said
bearing material to define a shielded portion and an unshielded portion of said bearing
material, and wherein said irradiating step comprises irradiating each of said shielded
portion and said unshielded portion.

4. The method of any one of claims 1 to 3, wherein said installing step occurs
prior to said positioning step.

5. The method of any one of claims 1 to 4, comprising the further step of

surrounding at least a portion of said bearing material with a conductive media prior to

o e said irradiation step.

6. The method of claim 5, wherein said surrounding step comprises submersing said

bearing material in a conductive fluid.

7. The method of claim 5 or claim 6, wherein said conductive media comprises a

metallic holder surrounding at least a portion of said bearing material.

8. "The method of claim 7, comprising the further step of grounding said holder.

casses- 19
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9. The method of any one of claims 1 to 8, wherein comprising the further step

of submersing said bearing material in a fluid prior to said irradiation step.

10. The method of claim 9, wherein said fluid comprises at least one of an inert fluid and
an electrically conductive fluid.

11. The method of claim 10, wherein said fluid comprise; an inert fluid consisting of one

of nitrogen and argon.

12. The method of claim 9 or claim 10, wherein said fluid comprises an

electrically conductive fluid consisting essentially of tap water.
13. The method of any one of claims 1 to 12, comprising the further steps of:
repositioning said bearing material at an orientation of approximately 180° relative to a
position of said bearing material after said positioning step at said distance away from said
radiation source; and
repeating said irradiating step.
14. The method of an}-l one of claims 1 to 13, comprising the further steps of:

placing said bearing material on a movable conveyor; and

o s

*a%ea’ conveying said bearing material past said radiation source.

f°::.; 15. The method of claim 14, wherein said conveying step compﬁses conveying said

::-::E bearing material past said radiation source at a travel speed of between 20 and 80 cm/min.

16. The method of claim 15, wherein said conveying step comprises conveying said
bearing material past said radiation source al a travel speed of approximately 54.2 co/min.

e en 17. The method of any one of claims 1 to 16, wherein said irradiating step is

f.' carried out to impart an effective dose to said bearing material of between 30 to 300

v KGY. |
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18. The method of claim 17, wherein said irradiating step is carried out to impart an
effective dose to said bearing material of between 50 and 150 kGy.

19. The method of claim 17, wherein said irradiating step is carried out to impart an
effective dose to said bearing material of between 80 and 120 kGy.

20. The method of any one of claims 1 to 19, wherein said radiation source
comprises an electron beam with an energy level of between 1 to 20 MeV at a beam
power of between 1 and 120 kW during said irradiation step.

21. The method of claim 20, wherein said radiation source comprises an electron beam

with an energy level of approximately 10 MeV at a beam power of approximately 60 kW during’

said irradiation step.

22. The method of any one of claims 1 to 21, wherein said shield has a
substantially constant thickness in a direction toward said radiation source.

23. The method of any one of claims 1 to 22, wherein said shield includes a cutout.

24. The method of any one of claims 1 to 23, wherein said shield includes a thicker portion.

25. The method of any one of claims 1 to 24, wherein said shield has a density

which is approximately the same as said bearing material.

26. The method of claim 25, wherein said shield and said bearing material are comprised

of a same material,

27. The method of claim 26, wherein said shield and said bearing material are each

comprised of a polymer.
28. The method of claim 27, wherein said shield and said bearing material are each

comprised of ultra-high-molecular-weight polyethylene.
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29. The method of any one of claims 1 to 28, wherein said shield has a thickness
extending toward said radiation source which is determined by the mathematicat

equation:

Total Shield Thickness = (optimum sample thickness - sample thickness) x (sample material densit:
(shield material density)

30 The method of any one of claims 1 to 29 further comprising the step of
preheating the bearing material to between 20 and 60°C before irradiating it.

31. The method of claim 30 wherein the bearing material is preheated to between 40 and
50 °C before irradiating it.

32. A method of manufacturing a bearing for use in an orthopaedic implant, comprising
the stéps of:

providing a radiation source;

positioning a bearing material on a conveyor at a distance away from said radiation
source;

installing a shield over at least a portion of said bearing material;

conveying said bearing material past said radiation source at a travel speed of between 20
and 80 cm/min; and

irradiating said bearing material through said shield using said radiation source with an
effective dose of between 80 and 120 kGy.

33. The method of claim 32 further comprising the step of forming a bearing surface on
said bearing material subsequent to irradiating the bearing material,

34. A method of manufacturing a bearing for use in an orthopaedic implant, com prising
the steps of:

providing a radiation source;

22
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positioning a bearing material at a distance away from said radiation sourcee;

clectrically grounding said bearing material; and

wradiating said bearing material using said radiation source.

35. The method of claim 34 further comprising the step of forming a be

said bearing material subsequent to irradiating the bearing material.

aring surface on

36. The method of claim 34 or claim 35, comprising the further step of installing

a shield over at least a portion of said bearing material.

37. The method of claim 1 wherein the bearing material has a non-rectangular cross

section and the shield has an at least partially corresponding non-rectangular cross section.

38, Amethod according to claim 1, substantially as hereinbefore described with reference

to any one of the drawings.

39. A method according to claim 32, substantially as hereinbefore described with

reference to any one of the drawings.

40.<. . A method according to claim 34, substantially as hereinbefore described with

reference to any one of the drawings.

DATED: 19 November, 2003
PHILLIPS ORMONDE & FITZPATRICK

“Attorneys for:

BRISTOL-MYERS SQUIBB COMPANY
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