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Abstract: Stress magnitude and distribution of both conventional polyethylene versus a
crosslinked polyethylene in the liner of a total hip replacement (THR) were examined using finite
element analysis and pressure sensitive film. Both types of polyethylene were assessed against head
sizes of 22 and 28 mm with 5-mm thick polyethylene liners and head sizes of 28, 38, and 46 mm
with 3-mm thick polyethylene liners. Liners with 5-mm conventional polyethylene represented
successful combinations with long track records. Our hypothesis was that although the combina-
tion of the large head and the lower modulus of the highly crosslinked polyethylene would lead to
lower stresses, the stresses would be excessive if the liner was extremely thin at 3 mm. Von Mises
stresses at the articulating surface of the highly crosslinked liners were lower, when compared to
conventional polyethylene, in every THR size examined. Specifically, however, the 38- and 46-mm
inner diameter (ID) highly crosslinked polyethylene even at the extreme of only 3-mm thick had
lower stresses than the 22-mm ID conventional liner of 5-mm thickness. These data indicate that
the use of a large head against highly crosslinked material even at 3-mm thickness results in lower
stresses than in an existing conventional 22-mm head and 5-mm thick combination. Obviously,
other considerations will influence the minimum thickness to be recommended. © 2006 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 80B: 1–10, 2007
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INTRODUCTION

Information from three types of sources, namely long dura-
tion in vivo human use (10- to 22-year follow-up data),1–4

contemporary in vitro hip simulator studies5–9 and contem-
porary RSA studies10,11 supports the use of highly
crosslinked ultra high molecular weight polyethylene (UH-
MWPE) in total hip replacement (THR) surgery as an alter-
native bearing with markedly reduced wear. Several of the
highly crosslinked polyethylenes also show sufficient wear
resistance in hip simulator studies that the general concept
that wear is increased with increasing head size may no
longer be applicable in these new materials. In hip simulator
tests, wear of some highly crosslinked polyethylene liners
appears to be independent of head size.12 Three forms of
more highly crosslinked polyethylene (Longevity® and Du-
rasul® from Zimmer, Warsaw, IN, and Marathon® from
DePuy/Johnson & Johnson, Warsaw, IN) have been approved
by the FDA for use with head diameters greater than 32 mm.

On the other hand, the increased radiation to achieve the high
level of crosslinking and the postradiation melting, which is
used to reduce the concentration of free radicals, also reduce
some of the mechanical properties of these materials, includ-
ing the modulus, yield strength, ultimate strength, toughness,
and resistance to fatigue crack propagation.

New data have shown the substantial advantages of the use
of head sizes larger than 32 mm in diameter13,14 in terms of
stability, range of motion, and absence of component-to-
component impingement. However, the use of larger head
sizes within a given outside diameter of the acetabular com-
ponent would require the use of thinner polyethylene liners.

While both the use of larger head diameters and the lower
modulus of elasticity would predict that contact stresses un-
der these circumstances might be reduced, the use of a thinner
polyethylene liner would raise the risk of high stresses within
the liner, as shown by Bartel et al.15 These considerations
urge the determination of stress magnitude and distribution in
polyethylene liners of metal-backed acetabular components,
contrasting conventional UHMWPE versus highly crosslinked,
melted UHMWPE in a variety of head sizes and particularly
in thin polyethylene liners.
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The hypothesis of this study was that 5-mm thickness
would be the minimum thickness appropriate for use with the
highly crosslinked polyethylene and that 3-mm thickness
would be too thin in terms of stress magnitude and distribu-
tion. We also postulated high local stresses at the locking
mechanism. The stresses that occur at the locking mechanism
are of particular interest, since there have been cases of
failure of the rim of retrieved highly crosslinked polyethylene
liners with a 40-mm inner diameter (ID) when they were
placed in a well-fixed, but highly abducted acetabular shell.16

Contact stresses were determined by finite element analysis
(FEA) for both the nominal dimensions of the liners and
heads and for limits of the tolerance stack for these same
nominal dimensions.

MATERIALS AND METHODS

In this study, contact stresses were determined using FEA and
pressure sensitive film recordings for conventional and highly
crosslinked polyethylene with head diameters of 22 and 28
mm in conjunction with liner thickness of 5 mm and with
head diameters of 28, 38, and 46 mm in conjunction with
liner thickness of 3 mm. FEA techniques were used to inves-
tigate the stress distributions and magnitudes of five sizes of
UHMWPE acetabular liners under simulated one-legged
stance during gait. Two of the liner sizes studied had a
nominal thickness of 5 mm with inside liner/outside shell
diameters of 22/39 and 28/45. The selection of 22/39 was
chosen as the polyethylene is 5-mm thick and a 22-mm head
results in high contact stress, and 28/45 was chosen as it also
has 5-mm thick polyethylene and is a commonly used com-
bination clinically. Implants with 28/45 dimensions have
been used clinically for many years with success.17 They
were chosen as examples for contact stresses widely occur-
ring in successful THR. The other three liner sizes were
28/41, 38/51, and 46/59 with a nominal liner thickness of 3
mm, representing very thin liner designs. These dimensions
were chosen to evaluate the 28-mm head size with very thin
polyethylene of both conventional and highly crosslinked,
melted polyethylene and then to see the extremes of combi-
nations using thin polyethylene and very large head diame-
ters.

The finite element meshes were derived from an earlier
model18 using the mesh generator True Grid (XYZ Scientific
Applications). The elements of the shell and liner were mod-
eled as 8-node solid hexahedrons, while the femoral head was
modeled as an analytical surface. A mesh density analysis
was performed to ensure accurate results by increasing the
element density of the polyethylene by approximate factors of
two until convergence was observed. Increasing the number
of elements in the polyethylene uniformly from 26,208 to
59,232 resulted in a decrease of �5% in observed stresses
and contact pressures with the 28-mm head. A decrease of
�10% for the same parameters was noted with the 46-mm
head. Further increasing the number of elements in the poly-
ethylene to 100,800 resulted in an additional decrease in

observed stresses and contact pressures of less than 1% with
the 28-mm head and less than 5% with the 46-mm head.
Therefore, adequate convergence was assumed with the poly-
ethylene modeled with 59,232 elements. In addition to the
analytical surface for the head, each model consisted of
68,736 elements and 77,968 nodes with 59,232 elements in
the polyethylene and 9504 elements in the rigid body shell.
The contact interfaces between the head and liner, and liner
and shell were modeled as sliding contacts with a coefficient
of friction of 0.01.19 The femoral head was loaded with 3000
N (674 lbs) at an angle of 40° from the axis of symmetry,
approximating the maximum joint reaction force and direc-
tion (Figure 1) of a patient weighing 225 pounds (102 kg)
during gait.20 An exploded view of the model for the size
46/59 is shown in Figure 2.

The two materials modeled were conventional UHMWPE,
gamma sterilized (25–40 kGy) in nitrogen, and highly
crosslinked UHMWPE, treated with e-beam irradiation (95
kGy) at a starting temperature of 125°C, followed by melting
and sterilization with ethylene oxide (WIAM-95, i.e., warm
irradiated with adiabatic melting and subsequent melt anneal-
ing).5 Because the moduli of the shell and head are much
higher than that of the polyethylene liner, these elements
were modeled as rigid bodies. In so doing, there is virtually
no loss in the accuracy of the stress and strain measurements
within the polyethylene while avoiding the computational
penalty that would occur (reduced time step–increased sim-
ulation time) if they were modeled as metals.

The liner inserts were modeled as elasto–plastic isotropic
materials with properties based on measurements carried out
under uniaxial compression. The properties used in the com-
putation were piecewise linear approximations of the true
stress and true strain illustrated in Figure 3. The elastic

Figure 1. Joint reaction force diagram.
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modulus and Poisson’s ratio in the linear range of the
characteristics for the conventional UHMWPE were 873
MPa and 0.439 and for the highly crosslinked UHMWPE
were 676 MPa and 0.425, respectively. The FEA software
used was ABAQUS. The computational platform was a
Dell Pentium IV (2.8 GHz) running Windows XP. Earlier
work21 has suggested that nonconformity at the shell/liner
interface may contribute more to backside wear of the liner
than the presence of screw holes. For this reason, and to
maintain simplicity, screw holes were not included in the
model.

Each THR size was modeled two ways, (a) using nominal
design dimensions, and (b) using one extreme of manufac-
turing tolerance stack values. The parameters adjusted to
represent the extreme tolerance stack dimensions were the
head, liner, and shell diameters at the head/liner and liner/
shell interfaces, while all other dimensions were held con-
stant. Adjustment of the dimensions within manufacturing
tolerances was done to create a situation that would result in
elevated stresses at contact interfaces. Simplicity was main-
tained, however, by restricting these adjustments to the spher-
ical surfaces of the THR. In reality, other dimensions may
also vary, but the addition of those variations would result in
a much larger and complex test matrix beyond the scope of
the current exercise. To create the situation resulting from a
tolerance stack extreme, the following reasoning was used.
Reducing the diameter of the femoral head and increasing the
inside diameter of the liner would be expected to increase the
stress experienced at that interface. Similarly, decreasing the

outside diameter of the liner and increasing the inside diam-
eter of the shell would be expected to increase the stress
experienced at that interface. The tolerance stack dimensions
selected from the manufacturer’s data, therefore, consisted of
minimum femoral head diameter, maximum liner inside di-
ameter, minimum liner outside diameter, and maximum in-
side diameter of the shell. These conditions were applied
simultaneously to each THR size modeled. The values for
nominal and tolerance stack dimensions for each of the mod-
els are shown in Table I.

The FEA test matrix consisted of two materials (conven-
tional and WIAM-95 UHMWPE), two-dimensional configu-
rations (nominal and tolerance stack), and four femoral head
sizes (22, 28, 38, and 46 mm). As noted above, two head sizes
(22 and 28 mm) were articulated against 5-mm polyethylene
liners and three head sizes (28, 38, and 46 mm) were artic-
ulated against 3-mm thick liners for a total of 20 simulations.
In the FEA model, the acetabular liner was loaded with 3000
N at an angle of 40° from the axis of symmetry representing
single leg stance during gait. The load was ramped up to the
maximum over 0.75 s and held there for 0.25 s.

Fuji Film contact pressure measurements were carried out
with both conventional and highly crosslinked polyethylene
and with the same liner/shell assembly sizes that were used in
the finite element models. To create the thin (3-mm) poly-
ethylene liners, production liners of larger sizes were reduced
in thickness by the manufacturer to the requirements of the
thin liners. Fuji Film Prescale measurements were made on
three (3) samples of each combination of liner and head size
used in the study. The acetabular liner was mounted in an
MTS servo hydraulic testing machine and a load of 3000 N
was applied in a direction 40° off the liner axis of symmetry
(Figure 4) and held for 2 min. Pressure values reported here
were the maximum encountered during loading. Under test
conditions recommended by the manufacturer, the Fuji Film
is accurate to within �10%. The loading represented by both
the FEA models and the Fuji Film tests was a single load
applied to a fresh acetabular liner and thus did not consider
creep or thermal effects.

Figure 2. Exploded view of size 46/59 thin polyethylene THR assem-
bly.

Figure 3. True stress/true strain conventional and highly crosslinked
UHMWPE.
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RESULTS

A summary of the results of the FEA stress analysis for the
nominal and tolerance stack dimensional conditions is shown
in Tables II and III,. The parameters reported are Von Mises
stress, contact pressure, first principal stress, and shear stress
in the plane of symmetry. Table IV lists the results of the
contact pressure measurements with the Fuji Prescale Film on
both the 5-mm polyethylene liners with 22- and 28-mm head

sizes and the 3-mm polyethylene liners with 28-, 38-, and
46-mm head sizes. Typical contour plots of Von Mises stress
at the head/liner articulating surface of the thin polyethylene
liners for nominal and tolerance stack dimensions are shown
in Figures 5 and 6, respectively. A typical plot of Von Mises
stress at the liner/shell interface with tolerance stack dimen-
sions is shown in Figure 7. A comparison of FEA results for
nominal and tolerance stack interface dimensions is shown in
Figure 8.

Overall, as delivered from the company, the dimensions of
the manufactured liners were clustered around the tolerance
stack limit dimensions discussed earlier. This fact is reflected
in the values of maximum pressure gathered from the 3-mm
polyethylene liners with the pressure sensitive film, that is,
the maximum pressures measured are closer to the FEA
values obtained for tolerance stack dimensions than for nom-
inal dimensions (Figure 9). Figure 10 is a comparison of
contact pressure film results for all of the liner sizes examined
in this study.

Fuji Film tests with a commonly used THR assembly
(28-mm head and 5-mm liner thickness) supported the FEA
findings, demonstrating contact pressure levels of 19 MPa for
highly crosslinked and 22 MPa for conventional material.
This level for the conventional material is higher than all
those measured with Fuji Film in the 3-mm polyethylene
liners but with head diameters of 38 and 46 mm. Other Fuji
Film pressure measurements were less than those of a 22-mm
head against 5-mm thick conventional polyethylene.

Using the finite element models, under every test condi-
tion, the highly crosslinked UHMWPE experienced lower
Von Mises stress levels than the conventional polyethylene at
the contact interfaces and throughout the volume of the liner.
The decrease in Von Mises stress levels was between 4 and
16%. With nominal dimensions, the stress distribution at the

Figure 4. Test configuration for Fuji Prescale Film stress measure-
ments.

TABLE I. Values Used for Critical Diameters (mm)

THR Size

22/39 28/45 28/41 38/51 46/59 28/41 38/51 46/59

Femoral head
Nominal 22.00 28.00 28.00 38.00 46.00 28.00 38.00 46.00
Tolerance stack 21.87 27.87 27.87 37.87 45.87
Adverse 27.87 37.87 45.87

Inside liner surface
Nominal 22.10 28.09 28.09 38.10 46.13 28.09 38.10 46.13
Tolerance stack 22.30 28.30 28.30 38.30 46.33
Adverse 28.30 38.30 46.33

Outside liner surface
Nominal 31.50 37.49 33.48 43.48 51.46 33.48 43.48 51.46
Tolerance stack 31.39 37.39 33.38 43.38 51.36
Adverse 33.38 43.38 51.36

Inside shell surface
Nominal 31.70 37.69 33.68 43.69 51.66 33.68 43.69 51.66
Tolerance stack 31.80 37.80 33.78 43.79 51.77
Adverse 33.78 43.79 51.77
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head/liner interface, as determined by FEA, was evenly dis-
tributed around a central location in the direction of the load
(Figure 5). Under tolerance stack dimensional conditions, the
stress levels were higher and the distribution was less uni-
form, with an additional area of elevated stress appearing
closer to the rim of the liner as seen in Figure 6. The values
presented in Tables II and III are for stresses and contact
pressures computed at the head/liner articulating surface.
Often, in the simulations of the tolerance stack conditions,
high stresses and contact pressures were observed at locations
on the equator, chamfer, or beneath the rim at the liner/shell
interface (Figure 7).

In the four way comparison of the FEA data for the
head/liner articulating surface, using only 28-mm heads but
comparing conventional and highly crosslinked material and
comparing 3- and 5-liner thickness, the following was ob-
served. In conventional polyethylene, all values (Von Mises
stress, contact pressure, minimum principal stress, and shear
stress) were higher in the 3-mm liners than in the 5-mm liners
with one exception of Von Mises stress in the nominal
dimension case. In the subset of highly crosslinked polyeth-
ylene, all values were higher in the 3-mm liners than in the
5-mm liners. Among only 5-mm liners, stresses were lower in
the highly crosslinked polyethylene in every case. Among
3-mm liners, stresses were lower in the highly crosslinked
polyethylene with the two exceptions of contact pressure and

minimum principal stress in the tolerance stack dimension
case.

In several instances, Von Mises stress in excess of the
maximum occurring at the head/liner articulation occurred at
various locations on the back side of the liner, usually on the
equator or chamfer and occasionally under the rim in the
general direction of the force application. In similar locations,
the Von Mises stress on the back side of the liner was greater
with conventional polyethylene than with highly crosslinked
polyethylene. These areas of stress concentration occurred at
regions of the locking mechanism of the shell (see Discus-
sion).

While the stress contour patterns (Figures 5–7) were sim-
ilar in both the conventional and highly crosslinked polyeth-
ylene, the Von Mises stress levels were consistently lower in
the highly crosslinked material (Figure 8). Contact pressures
measured with pressure sensitive film demonstrated higher
pressures in the conventional polyethylene than in the highly
crosslinked polyethylene in every case (Figure 10). In every
case but one (Figure 9, 28/41, tolerance stack dimensions)
contact pressures measured with FEA were also consistently
higher in the conventional polyethylene than in the highly
crosslinked polyethylene. Also, both the FEA and the pres-
sure sensitive film methods, as anticipated, showed decreas-
ing pressures with increasing head size for similar liner
thickness for both the conventional and highly crosslinked

Figure 5. Von Mises stress–head/liner articulating surface (nominal dimensions) 28/41–conventional
polyethylene. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]

TABLE IV. Fuji Film Stress Analysis Data Summary

Maximum Contact Pressure (MPa) [Liner ID/Shell OD (Liner Thickness in mm)]

22/39 (5) 28/45 (5) 28/41 (3) 38/51 (3) 46/59 (3)

Conventional UHMWPE 27.9 � 0.49 22.0 � 0.97 25.7 � 0.51 20.2 � 0.99 16.8 � 0.85
Highly cross-linked UHMWPE 25.1 � 0.33 19.2 � 0.58 24.4 � 1.01 19.6 � 1.56 14.1 � 1.97

Maximum contact pressure at the head/liner interface.
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polyethylene liners (Figures 9 and 10). The pressure sensitive
film tests on the 22-mm head assembly with highly
crosslinked polyethylene and a liner thickness of 5 mm
showed a maximum contact pressure at the head/liner artic-
ulation of 25.1 MPa (Table IV). For this same 22-mm head
assembly with conventional polyethylene, the maximum con-
tact pressure measured was 27.9 MPa.

DISCUSSION

The current study was performed to assess the stress levels
and contact pressures experienced in THRs for 22- and
28-mm femoral heads under conditions of 5-mm thick liners
and also for 28-, 38-, and 46-mm heads in the extreme case of

thin (3-mm) polyethylene liners, employing nominal as well
as tolerance stack dimensional conditions. In all but one test
configuration modeled with FEA, the stresses and contact
pressures computed for highly crosslinked polyethylene were
consistently lower than those observed with conventional
polyethylene. The maximum contact and Von Mises stresses
computed for the 5-mm thick polyethylene liner were com-
parable to those computed previously by Bartel et al.15 and
Kurtz et al.18 In the single case to the contrary (28/41,
tolerance stack dimensions), the application of tolerance
stack dimensions caused the assembly to exhibit high contact
pressures under the rim of the liner, reducing the contact
pressure somewhat at the head/liner articulating surface.
Lower stresses and contact pressures in the highly crosslinked
liners are consistent with the reduced modulus of this mate-

Figure 6. Von Mises stress–head/liner articulating surface (tolerance stack adverse dimensions)
28/41–conventional polyethylene. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 7. Von Mises stress–backside liner/shell interface (tolerance stack adverse dimensions) 28/
41–conventional polyethylene. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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rial. Examination of the stress contour plots consistently
revealed slightly larger contact areas for the highly
crosslinked UHMWPE compared to the conventional mate-
rial. This is, of course, what physical principles would dic-
tate,15,22 given the equal force applied to both materials and
the lower maximum stresses seen in the highly crosslinked
UHMWPE.

In the FEA studies of tolerance stack dimensions, stresses
were elevated in both the area of contact along the direction
of the applied load and in an area nearer the rim of the liner
(Figure 6). This stress elevation was apparent at both the
femoral head/liner and liner/shell interfaces and appeared to
originate at a corner where the contour of the metal shell
made an abrupt transition from the ID of the shell to the rim,
concentrating an increased proportion of the applied load at
that location (Figure 7). Under tolerance stack dimensional
conditions, this elevated stress at the backside of the liner
often exceeded the stress seen at the head/liner interface.
Figure 11 illustrates the THR crosssection and further details
the location of the increase in the contact stress experienced
at the backside of the liner under mismatched conditions. The
local high stress levels seen in the tolerance stack dimen-

sional conditions represent uniquely high values, which
would likely soon be reduced by creep at those locations. One
might speculate that with thicker liners, such stress transfer
through the liner to the shell/liner interface would be less.

These data support that, from the point of view of contact
stresses, when comparing equal thickness of the two materi-
als, the highly crosslinked material has the advantage. But
despite the decreased modulus of the highly crosslinked ma-
terial, using a 3-mm liner with the same head size, resulted in
higher stress levels. The highest stresses in both materials
were often above the nominal yield stress limits of both
highly crosslinked polyethylene and the conventional mate-
rial (�20 MPa, see Figure 3). The peak stress levels found in
the study reflect in part, both the polyethylene thickness and
the shell design. However, it is well known that other factors
play a role in modifying the traditional relationships between
excess stresses and deformation in the use of polyethylene in
total joint applications, as Bartel et al. noted in their studies
of conventional polyethylene.15 The creep that takes place
early after implantation1,23,24 would likely reduce these
stresses. The creep behavior of the two materials is nearly
identical.23 In addition to the long term creep effect in reduc-

Figure 8. FEA results: nominal and tolerance stack adverse dimensions contact pressure–head/liner
interface (FEA and Fuji Film).

Figure 9. FEA (tolerance stack adverse dimensions)/Fuji Film comparison maximum contact pressure
(Fuji Film) highly crosslinked polyethylene.
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ing peak stresses for both the conventional and highly
crosslinked polyethylene, the static FEA model does not take
into account the thermal effects that may improve conformity
at 37°C.

The asymmetrical distribution of stress (i.e., the occur-
rence of high stress levels near the rim away from the center
of the force application) observed under tolerance stack di-
mensional conditions with FEA was not seen in the measure-
ments with pressure sensitive film. This may point to limita-
tions in the ability of the pressure sensitive film (given its
thickness of 200 �m and potential edge effects) to measure
such pressure gradients in a cavity of small diameter (22–46
mm) with minimal clearance between the femoral head and

the liner. In addition, the slight differences noted in the
measurements of stress with the Fuji Prescale Film versus the
finite element analyses may be due to several factors such as
(i) the material model used in the FEA is elasto–plastic with
no viscoelasticity, or (ii) the Fuji Film is only accurate to
�10% under ideal conditions or both.

The expectation that the highly crosslinked polyethylene
would see lower stresses under parallel conditions is sup-
ported by the data from the comparisons of the 28-mm head
series. However, our hypothesis that the stress levels in the
very thin liners (3 mm) of the highly crosslinked polyethylene
against head diameters 28–46 mm would be excessive was
not supported.

The hypothesis that high stresses would occur at the lock-
ing mechanism was also supported. It has been shown that
highly crosslinked polyethylene demonstrates a reduction in
fracture toughness.25 Crosslinking at the radiation doses cur-
rently used for orthopedic devices increases the resistance to
crack initiation, but decreases the resistance to crack growth
or propagation.26 This is of significant interest in light of the
findings at revision of a retrieved highly crosslinked polyeth-
ylene liner, which had a 40-mm ID and thus a relatively thin
crosssection at the rim. The liner was implanted in a well-
fixed socket, which was at an increased angle of abduction.
At the time of revision, the rim was fractured at the location
where the model predicts high levels of stress.16

These tests were done to assess contact stresses under
clearly defined conditions of thin liners. The data shows that,
contrary to our hypothesis, in the large head, thin (3-mm)
polyethylene liner designs examined here, the changes in the
mechanical properties of polyethylene induced by crosslink-
ing and subsequent melting did not result in contact stresses
greater than those found in current widely used implants with
conventional polyethylene.

Other considerations, other than just stress states, such as
other types of locking mechanisms, data on wear rates in vivo,
data on wear rates in vivo with different head sizes, and data
on different wear rates based on activity levels, will need to

Figure 10. Fuji Film results summary maximum contact pressure.

Figure 11. Location of stress concentrations under tolerance stack
adverse case dimensions.
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be superimposed on these data before a recommendation on
minimum thickness can be made with safety.
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