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Abstract One of the assumed benefits of mobile bearings
is the reduction of UHMWPE wear. However, to date, such
benefit has not been categorically proven. To test the
hypothesis that rotating platform total knee arthroplasty
would have less wear than a fixed-bearing of the same
design, this in vitro study compared the wear and kine-
matics (which influence wear) of one type of mobile with
fixed-bearing tibial components of otherwise identical
design. We tested four fixed bearing (FB) and four rotating
platforms (RP) on force control knee simulators using
identical ISO standard force inputs and simulated soft tissue
restraint for 6 million walking cycles. The internal/external
rotations peaked just before toe off, reaching an average
maximum of 7° internal (tibial rotation) in the RP, 1.5 times
that of the FB, which peaked at approximately 4.5° inter-
nally. Two of the RP specimens showed infrequent and
mostly temporary dislocations of the UHMWPE insert. The
wear rate for the FB averaged 8.14 £ 2.63 mg/million
cycles and the RP averaged 6.78 £ 1.74 mg/million cycles.
Both were very low wear rates compared with most other
implants tested similarly in the same laboratory. We con-
cluded polyethylene wear was similar for both designs.
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Introduction

The mobile-bearing knee design reportedly has excellent
long-term clinical results [3, 4]. One of the assumed ben-
efits of mobile-bearing knee designs is the reduction in
contact stress, which may reduce ultrahigh-molecular-
weight polyethylene (UHMWPE) fatigue and wear. Wear
in the mobile bearing is theoretically reduced also because
the rolling/sliding curvilinear motion is separated from the
transverse axial rotation motion onto two separate articu-
lating surfaces. This eliminates crosspaths that cause higher
wear in UHMWPE compared with reciprocated linear or
curvilinear paths [17, 22, 27]. Another intended benefit is
brought about by the higher rotational laxity of the joint
because of the mobile bearing. This laxity lessens the shear
force and torque transmitted to the prosthesis-bone inter-
face, especially at high flexion, thus directly reducing the
risk of implant loosening [2—4, 34]. A final putative benefit
is self-alignment of the tibia, which may produce more
central patellar tracking [8, 31].

The most widely published clinical results for mobile-
bearing knees include a well-known unicompartmental
design and a rotating platform TKA. For the former, rapid
recovery of patients with more natural function and long-
term survival of more than 98% at 10-year followup has
been reported [25]. For the cementless rotating platform
TKA, over 97% survivorship at 18 years has been reported
[3, 4].

Fixed-bearing TKAs have in general had comparable
clinical success at up to 20 years [1, 4-7, 12, 13, 15, 21, 26,
30]. Numerous studies reported good long-term results,
including two metal-backed posterior-stabilized designs
with greater than 98.8% survival at 7 years [30] and
15 years [29] and the fixed-bearing TKA design used in this
study with 97% at 10 years [13], and finally, an early design

@ Springer



2678  Haider and Garvin

Clinical Orthopaedics and Related Research

with 98% at 20 years [5, 15, 26]. Because of the success of
both mobile- and fixed-bearing designs, some authors have
questioned whether those design differences affect poly-
ethylene wear in any way [18, 28]. In a recent clinical study
of 146 patients who received a fixed-bearing TKA in one
knee and a rotating platform design in the other, radiologic
analysis found no statistical difference in radiolucent lines
at the final review of a minimum followup of 11.0 years
(mean, 13.2 years; range, 11.0-14.5 years) [19].

Is the mobility of the bearing the main reason, or even
an important reason, behind the low wear of the successful
mobile-bearing knees? Previous in vitro studies [10, 16, 22]
have compared mobile bearings with fixed-bearing TKAs,
but the mobility of the bearing had not been the only dif-
ference. Either the femoral component or other design
details were different and/or the testing had been per-
formed under the displacement control or a hybrid regime,
in which the two types of bearings had been given different
preselected kinematics as test inputs. Because the kine-
matics affect wear, it can be argued that prescribing
different motions as inputs indirectly influence the wear
results.

The main purpose of this study was to test the hypoth-
esis that a rotating platform TKA would have less wear
than a fixed-bearing implant of essentially the same design
except for the features allowing for the rotation of the
bearing insert relative to its base plate. Because the wear
and the regions in which it occurs are also affected by
kinematics, these were also of interest in this study to
compare between the two designs.

Materials and Methods

We tested four fixed-bearing (FB) and four rotating plat-
form (RP) PFC Sigma PCL-retaining TKA implants
(DePuy, Warsaw, IN) to compare wear using a force
control simulation method [14, 33] in which only the
implants were appropriately installed and mounted on a
knee simulator. Both designs had the same material for
conventional UHMWPE-bearing inserts (GUR 1020 4
MRads gamma vacuum foil). The tibial base plate of the
FB was titanium alloy with an unpolished proximal surface
(Ra = 1.3 £ 0.076 um), and the RP was CoCr with a
polished proximal surface nearly 10 times more smooth
(Ra = 0.11 £ 0.025 pm). The Ra measurements were
based on measuring 10 representative positions on the
surface and were within the range of standard surface finish
specifications required for TKAs. The two TKA designs
had identical femoral components.

Two methods have been used to simulate TKA wear in
vitro: force-controlled and displacement-controlled. In
both, the axial load is controlled in synchrony with the
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flexion-extension motion. The difference is in anteropos-
terior (AP) motion and internal/external (IE) rotation.
Displacement control directly actuates these motions in
synchrony with axial force and flexion during walking.
This requires knowledge of the in vivo AP translations and
IE rotations for that particular TKA. Some, or sometimes
all, of the wear may occur in regions of high stress inter-
action between the metal and UHMWPE insert such as
stabilizing posts or ridges of UHMWPE. The polyethylene
deforms viscoelastically in those regions under high stress
contact. In displacement control testing, the motions are
repeated precisely without adjustments for such deforma-
tions, thus grossly altering (reducing) the stresses for later
cycles. In force control, the stresses in each cycle would
self-adjust (minutely but automatically) to maintain the
required forces, torque, and thus stress reactions. The
force-controlled simulator was therefore intended to repli-
cate the kinematics and kinetics of the knee and was the
first method to be standardized by the International Stan-
dards Organization (ISO 14243-1).

The force-control input waveforms were based on
quasistatic analyses of a geometric model of the knee with
electromyographic data, ground-to-foot force, and kine-
matic data [23, 24] and verified as physiologically realistic
with direct telemetry data from a distal femoral knee
replacement [32] and more recently from an instrumented
TKA [9]. For physiologically realistic motions to follow,
the system requires additional simulation of the ligament
and other soft tissue constraints that would occur in vivo,
whose restraints depend on the instantaneous AP position
and IE angle. These are simulated with springs. With a
standardized repeatable external force field, therefore,
different TKA types would experience kinematics of
motion governed by their individual detailed design,
facilitating standardized comparisons of measured kine-
matics and wear.

Having controlled the variability typical of clinical TKA
or retrieval studies, our in vitro study left three main
sources of error which related to fine implant manufac-
turing tolerances (leaving effectively identical implants),
errors in gravimetric measurements of UHMWPE (mini-
mized by averaging many measurements), and temporal
variability in wear rate at the 14 different intervals of the 6
million cycle test (addressed by conducting least square
method regression analysis to determine a wear rate for
each tested specimen). To estimate the power of our study
with four TKAs from each group, our sample numbers
were evaluated based on a recent study [10], which com-
pared the wear rates of the same two implant designs (with
the displacement control method). That study reported a
mean wear rate of 4.86 £ 3.55 mg/million cycles (Mc) for
the PFC Sigma RP versus a mean of 21.3 4+ 5.52 mg/Mc
for the PFC FB. These results showed over 75% reduction
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in wear with mobile bearings. This was of definite clinical
interest, because both values were typical of what TKAs
produce with conventional UHMWPE, and the difference
(75% reduction in wear) is highly worthy of an alternative
design to reduce the risk of osteolysis and longevity
in vivo. Therefore, those results from the cited study [10]
were used as the effect size in a power analysis for our
study. A two-sided t-test was performed with an alpha level
of p = 0.05. Those parameters yielded 40% power by
testing two implants in each group, 85% with three
implants in each group, and 97% power with four implants
in each group. We chose the last, and tested four samples of
each group and thus approximated to 97% statistical power
based on the aforementioned assumptions and the effect
size published in the cited study [10].

The eight TKA systems were installed in staggered
order/position on identical stations of two knee simulators
running identical tests. The alignment was based on how
the implants would be installed in vivo but using custom-
made stainless steel and plastic fixtures to fit the implants
and precisely align them. They were given identical ISO
standard force inputs and spring-based soft tissue restraint
simulating a resected anterior cruciate ligament and
retained posterior cruciate ligament. The details and pro-
tocol of installation, alignment, and operation of the
simulator and the input waveforms were precisely as used
in a previously published study [14]. The tibial components
of the fixed bearings were mounted horizontally, yet the
rotating platforms were installed with a 3° posterior slope,
both as recommended by the implant manufacturers.
Anterior tibial translation (with anterior cruciate ligament
resected) was restrained by a pair of parallel springs with
7.24 N/mm stiffness, each initially set with a 2.5-mm gap
to remove stiffness around the neutral position and thus
approximating to the usual s-curve reported for the physi-
ological role of ligamentous restraint from published
cadaveric studies [11]. Posterior tibial translation was
restrained by a pair of stiffer parallel springs with 33.8 N/
mm stiffness each, again with a 2.5-mm gap. The nonlin-
earity was also echoed in simulating the soft tissue restraint
against IE rotation. None was imposed for a range of £ 6°,
beyond which a restraining torque of approximately 0.36
Nm per degree was provided.

All the input forces and torques, TKA kinematics
(flexion, AP motion, and IE rotations), and the soft tissue
restraint forces and torques were logged at a rate of 50
samples (of each variable per second) for all specimens, for
20 cycles each time, at over 60 intervals during the test.
The results of only two (at the start and the end of the test)
were included here (Figs. 1, 2) to verify the input forces
and torque had been symmetric across stations/specimens
and had followed the desired input waveforms. Samples of
the measured kinematics were presented (Fig. 2) to show

their general trends and to highlight any major differences
in those trends between the two (FB and RP) designs.

Before wear testing began, all UHMWPE-bearing
inserts were soaked in deionized water for over 2 weeks to
stabilize the liquid soaking process as per ISO 14243—-1&2.
The test was later started only after the increase in weight
in any 24-hour period was less than 10% of the total
increase in soaking up to that point. To correct for liquid
absorption into the UHMWPE, two extra specimens were
used as loaded soak controls, immersed in an identical
lubricant condition during the wear test, and subjected to
axial loading only with an identical waveform as the actual
tested specimens. The test was run to 6 million cycles at a
simulated walking gait cycle frequency of 1 Hz lubricated
with diluted bovine serum lubricant with 20 g/L protein
concentration at 37°C.

The wear regions were assessed qualitatively (surface
topology observed and photographed) and the wear mag-
nitude was quantitatively measured gravimetrically (by
weighing the UHMWPE component to + 10 pg resolu-
tion) according to the standard ISO 14243-2 protocol. All
measurements were corrected for liquid absorption based
on the loaded soak control specimens. Wear was measured
at 100,000 cycles and at 0.5-million cycle intervals up to
the end of the 6-million cycle test. The surfaces of all the
articulating surfaces were photographed at these stages to
record the features of the articulation/wearing regions.

The least square error method was used to calculate the
best fit linear regression line through the wear curve (wear
versus cycles) for each specimen and thus compute a “wear
rate” from its slope. The wear rates for each specimen were
tabulated and averaged for each TKA design (FB and RP)
for comparison. Based on the averaged data from all four
specimens of each type, one combined linear regression line
(and thus averaged wear rate from its slope and standard
deviation) was also computed to represent all the FB
specimens, and one was computed for the RP. These were
plotted graphically for comparison, and the scatter of the
data was represented by error bars representing the 95%
confidence limits at each wear measuring interval. The wear
results from each type were statistically compared using a
random regression coefficient model to infer the statistical
significance of the equality of the wear rates (ie, to estimate
a p value to test a null hypothesis of no difference in wear
rates) using a PROC MIXED procedure (SAS/STAT soft-
ware, Version 9.1.3; SAS Institute, Cary, NC).

Results
The “qualitative” wear assessment showed no major dif-

ferences overall in favor of either design. Wear regions on
the proximal surface of the bearing inserts were similar with
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Fig. 1 Measured actuated input variables were averaged
over 20 walking cycles at the start and end of the test. The
plots are used to illustrate the symmetry between the
measured inputs from all stations/specimens and how
closely they followed the desired ISO walking cycle
waveforms. These were important assumptions in the force
control  simulation  method. AP = anteroposterior;
IE = internal/external.
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marginally more pitting on the fixed-bearing (Fig. 3). On
the distal surface of the inserts (Fig. 4), very minor blem-
ishes could be seen on the fixed bearings with the original
machining marks still very visible even at the end of the
test. However, on the rotating platform specimens, the
machining marks had totally disappeared (or had been
polished out) and some pitting could be observed, espe-
cially near the central pivot. This means these RP bearing
inserts must have rotated relative to the metallic base plates.
Superficial arc-shaped surface scratches were also seen on
the proximal side of the RP metallic base plates (Fig. 5A).
On the other hand, no scratches could be observed on the
UHMWPE-supporting surfaces of the FB base plates
(Fig. 5B). Several minor surface scratches developed at
different stages of the test on all femoral components, which
were recorded photographically. One scratch in particular
on an FB specimen (DNI 11) was reported to have occurred

Anterior Posterior Displacement

Anterior Posterior Displacement

in the first 1 million cycles, much earlier than any other
scratches, and was also relatively deeper.

Quantitatively, wear rates for the FB averaged 8.14 +
2.63 mg/Mc and for the RP averaged 6.78 £+ 1.74 mg/Mc
(details in Table 1). The weight corrections for liquid
absorption with the loaded soak controls (Fig. 6) did not
exceed 7 mg overall even toward the end of the test. The
individual specimen wear curves showed the usual scatter
and some overlap (Fig. 6). The averaged wear rates were
statistically similar (p = 0.298) for the two TKA designs
(Fig. 7).

The logged kinematics showed some differences
reflective of the two designs. The RP revealed a slightly
more anterior average position of the tibia relative to the
femur during stance compared with the FB (Fig. 2). The
trends for AP displacement were similar for the two in
stance, but the RP showed less range of AP motion in the
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Fig. 2A-C Kinematics were averaged over 20 cycles at the start of
the test. Top graph in each column shows the anteroposterior
displacement, and the bottom shows the internal/external rotation. (A)
The first column contains the results for the rotating platform (RP)

bearings; (B) the results for the fixed bearings (FB) are shown. (C)
The last column shows the averaged four curves from each group and
the averages plotted together for comparison.
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FB RP

Fig. 3 Wear regions on the top surface of the bearings after 5.5
million cycles qualitatively show more top surface wear of the fixed-
bearing specimens. This was typical of all stations/specimens.
FB = fixed bearing; RP = rotating platform.

Fig. 4A-B (A) Distal surface
wear after 5.5 million cycles
shows more pits on the rotating
platform (RP), whereas (B) the
machining marks still showed on
the fixed bearing (FB). This was
also typical of all stations/
specimens.

machining mark
showing h

A

Fig. SA-B Wear regions are shown on the top surface of the metallic

tibial base plate near the end of the test. (A) With special lighting and

photographic effects, the very shallow surface scratches of the
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swing phase (Fig. 2). Being in the swing phase with almost
no compressive load, this difference was unlikely to
influence wear. Both showed similar trends of IE rotation
during stance, but the RP intermittently rotated around a
rotationally offset range, shifted by up to + 2° (Fig. 2).
The IE rotations peaked just before toe-off, reaching an
average maximum of 7° internal (tibial rotation) in the RP,
1.5 times that of the FB that peaked at approximately 4.5°
internally (Fig. 2). Two of the RP specimens were
observed during the tests to sometimes show transient
dislocations of the UHMWPE insert.

Discussion

Mobile-bearing knee designs have been used clinically for
three decades with excellent results. The larger contact area
by two separate articulations, lower contact stresses, and
separated rotational motions from linear ones have been
credited for this success for seemingly reduced wear. The
main question was whether this could be verified in a
simulation in which all variables were controlled except for
the mobility of the bearing.

rotating platform specimen base plate are made clear. (B) On the fixed
bearing base plate, colors were much more uniform and neither
scratches nor any backside motion could be inferred.
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Table 1. Linear corrected weight loss (wear) rates of each specimen

Specimen Rotating platform bearings Fixed bearings

DNIOI DNIO2 DNIO3 DNIO4 DNII1I DNI 12 DNI13 DNI 14
Wear rate over 6 million cycles (mg/million cycles)  7.97 5.14 8.56 5.45 11.7 6.58 5.83 8.41
Average and standard deviation (mg/million cycles) 6.78 + 1.74 8.14 £ 2.63

Fig. 6 Weight loss curves of all
eight tested specimens are shown
after correction for liquid absorp- 10 -
tion. Curves are also shown for 5 .
the loaded soak control specimens

Weight change of specimens corrected with active soak controls
(Active soak curves were not themselves corrected)

to show the amounts that were
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Fig. 7 Wear curves of each design type (rotating platform versus
fixed bearing) were averaged together and compared. The equations
shown are the least square error regression lines with a free intercept
(not forced through 0). The 95% confidence limits at each stage are
shown as error bars and clearly overlap each other.

It may be argued that this study and others were limited
by the simulation of only human walking gait without any
of the more demanding higher load activities such as stair
climbing and squatting. Simulating wear of TKA in
walking may be limiting and would need expansion to

Cycles (millions)

other activities, but this study provided a comparison under
the same inputs. Extra wear caused by activities other than
walking must be relatively smaller by virtue of the lower
frequency of such activities in daily living. Therefore, wear
comparisons with walking are still highly representative of
the dominant activity for patients undergoing TKA and
currently is the standard activity in knee wear simulators.

Our in vitro study did not address other benefits of the
RP design such as rotating laxity, less stress transmitted to
the prosthetic bone interface, and tibial self-alignment. On
the other hand, there have been some risks reported with
mobile bearings such as potentially more backside wear,
potential reduced rotation of the bearing insert resulting
from intermittent lubricant starvation or edge loading,
abrasion resulting from debris, and the rare risk of bearing
insert subluxation.

Another limitation of a study such as this is the inability
to proportion how much wear had occurred from the
backside of the bearing insert. Al UHMWPE wear was
accounted for in our study by virtue of the gravimetric
method used, because it represented the material loss from
all surfaces of the insert, including the backside. The RP
may have had extra wear as a result of the backside
articulation, although this was curvilinear motion, which is
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usually less severe for wear as crosspath motion. Addi-
tionally, this backside articulation, which is of flat-on-flat
surfaces, may be prone to extra wear with any third-body
abrasive particles such as bone or cement debris in vivo.
Our in vitro testing was performed in clean conditions
without any such debris deliberately simulated. Backside
wear in FBs has also been observed clinically and through
in vitro tests. However, it can theoretically only result from
micromotion between tightly interlocked modular compo-
nents, albeit between less polished surfaces, like in this
study.

The FB specimen DNI 11, which sustained a relatively
deeper scratch on its femoral component earlier than all the
others, showed the highest wear in its group and appeared
(in Fig. 6) to deviate from the general trend of other FB
specimens. It is tempting to speculate that without this
single scratch occurring very early and skewing the results
of the FB specimens toward a higher average, the FB and
RP designs might have shown even closer wear rates.

The magnitudes of wear that resulted from this study
were contrasted with the recent results of another labora-
tory [10] comparing these two implants. The wear of the
PFC Sigma FB was reported as 8.8 + 4.8 mm*/Mc (8.2 +
4.5 mg/Mc) for intermediate kinematic input and 22.8 £
59 mm*/Mc (213 & 5.5 mg/Mc) for high kinematic
input, and for the PFC Sigma RP was 5.2 + 2.2 mm*/Mc
(4.9 = 2.1 mg/Mc), showing superiority for the RP, espe-
cially under high kinematics [10]. The method used in that
study was different, a mixture of force and displacement
control. No details were specified for the soft tissue
restraint simulation for the force control aspects of the
simulation, which could have been crucial. Like any study,
the results would be sensitive to the inputs actually pre-
scribed to each implant type. Indeed, altering those inputs
from previous studies by the same laboratory naturally
varied their results [16]. The testing reported here had
identical inputs in every way with identical soft tissue
simulation.

It is important to note the wear rates for the FB and RP
were both very low compared with other implants tested
similarly [20]. We concluded the RP bearing design of the
PFC did not produce less wear when compared with the
very successful [13] FB version of the same implant.
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