


The dynamic simulations were driven with a combination of the
in vivo fluoroscopic data and assumed loading conditions. Three DOFs
(anterior-posterior translation, internal-external rotation, and flexion)
were prescribed to match fluoroscopically measured gait and stair
kinematics. The remaining three DOFs (axial translation, varus-valgus
rotation, and medial-lateral translation) were numerically integrated to
predict their motion. An axial force was applied vertically downward
to the femoral component to produce a 70% medial-30% lateral load
split at 0° flexion [7]. The force magnitude for each activity was
defined by scaling a vertical ground reaction force curve from a patient
of similar age, height, weight, and knee flexion characteristics to be
between 0.25 and 3.0 BW [8]. Each dynamic simulation required less
then 15 minutes of CPU time on a 2.4 GHz Pentium IV workstation.

A computational wear model was developed to produce element-
by-element damage predictions given the predicted time history of
contact pressures and slip velocities experienced by each element. The
model computes total damage depth for each element as the sum of
material removal due to mild wear and surface deformation due to
compressive creep:

5Damage =N JWear + 5Creep (2)

The number of cycles per year N was assumed to be 1 million for gait
or stair. Mild wear depth per cycle was calculated from Archard’s
classic wear law while total creep was estimated from data in the
literature [9]. To account for a varying spectrum of activities, a linear
rules-of-mixture model was used to predict the total damage produced
by any combination of gait and stair activities. The predicted damage
depths and patterns were compared with a retrieval obtained from the
same patient after 51 months of implantation.
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Figure 2. Comparison between (a) actual and (b) simulated

damage for the same patient. x indicates max damage.

RESULTS

Using an assumed partitioning of 70% gait, 30% stair, the
damage regions predicted by the computer simulations (Fig. 2b) were
in good qualitative agreement with the clinical damage regions (Fig.
2a). The predicted damage area was a combination of the gait and stair
damage areas (not shown). On the medial side, gait produced anterior
damage while stair produced posterior damage. On the lateral side,
gait and stair produced more focalized damage regions similar to the
retrieval. The predicted maximum damage location on the medial and
lateral sides was consistent with the retrieval, as were the maximum
damage depths and total damage areas (Table 1).

DISCUSSION

The computational approach utilized a number of important
modeling assumptions. Linear material properties were used since they
provided the best match to static contact pressure experiments
simulated with the same contact model [10]. The large percentage of
stair activity (30%) provides an approximation to other activities
involving the flexed knee under high load, such as sitting and rising

from a chair or bed. Simulation of one cycle of gait and stair were
extrapolated out to millions of cycles. Nonetheless, the approach
produces damage predictions that capture the important features
observed in the retrieval.

Retrieval Simulation
Damage Medial Lateral Medial Lateral
Depth (mm) 0.7 0.8 1.0 1.1
Area (mm2) 422 305 354 277

Table 1. Comparison between retrieval and simulation
damage depths and areas.

In summary, this study used a novel combination of in vivo
measurements, post mortem observations, and computational tools to
predict patient-specific damage in a total knee replacement. The
approach allows researchers to “close the loop” on damage predictions
by validating them against the tibial insert retrieved from the same
patient whose in vivo kinematics were used as model inputs. With
continuing refinements, this methodology may be useful for improving
implant designs through virtual prototyping prior to clinical use.
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