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Abstract
Analysis of polyethylene component wear and implant loosening in total knee arthroplasty (TKA)
requires precise knowledge of in vivo articular motion and loading conditions. This study presents
a simultaneous, in vivo measurement of tibiofemoral articular contact forces and contact
kinematics in three TKA patients. These measurements were accomplished via a dual fluoroscopic
imaging system and instrumented tibial implants during dynamic single leg lunge and chair rising-
sitting. The measured forces and contact locations were also used to determine mediolateral
distribution of axial contact forces. Contact kinematics data showed a medial pivot during flexion
of the knee, for all patients in the study. Average axial forces were higher for lunge compared to
chair rising-sitting (224% body weight vs. 187% body weight). In this study we measured peak
anteroposterior and mediolateral forces averaging 13.3% BW, during lunge and 18.5% BW during
chair rising-sitting. Mediolateral distributions of axial contact force were both patient and activity
specific. All patients showed equitable medial-lateral loading during lunge but greater loads at the
lateral compartment during chair rising-sitting. The results of this study may enable more accurate
reproduction of in vivo loads and articular motion patterns in wear simulators and finite element
models. This in turn may help advance our understanding of factors limiting longevity of TKA
implants, such as aseptic loosening and polyethylene component wear, and enable improved TKA
designs.
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Introduction
To improve the longevity of total knee arthroplasty (TKA), it is important to have a
quantitative understanding of the tibiofemoral articular contact forces on the medial and
lateral polyethylene component surfaces (Blunn, et al., 1997, Callaghan, et al., 2004,
Currier, et al., 2005, D’Lima, et al., 2006, Stiehl, et al., 1999, Wright, et al., 1992, Zhao, et
al., 2007). However, determination of in vivo tibiofemoral contact forces has been a
challenging issue in biomechanics. Instrumented tibial implants have been used to measure
tibiofemoral forces in-vitro (Kaufman, et al., 1996, Nicholls, et al., 2007). Computational
models using inverse dynamic optimization have also been used to estimate joint reaction
forces (Crowninshield and Brand, 1981, Li, et al., 1999, Taylor, et al., 2004). In vivo
measurement of forces in the femur via an instrumented distal femoral prosthesis has been
utilized to calculate forces at the knee. However the knee joint in this prosthesis was
substantially different from TKA designs (Taylor, et al., 1998). Recently, D’Lima et al.
reported the first in vivo measurement of tibiofemoral forces via an instrumented implant in
a TKA patient (D’Lima, et al., 2006). This technique is capable of measuring resultant knee
forces in six-DOFs (D’Lima, et al., 2007). However the implant design does not provide a
direct estimation of contact forces in the medial and lateral tibiofemoral compartments.

Recently, a dual fluoroscopic imaging system (DFIS) has been used to measure articular
contact kinematics of TKA during quasi-static weight-bearing knee flexion (Hanson, et al.,
2007, Li, et al., 2006, Suggs, et al., 2008), where tibiofemoral contact locations on the
medial and lateral tibial polyethylene surfaces could be accurately determined. The DFIS
technique was further developed to measure dynamic knee joint motion (Bingham, et al.,
2008). The objective of this study was to combine the DFIS technique and the instrumented
TKAs to determine the dynamic 3D articular contact locations and contact forces on the
medial and lateral tibial polyethylene surfaces during functional activities of the knee.

Materials and Methodology
Three patients (Table 1) who received custom TKA implants with instrumented tibial
components (NKII Zimmer, Warsaw, IN) were recruited with approval of the Institute
Review Board and informed patient consent was obtained. A standard anteromedial
approach was used to implant a posterior cruciate-retaining femoral component (NK-II CR,
Zimmer) and a standard polyethylene insert (NK-II CR Congruent, Zimmer). The distal
femoral cut was made at 6° valgus to the femoral anatomic axis. The posterior femoral cut
was made at 3° external rotation using the the posterior surface of the condyles as reference,
as in a typical measured-resection approach. The tibial cut was made at 90° to the tibial long
axis in both the coronal and sagittal planes. Femoral and tibial bone preparation was done
using intramedullary alignment. Soft tissues were released to create rectangular tibiofemoral
gap that was equal in extension and 90° flexion. The patella was resurfaced with a standard
dome-shaped, all-polyethylene component. All components were cemented. At the time of
the study, patients were between 5 and 12 months postoperative.

During the study, the subject was asked to stand straight with the target knee in the field of
view of the two fluoroscopes (BV Pulsera, Philips, Bothell, WA) (Fig. 1). The subject was
then asked to perform a single leg lunge, followed by rising-sitting from a chair after a 10
minute rest. Each subject performed the two activities at the speed they felt most
comfortable with. In general, subjects practiced the activities a few times and then one cycle
of each activity was recorded. This was done to minimize radiation exposure. Subjects were
asked to repeat a particular activity only if there was a problem with quality of the acquired
images or the telemetric data.
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In vivo tibiofemoral contact forces were obtained via telemetry from the instrumented
implant while patients performed dynamic activities (D’Lima, et al., 2007); simultaneously,
the patient’s knee was imaged with the fluoroscopes to determine 3D articular contact
kinematics (Bingham, et al., 2008). The measured contact kinematics and forces were used
to determine the tibiofemoral contact forces in the medial and lateral compartment.

Measurement of Articular Contact Kinematics
During the experiment, the fluoroscopes used 8 ms width X-ray pulses to acquire 30 images
per second from the posteromedial and posterolateral directions (Li, et al., 2008). The
acquired images and 3D models of the TKA components were then matched in six-DOF
using an automatic matching algorithm (Bingham and Li, 2006). Our validation of this
technique has shown that the method has accuracy better than 0.17 ± 0.13 mm in
determination of dynamic TKA positions for speeds up to 250 mm/sec and better than 0.38
± 0.24 mm for speeds up to 500 mm/sec (see Appendix A). Six-DOF knee kinematics was
obtained by analyzing the relative positions of the femoral and tibial models (see Appendix
B). The matched models were used to calculate the intersection between the femoral
condyles and tibial polyethylene component surfaces. Contact locations were defined as the
centroid of the intersection area between the femoral condyle and polyethylene articular
surfaces.

Measurement of Tibiofemoral Forces
Design and calibration of the instrumented tibial implants have been described in detail by
Kirking et al. (2006). The hollow stem of the tibial implant housed four three-element
stacked rosette strain gauges, which were used to measure the forces and moments acting on
the tibia. Average absolute errors of the instrumented implants were less than 3.9 N and 0.16
Nm.

The tibiofemoral contact forces were recorded as three force and three moment components.
The origin of the instrumented implant was located at the intersection of the tibial tray and
the axis of the tibial stem. The center of pressure (CoP) for the tibiofemoral joint was
calculated as a point on a transverse plane, such that the forces and moments measured at the
origin of the instrumented implant would be equivalent to a pure contact force at this point.
The transverse plane was defined as a plane parallel to the tibial plateau and at a height
equal to average thickness of the polyethylene component.

Calculation of Mediolateral Axial Force Distribution
The mediolateral axial force distribution was determined using the measured axial contact
forces and location of articular contacts. If the centroids of the contact areas are assumed to
represent the contact force locations on the polyethylene surfaces (Fig. 2A), the axial contact
forces on the medial and lateral surfaces can be calculated by solving two algebraic
equations. The first equation states that the sum of the medial (F⃗axial,medial) and lateral
forces (F⃗axial,lateral) equals the net measured axial force (F⃗axial,net, Equation 1).

(Equation 1)

The second equation draws upon the fact that sum of the anteroposterior moments of the
medial and lateral force at the CoP is zero (Equation 2). The medial/lateral moment vector is
calculated as the cross product of the vector joining the CoP to the centroid of the medial/
lateral contact area (r ⃗medial,COP, r ⃗lateral,COP), and the medial/lateral force vector
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(F⃗axial,medial/F⃗axial,lateral). The component of the moment vector in the anteroposterior
direction is defined as the anteroposterior moment; denoted by subscript AP in Equation 2.

(Equation 2)

If the pressure profile is symmetric about the contact area centroid, the corresponding
contact force will pass through the centroid. However, in reality the centroids of the contact
areas might not represent the contact force application point. For a non-symmetric pressure
profile, the net contact force can be located away from the centroid. The uncertainty in
contact force location can be estimated by assuming an extreme case of the pressure
distribution, where pressure is maximal at one edge of the contact and minimal at the
opposite edge (Fig. 2B). For this extreme case, the contact force application point is located
a distance ± W/6 from the contact centroid. Where W is the mediolateral width of the
contact. Thus, contact force is expected to lie within a region of mediolateral width W/3 (Fig
2). By considering the extreme cases, we also estimated the upper and lower bound of the
contact forces.

Results
3D Articular Contact Kinematics

The peak knee flexion velocity during single leg lunge was 82°/s, 75°/s and 53°/s for
patients 1, 2 and 3, respectively. During chair rising-sitting, the peak knee flexion velocity
for patients 1, 2 and 3 was 118°/s, 102°/s and 73°/s, respectively. In both activities, the
medial compartment contacts were located anterior (avg 10.1 mm) and slightly medial (avg
2.1 mm) to the compartment center for all patients (Fig. 3). Contacts in the medial
compartment also showed limited anteroposterior and mediolateral excursions (avg 3.6 mm
and 6.3 mm, respectively). In contrast, the lateral compartment contacts showed larger
excursions (avg 11.3 and 13.1 mm in anteroposterior and mediolateral directions,
respectively) and were both patient and activity specific.

Patient 1 (Figs. 3A and 4A)—During lunge, mediolateral excursion of lateral
compartment contacts was 3.7 mm and anteroposterior excursion was 14.5 mm. During
chair rising-sitting, mediolateral excursions of lateral contacts was 4.8 mm and
anteroposterior excursion was 16.3 mm. Contact points in the lateral compartment showed
greater posterior excursion than points in the medial compartment (avg 15.4 mm vs. 7.2
mm), indicating internal rotation of the tibia with a medial pivot (Appendix B).

Patient 2 (Figs. 3B and 4B)—The lateral compartment contacts were located near the
posterolateral edge of the polyethylene component. The lateral contact points showed 4.4
mm of anteroposterior excursion during lunge and 10.8 mm during chair rising-sitting, and
were also much more posteriorly positioned than contacts in the medial compartment. This
was consistent with the constant internal tibial rotation seen for this patient (Appendix B).
The mediolateral excursion of the lateral contacts was 8.4 mm during lunge and 13.1 mm
during chair rising-sitting activities. Corresponding value for medial contacts was 3.9 mm
during both activities.

Patient 3 (Figs. 3C and 4C)—Lateral compartment contact locations varied about the
compartment center. During lunge, mediolateral and anteroposterior excursions of the lateral
compartment contacts were 11.1 mm and 15.8 mm, respectively. During chair rising-sitting
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the corresponding values were 26.5 mm and 16.6 mm. This was again consistent with
femoral rollback and internal rotation of the tibia with a medial pivot (Appendix B).

Tibiofemoral Articular Contact Forces
Patient specific tibiofemoral articular contact forces were represented by the locations (CoP)
(Figs. 3 and 4), magnitudes (Fig. 5) and orientations (Fig. 6) of the net contact force. The
CoP moved along anteroposterior and mediolateral directions with knee flexion and
extension, as did the contact points. In general, the CoP was always between the
corresponding medial and lateral contact points.

For all patients, the peak net contact force was higher during lunge compared to chair rising-
sitting (Fig. 5). During lunge, patient 1 showed peak net contact force of about 277% BW at
33% and 82% of the cycle. Patient 2 showed peak contact force of about 215% BW between
58% and 73% of the cycle. Patient 3 showed peak contact force of about 170% BW between
27% and 64% of the cycle. For chair rising-sitting, all patients showed two peaks in net
force. The corresponding peak values were 183% BW (average) near early part of chair-
rising (11–20% of cycle) and 161% BW (average) during late part of chair-sitting (78–83%
of cycle).

The sagittal and coronal plane orientations of the contact forces for all patients varied less
than 14° from the vertical to the tibial tray, during both activities (Fig. 6). For example,
during chair rising-sitting, sagittal plane orientation for patient 1 varied between 80° and
90.9° and coronal plane orientation varied between 84.9° and 96.4°. Patient 2 showed
sagittal plane orientations ranging from 83.9° to 89.7°, and coronal plane orientations
ranging from 80.0° to 90.0°. In patient 3, sagittal plane orientations ranged between 76.3°
and 83.9°, while coronal plane orientations ranged between 81.5° and 88.1°. These
variations in the sagittal and coronal plane orientations of the net contact force from the
vertical to the tibial tray correspond to the anteroposterior and mediolateral components of
the force, respectively. The anteroposterior force equals the net contact force multiplied by
the cosine of its orientation in the sagittal plane. Similarly, the mediolateral force equals the
net contact force multiplied by the cosine of its orientation in the coronal plane. The average
of the peak anteroposterior and mediolateral contact forces in our study was 13.3% BW
during lunge and 18.5% BW during chair rising-sitting.

Mediolateral Axial Force Distribution
The patient specific force distributions on the medial and lateral compartments were
determined together with estimated upper and lower bounds. During the lunge activity, all
patients showed nearly equitable mediolateral force distributions (Fig. 7). For the chair
activity, all patients showed higher forces on the lateral compartment compared to medial
compartment (Fig. 8), with average lateral contact force ratios of 61.7 ± 10.5%, 74.2 ±
12.6% and 71.8 ± 6.8% for patients 1, 2 and 3 respectively. The corresponding peak lateral
to total force ratios were 80.5%, 95.6% and 78.6% respectively. For patients 1 and 2 the
peak ratio was found close to full extension position (40% of cycle) and for patient 3 the
peak ratio was seen at fully seated position (100% cycle).

Discussion
Accurate knowledge of in vivo articular contact kinematics and contact forces at
tibiofemoral interfaces has important implications for analyzing factors limiting longevity of
TKA components, such as aseptic loosening of implants and polyethylene component wear
(Au, et al., 2007, Liau, et al., 2002). Our study presented simultaneous measurement of
tibiofemoral articular contact forces and 3D articular contact kinematics in 3 TKA patients.
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These measurements were made during dynamic single leg lunge and chair rising-sitting
activities, using a dual fluoroscopic imaging system and instrumented tibial implants. The
measured tibiofemoral contact forces and articular contact locations were also used to
calculate axial force distributions on the medial and lateral compartments.

The medial compartment contacts of all patients were shown to undergo limited
anteroposterior and mediolateral excursions (avg 3.7 mm and 6.4 mm) in both activities. In
contrast, the lateral compartment contacts showed larger excursions in both anteroposterior
and mediolateral directions (avg 11.3 and 13.1 mm) and were both patient and activity
specific. In general, the larger anteroposterior excursions and more posterior location of
contact points in the lateral compartment indicated an internal tibial rotation with a medial
contact pivot during knee flexion. Bertin et al. and Li et al. reported similar observations of
posterior excursions of articular contact points with increasing flexion (Bertin, et al., 2002,
Li, et al., 2006). They also observed greater excursions of the lateral compartment contacts
that were consistent with internal tibial rotation. This pattern of femoral rollback also occurs
in the normal knee (Li, et al., 2005).

In patient 3 during the chair rising-sitting, we observed quick changes of tibiofemoral
contact locations in mediolateral direction (points marked 1, 2). This phenomenon might
imply a tibiofemoral contact “rocking” during motion. However, the quick changes in
contact locations did not cause similar changes in the contact force locations as shown in
Fig. 4C. These contact patterns were only found to correspond to small perturbations in
varus-valgus rotations of the knee, as shown in Appendix B.

Larger contact forces were seen during the lunge activity compared to the chair rising-
sitting. This was consistent with higher ground reaction forces measured during lunge (54.4
± 11.0% BW, see Appendix B) compared to chair rising-sitting (38.0 ± 11.3 % BW).
D’Lima et al. measured axial tibiofemoral forces in a patient and reported peak forces of
150% BW during chair rise (D’Lima, et al., 2006). In a more recent study, D’Lima et al.
observed peak net force of 250% BW during chair rise in a patient with an instrumented
implant (D’Lima, et al., 2007). This is consistent with the range of peak forces (164–212%
BW) measured in the current study for the same activity. Zhao et al. reported in vivo axial
forces of 220% BW in a patient during quasi-static lunge at maximum flexion (Zhao, et al.,
2007). This is close to the range of axial forces at maximum flexion (158–210% BW) seen
in the current study during dynamic lunge.

It is interesting to note that the measured tibiofemoral contact forces had varied application
locations (CoP) during the two activities. In all patients during lunge, the CoPs were found
near the central area of the tibial plateau surface. However, for patients 2 and 3 during chair
rising-sitting, the CoPs were located in the lateral tibial plateau. For all patients and during
both activities the contact force orientation changed relatively little from the vertical
direction to the tibial plateau.

The average of peak anteroposterior and mediolateral forces in our study was 13.3% BW
during lunge and 18.5% BW during chair rising-sitting. These values agree well with that of
D’Lima et al. (2007) during chair rise (17% BW). In general the joint contact forces were
both patient and activity specific. In addition to patient and activity, joint forces may also be
affected by the component geometry and their implanted positions.

The contact force distributions between the medial and lateral compartments also varied
between patients and activities. For the lunge activity, all patients showed nearly equitable
mediolateral force distributions. However, for the chair activity all patients showed higher
forces on the lateral compartment, with an average lateral to total force ratio of 68.7%.
During chair activity, the medial contact force in patient 2 was close to zero near full
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extension. This indicated that the medial condyle of the patient had a trend towards to lift-
off at full extension. However, this phenomenon was not seen during lunge activity.

Wear of tibial polyethylene component depends, among various other factors, on load
distributions, component geometry and kinematics of the knee (Laz, et al., 2006, McEwen,
et al., 2005). Increased sliding, particularly combined anteroposterior and mediolateral
sliding, at the contact interface has been associated with increased wear (Blunn, et al., 1991,
Fisher, et al., 2006, McEwen, et al., 2005, Todo, et al., 1999). Our study indicates that
mediolateral force distributions are patient and activity specific. We noticed that a uniform
force distribution, characterized by CoP located midway between medial and lateral contact
points, was associated with minimal mediolateral contact location changes. However a non-
uniform force distribution, characterized by CoP located closer to lateral contact points, was
associated with increased mediolateral articulation on the lateral tibial plateau. This occurred
for patients 2 and 3 during chair rising-sitting.

To delineate the indications on TKA component wear, other daily activities such as walking
and their frequency should also be analyzed so that the loading history of TKA can be
obtained. Recently, we have refined our dual fluoroscopic technique for the study of
treadmill gait. The highly patient specific nature of the kinematics and force data and the
small patient population precludes statements regarding the general TKA population.
Nonetheless, the six-DOF kinematics (Appendix B) measured in this study are within range
of values reported for larger populations of cruciate-retaining TKAs (Banks and Hodge,
2004, Hanson, et al., 2006). The estimation of mediolateral axial contact force distribution
did not consider the possible polyethylene wear in the patients, which may also affect the
force distribution. In future, a 3D finite element calculation should be developed in order to
estimate the dynamic contact stress distributions in the tibial polyethylene component.
Nevertheless, valuable new knowledge was gained for these patients in particular, and future
studies can readily extend the methodology presented to a larger group of patients and other
dynamic activities.

In conclusion, this study presented the first simultaneous in vivo measurement of six-DOF
tibiofemoral forces and 3D articular contact kinematics in 3 TKA patients. These
measurements were made during dynamic single leg lunge and chair rising-sitting, using
dual fluoroscopic imaging and instrumented tibial implants. Contact kinematics data were in
general consistent with internal tibial rotation about a medial pivot during flexion of the
knee. The lunge activity was associated with a net joint contact force of 225% BW and the
chair rising-sitting activity showed a net force of 188% BW. Articular contact forces and
mediolateral distributions of axial force were both patient and activity specific. While axial
loads were equitability distributed between the medial and lateral compartments during
lunge, greater load was seen on the lateral compartment during chair rising-sitting. These
data may enable more accurate reproduction of in vivo loads and articular motion patterns in
wear simulators and finite element models (Zhao, et al., 2007). This in turn may help
advance our understanding of factors limiting longevity of TKA implants, such as aseptic
loosening and polyethylene component wear, and enable improved TKA designs (Au, et al.,
2007, Liau, et al., 2002). Musculoskeletal models of the lower limb would also benefit from
the availability of accurate data against which they can be validated (D’Lima, et al., 2006).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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APPENDIX A - Validation of the Dual Fluoroscopic Imaging System (DFIS)
for Measurement of Dynamic TKA Motion

The DFIS has been extensively validated in determination of quasi-static TKA motion
(Bingham and Li, 2006, Hanson, et al., 2006). This study validated the DFIS for
measurement of dynamic TKA motion. A cadaveric human specimen with a cruciate
retaining TKA component (NexGen CR Flex, Zimmer, Warsaw, IN) was moved by a
robotic system (Most, et al., 2003) within the field of view of the two fluoroscopes (Fig.
A1). The robot moved the knee at known translational and rotational velocities. The
displacements and velocities were reproduced from the dual fluoroscopic images using
previously described image matching method (Hanson, et al., 2006) and compared to robot-
determined values. The robot has a position repeatability of 0.1 mm at slow speeds and
better than 0.3 mm at fully loaded, high speed (>1000 mm/s) conditions (Most, 2000, Most,
et al., 2003).

The specimens were given a constant translation (δ) along an arbitrary direction or a
constant rotation (θ) about the robot wrist, at different speeds. Simultaneously, the specimen
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was imaged by the dual fluoroscopes at 30 frames per second at a frame rate of 125 Hz (Fig.
A1). For validation of image matching, at each speed of the robot four sets of fluoroscopic
images were chosen such that the expected displacement between images was identical at all
speeds. These images were segmented and matched to calculate three values for image-to-
image displacements and velocities using our image matching method. For each set of
images, the matching process was repeated five times. The obtained distance and velocity
data were compared to those determined by the robot. Tests with translations were carried
out at four speeds; 50, 125, 250 and 500 mm/s. Tests with pure rotations were carried out at
42.0°/s.

The results from the dynamic validation are shown in Table A1. The values in the table
represent differences between displacements and velocities obtained from DFIS and the
robotic manipulator. Root-mean-square differences (RMSD) are obtained by averaging the
squared sum of differences, and taking a square root. While standard deviation represents
the variations about the mean value, RMSD represents the variations about the expected
value. The expected value is that specified via the robot for translations and the slow speed
DFIS values for rotations. Thus, for translations the expected velocities are 50, 125, 250 and
500 mm/s, and expected displacements are 16.67 mm. For rotations the expected velocities
are 41.7°/s and 41.9°/s for the femur and tibia, respectively. Expected displacements are
4.17° and 4.19°, respectively.

For pure translations of the femur, at speeds less than 250mm/s, differences in displacements
are less than 0.04 ± 0.06 mm and differences in velocities are less than 0.79 ± 1.91 mm/s. At
500 mm/s the differences in displacements are less than 0.33 ± 0.16 mm and differences in
velocities are less than 9.91 ± 4.66 mm/s. For pure rotations of the femur, differences in
displacements are less than 0.05 ± 0.04° and differences in velocities are less than 0.29 ±
0.45°/s. For pure translations of the tibia, at speeds less than 250mm/s, differences in
displacements are less than 0.17 ± 0.13 mm and differences in velocities are less than −1.32
± 1.31 mm/s. At 500 mm/s the differences in displacements are less than 0.38 ± 0.24 mm
and differences in velocities are less than 11.34 ± 7.17 mm/s. For pure rotations of the tibia,
differences in displacements are less than −0.01 ± 0.05° and differences in velocities are less
than −0.21 ± 0.47°/s.

The purpose of this validation was to quantify the accuracy of the DFIS in measuring
dynamic TKA motion. The reported differences between expected and DFIS values for tests
with pure translations, relates to its accuracy in measuring proximal-distal, mediolateral and
anteroposterior translations and translation velocities. Similarly, differences between
expected and DFIS values for tests with pure rotations, corresponds to its accuracy in
determining flexion, internal-external and varus-valgus rotations and rotation velocities.
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APPENDIX B - Six-DOF kinematics and ground reaction forces

Six- DOF kinematics
The dynamic motion of the knee was reproduced as a series of 3D TKA models matched to
fluoroscopic images. This series of matched TKA components was used to calculate 6DOF
knee kinematics. A joint coordinate system was established first (Fig. B1). The y-axis
(flexion-extension axis) of the femoral component was defined as a line connecting the tips
of the two femoral pegs. The x-axis (internal-external axis) was defined as a line though the
mid-point of y-axis and parallel to the pegs. The z-axis (varus-valgus axis) was defined as a
cross-product of x and y axis. For the tibial component, the z axis is defined as line of
symmetry on the base of the polyethylene component. The y-axis is defined to be
perpendicular to the z axis in the plane of the polythene base and passing through its center.
The x-axis was defined as the cross-product of y- and z-axes. For each subject, the
kinematics was calculated with respect to a reference position. This position was defined
such that the femoral component contacted the polyethylene surface at its lowest point and
the femoral and tibial (x) axes were parallel to each other.

Translations in the anteroposterior (AP), mediolateral (ML) and proximal-distal (PD)
directions are calculated as translations of the origin of the femoral axis with respect to its
reference position. Flexion-extension (FE), internal-external (IE) and varus-valgus (VV)
rotations are calculated as Euler rotations of femur with respect to reference axes, assuming
a YZX rotation sequence. Internal-external rotations are viewed as rotations of tibia with
respect to the femur.

During the dynamic lunge, all patients flexed their knee to about 90° and then extended back
to full extension (Fig. B2-A). The average peak flexion speed was 42°/s and occurred at
30% of the cycle (55° flexion). Extension speed varied more among patients, but on average
the peak speed was 70°/s and occurred at 81% of cycle (55° flexion). Patient 3 had the
lowest speed compared to other patients. The general trends in 6DOF kinematics were
similar for all patients but had varied magnitudes (Figs. B2-A to F). In particular, patient 2
showed a relatively constant internally rotated position.

During chair rising-sitting, all subjects extended their knee to full extension during rising
and then flexed back to about 90° in sitting (Fig. B2-G). During rising, the peak speed
reached on average 97°/s and occurred at 23% of the cycle (56° flexion). In sitting the
average peak speed was about 63°/s, occurring at 68% of the cycle (50° flexion). Again,
patient 3 had the lowest speed. While the trends in kinematics were similar among patients,
the magnitudes were varied (Figs. B2-G to L). Patient 2 again showed less change in IE
rotation compared to other patients.

Ground reaction forces
During the dynamic lunge and chair rising-sitting tests, a force plate constructed using a
6DOF load cell (JR3, Inc. Woodland, CA) was used to measure ground reaction forces. The
net ground reaction forces of patients 1 and 3 increased with flexion during lunge and
reached a peak value of about 77% BW (Fig. B3-A). Thereafter the forces remained
relatively constant until about 83% of the cycle and then decreased as the knee extended to
full extension. Patient 2 maintained a relatively constant ground reaction force (48 to 57%
BW) throughout the lunge activity.

During chair rising-sitting, all patients showed increase in ground reaction force as the knee
extended to 25% of the cycle and then kept relatively constant until 83% of the cycle (Fig.
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B3-B). On average, patients showed ground reaction forces less than 50% BW during this
activity.
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Figure 1.
Subject positioned for performing single leg lunge with the reconstructed knee in field of
view of the dual fluoroscopes.

Varadarajan et al. Page 13

J Biomech. Author manuscript; available in PMC 2011 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Schematic showing (A) the mediolateral limits (shaded grey) within which medial / lateral
(M/L) contact force application points can be located and (B) the extreme case of contact
pressure distribution, where pressure is maximum at one edge of the contact and minimum
at the opposite edge. For this case the contact force application point is located a distance ±
W/6 from the contact centroid.
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Figure 3.
Patient specific tibiofemoral contact and center of pressure (CoP) locations during one cycle
of single leg lunge.
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Figure 4.
Patient specific tibiofemoral contact and center of pressure (CoP) locations during one cycle
of chair rising-sitting.
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Figure 5.
Net articular contact forces during one cycle of (A) single leg lunge and (B) chair rising-
sitting.
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Figure 6.
Sagittal and coronal plane orientations of net contact force during one cycle of (A,B) single
leg lunge and (C,D) chair rising-sitting.
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Figure 7.
Distribution of axial force on medial and lateral compartments for each patient during one
cycle of single leg lunge. The solid lines with triangles represent the total axial load acting at
the knee (sum of medial and lateral loads). The dashed lines with the circles and squares
correspond to the axial force at the medial and lateral compartment, respectively. The bars
and the lines passing through the ends of the bars represent the upper and lower bounds on
the estimates of the medial/lateral contact forces.
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Figure 8.
Distribution of axial force on medial and lateral compartments for each patient during one
cycle of chair rising-sitting. The solid lines with triangles represent the total axial load acting
at the knee (sum of medial and lateral loads). The dashed lines with the circles and squares
correspond to the axial force at the medial and lateral compartment, respectively. The bars
and the lines passing through the ends of the bars represent the upper and lower bounds on
the estimates of the medial/lateral contact forces.
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