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ABSTRACT

Several approaches have been used to devise a model of the human tibio-femoral joint for
embedment in lower limb musculoskeletal models. However, no study has considered the use of cadaveric
6x6 compliance (or stiffness) matrices to model the tibio-femoral joint under normal or pathological
conditions. The aim of this paper is to present a method to determine the compliance matrix of an ex vivo
tibio-femoral joint for any given equilibrium pose. Experiments were carried out on a single ex vivo knee,
first intact and, then, with the anterior cruciate ligament (ACL) transected. Controlled linear and angular
displacements were imposed in single degree-of-freedom (DoF) tests to the specimen and resulting forces
and moments measured using an instrumented robotic arm. This was done starting from seven
equilibrium poses characterized by the following flexion angles: 0°, 15°, 30°, 45°, 60°, 75°and 90°. A
compliance matrix for each of the selected equilibrium poses and for both the intact and ACL deficient
specimen was calculated. The matrix, embedding the experimental load-displacement relationship of the
examined DoFs, was calculated using a linear least squares inversion based on a QR decomposition,
assuming symmetric and positive-defined matrices. Single compliance matrix terms were in agreement
with the literature. Results showed an overall increase of the compliance matrix terms due to the ACL
transection (2.6 ratio for rotational terms at full extension) confirming its role in the joint stabilization.
Validation experiments were carried out by performing a Lachman test (the tibia is pulled forward) under
load control on both the intact and ACL-deficient knee and assessing the difference (error) between
measured linear and angular displacements and those estimated using the appropriate compliance matrix.
This error increased non-linearly with respect to the values of the load. In particular, when an incremental
posterior-anterior force up to 6 N was applied to the tibia of the intact specimen, the errors on the
estimated linear and angular displacements were up to 0.6 mm and 1.5°, while for a force up to 18 N the

errors were 1.5 mm and 10.5°, respectively.

In conclusion, the method used in this study may be a viable alternative to characterize the tibio-

femoral load-dependent behavior in several applications.
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INTRODUCTION

Biomechanical modeling of the knee joint has been the object of several studies
in the last 30 years [1-12] with the aim of better understanding the passive joint
behavior and estimate the joint contact and ligament forces during motor tasks under
physiological and pathological conditions. To address these objectives, comprehensive
finite element or multi-body models [13—-18] have been developed and, in some cases,
validated against ex vivo data. Due to numerical issues, knee models in general rely on
kinematic constraints (i.e. degree-of-freedom (DoF) restraints) [8,19], which may include
ligaments with infinite stiffness and/or passive joint moments [20,21]. The passive joint
moments are linear or exponential functions of the joint angles and are introduced in
simulations mainly with the aim of preventing exceedingly large joint amplitudes. The
stiffness values, embedded in these curves, are not determined experimentally but
result from a tuning or calibration procedure and comply with numerical requirements
of the optimization approach. Another modeling approach, called “force dependent
kinematics”, has been recently proposed [22,23]. The idea is to optimize the estimate of
joint kinematics to ensure the static equilibrium of the joint according to a set of

stiffness values, again, resulting from a numerical procedure.

An alternative modeling approach would be to directly introduce a knee
compliance matrix (or its inverse named stiffness matrix) resulting from ex vivo

experiments into the musculoskeletal model. This matrix provides the joint
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displacements as a function of the loads acting through the joint. Such approach has
been previously proposed for the intervertebral joints [24-27], but not for other joints.
One interesting property of the compliance matrix is that the extra-diagonal terms
describe the physiological couplings between the DoFs. In addition, pathological
conditions, such as ligament or meniscal tears, can be revealed by altered matrix terms.
Nevertheless, despite a general availability of robotic-manipulators [28], the knowledge
of the knee compliance matrix is rather limited. Indeed, investigations of the tibio-
femoral joint kinematics response to loading have been restricted either to few selected
directions or to a limited number of knee configurations (i.e., typically 0° of flexion). For
example, Markolf et al. [29] performed one of the most complete studies available,
analyzing the relationship between moments and adduction-abduction and internal-
external rotations, as well as force and linear displacement in the anterior-posterior
direction, at six different flexion angles. Eagar et al. [30] quantified the anterior-
posterior load-displacement behavior in both linear and non-linear regions at four
different flexion angles. Fox et al. [31] and Kanamori et al. [32] determined the in situ
forces in the posterior and anterior cruciate ligaments, respectively, in response to
different loading conditions and in more than one configuration (i.e. 0°, 15°, 30°, 60°,
90° of flexion). However, to the best of our knowledge, only Loch et al. [33] tried to
characterize the mechanical behavior of the passive structures that constrain the knee

joint using a compact 6x6 matrix, but that research was limited to a single knee
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configuration (i.e., 0° of flexion). Moreover, the way the terms of the matrix were

derived from experimental data is not clearly stated.

The aim of this paper was to present a method to mathematically define and
experimentally determine a set of compliance matrices in different knee configurations.
The current study used a quasi-static approach by applying, through a robotic arm, small
displacements about a number of selected equilibrium poses of the knee [31,32]. The
load-displacement relationships were expressed by 6x6 symmetric compliance matrices.
Experiments were carried out on a cadaveric knee specimen, both intact and with the
anterior cruciate ligament (ACL) transected. In addition, a validation procedure was
implemented to test the ability of the compliance matrix to estimate linear and angular

displacements as caused by an arbitrary load.

MATERIALS AND METHODS
Specimen preparation

A single intact fresh-frozen human knee joint obtained from a 75 year old female
was tested. The specimen was a left leg derived from an amputation due to an acute
arterial occlusion. Ethical approval for the study was granted by the Institutional
Research Board of China Medical University Hospital (Taichung City, Taiwan). The knee
was kept frozen until the time of use. It was declared normal by the surgeon who
prepared it for the experiments. It was sectioned at the mid-shaft of the femur and tibia

and dissected down to the joint capsule and major ligaments. All the muscles, the
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patella, and the patellar tendon were removed in order to mechanically characterize the
behavior of the tibio-femoral passive structures. The bones were mounted through
cement in two aluminum fixation supports to be connected to a Robot-based Joint
Testing System (RJTS) [34]. On the day of testing, the knee was thawed and pre-
conditioned [35]. After testing the intact knee, all the ACL bundles were surgically

transected and the experimental procedure repeated.

Experimental apparatus and procedure

The RITS consists of an industrial robotic system (RV-20A, Mitsubishi Electric
Corporation, Japan) and a six-component load cell (Universal Force Sensor, Model PY6-
100, Bertec Corporation, USA) that was attached to the end effector of the robot for the
measurement of the three force and three moment components of the load (Figure 1A).
The robot was recently developed for applications in ex vivo biomechanical studies [34].
This testing device is capable of a hybrid position/load control using traditional and
innovative methods. Control methods were evaluated performing tests on a human
cadaveric knee both in translation along and in rotation about a selected axis, where
their convergence and their residual constraining load were compared against published
standard methods. The results, showing a repeat accuracy of 0.1 mm, suggested system
suitability for accurate and reliable testing of biological joints [34]. The sampling rate of

the acquisition was 10 samples per second.

A method to identify bony landmarks for the definition of femur and tibia
anatomical coordinated systems and therefore of the knee joint coordinate system (JCS)

7
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was adapted from Fujie et al. [36] (Figure 1A). A calibration procedure was performed
using a pointer mounted on the end-effector of the robot. Using this pointer, the
position of the femoral insertion sites of the medial collateral ligament and the lateral
collateral ligament were identified in the global coordinate system. The centroid of the
femoral section was assumed as coincident with the geometrical center of the fixation
support, the position of which was determined before mounting the specimen. These
points were used to define the anatomical coordinate system of the femur (Cy) (details
in Figure 1B). The anatomical coordinate system of the tibia (C;) was defined as
coincident with Cy at full extension. The forces and moments were recorded by the load

cell in the sensor coordinate system (C;) (Figure 1A).

Flexion-extension (F-E), adduction-abduction (A-A), and internal-external (I-E)
rotations were defined as motions about the JCS axes (el: z-axis of C;, e2: floating axis,
e3: y-axis of ;). Medial-lateral (M-L), anterior-posterior (A-P), and proximal-distal (P-D)
linear displacements were characterized as motions along these axes. A sign inversion
was used to report positive values for the flexion angles, otherwise negative by

convention. Measured loads were represented in the JCS using a Jacobian matrix [37].

A set of pre-determined F-E angles were used to determine the compliance
matrices of the intact knee: 0°, 15°, 30°, 45°, 60°, 75°and 90°. For each F-E angle, the
neutral pose, i.e. the A-A and I-E rotations, and M-L, A-P and P-D displacements, was
determined so that the measured joint moments and forces were minimal [37]. The

same neutral poses were later used for the ACL-deficient knee experiment. Constrained

8
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control was then used to perform single DoF tests [34]. These tests were defined by the
application of the following procedure: starting from the neutral pose, linear or angular
displacement increments (at rates of 0.93 mm/s and 0.97 °/s) were applied one at a
time along and about each single DoF, under moment and force limitations to avoid any
damage to the soft tissues. The force limitations, adopted both for the intact and ACL-
deficient knee, were 100 N along A-P and P-D, and 80 N along L-M as similarly applied in
[38]. Limitations of moments were conservatively set at 25% of those used in [29,39],

and were 2.5 Nm for A-A, and 1 Nm for |-E.

To evaluate the prediction capability of the compliance matrix, a Lachman test
was simulated. With the knee flexed at 30°, a force, linearly increasing in time, was
applied to the tibia along the A-P axis, under the force limitation mentioned previously.

The whole experimental procedure is summarized in Table 1.

Post-processing procedure
The post-processing procedure was based on the procedure proposed by Stokes

et al. [40] and adapted to the experimental data of the present study.

The compliance matrix [C] is 6x6 symmetric:

[CIH{F — Fo} = {X — Xo} (1)
where {X} is a 6x1 generalized displacement vector of the A-P, P-D and M-L
displacements followed by the A-A, I-E, and F-E rotations and {F} is a 6x1 load vector of
the corresponding forces and moments. {X,} and {F,} are the same 6x1 vectors

obtained at the neutral poses of the knee. The generic 6x6 symmetric compliance matrix
9
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[C] has 21 independent compliance terms (6 translational, 6 rotational, and 9 coupling
terms), {c}, that can be obtained by rearranging Eqg. 1 into the standard least squares

inversion form:

[Ll{c} = {X — X0} (2)

where [L] is a 6x21 matrix based on the six terms of {F — F,} (the incremental load
vectors) and {c} is a 21x1 vector of the 21 independent compliance matrix terms. This
vector {c} was obtained through a least squares inversion using, for each F-E angle, the
3D displacements and loads obtained from all the incremental displacements applied
about each single DoF. In this way, it is not the 6*6 matrix terms that were computed
but the 21 independent terms directly. Thus, the 9 coupling terms have not been
averaged to make the matrix symmetric, as is performed classically in the literature [41].
Compliance terms were set as unknown to be determined with respect to the stiffness
terms. This approach prevented proportional vectors in the coefficient matrix of the
standard least squares form (Eg. 2). In fact, setting stiffness terms as unknown would
have filled the coefficient matrix with the proportional imposed linear increments of the
single DoF tests, introducing a rank-deficiency in the computation. In addition, a QR
decomposition was used to avoid numerical instability [42] and each matrix was
constrained to be positive defined. Re-sampling using cubic spline interpolation was
performed since the data has different frame numbers, according to the different
moment and force limitations imposed. Ultimately, only the first fifteen frames were
considered to ensure a certain range of linearity around the neutral pose and, at the

10



169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

Journal of Biomechanical Engineering

same time, to consider the contribution of each single DoF test to the overall matrix.
Concerning the latter aspect, at least ten frames from each single DoF test were

assumed to be representative in the overall matrix.

Validation

For the purpose of validation, the compliance matrices computed at 30° of F-E
with both intact and ACL-deficient knee were used to predict the A-P, P-D and M-L
displacements and A-A, I-E and F-E rotations using Eq. 1 and the forces and moments
measured during the simulated Lachman test. The absolute errors between calculated

and measured linear and angular displacements were computed.

RESULTS
The compliance matrices for the intact and the ACL-deficient knee are displayed
at 0° and 30° of F-E in Table 2 and Table 3, respectively. The matrices for the other

neutral poses can be found in the Appendix.

The vast majority of the calculated compliance terms were modified by the ACL
transection. As expected, the values of the compliance terms increased after the ACL
dissection when compared to their values for the intact knee structures. For instance, at
full extension, the incremental ratios between the sum of the compliance terms of each
subgroup before and after the dissection were 1.51, 2.60, and 0.83 for the translational,
rotational, and coupling terms, respectively. This behavior accounts for the fundamental
role of the ACL in preventing extreme tibio-femoral displacements when a force is

applied. In addition, non-negligible coupling terms depending to the particular flexion

11
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angle were found. This highlights the fact that it is important to estimate the compliance
matrix in more than one configuration.

The validation tests performed using the compliance matrices obtained at 30° of
F-E for the intact and ACL-deficient knee (Table 3), are illustrated in Figure 2 and Figure
3, respectively. The following quantities are depicted as a function of time: the absolute
errors (panels A and B) and the values of the three linear and three angular
displacement components (panels C and D) computed through the compliance matrix
(Eg. 1) using the forces and moments (panels E and F) recorded during the simulated
Lachman test. Coherent results were achieved both for the intact and the ACL-deficient
knees at the beginning of the validation experiments, that is, when small loads were
applied in proximity of the neutral pose. However, at a later stage of the experiment,
absolute errors were found to increase. In particular, for controlled forces below 6 N
and 3 N for the intact and the ACL-deficient knee (0-0.5 s of testing), the maximum
absolute errors were 0.58 mm, 0.21 mm and 1.49°, 0.57° for the linear and angular
displacements, respectively. For controlled forces below 11 N and 8 N (0.6-1 s of
testing), the errors were 1.14 mm, 0.83 mm, and 4.60°, 2.95°, respectively and increased
to 1.49 mm, 2.35 mm, and 10.36°, 3.36° when forces reached 18 N and 15 N (1.1-1.5 s of

testing).

DISCUSSION
In the present study, the mathematical definition and experimental

determination of compliance matrices in different knee configurations was developed.
12
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The mathematical definition is based on a compliance matrix which led to a higher
number of independent rows in the calculation process with respect to the stiffness
matrix. The compliance terms are computed through a least squares inversion based on
QR decomposition, and the positive definition of all the matrices computed was ensured
for a possible use as stiffness matrices. The experimental determination was performed,
using a previously described Robot-based Joint Testing System [34], in different knee
configurations on both an intact and ACL-deficient knee. The compliance of the
knee/robot complex was computed under the assumption that the stiffness of the robot
components is much higher than the knee surrounding tissues and, therefore, can be
attributed exclusively to the knee [31,39].

Validation tests of the compliance matrix determined at 30° of F-E (Lachman
test) confirmed the ability to predict the A-P, P-D and M-L displacements and A-A, I-E
and F-E rotations for given loads applied on the JCS axes. The maximum absolute error
between predicted and measured knee linear and angular displacements increased non-
linearly with respect to the values of the applied load, both for the intact and the ACL-
deficient knee. As a result of the deviations from the starting neutral pose (more than
1mm and/or 1°) occurring when a force higher than 10 N in the A-P direction was
applied, caution should be exercised in using the compliance matrix when high
loads/displacements occur. This is also why only the first fifteen frames of the linear and
angular increments of each single DoF test were used for the determination of the

compliance terms. Some preliminary tests revealed that for a larger number of frames

13
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the residual of the least squares inversion was higher. The cited number of frames was
selected as a good trade-off between a warranted linearity of load-displacement curves
and an ensured contribution of each single DoF test to the overall matrix.

Although no other study performed the determination of a set of compliance
matrices in different knee configurations, the current results can be compared with
studies estimating specific terms of the compliance matrix obtained at 0° of F-E (Table
2). The obtained compliance terms in the first row and first column compared well with
those obtained in Markolf's work [29], during an A-P stability test: the ratio after and
before ACL-section was 0.29 in the current study and 0.31 in [29]. Similarly, in A-P
direction the first diagonal term (about 0.08 mm/N) was in the range obtained by Eagar
et al. [30] who tested seven intact knee specimens (between 0.02 and 0.17 mm/N).
However, in that study, the neutral path of flexion-extension at the knee was not
defined and, as a result, no other knee configuration can be compared with the current
study. Ultimately, comparing our results with the stiffness matrix calculated by Loch et
al. [33] some similarities and differences could be found. In particular, the first two
translation compliance terms have the same order of magnitude as in [33], during six
independent displacement tests. Conversely, in our compliance matrix the third
translation compliance term and the rotational terms are two or more orders of
magnitude bigger than in [33]. These discrepancies can be attributed to the difference in

the neutral pose at full extension since a preload was applied in [33].
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The current study is based on one important assumption, which may limit the
domain of application of the obtained results. In accordance with the literature [33], it is
assumed that, for small linear or angular displacements relative to the overall dimension
of the knee bones, the load-displacement behavior is linear, i.e. the compliance matrices
are symmetric. A second limiting factor in the application of current results is narrowing
the focus only on the passive structures that constrain the human knee, therefore
excluding muscular tendinous tissues, patella and patellar tendon as possible
contributors to the stability or load-bearing forces. Thirdly, this study focused on only
one knee specimen as other studies did [43,44]. The experimental procedure was
extremely time-consuming and the focus was more on determining the compliance
matrices in different knee configurations than testing multiple specimens.

Despite the limitations mentioned, the proposed set of compliance matrices can
be used to model the knee joint for its effective embedment in a musculoskeletal model
of the lower limb with low computational cost. The stiffness matrix (i.e., inverse of the
compliance matrix) of the intervertebral joints has been widely used in multi-body
models [24,26,45,46]. The study proposed here for the knee joint could be the first step
on the path covered previously for the spine. For that, the definition of the neutral pose
is of paramount importance to compute the joint passive moments and the elastic
energy. As shown in the compliance matrix validation performed in the current study,

this joint modeling is valid only near the neutral poses. Therefore, the definition of a set

15
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of compliance matrices at different knee configurations (0°, 15°, 30°, 45°, 60°, 75° and
90° in this work) is of paramount importance.

The introduction of these matrices, or of corresponding stiffness matrices, into
musculoskeletal models of the lower limb will be the next step to provide alternatives
for femur and tibia pose estimation during movement using stereophotogrammetry and
skin markers and the so-named multi-body optimization [47]. Such “compliant”
constraints may provide better results than infinitely stiff constraints, like spherical or
hinge joints or parallel mechanisms [48-50]. The use of the matrices determined with
the ACL-deficient knee open the way for defining pathological constraints.

In conclusion, the method proposed in this study may be a viable alternative to
characterize the tibio-femoral load-dependent behavior in several applications. This
contribution might have implications on a new generation of lower limb musculoskeletal

models.
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297 APPENDIX
298 Compliance matrices at 15°, 45°, 60°, 75° and 90° of F-E for both intact and ACL-

299 sectioned knee tested are shown in Table 4 and Table 5.
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Fig. 1

Fig. 2

Fig. 3
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A) A schematic representation of the Robot-based Joint Testing System
(RJITS) and the reference systems used are provided: G is the global
coordinate system; C; is the coordinate system of the load cell (LC) and Cs
is the anatomical coordinate system of the femur. B) C; was defined as
follows: the origin was the midpoint between the medial collateral
ligament (MCL) and lateral collateral ligament (LCL) insertions; the z-axis
was made to pass through LCL and MCL (transepicondylar axis) and
pointed towards the latter point. The y axis was defined as lying on the
plane defined by LCL, MCL, and the centroid of the bone section (frontal
plane) and perpendicular to the z axis pointing toward the proximal part
of the bone. Finally, the x-axis was defined to be perpendicular to both
the y- and the z-axes and oriented to generate a right-handed frame.

The absolute error for the intact knee between displacements (A) and
rotations (B) measured and computed with the compliance matrix at 30°
of F-E is displayed. The values of A-P, P-D and M-L computed
displacements (C) and measured forces (E), of A-A, I-E and F-E rotations
(D) and moments (F) are also illustrated.

Compliance matrix validation of the ACL-deficient knee. See Figure 2 for

the explanation.
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Table 1

Table 2

Table 3

Table 4

Table 5

Table Caption List

The experimental procedure for the compliance matrices calculation and
validation is summarized in a chronological order

Compliance matrix computed at 0° of F-E. Units of measurements are N,
mm and rad. All the compliance matrix terms have to be scaled down by
a factor of 10 ™. In this and the following tables, Fy, F,, F,, My, M,, M,
refer to the force and moment components, respectively, and Ty, Ty, T,
Rw Ry, R, to the linear displacement components and the rotations,
respectively.

Compliance matrix computed at 30° of F-E. Units of measurements are N,
mm and rad. All the compliance matrix terms have to be scaled down by
a factor of 10 .

Compliance matrix computed at 15° and 45° of F-E. Units of
measurements are N, mm and rad. All the compliance matrix terms have
to be scaled down by a factor of 10 t5)

Compliance matrix computed at 60°, 75° and 90° of F-E. Units of
measurements are N, mm and rad. All the compliance matrix terms have

to be scaled down by a factor of 10 t5)
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Figure 2
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Figure 3
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Table 1
Compliance Compliance
Status of Knee F-E Robot
Procedure steps matrix matrix
Knee angle Control
calculation validation
Determination of Hybrid
0°,15°,30°,  neutral pose of control v
45° 60°, 75° the knee
Intact and 90°
knee Single DoF tests Constrained v
Control
30° Lachman test Force v
control
0%, 15°, 30°, Constrained
ACL- 45°,60°,75°  Single DoF tests Control v
deficient and 90°
knee
30° Lachman test Force v
control
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Table 2

Status of knee Fy F, F, M, M, M,
intact 8483.0 -3601.3 1653.0 24.7 113.1 185.0 T
ACL cut 29173.0  -12305.8 -11451.1 104.8 -40.8 496.7 X
intact 5575.4 -561.1 -1.9 -43.4 -134.7 T
ACL cut 14879.4 1225.2 59.2 15.0 -362.8 v
intact 15712.5 28.0 279.9 -135.9 T
ACL cut 24440.1 -153.7 -66.0 -365.2 z
intact 3.4 2.7 1.3 R
ACL cut . 8.0 -1.3 -0.6 X
intact Symmetric 11.7 2.5 R
ACL cut 1.1 -0.8 v
intact 12.7 R
ACL cut 22.0 :
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Table 3

Status of knee F, F, F, M, M, M,
intact 2991.3 572.9 5793.4 92.5 42.1 -180.0 T
ACL cut 21321.8 -5513.2 27461.0 0.1 -332.5 -286.9 X
intact 8559.8 -5852.4 -7.6 1.6 -312.3 T
ACL cut 17246.3 -24766.5 89.5 26.4 -258.2 v
intact 16999.8 190.3 68.3 -56.0 T
ACL cut 76015.9 -217.6 -46.0 800.0 z
intact 9.8 8.5 -18.4 R
ACL cut . 33.9 39.1 -60.7 X
intact Symmetric 21.2 -26.3 R
ACL cut 62.9 -51.9 v
intact 126.7 R
ACL cut 133.2 :
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Table 4
15° of F-E
Status of knee F, F, F, M, M, M,
Intact 15023.3  -14374.5 26922.1 -84.1 300.0 56.8 T
ACL cut 44335.6 -313.0 -2912.9 -19.7 -808.2 -797.4 X
Intact 28838.7 -4517.2 293.0 128.1 -165.0 T
ACL cut 13218.2 -6324.4 140.5 -135.7 -713.0 v
intact 96628.6 -175.2 -1065.2 108.3 T
ACL cut 13028.0 -134.9 14.7 -227.9 z
intact 47.1 34.2 -16.6 R
ACL cut Symmetric 4.9 1.5 -4.6 X
intact 279.4 -13.7 R
ACL cut 21.9 26.3 v
intact 26.5 R
ACL cut 95.1 ‘
45° of F-E
Status of knee Fy F, F, M, M, M,
intact 2809.7 -2269.2 2404.2 80.8 131.0 -146.6 T
ACL cut 6844.2 -2180.9 3974.5 7.5 -91.2 -183.7 X
intact 5999.5 -2814.8 -44.4 -233.3 -259.5 T
ACL cut 6825.3 -3309.0 14.7 -173.7 -497.3 v
intact 5413.3 -38.9 -31.5 106.3 T
ACL cut 8286.1 -15.4 -85.7 29.4 z
intact 6.1 7.7 -11.5 R
ACL cut Symmetric 3.7 0.3 -3.6 *
intact 25.3 -1.0 R
ACL cut 18.2 28.0 v
intact 50.2 R
ACL cut 62.2 :
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60° of F-E
Status of knee Fy F, F, M, M, M,
intact 1038.8 -2009.0 883.6 36.7 51.2 -19.6 T
ACL cut 7395.4 390.6 7797.7 14.4 -335.8 -469.8 X
intact 4572.4 -614.6 -12.9 -70.6 -152.1 T
ACL cut 13138.0 -16450.8 80.1 -163.3 -403.5 v
intact 6649.7 -129.9 -230.8 23.3 T
ACL cut 54978.5 -37.2 -217.4 -328.3 :
intact 22.5 23.7 -37.3 R
ACL cut Symmetric 33.2 10.9 -27.6 X
intact 28.3 -35.1 R
ACL cut 38.6 11.3 v
intact 81.5 R
ACL cut 64.2 :
75° of F-E
Status of knee F, F, F, M, M, M,
intact 4169.3 -3777.8 -605.7 9.7 26.8 107.9 T
ACL cut 1957.1 -2342.8 457.9 6.8 -7.9 30.4 X
intact 3463.6 32.0 -0.1 -11.6 -99.6 T
ACL cut 2841.6 -579.5 4.9 -5.8 -89.2 y
intact 6728.5 -104.2 -167.2 -20.3 T
ACL cut 7293.1 -68.4 -161.7 -44.8 :
intact 3.3 3.8 -2.1 R
ACL cut Symmetric 8.7 -2.5 -17.0 X
intact 8.6 2.7 R
ACL cut 13.2 23.8 v
intact 13.8 R
ACL cut 77.2 ‘
90° of F-E
Status of knee Fy F, F, M, M, M,
intact 5369.0 -4264.1 84.9 -5.0 62.9 186.8 T
ACL cut 3212.3 -2740.7 123.7 5.9 -66.1 10.8 X
intact 3668.6 -1475.8 18.5 -43.0 -156.1 T
ACL cut 2784.9 -1602.1 24.1 -35.7 -158.0 v
intact 7038.5 -73.3 -40.4 35.5 T
ACL cut 8908.0 -60.5 -133.3 -45.3 :
intact 1.9 15 0.4 R
ACL cut Symmetric 7.5 -10.2 -14.3 X
intact 10.7 11.0 R
ACL cut 70.1 92.1 v
intact 15.5
ACL cut 126.1 :
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