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Chapter 2

Role of Ligaments in the Knee Joint Kinematic
Behavior: Development and Validation

of a Finite Element Model

F. Germain, P.Y. Rohan, G. Rochcongar, P. Rouch, P. Thoreux,
H. Pillet, and W. Skalli

2.1 Introduction

The management of knee instability is a complex problem in orthopedic surgery.
It usually involves the tear or the rupture of a cruciate or collateral ligament of
the articulation and, in many cases, necessitates surgical operation and ligament
reconstructions. The rupture of the ACL, in particular, is one of the most frequently
occurring ligament injuries affecting about one person in 3000 every year and this
trend has been constantly increasing with the rise of participation in sports in the
general population [1]. Knee ligamentoplasty has become an issue of high clinical
interest.

The current standard of care is based on ligament reconstruction by autografts
from tendon tissues, allograft, or ligament substitutes. The assessment, however, of
the long-term performance of the surgery is complicated by the complex interaction
between the graft parameters (pretensioning, fixation method, etc.), knee anatomy,
and the mechanical interaction between the graft and the passive anatomical
structures. To this day, no diagnostic tool is available in clinics to quantitatively
evaluate and predict the impact of surgery on knee kinematics. This highlights the
need for the development of tools to investigate the contribution on knee joint
mobility of the ligaments in the normal knee and to establish proper treatment
strategies.

In that respect, many studies have been performed both in vitro [2-5] and in vivo
[6-9] to study knee kinematics, some of them focusing on influence of the main
knee ligaments [10, 11]. The results varied greatly across studies highlighting the
high inter-individual variability.
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Several finite element (FE) knee models have also been developed in an effort to
comprehensively investigate various aspects of knee mechanics including contact
pressure under various loads [12—18], ligament stress [19-21], or the dynamic
behavior [14, 22, 23]. A few of them studied knee kinematics [12, 14, 24, 25]. The
high numerical costs associated with the computation of the biomechanical response
of the knee joint and the full validation of these models against tibio-femoral and
tibio-patellar kinematic data, however, are still a main issue [14], particularly for
patellofemoral motion because of uncertainty in patellar tracking.

A new experimental setup was recently developed combining 3D reconstruction
imaging with the use of a motion capture system for accurate analysis of knee joint
kinematics at our laboratory [2]. The aim of the present study was to develop an FE
model capable of reproducing the kinematic of the knee in flexion/extension and,
building upon the work of Azmy, to validate it with in vitro experimentations for
investigating the impact of ligament properties on the knee kinematics.

2.2 Materials and Methods

2.2.1 Finite Element Model

Geometry The model developed in this study is an adaptation of the one proposed
by [26]. The 3D geometry of the bony structures was acquired using a sensor pen
(Fastrak system, Polhemus, Olchester, USA), and was carried out on a left 63-year-
old female lower limb.

Elements and Meshing The FE mesh, represented in Fig. 2.1, consists of the
distal and proximal part of the femur and tibia, respectively, the patella, the
quadriceps tendon, the cartilage, and knee ligaments. Bones and cartilage were
meshed with low-order (four-nodes) shell elements, the quadriceps tendon with low-
order membrane elements, and the ligaments with tension-only cables.

The different ligament bundles were represented: (1) two bundles for each
cruciate ligament (antéro-médial (AM) and postéro-lateral (PL) bundles for the
Anterior cruciate ligament (ACL); antéro-latéral (AL) and postéro-médial (PM)
bundles for the Posterior cruciate ligament (PCL)), (2) four bundles for the
Collateral Ligaments (CoL) (three for the medial collateral ligament (MCL) and one
for the lateral collateral ligament (LCL)), (3) five bundles for the patellar ligament,
and (4) seven for the articular capsule.

Material Properties The material properties used for each component are sum-
marized in Tables 2.1 and 2.2. Bones and cartilage were defined as linear elastic
isotropic material in accordance with the literature [27, 28]. The regions covered
with cartilage were modeled as a homogeneous bone cartilage material, with
average properties. A thin strip of elements between the bones and cartilage



Fig. 2.1 FE knee model. (a) a
Isometric view (front); (b) \
isomeric view (back). The \
femur and tibia were limited \
to their respective distal and
proximal parts

Table 2..1 Material E (MPa) | v

- ar;ces of bones and Cortical bone and patella | 12,000 | 0.3
Bone/cartilage inter 2000 04
Bone/cartilage 250 |04
Tendon 90 0.4

Table 2.2 Material properties of the different ligament bundles

K (N/mm) | Initial strain (%)
Anterior cruciate ligament (ACL) | 75 5
Posterior cruciate ligament (PCL) | 75 -3
MCL 70 0
LCL 20 0

regions were also defined with intermediate properties in order to avoid important
mechanical discontinuity.

The stiffness of the different ligament bundles was chosen in accordance with
the experimental data reported in literature [29-34]. Negative initial strain for PCL
indicates a slack condition.

Contact Four frictionless surface-to-surface contact zones were created:
femur (lateral)/tibia (lateral), femur (medial)/tibia (medial), femur/patella, and
femur/quadriceps tendon. The interactions between the ligaments and bones
represented in the model are not modeled in the present study.

Boundary Conditions The experimental boundary conditions [2] were imposed:
the femur was fixed, the rope and pulley system was represented as two cables driven
by temperature, and a set of 130 consecutive displacements of 0.5 mm were applied
to the quadriceps tendon. This allowed to generate forces in the cables that were
always directed toward the center of the femoral head.



Fig. 2.2 Validated
experimental setup used for
testing the lower limbs in
flexion/extension. (a) Whole
setup with the rope and pulley
system for applying the
flexion. (b) Position of the
tripods

Solution The large deformation static response was computed using an implicit
solver in ANSYS.

2.2.2 Model Evaluation

Sample Preparation Twenty-three fresh frozen lower limbs were used. The
subjects from whom they were harvested were 47-97 years old. Absence of
osteoarthritis and ligament laxity was checked. Specimens were disarticulated at
the head of the femur and at the distal epiphysis of the tibia. All the soft tissues
were removed except for the articular capsule of the knee, the quadriceps tendon,
the CoL of the knee (medial and lateral), the patellar ligament, and the proximal
and distal ligaments between the tibia and the fibula. The samples were frozen at
—20 °C then thawed at room temperature 12 h before experimentation.

Test Bench The validated test bench, represented in Fig. 2.2, was adapted from [2].
The femur was fixed and the tibia was free. Tension was applied to the quadriceps
tendon using a weight of 9.8 N. A motor was connected to the tibial pilon by a
rope and was used to perform the flexion movement. A progressive displacement
was applied at the centroid of the malleolus and directed toward the center of the
femoral head.

Movement Tracking Tripods were fixed on the femoral diaphysis, the proximal
epiphysis, and the patella. During the cycles of flexion/extension, the position of the
bony segments was tracked with a Polaris optoelectronic system (NDI, Waterloo,
Ontario, Canada).

Anatomical Frames The position of the tripods in their respective anatomical
. . ® .
frames was calculated from 3D reconstruction made with the EOS  bi-planar



Table 2.3 Stiffness and initial strain chosen for the sensitivity cases on

the ACL

K (N/mm) Initial strain (%)

Min | Mean |Max | Min (%) |Mean (%) | Max (%)
ACL bundle |40 75 150 |0 3 6
PCL bundle |40 75 150 |3 0 —4
MCL 70 100 120 |0 2 4
LCL 20 60 120 |0 2 4

X-ray system. The experimental setup was put in the EOS cabin and bi-planar
radiographies were acquired. A geometric reconstruction of the bony structures was
performed and used for the calculation of the anatomical frames.

Movement Analysis The variation of relative position tibia/femur and patella/
femur was extrapolated using a MATLAB" routine. The rotations were calculated
on mobile axis, with the following sequence (center of rotations): zy'x” (y' denoting
the mobile y axis after the first rotation about z, and x” denoting the mobile x axis
after the first two rotations).

2.2.3 Sensitivity Analysis

A sensitivity analysis was conducted to investigate the impact of ligaments on the
knee kinematics. The stiffness and initial strain of one or several bundles of ligament
were modified and the impact in the tibia position was computed. Ten cases were
considered. These are summarized in Table 2.3. Stiffness values were defined based
on data reported in the literature [29-34]. Initial strain values were chosen so that
strains remained below the physiological limit whilst being sufficiently different
from one another.

2.3 Results

2.3.1 Experimental/Numerical Comparison

Tibial Kinematics Both the experimental corridor of the tibial kinematics with
respect to the femur and the numerical results computed with our model are shown
in Fig. 2.3. Our results show that the angular position of the tibia of the finite element
model is in the physiological corridor. During flexion, the tibial movement predicted
by the FE model does an internal rotation (Fig. 2.3) of up to —11.9° at 70° flexion
(while the in vitro experiment is in the corridor [—18.3°; —7.2°]). Our results also
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Fig. 2.3 Tibial kinematics (with respect to the femur) during the range of motion

show a slight adduction: down to —1.71° at 20° flexion and then back to —0.26° at
70° of flexion ([—7.1°; —0.9°] for the in vitro experiments).

Patellar Kinematics Both the experimental corridor of the patellar kinematics
with respect to the femur and the numerical results computed with our model are
shown in Fig. 2.4. The results obtained using the finite element model are within the
physiological corridor of the x, y, and z rotations and the z translation.

2.3.2 Influence on the Femoro-Tibial Kinematics

The influence of the ligament parameters on the femoro-tibial kinematics is reported
in Table 2.4, mean value and standard deviation of tibia position at 60° flexion for
each case. Concerning the Rx rotation (abduction/adduction), the ligament that had
the most influence was the ACL, followed by the LLE, the PCL, and the MCL
holding a smaller influence (SD<0.35°). The Ry rotation is mainly influenced
by the PCL and the LCL, the PL bundle of ACL holding a smaller influence
(SD<1.01°). The Tx translation was influenced mainly by the ACL and the PCL
when both bundles are modified at the same time. The Ty translation was influenced
mainly by the AM bundle of the MCL and the cruciate ligaments when the four
ligaments are modified at the same time. The Tz translation is influenced mainly by
the ACL, the AL bundle of the PCL, and the LCL.
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Table 2.4 Mean value and standard deviation of tibia position at 60°
flexion for each sensitivity case (the ligament column shows which ligament

was modified)

Ligament Rx(°) |Ry(®°) | Tx (mm) | Ty (mm) | Tz (mm)
ACL (AM) |Mean | —1.2 —139 | —173 5.9 3.0
SD 1.0 0.5 0.5 0.5 0.2
ACL (PL) |Mean |—0.5 —155 | —16.8 5.0 3.0
SD 0.6 1.0 0.9 0.2 0.2
ACL (all) Mean | —1.3 —14.2 | —17.2 5.9 2.9
SD 1.0 0.3 0.4 0.6 0.2
PCL (AL) | Mean 0.0 —156 | —17.9 5.1 3.1
SD 0.1 1.8 0.3 0.1 0.1
PCL (PM) | Mean 0.1 —152 | —-17.7 5.1 3.2
SD 0.3 1.4 0.2 0.3 0.0
PCL (all) Mean 0.3 —14.8 | —17.2 5.0 3.2
SD 0.3 3.0 0.8 0.4 0.1
MCL (all) | Mean 0.2 —142 | —-17.7 5.2 32
SD 0.2 0.3 0.1 0.1 0.1
LCL Mean | 02 | —14.6 |—17.6 5.1 3.2
SD 0.7 1.7 0.2 0.1 0.2
CoL (all) Mean 0.2 —14.3 | —17. 5.1 3.0
SD 0.7 1.3 0.1 0.1 0.1

0



Table 2.5 Comparison of the experimental and computational results with literature: kine-
matics of the femoro-tibial articulation at 60° flexion

Study Specimens | Rx (°) |Ry (°) Tx (mm) Ty (mm) | Tz (mm)
FE model - 0 —11.5 —17.2 7.5 4.9

In vitro exp |23 —3£3 |—12+£52 | 225425 |55+25 |33+£27
[35] 15 —3+3 | —165%5 —16.7x£37 753 4415
5] 8 - 1144 - - -

[36] 15 - —171+18 |- - -

[3] 13 - —65+3 —14+£5 - -

Despite the numerous contact elements in the model, the computation time was
below 1 h. Model-predicted response was within the experimental corridors for all
translations and rotations of tibia and patella with respect to the femur, except
for a £2° max discrepancy in the abduction/adduction rotation of the patella.
The different ligament parameters appeared to have little effect on the patellar
anterior/posterior and inferior/posterior shifts while the kinematic response of the
tibial anterior/posterior shift was more sensitive.

2.4 Discussion

Very few FE models reported in the literature feature extensive validation against
both tibio-femoral and tibio-patellar kinematic data. These are paramount to
comprehensively assess the biomechanical role of the knee joint and to investigate
various aspects of knee instability such as knee ligament injuries, ligament replace-
ment, and ACL graft design.

In this contribution, an FE of the knee joint capable of reproducing the kinematics
of the knee in flexion/extension for the investigation of the role of ligaments in the
joint kinematic behavior was created and validated against the experimental data of
23 cadavers. Special attention was paid to keep the numerical cost as low as possible.
Low-order shell elements and cable elements were therefore used to discretize the
components of the geometric model.

For both the tibial and patellar kinematics, the results computed with our model
are inside or at the limit of the experimental corridors. Both the experimental
and computational results obtained for the femoro-tibial and the femoro-patellar
kinematics are comparable to the literature. Tables 2.5 and 2.6 summarize and
compare the kinematic values reported in this study with the main values reported
in the literature.

As for model evaluation, Kiapour et al. [14] presented extensive validation using
16 lower limbs and investigation of several parameters. However, patellofemoral
kinematics was not evaluated.



Table 2.6 Comparison of the experimental and computational results with literature:
kinematics of the femoro-patellar articulation at 60° flexion

Study Specimens | Rx (°) |Ry (°) Tx (mm) Ty (mm) | Tz (mm)
FE model - 0 0.5 -41.5 =20 -34

In vitro exp |23 —3+3 | —35+45 | —415+£35 | —17£3 | —41+4
[2] 8 —3+3 |05%75 —38+4 —14£4 | —40£38
[5] 8 1.5+3 |3%x55 - - -

[37] 6 1£55 —1+£10 |- - -

(4] 7 0+4 |—2+£5 - - —

The sensitivity analysis conducted on the main ligaments of the tibio-femoral
articulation highlighted the importance of distinguishing the two bundles of the ACL
and the PCL, since they do not impact the femoro-tibial kinematics in the same way:
the AM bundle of the ACL exerts more than twice as much influence on Ry and Tx,
but less than twice as much on Rx and Ty as compared with the PL bundle. Likewise,
modifying both bundles of the PCL significantly increases the influence on Rx, Ry,
and Tx, but doesn’t have much effect on Ty and Tz.

Two main limitations of our model are the omission of (1) the meniscus, the
popliteal tendon, and the popliteo-fibular ligament, in order to keep the computation
time as low as possible. This might explain the small experimental-numerical
kinematic discrepancies and could be taken into account to improve the realism
of the model. The simplification of the ligament insertion and the absence of
ligament/ligament contact could also explain the fact that, in the simulation results,
the ligament effect remains small. (2) The geometry of the finite element model is
not personalized. Yet the geometry has a strong impact on the femoro-tibial and
the femoro-patellar kinematics for at least two reasons: it affects the morphology of
the contact surface, and it can determine the position of anatomical landmarks from
which the boundary conditions are defined (center of the femoral head, center of the
malleoli).

Nonetheless, the model appears consistent with in vitro kinematics and the
computational cost remains reasonable (1 h). From a clinical perspective, the
developed knee model constitutes a valuable tool for exploring new treatment
strategies, such as the development of ACL substitutes for ligament reconstructions
where it can be used to test different designs and evaluate the restoration of knee
kinematics right after implantation.

2.5 Conclusions

An FE of the knee joint capable of reproducing the kinematic of the knee in
flexion/extension for the investigation of the role of ligaments in the joint kinematic
behavior was created and validated against the experimental data of 23 cadavers.



Special attention was paid to keep the numerical cost as low as possible. For both
the tibial and patellar kinematics, the results computed with our model are inside the
experimental corridor. Both the experimental and computational results obtained
for the femoro-tibial and the femoro-patellar kinematics are also comparable to
data reported in the literature. From a clinical perspective, the developed knee
model constitutes a valuable tool for exploring new treatment strategies, such as
the development of ACL substitutes for ligament reconstructions where it can be
used to test different designs and evaluate the restoration of knee kinematics right
after implantation.
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