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Abstract. The human body is a complex mechanic structure and the knee joint (KJ) is one of the most complex and
demanded joint due to it has to carry very high loads and his structure must to enable triaxial movements without
lose both, the stability and the control motor. In addition, the Anterior Cruciate Ligament (LCA) deficiency is
one of the most common injuries of the KJ and affect about one of 3000 people in US every year. Moreover, a
LCA deficiency commonly leads to more than one causes that produces articular surfaces damage or osteoarthritis.
Many studies about the KJ had been carried out in both in-vivo and in-vitro and it showed a high variability by
both person and age.

The aim of this work is to take a first step towards developing a procedure to quantify the subject specific
LCA health with a non-invasive technique. This procedure is based on two steps, the motion capture and then the
numeric simulation with the finite element method. For the motion capture we designed an experiment of climbing
a step, to record the movements of the KJ with stereophotogrammetry using the well-known protocol Plug-in Gait
developed by Vicon Motions Systems. We record the trajectories of the markers placed over the skin of the patient
lower limb and extracted the curves of the knee kinematics. This data was transform to extract both, the flexion-
extension an internal-external rotation curves, to use as boundary condition for the finite element model of the
patient’s tibiofemoral joint.

On the second part, we developed a 3D finite element model of the KJ starting from the model released by
the OpenKnee project to run on FEBio. With this model we analyze the resulting joint kinematics and its changes
when using, another constitutive models for the ligaments or different the mesh densities for de ACL. Moreover,
we determine the kinematics of the LCA and the stress and strain distribution on this complex structure when
climbing a step. The obtained results were compared against available data from literature and showed a good
agreement. Furthermore, this procedure enable to work on the study of specific mechanic properties of soft tissues
for each patient with this protocol as starting point in order to obtain more reliable results.
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1 Introduction

The human body is a complex mechanic structure and the knee joint (KJ) is one of the most complex and
demanded joint due to it has to carry very high loads and his structure must to enable triaxial movements without
lose both, the stability and the control motor [1]. In addition, the Anterior Cruciate Ligament (ACL) deficiency
is one of the most common injuries of the KJ and affect about one of 3000 people in US every year [2]. Besides
the scientific progress of the last fifty years, the long-term outcome of the ACL injury show a degradation of the
articular kinematics wich could leads to early Osteoarthritis (OA). Therefore, increase the knowledge about, the
behavior of the KJ and, the function and mechanic properties of each of their structures, to improve treatments
[3H10].

Many studies about the KJ had been carried out in both in-vivo and in-vitro and it showed a high variability
by both person and age [11-H14]. Therefore, it is also needed the development of new techniques that allow to
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evaluate the behavior of the KJ, and in particular, of the LCA and its reconstruction, with as less as possible effects
on the patient.

Following the aforementioned paths, the aim of this work is to take a first step towards developing a procedure
to quantify the subject specific LCA health with a non-invasive technique. In this work, we focus on figure out
how to obtain the KJ kinematics data, and what could be the scope of this approach. However, is beyond the scope
of this work, the subject-specific properties and geometries of each structure of the KJ, since we use generic data
for this purpose.

To answer the previous questions, we propose a procedure based on two steps that we present in the next
section, firstly we show the method to motion capture of the kinematics, and then we explain how the numeric
simulation with the finite element method (FEM) was done.

2 Materials and Methods

The first stage, which is used as input in the Finite Element (FE) computational model, is the data preparation
and it is composed by three tasks; The motion capture, the geometry determination, and the selection of the material
model of the ligaments and bones (see Fig. [I)). Then, the second stage is the finite element model of the knee joint
with all the pre-processed data and analyze the outputs.
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Figure 1. Flowchart of the procedure developed.

2.1 Motion capture

To obtain the KJ kinematics we use the gait laboratory of the Hospital de Clinicas (Montevideo, Uruguay)
equipped with a Vicon System to make a stereophotogrammetry study. This task consists in record with eight
synchronized cameras the movement of a patient, while he have reflective makers on specific places over the skin
(see Fig. 2).

The Vicon System allows to obtain the 3D trajectories of each marker, composing the videos of eight cameras,
with high precision. Moreover, if a loaded protocol is used, it will work taking into account others relations and
restrictions that will be useful to determine important variables such as, joint rotation centers, joint angles, center
of mass, among others.

In this case, it was used the modified Plug-in Gait protocol for lower limb (mPiG). This protocol determine
the exact position of each marker over the patient skin and was developed by Vicon to evaluate the gait of a patient.
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Figure 2. Left: Markers location over the patient - Right: Patient climbing the step.

The mPiG model consists in seven structures, which represent the pelvis, femur (x2), tibia (x2), and foot (x2), and
six spherical joint that allow three Degrees of Freedom (DoF), which play the role of real joints. Although the real
human joints are much more complex than a spherical joints because it have 6 DoF instead of 3, the translation DoF
are neglected with this model taking into account that they have the same order that the error of motion capture.

The voluntary was a 50 years old man, without previous pathologies in regards to the knee joint, and with a
height of 172cm. Once finished to put all the 20 markers on the right location [13]], we asked the voluntary for to
repeat the task of climbing the step of the Fig. [2]ten times as similar as possible, while he was been recording with
the Vicon System.

NEXUS is a VICON’s software that process all the data obtained from the cameras while it impose the con-
strains and relations of the mPiG model to get the optimal solution for the data set. NEXUS solves an optimization
problem in which it find the position of each rigid element (bones) for each frame, minimizing the error between
the recorded position of all the markers and the most likely location of it, without breaking any constraint. Once
it have the location of the bones for the whole time, is possible to determine the joint angles for each joint, and in
particular for the right knee joint, which we use in this work. In Figure [3|can be seen the value of the angles of
Flexo-Extension (FE), Internal-External Rotation (IE), and Varum-Valgum Rotation (VV) for the time of the ten
repetition of the motor task.

35
—— Felxo-Extension — External-Internal Rot. === \farum-Valgum Rot. Time (s)

Figure 3. Angles of the knee joint.

Figure [3] show a high range of Varum-Valgum motion in contrast to the that can be found on literature, in
fact, the common range for this parameter is 12° 4= 2° (see [5,[16]]). This shows a clearly overestimation of the VV
angle that can be attributed to cross-talk or Soft Tissue Artifact (see [17-21])). Therefore we do not use this curve
for the boundary condition.
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2.2 Geometry

In this work was used the geometry shared by the Open Knees Project [22} 23], which provide open access to
3D FE representation of the knee joint to investigation, development and experimentation to enlarge te knowledge
on this topic. Specifically, the “Generation I” was the representation used for this study, which comes from pro-
cessed Magnetic Resonance Imagining (MRI). The Open Knees team created eleven independent structures, from
the MRI in format .iges and that are; Femur, Tibia, Femoral cartilage, Tibial cartilage (x2), Cruciate Ligaments
(x2), Collateral Ligaments (x2), and Menisci (x2). However, since the aim of this work is the LCA analysis, we
only took into account the structures which interact with this ligament. In addition, the boundary condition are
kinetics (no external force acting) the structures which we are not interested on, not need to be incorporated. This
aspects leads to a simplification of the 11 structures-system to a 4 structure-system containing: Femur, Tibia, LCA
and Posterior Cruciate Ligament (PCL).

2.3 Materials

Bones: It was decided to model this structures as rigid bodies, which means it can not be deformed. Although the
bones are non-rigid bodies, when their strain is compared with that of the ligaments, the deformation that belong
to the bones is negligible, and then can be assumed as a rigid bodies.

Ligaments: As a soft tissues, the ligaments presents a relationship between their stress and strain. In the case of
ligaments and tendons there is a consensus in that they have to be modeled as Transversely Isotropic Hiperelastic
(TIH) structures because of its nature of fibril reinforced materials. Its main direction, in which are stiffer than the
others, is the longitudinal direction. Weiss et al. in 1996 [24] developed the Strain Energy Density (¥) for this type
of material, starting by separate the matrix substance energy from the fibers’ energy, as it is shown in Eq. [T}

¥(C,a’) = ¥"(C) + ¥/ (C,a") (1)

Where: C is the Right Cauchy Strain Tensor, and a° is the orientation of the fibers in reference configuration.
Assuming the behavior of the matrix substance can be modeled as Mooney-Rivlin material we have the Eq. 2] in
which, C; and Cs are material’s constants, K is the bulk modulus and I; is the i*" invariant of C:

\I/m(c):Cl(ﬂ—3)+02(7'2—3)+§ln(\/]73)2 2

To determine the functional form of the term W/ of the Eq. I} Weiss in 1995 [25] made some experiments and
concluded that the ligaments’ fibers should have a Strain Energy Desity that follow the behavior showed in Eq. [3]
considering A = L/ Ly as the fiber’s strech:

; 0, A<l

ov

)\W =1 C4 (6040\71) — 1) , L A<, 3)
CsA + Cs, A > \*

Where C3, Cy4, and Cy are material’s constants and A* is the stretched in which all the fibers are recruited and
start the linear behavior.

As can be seen in Eqs. [2and [3| this material model needs seven parameters which in this study are used the
same that Pefia et al. used in [12 26] 27]] (see Table[I).

To compare the results of the TIH model and to analyze the repercussion of the addition of the fibers into
the model of the ligaments, we also used another model to simulate the case in which the ligaments were only the
matrix substance. To do that, we used the Neo-Hookean (N-H) Strain Energy Density as a material model for the
ligaments, with the same C and K constants of the Tablem
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Table 1. Properties of the LCA and the PCL for the HTT model extracted from

C\(MPa) K  Cy(MPa) Cs(MPa) C, Cs(MPa) M\
LCA 1,95 7321 0 00139 11622 535039 1,046
LCP | 325 121,95 0 0,196 87,178 431,036 1,035

24

Mesh and simulation

The discretization of the geometry was done with the 3D mesh generator Gmsh [28]], which allows to select
both, the element size and where to refine the mesh. This tool is useful since the Finite Element Method theory
establishes that the solution of the computational method tends to the exactly solution when the element size
decrease. However, while increase the number of elements also do it the time consumption. Therefore, it is
necessary to find a midpoint between time and resolution. For this case, we found that a acceptable resolution of
the results is reached with the number of elements that can bee see in Table[2] for each structure, with a reasonable
time of computing. Moreover, also can be seen the refinement of bones and ligaments in Fig. ]

Table 2. Parametros de mallado de cada estructura

Form Nodes Quantity Average volume (mm?)
Femur | tetrahedra 4 15.759 8.6
Tibia | tetrahedra 4 9.297 8.2
ACL | tetrahedra 10 146.442 0.003
PCL | tetrahedra 4 28.159 0.025
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Figure 4. Discretization of the 4 structures

Once all the previous step are completed the next is to setup the simulations. To do that we used the software

FEBio [29] which is a nonlinear finite element solver that is specifically designed for biomechanics and biophysics
applications.
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3 Results and Discussion

The simulation of the two cases was done on a computer with the following characteristics: Processor Intel
15-7400 CPU @ 3.00GHz-x4 and 16GB de RAM and the time consumption was near to 8 hours each.

In Figure[5]can be seen the principal stress distribution for the KJ with the TIH ligament model at the moment
of the most critical situation, wich is when at 0.25s started the ascent.

| | | e J1 (Mps)
-10 -5 0 5 10 15 20 25 30 35 40 45 50 55

Figure 5. Most critical principal stress distribution on the ACL modeled with HTI.

On the left of Fig. [5]can be seen the position of the KJ at 0.25s of ascent and then, in the middle the image
shows that the most critical zone on the ACL is the anterior part, near to the femoral attach, in the anterior part,
which agreed with the literature [8][30] [3T]]. Furthermore, the maximum principal stress reached 52M Pa that also
match with the range presented in [12] and [32]], in which similar situations are tested.

In addition, on the right of Fig. [f| we present a detail of the posterior zone of the tibial ACL attach, where can
be seen some high values compared to those around. This occur because that zone have geometrical and material
discontinuities since is the transition between a soft tissue (ligament) and a rigid body (tibia). This gradients cause
high stress values that could be not realistic, because in real KJ there are a more gradual transitions on this zones.

Next we determined the loads that the femur has to defeat to do the prescribed movement. That loads, which
are torques and forces generated by the ligaments as a response of their deformation, are shown in Feg.

.| |/ THLateralDrr. WO . J— TIH Flexion
100 I TIH Anterior Dir. |— TiH valgus
- | i |7 THProximal Dir " l— TIH Internal (Femur)
i|-- N-H Lateral Dir. 200 -- N-H Flexion
©| == N-H Anterior Dir. -- N-H Valgus
- N-H Internal (Femu_r)‘
5 ® E . ST -
P R SR A RN RS- oS TR N R SR g‘ o
8 [F]
[s] =]
[, E— o
el )
[+]
-100
-50 -200
o 1 . 4 5 0 1 2 3 4 5
Time (s) Time (s)
(a) Forces on the femur. (b) Torques on the femur.

Figure 6. Loads on the bones generated by the ligaments.

Considering the fact that during flexion the PCL is slack, the forces that it can perform are negligible com-
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pared to those of the ACL, which is tightened. Therefore, all the loads that can be seen in Fig. [6]are developed
almost entirely by the ACL. In Fig. [6(a)]we can observe that the femur is mainly forced in the tibial direction keep-
ing the bones together (red curve) and in the anterior direction constraining the posterior translation of the femur
(green curve). The femur is secondly forced to the medial direction. This results agreed with the ACL direction,
and with one of the mainly ACL function which is to avoid the tibia anterior translation. Besides, both simulations
(TIH and N-H) have the same trends, there is a clearly high difference between each pair of curves, evidencing the
important of simulating the fibers of the ligaments.

In Figure [6(b)] we also can see the torques on the femur and worth to note that the movement is mainly
constrained in the flexion at its first degrees but then decrease quickly. That is likely because despite the increase
of the force, the moment arm, in regards of the joint rotation center, decrease. To a lesser extent the external
and varus rotations are also constrained by the action of the ACL, which agree with other of the functions of this
ligament [10]..

4 Conclusions

Firstly, we come up with a procedure that allows the use of experimental data of motion capture on a FE
generic model, but in order to use subject-specific material properties and geometry, in near future. This work also
show that the results obtained with this steps reach similar results than other works [8| [12,130H33]], which indicate
that could be a novel way to asses the state of the KJ health.

Secondly, we presented the importance in correct use of the ligaments’ properties, because the result are
highly sensitive to this parameters. The difference is quite considerably between models than use only the stiffness
of the matrix substance and those which also consider the fibers’ stiffness.

Finally, this work allows to determine the loads that the ACL is subject when a patient climbing a step from
the motion capture of this motor task. However, it was assumed that the translation DoF of the knee are negligible
since they are not considering in the mPiG model. That is necessary to verify with other models before go on this
procedure.

Authorship statement. The authors hereby confirm that they are the sole liable persons responsible for the au-
thorship of this work, and that all material that has been herein included as part of the present paper is either the
property (and authorship) of the authors, or has the permission of the owners to be included here.
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