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Abstract. Human joints in general and the human knees particularly are subjected to impacts and wear
on a daily basis, specifically during jumping. Considering their inefficient healing and the lack of effective
replacements, knee joints became a hot topic for biomechanics research. Multiple works aim to model
the knee joint behavior in the literature either experimentally or through finite elements simulations. In
this work, we study the effects of the Lebanese folkloric dance Dabke jumping and compare it to vertical
jumping. Moreover, we tackle the modeling and simulation of a tibiofemoral knee joint under impact using
optimized inverse dynamics and the Brinkman model in the biphasic synovial joint domain. This joint model
is mainly made of cartilage, a meniscus (both biphasic low permeability materials), and viscous synovial fluid.
Because of the degenerated shape in the thickness direction, classical methods require a large number of
degrees of freedom to correctly reproduce the knee behavior. To circumvent this problem, proper generalized
decomposition (PGD) model reduction techniques are used to simulate the knee synovial joint. A smart,
physically based morphing of space is used to accelerate the simulation process using model reduction
techniques. The result of the work is a three-dimensional simulation of the velocity and pressure fields inside
the synovial domain, as well as the loads and risks in every muscle and ligament. The experimental results are
coupled to the simulations one to derive the main risks involved in both vertical jumping and Dabke jumping.

Keywords. Knee simulation, Impact, Proper generalized decomposition, Biphasic materials, Jumping risk,
Shoe effect.
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1. Introduction

Human movement is the result of the combined contribution of the musculoskeletal system con-
trolled by neural connections. A perfect balance during any activity requires a good distribution
of forces among the joints, tendons, muscles, and ligaments. Therefore, the human joint reaction
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forces, result of the work of the musculoskeletal system, has been extensively studied and investi-
gated to properly model human motion and predict injury risks. Joint reaction forces estimation
literature survey dates back to the 1960’s, where the forces that might be causing fractures to the
proximal end of the femur were analyzed by Hirsch et al. [1].

Nowadays, with the newly developed musculoskeletal models using finite element or based
on inverse dynamics coupled to the newly developed optimization techniques, one can estimate
accurately joint reaction forces at any body part and under any activity. This was accomplished
and validated through sophisticated motion capture systems equipped with force plates (e.g.,
Mezghani et al. [2]) and electromyography (EMG) system, an electrodiagnostic medicine tech-
nique (e.g., Lloyd and Besier [3]).

Several analytical methods were also developed in order to simulate joint reaction forces
and pressure fields. These models helped in predicting joints contact stresses and provide an
improved understanding of the load distribution in any joint either in its normal or defective
state. Examples of these methods include biomechanical modeling [4], three-dimensional (3D)
mathematical modeling [5], optimization techniques with different cost functions [6, 7], inverse
dynamics coupled with optimization [8-10], and finite element simulation (FEM) [11,12].

In this work, we focus mainly on the knee joint which is made of the articular cartilage, the
meniscus (both biphasic materials but generally considered to be elastic in the published human
knee models), and the synovial fluid. In [13], the authors modeled the tibiofemoral knee joint
to be comprised of cartilage as an elastic material, ligaments as nonlinear elastic springs, and
menisci as equivalent-resistance springs in 3D FEM in order to study its response to axial tibial
moments of up to 10 N-m. The knee joint model in FEM in [14], included both the cortical and
trabecular bone of the femur and tibia, the articular cartilage of the femoral condyles and tibial
plateau, the medial and lateral menisci, the transverse ligament, the anterior cruciate ligament,
and the medial collateral ligament, where solid models for the menisci and articular cartilage was
adopted. The authors in [15] described the soft tissues on the knee (cartilage and meniscus) to
have a complex structure as inhomogeneous and biphasic structure, exhibiting a nonlinear, time-
dependent behavior. In [16], a FEM model of the knee included the fluid pressure and site-specific
collagen fiber orientation in the cartilages and menisci using fibril-reinforced modeling. The
authors in [17] presented a novel model of the knee joint that incorporates the nonhomogeneous
cartilage and meniscus as fibrils networks in FEM.

A proper modeling of the knee joint helps in the innovation of joint replacement as was
performed by the authors in [18], where a viscoelastic fluid has been considered to represent
the synovial fluid and purely viscous Newtonian fluid in the porous layer are used to study the
lubrication mechanism occurring in knee joint using analytical solutions in order to enhance
knee joint implants. Therefore, the goal line in this research is to develop a new model of the
knee joint to predict the joint reaction forces, pressure fields, as well as the forces involved in all
of the joint’s active muscle and ligaments, an actively investigated topic nowadays.

In this research, the focus is on the knee human joint reaction forces modeling while perform-
ing vertical jumping and the Lebanese folkloric dance Dabke. Experimental measurements are
performed to compare the results of professional healthy dancers in vertical jump and Dabke
jump while using a force plate to recuperate the ground reaction forces along with high-speed
cameras to evaluate the position, velocity, and accelerations of different body components rele-
vant to the study. Once the experimental results are collected, the muscles, ligaments, and joints
reactions are studied using inverse analysis and optimization. As can be inferred several analyti-
cal models were developed and used to estimate muscle, ligaments and joint reaction forces for
any joint in any activity with the most widely used are finite element, inverse dynamics coupled
with several optimization methods. Recent works involved the use of finite elements simulation
for coupled fluid-solid simulation in the knee joint [19, 20] to study the creep behavior of the
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joint, using nonlinear reinforced fibers for the cartilage and meniscus. Other works show exper-
imental tests highlight the importance of the presence of the meniscus in the knee [21]. One of
the best known models to replicate the behavior of biphasic porous materials (like the meniscus)
when interacting with a nonporous fluid domain is the Brinkman model [22]. In fact, Brinkman
combines Darcy model for porous media and Stokes model for viscous fluids. However, the use
of lubrication assumptions appeared recently as an irrational simplification in stratified domains
subjected to the squeeze flow [22]. To the authors best knowledge, Brinkman’s solution has never
been used to model knee joint (its synovial fluid). In fact, the complexity of the model (when ex-
cluding the lubrication assumptions) and the need to use an extremely refined mesh hinders the
use of such a model in classical simulations. Thus, the proper generalized decomposition (PGD)
model reduction technique appears to be an appealing approach. In addition, the simulation of
the knee joint has never been addressed using PGD. This research contribution covers a novel
methodology to model knee human joint using the combination of inverse dynamics and nu-
merical optimization to obtain the joint reaction forces; Brinkman equations to model the knee
behavior and proper generalized decomposition model reduction technique (PGD) to solve the
governing equations. The rationale behind proposing a model using Brinkman equations comes
from the fact that the synovial joint is a soft biphasic material. In fact, the knee joint is made of
the upper articular cartilage, lower cartilage (the meniscus), and the synovial fluid filling the cav-
ity. Cartilage (and the meniscus) are biphasic materials made of fibrous brush impregnated with
fluid [23]. It is currently believed that cartilage fluid pressurization is the main driving phenom-
enon of the joint reaction force during the early stage of the impact [23-25]. However, biphasic
materials are challenging to model, with their effective modeling not mastered yet [26-28].

This work starts by detailing the experimental procedure used to obtain the ground reaction
forces and the joints’ accelerations. Using inverse dynamics coupled to a genetic optimization
procedure, we obtain joint reaction forces. Later, the obtained values are leveraged to simulate
the risk in a group of professional and healthy dancers comparing males and females samples.
The pressure field inside the synovial joint in each individual is also obtained using the Brinkman
model and PGD to alleviate the dimensionality of the problem [29, 30]. In fact, PGD alleviates
the curse of dimensionality by separating the problem solution into lower dimensionality solu-
tions [31].

2. Experimental methods and procedure

For most athletes and dancers, injuries occur at knee level since knee motion involves a series
of three rotations (flexion/extension, abduction/adduction, and internal/external rotations) and
three translations (anterior/posterior, superior/inferior, and medial/lateral translations). The
aim of this experiment is to identify the joint’s displacement, velocity, and acceleration, as well as
the ground reaction force. In this experiment, a set of markers using OptiTrack Motion Capture
System® (and Motive software) were placed in order to obtain the position parameters of the hip,
knee, and ankle joints of the right leg so that the right knee internal joint reaction force would
be calculated when the individuals are dancing the Lebanese folkloric dance Dabke specifically
while having a vertical jump during the dance.

2.1. Participants
The experiments were conducted on six subjects (professional Dabke dancers), 3 male and 3 fe-

male with different heights, weights, and ages. All individuals were healthy professional dancers;
Table 1 shows the subjects specific details and measured (both manually and through Optitrack)
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Table 1. Tests and subjects specific anthropometric data

Subject number Sex Age Height(cm) Weight (kg) Knee circumference (cm) Shoe

1 M 30 172 63 34.5 No
2 M 44 170.5 63.1 35.5 No
3 M 29 180 73.84 36.5 No
4 F 27 160 50.4 32 No
5 F 21 162 47.33 33 No
6 F 29 161 55.8 37 No
4 F 27 160 50.4 32 Yes
5 F 21 162 47.33 33 Yes
6 F 29 161 55.8 37 Yes

Tests are repeated twice for vertical jumps and Dabke jump.

anthropometric data of height, weight, and knee circumference needed for the kinematics calcu-
lations. For all tests were conducted barefoot; for the girls’ additional tests were conducted with
an 8.5 cm heel height shoe (classically used in professional Dabke) in order to test the shoe heel
height effect on the knee reaction force.

2.2. Experimental setup

In this study a commercial motion capture software Optitrack® was used. This system consists of
eight infrared cameras (on all corners) and seven retroreflective markers. The markers are 1.5 cm
in diameter and are attached to the precise anatomical locations of the participant’s leg. The
locations where the markers were positioned on the dancer’s leg are at the hip, knee, and ankle,
as shown in Figures 1(a) and (b), following the Oxford foot model used by the Optitrack tracking
system, which is a default model integrated in the tracking systems:

 RFWTT1: placed on the hip femur bone (greater trochanter);

o RFWT2: placed under the hip femur bone (greater trochanter);

« RTHI: placed on the outside of the thigh below hand swing;

« RKNE: placed on the outside of the knee joint;

* RSHN: placed on the outside of the lower leg;

* RANK: placed on the bony prominence on the outside of the ankle;
« RTOE: placed on the tip of the big toe.

The computerized camera system with accompanying software captures the exact motion of
the retroreflective markers and thus records their trajectory while the volunteer performs the
jumping over the AMTI force plate (BP400600-OP-2K-STT) 40 by 60 cm, as shown in Figure 2.
The cameras were connected to a computer that acquires kinematic data.

The subjects were instructed to jump first in a vertical manner while standing on a force plate,
which measures the reaction force, then to jump from the ground on the force plate in the same
way they jump while dancing the Dabke. For the vertical jump, the steps are as follows:

(1) subject stands straight in front of the force plate at the marked position;
(2) initialize both the force plate and Optitrack systems;

(3) waitss;

(4) subject stands on force plate;

(5) wait 2 s;

(6) subject jumps vertically and lands in a straight way on both foots;

(7) wait 2 s;

C. R. Mécanique — 2021, 349, n° 2, 345-369
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Figure 1. Position of different markers.

Figure 2. Force plate AMTI BP400600-OP-2K-STT.

(8) subjects gets off the force plate;
(9) stop recording on the PC;
(10) save PC data with correct label.
While performing Dabke, the steps are as follows:
(1) subject stands straight on the side of the force plate at the marked position;
(2) initialize both the force plate and Optitrack systems;
(3) wait5s;
(4) subject starts the first 2 moves of the Dabke discussed while still being on the floor;
(5) the subject does the Dabke jump landing on the force plate with the right leg;

C. R. Mécanique — 2021, 349, n° 2, 345-369
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Subject 1 markers positions (m) as a function of the time (s)

Figure 3. Markers height from the ground of subject 1 while performing a vertical jump.

(6) the subject must not let the other leg touch the force plate;
(7) the subject gets off the force plate right after the jump;

(8) stop recording on the PC;

(9) save PC data with correct label.

The aforementioned; vertical jump and Dabke steps were repeated for each subject on bare-
foot or heel height as required.

2.3. Data acquisition

For each individual jump, the following variables were measured: frame rate, total time of
experiment, 3D coordinated of the hip, knee, and ankle for every frame and the corresponding
forces measured on the force plate for each contact. The Vicon system provides the x, y, and
z coordinates instantaneously for each marker (which will be used to calculate the velocity,
acceleration, angle, angular acceleration, and angular velocity at the knee joint). According
to [32,33] measured values for marker position are influenced by noise due to the wobbling of the
participant’s skin. The value of this uncertainty is in range +2 mm. In addition, the instantaneous
ground reaction force was sampled from the multiaxis AMTI force plate at the rate of 100 Hz.
Before the experiment, calibration was conducted to work out the space coordinate system for
the camera system field of view. The calibration was performed fully in accordance with the
proposed manufacturers procedures.

2.4. Data postprocessing

The collected experimental results are to be used to derive the muscles, ligaments, and joint
forces in the knee, as well as the attributed risk factors. Therefore, the inverse dynamics and
optimization is mandatory to identify different reaction forces on different body components.

To avoid numerical artifacts, the kinematic data was first fitted over the time domain using
moving least squares (MLS) [34, 35], with a fitting window dynamically refined using the actual
computed gradient at the end of the previous MLS window. The displacement results of all
markers for subject number 1 of Table 1 performing a vertical jump are shown in Figure 3, while
his Dabke jump results are shown in Figure 4.

The fitted results are used to compute the velocity and acceleration as a function of the
time using Euler’s centered differences. Figures 5 and 6 show the accelerations corresponding to
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Marker displacements (m) as a function of the time (s) of Subject 1 performing a Dabke
jump

D2

e RTOE s HANE, e RSHN RKNE e ATH | e RFWT2 s BFWT] e AFWTL

Figure 4. Markers height from the ground of subject 1 while performing a Dabke jump.

Acceleration (m/s2) as a function of the time (s)
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Figure 5. Vertical accelerations of the markers of Subject 1 while performing a vertical
jump.

Figures 3 and 4. The acceleration figures are characterized by two high peaks, eventually related
to the beginning of the motion and the impact with the force plate at the end of the motion.
Later on, these results are used in the inverse dynamics and optimization to derive the muscles,
ligaments, and joint forces in the knee, as well as the attributed risk factors.

3. Inverse dynamics, optimization, and risk assessment

In the inverse analysis study, we use the dynamics relations in the foot and then the leg to transmit
the measured ground reaction forces to the knee joint. The anthropometric data considered are
taken from [10, 36]. The inverse dynamics matrix equation is written as

M-§+A-f+B-g=0, 1)

C. R. Mécanique — 2021, 349, n° 2, 345-369
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Acceleration (m/s?) as a function of the time (s)
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Figure 6. Vertical accelerations of the markers of Subject 1 while performing a Dabke jump.

where M is the mass matrix of the selected body component (leg or foot), § is the acceleration
vector, f is the vector of unknown joint reactions, while g is the vector of known external forces
(ground reaction forces when considering the foot, and the identified ankle forces when consid-
ering the knee). A and B are the matrices defining the moments of the reaction forces.

To find the muscles and ligaments forces, we use an optimization procedure, minimizing
the risk of failure of each component [37, 38]. The allowable properties were found using the
anthropometric data from the literature [39,40]. The moment arms are defined in our work using
the “through points” method to find the exact orientation of the forces and the moments [39].
The considered minimization problem is written by

IR o A o o ims L nee s
X=argminqg ) — — + Y — +cllF™ +clFl 2)
XeR | 5 llovltm 5 ovite

with &, and %, being the components of the synovial joints reaction forces on the ankle and
the knee joint, respectively. The effect of the force F» on the synovial joint will be studied in
Section 4. The chosen fractions |o;||"i/ IIU‘;I‘II”J’ consists of the inverse of the factor of safety
against rupture of the corresponding muscle or ligament ;. The cost function depicted in (2)
minimizes, therefore, the computed risk and maximizing the factor of safety, for each muscle
N; = 22 and ligament N, = 11 in the lower body part, under the knee. c is an optimization
constant set less than 1; n, ny, and ng are exponents defining the used norms of the risk values.
The ratio of the computed stresses divided by the ultimate stresses of each muscle of ligaments
are the risk of failure of each component. The ultimate stresses 0;‘“ are taken from the literature
data [37,38]. The minimization problem is also subject to the two constraints as follows:
¢ Sum of the moments in the ligaments and muscles should satisfy the reaction moment
on the knee and ankle as obtained from (1).
* The sum of the forces in the ligaments, muscles, and joints should satisfy the reaction
forces obtained in the inverse dynamics from (1).

A genetic algorithm is used to solve the optimization problem. A matlab® graphical interface
is created to ease the user inputs. The optimization algorithm converges within few minutes on a
portable PC, with a cost function reduced to less than € = 1073,
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Figure 7. Average and standard deviations of muscles reactions in male subjects perform-
ing a vertical jump with a locked knee.

3.1. Optimization results

In this section, we consider only the instant showing the highest impact force on the force plate
to illustrate the most critical load on the knee joint components. Figure 7 illustrates the average
and standard deviation of the experimental results of the reactions in the muscles and ligaments
for males subjects performing a vertical jump on the force plate. The ligaments and forces are
referred by 1 to 33 with the corresponding names illustrated in Table A.1 in Appendix A.

We illustrate the results in term of risk factors r; defined by the actual body component

exhibited maximum stress over the ultimate stress of that body component
gma
ri= ﬁ. 3)
1

Figures 8(a) and (b) illustrates the risk factors on the ligaments and muscles for the males
subjects using the average values between the considered experiments, at the moment exhibiting
the maximum ground reaction force.

Figures 9(a) and (b) illustrates the risk factors on the ligaments and muscles for the females
subjects using the average values between the considered experiments, at the moment exhibiting
the maximum ground reaction force. From Figures 8 and 9, we can conclude that vertical jump
with locked knee is more critical, with higher injury risk than the Dabke dance jump, for both
males and females. However, the highest risk factors in vertical jumps for males appear on the
Flexor digitorum longus (component 24) and the semimembranosus muscles (component 11) in
both vertical jump and Dabke, while for females, the highest risk appears on the Flexor digitorum
longus muscle in vertical jump (component 24), but on the lateral soleus (lateral) muscle during
Dabke (component 18).

All previous figures are shown for barefoot experiments. Figures 10(a) and (b) illustrates the
risk factors on the ligaments and muscles for the females subjects using the average values
between the considered experiments, at the moment exhibiting the maximum ground reaction
force, while wearing high-heeled shoes normally used in the Lebanese folkloric dance Dabke.
It is clear when comparing Figures 9 and 10 that jumping with high heels exhibits lower risk
factors than the barefoot jump. This can be explained by the fact that the shoe acts like an impact

C. R. Mécanique — 2021, 349, n° 2, 345-369



354 Chady Ghnatios er al.

o
o

o

o

o

o
o
o

I

~
I
~

Injury risk factors
Injury risk factors

o
NS}

o

)

o
o

10 15 20 25 30 0 5 10 15 20 25 30
Muscles and ligaments Muscles and ligaments

(a) Average risk factors during a vertical (b) Average risk factors during a Dabke
jump for males jump for males

Figure 8. Males subjects risk factors using average experimental results with barefoot.

=
©

=

©

o

o
o
o

<o

FS
<o
FS

Injury risk factors
Injury risk factors

o
N

o

[N

o
o

10 15 20 25 30 0 5 10 15 20 25 30
Muscles and ligaments Muscles and ligaments

(a) Average risk factors during a vertical (b) Average risk factors during a Dabke
jump for females jump for females

Figure 9. Females subjects risk factors using average experimental results with barefoot.

damper during the jump. The highest risk in Dabke for females is still exhibited on the lateral
soleus muscle (component 18, while reducing the risk), while in the vertical jump, the risk peak
on the Flexor digitorum longus muscle (component 24) is reduced much.

3.2. Synovial joint reaction forces

The exhibited force %, appearing in (2) is transmitted to the synovial joint. The synovial joint is
therefore compressed and sheared to overcome the applied force. The behavior of the synovial
joint is modeled in Section 4 to estimate the injury risk in the joint. The vertical reaction forces
are illustrated in Figure 11.

In Figure 11, we can see that the barefoot Dabke jump for female exhibits a much lower
reaction force than the other type of jumps. Knowing that the experiment is repeated three times,
thus it cannot be seen as an outlier value, we can deduce that the females tend to jump differently
in Dabke while on barefoot to reduce the impact on the knee. For the remaining experiments, we
can deduce that the synovial joint vertical reaction force is higher in a Dabke jump than in a
vertical jump.
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4. Simulation of the tibiofemoral joint
4.1. Brinkman modeling

In this section, we discuss the modeling of the synovial knee joint. The knee is a biphasic joint
whose simplified schematic composition is illustrated in Figure 12. The contribution of the
solid component of the porous media in the reaction force is neglected since we are interested
in the early stage of the impact. In this modeling, the knee is made of sandwiched biphasic
material, supported by two bones. The cartilage and the meniscus are brush-like material [28],
impregnated with the synovial fluid. The permeability of the cartilage and meniscus are known
to be very low with respect to the rest of the synovial joint [41]. For the sake of simplicity, the
meniscus and the articular cartilage are both addressed as “the cartilage” in the rest of the text,
with Q; = Q., UQ,,, as illustrated in Figure 12.
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Rigid Bone

Synovial fluid €2

Rigid Bone

Figure 12. A schematic drawing of the knee joint. The meniscus is considered to also
include the lower articular cartilage.

Using the conservation of momentum, an impact can be modeled using an imposed velocity
on the knee. Neglecting synovial fluid inertia effects and adopting a quasi-static approach, the
impact can be modeled using the steady-state Brinkman equations while neglecting the body
forces. Thus, the problem’s governing equations are written by

V-v=0
4
V-(T]~VV)+%v=VP, @

where 7 is the fluid viscosity, v the fluid velocity field in both the synovial fluid and cartilage
regions, while P is the pressure field. K is the permeability tensor inside the domain, which is
defined by
K=EXK,+ (1 -Ex)K¢ (5)
with K, and Ky the permeability tensor of the cartilage region and fluid region, respectively. = is
a step function defined by
{5 =1 ifxeQ,
- . (6)
E=0 ifxeQy
with Q. and Q the cartilage and synovial fluid regions, respectively. Therefore, in the synovial
joint, the articular cartilage and the fluid joints exhibit a sudden change in the permeability of the
domain, which requires an extremely refined mesh to correctly represent the material properties.
Thus, the use of the PGD in-plane—out-of-plane decomposition scheme appears as an appealing
approach to efficiently simulate the synovial fluid joint.

The synovial fluid permeability tensor is assumed to have a very high value with respect to the
cartilage’s permeability, such as the solution of the Brinkman equations tends to the solution of
the Stokes one inside the fluid region. For instance K¢ = al, with I being the identity matrix, and
a is constant large enough with respect to K.. As for the permeability tensor K, in the cartilage
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v=20
Figure 13. Boundary conditions applied on the knee synovial joint.

region Q., it is identified in different publications [41,42] having an order of magnitude of 1074,
while [43] demonstrated that the in-plane permeability is about one order of magnitude lower
than the axial permeability. Therefore the permeability tensor for the cartilage as illustrated in
Section 4.2 is
107 o0 o0
Ke=| 0 107 0 [m? @)
0o o0 107

The viscosity of the synovial fluid is considered 1 = 60 Pa-s [44], for a normal human being a low
shear rate, which is the normal initial equilibrium state as the beginning to the impact reaction.
As for the boundary conditions of the problem, the problem consists of an imposed velocity u on
the top of the domain (on the upper bone) and zero velocity on the lower edge of the domain, or
the lower bone. Zeros stresses are assumed on the lateral dimensions of the domain

viz=H)=u
v(z=0)=0 8)
o-n|; =0,

where H is the domain height and 7 the lateral bounds as illustrated in Figure 13. o is the fluid
stress tensor and n|; the outward normal to 7. For the sake of simplicity and since the equation
is linear as a function of the imposed velocity u, a velocity u = —1 -k can be used, and then the
resultant values are multiplied by the corresponding u value of any experimental testing. The
imposed velocity u is identified by inverse dynamics and optimization, as illustrated in Section 3.

4.2. PGD solution of the Brinkman model

In this section, we derive the solution of the governing equation (4) using the PGD. First of all, and
because of the lack of efficient treatment of LBB conditions for Brinkman equation in separated
representation framework, using the penalty formulation, the conservation of mass is written
as [45,46]

V.-v=AP C)]

with A a penalty term sufficiently small [45]. The conservation of momentum equation is there-
fore reduced to

V(v-v)+/w-(n-vV)+/1%v=o. (10)
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Equation (10) constitutes the governing equation of the problem to solve. Once the velocity is
known, the pressure field P would be found by postprocessing using (9). Multiplying (10) by a
test function v* would give the integral form of the problem to solve in a domain Q.

fv* (V(v-v)+AV-(n-Vv)+/lﬂv) dQ=0. (11
Q K

Along with the boundary conditions depicted in (8), the problem as illustrated exhibits a large
discontinuity in the permeability of the domain when passing from the fluid region to the
cartilage region, and therefore requires a large number of degrees of freedom in the thickness
direction to efficiently illustrate the fluid behavior in the domain. The use of a model order
reduction technique becomes a suitable approach in this case.

4.3. PGD separated representation

The PGD solution is computed in a cylindrical domain representing the knee synovial joint
cavity, assumed with constant radius. Since the domain is extruded, an in-plane-out-of-plane
decomposition is appealing in this case. The solution is assumed to be written in a separated

form such as _
i=N

Y U )) - Ui 2)

=1
i=N

<
1l
S < <
|
EXl gl

xy
VT (x,y) - Vi(2) (12)
i
xy
Zl W (x, ) Wi (2)
i=
with (u, v, w) being the (x, y, z) components of the velocity field v. The test function is assumed
to be written in a separated form too [31]

v =X"-Z+X-Z%, (13)

with X*(x, y) the test function in the (x, y) in-plane domain, while Z* (z) being the test function
in the z out-of-plane domain. Replacing (12) and (13), respectively, into the integral form of
the problem (11) leads to a nonlinear problem. The solution is obtained by using an iterative
fixed-point algorithm, with rank 1 updates. For instance using X; = (Ul.xy ; Vl.xy ; Wixy ), and Z; =
(U5 VEWE), a simplified algorithm will be used to compute vectors n + 1 knowing the vectors
until an order » can be illustrated as follows:

(1) Consider X,,+; as known with the corresponding test function X* = 0, and compute Z,, .

(2) Consider Z,; as known with the corresponding test function Z* = 0, and compute X1

(3) Continue the iterations until convergence of the product X;,4+1 x Z;+1.

(4) Keep adding product of functions until convergence of the residual of the differential

equation.
Interested reader can refer to the resolution algorithms illustrated in [47] and the references

therein.

5. Simulation results
5.1. Arealistic example

In this section, we illustrate the quasi-real synovial joint by considering the most commonly used
dimensions in the literature. Eventually, a real reproduction of the knee joint of any athlete should
first consider magnetic resonance imaging to correctly reproduce the shape of the joint. Figure 14
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Figure 14. Tllustration of the knee real shape considered for the simulation using anthro-
pometric average high of cartilage data. The red region has a low permeability depicted in
(7), whereas the blue region is made of synovial fluid with high permeability. The thickness
is amplified 10 times to clearly illustrate the domain.

illustrates the considered domain with the average values found in the literature. In fact, using
MRI of 20 healthy adults (20 left knees (11 male and 9 female), with an average age of 28.5 years,
an average mass of 66 kg, and an average height of 169.6 cm), it was found that the average tibial
cartilage thickness is 2.76 mm and the average femoral cartilage thickness is 2.75 mm [48]. Using
3D reconstructed computed tomographic scans from 37 normal adult knees, it was found that
the average thickness of the cartilage to be 2.5 mm (SD 1) [49]. In [50], 3D coronal DESSWE MRIs
were used to segment and quantitatively measure the size and position of the medial and lateral
menisci of 62 women and 40 men. The study showed that the mean medial meniscal height is
2.8 mm for men and 2.55 mm for women and that the mean lateral meniscal height is 2.67 mm
for men and 2.51 mm for women [50]. The authors in [51] performed 3—T MR images on 31
women (age 55.3 years (mean, 6 standard deviation)), height 1.62 + 0.07 m, body mass index
28.0+2.4 kg/m?), 11 with healthy knee and 20 with radiographic evidence of knee OA [51], where it
was found that for the healthy knees the average meniscal thickness was 2.5 mm. Please note that
only 0.15 mm separate the meniscus from the upper cartilage before the beginning of the motion.
Therefore, we consider 900 nodes in the thickness direction, one element size is therefore about
70 um, to efficiently reproduce the behavior of the domain.

The definitions of the dimensions of the domain used for the simulations purposes are given
in Figure 15 with their corresponding values in Table 2. The upper surface is modeled by a
polynomial of degree 4 fitting to the 5 illustrated points, whereas the lower surface is a parabolic
fitting of its 3 points. The heights h,, h r and hj are, respectively, the heights of the meniscus, the
fluid domain, and the upper cartilage domain. The dimensions of the domain are H = 63 mm
and R =80 mm [52,53].

The correct representation of the permeability illustrated in Figure 14 is hardly separable in
an in-plane-out-of-plane decomposition framework. Many attempts were made to overcome
this complication in the literature. The singular value decomposition (SVD) was used in [54] to
write the inseparable field in an in-plane—out-of-plane form while only considering the principal
components of these fields. Unfortunately, the SVD of the permeability field in our case requires
a large number of vector components in the in-plane 2D domain and out-of-plane 1D domain
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Figure 15. Schematic of the considered control volume. The control volume is revolved
around the z axis illustrated in this figure.

Table 2. Positions of the points used to fit the upper and lower interface of the fluid domain
in the representative knee joint

Point x coordinate z coordinate (mm)

A -R 3.7
B -R/2 3.55
C 0 3.65
D R/2 3.55
E R 3.7
K -R 2.5
L 0 3.5
M R 2.5

to correctly represent the permeability fields. Other works attempt to immerse the domain in a
larger one [55], or use the polar coordinate system, with an adapted treatment for the singular
boundary conditions at the radius p = 0 [56]. Recently, a physics-based mapping has been
introduced in [57] for stratified-like domains, which is suitable for the application illustrated
in Figure 14. Using the approach illustrated in [57], we define a mapping of the knee domain
Q = (x,y,2) with (x, y) a circle of center (0,0) and radius R = 4.12 cm and z € [0;6.3] cm, into a
prismatic domain Qg = (X, Y, s) with s € [0; 3] such as

x=X
y=Y (14)
z2=h15¢1(8) + P2()((s = V) hy + hy) + p3 () ((s = 2) hg + hp + hy).

h1, hy, and hg are the height of the meniscus, the fluid region, and the upper cartilage region,

respectively, as illustrated in Figure 15. 1, hy, and h3 depends on (x, y), the in-plane coordinates.
While ¢(s); a step function defined by

$1(s) =1 forse[0;1] and 0 elsewhere
¢2(s) =1 for se]1;2] and 0 elsewhere (15)
¢s3(s) =1 for se]2;3] and 0 elsewhere.
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We can therefore define the mapping by part in each of the subdomains Qy, for s; € [0;1], Qg, for
s2 €]1;2], and Qg, for s3 €]2;3]. For instance, in subdomain s;, one may write the Jacobian of the
transformation J; by

0X 0Y Os 1 0 0
oy dy 0
]i:_y_y_y: 0 10 (16)

0X 0Y 0s 0z; 0z

0z 0z 0z ox oy

0X 0Y as
with the determinant of the Jacobian J; found to be equal to k;. While the derivatives with respect
to the coordinate systems can be updated using the chain rule. For instance for Qg,, we can write

B 0N 5000 0005 0 0n( 0 )
dx 04X dx AY dx 0dsdx 0X Os

0x hl
B 000K 000 0e3s e 0n( O s) -
0y 0X09dy 0Y oy 0sdy 0Y 0ds\ 0y
000X, 000Y dds 0 (1)
0z 0X 0z O0Y 0z 0s0z Os\h )
We can therefore define the transformation matrix T; by
o[22
0x hl
T, = 01(—%1) . (18)
Oy h
1
o (i)

By similarly defining the matrices T, and T3, we can transform the integration from the Q domain
into Q; in the integral form equation (11), obtaining, therefore, a new integral form of the problem

7=3
A (v (vas(vas-v)+Avas-(n-vasv)+A%v))hi dag, =0. (19)
J=135y

With Ve defined by
Oe
X
a.
Ve = Ak (20)
6.
0s

Solving (19) yields the solution in the transformed domain Q;. We can later on apply the
mapping illustrated in (14) on the coordinates to find the solution in the knee domain Q.
Interested readers can refer to [57] and its references therein. The solution converges within few
minutes on a normal portable PC with 900 nodes in the s mesh, and 2269 nodes in the in-plane
mesh, with a total of 6, 126, 300 degrees of freedom in 3D.

Figure 16 illustrates the amplitude of the solution v in the real (x, y, z) domain, considering a
section parallel to the z axis passing by x = 0. Figure 17 illustrates the deformation of the domain
by the considered vector fields v. The sketched vector field clearly show high-velocity fields in the
fluid region and lower one in the cartilage and meniscus regions. The high velocity gradients on
the surface of the meniscus and cartilage reflect the high pressure imposed on these surfaces. For
instance, the pressure field obtained by postprocessing v is illustrated in Figure 18. The pressure
results exhibit high concentration on the meniscus which illustrates, the regions of the highest
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Figure 16. Velocity amplitude field v (in m/s) represented in the knee domain Q, obtained
by solving (19) and mapped on the real geometry of the knee joint.
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Figure 17. Deformation of the domain Q by the field v, the thickness is amplified by a factor
of 10 to illustrate the deformations clearly.

possible injury in the knee synovial joint. The results shown herein are in line with the observed
clinical behavior. The high-pressure values can be explained by the selected impact velocity of
1 mm/s and by the sudden change in the permeability of the domains in the simulation. In
real life, a tapering region between the meniscus and the synovial fluid may exist with a gradual
change in permeability.

Figures 19, 20, and 21 illustrate the shear stresses in the considered domain in the planes (x, y),
(x,2), and (y, 2), respectively. Again we can notice a high shear stress concentration on the surface
of the meniscus.

5.2. Boundary conditions and experimental results

In this section, we use the force #; to find the impact velocity and thus the pressure and shear
for different experimental results. For the impact study, the vertical component of %,, named
Fy,, can be introduced in the linear impulse and momentum equation to find the imposed
velocity field u on the knee joint. We note that the horizontal component ¥y, is negligible for all
experimental results studied. The maximum pressure applied on the knee joint meniscus would
thus become

Fy, 1073

Mknee

21

Prax = Pmax@u=1mm/s X
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Figure 18. Gaged pressure (in Pa) in the knee joint obtained by postprocessing v. The
domain thickness is amplified by a factor of 10.
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Figure 19. Shear stresses —u((0u/dy) + (0v/0x)).

with mypee the mass of the knee joint only. Equation (21) is a fast and reliable method to assess
the risk on the knee joint, with respect to the maximum pressure applied when the patient is in
vertical standing position.

The identified maximum pressure is highly localized as illustrated in Figure 18, which could
not be captured without the use of the PGD along with the smart morphing of spaces. Moreover,
the high pressure is also applied on the outer half of the meniscus, as found in different stud-
ies [19,20]. Most athletic knee injuries involve the meniscus, identified as the most stresses knee
joint component in our study, as well as one of the most critical knee components and common
source of knee pain and disability in the literature [58].

When comparing experimental results, it appears that the pressure on the meniscus is higher
for males and females in vertical jumps than in Dabke jumps. It is also shown that the pressure
and shear on the meniscus are higher when wearing high heals than during barefoot jumps.
The results are shown in Figure 22. The experimental results show that women tend to have a
higher pressure on the knee than men during both the Dabke jump and the vertical jump, while
apparently females take the jump differently on barefoot and tend to have higher pressure on the
knee synovial joint in the barefoot, and lower pressure with heels. Finally, high heeled tend to
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Figure 21. Shear stresses —u((0v/0z) + (0w/0y)).

decrease the pressure on the knees in both Dabke and vertical jumps, working as a damper of the
impact.

6. Discussion

The illustrated work is the first attempt to study the Dabke folkloric dance. In the experimental
work, we compare the results between the vertical jump and the Dabke dance jump for males
and females wearing high heels or barefoot. The highest risk appears to be for barefoot female
vertical jumps while considering comparable risk for barefoot Dabke jump in females.
Moreover, the optimization algorithm used in this work is unique to the best knowledge of the
authors. No previous optimization in the literature used all the existing muscles and ligaments in
its formulation. Moreover, the selected cost function has the advantage of including the ligaments
and joint contact forces in the analysis thus improving its predictive ability. Our analysis has
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Figure 22. The maximum pressure exhibited in different experimental results.

also the ability to treat exact moment arms of ligament and muscles, considering the through
points method for the calculation of the moment arms, instead of an assumption of a straight
line between the insertion of the muscles.

Finally, a model of the synovial joint is simulated to find the exact behavior and identify
high pressure and shear points, which appears to be concentrated on the upper surface of the
meniscus. Eventually, the study cannot be concluded regarding meniscus risk without having
a subject specific synovial joint simulation, which would require magnetic imaging of all the
subjects performing the experimental tests. The described method is able to simulate the exact
meniscus shape for every subject by correctly defining the domain heights, even if the meniscus
is not continuous neither symmetrical. However, such approach was not possible since magnetic
imaging was not funded for the subjects nor available.

7. Conclusions

This paper introduces a new methodology for assessing joint reaction forces at the knee synovial
joint during jumping. This topic has been tackled extensively in the literature, using optimized
inverse dynamics (with some simplifications such as omitting some ligament forces or/and
some muscle forces etc...) coupled with experimental testing that uses as input kinematics and
kinetics via motion capture systems (with force plates and EMG). This research proposes a novel
method that is (i) coupled with experimental testing to get kinematics and kinetics data as input,
(ii) used in any sport application that includes jumping to simulate knee joint reaction forces,
(iii) implemented on a light platform such as smartphones or tablets to estimate the risk level
during any activity involving jumping.
The proposed methodology consists of the following:

» The novelty of this research and the main contribution of this work is the modeling and
simulation of the tibiofemoral knee joint under the impact of jumping using a Brinkman
approach for the biphasic synovial joint domain (modeled as a solid mesh and a fluid
respectively: cartilage, a meniscus (both a biphasic material) and a synovial fluid). Up to
the knowledge of the authors, no one has tackled this problem from this perspective.

» Using inverse dynamics in order to get kinetics at the knee joint (joint reaction forces)
based on kinematics (of the all joints, muscles, and ligaments involved in jumping) and
kinetics (ground reaction force) inputs.
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« Optimizing the kinetics results at the knee joint via including all muscles and ligaments
forces (this was simplified in literature, not all components were previously included).

e Using model order reduction technique (PGD) to identify the velocity and pressure
fields inside the tibiofemoral joint (never been used before). Once the pressure fields
are available, the linearity of the model leverages into a mechanical transfer function
approach to identify the maximum pressure in the joint and thus the risk level on the

cartilage and meniscus.

+ Comparing the Lebanese folkloric dance results to the vertical jumping results for males

and females with or without shoes.
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Appendix A. Naming convention of the ligaments and muscles

The naming convention used in this work for the ligaments and muscles from 1 to 33 is explained

in Table A.1.

Table A.1. Tests and subjects specific anthropometric data

Number Name Number Name
1 Anterior cruciate ligament 18 Soleus (lateral)
2 Posterior cruciate ligament 19 Patellar ligament
3 Medial collateral ligament 20 tibia.ant
4 Lateral collateral ligament 21 Peroneus.brev
5 Oblique popliteal ligament 22 Peroneus.long
6 Posterior tibiotalar ligament 23 Peroneus.tert
7 Tibiocalcaneal ligament 24 Flex.dig
8 Tibionavicular ligament 25 Flex.hal
9 Posterior talofibular ligament 26 ext.dig
10 Calcaneofibular ligament 27 ext.hal
11 Semimembr. 28 tibia.post (medial)
12 bifemlh 29 Gracilis
13 Rectus fem. 30 Sartorius (prox.)
14 bifemsh 31 Semitend.
15 Vastus med. (inf.) 32 Gastrocn. (medial)
16 Vastus int 33 Gastrocn. (lateral)
17 Vastus lat. (inf.)

Tests are repeated twice for vertical jumps and Dabke jump.
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